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CARTA DEL DIRECTOR

Tienes en tus manos, querido lector, un nuevo nimero
especial de Hormigén y Acero. Esta dedicado al cortante
en hormigén estructural, y ha sido editado por David
Fernandez Montes, que ha hecho un magnifico trabajo
solicitando articulos, dirigiendo su revisiéon y coordinando
tanto el naimero impreso como su presentacién publica,
que seré el martes 12 de marzo por la tarde en la ETSI
Caminos, C. y P. de la UPM (Edificio Retiro). El niumero
contiene articulos de muchos de los investigadores
espafioles que han contribuido a que el fallo por cortante
sea mejor comprendido, y a que la normativa sea mas
sencilla y segura. Aprovecho para agradecer sus articulos y
el apoyo continuo que dan a nuestra revista.

El namero especial también contiene tres articulos de
Structural Concrete —traducidos al espafiol— dedicados

a la vibrante controversia entre Zdenék P. Bazant y
Aurelio Muttoni sobre la Teoria de la Fisura Critica de
Cortante (CSCT, por sus siglas en inglés), desarrollada
por Muttoni y colaboradores e incorporada al Eurocédigo
2. Basicamente, Bazant critica la CSCT por no tener
fundamento cientifico, y la contrapone a su Ley del
Efecto de Escala (SEL), basada en el balance energético

e incorporada al Codigo ACI318 de 2019. Ambas teorias
explican el efecto de escala determinista en el fallo por
cortante en hormigén armado. Sus autores mantuvieron
un debate académico que finalmente dio lugar a los
articulos que ahora publicamos en espafiol: la critica a la
CSCT por parte de Bazant y la contestacién de Muttoni,
y también la de Stephen Foster, que se sumé a la apologia
de la CSCT.

Curiosamente, aunque la SEL y la CSCT se basan en
enfoques distintos, ambas convergen en conclusiones
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similares. Esto es una buena noticia para aquellos
enfocados en aplicar directamente estas formulaciones

en el disefio estructural. Sin embargo, muchos querran
desentrafiar la verdadera causa del efecto de escala, y a
ellos el debate cientifico contenido en dichos articulos les
parecera apasionante. Por ello hemos decidido publicarlos,
para dar a conocer plenamente la controversia y permitir
que cada lector pueda enriquecerse con ella y sacar sus
conclusiones.

Hay otros nameros especiales en preparacion: sobre

el legado de Jorg Schlaich a la ingenieria estructural

en Espafia, editado por Juanjo Jorquera; sobre el
comportamiento de estructuras de hormigén frente a
explosiones, editado por Alejandro Pérez Caldentey; y

un ntmero dedicado a Toni Mari y Hugo Corres, que
coordinan al alimén Jesus Bairan y Julio Sanchez Delgado.
Asimismo, estamos en contacto con los responsables

de la remodelacion del Estadio Santiago Bernabéu para
preparar un numero monografico sobre dicha obra.
Esperamos igualmente poder publicar una seleccion de los
articulos que se presenten al proximo Congreso ACHE de
Granada, y animamos desde aqui a que sea un evento con
gran participacion y con articulos de mucha calidad.

Te invitamos a sumergirte en este niimero especial y a
participar en los préximos eventos y ediciones. Estamos
seguros de que encontraras en ellos una fuente de
conocimiento, inspiracién y avances en el campo de la
ingenieria estructural.

Gonzalo Ruiz
DIRECTOR DE HORMIGON Y ACERO



CARTA DEL EDITOR ASOCIADO

Este ntimero 302 de la revista Hormigon y Acero ha sido
preparado entre los afios 2020 y 2023 con el objetivo de
dar visibilidad a las actualizaciones y diferencias a nivel
normativo, asi como a las investigaciones realizadas relativas
al esfuerzo cortante en hormigén en los tltimos afos.

El enfoque dado al documento es intencionadamente
amplio, con una componente prictica dirigida claramente
a proponer soluciones a los problemas de los proyectistas,
y otra de mayor complejidad orientada mas a quien quiera
profundizar en los fenémenos fisicos, en los distintos
modelos y en temas de seguridad. En este sentido, se trata
de un nimero que pretende complementar de alguna
forma el estado del arte y la historia de la investigacion
relativa al esfuerzo cortante hasta la segunda década

de este siglo y en el cual se pueden consultar los
antecedentes mas significativos de los ultimos avances.

El primer articulo, cuyo autor es Toni Mari, maxima
referencia internacional en el estudio y la investigacién
del esfuerzo cortante en elementos de hormigén armado,
da sentido y engloba a la perfeccion el propésito del
ntmero. En dicho articulo, tras contemplar los recientes
avances en el desarrollo de los modelos mecanicos, se
incluye el planteamiento de varias preguntas sobre el
disefio y comportamiento frente a esfuerzo cortante en
elementos de hormigén armado, aparentemente sin una
respuesta légica desde el punto de vista prestacional, y
el planteamiento de posibles respuestas basadas en la
mecénica estructural. Asimismo, incluye, como anexo,
un ejemplo atil y didactico de dimensionamiento de
una viga de hormigén armado frente a esfuerzo cortante
considerando el modelo basado en la contribucién de la
cabeza de compresiones (CCCM) desarrollado por Toni
Cladera, Toni Mari, Jestis Bairan, Carlos Ribas, Noemi
Duarte y Eva Oller.

Los tres siguientes articulos, los cuales han sido extraidos
de la revista Structural Concrete y traducidos al idioma
espafiol, incluyen la exposicién de la Teoria de la Fisura
Critica (CSCT) y de la Ley del Efecto Escala (SEL) como
bases tedricas para el disefio de elementos de hormigon
armado frente a esfuerzo cortante. Es un orgullo poder
contribuir a la divulgacion de dichos articulos, cuyo
contenido es de interés sumo en la comunidad cientifica
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internacional y fuente de discusién y consecuente avance
en el conocimiento.

Adicionalmente, se incluyen cuatro estudios sobre
modelos e investigaciones experimentales recientes
sobre la influencia de aspectos especificos como impacto,
corrosién y la plastificacion del armado a flexion en la
capacidad a cortante de elementos de hormigén armado
con y sin armadura transversal.

Ademas, hemos querido completar este niimero con
cuatro articulos que versan sobre el comportamiento
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ABSTRACT

The shear behavior and strength of reinforced and prestressed concrete structures are difficult to predict due to the complex resistant mechanisms that
are mobilized and the different types of failure that can occur. This has given rise to many of the simplified formulations previously developed for shear
calculation being empirical in nature, which lack a clear theoretical basis and they do not provide qualitative information on structural behavior. There-
fore, performance-based design becomes difficult using such types of formulations. In this paper, some questions about shear behavior and design are
raised, apparently without an immediate answer from the performance point of view, and possible answers based on structural mechanics are provided.
The physical phenomena that determine the shear behavior, the resistant mechanisms that are developed, the fundamental parameters that govern them,
to what extent they influence and how they are contemplated in some simplified formulations are analyzed. The importance of mechanical models is
raised and some examples of how these models can be naturally adapted to multiple project situations, evaluation and reinforcement of existing struc-
tures are shown.
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RESUMEN

El comportamiento y la resistencia a esfuerzo cortante de estructuras de hormigén armado y pretensado resultan de dificil prediccion por los comple-
jos mecanismos resistentes que se movilizan y las distintas formas de rotura que pueden producirse. Ello ha dado lugar a que muchas de las formula-
ciones simplificadas previamente desarrolladas para célculo a cortante sean de caracter empirico, sin un claro fundamento teérico y no proporcionen
informacion cualitativa sobre comportamiento estructural, lo que dificulta el proyecto basado en prestaciones. En este articulo se plantean algunas
preguntas sobre disefio y comportamiento a cortante, aparentemente sin una respuesta légica desde el punto de vista prestacional, y se aportan posi-
bles respuestas basadas en la mecanica estructural. Se analizan los fenémenos fisicos que determinan el comportamiento a cortante, los mecanismos
resistentes que se desarrollan, los parametros fundamentales que los gobiernan, en qué medida influyen y como son contemplados en algunas formu-
laciones simplificadas. Se plantea la importancia de los modelos mecanicos y se muestran algunos ejemplos de como estos modelos pueden adaptarse
de forma natural a multiples situaciones de proyecto, evaluacién y refuerzo de estructuras existentes.
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NOTATION
a shear span, d effective depth of the cross-section.
b width of the cross-section. dy effective depth of the cross-section, d, but not less than
b,.; effective width of T shaped cross sections for shear 100 mm
strength foc concrete compressive strength, in general
b, width of the web on T, I or L beams. For rectangular foa design value of concrete compressive strength
beams b, = b fa characteristic compressive strength of concrete
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fom mean compressive strength of concrete

£ concrete tensile strength, in general

fom mean tensile strength of concrete, in MPa

fowa  design yield strength of the shear reinforcement

h overall depth of a cross-section

hy height of the compression flange in T, I or L beams.

s distance from the considered section to the point of
zero bending moment

s spacing of the stirrups

Ser location of the section where the critical shear crack
starts

x neutral axis depth of the cracked section

X0 neutral axis depth of a PC member considering P = 0

y vertical coordinate in section analysis

z inner lever arm corresponding to the bending moment

A, area of concrete cross section

A, area of mild reinforcement

A,,  cross-sectional area of the shear reinforcement

Agumin minimum cross sectional area of shear reinforcement

E, modulus of elasticity of reinforcing steel

K,: shear strength amplification factor in non-slender
beams

K, is equal to the relative neutral axis depth, x/d, but not
greater than 0.20

K, shear stresses integration constant

M, cracking moment at the section where shear strength is
checked

M; concomitant bending moment

Ng concomitant axial or prestressing force

1.

INTRODUCTION

The current trend in structural design codes is to allow the
designer, under his/her responsibility, to adopt hypotheses or
use design equations, based on theoretical principles or test
results, other than those proposed or explicitly accepted in the
code, provided that the required levels of safety, functionality
and durability are satisfied. This is called “Performance-based
design (PBD)” and, in order to carry out such type of design,
it is necessary to clearly understand the structural behavior, to
identify the variables that govern it and to what extent they do
so, among other aspects.

In the case of shear design, the phenomena that take place
are of considerable complexity and it is not immediate to take
them into account in formulations intended for design, which
must necessarily be simple and at the same time capture the
most important phenomena with a certain degree of conserva-
tism. For this reason, in many design codes, empirical formulas
developed adjusting mathematical functions to experimental
results, have been often adopted. Despite being a good ap-
proach in design phases, these formulas are essentially a black
box in unforeseen situations, what is an important limitation
for performance-based design.

Numerical methods are currently available that rigorously
simulate the complex phenomena affecting the shear behavior
and strength. However, despite the enormous advances made
in this field, they are still limited in engineering practice to
particular cases or for research tasks, where they can help to
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P prestressing force after total losses
Veu contribution of the concrete to the shear strength of a
member

Via  design shear force in the section considered

Vka  design shear resistance of the member

VRamax design value of the maximum shear force which can be
sustained by the member

Ve contribution of the shear reinforcement to the shear
strength of a member

V. Shear strength computed according to a theoretical
model
a angle between shear reinforcement and the longitudi-

nal beam axis
a.,  coefficient taking account the state of the stress in the

struts

ag modular ratio, az= E/E,,

01 strength reduction factor for concrete cracked in shear

0 angle between the concrete compression strut and the
beam longitudinal axis

P longitudinal tensile reinforcement ratio referred to the
effective depth d and the width b.

Gy concrete compressive stress at the centroidal axis due
to axial loading and/or prestressing

oy concrete normal stress, in the longitudinal x axis

oy concrete normal stress, in the vertical y axis

o concrete principal tensile stress

0> concrete principal compressive stress

T concrete shear stress

¢ size effect factor

verify some hypothesis or may be used as simulators of physi-
cal experiments, in order to perform parametric studies.

In between empirical and numerical models are the me-
chanical models, based on the principles of the structural me-
chanics of reinforced concrete, that try to capture the experi-
mentally observed behavior. The best-known case is that of the
Ritter and Mérsch truss analogy [1], [2] which simulates the
behavior of a reinforced beam cracked in shear by means of a
system of distributed struts and ties, in equilibrium with exter-
nal loads. Although there are some aspects of shear behavior
not considered in this model, it has been the basis of the shear
design methods for beams with shear reinforcement for more
than a century, thanks to its mechanical nature.

Because of their genesis, mechanical models provide an in-
sight into the physics of the problem and allow expressions
to be derived, in which the governing parameters of the shear
behavior appear naturally with its corresponding weight. In
addition, they allow to capture contributions or aspects usu-
ally not accounted for in the design phase, but which may be
relevant in the evaluation of existing structures. The ability to
adequately capture the influence of the different parameters
allows for justifiable simplifications, limiting the errors made.
As a result, formulations can be derived that are sufficiently
simple but accurate at the same time, to serve in the design
stage of new structures, and for evaluation and strengthen-
ing of existing structures. Moreover, its extrapolation or ad-
aptation to new situations of geometry, materials or loads, is
straightforward by accounting for the differential aspects of
the case under study.



This paper aims to show how mechanical models may
contribute to the understanding of some aspects of the shear
behavior and strength of structural concrete members. For this
purpose, the most relevant phenomena affecting the shear
behavior, the shear transfer actions developed and the behav-
ior under increasing load up to failure are briefly described.
Next, a classification of the mechanical models is made based
on how they address the previously mentioned aspects, em-
phasizing on those methods based on the contribution of the
uncracked compression chord as main shear transfer action. A
series of questions about aspects of shear behavior and design
often not sufficiently well understood, are posed and possible
answers are given, based on how the “Multi-action Shear Mod-
el” (MASM) [3], [4] and its simplification, the "Compression
Chord Capacity Model" (CCCM) [5] face the shear design.
Subsequently, in order to demonstrate the accuracy and ro-
bustness of these mechanical models, comparisons between
their predictions with the results of 3295 shear tests on a large
variety of members with different geometry, reinforcement ar-
rangements, types of loading and materials, are made.

2.
RELEVANT ASPECTS OF THE SHEAR BEHAVIOR OF
CONCRETE STRUCTURES

The complexity of the shear behavior of reinforced and pre-
stressed concrete structures can be associated to the low ten-
sile strength of concrete, to the presence of combined normal
and shear stresses and to the quasi-brittle nature of concrete.
Consequences of these phenomena are, among others:

+ The inclination of the principal stresses, and thus, the
formation of diagonal cracks, which deeply modify the
stresses fields and the flow of forces in the concrete (crack-
ing-induced anisotropy), and give place to the so-called
shear-flexure interaction.

+ The influence of the multiaxial state of stresses on concrete
strength. As a consequence, the verification of the concrete
strength using the uniaxial compressive strength (adopt-
ed in design) must be reduced or enhanced as a function
of the orthogonal principal stress, as it occurs in concrete
struts but also in uncracked concrete zones. Such effect can
be quantified through biaxial failure envelopes.

+  The reduction of the mean shear stress, 7, , resisted by a
beam, 7,,=V7/(bd), as the beam dimensions increase, known
as “size effect”. A transition from nearly ductile behavior in
small concrete structures to nearly brittle behavior in large
ones takes place due to the material heterogeneity which
causes the fracture process zone to be long and non-negli-
gible compared to the cross-section size.

+  The enhancement of the shear strength of a beam as the
ratio between the shear span and the effective depth de-
creases, as it occurs in deep beams and in beams subjected
to concentrated loads applied near the supports. In those
cases, the lower value of a/d, the higher the shear that can
be resisted

+  The favorable effects of the confinement introduced by
stirrups in the concrete compressed chord, producing on
it a multi-axial state stress. Likewise, the transverse rein-

forcements contribute to reducing the risk of failure due
to sliding in inclined cracks.

+ The possible spalling of the concrete cover, longitudinal
cracking and loss of anchorage of the longitudinal rein-
forcement in members subjected to strong shear forces, in
which high bond stresses are produced due to the variation
of its tensile force in longitudinal bars.

The aforementioned phenomena are accounted for, to a great-

er or lesser extent, through different shear resistant mecha-

nisms. According to ASCE-ACI Committee 445 [6], the shear
strength in a RC beam is provided by the following contribu-

tions (see Figure 1):

+  The shear resisted by the un-cracked concrete chord V.,
which is subjected to normal and shear stresses due to
shear forces, axial forces and bending moments. The maxi-
mum shear force resisted is associated to the state of prin-
cipal stresses that reaches a point of the concrete biaxial
failure envelope.

+  The shear transferred along the cracks, V,,, which is com-
posed by the residual stresses that can be transferred across
the crack and by the force transferred through aggregate
interlock.

+  The shear resisted directly by the transverse reinforcement,
V,, crossing the critical crack

+  The shear resisted by the longitudinal reinforcement, V;,
subjected to differential displacements of the two opposite
faces of the inclined crack, called dowel action.

In general, the four above mentioned main shear transfer ac-
tions are grouped into two, called the concrete contribution
V.., considered as the sum of V,, V,, and V; and the steel con-
tribution Vsu:

VC
| | l = ¢ & Compression chord

/ \b) Aggregate interlock
N\
N s

¢) Residual tensile

stresses in the crack )~

<

ve e) Stirrups
d) Dowel Action

Figure 1. Shear transfer actions

There is a general consensus in the value of V,, that can be
derived from the well-known truss model. However, there are
relevant differences in the value assigned to the concrete con-
tribution V, in different codes of practice, as the relative con-
tribution of each shear transfer action may change along the
loading process due to cracking and softening of concrete un-
der multiaxial state of stresses, yielding of the reinforcement,
bond slip and other nonlinear phenomena.

As the load increases, localization of damage takes place and
concentrates in a critical crack, whose width increases; hence,
shear transferred by aggregate interlock and the residual stress-
es crossing the crack tend to reduce. Then, shear stresses con-
centrate around the neutral axis, and enter into the uncracked
concrete chord, that will be subjected to a multiaxial stress state
consisting of at least normal compression and shear stresses.
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Figure 3. Shear web failures. Left: diagonal tension. Right: by web struts crushing [10].

Eventually, a second branch of the critical crack develops above
the neutral axis trough the compression chord, in the point that
first reaches the concrete strength under multiaxial stresses
state, initiating softening of its shear transfer capacity.

Figure 2 shows the typical evolution of the shear stress-
es in a reinforced concrete section, in the elastic, cracked and
ultimate stages under increasing loading driving to a shear-
flexural- failure, obtained through computer program Total
Interaction Nonlinear Sectional Analysis (TINSA), developed
by Bairan [7].

At the same time, tensile shift in the longitudinal reinforce-
ment increases, which may produce bond cracks in the bottom
reinforcement. If premature bond failure does not take place,
failure of the element will be controlled by the shear capacity of
the compression chord as it is the last element that typically in-
itiates softening. A detailed analysis of the shear transfer actions
in reinforced concrete was done by Cavagnis et al. [8], using
Digital Image Correlation. Bairan et al. [9] also performed an
analysis of the shear resisting actions by means of optimization
of strut and tie models according to crack patterns.

Other types of failure can take place, such as it occurs in
prestressed pretensioned members without or with very low
shear reinforcement ratio, in regions without flexural cracks. In
those cases, failure usually occurs when the principal stresses
at a point in the web reach the strength of the concrete un-

10 — Mari, A. (2024) Hormigén y Acero 75(302-303); 7-24

der the biaxial state of stress (Figure 3.2). A diagonal crack is
generated in the web that extends towards the tension and
compression heads.

Finally, in elements with high amount of shear reinforce-
ment, and thin webs, failure may occur due to excessive com-
pression in the compressed struts (Figure 3, right).

3.
BRIEF DESCRIPTION OF SOME SELECTED
MECHANICAL SHEAR MODELS

A number of available mechanical models, grouped accord-
ing to the assumptions made, to the shear transfer mechanism
considered dominant and to the way the size effect is treated,
are briefly described. Among the many existing models, for the
sake of simplicity and space, only a selected number of them
are mentioned next

3.1. Models based on aggregate interlock, theory of plasticity
or fracture mechanics

The Modified Compression Field Theory (MCFT), developed
by Vecchio and Collins in 1986 [11], is a general model for
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Figure 4. Assumed shape of the critical shear crack.

bidimensional elements subjected to shear and normal stresses.
The equilibrium equations, the compatibility conditions, and
the constitutive equations of cracked concrete and reinforce-
ment enable to obtain, through an iterative process, the aver-
age stress, the average strain and the angle  of inclination of
the cracks for any load level up to failure. Failure of the RC
element is rather governed by the local stresses occurring at a
crack. This method was adopted by the Canadian code CSA
(1994) [12] and the AASHTO (2000) [13], after some modi-
fications made by Bentz et al [12].

The Critical Shear Crack Theory, (CSCT), by Muttoni
and Fernandez-Ruiz [15] assumes that the shear strength of
members without stirrups is considered to be strongly de-
pendent on the critical shear crack width (which is consid-
ered proportional to the longitudinal strain at a distance 0.6d
of the most compressed fiber, in a defined critical section),
and on its roughness. The maximum aggregate size is an ex-
plicit parameter affecting the reduction of shear capacity due
to size effect [16]. After some modifications this method was
included as part of the Model Code 2010 provisions [17].

The Critical Shear Displacement Model developed by
Yang, Walraven and Ujil [18], propose that the unstable
opening of the critical inclined crack is triggered when the
shear displacement in an existing flexural crack reaches a
critical value A,. Thus the critical shear displacement is
used as a failure criterion, and based on that a new shear
evaluation method was proposed.

The above-mentioned models adopt the previous works
made by Walraven [19] in 1981, to estimate the shear
stresses along shear cracks.

Based on the Theory of Plasticity, Nielsen [20], stated in
1984 that once the stirrups yield, increasing shear force can
only be carried by increasing the compression stress . which
at the same time rotates to smaller angles . According to this
theory, shear failure occurs either due to yielding of the stir-
rups or crushing of concrete in the web of the element. Di-
rect applications of the Theory of plasticity iare the Strut and
Tie Method, Schalich et al. [21] and the variable angle strut
method adopted by Eurocode EC2 [22], both for D regions
and for B regions, assuming that no contribution of concrete
exists. Reineck [23] proposed a method based on the Strut
and Tie models applicable to beams without stirrups, con-
sidering that the concrete ties represent the shear resisting
actions developed in the beam after diagonal cracking.

Bazant and Kim [24] developed a model considering
concrete as a quasi-brittle material, since it possesses a
large fracture process zone relative to its crack size. They
proposed a structural size effect law to describe the qua-
si-brittle nature of concrete according to non-linear fracture
mechanics, which captures the transition from the results
obtained using Linear Elastic Fracture Mechanics (LEFM)
and a plastic size criterion. This size effect model has been
adopted in the last version of the ACI 318-19 [25], [26].
Another well-known model based on non-linear fracture
mechanics is the Fictitious Crack Model, developed by
Hillerborg [27]. Recently, Carmona and Ruiz [28] studied
through fracture mechanics the influence of bond between
the reinforcing bars and the concrete matrix and the size
effect on the evaluation of shear strength in reinforced con-
crete members without stirrups.

3.2. Models based on the contribution of the uncracked
concrete chord

A number of developed models consider the contribution of the
compression chord as the main shear transfer action. In general,
models based on this approach assume that in slender beams
without shear reinforcement under two-point loading, the crit-
ical shear crack typically involves two branches, (Figure 4). The
opening of the first branch of the critical crack is assumed to be
orthogonal to the line of the crack, being the result of a rotation
around its tip. The compression zone above the tip prevents any
meaningful contribution of shear slip along the crack interface,
thus the contribution of aggregate interlock and dowel action
are considered small and may be neglected.

Some of the numerous relevant works done in this field
are those of Kostovos et al. [29], Zararis and Papadakis [30],
Tureyen and Frosch [31] and Park et al. [32], Li et al [33].

Recently, Mari et al. [3], [4], proposed the Multi-action Shear
Model (MASM), which provides expressions for the contribu-
tions of the four shear transfer actions (V. =V A4V, +Vi+V)). As
some models previously explained, the MASM considers that the
uncracked concrete in flexure is subjected to a multiaxial state
of principal stresses (o1, 62), generated by shear force (7), longitu-
dinal bending stresses (o,) and vertical stresses, (4,) due to local
effects, that enhance the shear strength of the region. The effect
of the confinement stresses in the uncracked concrete produced
by the stirrups is incorporated to V..
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A simplification of the MASM, is the Compression Chord
Capacity Model (CCCM) developed by Cladera et al [5] in
which the terms V,, and V}, which according to the assumptions
made in [3] are considered much lower than V., are incorpo-
rated into the contribution of the uncracked concrete chord,
V., resulting in a much simpler formulation. In addition, a
new size effect factor was introduced according to Bazant’s
law, modified after an empirical work performed with genetic

programming in [34], to account for the shear slenderness a/d.

4.
DERIVED EQUATIONS OF THE COMPRESSION CHORD
CAPACITY MODEL

The most relevant assumptions of the CCCM made are:
The shear stresses are concentrated in the uncracked com-
pression chord, concrete tensile strength is neglected and the
normal compressive concrete stresses distribution is linear.
The critical shear crack starts at a section where at shear fail-
ure, the bending moment reaches the cracking moment of the
section.
The horizontal projection of the critical shear crack is 0.85d,
based on experimental observations.
The weakest section subjected to a combined shear-bending
failure is considered to be located at the tip of the first branch
of the critical crack, where it reaches the flexural neutral axis
Failure is assumed to take place when the pair of principal
stresses reach the Kupfer’s Biaxial Failure Envelope, Figure
15, [35]

+ For usual values of a/d=M/Vd, the critical point inside the
compression chord, is located at a vertical distance from the

“_n

neutral axis z=0.425x , being “x” the neutral axis depth.

The key equation to obtain the contribution of the concrete
chord V,, is the following:

ey =K xn 1525, 7 .

where

7(z) is the shear stress at a point of the uncracked chord at a
distance “z” of the neutral axis,

X is the neutral axis depth

o1 is the principal tensile stress

o,  is the normal longitudinal stress due to bending

o, is the normal vertical stress, if it exists

K¢  is an integration constant

¢ is the size effect factor given by Equation 6 of Table 1

Relating the normal stresses with the internal forces, and set-
ting the equilibrium conditions Eq. (1) can be expressed as
a function of the internal forces and the components of the
shear transfer actions. Once solved, Eq. (1) provides a solution
in which the contribution V. is almost a linear function of x/d.
Table 1 shows the main equations governing the shear strength
for the CCCM, for beams with rectangular cross section. Note
that V,, given by Eq. (4) includes, in addition to the compres-
sion chord contribution given by Eq. (6), the contributions of
the shear actions V,, and Vi.
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TABLE 1.
Summary of the CCCM equations for beam with rectangular cross section .

Equations Expressions

Vra=Vou +Viu < VR max 3]

Shear strength

_ cotf + cotf
Vramax = Gew b zvn fo =7 3)

Vo= 2 f7Pbd « Vm,mmzo.zngc% 7°bd  (4)

Strut crushing

Concrete contribution

Asw .
Shear reinforcement V= 14 5 I (d—x) sma(cot@ + COtO() (5)
Factors Expressions
> 4% 4
Size and slenderness effect C = — (7) %« 0.45 6
Jl+ﬂ ¢ ( )
V200
[ 3
Relative neutral axis depth X = OE P1 (_1+ g‘]+i) = 075(0(5 ,01)m (7)
d v OE Pl
0.85d
Crack inclination cot) = dex <25 (8)

Equations included in Table 1 are intended for design purpos-
es, so they are expressed in terms of the design values of the
materials strengths (f, fua), which incorporate the materials
safety coefficients. However, when studying the structural
behavior or when predicting tests results, mean values of the
materials should be used. Furthermore, it must be pointed out
that in the particular case of V,,, Eq (4), V., was originally ex-
pressed in terms of the concrete mean tensile strength, fctm,
(see reference [3] and section 5.8), as follows

Vo= % Funbd € Vigin = 0.83(CK. + 370 fonbd) )

In the rest of the article, behavioral aspects will be addressed,
so the written equations will not include safety coefficients.

The shear directly resisted by the shear reinforcement, given
by Eq. (5), was derived considering the summation of the vertical
force provided by the stirrups intersected by the first branch of
the critical crack. The constant 1.4 in Eq. 5 is not a calibration
factor, but a term to take into account the confinement of the
concrete in the compression chord caused by the stirrups [3].

It should be noted that no iterations are needed to apply
the model both for design or for assessment, since Eq. (4) is
the linear solution adjusted to the actual solution of Eq. (1),
once solved iteratively.

An example of shear design of a 2-span continuous shoring
beam subjected to two concentrated loads at midspan is pre-
sented in Annex A1, which can help to better understand the
method and the answers given to the questions raised below.

5.

SOME QUESTIONS ON SHEAR BEHAVIOR OR
DESIGN AND ANSWERS PROVIDED BY THE CCCM
MECHANICAL MODEL

5.1. Why and how much the flexural reinforcement influences
the shear strength?

According to CCCM, the shear strength contribution of the
concrete chord is the result of the shear stresses in it, which
depends on the depth of the compressed block, whose value
is given by equation (7) of Table 1. It can be seen that x/d
depends on the app term, where p=A/(bd) is the geometric
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Figure 6. Distributions of stresses and strains in a slender and non-slender beam [36].

amount of longitudinal reinforcement and ax =E/E. is the ratio
between the Moduli of elasticity of steel, E,, and concrete, E.,
In addition to V., both V| and V,, increase as the amount of
longitudinal reinforcement increases, reducing the crack open-
ing and incrementing the dowel action.

In addition, the angle of inclination of the cracks, given
by the expression (8) depends also on x/d and, therefore on
agpr. As can be seen, the greater the amount of reinforcement,
the greater the cot, so the greater the number of stirrups cut
by the critical crack and the greater the V,, as indicated by
equation (5). The same conclusion is drawn from the MCFT,
and from the simplified equations adopted by the Canadian
Standard for the angle of inclination of the cracks.

5.2. Why the shear slenderness “a/d” influences the shear
strength?

The shear slenderness a/d is a relevant parameter because it
influences the stress state of the concrete in the area where
shear failure usually occurs

Non-slender beams are considered those in which a/d
is less than 2.5 This situation takes place 1) in deep beams,
where arch effect takes place due to the inclination of the
compressed chord, 2) in slender beams when there are point
loads applied near the supports and confining stresses under
the loading plate may enhance the strength of the compres-
sion chord. As a consequence, non-slender beams show higher
shear strength than slender beams.

How does the CCCM account for these effects?. The fol-
lowing differential aspects of the observed structural behavior
are taken in consideration:

a) the influence of the vertical stresses produced by the load-
ing plate, on the stress state in the critical point of the un-
cracked concrete chord. Such confining stresses, in the case
of loads close to the supports, affect the state of stresses at

the critical section) and increment the shear capacity of
the compression chord, Figure 5, Bairan et al. [36]

the different position and inclination of the critical crack,
which due to be located in a disturbed (D) region, runs
straight from the inner ends of the bearing and loading
plates, resulting in a value cotf = a/d, see Figure 6. Such
value increments the size effect factor of the model (Eq.
6), which is proportional to (d/a)"?

b)

Solving the fundamental equation (1) for some estimated av-
erage value of the vertical stresses, g,, see Figure 5, [32], the
following expression for the contribution of the uncracked
chord under point loads applied near the supports, is obtained
as a function of g,

X oy
Vo= ¢ fibd 1+o.5§]

(10)

the effects of the disturbed distribution of strains and
stresses in deep beams or in beams subjected to concen-
trated loads applied close to the support, which are not
planar and modifies the neutral axis depth compared to a
slender beam, see Figure 6.

‘)

In order to account for the increment of the neutral axis depth
as the considered section approaches the support, a parabolic
variation of ¢ is assumed between a/d =2.5 (x;=x, B-region)

and a/d=0 (x;=d) as follows:

X1 X
—=—+

2
= 1-* <1

y (11)

1-04%
d

As a consequence of these assumptions, the concrete contri-
bution of the uncracked chord, Vcu increases and can be ex-
pressed as

Viu= C% Koifebd =0.3EK ufbd (12)
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Figure 7. Bending moments law and crack patterns in a two-span RC continuous beam.

Where Kad is the factor enhancing the concrete contribution:

<25

Ku=1+(2.5- %) : 1< 13
d

5.3. Do we distinguish between end supports and intermedi-
ate supports when designing a continuous beam for shear?

In continuous beams, the same equations are used for shear design
of the zones near the exterior supports (where very low bending
moment exists) and near interior supports (with high load bend-
ing moments). Therefore, the presence of a bending moment con-
comitant with the shear force is not explicitly considered.

However, there are aspects of the structural behavior of
continuous beams, usually not included in the codes of prac-
tice, that may justify such procedure

5.3.1. Effects of the different shear spans in the various shear
critical regions

Figure 7 shows the law of bending moments and an approxi-
mate diagram of cracking in a continuous beam with two un-
equal spans, subjected to a point load in the respective spans.

It can be seen that there are three pairs of critical zones
with similar behavior, where shear failure can occur: zones al
and a6, near the end supports, zones a, and as between the
applied load and the zero bending moment point, and zones a3
and a4 around the central support.

As the respective shear spans (the distances from the
point of application of the load or reaction to the point of
zero moment), at each region the shear strength will also be
different. In general, regions a; and a4 have the shorter shear
span, and the closer is the applied concentrated load to the
support, the smaller is the shear span in such region. There-
fore, it is expected that in the central support the shear span
is lower than in the zone of positive bending moments and
be even a/d<2.5.

5.3.2. Effect of yielding of the longitudinal flexural reinforce-
ment on the shear strength

If the longitudinal flexural reinforcement yields in the zones
of maximum negative moment, plastic hinges are formed and
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redistributions of bending moments and shear forces take
place, as shown in Figure 7. Then, the point of zero bending
moment becomes closer to the intermediate support, reduc-
ing the shear span and even increasing the arch effect (and
the shear strength) in that area. Thus, since the design shear
force decreases and the shear strength increases, the risk of
shear-flexural failure around the central support diminishes.
Does the yielding of the flexural reinforcement reduce
the shear capacity in the plastic hinge?. Once the reinforce-
ment yields, its tensile force is limited to T=A, 4 and so is
the compression force. Therefore, as the load and the plastic
rotation increase, the depth of the compressed block decreas-
es, because it is necessary to increment the lever arm, and the
width of the critical crack increases, so the contribution of
the concrete decreases. Therefore, it is possible that in beams
with very ductile sections, shear failure occurs inside the
plastic hinge, before a collapse mechanism is formed. This
type of shear-bending interaction has been experimentally
studied by Vaz et al. [37] for simply supported beams and by
Montserrat et al. [38], [39] for continuous beams.

5.3.3. Effect of local stresses due to point loads or reactions
In zones al and a6 of Figure 7, subjected to positive moments,
the critical crack usually occurs at a sufficiently long distance
from the load so that the vertical stresses produced by the load
do not affect the state of stresses in the compression chord of
the critical section.

However, in the hogging zones of Figure 7 (a,, a3, a4 and
as), the critical cracks develop near the application of the
load or the support reaction, and compression stresses both
in the longitudinal and the vertical directions take place in
the compression chord, produced by the bending moment
and by the applied load or reaction, respectively. These verti-
cal stresses increase the shear strength in this zone, (see sec-
tion 6.2), similarly to what occurs in punching shear around
a column, Mari et al. [40]

In order to quantify such confining stresses, a two-span
continuous beam loaded with two equal concentrated loads at
midspan tested by Bagge el al. [41], Figure 8, has been stud-
ied, by means of a nonlinear analysis performed with software
Diana [42].
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Figure 8. Scheme of the beams tested by Bagge et al. [41].

Figure 9a. Normal longitudinal stresses around the central support, near failure.

Figure 9b. Normal vertical stresses around the central support, near failure.

The reinforcement and the materials properties of the ana-
lyzed beam are: A3=339mm? (3¢12); Ax,=A3=101 mm?2 (248)
; Auy=942 mm? (3¢420) ; A,=0.67 mm?»/mm (48, st=150 mm).
fn=36.4 MPa, £,=536 MPa; f,,=657 MPa.

Figures 9a and 9b show the normal longitudinal stresses
along the whole beam and the vertical normal stresses local-
ized around the central support, respectively.

It can be observed that near the position of the critical
point (around mid-height of the compression chord) verti-
cal stresses between 6 and 8 MPa and horizontal stresses in
compression chord up to 12-25 MPa take place. According to
equation 13, being £=34.6 MPa and f,=3.2 MPa, the increment
of shear resisted by the concrete in the bottom of the section,
due to confinement stresses, around the central support is 93
%. The ultimate load experimentally measured was 164 kN
while the theoretical studies according to CCCM is 171 kN,

which is 4.2% higher. This could explain why, in usual practice,
the transverse reinforcement in the areas of intermediate sup-
ports, where negative moments are combined with shear forc-
es, is designed in the same way as in extreme supports, where
there is almost no bending moment, without shear resistance
problems being revealed.

5.4. Why cantilevers resist more shear than identical simply
supported beams.? Why cantilevers subjected to distributed
load resist more shear than cantilevers subjected to point

loads

Perez Caldentey et al. [43] tested reinforced concrete slender
cantilevers with prismatic and tapered shapes, subjected to
point loading, uniform loading, and triangular loading. They
concluded that the behavior and shear strength of cantilevers
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are very different from that of simply supported beams sub-
jected to distributed loading, and the type of loading signifi-
cantly affects the shear strength. For the constant-depth can-
tilevers tested, the same elements carried 27% more load for
uniformly distributed loading than for point loading, and more
than 100% for triangular loading than for point loading.

According to the CCCM, the critical shear crack starts
from a flexural crack, at a section where the bending moment
at shear failure is equal to the cracking moment of the cross
section. Then, in the case of cantilevers, the distance from the
initiation of the critical shear crack to the support is much
lower than in the sagging region, as shown in Figure 10. There-
fore, a multi-compression state of stresses is generated around
the support and an enhancement of shear strength similar that
taking place in continuous beams, occurs.

Similarly, in cantilevers subjected to distributed loading,
the critical shear crack starts closer to the support than in the
case of a concentrated load (see figure 11), resulting in the
same effect.

5.5. Why the position of critical shear crack depends on
the amount of longitudinal and transverse reinforcements?
Which is the importance of such position?

As already mentioned, the higher is the reinforcement ra-
tio, the higher are the shear and flexural strengths. Thus, as
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the cracking moment is almost independent of the amount
of longitudinal reinforcement, the point where the bending
moment law at shear failure equals the cracking moment
Xo=M(x)/V,=M./V, (where the critical crack starts, accord-
ing to CCCM), will be closer to the support as the higher is
the longitudinal reinforcement because the shear strength is
higher.

Furthermore, beams with shear reinforcement have a
higher shear capacity than beams without shear reinforce-
ment. Following the same reasoning as before, the critical
shear crack in beams with shear reinforcement will be closer
to the support than for the same type of beams without shear
reinforcement.

The position of the critical crack may be determinant in
cases where the anchorage of the longitudinal reinforcement is
exclusively provided by bond, as it is the case of prestressed
pre-tensioned concrete beams. This is especially relevant in the
case that bond strength between the strand and the concrete is
low or is reduced by corrosion. In addition, the position of the
critical crack indicates the position where, according to CCCM,
should be verified the shear strength (control section), placed
at a distance 0.85d of the crack initiation in the direction of in-
creasing bending moments. Therefore, it results that in the case
of prestressed concrete members, the satisfaction of the shear
strength in cracked zones must be done at a higher distance
from the support than in the case of reinforced concrete beams.



5.6. Do a rectangular RC beam and a T beam with the same
effective depth and web width resist the same shear?

According to the linear elastic methods, historically used in
structural design, bending is resisted by the tension and com-
pression chords, while shear is taken by the web. However, ex-
perimental studies [44-50] have shown that a significant incre-
ment in the shear strength of slender RC beams with T-shaped
section takes place with respect to beams with equal height,
web width and reinforcements amounts, see Figure 12, [44].
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Figure 12. Effects of flanges on shear strength in beams with
T-shaped cross section.

In addition, rigorous theoretical and numerical studies [51-52]
have confirmed such concentration of shear stresses towards
the neighborhood of the crack tip and towards the concrete
compression chord, which in T beams is usually located in the
flanges. Such stresses extend inside the flanges diminishing its
intensity with the distance to the web (see Figure 13),[51].
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Figure 13. Concentration of shear stresses in the compression chord
extending to the flanges [51].

To account for this phenomena in a simplified way, a "Shear
effective flanges width” was defined as a flange width that, as-
suming a constant shear stresses distribution in the transverse
direction, would provide the same shear force in the flanges
than the actual shear stresses distribution (Figure 14).

bt

= by

Figure 14. The “shear effective flanges width” in T shaped beams,
adopted by the CCCM [49].

Such concept, previously developed [47], was incorporat-
ed into MASM and CCCM models by Cladera et al. [53].
The proposed value of the flanges effective shear width was
obtained by considering that the flow of shear stresses f(z)=
7(2)-b(z) has a parabolic profile (section 4), and that the widths
of the zones where the shear stresses are integrated depend on
the position of the neutral axis with respect to the depth of the
flanges, as indicated by Eq. 14a and 14b below:

ifx <hy— b= b,+2h<b (14a)

if x < by = by = bt (bo-b) (1)~ (14b)

Other beneficial effects of the T or I sections is the confine-
ment of the concrete in the core between the flanges and the
web, provided both by the concrete flanges and by the trans-
verse reinforcement, if present. Such enhancement can be tak-
en into account by the MASM and the CCCM through the
normal transverse stress g, , as it occurs with the stresses pro-
duced by moments tangential to the perimeter of a column in
the case of punching shear of flat slabs [40].

Since an accurate assessment of existing bridges and other
transportation infrastructures, which are often being built with
T-shaped cross section members, requires a realistic evaluation
of the structure strength, models that account for the flanges
contribution provide a more realistic approach and can be very
useful in the assessment of existing structures.

5.7. Does an axial compression force influence the shear
strength to the same extent as a tensile force?. How does pre-
stressing eccentricity influence the shear strength?

Moderate compressive axial stress increases the depth of the
compression block for equilibrium reasons, delays cracking due
to the reduction of the principal tensile stresses, and reduces

Mari, A. (2024) Hormigon y Acero 75(302-303); 7-24 — 17



crack width, and the inclination of the concrete struts (higher
cotf). Consequently, the contributions V., V,, and V; increase.
This effect is accounted for in the MASM and CCCM models
through x/d, which in turn influences the angle of the cracks,
since cotf#=0.85/(1-x/d). Therefore, the higher the compres-
sion axial force, the larger x/d and larger cotd. According to
Mari et al [54], the neutral axis depth in members subjected to
an external axial compression “N;” may be obtained by:

N520—>x=x0+0.80(h—x0)(%)0 ij[ <h (15)
cp T Jctm

where xj is the neutral axis depth of the element assuming
N=0 and 6,=N/A is the mean compression stress. It is impor-
tant to note that the ratio o./f, is decisive in the calculation
of x/d and, therefore, in the shear strength of prestressed con-
crete members.

In addition, the eccentricity of prestressing increases the
shear strength, because the prestressing moment P-e, is con-
trary to the moment generated by external loads and, addi-
tionally, increments the cracking moment. These effects are ac-
counted for by the MASM and CCCM models, including the
prestressing force P and its eccentricity into the equilibrium
equations, in which the cracking moment of the prestressed
section is included [54].

Under axial tensile stress, the depth of the compression
block is reduced, the cracks are widened, and the angle of in-
clination of the struts is increased, thus decreasing cot. Con-
sequently, the shear strength decreases, as concluded by D.
Fernandez et al. [55], and Mari et al. [56] for beams and by
P. Fernandez et al, [57] for punching in slabs subjected to in
plane tension forces. According to MASM and CCCM models
the depth of the neutral axis can be estimated as:

NE<0_>x=x0(1+0.1NMLd)zo (16)

E
In addition, under severe axial load, tensile flexural reinforce-
ment may prematurely yield, causing a further reduction of
the shear strength, Fernandez et al. [57]

5.8. How the compressive and tensile concrete strengths influ-
ence the shear strength of reinforced and prestressed concrete
beams?

Some shear strength equations are expressed in terms of fcd,
others in terms of (f.)"* and some in terms of (f.)?, what may
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Assumed simplification around
uniaxial compression corner

generate confusion. As already mentioned, concrete is subject-
ed to a multi-axial stress state, so its strength in one direction is
affected by the stress in the orthogonal direction. For example,
according to EC2, in the struts, a reduction factor 0.6 of the
uniaxial compressive strength in the struts direction, is used to
account for the orthogonal tensile stresses.

In the compression chord, concrete is subjected to a bi-
axial compression-tension state of principal stresses and fail-
ure starts when at any point the biaxial failure envelope, is
reached. The MASM and CCCM adopts the Kupfer and Gers-
tle failure envelope [35], see Figure 15, assuming the following
linear equation for the tension-compression branch.

0y 0y _

08 =1 (17)
Therefore, according to Eq. (17), both compression and ten-
sion concrete strengths influences the strength of the compres-
sion chord.

From Eq. (17), the principal tensile and compression
stresses can be expressed as indicates Eq. (18), where the
terms inside the parenthesis are the reduction factors due to
the orthogonal stresses:

0=(1-082) fu; 0,=125(1-
Jee

Therefore, the MASM/CCCM fundamental equation (1)

could be expressed indistinctly in terms of the tensile strength

f. or in terms of the compressive strength f., accounting for

the respective reduction factor due to the orthogonal stresses.

0.1 cc 18
fa)f (18)

5.9. Why mechanical shear models that consider differ-
ent dominant shear transfer actions provide similar shear
strength?

Figure 16, [54] shows the typical experimentally obtained
load-displacement curve of a beam subjected to shear. In mul-
tiple tests, it has been observed that after the second branch of
the critical crack develops, the load capacity generally does not
significantly increase further, as softening of the concrete in
the compression zone, which is subjected to both compressive
and shear stresses, begins. This behavior has also been reported
by other researchers in tests of notched specimens designed to
study mixed-mode crack propagation through reinforced con-
crete, [59] shown in Figure 16. In fact, the last phase of crack
propagation, when the crack changes its trajectory and gets

g

0'2/ fcc 1.0

Figure 15. Kupfer and Gerstle biaxial failure envelope adopted.
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Figure 16. Load-displacement curve, crack propagation, and shear capacity models.

a)
Figure 17. Schematic critical crack and forces in a) MASM and CCM b) Shear friction models.

more inclined, is typically unstable, in the sense that it is due
to an energy release rate that equals the energy needed for the
propagation. This is clear in Figure 16 since almost no external
energy is provided from point A to point B according to the
load-deflection.

According to the load-deflection curve of Figure 16 right, a
redistribution of internal forces may occur between load stag-
es A and B and that while the shear resisted by the uncracked
chord diminishes, the aggregate interlock in the compression
chord increases (red branch, between A and B), until crushing
of the compressed chord or loss of anchorage of the longitudinal
reinforcement occurs. As the difference in values of the resisted
load between points A and B is usually small, there are models
that are proposed to capture the load at point A, while other
models that try to capture the situation at failure (point B).

The models that try to obtain point A, incorporate the
strength of the uncracked chord just before the crack prop-
agates inside it. For this reason, the neutral axis depth and V.
are high. In turn, since the crack in the tension zone is very
open, and the compressed zone above the tip prevents any
meaningful contribution of shear slip along the crack interface,
the contributions of aggregate interlock and dowel action are
considered small compared to V. (Figure 17a)

On the contrary, the models that seek to find point “B”,
consider the critical crack fully develops and the depth of the
compressed block at the end of the crack is very small, re-
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sulting in a very low value of V.. However, they incorporate
the friction force along the second branch of the critical shear
crack as a part of the aggregate interlock, whose vertical com-
ponent is considered to be incorporated as V,,, Figure 17b. This
has been observed in numerous tests, thanks to today’s capac-
ity to measure displacements using Digital Image Correlation,
Cavagnis [60], and Montoya-Coronado et al. [61]. The next
step is to show, through theoretical approaches, that the sum
of the shear transfer actions in points A and B are very close.

MASM and CCCM models are among those based on
the contribution of the compression chord as dominant shear
transfer action, so the shear strength predicted corresponds to
point A in Figure 16. Thus, it is relevant to show the accuracy
and robustness of these methods when predicting the shear
strength in multiple situations.

In fact, the MASM, and subsequently the CCCM, were
originally developed for reinforced concrete slender members
with and without shear reinforcement made of steel, and rec-
tangular cross section [3-4]. Subsequently it was extended to
reinforced concrete beams with T and I sections [53], pre-
stressed concrete members [54], members subjected to ten-
sion axial loads [56], beams reinforced with FRP longitudinal
[62] and shear reinforcements [63], to steel fiber reinforced
concrete beams (SFRC) [64], to non-slender beams [36],
to punching of slabs under symmetrical loading [40] and to
punching of slabs subjected also to in-plane axial tensile forces
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TABLA 2.

Verification of the proposed model: mean value, COV and 5% percentile for Vies/ Virea ratio.

Type of member tested No. Tests Mean CoV Percentile 5%
RC slender beams, rect. section w/o shear reinf. 784 1.170 0.185 0.800
RC slender beams, rect. section with shear reinf. 170 1.160 0.141 0.800
RC slender Beams , T/I section w/o shear reinf. 188 1.020 0.192 0.790
RC slender Beams , T/I section with shear reinf. 70 1.140 0.149 0.870
PC slender beams, w/o shear reinforcement 214 1.180 0.165 0.818
PC slender beams, with shear reinforcement 117 1.170 0.186 0.775
FRP reinforced concrete beams w/o shear reinf. 144 1.090 0.148 0.830
FRP reinforced concrete beams with shear reinf. 112 1.080 0.195 0.750
RC non-slender beams without web reinf. 153 1.350 0.267 0.752
RC non-slender beams with vertical web reinf. 171 1.250 0.193 0.898
RC-non slender beams with vert. and horiz. web reinf. 86 1.280 0.223 0.935
SFRC slender and non-slender beams w/o shear reinf. 488 1.150 0.220 0.780
Symmetric punching in slabs w/o shear reinf. 328 1.188 0.151 0.905
Symmetric punching in slabs with shear reinf. 232 1.173 0.149 0.774
Punching and tensile force in slabs w/o shear reinf. 38 1.11 0.093 0.975

[57]. Further extension of these models is currently being car-
ried out, i.e. to punching of eccentrically loaded slabs, to slabs
strengthened with post-installed studs and to SFRC slabs, to
prestressed concrete beams using FRP tendons including the
loss of bond strength in pre-tensioned beams, to composite
members made of reinforced or prestressed concrete beams
and cast-in-place slabs.

A comparison between the shear strength predicted by the
CCCM (Vi) and the experimental shear strength (V.),
measured in 3295 tested members, included in 16 different
previously published shear-databases, has been made, updating
the work previously done by Cladera et al [65].

The statistical results show that the theoretical predic-
tions are reasonably safe, precise and with low scatter. The
mean value of the ratio V,.y/V.ed , ranges between 1.02
and 1.35, the minimum value of the 5% percentile is 0.75,
indicating that the 95% of the data have a ratio Vi, e/Vipred
greater than 0.75. Finally, the CoV ranges between 0.093 and
0.267, which is considerably low, despite the complexity of
the shear behavior, the uncertainties associated to the ten-
sile concrete strength and the variety of cases studied, among
many other factors.

6.
CONCLUSIONS

- In this paper, some questions on shear behavior and strength,
that arise from a limited understanding of the shear resisting
mechanisms when using empirical models are raised. An-
swers to these questions have been provided according to
mechanical shear models, based on the contribution of the
uncracked concrete zone as main shear transfer action.

- The following aspects have been addressed and clarified:

- The influence of the longitudinal reinforcement, the
shear slenderness, the axial tension or compression
forces and the local stresses near applied concentrated
loads or reactions on the shear strength.

20 — Mari, A. (2024) Hormigon y Acero 75(302-303); 7-24

- The reasons for the differences existing between the
shear strength of simply supported, continuous beams
and cantilevers

- The contribution of the flanges in T or I shaped beams
to the shear strength

- How the location of the critical crack can be deter-
mined based on the hypothesis of the CCCM, and its
relevance to identify the position of the control section
and to quantify the strength of a bond anchorage.

- A rational explanation to why models that consider differ-
ent dominant shear transfer actions drive to quite similar
results, has been provided, based on the redistributions be-
tween shear transfer actions, along the incremental loading
process. A way to develop a unified theory, which would
ease performance-based shear design remains open.

- The answers provided to the questions raised, show the
capacity of the mechanical models, and in particular the
MASM and CCCM, to provide an insight into the shear
behavior. This fact, together with the simplicity of the pro-
posed equations and the accuracy obtained in the com-
parisons with 3295 experimental results, including a large
variety of situations, prove these models to be adequate for
carrying out performance-based shear design, as well as for
assessment and strengthening of existing structures
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APPENDIX 1.

SHEAR DESIGN OF A REINFORCED CONCRETE SHORING
BEAM BY MEANS OF THE CCCM

A1.1 Definition of the structure

Consider a continuous reinforced concrete shoring beam of
two equal spans of 6 m, that must resist two concentrated
variable loads of Q4=300 kN each, fixed at midspan. The self-
weight is ignored for the sake of simplicity. The cross section
is rectangular of dimensions b=400m, h=550mm, and an ef-
fective depth d=500 mm is assumed. Figure A1.1 shows the
structural scheme and the design bending moments and shear
forces laws. The longitudinal reinforcement in the bottom con-
sists of a basic reinforcement of 3¢20 along the whole beam
and an additional reinforcement of 2¢20+2¢16 placed in a
length of 4.5m from the end supports. At the top, the basic
reinforcement consists of 4¢16 bars and the additional rein-
forcement consists of 3¢20 extended to 3 m length at both
sides of the intermediate support axis, as shown in Figure A1.2

Concrete characteristic strength is 25 MPa (y. = 1.50),
Yield strength of both longitudinal and transverse reinforce-
ments is 500 MPa (y, = 1.15), but the design strength of the
transverse reinforcement is limited to f;,,4=400 MPa, for crack-
ing control reasons.
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Al.2. Design of the reinforcement near the end supports

According to the CCCM, the section where the shear rein-
forcement should be designed is where at shear failure the
bending moment equals the cracking moment, M(scr)=Mcr.
For a point load, the bending moment is linear, M(x)=Vd-x, so
being the cracking moment of the beam Mcr=51.6 kNm, and
Vd = 121.8 kN the design shear force corresponding to the
end supports zones, the position of the section where the crit-
ical crack starts is scr=Mcr/Vd=51.6/121.8=0.42m. For de-
sign purposes, since the shear force is constant Vd=121.8 kN,
no matter the section considered. In the case that the shear
force law is not constant, the section where the critical crack
starts should be obtained equaling the bending moment to the
cracking moment. Assuming a uniformly distributed load “g”,

where the design shear force is Vd=Rd= agL the design section
would be:

M
1-/1-—=
Mmax

For two equal spans, =0.375 and M,,,,=0.0703 gl2.

so=aL (Al.])

—


https://doi.org/10.1139/l02-099
https://doi.org/10.1016/j.engstruct.2013.10.001
https://doi.org/10.1016/j.engstruct.2013.10.001
https://doi.org/10.1002/suco.201700145
https://doi.org/10.1016/j.engstruct.2023.115912
https://doi.org/10.1016/j.engstruct.2023.115912
https://doi.org/10.1016/j.compositesb.2013.10.005
https://doi.org/10.1016/j.compositesb.2013.10.005
https://doi.org/10.1617/s11527-020-01461-4
https://doi.org/10.1617/s11527-020-01461-4

3.00 3.00 5.00 5.00

I I
6.00 6.00

Md=-337.5 kN-m

(o

280.8 kN'm
Md= 365.4 kN-m Md= 365.4 kN-m

Vd=206.3 kN
Vd=121.8 kN
o
al
1) 10/
Vd=121.8 kN

Vd=206.3 kN

Figure A1.1. Structure scheme and design bending moments and shear forces laws.
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The shear span to effective depth ratio, a/d, at each re-
gion, should be calculated for the load combination that V=Vi=V..=121.8 -86.5 =35.3 kN
produces maximum shear, and its concomitant bending

moment. For the case of the shear near the end supports, V=14 Aso Fua (A=) sina (cotf +cota)= 238000 Aw _ 35300 N
such combinations correspond to a single point load ap- St St

plied, for which V4=121.8 kN and M4=365.4 kNm. As _ 35300 _ 0.1 mm?

Which is less than the minimum shear reinforcement s 238000 mm?
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area per unit length:

Asmin _ )08 b, E’*_ 0.03-400 25 —
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= 0.35 mm? / mm (68 mm , s=300 mm)

Verification of the struts strength Ves<Vrd max
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=8853 kN> Vg =121.8 kN

Then, minimum reinforcement, consisting of closed stirrups of
8 mm, spaced 300 mm is placed.

A1.3. Design of the shear reinforcement near the intermedia-
te support

Longitudinal reinforcement area: 3 $20 + 4¢16 = 1746 mm?

A 1746
Pr= 54 = 400 - 500

np |1+ /1+%] 0.282; x=141 mm

In this case, the maximum shear force near the central supports
takes place under two loads applied, so M4=-337.5 kNm and
V4=206.3 kN.
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Then, closed stirrups of $8 spaced 200 mm are placed.

Design of the shear reinforcement
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Al.4. Verification of the shear strength in the region of positive
bending moment, between the load and the central support

The maximum shear in this region is 206.3 kN, produced when
there are two point loads. For this load combination, the positive
bending moment is 280.8 kNm. Then, the values a/d and { are:
Size effect:

The values of x/d =0.296 and cotd =1.207 as in the first case.
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then the contribution of the stirrups is:

V=14 A;” Fowd (di—x) sina (cotO+cota)=14 0.5-400-0.352=119 kN

The total shear resisted is, then
Vra=VartVe=101.2+119.0=220.2 kN > V£=206.3 kN, OK
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Figure A1.2 Reinforcement arrangement
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RESUMEN

Desde los inicios del hormigon estructural hasta la fecha se han dedicado muchos esfuerzos de investigacion a la cuestion del disefio a cortante de
elementos sin armadura transversal. Esto ha permitido una serie de avances notables en la comprension del fenémeno, que en la actualidad se admite
como dependiente de un ndmero de mecanismos de transferencia de cortante en el hormigén fisurado, tales como el engranamiento entre los aridos,
relacionado con la abertura de fisura y su deslizamiento, la capacidad remanente a traccién del hormigon tras la fisuracion, el efecto pasador de las
armaduras y la inclinacion de la biela comprimida.

En los ultimos afios, equipos independientes de investigadores han confirmado esto a través de medidas detalladas llevadas a cabo con Correlacion
de Imagen Digital (Digital Image Correlation) sobre los ensayos realizados, y mediante la integracion de las leyes constitutivas que gobiernan la
transferencia del cortante. De acuerdo a la realidad fisica contemplada, se han desarrollado teorias claras y basadas en la ciencia permitiendo a los
investigadores, por un lado replicar la respuesta ante el cortante de una manera realista, y por el otro llevar a cabo predicciones mas exactas sobre la
capacidad resistente de los elementos.

Una de estas teorias, cimentada en datos experimentales y respaldada por la modelizacién mecanica, es la Teoria de la Fisura Critica de Cortante
(Critical Shear Crack Theory, CSCT por sus siglas en inglés). En este articulo, se resefian las leyes fundamentales de la teoria, y se relacionan con la
respuesta experimental de vigas sometidas a cortante. Basaindose en estos principios, se presenta un modelo fisico-mecanico con objeto de implemen-
tar los conceptos bésicos del CSCT. En funcién de estos resultados, se justifica la pertinencia de definir un criterio para evaluar los fallos de cortante,
que se pueda formular de una manera simplificada y adecuada para el disefio. El objetivo de este criterio es conducir a expresiones de disefio coher-
entes, lo suficientemente simples como para ser utilizadas en la practica.

Es especialmente interesante mencionar que el fundamento mecénico del modelo permite reproducir naturalmente fenémenos fisicos, tales como
los efectos debidos a la deformacién del acero pasivo o el efecto de escala, que pueden ser evaluados de una forma exacta teniendo en cuenta la
respuesta no lineal de un elemento de hormigén armado posiblemente fisurado. Este planteamiento es coherente con la fisica subyacente y es consid-
erablemente mas general que los llevados a cabo en el pasado, donde las férmulas empiricas se corregian con un término debido al efecto de escala,
para considerar este fenémeno (teniendo como consecuencia que la formula no fuera necesariamente consistente o valida fuera de sus rangos de
calibracién). En base a la evidencia referida, este articulo responde de una manera cientifica, detallada y transparente a las criticas realizadas por A.
A.Dénmez and Z. P. Bazant en relacién a las hipétesis de CSCT.

PALABRAS CLAVE: Teoria de la Fisura Critica de Cortante, Codigos de disefio, evidencia experimental, esfuerzo cortante, acciones susceptibles de transferir cortante, efecto
de escala.
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ABSTRACT

Many research efforts have so far been devoted to the topic of shear design of members without transverse reinforcement since the first development
in structural concrete. This has allowed a number of significant advances in the understanding of the phenomenon, which is currently acknowledged
to depend upon a number of shear-transfer actions in cracked concrete such as aggregate interlocking related to crack opening and sliding, the residual
tensile strength of concrete after cracking, dowelling of the reinforcement and the inclination of the compression chord.

In the last years, independent teams of researchers have confirmed this by means of detailed measurements on tests performed with Digital Image Cor-
relation and by integrating constitutive laws governing the transfer of shear. In agreement to the observed physical reality, clear and scientifically based
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theories have been developed allowing researchers to reproduce the shear response in a realistic manner and to perform more accurate predictions on the
strength of members. One of these theories, grounded on experimental facts and supported by mechanical modeling, is the Critical Shear Crack Theory
(CSCT). In this paper, the fundamentals of the theory are reviewed, linking them to the experimental response of beams in shear. Based upon these
fundamentals, a general physical-mechanical model is presented to implement the CSCT basic ideas. On the basis of these results, the aptness of defining
a criterion to assess failures in shear is justified, which can be formulated in a simplified manner and is suitable for design. The aim of this criterion is to
lead to consistent design expressions, sufficiently simple to be used in practice.

It is particularly interesting that the mechanical basis of the model allows natural reproduction of physical phenomena, such as size and reinforcement
strain effects, that can be assessed in an accurate manner considering the nonlinear response of a potentially cracked reinforced concrete member. This
approach is consistent with the underlying physics and is significantly more general than approaches followed in the past, where empirical formulas were
corrected with a size effect term to account for this phenomenon (imposing an effect on a formula which is not necessarily consistent or valid outside
its ranges of calibration). Based on the evidence reviewed, this article replies in a scientific, detailed, and transparent manner to a number of criticisms by

A.A.Dénmez and Z. P. BaZant on the assumptions of the CSCT.

KEYWORDS: critical shear crack theory, design codes, experimental evidence, shear strength, shear-transfer actions, size effect.
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1.
INTRODUCCION

La cuestion de la resistencia a cortante de vigas y forjados
unidireccionales sin armadura de cortante ha sido polémica
y estado sujeta a debate cientifico durante maés de un siglo.

La importancia practica del asunto esta relacionada con la
amplia variedad de casos practicos donde la resistencia a cor-
tante del hormigén fisurado sin armadura transversal puede
regir el disefio de estructuras de hormigén armado.

Es el caso no solo para estructuras sencillas como muros de
contencion o zapatas (figura 1a,b), sino también de estructuras
complejas y redundantes como forjados unidireccionales o vi-
gas, laminas y forjados bidireccionales con cargas concentradas
en las inmediaciones de los apoyos (figura 1c-f).

A diferencia de la complejidad y el amplio nimero de
casos practicos donde la resistencia a cortante puede regir
la capacidad de transmision de carga, en el pasado la mayor
parte de la investigacién ha sido realizada sobre los llamados
"ensayos académicos", correspondientes en su mayoria a vigas
simplemente apoyadas bajo cargas concentradas (piezas isos-
taticas, véase la figura 1g)[1].

Practical needs

/\ Testing
Experimental

Dada la complejidad del fenémeno, las disposiciones para
el disefio frente a esfuerzo cortante en la normativa han esta-
do fundamentadas durante muchos afios en expresiones em-
piricas calibradas a partir de los datos de ensayos disponibles
(ACI 318[2], EC-2:2004[3]).

Este enfoque ha resultado ser problematico ya que el uso
de una formula empirica fuera de su rango de calibracion
puede conllevar a resultados inseguros [4,5], que podrian
producirse teniendo en cuenta la amplia variedad de tipo-
logias estructurales y parametros geométricos usados en la
practica (raramente cubiertos por ensayos académicos reali-
zados en un laboratorio, figura 1g).

Desde la introduccién de dichas féormulas empiricas, se
han realizado esfuerzos para incluir cada vez mas factores
de correccion en aras de ampliar su validez (por ejemplo, en
ACI 318, mediante la inclusion de la influencia de la cuantia
de armadura, hormigones ligeros [2] o més recientemente, el
efecto de escala [6]).

Sin embargo, este enfoque atin hereda los mismos proble-
mas; las estructuras reales son muy distintas de los ensayos
académicos (véase la figura 1) y la inclusion de factores de
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Figura 1. Casos tipicos de elementos sin armadura transversal donde el disefio frente a cortante puede ser dimensionante: (a) Muros de contencién;
(b) Zapatas; (c) Tineles "cut-and-cover”; (d) elementos lamina; (e) puentes losa; (f) tableros de puente sometidos a cargas concentradas; y (g) ensa-
yos académicos tipicos para investigar fallos por cortante.
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correccién no garantiza una aplicabilidad segura de las for-
mulas de disefio mas alla de los limites de calibracién (en
pardmetros y esquema estdtico) o permite una comprension
del comportamiento mecanico para proyectar.

Como consecuencia de esta situacién poco convincente,
los esfuerzos destinados a la investigacién han abandonado de
forma significativa el planteamiento tradicional, con objeto
de corregir las férmulas empiricas, y se han orientado hacia
una comprension fisica de los resultados de los ensayos, con la
intencion de proponer modelos mecanicos del fenémeno, que
sean adecuados y aplicables a los casos practicos.

Por consiguiente, un gran ntmero de cédigos de disefio
actuales o sus futuras generaciones (incluyendo el MC 2010
[7] y su proxima revision, AASHTO-LRFD [8], CSA A23.3
[9], SIA 262 [10], AS3600:2018 [11] asi como la nueva ver-
sion del Eurocédigo 2 [12]) reconocen que el disefio ha de
estar basado en modelos mecanicos que describan la fisica del
problema, de forma que puedan ser adaptados a cualquier
posible caso practico, incluso incluyendo aquellos para los
que no se dispone actualmente de validacion experimental.

En dicho contexto, se han propuesto en las altimas déca-
das modelos mecanicos tanto para cortante como para pun-
zonamiento (una resefia pormenorizada del estado de su arte
puede consultarse en otras publicaciones [13,14]).

Los modelos mecanicos para el disefio frente a cortante en
elementos sin armadura transversal pueden presentar algunas
diferencias conceptuales en el tratamiento del fenémeno. Una
posible explicacion para dichas diferencias puede justificarse en
el hecho de que puede suponerse que varios mecanismos de
transferencia de cortante rigen la respuesta frente a cortante del
hormigoén fisurado y que, hasta la fecha, no hay consenso claro
de si un mecanismo de transferencia de cortante podria ser mas
relevante que los otros (o bajo qué circunstancias), y en dicho
caso, cuél es el preponderante [ 13].

Entre los posibles mecanismos de transferencia de cor-
tante, los mas significativos en elementos esbeltos han sido
identificados, como se menciona en las referencias [15,16]:
engranamiento de 4ridos (rozamiento entre los labios de la
fisura debido a su deslizamiento relativo V, en la figura 2),
resistencia residual a traccién tras la fisuracién (capacidad del
hormigén de transferir esfuerzos de traccion durante el pro-
ceso de desarrollo de fisuras, V; en la figura 2), efecto pasador
(relacionado con la cizalladura de la armadura por flexion
que atraviesa la fisura critica de cortante, V; en la figura 2) y
la contribucién debida a la inclinacion de la biela comprimida
(efecto de voladizo debido a la flexion de viga y apuntala-
miento directo capaz de resistir el cortante debido al efecto
arco, V, segtn figura 2). Una descripcién minuciosa de di-
chos mecanismos puede encontrarse en la literatura cientifica
[13,15-17].

Con objeto de proporcionar una respuesta coherente y
completa a la cuestién relacionada con la importancia de los
mecanismos de transferencia de cortante, se han obtenido
recientemente grandes avances en el conocimiento, con la
introduccién de sistemas avanzados de medida optica (tal y
como la Correlacién de Digital de Imagenes DIC)

Esta técnica permite el seguimiento del desarrollo de las fisu-
ras y sus campos de desplazamientos asociados, en particular
para la fisura critica de cortante que conduce al fallo. Dichos
avances han permitido un fructuoso debate cientifico sobre
los mecanismos que conducen al fallo por cortante, el papel

/comprcssion

Figura 2. Posibles mecanismos de transferencia de cortante en forja-
dos unidireccionales y vigas sin armadura transversal: engranamiento
de éridos (rozamiento entre los labios de la fisura debido a su desliza-

miento relativo (Va), resistencia residual a traccién tras la fisuraciéon

(V1t), contribucién debida a la inclinacién de la biela comprimida
(V¢), efecto pasador de la armadura longitudinal (Vd)

de los distintos mecanismos de transferencia de cortante y la
conveniencia de los supuestos mecanicos adoptados en los
modelos de disefio frente a cortante [15].

En el presente articulo, se expone una resefia del papel de
los distintos mecanismos de transferencia de cortante, funda-
mentada en los resultados a partir de técnicas de medicién so-
fisticadas. Sobre esta base se examina y analiza el modelo pro-
puesto por la Teoria de la Fisura Critica (CSCT) para describir
la respuesta mecanica frente al fallo por cortante de elementos
esbeltos fisurados en flexion [19-21]. Este anélisis va seguido
de una descripcion de varias simplificaciones utilizadas para la
aplicacion del método en el disefio de casos practicos

Basiandose en una descripcién plena de la teoria, se presenta
un anélisis de como el efecto de escala y la deformacion de la ar-
madura afectan a la resistencia a cortante del elemento y como
dichos efector pueden ser cuantificados directamente mediante
el uso de las ecuaciones de la CSCT. Estas consideraciones son
finalmente utilizadas en el apéndice para proporcionar una res-
puesta pormenorizada a ciertas criticas hacia la CSCT plantea-
das por A. A. Dénmez y Z. P.Bazant [6].

2.

HALLAZGOS EXPERIMENTALES RECIENTES Y
CONFIRMACIONES DE LA RESPUESTA FRENTE A
CORTANTE Y EL PAPEL DE LOS MECANISMOS DE
TRANSFERENCIA DE CORTANTE

Aunque se desarrolla hace décadas, la introduccién de la técni-
ca de Correlacién Digital de Imagenes para obtener medicio-
nes detalladas en ensayos ha sido utilizada de manera exhaus-
tiva recientemente [ 16, 17, 22].

Con esta técnica, pueden obtenerse errores de medicién
anélogos a los de los métodos de medicién tradicionales [23],
pero con la posibilidad de obtener lecturas continuas durante el
ensayo (sin necesidad de realizar etapas de medicién) y con re-
sultados registrados a altas frecuencias (superiores a 1 Hz)[17].

Para el cortante, dicha técnica permite el seguimiento del
desarrollo de la fisuracion y las cinematicas instantes antes y
después de que se alcance la méxima carga, asi como compren-
der las causas que desencadenan el fallo.

Cavagnis et al. [ 15] han estudiado recientemente mediante
esta técnica un amplio programa experimental que comprende

Muttoni, A., Fernandez Ruiz, M. (2024) Hormigon y Acero 75(302-303); 25-40 — 27



(@ flexural crack

critical shear crack

y  ®

critical shear crack
i

¥

0.5 s

) i.ucli.na:?yi of
ol ] :
/" | compressive strainss

/| in gomp. ¢hord [/
&~ j d /fﬁﬁm Nk

[ -

0 02 04 06 08 L0 Scale:r—1[MPa]

Vv,

Figura 3. Deformaciones y cinematicas medidas y esfuerzos interns calculados mediante leyes constitutivas (especimen SC70, figura adaptada de
la referencia [15]): (a) area de ensayo y medidas por Correlacion Digital de Imagenes, DIC; (b) anilisis de las cinematicas de la fisura critica de
cortante y deformaciones principales en la biela de compresion; (c-€) calculo de las tensiones en la fisura y fuerzas en la interfaz partiendo de las
cinematicas medidas y las leyes constitutivas; y (f) contribucién de los mecanismos de transferencia de cortante durante el proceso de carga.

17 ensayos (incluyendo vigas simplemente apoyadas bajo car-
gas concentradas, ménsulas bajo cargas distribuidas y vigas con
continuidad a momentos sobre apoyos).

La figura 3 muestra un caso de los resultados obtenidos
por medio de Correlacion Digital de Iméagenes para un ensayo
seleccionado (espécimen SC70[15]), incluyendo detalles del
patron de fisuracion (figura 3a) y sus cinemiticas correspon-
dientes (figura 3b).

Algunas conclusiones interesantes de dicha serie de ensa-
yos se resumen a continuacién (pueden consultarse los porme-
nores en otras referencias [15,17]):
 El fallo est4 controlado por el desarrollo de una fisura cri-

tica de cortante. Dicha fisura se origina normalmente por

flexién, y progresa de forma cuasi-perpendicular al eje de
la pieza hasta la fibra neutra. A partir de entonces, la fisura
critica de cortante se desarrolla de manera cuasi-paralela al
eje de la pieza (figura 3b).

+ El fallo puede desencadenarse por la union de fisuras se-
cundarias en la fisura critica de cortante (de manera estable

o inestable) o por el desarrollo de una nueva fisura incli-

nada debido a la participacién local del engranamiento de

aridos producida por el deslizamiento de la fisura [15,17].
+ La superficie de fallo coincide con la fisura original de cor-

tante total o parcialmente (dependiendo de la causa final

que produce el fallo) y requiere asimismo del desarrollo de
una fisura de delaminacién[15] a lo largo de la armadura
longitudinal (para permitir el desplazamiento relativo de
los dos cuerpos separados por la fisura critica de cortante).
 El centro instantdneo de rotacién medido que describe los
desplazamientos relativos entre los dos cuerpos separados
por la fisura critica de cortante se encuentra aproximada-
mente en el frente de la fisura critica de cortante (figura
3b). Por lo tanto, la apertura y deslizamiento de la fisura
critica de cortante cambia a lo largo del canto de la pieza.

Puede observarse que las trayectorias curvas de los despla-

zamientos entre las caras de la fisura (mas evidentes en la
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parte inferior de la misma) son una consecuencia del desa-
rrollo gradual de la fisura critica de cortante, desplazandose
la posicion del centro de rotacién en direccién casi hori-
zontal antes del fallo.

Teniendo en cuenta la apertura acumulada de las fisuras
tributarias por flexién (aquellas que no avanzan como po-
sibles fisuras de cortante), el perfil de la componente ho-
rizontal es aproximadamente lineal. Esto se muestra en la
figura 4 para un especimen del mismo programa de ensayo
indicando la region donde se desarrollan las fisuras tributa-
rias de flexion. La figura 4a muestra las cinematicas de la
fisura critica de cortante medidas (coherentes con la figu-
ra 3b) y la ubicacion de las fisuras tributarias por flexion.
Su componente horizontal de la apertura se resume en la
figura 4b, produciendo un perfil aproximadamente lineal.
Puede observarse que, si se considera tnicamente la fisura
critica de cortante, la linealidad sigue estando garantizada
hasta una distancia de aproximadamente 0.6d desde la fi-
bra comprimida mas exterior.

En el régimen elistico de la armadura, la relacion entre el
momento flector actuante y la apertura horizontal total de
la fisura critica de cortante a nivel de la armadura (u4 en la
figura 4b, parametro que puede asumirse para describir la
totalidad de las cinematicas de la fisura critica de cortante)
es asimismo aproximadamente lineal. Este hecho se de-
muestra en la figura 4c para los especimenes del programa
de ensayos de la Referencia [ 15]. Como muestran Cavagnis
et al.[21], una buena aproximacién de dicho valor puede
ser obtenida a través de la siguiente expresion:

uy=¢, b, 8]

donde £; se refiere a la longitud donde se desarrollan las fi-
suras tributarias por flexion de la fisura critica por cortan-
te (figura 4a, aproximadamente igual al canto ttil menos
el espesor del bloque comprimido [21]) y ¢, se refiere a
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Figura 4. Mediciones de las cinematicas de la fisura para el especi-
men SC59 (figura adaptada de la referencia [24]): (a) geometria de
la fisura y desplazamientos relativos medidos entre los labios de la
fisura; (b) componente horizontal de la apertura de la fisura; y (c)
componente horizontal de la apertura acumulada de fisura a la altura
de la armadura, en funcién del momento aplicado para distintos espe-
cimenes.

la deformacion de la armadura (en la posicion de su in-
terseccion con la fisura) calculada por mera consideracion
del equilibrio y asumiendo un comportamiento elastico
de la armadura.

Es interesante sefialar que, partiendo de las medidas del cam-
po de desplazamientos (geometria de la fisura y cinematicas
asociadas), la contribucion de los distintos mecanismos de
transferencia de cortante puede ser obtenida mediante inte-
gracion de las leyes constitutivas fundamentales de los mate-
riales y garantizando las condiciones de equilibrio (vertical,
horizontal y de momentos flectores).

Cavagnis et al. [15] han presentado una metodologia de-
tallada a tal efecto teniendo en consideracion los postulados
del modelo bifésico de Walraven [25] respecto al engrana-
miento de aridos relativo al deslizamiento de la fisura, las for-
mulaciones de Hordjik (u otras alternativas) para la resisten-
cia residual a traccion tras la fisuracion del hormigon [26,27],
la respuesta de la armadura y la resistencia del recubrimiento
del hormigén (teniendo en cuenta el efecto de la deforma-
cién de la armadura de acuerdo con las referencias [28,29])
para el efecto pasador asi como la inclinacién medida de las
deformaciones principales de compresién para evaluar la
contribucién de la biela comprimida [20].

Un ejemplo de las tensiones calculadas en la fisura critica
de cortante segiin este procedimiento puede verse en la figu-
ra 3¢,d (especimen SC70 [15]). Se obtiene por consiguiente
una descripcion plena de las fuerzas actuantes en el diagrama

de cuerpo libre delimitado por la fisura critica de cortante,
asi como el desarrollo de las contribuciones de los distintos
mecanismos de transferencia de cortante durante el proceso
de carga (figura 3f).

Resulta interesante observar en dichos resultados que el
engranamiento de los aridos y las tensiones residuales de trac-
cién transmitidas a través de la fisura critica de cortante se
concentran en el idrea donde la apertura de la fisura critica
de cortante contintia siendo escasa. Habitualmente, se trata
de la zona de la fisura inalterada por la presencia de las fisu-
ras secundarias de flexion (zona por encima de una distancia
aproximadamente igual a 0.6d desde la fibra méis comprimi-
da, véanse las figuras 3e y 4b).

Asimismo, puede verse que algunas acciones pueden di-
mensionar en ciertos escalones de carga, aunque pueda dis-
minuir su contribucién relativa posteriormente (por ejemplo,
en el caso de la figura 3f, la contribucién de la biela inclinada
se reduce paulatinamente y en ultima instancia el fallo es
ocasionado en gran medida por el engranamiento de los ari-
dos relacionado con el deslizamiento de la fisura).

La resefia de dichos enfoques asi como la comparacién
con resultados de ensayos pueden consultarse en otras refe-
rencias [15].

La validez del planteamiento ha sido constatada reitera-
damente para distintos esquemas estaticos, condiciones de
carga y zonas de fallo [15,16].

Este hecho puede constatarse en la figura 5 para la se-
rie completa de ensayos de Cavagnis et al. [15], donde se
muestra una buena congruencia para los distintos parame-
tros mecénicos, en particular para los distintos mecanismos
de transferencia de cortante preponderantes (la accion de la
biela comprimida rige cuando el frente de la fisura critica de
cortante se encuentra proximo a la zona cargada, prevalecien-
do la transferencia de esfuerzos a través de la fisura critica en
caso contrario).

Las diferencias entre los esfuerzos cortantes medidos y
calculados pueden ser explicadas en parte al reparar en que el
analisis depende del perfil de la fisura medido en la superficie
y que este no es necesariamente constante a lo largo del an-
cho de la pieza. Sin embargo, como muestran Cavagnis et al.
[15] tras analizar los resultados de varios perfiles internos de
fisuras (medidos una vez que los dos cuerpos divididos por la
fisura critica de cortante se desprenden tras el ensayo), dichas
diferencias son razonablemente comedidas.

De igual modo, otros grupos de investigadores [16,22,30]
han realizado analisis independientes de la contribucion de
los mecanismos de transferencia de cortante siguiendo una
metodologia similar, obteniendo resultados igualmente cohe-
rentes.

3.
EL MODELO MECANICO DEL CSCT

Como se ha constatado en pruebas experimentales y ha sido
analizado anteriormente, el fallo por cortante en piezas sin
armadura transversal se produce por el desarrollo de una fi-
sura critica de cortante. Los criterios de la teoria de la fisura
critica de cortante se establecen en los afios noventa [32],
basandose en dicha observacion y de forma coherente con la
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Figura 5. Analisis de los mecanismos de transferencia de cortante para distintos elementos y tipos de carga: (a) detalles de la serie de ensayos de
Cavagnis et al.[ 15] basadas en el patron real (medido) de fisuracion, cinematicas y leyes constitutivas para el engranamiento de 4ridos relativo al
deslizamiento de la fisura, capacidad a traccion residual del hormigén tras la fisuracion, efecto pasador relativo a la armadura transversal e inclina-
cion de la biela comprimida y (b) posiciones correspondientes (medidas) de la posicion del frente de la fisura critica de cortante durante el fallo.

labor precursora de Kinnunen y Nylander en la descripcién
de los fallos por punzonamiento [31].

La teoria experimentd a partir de entonces un niimero de
avances y se ha formulado para resolver tanto los fallos por
corte puro como por punzonamiento. Las hipétesis principa-
les de la teoria son sencillas y pueden resumirse como sigue
(una resefia pormenorizada de las hipétesis puede consultar-
se en otro lugar [20,34,35]):

1. La capacidad a cortante se rige por el desarrollo (forma,
posicion y cineméticas) de una fisura critica de cortante.

2. Ladistribucién del deslizamiento y la apertura de la fisura
varian a lo largo de la altura de la fisura y se rige por las
cinematicas de la fisura, teniendo en cuenta que el centro
de rotacién que describe los desplazamientos relativos en-
tre los cuerpos separados por la fisura critica de cortante
se encuentra en el frente de la fisura.

3. Varios mecanismos de transferencia de cortante pueden
resistir esfuerzos cortantes: engranamiento de aridos de-
bido al deslizamiento de la fisura, capacidad a traccién
residual del hormigon fisurado, efecto pasador de la arma-
dura interceptada por la fisura, y la inclinacion de la biela
comprimida.

4. La cantidad de esfuerzo cortante transferida por cada ac-
cién susceptible de transmitir cortante puede ser calcula-
da bajo las condiciones de equilibrio, compatibilidad y las
leyes constitutivas de los materiales.

5. El fallo ocurre cuando la demanda de cortante iguala la
capacidad de un cuerpo libre definido por la fisura critica
de cortante (suma de todas las acciones susceptibles de
transferir cortante, véanse las definiciones en la figura 2)
para transferir esfuerzos cortantes, esto es:
Ve=V,+V,+Vi+V, (2)

Para fallos por cortante, puede asumirse que la fisura critica

por cortante se desarrolla en cualquier seccién dada y se ca-

racteriza por un perfil bilinear [20] (véase la figura 6a). Los
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angulos y las distancias adoptadas por la CSCT para describir
la fisura critica de cortante (figura 6b) se describen y justifican
exhaustivamente en otra parte [15,21] y han sido ratificadas
sistematicamente mediante comparacién con los resultados
de los ensayos.

Basandose en la forma y cinemiticas asumidas (con una
posiciéon del centro de rotacion en el frente de la fisura, véase
la figura 6a,b y teniendo en cuenta dos sélidos rigidos divididos
por la fisura critica de cortante, véanse las figuras 6a,b y los
resultados experimentales de la figura 4a) y suponiendo que
el giro relativo puede ser descrito como una funcién de la de-
formacion en la armadura de flexién (en la posicion donde la
fisura de cortante intercepta la armadura por flexién [15,21],
véase la figura 6¢ y la ecuacion (1)), pueden calcularse el perfil
integro de la apertura y del deslizamiento de la fisura a lo largo
de la altura de la fisura (figura 6c-¢).

La integracion de las tensiones a lo largo del perfil sim-
plificado de la fisura por cortante (consecuentemente con la
metodologia seguida para la interpretacién de las mediciones
por Correlacion Digital de Iméagenes), permite en ultima ins-
tancia calcular las distintas contribuciones de transferencia de
cortante. La posicién real de la fisura critica de cortante se de-
termina por tanto en la seccion transversal mas débil posible.
Los pormenores de este enfoque pueden encontrarse en otro
lugar [24].

Un ejemplo de la aplicacion de los principios del CSCT
para calcular la resistencia a cortante se muestra en la figura 7,
donde las contribuciones de la resistencia residual a traccion
del hormigén fisurado y del engranamiento de aridos relacio-
nado con el deslizamiento de la fisura se integran (de acuerdo
con las correspondientes leyes constitutivas, figura 7a-d) asi
como la contribucién del efecto pasador y da la inclinacién de
la biela comprimida (figura 7e-h).

Sumando la contribucién de todos los efectos posibles, se
puede obtener también la resistencia a cortante total como
la cantidad de cortante resistida por cada efecto. La figura 8
muestra para los casos investigados previamente (figura 5) una
comparacién de las fuerzas integradas a lo largo de la geome-
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Figura 7. Integracion de las leyes constitutivas teniendo en cuenta el perfil variable de la apertura de fisura y del deslizamiento de fisura (analisis
de acuerdo a la referencia [24]): (a,b) leyes constitutivas supuestas de la resistencia a tracciéon en funcién de la apertura de fisura y distribucién a
lo largo de la fisura critica de cortante; (c, d) leyes constitutivas supuestas para el engranamiento de éridos relativo al deslizamiento de la fisura y
distribucion a lo largo de la fisura critica; (e, f) principio de efecto pasador e influencia de la deformacion de la armadura; y (g, h) inclinacion de la
biela comprimida y contribucién a la resistencia a cortante.

tria medida de la fisura (columnas a la izquierda) y a lo largo
de la geometria simplificada de la fisura (columna derecha).
Como puede observarse, se obtiene una buena concordancia
en términos tanto de resistencia total, de contribucién de los
distintos efectos, y del efecto principal.
Es interesante sefialar las siguientes cuestiones en el mode-
lo general de CSCT:
»  El modelo considera una geometria y posicioén variables de
la fisura critica de cortante.
« El modelo considera una apertura y deslizamiento varia-
bles a lo largo de la fisura critica de cortante.
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« Dado que la resistencia a cortante depende de la aper-
tura de la fisura, el modelo tiene en cuenta directamente
los efectos de escala y de la deformacién de la armadura
[20,36].

« Laintegracion de las tensiones permite determinar no solo
la resistencia sino también la cantidad de cortante transmi-
tida por cada accion.

Basandose en este modelo general y los principios de CSCT
[20], puede demostrarse que una manera muy conveniente de
representar la capacidad de una pieza para transferir esfuerzos
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Figura 8. Comparacién de los mecanismos de transferencia de cortante en vigas para la serie de ensayos de Cavagnis et al.[ 15] basada en leyes cons-
titutivas y la geometria medida de la fisura (columna izquierda) y la geometria simplificada adoptada asi como las cinematicas de la fisura critica de
cortante (columna derecha), figura adaptada de la referencia [24]).

cortantes es por medio de un criterio de fallo. Este criterio
establece la cantidad de cortante que puede transmitirse para
un nivel de deformacién dado en la pieza (asociado a un perfil
de apertura de fisura y de deslizamiento en la fisura critica de
cortante) y para las propiedades de los materiales dadas (acero,
hormigén fisurado y no fisurado).

Por razones de sencillez, la informacién a nivel de defor-
macién (perfil de apertura y deslizamiento de la fisura) puede
expresarse de forma condensada por medio del producto de
la deformacién de la armadura y el canto 1til de la pieza de
forma analoga a la ecuacion (1) (al despreciar el tamafio del
bloque de compresiones con respecto al canto til de la pieza
y asumiendo que la longitud ¢; en la ecuacion (1) es propor-
cional al canto 1til d).

Asimismo, la influencia del tamafio del 4rido en la capaci-
dad de transferencia de esfuerzos cortantes a través del hormi-
gon fisurado se considera por medio de una rugosidad equiva-
lente (normalmente denominada como dy, = dyo + d,, donde
dy es un valor constante de 16 mm de acuerdo con Muttoni y
Fernandez Ruiz [19], d, se refiere al tamafio méximo del arido
y el valor d, esta habitualmente limitado a 40 mm [21]), y las
propiedades del hormigon fisurado.

En la figura 9a se muestra un ejemplo del calculo numérico
del criterio de fallo por integracion de tensiones (usando los
parametros de normalizacién descritos previamente en el eje
horizontal). Esta figura proporciona detalles adicionales en tres
etapas distintas (denominadas A, B y C) asociadas a aperturas
relativamente bajas, moderadas y elevadas de la fisura critica
de cortante.

Como se muestra en la figura 9b, para aperturas de fisura
crecientes, las tensiones transmitidas a través de la fisura cri-
tica de cortante se concentran en areas menores (mas cerca-
nas al frente de la fisura), disminuyendo por consiguiente su
contribucién total a la transferencia de esfuerzos cortantes. En
consecuencia, la fuerza transmitida por dichos mecanismos de
transferencia de cortante se reduce para valores crecientes de
la apertura de la fisura critica de cortante, véase también [20].

Se observa una respuesta similar en cuanto al efecto pa-
sador y la contribucién de la biela comprimida. Respecto al
efecto pasador, la capacidad de transferencia de esfuerzo cor-
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tante se reduce para aperturas de fisura crecientes ya que la
resistencia del recubrimiento al desconchamiento disminuye
asimismo para niveles elevados de deformacion en la armadura
[15]. En cuanto a la inclinacién de la biela comprimida, su
contribucién a la transmision de esfuerzo cortante también se
reduce en tanto que el apoyo directo no domine (vigas esbel-
tas) debido a las condiciones de equilibrio de los componentes
anteriores (véase las referencias [20,21]).

La forma practicamente hiperbélica del criterio de fallo (fi-
gura 9a), con tensiones decrecientes para niveles crecientes de
deformacién, se reproduce sisteméticamente para piezas que
fallan a cortante, independientemente de los parametros me-
canicos y el esquema estatico [21].

A este respecto, es interesante sefialar que los criterios de
fallo muestran una dispersion reducida incluso para variacio-
nes relativamente grandes en los pardmetros mecénicos (véase
la figura 9¢) y pueden ser aproximados razonablemente me-
diante una expresién simplificada (como se explica en la si-
guiente seccién).

4.
SIMPLIFICACIONES DE LA FORMULACION GENERAL
DE LA CSCT PARA EL DISENO

Habitualmente la integraciéon numérica de los mecanismos de
transferencia de cortante suele requerir de mucho tiempo y es
necesario un procedimiento simplificado a efectos de disefio.
Para aplicaciones practicas, y basiandose en la dispersién relati-
vamente limitada de la integracién numérica del criterio de fa-
llo (véase la figura 9¢), puede adoptarse una expresion simpli-
ficada para definir el criterio de fallo. Una expresién adecuada
del criterio de fallo ha sido propuesta por Muttoni y Fernandez
Ruiz [19] (basandose en trabajos previos [31]), adoptando las
siguientes simplificaciones en el modelo general de CSCT:

« Se considera que la resistencia a cortante (como se refleja
en ensayos meticulosamente detallados) depende de:
- Las propiedades del hormigén, expresadas mediante la
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raiz cuadrada de la resistencia a compresién (f.) y el
tamafio del 4rido (d,, relacionado con la rugosidad de
una superficie fisurada y que influye en las propiedades
del hormigén fisurado [20])

- La apertura y deslizamiento que se desarrollan local-
mente a lo largo de la fisura critica de cortante. Estos
pardmetros varian a lo largo de la altura de la pieza,
pero pueden ser caracterizados por un valor de refe-
rencia (w) que sintetiza las cinematicas consideradas
(véase la seccion anterior).

La resistencia a cortante puede por tanto ser expresada

como:

D E fw dy, ®)

donde V, se refiere a la resistencia a cortante, b al ancho de
la pieza y d a su canto 1til.

+ Se asume que el valor de referencia de la apertura de la fi-
sura critica de cortante es proporcional al producto de una
deformacién de referencia por el canto atil de la pieza:

woce-d 4)

De acuerdo con Muttoni y Ferndndez Ruiz [19], la de-
formacién de referencia puede evaluarse debidamente a ni-
vel de armadura como se ha mostrado anteriormente (véase
asimismo la referencia [21]) o con resultados similares a una

distancia de 0.6d desde la fibra méas comprimida (regién no
perturbada por las fisuras secundarias de flexién) en una sec-
cién de control dada. Esta hipétesis fue justificada en la ecua-
cion (1). Bajo estas consideraciones, se propuso la siguiente
expresion como formulacion simplificada del criterio de fallo:

Ve _ 1 1
bdJf 3 1412024

dgo-l-dg

(Unidades SI : MPa,mm) (5)

Estas hipotesis constituyen simplificaciones del modelo
CSCT completo descrito en la seccién anterior a fin de pro-
porcionar una formulacién analitica sencilla. Se considera
que el descenso en la capacidad de transferencia de cortante
(teniendo en cuenta la suma de todos los posibles mecanis-
mos de transferencia de cortante) se rige por el término ed/
(dyo + d,) relativo a la apertura de fisura de cortante de re-
ferencia y a las propiedades del hormigén (rugosidad de los
labios de la fisura y respuesta del hormigén fisurado). Esta
hipétesis proporciona una concordancia muy razonable con
el modelo mecanico de CSCT y con los resultados de ensayos
disponibles (véase la figura 10).

Ademas del criterio de fallo, a fin de calcular la resistencia
a cortante, es necesario determinar la relacién entre la de-
manda de cortante (esfuerzo cortante aplicado) y el valor de
referencia de la apertura de fisura. A tal efecto, puede adop-
tarse como hipétesis simplificada una respuesta lineal entre
el momento flector actuante en el frente de la fisura y las
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deformaciones horizontales de la pieza (véase la figura 4c).
Lo cual puede llevarse a cabo, segiin Muttoni y Fernindez
Ruiz [19], suponiendo por ejemplo una respuesta lineal-fisu-
rada del hormigén armado en flexién (distribucién lineal de
tensiones en el hormigén sin capacidad a traccién)[37,38].
En ese caso, suponiendo un comportamiento elastico de la
armadura de acuerdo con [19]:

_ M 0.6dd—c (6)
&=
bdpEd-c/3) d-c

donde M es el momento flector actuante en la seccién de
control, p es la cuantia geométrica de la armadura longitu-
dinal, E, el médulo de elasticidad de la armadura y c es la
profundidad del bloque comprimido (supuesto con una dis-
tribucion lineal de tensiones) [19].
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Figura 10. Comparativa de la simplificacién analitica del criterio de
fallo de la CSCT con resultados de 269 ensayos (base de datos de
acuerdo con la Referencia [19]).

La ecuacion (6) puede ser introducida directamente en el
criterio de fallo (ecuacion (5)) para calcular la resistencia al
fallo, lo que conduce a la siguiente forma cuadratica cerrada
de la resistencia a cortante (véase deduccion pormenorizada
en la referencia [20]):

Ve 3 14V 120 (a-d/2) 0.6d d—c -1 7)
bd\/f do+d; bdpE (d-c/3) d—c
a/d B

La ecuacion (7) puede expresarse como [20]:

Vr _—1+\/1+4# (8)
bdJf 64

Esta ecuacion permite un célculo directo de la resistencia a
cortante y ha sido obtenida de manera coherente con las hi-
potesis de CSCT introduciendo una serie de simplificaciones
razonables.

Otras simplificaciones en el contexto de CSCT han sido
propuestas por Cavagnis et al [21,24,39]. Siguiendo una me-
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todologia similar (aprovechando y corroborando ampliamen-
te el minucioso modelo numérico de CSCT presentado en
este articulo), se propuso una expresion alternativa del crite-
rio de fallo, conduciendo a una expresiéon de disefio de forma
cerrada mas sencilla [39]:

173

VR 06 ddg
- 100 f; ®
bd ( S

donde y. se refiere al coeficiente parcial de seguridad (habi-
tualmente y.=1.5 en disefio), f, a la resistencia caracteristica
de compresioén del hormigén, a a la luz de cortante y dy = 16
mm + dg (€40 mm, de acuerdo con la Referencia [21]).

Todos los particulares del criterio de fallo y de la obten-
cién analitica de las expresiones puede consultarse en otro
lugar [24,39].

Esta expresion es de aplicacion directa en la practica, ha
mostrado buena concordancia con los resultados de ensayos
disponibles (véanse las referencias [13,24,39]) y esta inclui-
da actualmente en el borrador del futuro Eurocodigo 2 [12]
para estructuras de hormigén. Es interesante observar que
la expresion propuesta, aunque obtenida analiticamente del
modelo mecéanico, muestra ciertas similitudes de forma con la
expresion empirica propuesta por Zsutty [40] y adoptada por
la versién actual del Eurocodigo 2 (EN1992-1-1:2004 [3]).

5.
CONSIDERACION DEL EFECTO ESCALA Y LA
DEFORMACION DE LA ARMADURA

Una de las ventajas mas significativas de una teoria fisica es
que, si se formula adecuadamente y se basa en premisas solidas,
es capaz de reproducir los fenémenos observados sin necesidad
de introducir factores de correccion. Este es el caso en parti-
cular de la CSCT con respecto a la consideracion del efecto
escala (reduccién de la resistencia al corte unitaria normaliza-
da para especimenes idénticos pero de tamafio creciente). Dos
estudios pormenorizados al respecto, que proporcionan la for-
mulacién matematica necesaria y su implementacion, han sido
publicados en otro lugar [20,36]. En esta seccion, se abordaran
brevemente las consideraciones més interesantes:

+ La CSCT no necesita de ninguna correccién para tener
en cuenta el efecto escala o los efectos de la deformacion
de la armadura ya que dichos fenémenos son capturados
automaticamente a partir de sus hipétesis. Las piezas con
mayor canto muestran mayores aperturas de fisura en la
zona sin armar para el mismo nivel de deformacién de la
armadura, y por tanto menores resistencias unitarias (efec-
to de escala).

+ Cuando puede asumirse una respuesta lineal de la armadu-
ra (y por tanto en términos de respuesta carga-deformacion
[20,36], véase también la figura 4c), la ley completa del
efecto de escala [41] puede ser obtenida directamente bajo
la ecuacion (8), que muestra la transicion desde el anélisis
limite (para piezas de tamafio reducido) hasta la mecanica
de fractura lineal (MFL para piezas de gran tamaifio). La
pendiente para tamafios elevados (d — =) puede ser cal-
culada a través de la ecuacion (8) y resulta igual a -1/2 en
escala logaritmica (de acuerdo con MFL):
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Figura 11. Influencia del efecto de escala: (a) comparativa del célculo de la carga dltima de la Teoria de la Fisura Critica de Cortante (CSCT) (ecua-
cion (8)) con resultados de 269 ensayos (base de datos de acuerdo con la Referencia [19]) y (b) comparativa de la ley del efecto de escala calculada
de acuerdo a la CSCT (ecuacion (8)) y la expresion simplificada de disefio (ecuacion (9)) para dos casos representativos.

Estos resultados (véase la figura 11a, normalizados en el eje
de abscisas por el parametro d, = f d/a) son coherentes con los
valores observados para la ley de efecto de escala.

« Ademais de la congruencia para respuestas lineales (com-
portamiento tipico de vigas isostéiticas y forjados unidirec-
cionales), el modelo también proporciona una respuesta
adecuada cuando cabe esperar un comportamiento no
lineal. Este tema ha sido estudiado exhaustivamente por
Fernindez Ruiz y Muttoni [36] para piezas con continui-
dad estructural y posibles redistribuciones de esfuerzos
internos durante el proceso de carga (lo que conduce a
cambios en la ratio entre el cortante actuante y el flector
en la secciéon de control). En estos casos, el efecto de escala
calculado con la CSCT es mas leve (de acuerdo con la res-
puesta tedrica de la mecanica de fractura para dichos casos
[42] y puede ser obtenido para cada caso particular dando
lugar a pendientes asintéticas tipicas en representacion lo-
garitmica de aproximadamente -1/3).

+ Los planteamientos sobre la congruencia de la teoria para
respuestas lineales y no lineales también son validas en
todo su alcance en el caso de punzonamiento de forjados
bidireccionales [20]. En este caso, la respuesta carga-de-
formacién es altamente no lineal ya que la redistribucion
de esfuerzos internos (momentos radiales/tangenciales)
ocurre debido a la fisuracién paulatina y la plastificacién
de la armadura de negativos. En caso de que pudiese su-
ponerse una respuesta lineal [20], la pendiente asintética
obtenida con el CSCT seria correcta (-1/2,[20] de acuer-
do con la mecénica de fractura lineal). Si se considera una
respuesta no lineal realista de la estructura (asumiendo en
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cualquier caso que la pieza se encuentra fisurada debido a
acciones externas o estados de autotensién), la pendiente
asintdtica es de nuevo sistematicamente mas moderada
(aproximadamente entre -1/2.5 y -1/3 en representacion
logaritmica, como reconocen otros autores[43,441).[20]

Estos resultados demuestran la generalidad y coherencia del
planteamiento, asi como la solidez de sus hipoétesis, reprodu-
ciendo automaticamente los fenémenos. Este enfoque garanti-
za la obtencién de respuestas adecuadas y adaptadas respecto
al efecto de escala para casos practicos. Los autores sefialan que
Doénmez y Bazant [6] han planteado recientemente algunas
criticas sobre este tema. En el apéndice se ofrece una respuesta
amplia y clara a las opiniones planteadas en la referencia [6],
basada en el contenido del presente manuscrito.

Con respecto a la expresion de forma cerrada simplificada
para disefio (ecuacion (9)), puede observarse que aproxima el
efecto de escala de manera lineal con una pendiente de -1/3
en escala doblemente logaritmica. Esta pendiente es razona-
ble para piezas que muestran cierto nivel de redistribucién
de esfuerzos internos (como los elementos con continuidad
estructural [36]) pero es en teoria méas comedida que la pen-
diente asintdtica para piezas isostaticas con respuesta lineal.
Sin embargo, incluso para este ultimo caso, la expresion de
forma cerrada simplificada para disefio (ecuacion (9)) pro-
porciona una estimacion razonable de la ley de efecto de es-
cala completa de la CSCT para el ambito de interés prictico
(véanse los dos casos representativos en la figura 11b, con un
canto 1til variable entre 55 y 5500 mm).

Ademas del efecto de escala, pueden realizarse conside-
raciones similares respecto a la influencia del nivel de defor-



macién de la armadura. Este tema presenta similitudes con
el efecto de escala dado que deformaciones mayores en la
armadura conllevan aperturas de la fisura critica mayores y,
por lo tanto, una capacidad menor para especimenes idénti-
cos geométrica y mecanicamente. Nuevamente, esta respuesta
puede deducirse directamente de las ecuaciones basicas del
CSCT, tanto en régimen elastico como plastico de la armadura
(estando la capacidad de giro de una rétula posiblemente re-
gida en este dltimo caso por la capacidad de transferir esfuer-
zos cortantes a través de la fisura critica [45]). En otro lugar
pueden consultarse discusiones mas exhaustivas y validaciones
experimentales del CSCT para este tema en casos de fallo por
punzonamiento [46-48].

6.
CONCLUSIONES Y PERSPECTIVAS FUTURAS

Este articulo presenta una sinopsis del CSCT, con atencién
particular a sus aplicaciones en el disefio frente a cortante.
Durante los tltimos 30 afios, los aspectos fundamentales de
la teoria han sido formulados e implementados en modelos
mecénicos permitiendo a investigadores y disefiadores calcu-
lar el criterio de fallo en el caso de cortante y punzonamiento.
Durante este tiempo, innovaciones profundas en los sistemas
de medida han permitido investigar el fenémeno con un nivel
de detalle que no estaba disponible en el momento en que sus
ideas basicas fueron desarrolladas. Esto ha permitido contras-
tar sus hipétesis principales de manera precisa.

Notacion

a luz de cortante

b ancho del elemento

c profundidad del bloque de compresiones

d canto [til

dy  profundidad de la parte cuasi-vertical de la fisura critica
de cortante

dr  profundidad de la fisura critica de cortante

d;,, rugosidad equivalente superficial

d, tamafio méaximo de arido

d,y tamafio de referencia

d, pardmetro de dimension de referencia

f.  resistencia a compresion cilindrica

fa  resistencia caracteristica a compresion del hormigon
ot resistencia a traccién del hormigén

L, €r distancias que caracterizan la fisura critica de cortante

¢;  distancia a la cual se desarrollan las fisuras tributarias de
flexion de la fisura critica de cortante

q carga distribuida

ry  distancia desde el eje de aplicacion de la carga a la in-
terseccion con la fisura critica de cortante y la armadura
por flexién

rr distancia desde el eje de aplicacion de la carga al frente
de la fisura critica de cortante

u apertura horizontal de la fisura critica de cortante

uy apertura horizontal de la fisura critica de cortante a ni-
vel de la armadura

w  valor de referencia de la apertura de la fisura critica de
cortante
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Este articulo proporciona una visiéon estructurada de la
teoria clarificando sus hipétesis fundamentales, las posibles
maneras de puesta en practica de las hipétesis por medio de
un modelo mecanico y cémo, sobre esta base, pueden estable-
cerse formulaciones analiticas simplificadas para la prictica.

La solidez de las conjeturas es confirmada sistematica-
mente con ensayos y observaciones minuciosamente porme-
norizadas. Asimismo, se justifica que, ya que la teoria se basa
en un modelo mecénico congruente, es capaz de reproducir
adecuadamente fenémenos fisicos tales como la influencia
del efecto de escala en la resistencia a cortante (coherente-
mente con la mecénica de fractura lineal y no lineal) o los
efectos debidos a la deformacién de la armadura.

Como aspecto de importancia en lo tocante al futuro de
los cédigos de disefio, es opinion de los autores que los proxi-
mos codigos se fundamentaran en mayor medida en enfoques
mecanicos, comprensibles para los disefiadores, cuyos resul-
tados e hipotesis sean confirmados por minuciosas medidas
experimentales y que sean suficientemente sencillos para ser
usados en la prictica. Esto permitira superar los problemas
manifestados por los anteriores enfoques de disefio, basados
en la rectificacion de férmulas empiricas mediante la inclu-
sién de un creciente nimero de factores de correccién (como
por ejemplo para tener en cuenta el efecto de escala). Dichos
enfoques empiricos no pueden abarcar toda la rica variedad
de tipologias estructurales, acciones y pardmetros mecanicos
y limitan la comprensién de los fenémenos y la creatividad
de los disefiadores para pensar en soluciones optimizadas a la
hora de construir.

x4 xrdistancias que caracterizan la posicion de la fisura criti-
ca de cortante

A, 4rea de la armadura

E, modulo de elasticidad de la armadura

M  momento flector actuante en la seccién de control

My momento flector actuante en la secciéon donde se en-

cuentra el frente de la fisura critica de cortante

N;  esfurezo axil

V esfuerzo cortante

V. esfuerzo cortante transferido por engranamiento de ari-
dos (rozamiento entre los labios de la fisura debido a su
desplazamiento relativo)

V. esfuerzo cortante transferido por inclinacién de la biela
comprimida

V., esfuerzo cortante transferido por efecto pasador de la
armadura de flexién

Vr resistencia a cortante

V.  esfuerzo cortante transferido por la capacidad residual
a traccion del hormigén tras fisurarse (capacidad del
hormigén para transferir tensiones de traccién durante
el proceso de desarrollo de fisuras)

Ve esfuerzo cortante altimo

a, f constantes

B constantes (véase Apéndice)

PBs, Psr  dngulos que caracterizan la forma de la fisura critica
de cortante

& deformacién de referencia

&  deformacion de la armadura

y.  coeficiente parcial de seguridad del hormigon



cuantia mecanica de armadura

p

o  esfuerzo normal

o, esfuerzo residual (normal) de traccion
T esfuerzo tangencial

7, tensién de engranamiento de aridos
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APENDICE A

RESPUESTA PORMENORIZADA A LAS CRITICAS DE
DONMEZ Y BAZANT

El presente apéndice responde a las criticas planteadas por
Dénmez y Bazant [6] sobre la CSCT. Seis premisas (deno-
minadas como hipétesis en la referencia [6]) son indicadas y
comentadas por Dénmez y BaZant.

Dichas criticas son bordadas respetuosamente en las si-
guientes respuestas con razonamientos claros y cientificos
basandose en el contenido introducido en el cuerpo del pre-
sente manuscrito.

Hipétesis 1: el esfuerzo cortante, VR, transmitido por el hor-
migon a carga maxima es (tanto en CSCT como en MCFT) se
supone controlado por una apertura de fisura caracteristica w de
la fisura dominante que conlleva al fallo.

De acuerdo con las simulaciones de elementos finitos, la
apertura de fisura w es sumamente variable a lo largo de la lon-
gitud de la fisura. ; Qué apertura wy en qué posicion y tamario
de viga produciria las tensiones de cohesion que importan para
la capacidad ultima a cortante v,? No hay respuesta

Como se muestra claramente en el manuscrito, desde su de-
sarrollo més temprano hace 30 afios [32], la CSCT considera
una distribucién variable de la apertura de la fisura critica
de cortante y su deslizamiento. Dichas distribuciones se co-
rresponden con una forma bilineal de la fisura y la posicién
del centro de rotacién (que describe los desplazamientos re-
lativos entre los dos cuerpos separados por la fisura critica
de cortante) en el frente de la fisura, véanse las figuras 4 y 6
de este articulo. A efectos de disefio, esta informacién que-
da condensada en un valor nominal de la apertura de fisura,
correlacionada con el producto de una deformacién de refe-
rencia y el canto util del elemento en una seccién de control
dada (véase la ecuacion (4)).
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Hipdtesis 2: Para expresar el efecto de escala, se asume que:
(eq. 1 en la Referencia [19]):

Vu :;, a1 = 1/3 (in MPa, mm), (A1)
\/fj 1+az (w/ddg)

donde o> es una constante empirica de calibracion, f. es la re-
sistencia media a compresion del hormigon (se considera que
tanto f. como Jf. se expresan en MPa), y d,, se denomina la ru-
gosidad superficial equivalente, calculada como dy=min(d+16,
40 mm), donde d, se refiere al tamaiio maximo de arido. Un
concepto basico del modelo de la fisura cohesiva, que incluye
cohesion debido al engranamiento de aridos, es la disminucion
de la tension de cohesion a través de la fisura o. para aperturas
de fisura w crecientes. Es una propiedad del hormigon estudiada
con todo detalle desde 1980. Ya en 1990 era evidente que la
ecuacion (Al), con w apareciendo de manera lineal en el deno-
minador, no concuerda ni con los indicios experimentales sobre
el reblandecimiento post-pico de las fisuras en el hormigon, ni
con las simulaciones de elementos finitos. Hoy en dia esta gene-
ralmente aceptado que la curva cohesiva de reblandecimiento es
aproximadamente bilineal, con una caida pronunciada seguida
de una cola prolongada.

Con este comentario, parece que Ddnmez y Bazant en rea-
lidad no han entendido que la ecuacion (A1) refleja el re-
sultado de la integracién de tensiones a lo largo del cuerpo
libre definido por la fisura critica de cortante y no una tensién
local. Este hecho se explica en la figura 9, con la integracién
de leyes constitutivas avanzadas (ampliamente refrendadas
[25,26]) y teniendo en cuenta la distribucién variable de
aperturas de fisura y de deslizamiento en la fisura critica de
cortante (figura 6). Como se muestra en la figura 9, la integral
de tensiones disminuye con aperturas de fisura crecientes ya



que las tensiones se concentran en zonas mas reducidas en
las inmediaciones del frente de la fisura. Tan pronto como
la apertura de fisura a nivel de la armadura supera el limite
para el cual no pueden transmitirse tensiones de traccién, se
llega al perfil hiperbélico del criterio de fallo (como se ha de-
mostrado analiticamente [19] para respuestas simples, linea-
les y con reblandecimiento del material). A efectos practicos,
dicho perfil hiperbolico puede ser directamente adoptado
(ecuacion (5)) para simplificar la tarea de disefio.

Hipétesis 3: La apertura de la fisura diagonal predominante es
proporcional a la deformacion de referencia, ¢, es decir:

w=azed , a3 =120/a;, (A2)

donde a3 es un coeficiente empirico que depende de az, y € es una
deformacion de referencia supuesta, definida como la deforma-
cion normal en direccion longitudinal, x, en una determinada
posicién caracteristica, atravesando la fisura dominante (véase
la ecuacion en linea sobre la ecuacion 1 en la referencia [19])

(Porqué deberia la apertura de fisura, y por consiguiente la
carga ultima y el efecto de escala, estar definido por el producto
del canto util d y la deformacion ¢ en una posicion especifica?
Esto es ficticio, e imposible en la mecanica de fractura.

( Puede identificarse en los resultados obtenidos por elemen-
tos finitos alguna deformacion caracteristica que controle la car-
ga ultima? Desde luego que no. Lo que interesa en la fractura
es la liberacion de energia de deformacion almacenada por la
estructura y, en el caso de fractura cohesiva (o cuasi-fragil), asi-
mismo la resistencia a traccion del material. Sin duda no cual-
quier deformacion individual.

Como se explica claramente en la figura 6 y ha sido ya sefia-
lado en la referencia [20], la apertura de fisura varia a lo largo
de la fisura critica de cortante. La correlacién entre el valor de
referencia de la apertura de la fisura critica de cortante (que
sintetiza las cinematicas consideras), la deformacion de la ar-
madura y el canto 1til del elemento se justifica en la ecuacion
(1), véase también la figura 4.

Esta suposicion esta claramente corroborada por los resul-
tados de ensayos (figura 4), medidos con instrumentacion de
precisién y no solo por resultados de elementos finitos, cuyos
resultados dependen de las leyes constitutivas implementa-
das y son discutibles.

Hipétesis 4: La deformacion de referencia, ¢, se supone como la
deformacion normal longitudinal a una distancia d/2 de la car-
ga puntual P = V hacia el apoyo, y a una profundidad de 0.6d
desde la cara superior de la viga (eq. 2 in la Referencia [19]).

Esto es un misterio. ;Porqué deberia la deformacion de
referencia, ¢, ser medida a una distancia d/2 desde la carga
puntual, y porqué a una profundidad de 0.6d desde la cara
superior?. Estos valores son empiricos, resultantes de un esfuerzo
para ajustar parte de los indicios experimentales. Ademas, estos
valores deberian variar seguramente en el caso de vigas conti-
nuasy en T, doble T o secciones cajon, para las que las relaciones
momento-curvatura son distintas.

Como se explica en la seccion 4, dicha posicién de la fibra
de control permite calcular, de manera sistematica, un valor
nominal de la apertura de la fisura critica de cortante, correla-
cionada con la informacién integral del delizamiento y aper-
tura variables em la fisura (véase la figura 4) y por consiguien-
te, que describe el criterio de fallo (figura 9c¢). Este enfoque
es por tanto una manera practica de sintetizar la compleja
informacién de la consideracién de la forma de la fisura y
sus cineméticas en la CSCT. Una discusién pormenorizada
de las implicaciones en vigas en T de la posicién de la seccién
de control en el contexto de la CSCT y su comparacién con
vastas bases de datos puede consultarse en [49].

Hipétesis 5: La deformacion de referencia, ¢, supuesta contro-
lando la apertura de fisura, se calcula de acuerdo con la teoria
elastica lineal en vigas basada en la hipétesis de Bernoulli-Na-
vier de que las secciones planas permanecen planas (ecuaciones
2y 3 en la referencia [19]).

(Porqué deberia la deformacion de referencia, ¢, ser calcula-
da bajo elasticidad lineal si, en la carga ultima, el hormigon se
comporta de manera sumamente no lineal debido al daiio por
fisuracion? Esto es ficticio.

La pertinencia de asumir una relacion lineal entre el momento
flector actuante y la apertura de fisura es razonable (siempre
y cuando la armadura se comporte elasticamente), aceptada
en la mayoria de enfoques de disefio para flexién y cortante y
claramente de acuerdo con los indicios experimentales, véase
la figura 4. El comportamiento lineal se adopta asimismo para
estimar la posicion de la resultante en el bloque comprimi-
do para determinar un valor adecuado del brazo de palanca.
Esto no es ficcién, sino una hipotesis proxima a la realidad
y exhaustivamente corroborada con indicios experimentales.
Discusiones pormenorizadas al respecto pueden consultarse
en [20].

Hipdtesis 6: Las ecuaciones anteriores, basadas en la teoria
elastica lineal de vigas, son supuestas de aplicacion a carga
madxima (o ultima) de la viga, es decir, al inicio del fallo por
cortante bajo carga controlada.

El espiritu general del calculo del efecto de grupo en CSCT
(asi como en MCFT) es evitar la mecanica de fractura y susti-
tuirla por algun tipo de andlisis elastico lineal de vigas. Pero este
andalisis es tan solo un artificio, encaminado a proporcionar una
semlanza de logica.

El objetivo de la CSCT no es reemplazar la mecéanica de frac-
tura. Es el de proporcionar un modelo mecéinico coherente
con las minuciosas observaciones de ensayos y que pueda de-
mostrarse en concordancia con los indicios experimentales y
las respuestas fisicas de contorno (iguales a las de la mecéanica
de fractura). Es interesante asimismo sefialar que la CSCT
fue formulada por primera vez en los noventa [32] y que las
expresiones mencionadas en este articulo lo fueron en 2003
[33]. La extensa investigacion de los autores de la CSCT en
el tema del efecto de escala fue realizada en 2015 [20]. El
objetivo principal de la CSCT no era centrarse en el efecto
de grupo, sino en la mecanica del fallo por cortante, y pro-
porcionar expresiones sencillas y solidas para el disefio frente
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a cortante. La coherencia fisica de la CSCT con LEFM [20]
y la mecénica de fractura bajo resupuestas no lineales [36]
(incluyendo respuestas plasticas y la ley de efecto de escala)
es una verificacion de la solidez de la teoria y sus supuestos.
La misma solidez ha sido asimismo constatada en series
de ensayos que fueron disefiados para verificar las prediccio-
nes de la teoria con respecto a esbeltez de losas [48], tran-
sicién de fallos por corte a fallos por flexién [50] o efectos
de deformacién de la armadura [45,46]. En todos los casos,
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las predicciones establecidas por la teoria fueron sistematica-
mente confirmadas sin necesidad de introducir ninguna hi-
pétesis adicional (o factor de correccién). Como conclusion
general a las criticas de Dénmez y BaZzant [6], los autores del
presente articulo opinan que son en su mayoria originadas
por un incorrecto entendimiento de los fundamentos de la
CSCT y por la confusién entre sus postulados basicos (in-
cluyendo el refinado modelo mecénico) y la implementacién
simplificada de la teoria a efectos de disefio.
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RESUMEN

El efecto de escala de la “Teoria de la Fisura Critica de Cortante" (“Critical Shear Crack Theory", CSCT por sus siglas en inglés) de Muttoni y colabo-
radores se aproxima bastante (con diferencias de hasta el 15%) y es asintéticamente idéntica a la ley del efecto de escala energético (“Size Effect Law",
SEL), que ha sido ampliamente verificada tanto experimental como teéricamente (y ha sido adoptada por el Cédigo ACI 318 de 2019, para cortante
y punzonamiento). No obstante, la deduccién y el procedimiento de calculo de la CSCT ofuscan la mecénica del fallo. En este articulo se demuestra
que la CSCT se sustenta en seis hipotesis cientificamente insostenibles, que tendrian que ser ensefiadas a los estudiantes como si fueran dogmas de fe.
Dichas hipotesis hacen que la CSCT no sea fiable para tamafios fuera del rango habitual de ensayos; tanto para vigas con secciones transversales en T,
Iy cajon, o para vigas continuas. Estas conclusiones estan respaldadas por simulaciones de elementos finitos, calibradas experimentalmente, del itine-
rario de la fisura y de su apertura, de las distribuciones y concentraciones de tensiones durante el fallo, y de la liberacion de energia de deformacion.
Las simulaciones también demuestran que la CSCT es incompatible con el modelo de bielas y tirantes, que esta actualizado (en el Cédigo ACI 318
de 2019) para incluir el efecto de escala en la biela de compresién. Por tltimo, se indican deficiencias adicionales de la “Teoria Modificada del Campo
de Compresiones" (“Modified Compression Field Theory", MCFT), actualmente integrada en el Cédigo Modelo.
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ABSTRACT

The size effect of Muttoni et al.’s critical shear crack theory (CSCT) is shown to be quite close (with differences up to 15%) and asymptotically identical
to the energetic size effect law (SEL), which has been extensively verified experimentally and theoretically (and is adopted for the 2019 ACI Code,
Standard 318, for both beam shear and punching). However, the CSCT derivation and calculation procedure obfuscates the mechanics of failure. It is
shown to rest on six scientifically untenable hypotheses, which would have to be taught to students as an article of faith. They make CSCT untrust-
worthy outside the testing range; ditto for beams with T, I and box cross section, or for continuous beams. The present conclusions are supported by
experimentally calibrated finite element simulations of crack path and width, of stress distributions and localizations during failure, and of strain energy
release. The simulations also show the CSCT to be incompatible with the “strut-and-tie” model, which is (for 2019 ACI Code) modernized to include
the size effect in the compression strut. Finally, further deficiencies are pointed out for the Modified Compression Field Theory (MCFT), currently
embedded in the Model Code.
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1.
NATURALEZA Y EVOLUCION DE LAS FORMULAS DE
EFECTO DE ESCALA EN LOS CODIGOS DE DISENO

Hace medio siglo, ensayos en Stuttgart [1-3], Toronto [4,5]
y Tokio [6] demostraron la existencia de un fuerte efecto de
escala en el fallo por cortante de vigas de hormigén arma-
do (HA). La ley potencial estadistica de efecto de escala de
Weibull [7] ya era bien conocida en esa época, pero tam-
bién se sabia que solo se adecuaba a estructuras en las que
la formacion de una pequeia fisura (o elemento de volumen
representativo de material fisurado) en cualquier punto de la
estructura generaba una propagacién dindmica de la fisura y
causaba un fallo inmediato. Evidentemente, este no es el caso
del fallo por cortante en vigas de HA, las cuales soportan una
extensa fisuracion y un prolongado crecimiento estable de la
fisura antes de alcanzar la carga altima.

Adaptando la aproximacion energética de la fractura elas-
tica lineal a los materiales cuasifragiles, se formul6 una nueva
ley del efecto de escala energético (“Size Effect Law", SEL
por sus siglas en inglés) en 1984 [8], destinada a los fallos que
se producen tras el crecimiento estable de una fisura larga,
como es habitual en el fallo por cortante de vigas de hor-
migén armado (HA). Inmediatamente después [9], la SEL
fue propuesta al ACI para el disefio a cortante de vigas de
HA, incluyendo las vigas pretensadas [10]. Mas adelante, se
comprob6 su aplicabilidad a diversos tipos de fallo en mate-
riales cuasifragiles [11, 12], que no se ajustan a la mecdnica
de fractura elastica lineal. Esta ley no es solo aplicable al hor-
migén, sino también a materiales como ceramicas resistentes,
compuestos con fibras, rocas, suelos compactos, hielo marino,
madera, espumas rigidas, hueso, etc. La SEL refleja la tran-
sicion de un comportamiento cuasi ductil en estructuras de
hormigén pequefias a uno cuasi fragil en estructuras grandes.
Esta transicién de ductil a fragil en la respuesta estructural se
debe a la heterogeneidad del material, la cual provoca que la
zona de proceso de fractura (“Fracture Process Zone", FPZ)
sea extensa (aproximadamente 0.5 m en hormigén frente a
micras en metales), y significativamente larga en relacion al
tamafio de la seccion transversal.

La teoria del efecto de escala basada en la mecénica de
fractura cuasifragil tuvo que esperar tres décadas para ganar
amplia aceptacion en la comunidad ingenieril. Esta larga espe-
ra fue causada principalmente por diversas controversias ge-
neradas por explicaciones alternativas al efecto de escala, por
ejemplo, la naturaleza fractal de las superficies de las fisuras o
de la microestructura del hormigén, el papel de la capa limite,
y los efectos del espaciado inicial de las fisuras, de su apertura,
o de los diversos tipos de aleatoriedad en el material.

En la década de los 1980, ninguna teoria sobre los fallos
cuasifragiles era aceptada en general. La Sociedad Japonesa de
Ingenieros Civiles (“Japan Society of Civil Engineers", JSCE)
y el Comité Europeo del Hormigén (“Comité Européen du
Béton", CEB), pensando probablemente que “mejor algo que
nada", introdujeron en sus especificaciones de disefio ecuacio-
nes puramente empiricas para el efecto de escala en el cortante
altimo [13] y en el cortante de fisuracién [14]. Mientras tanto,
los comités del ACI, conscientes de la tendencia al enquista-
miento en los cédigos de las especificaciones adoptadas por vo-
taciéon democratica en grandes comités, y pensando con cautela
que “mejor nada que algo controvertido”, pasaron tres décadas
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en vibrantes polémicas hasta que finalmente decidieron adop-
tar la SEL para las especificaciones de cortante en vigas, pun-
zonamiento en losas, y bielas y tirantes (que se han adoptado
en la versién 2019 del codigo ACI 318).

Mientras tanto, la fib (“fédération internationale du béton"),
sucesora del CEB, realiz6é un cambio en su Cédigo Modelo del
2010 [15]. Adopt6 las ecuaciones del efecto de escala basadas
en la llamada “Teoria Modificada del Campo de Compresio-
nes" (“Modified Compression Field Theory", MCFT) para el
cortante en vigas y la “Teoria de la Fisura Critica de Cortante"
(“Critical Shear Crack Theory", CSCT) para el cortante por
punzonamiento [15-19]. La MCFT utiliza argumentos ele-
mentales y supuestamente logicos, en los cuales se imagina que
la apertura critica de la fisura, w, y una cierta deformacion, e,
estimados a partir de la teoria clasica elastica de la flexion de
vigas, son los indicadores de fallo. El Cédigo Modelo de 2010
[15] especifica en sus Ecuaciones (7.3-19) y (7.3-21) dos apro-
ximaciones para la resistencia a cortante en vigas sin estribos:
Nivel I y Nivel II. Este articulo se centra en la aproximacion
del Nivel II. El Nivel I, que se trata (segin la Ecuacién 7.3-21
en la Ref. [15]) como una aproximacion al Nivel II, solo sera
examinado brevemente en el Apéndice.

Actualmente, la llamada CSCT [18-20], extendiendo un
concepto de 1991 [21], se propone como una mejora del Co-
digo Modelo de 2010 para el cortante en vigas (o de una
direccién). El Cédigo Suizo [22] ya ha adoptado la CSCT
tanto para el cortante en vigas como para el punzonamiento
(cortante en dos direcciones), mientras que el Codigo Mode-
lo de 2010 lo ha hecho para este altimo. El objetivo de este
articulo es llamar la atencién sobre los errores en la CSCT.

2.
HIPOTESIS SUBYACENTES A LA CSCT

Un examen detallado muestra que hay seis hipé6tesis impli-
citas en la CSCT. La resistencia (tension altima) a cortan-
te promedio (o nominal) en la seccién transversal se denota
como v,=V/bd, donde V es el esfuerzo cortante resistido
por el hormigén; d=canto util (profundidad de la seccion
transversal desde la cara comprimida hasta el centro de gra-
vedad del refuerzo); b=anchura.

Hipotesis 1.
Se asume que el esfuerzo cortante, Vi, soportado por el
hormigén en carga maxima esta (tanto en la CSCT como
en la MCF T) controlado por una apertura caracteristica
de fisura w de la fisura dominante que conduce al fallo.

Hipotesis 2.
Para expresar el efecto de escala, se asume que (Ecua-
cién 1 en la Ref. [19]:

Vu o

= #B 4= , 1
\/ft Tvas (w/de) , o1 = 1/3 (en MPa, mm) @9)]

donde @, es una constante de calibracion empirica; f; es la
resistencia a compresién media del hormigén (tanto f. como
\/f se consideran en MPa); y dy, se denomina rugosidad su-
perficial equivalente, y se calcula como dy= min(d, + 16, 40
mm), siendo d, el tamafio maximo del 4rido.



Hipotesis 3.
Se asume que la apertura de la fisura diagonal dominante
es proporcional a una cierta deformacién de referencia, ¢,

w=oased, o3=120/a; (2)

donde a; es un coeficiente empirico que depende de as, y € se
define como la deformacién normal en la direccién longitu-
dinal, x, en una ubicacién caracteristica determinada, atrave-
sando la fisura dominante (ver la ecuacién en linea sobre la
Ecuacién 1 en la Ref. [19]).

Cabe sefialar que las Hipotesis (1-3) podrian fusionarse
desde el punto de vista de la aplicacién practica. Pero aqui se
mantienen separadas para clarificar cuéles son todas las hipé6-
tesis implicadas en la derivacién de la CSCT, y permitir su
discusion especifica en el resto del articulo.

Hipotesis 4.
Se asume que la deformacion de referencia, ¢, es la de-
formacioén longitudinal a una distancia d/2 desde la car-
ga concentrada P=V; hacia el apoyo, y a una profundi-
dad de 0.6d desde la cara superior de la viga (Ecuacion
2 enla Ref. [19]).

Hipdtesis 5.
La deformacién de referencia, e, propuesta para contro-
lar la apertura de la fisura, se calcula de acuerdo con la
teoria de vigas elasticas lineales basada en la hipétesis
de Bernoulli-Navier de secciones transversales planas
que permanecen planas (Ecuaciones (2) y (3) en la
Ref.[19]), es decir,

M asd—c
= M=V; (a-0sd), 0:=0.6, as=1/2 (3
= bdpE.(d=c/3) d—c ' (a-asd), @,=06, as=1/2 - (3)

y, de acuerdo con la hipotesis de resistencia a traccion nula
en el hormigén en vigas con armadura longitudinal (Ref. [19],

Ecuacion 4),
PE;
E.

c=osd, o=

1425 —1] 4
PE;

donde E., E;= mddulos elasticos del hormigén y del acero,
p= cuantia de acero, c= distancia de la fibra neutra a la cara
superior de la viga (longitud del perfil triangular de compre-
sion elastica), a= luz de cortante = distancia entre la carga
concentrada y el apoyo mas cercano.

Hipatesis 6.
Se asume que las ecuaciones anteriores, basadas en la
teoria de flexién de vigas elasticas lineales, son aplica-
bles en carga maxima (o dltima) de la viga, es decir, en
el fallo incipiente por cortante en control de carga.

Las notaciones anteriores podrian simplificarse reemplazan-
do ai...as por valores numéricos. Sin embargo, aqui se prefie-
ren las notaciones generales para dichos coeficientes porque
sus valores pueden cambiar si la CSCT se recalibra con una
base de datos mas amplia (por ejemplo, la base de datos de
ACI-445).

3.

RESISTENCIA A CORTANTE EN VIGAS DE ACUERDO
CON LA CSCT A PARTIR DE LAS HIPOTESIS, Y
COMPARACION CON ACI-446

La deformacién de referencia € de la Ecuacion 2 (Hipotesis 3,
5, 6) se puede escribir en forma adimensional:

o—asd  oud—c (5)
pEi(d—c/3) d—c

e=yv, y=

Sustituyendo e de la Ecuacion 2 en la Ecuacion 1 (Hipotesis
1, 2), se obtiene una ecuacién cuadratica para v,. Resolvién-
dola se obtiene:

v _ —1+y1+40,Cid C:azasyﬁ ©)
A 2Cd T dy

que coincide con la Ecuacion 5 de la Ref. [ 19]. Multiplicando
tanto el numerador como el denominador del lado derecho
de esta ecuacion por 1++v1+4a;Cid, se obtiene una expresion
mis instructiva de esta ecuacion:

Vu _ 20 A= 1 @
JE 1+V1+d/dy 4, C

Esta ecuacién se puede comparar ficilmente con el factor de
efecto de escala A propuesto por el Comité 445 del ACI sobre
Mecanica de Fractura. Este factor ha sido adoptado por la
edicion de 2019 del codigo ACI 318, y es:

B S (8)
Y 1 +d/d0

v=voA, A=

donde d, es una constante llamada tamafio de transicién (en
ACI 318 vale 254 mm = 10 pulgadas).

Es necesario sefialar que ACI también incluye un limite
horizontal en Uu=2\/ﬁ (introducido por ACI 318E), que no
se considera aqui porque se justifica por razones estadisticas
y no mecénicas, en concreto, por un ancho creciente de la
banda de dispersion de la base de datos al acercarse a valores
pequeiios de d, lo que causa que el limite inferior de dicha
banda para tamafios pequefios sea estadisticamente casi inde-
pendiente de d.

Una caracteristica importante es el comportamiento asin-
totico, que ha sido solidamente establecido por la mecénica
de fractura cuasifragil y es el siguiente:

para d/dy— 0:v, = constante; ©)
para d/dy— oo:v, — (d/do)_l/z

Estas propiedades asintéticas son satisfechas por ambas for-
mulaciones. Sin embargo, para el mismo tamafo de transicion,
es decir, para dy'=dy, las curvas del efecto de escala de log(v,)
frente a log(d/d,) difieren significativamente y las asintotas
para tamaifios grandes no coinciden; véase la figura 1a.

Variar la relacion k=d}'/d, estira la curva del efecto de es-
cala horizontalmente pero no cambia la pendiente asintética
de -1/2 en la grafica logaritmica. ;Pueden hacerse coincidir
las asintotas para tamafios grandes variando k? Para responder
esta cuestion, llamemos g=d/dy, consideremos que las asinto-
tas para tamafios pequefios estan emparejadas, lo cual ocurre
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Figura 1. Comparacion del efecto de escala dado por SEL y CSCT para cortante.

para al\/fj =v,, y busquemos el valor de k para el cual el limite
para tamafos grandes de la relacién de las expresiones del
efecto de escala en las Ecuaciones 7 y 8 es igual a 1, es decir,

. 2V 1+q
=lim "1 (10)
g 1+ 1+q/k

M
lim 2
d—o Uy

El limite es Zﬁ e, igualandolo a 1, se encuentra que tanto
el valor asintético para tamafios pequefios, al\/ft =1y, como la
condicién asintética para tamafios grandes en la Ecuacion 10
coincide si (figura 1b):

k=1/4 o di'=do/4 (an

La figura 1b muestra que la diferencia, Av,, entre las dos cur-
vas asintdticamente emparejadas es del 12.6% en d=d,, que
no es demasiado grande, aunque tampoco insignificante para
el disefio.

La figura 1c muestra ademas que si las curvas coinciden
en do=d, entonces la diferencia, Av,, entre las dos curvas es del
14.4% tanto en las asintotas para tamafios pequefios como en
las de tamafios grandes. Una vez mas, la diferencia no es muy
grande, aunque no insignificante para el disefio.

También se puede observar que las Ecuaciones 1 y 2 se
usaron previamente en la MCFT [16, 23] sin que w depen-
diera de ¢, y se adoptaron asi en el Cédigo Modelo de 2010
para la aproximacién de Nivel I. En ese caso, la curva de efec-
to de escala terminaba con una pendiente asintética de -1 en
lugar de -1/2, lo cual es termodindmicamente imposible. El
cambio a la pendiente -1/2 se logré mediante la modificacién
artificial de Muttoni y Fernandez Ruiz [ 18] que incorporé la
dependencia ficticia de e y asi hizo que w fuera proporcional
a v,. Esto condujo a la formula cuadratica para v,, Ecuacion
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5,y asi se cambi6 la pendiente asintdtica de -1 (termodindmi-
camente imposible) al valor de -1/2 dictado por la mecénica
de fractura.

4.

DEFICIENCIAS DE LA CSCT SENALADAS POR
SIMULACIONES POR ELEMENTOS FINITOS DE FALLO A
CORTANTE

Ciertos aspectos fundamentales del proceso de fallo, como
determinar el origen de la energia necesaria para la fractura y
el lugar donde esta se disipa, son extremadamente dificiles de
observar directamente en ensayos experimentales. No obstan-
te, es posible obtener una vision mas clara de estos fenémenos
al complementar los resultados de los ensayos con un modelo
numérico detallado y realista. Un ejemplo es el modelo consti-
tutivo Microplane M7 [24, 25], disefiado para simular el dafo
por ablandamiento en el hormigén, implementado en un anali-
sis por elementos finitos (EF) utilizando el modelo de fisuracion
en banda [26, 27]. Este enfoque ha demostrado su validez en
numerosos estudios anteriores (véanse, por ejemplo, las Refs.
[28-30]) y también se confirma en el Apéndice 2, que propor-
ciona informacién adicional sobre el analisis de EF. En esta sec-
cién, adoptamos este método para examinar no solo el flujo de
energia sino también otras caracteristicas vitales para entender
la resistencia al cortante, como la distribucién de tensiones en
las zonas dafiadas y a lo largo de las grietas cohesivas, las redistri-
buciones de tensiones ocasionadas por la fractura y la respuesta
global de estructuras de distintos tamafios y configuraciones.
Para que el anilisis del efecto de escala en cortante sea
coherente, es esencial que los modos de fallo y, en especial,
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Figura 2. (a) Variacion de tensiones longitudinales a través del ligamento por encima de la punta de la fisura principal (a la derecha de la viga) y
variacion de la componente vertical de las tracciones a lo largo de la fisura diagonal, (b) vectores de compresiones principales minimas (méximas en
valor absoluto) calculados para las vigas de Toronto [23].

la morfologia de las fisuras dominantes, sean semejantes en
vigas de diferentes tamafios pero geométricamente similares.
Este requisito se ha corroborado ampliamente en ensayos ex-
perimentales, en especial los realizados por Syroka-Korol y
Tejchman [31], como se muestra en la figura 7 de la Ref. [32].

Se han llevado a cabo simulaciones de ensayos de cortante
en vigas armadas de diferentes escalas, sin estribos y geomé-
tricamente semejantes, utilizando el software ABAQUS. Para
ello, se implementé el modelo de dafio constitutivo Micro-
plane M7 en la subrutina de usuario VUMAT. La calibracién
del cédigo se efectudé tomando como referencia los ensayos
de cortante minuciosamente realizados en el laboratorio de
M. Collins en la Universidad de Toronto [23], como se detalla
en el Apéndice 2.

La figura 2a muestra las mallas de EF para vigas casi ho-
motéticas de dos tamafios, especificamente con d= 110 mm y
924 mm, manteniendo una proporcioén de 8.41:1. Para evitar
la influencia de la sensibilidad al tamafio de la malla, se opté
por utilizar un tamafio uniforme de EF en ambas vigas. En la
figura, los elementos oscurecidos indican las localizaciones de
las maximas deformaciones longitudinales bajo la carga maxi-
ma P,.. Es importante destacar que la banda de elementos
oscurecidos corre precisamente a lo largo del borde superior
de la fisura principal; nétese que el ancho de esta banda co-
rresponde al tamafio del elemento finito y no esta relacionado
con la apertura de la fisura.

4.1. Localizacion de las tensiones longitudinales

La figura 2a muestra, a la derecha de las vigas, los perfiles de
tensiones normales longitudinales o, a lo largo de la altura del
ligamento (entendido como la zona entre la punta de la fisura
diagonal dominante de cortante en P, y la cara superior).
Estos perfiles (que son similares a los de la Ref. [33] y los de
la figura 11 de la Ref. [32]) demuestran como los esfuerzos se
localizan cerca de la cara superior a medida que el tamafio d
aumenta. Es evidente que, en la viga méis pequefa, la resis-
tencia del material a través del ligamento se utiliza casi por

completo (para un comportamiento plastico, estaria comple-
tamente movilizada). En la viga mas grande, por contra, la
resistencia del material estd, en P, localizada solo en una
pequefia parte del ligamento. Esta localizacién ofrece una ex-
plicacion intuitiva del efecto de escala (véanse también las
Refs.[33-35]). ;Qué tienen en comiin estos perfiles con la
apertura de la fisura a una profundidad de 0.6d, y en general
con las Hipotesis 3 y 5? Nada.

4.2. Transmision de tensiones a través de la fisura

La figura 2a desvela un aspecto crucial de las vigas de dos
tamafios distintos, que no se puede medir directamente: la
distribucion de la componente vertical de la traccion trans-
mitida en P, a través de la fisura. Los porcentajes mostra-
dos en las flechas verticales indican la componente vertical
de la traccién transmitida en P,.., expresada como un por-
centaje de la resistencia a la traccién del hormigén, y que
resulta del engranaje de los 4ridos o del ablandamiento co-
hesivo. Es clave sefalar que los porcentajes, exceptuando la
zona proxima a la punta de la fisura, son relativamente bajos
y disminuyen significativamente a medida que aumenta el
tamafio de la viga.

En particular, obsérvense en la figura 2a los esfuerzos ver-
ticales V. indicados como porcentajes del esfuerzo cortante
total, Vi=P,uux. L0s Ve se calculan integrando las componen-
tes verticales de la traccion a lo largo de la fisura. Para vigas
pequefias y grandes, estos representan tan solo el 18% y el
2.9% del esfuerzo cortante total V,, respectivamente. Si el
esfuerzo vertical transmitido en P, a través de la fisura es
tan pequefo, ;como podria tener la anchura de la fisura, w,
una influencia significativa en la resistencia a cortante? De
hecho, no la tiene. Por lo tanto, las Hipotesis 2-5 carecen de
fundamento, no son realistas.

La figura 2b muestra los vectores de las compresiones
principales minimas (méximas en valor absoluto). Confir-
man que la carga, justo antes del fallo (es decir, en P,.), se
transfiere principalmente a través de una banda de hormigén
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Figura 3. Zonas de liberacién de energia en coordenadas relativas, calculadas para las vigas de Toronto [23].

situada en el lado superior de la fisura. Dentro del marco del
modelo de bielas y tirantes, esta banda acttia como la “biela
de compresion”. El hecho de que estos vectores generalmente
no atraviesen la fisura indica que la fuerza transmitida a través
de la fisura en P,,, es practicamente despreciable. Esto, una
vez mas, contradice las Hipotesis 2-5.

4.3. Escenario de liberacion y disipacion de energia

Lo mas relevante para el estudio de la fractura es el balance
energético, mostrado en la figura 3. La fractura disipa ener-
gia, y esa energia debe provenir de algan sitio. En control de
desplazamiento, debe provenir tinicamente de la liberacién
de energia potencial mecanica (es decir, energia de deforma-
cién) de la estructura. Tal y como propuso Griffith en 1921
[11], esta liberacion es un principio central de la mecanica de
fractura de todos los tipos, incluyendo la fractura cuasifragil.
Asi que calculamos, para todos los puntos de integracion de
todos los elementos, la densidad de energia de deformacién
liberada al descargar:

HzéojCa

que es una cantidad relevante que no puede medirse direc-
tamente; C es la matriz 6x6 de flexibilidad elastica en la des-
carga (es decir, la inversa de la matriz de modulos elasticos),
y ¢ es la matriz columna 6x1 de tensiones, afectadas por la
fisuracion distribuida (para simplificar, la rigidez de descarga
se considera la misma que la rigidez eléstica inicial). Luego,
considerando todos los puntos de integracion, calculamos el
cambio de densidad de energia en cada punto de integracién
entre estos dos estados; en este caso

ATl =Tlse ~ Ilo

que es el cambio desde el valor Ily para el estado previo al
pico de carga, P=0.99P,.., hasta el valor [[, para el estado
posterior al pico en el que la carga se ha reducido a 0 (po-
drian considerarse otros estados con carga residual; pero in-
cluso para estados de carga cercanos entre si habria una alta
dispersién numérica).
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La diferencia AI] representa los valores de densidad de
energia liberada en cada punto de integracién de los elemen-
tos finitos. A partir de todos estos valores, se pueden calcular
las curvas de contorno de las zonas de liberacion de densi-
dad de energia. Estas zonas se representan en coordenadas
relativas en la figura 3, donde la zona de maxima densidad
se muestra muy oscura. Cabe destacar que, en coordenadas
reales, la banda oscura para la viga mas grande seria mucho
mas ancha que para la més pequefia.

La banda oscura de la liberacién de energia puede ima-
ginarse que representa la “biela de compresién" del modelo
de bielas y tirantes. La biela esta situada completamente por
encima de la fisura principal. En la parte superior de la biela,
la liberacién de energia proviene del hormigén dafiado, y en
el resto de la biela, de la descarga del hormigén sin dafiar.
La fisura diagonal de cortante principal no contribuye a los
cambios de energia dominantes, en particular en vigas gran-
des. Entonces, ;como puede jugar un papel significativo en el
control de la carga de fallo? Nuevamente, esto contradice las
Hipétesis (3) y (5).

La esencia de la SEL radica en que la energia total li-
berada de la estructura se compone de dos partes: [I=IT,+IL.
Aqui, II, representa la energia de deformacion total liberada
al descargar la parte intacta de la estructura, cuyo volumen
se incrementa de manera cuadrdtica con el tamafio de la es-
tructura (representado por d), mientras que I, corresponde a
la energia de deformacion total liberada por la descarga de la
parte dafiada, la cual esta atravesada por la FPZ y cuyo volu-
men se incrementa linealmente con el tamafio de la estructu-
ra. Por otro lado, W, la energia que se disipa y que ha de ser
equivalente a II, siempre aumenta de manera lineal con el ta-
mafo de la estructura. Esta diferencia entre los incrementos
cuadratico y lineal sefiala claramente que, para tamaifios sufi-
cientemente pequefios, la componente cuadratica, [, resulta
ser despreciable en comparacién con la componente lineal, IT;,
pero para tamafios suficientemente grandes, la componente
cuadratica se convierte en la predominante.

En nuestro caso particular, un analisis mas detallado de
los resultados de Elementos Finitos (EF) podria revelar que la
disipacion total de energia debida al dafio por fractura crece
de forma aproximadamente lineal con la longitud de la fisura
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de cortante, que es proporcional al tamafio d de la viga. En
contraste, la energia liberada de la parte intacta de la biela de
compresién, ubicada al lado de la fisura principal, se incre-
menta aproximadamente de manera cuadratica con d, ya que
tanto la longitud como el ancho de esta biela, mostrados en la
figura 3, aumentan casi proporcionalmente a d. Por ende, esta
incongruencia entre los aumentos lineal y cuadratico cons-
tituye la causa subyacente de la transicién observada en la
curva de efecto de escala para el fallo por cortante en vigas.

La mencionada formulacion energética de la SEL es, en
realidad, mucho maés simple que la del CSCT (véase el Apén-
dice 3, asi como el estudio original de 1984 [8] donde se
formulé la SEL por primera vez). La conservacién de energia
y el anélisis dimensional son la base de una deduccién fun-
damental, aunque sencilla, de la SEL tal como se presenta
en las Ecuaciones 5-7 de la Ref.[32] y que se resume en el
Apéndice 3.

4.4. Compatibilidad con el modelo de bielas y tirantes ac-
tualizado

El modelo de bielas y tirantes, originalmente conocido como
la analogia de la celosia de Mérsch, de 1903, es ampliamen-
te reconocido por proporcionar estimaciones fiables de las
cargas limite en estructuras de hormigén. Sin embargo, en su
forma clésica, este modelo no tiene en cuenta el efecto de es-
cala. En la Ref. [36], se demuestra cémo actualizar el modelo
de bielas y tirantes calculando el equilibrio entre la energia
disipada por aplastamiento compresién-cortante en la parte
superior de la biela de compresién y la energia liberada de las
secciones intactas y dafiadas de dicha biela.

Recientemente se ha reconocido la necesidad de actua-
lizar el modelo de bielas y tirantes para incluir el efecto de
escala en las bielas de compresion. Este avance ya se ha im-
plementado en la version 2019 de la normativa ACI 318. A la
luz de los hallazgos recientes sobre cémo se liberan y disipan
la energia en la parte superior de las bielas, esta actualizacién
resulta ser intuitiva y légica, consistiendo simplemente en la
incorporaciéon del efecto de escala en el disefio de las bielas
de compresién.

El concepto de una “biela de compresion” actualizada que
refleja el efecto de escala estd en armonia con la SEL y con-
cuerda con el presente analisis (figura 4) y con las conclusio-
nes de las Refs. [33] y [36]. (No invalida este consenso las
hipétesis de la CSCT? Indiscutiblemente si. Se debe concluir
que el enfoque de la CSCT es incompatible con el modelo
de bielas y tirantes modernizado, mientras que la SEL si que
es compatible.

5.
ASPECTOS INFUNDADOS Y CIENTIFICAMENTE
DUDOSOS DE LAS HIPOTESIS

Sobre la Hipdtesis 1.
Segtin las simulaciones por elementos finitos (EF), la
apertura de la fisura w es muy variable a lo largo de
su longitud. ;Qué apertura w, en qué ubicacién y en
qué tamaiio de viga, produciria la traccion cohesiva que
importa para el cortante altimo v,? No hay respuesta.
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Sobre la Hipdtesis 2.

El concepto basico del modelo cohesivo, que contempla la
cohesién derivada del engranaje de los aridos, establece que
la tensién cohesiva o, disminuye a medida que se incremen-
ta la apertura de la fisura w. Esta caracteristica se ha inves-
tigado exhaustivamente en el hormigén desde 1980 [37].
Ya en 1990 quedo claro que la Ecuacion 1, con la variable
w incluida de forma lineal en el denominador, no refleja
adecuadamente las observaciones experimentales acerca
del ablandamiento post-pico en fisuras de hormigén, ni los
resultados de simulaciones por elementos finitos (EF). Ac-
tualmente se reconoce de forma generalizada que el perfil
de ablandamiento cohesivo es aproximadamente bilineal,
con una caida inicial pronunciada seguida de una cola muy
larga (por ejemplo, Refs.[38, 39]).

Si el denominador de la Ecuacion 1 fuera cualquier cosa me-
nos lineal en w, la sustitucion de la Ecuacion 2 en la Ecua-
cién 1 no daria para la CSCT una ecuacioén cuadrética para w
(Ecuacién 5 en la Ref.[18]), y entonces el comportamiento
asintotico para tamafos grandes no tendria una pendiente de
-1/2 en escala logaritmica. Por lo tanto, la motivacion de la
Ecuacion 1 parece ser manipular la derivacion para obtener
un comportamiento asintdtico de pendiente -1/2, lo cual es
ahora un hecho ampliamente aceptado.

Sobre la Hipdtesis 3.
(Por qué deberia determinarse la apertura de la fisura,
y por ende la carga ultima y el efecto de escala, por el
producto de la profundidad de la viga d por la deforma-
cién ¢ en alguna ubicacion especifica? Eso es una ficcion
y es imposible segiin la mecénica de fractura.

(Se puede identificar en los actuales resultados de EF alguna
deformacién caracteristica que controle la carga ltima? De-
finitivamente no. Lo que importa para la fractura es la libera-
cién de energia de deformacién almacenada en la estructura
y, en el caso de fractura cohesiva (o cuasifragil), también la
resistencia a la traccion del material. Ciertamente no una de-
formacién particular.

Sobre la Hipdtesis 4.

Esto es un misterio. ;Por qué deberia tomarse la defor-
macién de referencia, €, a una distancia d/2 de la car-
ga puntual y por qué a una profundidad 0.6d desde la
cara superior? Estos valores son empiricos y resultan
de un esfuerzo por ajustar parte de la evidencia expe-
rimental. Ademas, estos valores seguramente tendrian
que cambiar en el caso de vigas continuas y secciones
transversales en forma de T, [ o cajon, para las cuales las
relaciones momento-curvatura son diferentes.

Sobre la Hipdtesis 5.
(Por qué se deberia calcular la deformacion de referen-
cia, €, segan la elasticidad lineal si, en carga ultima, el
comportamiento del hormigén es altamente no lineal
debido al dafio por fisuracion? Esto es pura ficcion.

Y, en primer lugar, ;por qué se deberia elegir la deformacion
como un indicador del efecto de escala? Como es bien sa-
bido, en estructuras geométricamente similares elasticas o
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elasto-plasticas, la deformacién en puntos homologos es la
misma para todos los tamafios de estructuras. Superar este
hecho incémodo es lo que conduce a la mistica Hipotesis 3
(Ecuacion 2).

;Y por qué el anilisis de deformaciones deberia utilizar
la teoria clasica de flexién de vigas basada en la hipotesis de
Bernoulli-Navier, que solo tiene validez en la flexién de vigas
suficientemente esbeltas? De nuevo, es ficcién.

El anélisis por elementos finitos muestra que las secciones
transversales inicialmente planas estin muy deformadas en
carga ultima. Las formulas para calcular € basadas en el com-
portamiento inelastico serian, por supuesto, terriblemente
complicadas. Pero, ;por qué molestarse en calcular esta de-
formacion en absoluto? No es la causa del fallo. La verdadera
causa de los fallos cuasifragiles y del efecto de escala es la
liberacion total de la energia de la estructura.

Sobre la Hipdtesis 6.
El espiritu general del calculo del efecto de escala en
la CSCT (asi como en la MCFT) es evitar la mecdnica
de fractura y reemplazarla por algin tipo de anilisis
sencillo de vigas elastico lineal. Pero este anilisis es solo
un artificio, destinado nicamente a proporcionar una
apariencia de légica.

6.
(PUEDE EXTENDERSE LA CSCT A DISENOS FUERA DEL
RANGO DE LOS ENSAYOS EXISTENTES?

La mayoria de los ensayos existentes sobre el efecto de escala
en la resistencia a cortante de vigas involucré una gama rela-
tivamente limitada de geometrias, en términos de la relacién
de luz a cortante y tipos de refuerzo, y no incluyé vigas con-
tinuas. Es cuestionable si la CSCT, comenzando con la defor-
macioén elastica a una profundidad de 0.6d y a una distancia
d/2 de la carga concentrada, podria aplicarse a tales situacio-
nes. También es cuestionable, como se sefialé anteriormente,
aplicar la CSCT a otras geometrias de seccién transversal.

Por otro lado, el factor de efecto de escala 4 basado en la
SEL, Ecuacion 8, es, en principio, aplicable a todos los fallos cua-
sifragiles (geométricamente similares para diferentes tamafios),
en los cuales se desarrolla una fisura estable larga antes de alcan-
zar la carga méxima y sin una meseta plastica postpico ilimitada
(véase también el Apéndice 3). Generalmente, basta con multi-
plicar por 4 la formula de anilisis limite para la contribucion a
la resistencia del hormigén que funciona para tamafios de vigas
pequedios. El Gnico pardmetro que necesita ser estimado es el
tamafio de transicién dy, aunque se puede asumir que varia muy
poco dentro del rango normal de geometrias.

7.
/NO DEBERIA EL CODIGO DE DISENO ATENDER A
LOS IDEALES DE SIMPLICIDAD Y GENERALIDAD?

El principal problema con la Ecuacion 6 de la CSCT no es
que sea insegura en gran medida. No lo es. El problema es que
su deduccién ficticia oscurece la mecanica del fallo y es mu-
cho més complicada de lo necesario para obtener una predic-
cién realista del efecto de escala. Solo basta con comparar la



deduccién discutida anteriormente con la deduccién general
de la SEL en las Ecuaciones 4-7 en la Ref. [32], basada tinica-
mente en la conservacion de la energia y el analisis dimensio-
nal (como se resume en el Apéndice 3), o con la deduccion
original de 1984 en la Ref. [8], basada en la aproximacion de
la liberacion de energia en presencia de un limitador de loca-
lizacién, el tamafio caracteristico de la FPZ.

Estas, asi como varias otras deducciones de la SEL, son
mucho mas simples y se basan en solo tres hipédtesis: la re-
levancia de la liberacién de energia, la similitud geométrica
de la fisura dominante en estructuras de diferentes tamafios
y la aproximada independencia del tamafio de la FPZ (que
representa una longitud caracteristica, como una propiedad
del material). Estas hipétesis son obvias, generalmente acep-
tadas y aplicables a muchos tipos de estructuras y materiales.
Son los materiales cuasifragiles que, ademas del hormigén y
el mortero, también incluyen los compuestos polimeros re-
forzados con fibras, las cerdmicas resistentes, el hielo marino,
muchas rocas, suelos compactados, mamposteria, madera,
etc. Todos exhiben el mismo tipo de efecto de escala en la
resistencia estructural nominal.

(Entonces por qué el efecto de escala en el hormigén de-
beria ser diferente? El fallo por cortante en el hormigén no
es tan excepcional como sugiere la deduccion de la CSCT.
Mais bien es solo una manifestacion del tipico efecto de es-
cala exhibido por muchos materiales y estructuras. Entonces,
(por qué el cortante en vigas de hormigon necesitaria una
deduccion especial, no aplicable a todas las demas situacio-
nes similares? ;/No resulta extrafio que la supuesta deduccion
que subyace al efecto de escala de la CSCT (o la MCFT y el
Codigo Modelo de 2010) no pueda ser trasplantada a otros
materiales cuasifragiles? ;Por qué el hormigon, y el cortante
de vigas, deberia ser tan #nico?

Ademis, una formulacién basada en el concepto de li-
beracion de energia de la mecanica de fractura (basada en el
trabajo de Ballarini en Northwestern en los afios 80) ya ha
sido utilizada durante mucho tiempo en la mayoria de los
cédigos de disefio, para predecir el fallo por cortante en el
arrancamiento de anclajes en muros de hormigén, incluyendo
el efecto de escala. ;Cémo es que, para un tipo de fallo por
cortante de hormigén, la base de mecanica de fractura del
efecto de escala es aceptada en el Cédigo Modelo, mientras
que para otro tipo de fallo por cortante no lo es?

8.

COMENTARIOS SOBRE EL PROBLEMA ANALOGO
DEL EFECTO DE ESCALA EN LA RESISTENCIA AL
PUNZONAMIENTO POR CORTANTE DE LOSAS

Como se demostré en las Refs. [28, 40], la resistencia de lo-
sas a punzonamiento también sigue la SEL derivada de la
liberacion de energia (y el factor de efecto de escala SEL
también se adopt6 para la versién de 2019 de la norma ACI
318). No obstante, un calculo alternativo del efecto de escala
basado en la CSCT, que se apoya en la mecanica elemental
de flexion, fue incorporado en el Codigo Modelo de 2010.
Muttoni et al. [41] adaptaron su CSCT al punzonamiento
con la modificacién de que se utiliza una cierta rotacién de la
losa como referencia en lugar de una deformacion. Asi, para

el punzonamiento, obtienen un efecto de escala que termina
con una pendiente asintética de -0.4 (en lugar de -0.5), lo
cual no es correcto pero al menos no viola la segunda ley de
la termodindmica. Las hipétesis en la deduccién son de nuevo
infundadas y ficticias.

9.
CONCLUSIONES

1. El efecto de escala a cortante de la CSCT muestra los
comportamientos asintoticos correctos para tamanos
pequefios y grandes y parece ajustarse a los datos de los
ensayos del efecto de escala casi tan bien como la SEL
energética. Comparada con la SEL, la CSCT muestra
diferencias de resistencia de hasta un 14%, que no son
grandes, aunque no son insignificantes para el disefio. A la
CSCT le faltaria un ajuste del efecto de escala no lineal
de una base de datos extensa, como la de ACI-445 en la
Ref. [35]. Las comparaciones previas de la SEL con mu-
chos ensayos de diversas geometrias incluidas en esa base
de datos no se han realizado con la CSCT.

2. El efecto de escala de la CSCT se basa en una deduccion
simplista disefiada para dar una apariencia de légica en
su fundamentacion mecanica. El método de célculo de
la CSCT (asi como la MCFT) es engafioso. Es como una
“receta de cocina" sin légica alguna y oscurece la meca-
nica del fallo por cortante. Tendria que ensefarse a los
estudiantes como un dogma de fe.

3. Se demuestra que la CSCT se basa en seis hipotesis impli-
citas. Ninguna de ellas tiene justificacién fisica. Implican
la aplicacién de la teoria clasica unidimensional de flexion
elastica de vigas a lo que es un problema multidimensio-
nal no lineal de mecénica de fractura. Lo mismo puede
decirse sobre las hipétesis implicitas de la MCFT y del
Codigo Modelo de 2010.

4. Las simulaciones por elementos finitos con el mode-
lo constitutivo M7, calibrado y verificado aqui con los
clasicos ensayos de Toronto, amplian los datos medidos
mostrando que, dentro del ligamento entre la punta de la
fisura principal y la parte superior de la viga, el perfil de
tensiones es casi uniforme para vigas pequefias y bastante
localizado para vigas grandes. Esto significa que, en carga
maxima, la resistencia del hormigén se moviliza a lo largo
de casi toda la longitud del ligamento para vigas peque-
fias, mientras que lo hace solo en una corta porcién de la
longitud para vigas grandes.

5. Segtn los resultados de elementos finitos, la disipacion
de energia durante la fractura proviene principalmente
de una banda altamente tensionada al lado de la fisura
principal de cortante y de una pequefia zona de dafio por
encima de la punta de esa fisura. La fisura principal de
cortante disipa muy poca energia durante el fallo y, por lo
tanto, el valor de su apertura no puede ser lo que controla
el fallo, en contra de lo que dice la CSCT. Esta observa-
cién es suficiente por si misma para invalidar la CSCT (asi
como la MCFT).

6. Debido a la falta de base mecénica, la CSCT no puede
considerarse fiable para disefios fuera del rango de tama-
fios de la mayoria de los ensayos de efecto de escala dis-
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ponibles, que incluyen diferentes tipos de refuerzo y luces
de cortante, diferentes secciones transversales, diferentes
distribuciones de esfuerzo cortante y momento flector
como en vigas continuas, etc.

7. Tanto la CSCT como la MCFT son incompatibles con el
modelo de bielas y tirantes, mientras que la SEL si que es
compatible con dicho modelo siempre que el efecto de
escala se incorpore en la biela de compresién (lo cual ya
est4d adoptado por la Norma ACI 318-2019).

8. El efecto de escala de la MCFT, incorporado en el Cédigo
Modelo de 2010, muestra grandes desviaciones con res-
pecto a la SEL. Tiene un comportamiento asintético inco-
rrecto para tamafios grandes que es termodindmicamente
inadmisible y, en consecuencia, predice incorrectamente
el efecto de escala en vigas grandes.
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Nomenclatura
a luz de cortante
ac longitud de la fisura o de la banda de fisuracién en

carga maxima
b ancho caracteristico de la seccién transversal de la viga
b, ancho de la viga
c espesor de la zona de compresion de la viga
C matriz 6x6 de flexibilidades elasticas en la descarga
(es decir, inversa de la matriz de médulos elasticos)

G variable definida en la Ecuacion 6

ci..c4  variables iguales a 520, 1500C5\/]Tc, 1000 y dg, respecti-
vamente

cs variable definida en la Ecuaciéon A3

d profundidad de la seccion transversal desde la cara
comprimida hasta el centro de gravedad del refuerzo

d, tamafio maximo del 4rido

dag rugosidad  superficial  equivalente, igual a
min(dg+16, 40 mm)

do tamafio de transicion que equivale a la longitud carac-
teristica del material multiplicada por el pardmetro de
forma de la estructura

! equivalencia al tamafo de transicién en la ecuacién de
CSCT

E moédulo de elasticidad

E., E. modulos de elasticidad del hormigén y del refuerzo de
acero

F variable definida en las Ecuaciones (A4) y (A5)

fi, 2 derivadas con respecto a f; y . utilizadas en la Ecua-

cion C3
f resistencia a compresién media del hormigén
Gy valor critico de la tasa de liberacién de energia
k variable definida como k=d)"/d,
k, esfuerzo cortante altimo normalizado por \/f
M momento flector
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o

max

=R

crack

Uy

M
Uy

<8

01..05

B, B

All

ACI
CEB
CSA
CSCT

EF
fib

FPZ
HA
JSCE
MCFT

SEL

carga maxima

variable definida como g=d/d,

esfuerzo cortante total

fuerzas verticales transferidas por la fisura

resistencia a cortante promedio del hormigén para un
tamafio d que tiende a cero

esfuerzo cortante resistente proporcionado por el hor-
migoén

resistencia a cortante promedio

resistencia a cortante promedio del hormigén en
MC2010

apertura de fisura

energia disipada (que debe ser igual a [1=I],+IL,)
constante del material igual al ancho de la banda de
fisuracion barrida por la FPZ

profundidad efectiva de cortante de la viga segin
MC2010

coeficientes que valen a1=1/3, a, a3=120, a4=0.6,
0(520.5

variables definidas como pi=a/d y p.=w.a/d? ver
Ecuacion C1

variacion de la densidad de energia elastica
deformacion longitudinal de referencia ubicada deba-
jo de 0.6d de la cara de compresion y a una distancia
d/2 de la carga aplicada

variable definida en la Ecuacién 5

factor de efecto de escala de la SEL

densidad de energia de deformacién liberada en la
descarga

densidad de energia de deformacién para el estado
pre-carga maxima a P=0.99P,

densidad de energia de deformacién para el estado
post-carga maxima a carga cero

energia de deformacion liberada por la descarga de la
parte dafiada de la estructura

energia de deformacion liberada por la descarga de la
parte no dafiada de la estructura

cuantia de refuerzo longitudinal

matriz columna 6x1 de componentes de la tensiéon
traccion cohesiva de cosido de la fisura

tension normal longitudinal a lo largo de la altura del
ligamento

American Concrete Institute — Instituto Norteame-
ricano del Hormigén

Comité Européen du Béton — Comité Europeo del
Hormigon

Canadian Standards Association — Asociaciéon Cana-
diense de Normalizacion

Critical Shear Crack Theory — Teoria de la Fisura
Critica de Cortante

Elementos Finitos

Fédération Internationale du Béton — Federacién In-
ternacional del Hormigén

Fracture Process Zone — Zona de Proceso de Fractura
Hormigén Armado

Japan Society of Civil Engineers — Sociedad Japone-
sa de Ingenieros Civiles

Modified Compression Field Theory — Teoria Modi-
ficada del Campo de Compresiones

Size Effect Law — Ley del Efecto de Escala
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APENDICE 1.

Deficiencias y problemas de la MCFT y del Cédigo Modelo
de 2010

Aunque la MCFT, presente en el actual Cédigo Modelo de
2010, no es el objeto de este estudio, hay algunos puntos que
merece la pena destacar, con fines comparativos. La MCFT
tiene deficiencias mas graves que la CSCT. La aproximacién
de Nivel I del Cédigo Modelo de 2010 consiste en la Ecua-
cién 1 en la que el valor de w/d (y por lo tanto también €) no
es variable sino fijo. Esto da wa,/ds=1.25z. En consecuencia,
el comportamiento asintético para tamafios grandes es:

Cons;ante ( Al )

Tal comportamiento asintético no estd respaldado experi-
mentalmente. De hecho, es termodindmicamente imposible.
La extrapolacién a tamafos grandes exageraria severamente
el efecto de escala. Al mismo tiempo, dado que la transicion
del comportamiento asintético de tamafio pequefio (horizon-
tal) al de tamafio grande (inclinado) es mas abrupta y es-
trecha que para la ley de efecto de escala energético (SEL),
la Ecuacion Al subestima el efecto de escala en el rango de
tamafios medios si el efecto de escala se ajusta a los mismos
datos de tamafio pequefio.

Es importante sefialar que una ecuacién como la Al fue
propuesta en la Ref [42] y se incorporé en las especifica-
ciones de disefio a cortante de la CSA A23.3 canadiense de
2004. Se le puede hacer una critica similar a la ya realizada.

La aproximacion de Nivel II del Cédigo Modelo de 2010
(o MCFT, Ecuacion 4a en la Ref. [17]) se escribe como

para d/dy— oo:v, —

v _p o 04 1300 (A2)
JE “7 7T 1415006 1000 + dyez
la cual puede ser reescrita como
c -d/2
k,= —————— con ¢,=1500c;\f:, ;=2 A3
(+ok) erer) 00 et e, 2dpE, (A3)

en la cual ¢,=520, ¢;=1000, ¢,=d,, son constantes. Aunque esta
ecuacion lleva a una ecuacion cuadrética para k, (diferente de
la Ecuacion 1), la pendiente asintética k, para z—eo puede ser
calculada maés directamente reemplazando k, con una nueva
variable F tal que

k,=F/z (A4)
La Ecuacién A3 entonces puede ser reorganizada como

F =¢ (A5)

F
I+c,— &+C4
z z

Ahora, asumiendo que F es una constante, el limite de esta
ecuacién para z — o es F(1+0)(0+cs )=c), es decir, cs=c; o
F=c)/c4. Esto confirma nuestra hipé6tesis de que F es constante
y que k,=(c1/cs )/z, o:

para z— oo: k, — constante (AG)

z
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Tal comportamiento asintético de la aproximacién de Nivel
II de la MCFT y del Cédigo Modelo de 2010 es, por supues-
to, también termodindmicamente imposible y, por lo tanto,
insostenible (igual que para el Nivel I). También revela una
falta de base cientifica.

La mayoria de las hipétesis de la CSCT también se apli-
can a la MCFT vy, por tanto, las criticas anteriores no necesitan
ser repetidas.

APENDICE 2.

Ejemplos que verifican la bondad de las simulaciones del
modelo Microplane M7

La credibilidad del anélisis por FE anterior con el modelo
M7 depende de validaciones con ensayos. El Modelo M7
(cuyo codigo se puede descargar libremente de www.civil.
northwestern.edu/people/bazant/), parece ser el tnico que
puede reproducir todos los tipos de ensayos de caracteriza-
cion del hormigon, como se muestra en la Ref [25]. El M7,
calibrado por una parte del conjunto de datos sobre diversos
ensayos estructurales, fue capaz de predecir correctamente el
resto del conjunto de datos (por ejemplo, Refs. [25, 28, 32,
33]). Aqui mostramos lo bien que el M7 predice la resistencia
y el efecto de escala de tres series de ensayos —muy fiables—
de vigas [23, 31, 43] (demostraciones similares también se
hicieron en las Refs.[32, 33]).

La figura 4 muestra el ajuste de los ensayos [23] utilizados
para la calibracién del M7. En la figura 4a, se simulan vigas
a flexion en cuatro puntos de 4 tamafios diferentes (con una
similitud geomeétrica solo aproximada) mediante elementos
finitos (EF) usando M7. El canto ttil més pequefio es d= 110
mm y el mas grande es 925 mm. La cuantia a flexioén varia
ligeramente del 0.76% al 0.91%. La relacién entre la luz de
cortante y el canto atil, a/d, es 3. La malla para el hormigén
utiliza elementos hexaédricos continuos 3D de 12.5 mm, que
se usan para todos los tamafios con el fin de evitar lidiar con
la sensibilidad espuria de la malla debido a la localizacién del
dafio por ablandamiento. El refuerzo se modela con elemen-
tos lineales de 2 nodos tipo viga adjuntos a los nodos de los
elementos de hormigén. La malla mas pequefia tiene 1457
nodos y 990 elementos, mientras que la mas grande tiene
78895 nodos y 58347 elementos.

La figura 4b muestra los resultados de verificacién y ca-
libracion para los ensayos de la Ref [31]. Se simulan vigas
de tres tamafios con una configuracién de carga a flexién en
cuatro puntos. Los cantos utiles de las vigas son 160 mm,
360 mm y 750 mm. La cuantia es del 1.0% y la relacién de
aspecto, a/d, es 3. El tamafio maximo del arido es de 10 mm.
El tamafio del elemento es de 20 mm, para todos los tamafios.
Se utilizan elementos continuos 3D con integracion reducida
en analisis explicito (dindmico).

La figura 4c demuestra los resultados para los ensayos de
Walraven [43] para hormigén de densidad normal. Se simu-
lan tres tamanos diferentes con cantos ttiles de 125 mm, 420
mm y 720 mm a flexién en cuatro puntos usando elementos
hexagonales 3D. La resistencia del hormigén es de 34.2 MPa
y la cuantia de armado varia ligeramente del 0.75% al 0.83%.
La figura 4 también muestra las diferencias en las prediccio-



nes de la resistencia a cortante tltima de la CSCT para los
mismos ensayos. La variacion de los parametros secundarios
distintos del tamafio podria resultar en discrepancias muy al-
tas para las resistencias dltimas entre el SEL y la CSCT. Por
ejemplo, en la figura 4c, la diferencia alcanza el 29% para
tamafios pequefios y se duplica para d — co.

APENDICE 3.

Deduccion general de la SEL a partir de la conservacion de
la energia y el andlisis dimensional

La liberacién total de energia de deformacién complemen-
taria [ causada por la fractura es una funcion tanto de (a)
la longitud a. de la fisura (o banda de fisuracion) en carga
méxima, y de (b) el érea de la zona dafiada por la fisura-
cién, que es w.a,, donde w=nd, = constante del material =
ancho de la banda de fisuracion barrida por el ancho de FPZ
durante la propagaciéon de la grieta principal, d= tamafio
maximo del 4rido, y n= de 2 a 3. Los parametros a. y w.a. no
son adimensionales, pero pueden adimensionalizarse como
pi=a./d y p=w.a/d? donde d= canto 1til de la viga. Segtin
el teorema de Buckingham del anilisis dimensional, la libe-
raciéon total de energia de deformacién debe tener la forma
general:

— 1 [PV,
- ZE(M] bl f (i, ) (1)

donde b = ancho caracteristico de la viga (por ejemplo, b,,).
En el caso de vigas geométricamente similares de diferentes
tamafios, f es una funcién derivable independiente de d. Aho-

ra considere los dos primeros términos lineales de la serie de

Taylor f{(1,62)=f(0,0)+f pr+f2 f, donde f1=0f/9p,, fr=0/9p,, ¥

tenga en cuenta que

o _ o o, o o
da. 9f da. ’ - da. (C2)

donde dpi/da=1/d y 9B./da=w./d?. La conservaciéon de
energia durante la propagacion de la fisura requiere que
[0ll/0a.]P=G;b, donde Gy=valor critico de la tasa de libera-

cién de energia. Esto lleva a la ecuacion

fiy fow.
e

PZ
ShE - Gsb (C3)

Después de reorganizar y usando la notacion v,=P/bd= resis-
tencia a cortante promedio (0 nominal) debida al hormigon,
la Ecuacion C3 conduce al efecto de escala determinista (o
energético) de ACI-446 (ahora integrado en ACI 318-2019),
con el factor de efecto de escala 4 dado por la Ecuacion 8,
en la que do=w.f,/fi= constante (independiente del tamafio
d, tamafio de transicién que caracteriza la geometria de la
estructura). C.Q.D.

Las hipotesis que sustentan esta deduccion son dos: (a) el
tamafio, w, (anchura o longitud), de la FPZ en la parte delan-
tera de la grieta dominante es constante (una propiedad del
material), y (b) los fallos son geométricamente similares (esta
similitud no se enumera aqui entre las hipétesis de CSCT
pero se asume ticitamente). La conservacién de la energia no
es una hipétesis sino un hecho fisico. Tampoco es una hipé-
tesis la Ecuacion C1, que esta dictada por el analisis dimen-
sional. Né6tese que la mecéanica de fractura no se cita en esta
deduccién, aunque el balance de energia es la quintaesencia
de la mecénica de fractura.
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RESUMEN

En un articulo reciente en Structural Concrete, los autores Dénmez y BaZant explican que las bases teéricas de las ecuaciones del Codigo Modelo
2010 para el cortante en una direccion y el punzonamiento no estan suficientemente fundamentadas a nivel tedrico y, en su lugar, deberian utilizar
una ley energética de efecto tamafio en su formulacion para ajustarse al comportamiento. Para respaldar esta afirmacion, se presentaron simulaciones
de elementos finitos. En este articulo se cuestiona la hipétesis basica de que un método energético debe gobernar el fallo por cortante de vigas sin
estribos. Se demuestra que estas preguntas se basan en el comportamiento de endurecimiento de ensayos de engranamiento de aridos y en la inca-
pacidad de localizar deformaciones de deslizamiento durante el fallo por cortante. Ademés de estos argumentos tedricos, se realizaron analisis de
elementos finitos con un modelo constitutivo energético pero que también trabaja adecuadamente al modelar el engranamiento de aridos, un aspecto
que parece estar ausente en los analisis de Dénmez y Bazant. Estos nuevos resultados modelan mejor los resultados de los ensayos y confirman que
el engranamiento de aridos es importante para explicar la resistencia al cortante y, por tanto, el efecto tamafio en el cortante en elementos esbeltos.
Como tal, cualquier preocupacion sobre la seguridad de las ecuaciones de cortante del Codigo Modelo parece injustificada.

PALABRAS CLAVE: codigos de disefio, criterios energéticos, simulaciones de elementos finitos, mecénica de fractura, c6digos modelo, cortante.
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ABSTRACT

In a recent paper in Structural Concrete, the authors Dénmez and Bazant explain that the theoretical background of the Model Code 2010 equations
for one way and punching shear are not sufficiently grounded in theory and should instead use an energybased size effect law in their formulation to
match behavior. To support this claim, finite element simulations were presented. In this paper the basic assumption that an energy-based method must
govern the shear failure of beams without stirrups is questioned. These questions are shown to be based on the hardening behavior of aggregate interlock
tests and the inability for slip strains to localize during shear failure. In addition to these theoretical arguments finite element analyses were conducted
with a constitutive model that is energy-based but that also does an appropriate job at modeling aggregate interlock, an aspect that appears to be lacking
in the analyses of Dénmez and BaZant. These new results are shown to better model the test results and confirm that aggregate interlock is important
in explaining shear strength and therefore the size effect in shear for slender members. As such any concerns about the safety of the Model Code shear
equations appear unwarranted.
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1.

INTRODUCCION de las reglas y principios que rigen el comportamiento de
elementos de hormigén armado sometidos a cortante unidi-

Durante décadas desde los trabajos de Ritter [1] y Mérsch reccional o bidireccional. En el contexto actual, este debate

[2] ha habido un debate significativo en la identificacion se centré después de los fallos de las vigas del almacén de
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las Fuerzas Aéreas de los Estados Unidos en 1955 y 1956,
y el posterior informe del “Comité 326” de ACI [3]. Esto
llevé a un periodo intensivo de investigaciéon y casi 60 afios
después, el debate sigue vigente y los modelos de disefio
son rigurosamente cuestionados y disputados. Uno de esos
articulos es el de Dénmez y Bazant [4], donde se cuestionan
muchas de las suposiciones que fundamentan los modelos
que constituyen la base de normas nacionales e internacio-
nales. Los autores estaban inmediatamente interesados en
descubrir qué argumentos técnicos presentaria el articulo
sobre la seguridad, simplicidad y generalidad de la Teoria
de la Fisura Critica de Cortante (CSCT) [5] y los métodos
basados en la Teoria Modificada de los Campos de Compre-
siones (MCFT) [6], como las ecuaciones del Cédigo Modelo
2010 para el disefio a cortante de losas unidireccionales y
vigas [7]. El presente articulo se lee mejor junto con el ar-
ticulo de Dénmez y Bazant y pretende servir como una res-
puesta técnica revisada por pares a algunos de los problemas
planteados en ese articulo. Los dos autores de este articulo
estuvieron profundamente involucrados en la introduccion
de las ecuaciones de cortante unidireccional basadas en la
MCEFT en el Coédigo Modelo 2010 [8], que son similares a
las utilizadas en Canada [9] y Australia [10] para el disefio
por cortante de todos los puentes y edificaciones de hor-
migén armado, asi como en Estados Unidos para el disefio
de puentes [11]. Tras leer el articulo de Dénmez y BaZzant,
los autores se sintieron decepcionados al enterarse de que
los métodos que respaldan fueron declarados solo “supues-
tamente l6gicos”, entre otros nombres. Es posible que los
lectores de ese articulo se distraigan con estas criticas no
técnicas, y este articulo intentard proporcionar perspectiva
a algunos de los problemas planteados. Es importante des-
tacar que este articulo no cuestiona la existencia del efecto
tamafio en el cortante para elementos esbeltos, sino cémo
modelarlo y explicarlo de la mejor forma.

El Dr. BaZant et al. estan, con razén, orgullosos del traba-
jo pionero que llevaron a cabo al reconocer la importancia
de los métodos energéticos tanto en materiales fragiles, don-
de la mecénica de fractura elastica y lineal (LEFM) predo-
mina, como en lo que ellos llaman materiales cuasi-fragiles
(donde el comportamiento cambia de plastico a LEFM a
medida que aumenta el tamafio del elemento). De hecho, la
contribucién de la mecanica de fractura ha sido valiosa para
comprender el comportamiento clave de materiales como el
vidrio, cerdmicas, hielo marino y, bajo ciertas condiciones de
carga, el hormigén.

Lo interesante es que el articulo de Dénmez y BaZant se
fundamenta completamente en que los métodos energéticos
son aquellos que rigen el comportamiento en rotura de no
s6lo los materiales no reforzados mencionados, sino también
de materiales reforzados como el hormigén estructural. Esta
premisa no declarada en su articulo se presenta sin justifi-
cacion técnica y puede o no ser coherente con el comporta-
miento experimental observado. Si se demostrara que esta
premisa es cierta, entonces su critica seria mas contundente,
pero, como se mostrard a continuacion, hay buenas razones
para cuestionar esta afirmacién sobre la resistencia al cor-
tante de elementos sin estribos.

Los métodos de anilisis estructural se pueden dividir en
varias categorias, pero una dicotomia importante es entre
métodos de resistencia de materiales y métodos energéticos.
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Los primeros se basan en conceptos conocidos de equilibrio,
compatibilidad y relaciones tensién-deformacién. Se carac-
terizan por el concepto bésico de estitica, donde, para cual-
quier estado dado de un experimento, seria posible detener-
se y observar el sistema de fuerzas en equilibrio mutuo que
sostiene el elemento. Estos métodos son tan fundamentales
para la ingenieria estructural que a veces los profesionales
olvidan que existe otra clase de métodos generalmente lla-
mados métodos energéticos. Estos métodos son necesarios
cuando la estatica por si sola no es suficiente. Considere la
rotura de una barra de vidrio a flexién: una vez que se for-
ma una grieta inicial mintscula, parte del vidrio cerca de la
grieta mostrara una disminucioén de tensién y, por lo tanto,
una reduccién en la energia de deformacién. Esta liberacion
de energia debe ir a algin lugar y a veces puede inducir
efectos que son mas importantes para el comportamiento
que el estado original de tension y deformacion. En general,
los métodos energéticos son importantes cuando se requiere
algan tipo de efecto inercial para alcanzar, al menos tempo-
ralmente, un equilibrio dindmico en lugar de un equilibrio
estatico, al menos localmente cerca de una grieta. La region
en la que se requiere el equilibrio dindmico podria ser todo
el espécimen, o podria ser solo una pequefia parte de éste,
pero en todos los casos controlados de esta forma, no es
experimentalmente posible “detener el reloj” y observar el
estado de equilibrio del espécimen: parte de él se estd mo-
viendo, aunque sea imperceptiblemente. Si este movimiento
es local, como el debido a fisuras de flexién en un elemento
lo suficientemente reforzado, los pequefios movimientos se
amortiguardn hacia un nuevo estado estatico. Si el movi-
miento es més global, en el sentido de que puede llevar a
un mecanismo de fallo, entonces en el momento critico el
espécimen se mueve hacia el colapso y se puede decir que
el método energético controla la resistencia general. Es este
altimo caso el que Dénmez y BaZzant afirman que se aplica a
la resistencia al cortante de elementos sin estribos.

No se discute que los métodos energéticos sean impor-
tantes, incluso cruciales para entender y explicar el compor-
tamiento del hormigén. Es por eso por lo que una fisura por
flexiéon en hormigén armado parecerd tener una longitud
significativa que se forma de una vez, mientras que un ana-
lisis manual sugeriria que solo deberia crecer lentamente.
Como se describe en el trabajo de Dénmez y Bazant, los
fallos en forma de cono en anclajes postinstalados en hor-
migén son similares y estan controlados y codificados por
métodos energéticos. La demostracién mas vivida de fallos
energéticos proviene de ensayos experimentales en elemen-
tos con modos de fallo fragiles, donde la energia de defor-
macién en la propia maquina de ensayos puede transferirse
al espécimen después de que la carga comience a descender.
Esto puede resultar en fallos muy agresivos, incluso peli-
grosos, si los ensayos no se preparan adecuadamente en el
laboratorio. Sin embargo, lo que se discute ahora es que los
fallos por cortante en elementos sin estribos son criticos de-
bido a un balance interno de energia, es decir, sin rebote de
la maquina de ensayos, donde una parte del elemento se
destensa en el momento del fallo y provoca un fallo comple-
to por cortante mediante un proceso de retroalimentacion
positiva.

Para que un modo de fallo energético controle el co-
lapso, es necesario que varios elementos estén presentes.



En primer lugar (a), el material debe tener energia de de-
formacién elastica recuperable. Sin esto, no hay necesidad
de que haya un balance de energia, ya que no se liberaria
energia al descargar. En segundo lugar (b), la relacién ten-
sion-deformacién del material debe ser de “ablandamiento”
(“softening”), mostrando una disminucién en la tensién o
carga a medida que se aumenta la deformacién. Sin esta dis-
minucién en la tensién, nuevamente no habria liberacién
de energia de deformacién y nuevamente no se mantendria
ningtin balance de energia. En tercer lugar (c), debe existir
la capacidad de que las deformaciones se localicen (p. €j., en
una fisura en traccién) si se prevé un mecanismo completo
de fallo (colapso). Observe que los elementos (a, b) se refie-
ren a las tensiones, mientras que el elemento (c) trata sobre
las deformaciones.

Obsérvese que, para materiales como el hormigén sin re-
fuerzo en traccién directa, los elementos 1 a 3 mencionados
anteriormente son ciertos. Para la barra de vidrio en flexion,
igualmente, los tres elementos son ciertos. En el caso de los
anclajes postinstalados, los tres elementos también son cier-
tos, aunque el patrén de deformacion aqui seria de modo
mixto en lugar de un comportamiento puramente de Modo
I segtin el lenguaje de la mecénica de fractura. Sin embargo,
para las fisuras de flexién en hormigén armado, solo los ele-
mentos a y b son ciertos, ya que la inclusién de armado mi-
nimo de flexion suprime la capacidad de que la localizacion
domine el comportamiento. Las fisuras por flexion en una
viga bien disefiada son, por lo tanto, un proceso de fractura
algo limitado donde una vez que se forma una fisura, ésta
se ensanchara y alargara sujeta a un balance energético, pero
en dltima instancia, la armadura y la adherencia estan ahi
para absorber la energia resultante de la fisuracion y evitar
el colapso.

Los ejemplos anteriores, que ciertamente estdn regidos
por métodos energéticos, no son el tema de este articulo.
Mis bien, el tema central es abordar una pregunta concre-
ta planteada por Dénmez y Bazant: “;Por qué deberian el
hormigén, y el cortante en vigas, ser tan tnicos?” Es decir,
(por qué la discusién anterior no deberia aplicar al cortan-
te cuando, como todos coinciden, si aplica a otros modos
de fallo? Como se desarrollard mas abajo, los métodos de
balance energético en efecto se aplican a fallos por cortan-
te, por supuesto, pero solo si se tienen en cuenta todas las
fuentes y sumideros significativos de energia en el analisis.
En particular, si un analista subestima significativamente la
contribucién energética de las tensiones de engranamien-
to de aridos a través de las fisuras, los calculos de balance
de energia pueden contener errores significativos y pueden
confundir al ingeniero. Como se observa en las mediciones
del movimiento de las fisuras en elementos esbeltos sin es-
tribos que fallan a cortante [12], hay un deslizamiento sig-
nificativo en la fisura critica de cortante antes del fallo y
esto absorberd energia. También muestran que, para la ma-
yoria de los elementos armados, especificamente aquellos
donde la fisura critica de cortante es curva, la mayor parte
del cortante se transfiere a través de la fisura antes del fallo
mediante el engranamiento de 4ridos. Para elementos esbel-
tos sin estribos que fallan a cortante, tanto la teoria de la
fisura critica de cortante (CSCT) como la teoria modificada
del campo de compresiones (MCFT) coinciden en que la
resistencia a cortante estd gobernada por la capacidad de

transferir fuerzas de cortante a través de una fisura critica
de cortante. La capacidad para transferir esfuerzos a través
de esta fisura esta en gran parte gobernada por el engrana-
miento de aridos y, por tanto, el desglose de este mecanismo
puede ser utilizado para predecir la resistencia a cortante y
el efecto tamafio. Esto significa que estos métodos adoptan
un enfoque de resistencia de materiales para el fallo por
cortante en lugar de un método energético. A juzgar por los
resultados de su articulo, parece probable que Dénmez y
Bazant hayan utilizado un modelo numérico que no tiene
en cuenta adecuadamente el engranamiento de los aridos,
por lo que se justifica un debate al respecto.

2.
ENGRANAMIENTO DE LOS ARIDOS EN VIGAS DE
HORMIGON ARMADO SIN ESTRIBOS

Cuando los elementos de hormigén armado sin estribos fa-
llan por cortante, lo hacen deslizandose a lo largo de una fi-
sura critica de cortante [12]. A veces estas fisuras se forman
justo antes del fallo y deslizan de inmediato, pero en otras
ocasiones, el fallo ocurre a lo largo de una fisura existente
que se ha vuelto demasiado ancha como para resistir los
esfuerzos de cortante impuestos sobre ella. Con fisuras mas
anchas, que tienen una capacidad prevista de engranamien-
to de aridos mas baja [13,14], este mecanismo de resistencia
de materiales también proporciona una explicacién para el
efecto tamafio en el cortante.

Calvi et al. [15] llevaron a cabo una serie de ensayos en
paneles para demostrar la influencia del engranamiento de
aridos, y sus observaciones son relevantes aqui. En estos ensa-
yos, se fisuré un panel de hormigén armado de 890 x 890 x
70 mm por traccion pura y después se permitié que la fisura
se cerrara elasticamente mientras se retiraba lentamente la
carga de traccion. La fisura resultante se puede observar en la
figura 1 como una linea relativamente recta, pero la no recti-
tud de la fisura significa que no son exclusivamente las parti-
culas gruesas de arido las que contribuiran a la resistencia del
“engranamiento de aridos”. Notese que las barras que atravie-
san la fisura estaban desadheridas mediante tubos de plastico
para que pudieran resistir esfuerzos axiales pero no esfuerzos
de corte (pasador). Luego, las muestras se cargaron en cortan-
te puro con el fallo esperado y observado a lo largo de la fisura
preexistente. La figura | muestra uno de los especimenes ti-
picos y representativos, PC4, bajo una tensién tangencial en
la fisura de 3.0 MPa. Con esta carga, el ancho promedio de la
fisura fue de 1.74 mm vy el deslizamiento de la fisura paralelo
a la misma fue de 5.73 mm. La resistencia del hormigén fue
de 38 MPa y el tamafio méaximo especificado del arido grueso
fue de 14 mm. Es importante destacar que en las condiciones
mostradas en la figura 1, la superficie de la fisura sola esté re-
sistiendo todo el cortante en este ensayo, una fuerza total de
187 kN o una fuerza suficiente para resistir una carga gravita-
toria de 19 t: no es insignificante. Esto a pesar de que la fisura
tiene un ancho de 1.74 mm, un tamafio claramente no aso-
ciado a tensiones cohesivas por puentes de fisura en tracciéon
directa significativas. Para alcanzar esta tension tangencial la
fisura necesitaba un deslizamiento significativo y tenia que
empujar hacia arriba y por encima de las particulas de arido
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a lo largo de la fisura [13,14]. La traccién que esto generé en
el acero desadherido resulté en una tensién de compresién en
la fisura de aproximadamente 5.0 MPa. Este ensayo no solo
muestra la complejidad asociada al engranamiento de 4ridos,
sino también que se pueden transmitir fuerzas y tensiones no
triviales a través de fisuras mucho mas anchas de lo que seria
aceptable desde una perspectiva de servicio.

LS6
vei = 3.00 MPa
s=573 mm

Figura 1. Ensayo de engranamiento de aridos.
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Figura 2. Tension de corte versus deslizamiento de la fisura.

La figura 2 muestra la relacién entre la tensién de corte apli-
cada y el deslizamiento de la fisura medida para este mismo
espécimen. Obsérvense dos cosas. En primer lugar, la forma
de la curva de descarga en el grafico de tension de corte ver-
sus deslizamiento de la fisura muestra una respuesta razona-
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blemente rigida. Es decir, a medida que se redujo la tensién
de corte en el espécimen, las fisuras no recuperaron el desli-
zamiento, simplemente dejaron de estar tensionadas; hubo
poca recuperacién elastica a lo largo de la propia fisura. En
segundo lugar, el grafico no muestra un comportamiento de
ablandamiento del material (“softening”), sino mas bien de
endurecimiento. Es decir, a medida que aumenta el desliza-
miento en este ensayo tipo, también aumenta la resistencia a
cortante. Como se menciond anteriormente, ninguna de estas
observaciones es consistente con los métodos energéticos que
rigen el comportamiento de fallo, aunque atn queda por ver
si este tipo de experimento es apropiado para vigas unidirec-
cionales sometidas a cortante en lugar de paneles como los
ensayados.

3.
MODELIZACION POR ELEMENTOS FINITOS DE UNA
VIGA DE GRANDES DIMENSIONES

Si bien los modelos de elementos finitos (FE) no pueden reem-
plazar el conocimiento obtenido de ensayos cuidadosamente
disefiados y bien realizados, el uso de modelos de elementos
finitos adecuadamente calibrados y verificados puede ser es-
clarecedor sobre partes de un ensayo que pueden ser dificiles
de medir. Dicho enfoque fue tomado por Dénmez y Bazant
para justificar ciertos hallazgos en sus criticas a la CSCT. Sin
embargo, la reproduccién de la carga de fallo por si sola no es
suficiente para verificar el rendimiento de un modelo o para
obtener informacién fiable sobre el comportamiento de un
elemento. Mas bien, se necesita una comparacién con mul-
tiples datos observados y medidos antes de considerar como
fiables los resultados de respuestas no medidas. Idealmente,
estas deberian ser demostradas experimentalmente para con-
firmar formalmente las predicciones del modelo. Dénmez y
Bazant analizaron varias vigas que fallaron por cortante para
llegar a ciertas conclusiones; una de las vigas parece ser la
muestra BN100 de Collins y Kuchma [16], con mas detalles
del ensayo disponibles en Podgorniak-Stanik [17]. Esta viga
se analiza mas a fondo en este articulo.

Para determinar si los resultados en las figuras 1 y 2 son
representativos de vigas, se realiz6 un analisis mediante el mé-
todo de elementos finitos (MEF) en la viga BN100 utilizando
el modelo de fractura-plastico de Cervenka y Papanikolaou
[18], que esta incluido como uno de los modelos de materia-
les disponibles en el paquete de software comercial ATENA
[19]. Se observa que la formulacién del modelo MEF no solo
es coherente con métodos energéticos, sino que también in-
cluye la importante influencia del engranamiento de aridos,
como se muestra experimentalmente en la figura 2, y la rela-
cién adherencia-deslizamiento entre la armadura y el hormi-
gon. Para asegurar que la energia de fractura se libere de ma-
nera mecanicamente consistente, la formulacién constitutiva
adopta una banda de fractura con dimensiones consistentes
con las observaciones del ensayo. Durante las dltimas tres dé-
cadas, se ha investigado mucho sobre la fractura del hormigon
y este campo ha avanzado considerablemente. Un ejemplo de
esto es el desarrollo del modelo de banda de fisura (“crack-
band model”). En este enfoque, desarrollado en Bazant [20]
y Bazant y Oh [21], el 4rea del proceso de fractura se consi-



dera como una “banda de fisura difusa” y esta “justificada por
la naturaleza aleatoria de la microestructura”. Estos articulos
concluyen que el ancho 6ptimo de la banda de fisura debe ser
del orden de tres a cinco veces el tamafio de las particulas de
arido mas grandes (d,), siendo 3d, “el minimo aceptable para
un modelado continuo homogéneo” [21]. Donde se utilicen
tamafios de malla mas pequefios que la dimensién 6ptima de
la banda de fisura, se necesitard un procedimiento no local
[22,23]. Aqui se adopta un procedimiento de promediado
no local, como la separacién de la deformacién elastica local
y la deformacion de fisuracién no local (o plastica) sobre una
regi6n de influencia definida [24]. Foster et al. [25] demostra-
ron que dicho procedimiento funcioné correctamente en la
modelizacion de vigas pretensadas de hormigoén de ultra alta
resistencia que fallaban por cortante. Notese que en los ana-
lisis realizados por Dénmez y Bazant, el tamafio de malla de
12.5 mm es solo ligeramente mayor que el tamafio de 10 mm
de las particulas de arido mas grandes. No esta claro cémo se
model6 la zona de proceso de fractura.

En este estudio, una mitad de la viga BN100 se model6 en
dos dimensiones, como se muestra en las figuras 4-7. La viga
tenia 1,000 mm de canto, 300 mm de ancho, una luz de 5.4
m y una longitud total de 6.0 m [16]. Se consideraron dos
geometrias de malla utilizando el enfoque de banda de fisura,
la primera con un tamaio de rejilla nominal de 30 mm (3d,)
(tamafio real de 30.0 mm de ancho por 29.4 mm de alto) y
la segunda con 50 mm (5d,). Se utilizé la capacidad de gene-
racién automatica de ATENA para crear la malla. La resisten-
cia media a compresién del hormigén en probeta cilindrica
se tomé como £, = 37,2 MPa, segtin se midi6 en la prueba.
La resistencia a traccién se tomé como fct = 0.33Vf,, = 2.01
MPa, permitiendo tensiones residuales debido a la retraccién
restringida, se asumié una energia de fractura de Gy= 60 N/m
y el modulo elastico del hormigén se tomé como E,, = 28.9
GPa, segin las recomendaciones de AS 3600-2018 [24]. La
armadura de acero se modelé con elementos “truss” de un
area A, = 2100 mm? y limite eléstico de f, = 550 MPa. La ad-
herencia entre la armadura de acero y el hormigén se modeld
utilizando el modelo del FIB Codigo Modelo 2010 con un
perimetro de 283 mm. El modelo de adherencia se desactivo
en la linea central para garantizar continuidad a través del li-
mite. En este analisis se siguieron las recomendaciones de este
articulo sin ajustes de curvas, excepto las propiedades de los
materiales descritos anteriormente; la carga de rotura resulto
ser sensible a la energia de fractura supuesta.

Se utilizé un modelo de fisura fija para ambas configura-
ciones de malla. En los analisis, primero se aplicé el peso pro-
pio de la viga como una carga gravitatoria, con una densidad
del hormigén de 2,350 kg/m3 y del acero de 8,000 kg/m3.
Esto equivale a una carga sobre toda la viga de 41.7 kN (dan-
do la reacciéon de cada apoyo 20.9 kN). Después, la carga
puntual central se aumenté progresivamente hasta el fallo.
La solucién siguié6 un procedimiento “arc-length” consisten-
temente linealizado con tolerancias del 0.1% en la regla de
desplazamiento y del 0.001% en el error de energia, hasta un
limite de 160 iteraciones.

Los resultados de carga versus desplazamiento se mues-
tran en la figura 3, junto con los resultados experimentales
corregidos por el asentamiento del apoyo; las cargas y defor-
maciones graficadas representan la carga puntual y las defor-
maciones después del peso propio para toda la viga. Se obser-

va una correlacion razonable entre los anélisis de elementos
finitos y los resultados del ensayo, aunque la carga de fisura-
ci6n predicha es mayor que la observada. Las cargas aplicadas
méximas predichas por el modelo de fisura fija son 365 y
322 kN para las mallas de 30 y 50 mm, respectivamente. El
ensayo fallé con una carga puntual aplicada de 370 kN. Esto
significa que el cortante aplicado por la carga puntual fue de
185 kN, mientras que la fuerza de reaccién en el apoyo fue
de 206 kN, incluido el peso propio. Collins y Kuchma [16]
presentaron la resistencia a cortante como 192 kN utilizando
el peso propio en la seccion critica para el cortante, tomada a
una distancia de una vez el canto 1til de la viga medida desde
la cara de la placa de carga.
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Figura 3. Carga versus desplazamiento en el centro de vano para la
viga BN100 (datos experimentales corregidos en funcién del asenta-
miento de los apoyos).

En la figura 4 se representan las curvas de tensiones de com-
presion principales para la carga méaxima predicha; las curvas
muestran una accién tipica de viga unidireccional, sin que
se produzca una biela directa entre el punto de carga y el
apoyo. Esto no es sorprendente dada la esbeltez de cortante
de 2.92. Este resultado difiere de los resultados del anélisis de
Dénmez y Bazant, pero es consistente con las observaciones
del ensayo; si se produjera una biela directa significativa, seria
evidente a través de la alineacién de las fisuras que demues-
tran esta biela (véase, por ejemplo, los ensayos de vigas de
gran canto de Foster y Gilbert [26], o los ensayos mas largos
de Mihaylov et al. [27]). También se representan en la figura
4 las tensiones en la armadura longitudinal con un maximo
de 256 MPa; la deformaciéon medida en la armadura en el
ensayo fue de 1,211 microdeformaciones, lo que corresponde
a una tension de 240 MPa. La figura 5 muestra las defor-
maciones principales de traccion en el pico y poco después,
mostrando claramente las ubicaciones predichas de las fisuras
y el modo de fallo por cortante.

La figura 6 compara los anchos de fisura predichos por el
modelo de elementos finitos en la carga maxima para la malla
de 30 mm con las observaciones experimentales de ancho de
fisura tomadas al 96% de la carga maxima y los patrones de
fisuracién observados después del fallo. Se observa que los
anchos de fisura son razonablemente uniformes a lo largo de
la mayor parte de la fisura de cortante; los anchos méaximos
de fisura encontrados en los analisis de 0.32 y 0.60 mm para
tamafios de elementos de 30 y 50 mm, respectivamente, se
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Figura 4. Tensiones principales de compresion en la carga méxima y tension en la armadura de acero (malla de 30 mm).
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Figura 5. Deformaciones principales de traccion en (a) la carga maxima y (b) el primer paso después de la carga méaxima (malla de 30 mm).

comparan favorablemente con las mediciones del ensayo de
0.30 mm. Es importante sefialar que Dénmez y Bazant infor-
maron de que su modelo microplanar M7 predijo un ancho
de fisura promedio de 1.86 mm, seis veces mayor que el me-
dido en el ensayo.

La base del MCFT, cuando se aplica a elementos sin arma-
dura de cortante, y el CSCT mas reciente, es que el cortante
se transfiere a través de las fisuras a lo largo del canto del
espécimen de acuerdo con las leyes constitutivas que definen
la maxima tensién de cortante que puede transferirse a través
de una fisura. Tales leyes constitutivas reflejan observaciones
de investigaciones de laboratorio detalladas [13-15] donde
se muestra que la capacidad de transferencia de cortante es
una funcién de la abertura de fisura. Estos modelos se han
incluido con éxito en enfoques de elementos finitos para el
analisis de cortante en vigas unidireccionales, como los de
Vecchio [28], Dabbagh y Foster [29], y Cervenka y Papani-
kolaou [18]. Como se requiere por la compatibilidad, donde
la armadura longitudinal no plastifica y el deslizamiento en-
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tre el hormigén y la armadura de flexion no es significativo,
la separacién de las caras de la fisura serd vertical [30] —con
el deslizamiento incluido, esto se convierte en aproximada-
mente vertical-. Para una separacion vertical de las caras de la
fisura, es decir, un pequefio aumento en el canto del elemento
pero sin cambio en la longitud del mismo, debe ocurrir un
deslizamiento relativo entre las caras de la fisura y, si la super-
ficie no es lisa, se produce friccién por el engranamiento entre
particulas de 4rido opuestas (conocido como engranamiento
de aridos). Esto se demuestra y cuantifica en experimentos
detallados como los de Cavagnis et al. [10] y como se descri-
be anteriormente. En el analisis que se estd llevando a cabo
aqui, el esfuerzo cortante en la carga méaxima a lo largo de la
fisura critica de cortante se representa en la figura 7 para la
malla de 30 mm con fisura fija. Se observa que la tension de
cortante debido al engranamiento de aridos ocurre a lo largo
de la parte diagonal de la trayectoria de la fisura, incluso para
este elemento con relativamente gran canto, con un maximo
de 1.9 MPa y un promedio de alrededor de 0.8 MPa. Es im-
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Figura 6. Ancho de la fisura critica de cortante cerca de la carga méxima (mm): (a) ensayo (ancho de fisuras al 96% de la carga méxima, diagrama

de fisuras después del fallo) (b) MEF en la carga maxima (malla de 30 mm).

Figura 7. Tensién de cortante predicha a lo largo de la fisura critica de cortante en la carga maxima (malla de 30 mm).

portante sefialar que las suposiciones detras de la formulacion
del Cédigo Modelo 2010 sugieren que este esfuerzo deberia
ser Viamw: = 0.77 MPa, por lo que es una buena correspon-
dencia. La uniformidad relativa y el valor promedio del en-
granamiento de 4ridos predicho por este modelo no concuer-
dan con los obtenidos por Dénmez y Bazant [4]; es evidente
que los resultados discordantes provienen de suposiciones de
modelado diferentes y que se debe tener cuidado al usar el
modelado por elementos finitos al complementar las obser-
vaciones experimentales, ya que puede llevar a conclusiones
engafiosas o poco confiables. Esto destaca algunos de los pe-
ligros conocidos de sobreajustar modelos numéricos, como
se ha demostrado en varias competiciones internacionales de
prediccion [31-33].

4.
CONSECUENCIAS DE SUBESTIMAR EL
ENGRANAMIENTO DE LOS ARIDOS

Los resultados del analisis por elementos finitos en las figuras
3-7 muestran que se pueden obtener buenos resultados de
modelado con modelos que cumplen con la energia y que tie-
nen en cuenta adecuadamente el engranamiento de los aridos.
Esto confirma que el tipo de elemento en la figura 1 se puede
utilizar para comprender la resistencia al cortante de vigas sin
estribos. El texto de Dénmez y Bazant sugiere que ellos creen
que el engranamiento de 4ridos solo (quizis principalmen-
te) puede ser llevado por la componente vectorial paralela
a la fisura de las tensiones cohesivas de tracciéon directas que
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atraviesan la fisura tras la fisuracién. Considérese el modelo
mental de la figura 8 que muestra dos piezas de “engranaje”
de juguete que podrian juntarse en la direccion de las fle-
chas. Una vez que estin en contacto, habria la posibilidad
de realizar grandes esfuerzos cortantes paralelos a las piezas
sin ningin esfuerzo de traccién directo perpendicular a las
piezas. Una vez enganchadas y transmitiendo cortante, la fric-
cién podria permitir resistir un esfuerzo de traccion directa,
pero en principio, el ancho y las direcciones de deslizamiento
son independientes y pueden involucrar tensiones de manera
independiente a través de las combinaciones particulares de
ancho de fisura y deslizamiento que ocurren. Reconézcase
que el modelo constitutivo utilizado para generar las figu-
ras 3-7 no permitia una traccién directa significativa a través
de las fisuras, pero predecia una tensién de engranamiento
de aridos significativa. Si las tensiones de engranamiento de
aridos se toman solo como componentes de una tensién de
traccion directa residual, como parece que asumieron Don-
mez y Bazant, se pueden obtener conclusiones poco realistas,
como un ancho de fisura promedio predicho que es seis veces
demasiado alto y una resistencia al cortante gobernada por
una biela diagonal. Esto a pesar de que el modelo habia sido
calibrado explicitamente para coincidir con el experimento.

7

Figura 8. Modelo de la superficie de la fisura.

Recuérdese el conjunto de tres criterios que se mencionaron
con respecto a cuiando se esperaria que gobierne un modelo
energético global: (a) rigidez durante la descarga, (b) ablan-
damiento (“softening”) de la deformacion y (c) capacidad de
localizacion. Para el primer punto, mientras que el hormigén
en compresion y traccién y la armadura tienen claramente
rigidez durante la descarga, la fisura critica de cortante, que
lleva la mayoria de la fuerza de cortante, tiene una rigidez
durante la descarga relativamente alta. Esto sugeriria que, si
la carga disminuye por cualquier motivo, las fisuras tende-
rian a “bloquearse” y liberar algo de energia, pero menos de
lo que podria predecir un modelo numérico mal ajustado.
En segundo lugar, para estar regido por métodos energéti-
cos, el comportamiento del material debe mostrar un efecto
de ablandamiento de la deformacién (o del desplazamien-
to) donde hay una reduccién en la tensién a medida que au-
mentan las deformaciones. Esto es lo contrario de lo que se
muestra en la figura 2, donde un aumento en el deslizamiento
se asocié con un aumento de la tensién de engranamiento
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de aridos. Finalmente, la condicion adicional (c), que la lo-
calizacion de las deformaciones de deslizamiento sea posi-
ble, tampoco es cierta para elementos esbeltos sin estribos
que fallan a cortante. Desde la cinematica de los fallos por
cortante, el deslizamiento debe ocurrir simultdneamente a lo
largo de toda la parte diagonal de la fisura para que ocurra el
fallo (es decir, el fallo no esta localizado solo en una pequefia
longitud). A diferencia de lo que ocurre en un elemento de
tensién axial fisurado, donde la localizacién significa que solo
una de las muchas fisuras se abre ampliamente, la localizacién
en el cortante implica que en un lugar de la superficie de la
fisura critica, por ejemplo, a mitad del canto, se produciria un
gran deslizamiento de fisura mientras que en otra parte de
la misma superficie de fisura, por ejemplo, a unos 50 mm de
distancia, se produciria un deslizamiento significativamente
menor. Dado que la compatibilidad del hormigén junto a la
fisura requiere que la mayor parte de la superficie de la fisura
se deslice en conjunto, las deformaciones por deslizamiento
de la fisura no se localizan globalmente hasta que se excede
la capacidad de la porcién diagonal de la fisura critica de cor-
tante tomada en su conjunto. En este punto, se produce la
localizacién vy, a falta de un camino alternativo de carga mas
fuerte, también se produce el fallo.

En general, se puede esperar, y se confirma mediante los
analisis por elementos finitos, que las tensiones de engrana-
miento de 4ridos, como las mostradas en la figura 2, pueden
integrarse a lo largo de toda la superficie de la fisura para
obtener una estimacién de la fuerza de cortante transmitida
a través de la fisura. El deslizamiento de la fisura necesario
para lograr esta tensién no puede localizarse, y la tensién que
se integra aumenta a medida que aumenta el deslizamiento.
Estas son condiciones que pueden ser modeladas adecuada-
mente mediante un enfoque de resistencia de materiales en
lugar de requerir un método energético. Es por esto por lo
que las ecuaciones de resistencia a cortante del fib Codigo
Modelo 2010 [7] se basaron en un enfoque de resistencia de
materiales en lugar de un método energético como la meci-
nica de fractura. Para demostrar que, de hecho, los principios
de la mecénica de fractura gobiernan el fallo a cortante de
elementos sin estribos, serd necesario primero demostrar por
qué las tres restricciones anteriores no gobiernan el cortante
de la manera en que parecen hacerlo experimentalmente.

5.
OBSERVACIONES FINALES

En general, este articulo demostré que la manera en que los
elementos esbeltos sin estribos fallan a cortante, incluyendo
el efecto tamafo, puede ser modelada mediante un enfoque
basado en la resistencia de materiales; si se va a utilizar una
ley de efecto tamafio energética, entonces toda la energia
debe contabilizarse apropiadamente, incluida la modeliza-
cién realista de la energia debida al deslizamiento relativo
de las caras de la fisura (es decir, el engranamiento de aridos).
Los modelos numéricos utilizados en el articulo de Dénmez
y BazZant predicen un comportamiento contrario al observado
y, por lo tanto, no pueden considerarse como pruebas confia-
bles para contradecir la conclusién de que se puede emplear
un enfoque basado en la resistencia de materiales.



Desde la perspectiva de los ingenieros practicantes, la ver-
dadera pregunta que debe responderse es cémo de precisas son
las predicciones de comportamiento del Cédigo Modelo para,
por ejemplo, el cortante unidireccional. Aunque en este docu-
mento no se realizé ningtin ajuste especial de curvas con los
anlisis, los modelos de elementos finitos pueden ser calibrados
y ajustados a los resultados de ensayos una vez que estos se
han llevado a cabo. Dado que los ingenieros no tienen el lujo
de conocer el resultado experimental antes de disefiar un ele-
mento, este tipo de calibracién es irrealista en la practica. Una
prueba mas justa consiste en realizar una prediccion a ciegas
del comportamiento antes del experimento, como la demos-
tracion mas desafiante de la calidad de un método de anélisis.

En 2015, en la Universidad de Toronto, Collins et al. [31]
llevaron a cabo un ensayo de cortante en un espécimen de 4.0
metros de canto, de significativamente mas canto que cual-
quier ensayo anterior. Antes del ensayo, se realizé un concur-
so de prediccién con 66 participantes de todo el mundo y sin
aceptar predicciones una vez iniciada la carga. La prediccion
del Coédigo Modelo 2010 dio una estimacién de la carga en
la maquina en el momento del fallo que estuvo dentro del
3% del valor del ensayo, siendo una de las mejores de cual-
quier cédigo de la practica. Esta prediccion se hizo utilizan-
do ecuaciones del MCFT que se finalizaron en 2012 vy, por
lo tanto, fueron predicciones reales para un ensayo de 2015.
Esta excelente prediccion sugiere que el enfoque utilizado
en el desarrollo del Cédigo Modelo 2010 fue apropiado y
no representa una preocupaciéon en términos de seguridad.
Ademis, indica que las ecuaciones de cortante del Cédigo
Modelo 2010 son suficientes para evaluar la resistencia a cor-
tante de estructuras existentes.
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ABSTRACT

One of the most hazardous scenarios for reinforced concrete (RC) members is due to the actuation of impact loads. Such impacts may be either accidental
or induced events. Experimental research has demonstrated that the failure mode of RC beams is strongly governed by shear, due either to the formation of
a shear plug close to the impact point or to the full development of inclined shear-bending cracks along the shear span. In order to analyze the shear strength
under impact conditions, it is essential to understand how the development of inertia forces leads to a time-dependent distribution of shear forces and bend-
ing moments which differs significantly to those produced by quasi-static loads. In the paper, an experimentally-based determination of shear forces and
follow-up of crack pattern is presented for RC beams tested under impact loads. Sectional forces’ distributions are determined experimentally by measuring
all the necessary terms involved in the dynamic equilibrium of forces: support reactions, impact force and inertia forces. While dynamic load cells have been
employed to capture reactions and impact force, a Digital Image Correlation (DIC) technique supported by a high-speed camera has been used to obtain
inertia forces from the accelerations derived from the displacement field in dynamic regime. Thereby, the evolution of shear forces at critical sections can be
understood and the ultimate shear strength can be discussed with the help of M-V interaction diagrams..

KEYWORDS: shear strength; impact; experimental analysis; reinforced concrete.
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RESUMEN

Uno de los escenarios mas criticos para los elementos de hormigén armado es el debido a la actuacién de cargas de impacto. Tales acciones pueden ocurrir de
forma accidental o inducida. La evidencia experimental ha demostrado que el modo de fallo frente a impacto de vigas de HA est4 fuertemente gobernado
por el cortante, bien por la formacion de un cono de cortante en la zona del impacto o por el desarrollo completo de fisuras de cortante-flexion a lo largo del
vano. Para analizar la resistencia a cortante bajo impacto, es esencial entender cémo la aparicion de fuerzas de inercia produce leyes de esfuerzos variables con
el tiempo durante el evento del impacto, con distribuciones diferentes a las que se forman bajo cargas cuasi-estaticas. En el presente articulo, se presenta una
metodologia experimental para la determinacion de las leyes de esfuerzos y el seguimiento del mapa de fisuras en vigas de HA durante ensayos de impacto.
Las leyes de esfuerzos se determinan experimentalmente midiendo todos los términos que influyen en las ecuaciones de equilibrio: reacciones en los apoyos,
fuerza del impacto y fuerzas de inercia. Se emplean células de carga dindmicas para la medicién de reacciones y fuerza de impacto, mientras que las acele-
raciones causantes de las fuerzas de inercia se obtienen a partir del campo de desplazamientos completo que se captura mediante la técnica de correlacion
digital de imagen apoyada por una cdmara de alta velocidad de grabacién. De esta manera, se puede entender la evolucién de los esfuerzos cortantes en las
secciones criticas, y la resistencia a cortante se puede analizar con diagramas de interaccién cortante-momento en régimen dinamico.
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Notation
a acceleration
F impact force b section width
L beam length d section effective depth
L; beam end cantilever length f- compressive strength of concrete
M bending moment 1 tensile strength of concrete
|4 shear force f, yield strength of steel
R reaction force
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h section height
inertia force

~.

m mass per unit length

s horizontal coordinate

t time

v vertical displacement

x horizontal coordinate from the beam end
At time step size

[ diameter of steel bars

p, p» longitudinal and shear steel reinforcing ratio

1.
INTRODUCTION

Experimental techniques in the field of structural engineering
research have experienced a significant advance for the last
years as a result of the combination of technological devel-
opment and reduction of costs. Nowadays, photogrammetric
full-field experimental methods (digital image correlation,
laser) or distributed fiber sensors (optic, Bragg) allow for a
wide follow-up of deformations without the necessity of us-
ing local sensors like strain gauges, LVDTs or accelerometers
[1-5]. A further advantage of full-field techniques arises in
case of extreme loading tests (impacts or explosions), where
the violent nature of the load event can produce severe dam-
age or even breakage of the sensors. In fact, impact load test-
ing is one of the most complex experimental configurations
due to the extremely short duration (of the order of few mil-
liseconds), the consequent fast time-dependent kinematics
and the difficulties associated with taking measurements. In
turn, experimental evidence on the impact performance of
concrete structures is a need due to the lack of understanding
of the interaction of structural phenomena.

Shear strength of reinforced concrete elements, espe-
cially for those without shear reinforcement, has been a
persistent research issue since the collapse of a warehouse
of the US air force in Ohio [6]. Even though plenty of shear
strength models have been presented so far (e.g. [7-9]), live-
ly discussions are still usual in standardization committees
and different approaches can be found in the design codes
[10-13]. For the last decade, the Structural Engineering
Group of the Technical University of Madrid (UPM) has
paid attention at the shear strength of reinforced concrete
beams without stirrups under extreme loading scenarios,
like high-cycle fatigue [14-17] or impact loading [18,19].
Regarding impact events, they are one of the most hazard-
ous scenarios for reinforced concrete structures, which may
be due to either accidental (e.g. rockfalls, collisions) or in-
duced (e.g. terrorist attacks) sources.

Experimental research has demonstrated that the impact
failure mode of reinforced concrete beams is strongly gov-
erned by shear, without regard of the fact that the beams
might be designed to fail by flexure under quasi-static load-
ing [20,21]. Such a change of the failure type from flexure
(quasi-static) to shear (impact) can be explained by the in-
teraction of the following mechanisms: modification of the
material properties of concrete and steel due to strain-rate
effects, severe local damage produced at the impacted zone,
and development of inertia forces. Due to the former effects,
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SMCFT Simplified Modified Compression Field Theory
UPM Technical University of Madrid

the pattern of shear failure under impact can present both
the formation of a shear plug close to the impact point and
diagonal cracks running from the impact point to the sup-
ports [22,23]. In order to gain understanding of the shear
failure mode and the mobilized resisting mechanisms under
impact, it is essential to understand how the development of
inertia forces leads to a time-dependent distribution of shear
forces and bending moments which differs from those pro-
duced by quasi-static loads.

Recent research has shown that the impact response of
a reinforced concrete beam can be divided in two stages: a
first impulsive one in which the beam responds locally devel-
oping very high inertia forces at the impacted region, and a
subsequent stage in which the global behaviour of the beam
is activated. Both experimental observation [22] and non-
linear dynamic finite element analyses [23] have confirmed
that the shear-plug failure occurs during the first stage, when
the real span length of the beam has little influence and the
beam works with a reduced effective span length [24-26].
In addition, the formation of longer diagonal shear cracks
takes place during the global stage response in a shear-bend-
ing interaction mechanism, accompanied with the opening
of flexural cracks and widening of existing ones. It must be
stated that the relevant role played by inertia forces in the
distribution of sectional forces and the induced shear failure
development has been mainly recognized in the last years.
Previously, the differences between quasi-static and impact
responses were mainly attributed to strain-rate effects. That
is why even advanced design codes include formulations
of so-called dynamic increase factors (DIF) which provide
the strain-rate influence on the material properties [12,27].
Nowadays, the influence of strain-rate is demonstrated to be
moderate in low to medium-velocity impact tests where the
mobilized strain rate is within the range of 1-10 s-1 [19,28].
Therefore, the dynamic evolution of sectional forces is crit-
ical to understand the RC sensitivity to brittle failure nodes
in the impact range.

In the present paper, an experimental campaign on rein-
forced concrete beams with and without shear reinforcement
is presented in order to investigate experimentally on the
determination of sectional forces in medium-velocity drop-
weight tests. In addition to impact experiments, quasi-static
reference tests have been completed in companion speci-
mens in order to compare the quasi-static and the impact
response. The research has made use of the instrumented
drop-weight testing machine of the Structural Engineering
Group at UPM, which is complemented with a high-speed
video (HSV) camera. An experimental technique is present-
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Figure 1. Geometry and reinforcement layout of beam specimens. Dimensions in mm. Note: the clear cover of 43 mm is to the edge of the main
longitudinal reinforcement.

ed, which takes advantage of the combined use of dynamic
load cells (measurement of reaction and impact forces) and
HSV-supported DIC (determination of the time-dependent
distribution of inertia forces from the accelerations derived
from the displacement field), so that all the components
of the dynamic equilibrium can be captured and verified.
Therefore, the evolution of the distribution of sectional forc-
es (bending moments and shear forces) can be estimated
from the experimental determination of all terms involved in
the dynamic equilibrium of motion

2.
EXPERIMENTAL RESEARCH

2.1. Description of specimens

The experimental campaign included a series of four rein-
forced concrete beams, among which two were tested under
quasi-static loading and the other two were subjected to a
drop weight impact at the midspan. The list of specimens and
test types is detailed in Table 1. The geometry of the specimens
and the details of the reinforcement can be found in Figure 1.
As it can be observed, the only difference between the beam
specimens was the presence of shear reinforcement (in speci-
mens RC22-S-1.6-ST and RC22-S-1.6-IMP) or not (in speci-
mens RC22-0-1.6-ST and RC22-0-1.6-IMP). The beams had
a rectangular cross-section of 150 x 200 mm and total length
(L) of 2000 mm. The longitudinal reinforcement consisted of
2 bars of 12 mm diameter of B500 SD steel (characteristic
yield and ultimate strength of 500 and 575 MPa, respectively
[11,29]) at the bottom and the top of the beams. Thus, the
steel reinforcing ratio was p = 1.0 %, which ensures that yield-
ing of the longitudinal reinforcement is reached before shear
failure under quasi-static loading according to common design
rules [11], even for the beams without shear reinforcement
(RC22-0-1.6-ST and RC22-0-1.6-IMP). The shear reinforce-

ment of specimens RC22-S-1.6-ST and RC22-S-1.6-IMP
consisted of stirrups of 8 mm diameter spaced 200 mm (p,, =
0.3 %). The fresh concrete was provided by a local ready-mix
supplier and the beams were casted in the laboratory. The con-
crete mix included 330 kg/m3 of cement CEM II/A-L 42.5R,
with a water/cement ratio of 0.46 and maximum aggregate
size of 12 mm. The average compressive and indirect tensile
strength at 28 days were 26.6 MPa (CoV = 0.08) and 2.5 MPa
(CoV = 0.04), respectively (measured on three 150 x 300 mm
cylinders each).

TABLE 1.
List of tests

Specimen ID Test type Stirrups  Span (m) Longitudinal ~ Shear

reinforcement  reinforcement

ratio p (%) ratio pw(%)
RC22-0-1.6-ST  Quasi-static No 1.60 1.0 0.0
RC22-0-1.6-IMP  Impact No 1.60 1.0 0.0
RC22-S-1.6-ST  Quasi-static  Yes 1.60 1.0 0.3
RC22-S-1.6-IMP  Impact Yes 1.60 1.0 0.3

2.2 Testing configuration

The specimens were tested with a three-point bending con-
figuration with a span length of 1.6 m between supports,
both in the quasi-static and impact tests. In case of qua-
si-static tests, the load was applied at the midspan with a
hydraulic actuator under displacement control at a rate of
0.01 mm/s. The applied load and the midspan deflection
were measured with a load cell and an LVDT at a sampling
rate of 5 Hz.

The impact tests were performed with the instrumented
drop-weight testing machine of the Structural Engineering
Group at UPM [18,30]. Drop-weight testing has revealed
as a powerful way to understand the failure mechanisms in
impact tests (a comprehensive review on the utilization of
drop-weight machines has been reported by [31]). The em-
ployed facility includes dynamic load cells at the supports
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and the striking end of the impact hammer which allow
capturing the reactions and impact force during the tests. A
sampling rate of 40 kHz was used. In addition, two acceler-
ometers of £1000g range were attached at the centre of the
midspan section of the specimens and at the falling weight
(Figure 2a). The specimens were placed simply supported
(yoked to avoid uplifting) with a span length of 1.6 m and
they were subjected to an impact at the midspan caused by
a mass of 100 kg dropped from a height of 1.8 m (Figure 2).
The impactor consists of a stiff guided mass carriage (variable
between 100 and 200 kg) with a hammer tup. The supports
and the impactor hammer ends are metallic cylinders with
a radius of 29 mm and a width of 160 mm. The contact be-
tween these cylinders and the RC beam is direct, without
any intermediate plates. After the first impact, the impactor
eventually rebounds and hits again the specimens, but much
later than the first impact, wheryby the effects of subsequent
impacts is not dealt with in the present paper.

In order to capture the total response of tested speci-
mens, a high-speed and high-resolution video camera FAST-
CAM NOVA S9 by Photron was used to record the impact
tests (Figure 2¢). Due to the impulsive nature of impact
tests, a high recording rate is more than convenient, espe-
cially to capture the first stage of local response and eventu-
al shear-plug formation. In the present campaign, videos of
12-bit images were captured at a rate of 22 500 fps with a
shutter speed of 1/50 ms and a resolution of 1024x288 px.
The camera was equipped with a lens Nikkon AF-S 20mm
F/1.8G ED with a fixed focal length of 20 mm. The record-
ed area of the beam (Figure 2b) is a frame of 1680 x 472.5
mm, which covers the area between supports and twice the
depth of the beam. Thus, the px/mm equivalence has been
1 px = 1.64 mm. The speckle pattern was painted on one of
the sides of the specimens. Two speckle patterns were em-
ployed, consisting of randomly painted black points of 18
and 25 mm average size on white background, for the beam
with and without stirrups, respectively. These sizes were de-
fined to reduce the influence of the distortion due to beam
movement during the exposure time of each frame. Like-
wise, the head of the impacting mass had a speckle pattern
with smaller black points (average size of 10 mm), accord-
ing to the available space. Thus, the projectile displacements
and the deformed shape of the specimens can be analyzed
with DIC technique. GOM Correlate software [32] was
used in the present research for the post-processing of the
images. Some authors [33-35] have discussed on how to
define the facet mesh and post-processing key parameters
for an appropriate DIC analysis of impact tests. In the pres-
ent research, the facet size employed to obtain punctual
displacements is 20 and 40 px (32.8 and 65.6 mm) for the
falling mass and beam, respectively. These formed a grid of
3 x 25 points on the beam, Figure 2(b). In addition, some
of the points were employed as reference to define digital
extensometers just in the locations where shear cracks de-
veloped. As full-field strain diagrams are a useful method
to assess the crack development with the help of DIC [33],
a triangular mesh with a facet size of 20 px and a distance
between mesh points of 9 px (14.76 mm) was employed to
understand the crack evolution. In addition, it is possible to
obtain other parameters (such as strains) by post-processing
the mesh displacements.
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Figure 2. Configuration of impact tests: (a) sensors and test setup,
(b) DIC measurement grid and digital extensometers, (c) view of the
testing facility.

2.3. Experimental derivation of sectional forces

DIC supported with HSV has the advantage that the full-
field response of tested specimens can be captured [36-38],
in contrast with the large number of sensors that would be
required for a detailed definition of the structural response by
means of accelerometers, LVDTs or similar. Moreover, such
sensors can be eventually damaged due to the severity of the
impact events. With respect to previous research, where the
sampling rate has been of up to 5000 fps [28,33,39], the
present experimental campaign has been analyzed with a
sampling rate 4.5 times higher in order to fully capture both
the local and global response of the specimens. In addition,
the combination of HSV-based DIC with load-cell measure-
ments (reactions and impact force) allows for a complete ex-
perimental determination of the components of the dynamic
equation of motion, as detailed in the following paragraphs.
The capture of the progressive propagation of concrete
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cracks can be also correlated with such measurements and
DIC results.

In an impact test of a simply supported beam, the de-
termination of sectional forces (shear forces and bending
moments) is affected by the development of inertia forces
(i(x,t)), which balance the difference between the reactions
(Ri(#) and R»(t)) and the impact force (F(r)), as follows (Fig-
ure 3(a)):

x=L
F(o) = LZO i(x,£) dx = Ry(f)+Ra (1) M

where the damping force is neglected (if a 2% damping ra-
tio is assumed, the total damping force component is around
80 times smaller than the impact force). Sectional forces are
variable with time. From local equilibrium (Figure 3(b)), the
sectional forces at any cross-section at a distance x from the
left end can be calculated as (the contribution of the rota-
tional inertia force to the equilibrium of moments can be
neglected):

V(x,0) = R\ (0)+ f s:; i(s,)ds, Li<x<L/2 B
s=

M(x,£) =(x-L1) Ry(t) - f:; (-s)i(s)ds, Li<x<L/2  (3)

In the previous equations, the value of the reactions R,(f)
and R»(t) can be experimentally obtained with the load cells,
while the distribution of inertia forces can be derived from
the accelerations based on the DIC. Note that the hammer
impact force F(t) is not necessary for the estimation of sec-
tional forces in the present simply supported beams, but it is
useful for double-check verifications and refinement of the
method to derive sectional forces (refer to Section 3.3). The
distribution of inertia forces is as follows:

i(x,t) =—m(x)a(x,1) )

where m(x) is the mass per unit length of the beam and a(x,t)
is the upwards distribution of accelerations. With the help
of the DIC, the accelerations are calculated numerically by
double derivation of the vertical displacement field:

vi(x+4t) =2 v;(8)+vi(t+41)
At?

ai(t)= (5)

where At is the time between two photographs (here, 4t =
0.044 ms).

The response of the specimen was recorded with a grid of
3x25 facet points between the supports. Those were distrib-
uted with a spacing of 50 and 65 mm in the longitudinal
and vertical direction, respectively. The longitudinal grid was
adapted to avoid the areas of the specimens hidden by the
columns of the testing facility and the steel yokes at the sup-
ports (Figure 2b). Vertically, the three points of the grid have
been distributed at the section center and near the top and
bottom faces. Measurements in areas not recorded by HSV
camera, including the short cantilevers at beams ends (L1),
were obtained by data extrapolation.

In order to limit the influence of eventual measurement
noise in the derivation of accelerations, data treatment work-
ing as spatial and time filters has been used. Two ways of
spatial filters were employed. One consisted in the above
explained estimation of displacements from the three facet
points at each cross-section. The other spatial filter consisted
on averaging the distribution of sectional forces at the two
specimens’ halves considering the symmetric and anti-sym-
metric distribution of bending moments and shear forces,
respectively. Regarding measurements along time, a centered
moving-average filter was employed for accelerations using a
five-step window.

3.
EXPERIMENTAL RESULTS

3.1. Reference quasi-static response

The load-midspan deflection diagrams of the beams tested un-
der quasi-static loading are presented in Figure 4, and the crack
patterns after testing are given in Figure 5(2) and (b). In the two
tests, a very similar value of the peak load was obtained, which
corresponded to yielding of the bottom tensile reinforcement at
the midspan (even a slightly higher load was obtained for the
specimen without stirrups). Before peak load, typical develop-
ment of flexural cracks was observed from the bottom face to-
wards the compression zone at midspan, with some inclination
of the cracks formed further from the load application point.
Soon after peak load, the beam without shear reinforcement
developed a wide shear crack which produced a large release of
the carrying capacity. In contrast, the beam with shear reinforce-
ment was able to keep deforming with a very smooth decrease
of the carrying load due to progressive crushing of the compres-
sion zone at midspan (some hairline shear cracks also opened
but the stirrups did not allow their widening).

Ulzurrun, G.S.D, & Zanuy, C. (2024) Hormigon y Acero 75(302-303); 65-78 — 69



According to the evidence from the reference quasi-static
tests, the presence of shear reinforcement was responsible to
allow for a ductile post-yielding response, even though the
same pre-peak response with yielding of longitudinal steel
was attained by the beam without stirrups.
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Figure 4. Load-midspan deflection diagrams of quasi-static tests.
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Figure 5. Crack pattern after testing. Quasi-static tests: (a) beam
without stirrups, (b) beam with stirrups. Impact tests: (c) beam
without stirrups, (d) beam with stirrups.

3.2. Crack pattern evolution in impact tests

Impact behavior of the tested beams is shown in Figure 6,
according to the measurements of the sensors. Both tests had

70 — Ulzurrun, G.S.D, & Zanuy, C. (2024) Hormigén y Acero 75(302-303); 65-78

a very impulsive nature, with a high-frequency impact force
followed by the development of more moderate reactions,
Figure 6(a) and (b). The appearance of the reactions had a
delay with respect to the impact force of 2.81 and 2.50 ms,
for the beams without and with stirrups, respectively. Ac-
cording to the measurements by the load cells, the six most
representative stages of the impact are defined in Figure 6(a)
and (b). These stages will be taken as reference to discuss the
development of the cracks together with the recorded forces
in the following.
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Figure 6. Sensor measurements during the impact loading: (a) falling
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Figure 7. Derived measurements of sensors: (a) velocity and (b) displacements.

The recorded accelerations of the falling mass and the beam
at midspan exceeded a peak value of 1000g (Figure 6(c) and
(d), respectively). In the first phase of the impact, both ac-
celerations had a contrary tendency. Once the impact force
reached its peak, the tendency of both curves was somehow
synchronized. The velocity and displacement of the falling
mass and beam midspan have been obtained by time inte-
gration of the measured accelerations (Figure 7). Accord-
ing to the results, the peak deflection after the impact was
similar for both beams (close to 18 mm), while the residual
deflection after testing was rather different (a recovery was
achieved by the beam with stirrups). In addition, Figure 7
shows that the rebound of the falling mass after the impact
was different for each beam, which is an indicator of the en-
ergy absorption capacity against the impact. The beam with
transverse reinforcement showed a significant rebound of the
falling mass, with an upward velocity of 1.5 m/s. Meanwhile,
the rebound of the beam without stirrups was smaller, with
an upward velocity of 0.56 m/s. This suggests that the energy
capacity of the latter beam was seven times smaller than that
of the beam with stirrups.

The energy absorption capacity can be correlated with
the crack pattern of the beams after impact tests, shown in
Figure 5(c) and (d). These images show the formation of a
non-critical shear plug and severe flexure cracks close to the
impact point at midspan in both beams. In addition, the beam
without transverse reinforcement showed a critical diagonal
crack running from the midspan to one of the supports, in-
dicating a shear failure mode, while the beam with stirrups
only showed non-perfectly vertical bending cracks.

The crack development has been analyzed with the
HSV-supported DIC. The results are shown in Figure 8 for
the representative stages of the impact, which correspond to
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the instants marked in Figure 6(a) and (b). The opening of

the diagonal cracks is shown in Figure 9, which have been

measured with the digital extensometers shown in Figure

2(b). According to these figures, the crack pattern evolution

is discussed as follows:

« The first stage (Stg. 1) corresponds to the instant when
the impact force reached its peak. Figure 8(a) shows that
in this stage there was only a single flexural crack devel-
oped in the midspan, below the impact point, at both
beams.

» The second stage (Stg. 2) corresponds to the unloading
phase of the impact force. Figure 8(b) shows that in this
phase there were various flexural cracks at the midspan,
being the one formed in previous stage the dominant one,
with a wider opening. In addition, a shear-plug developed
at both sides of the impact point (detected also with Fig-
ure 9). In addition, some negative bending cracks devel-
oped from the top face of the beam between the impact
point and the supports. Some of these cracks were not
perfectly vertical, especially the ones on the right side for
the beam without stirrups.

+ The third stage (Stg. 3) corresponds to the instant when
the reaction forces began, and the impact force had un-
loaded completely. Figure 8(c) shows that bending cracks
in the midspan stabilized and shear plug cracks had fully
developed. Though the later cracks were partially hidden
behind the drop-weight tower columns (especially in the
beam without stirrups), the tip and mouth of these cracks
were visible with the camera. In addition, some of the
inclined cracks formed during the previous stage (Stg. 2)
were still open. Even more, a diagonal crack at the right
side of the beam without stirrups (which was later the
critical one) started to progress during this stage, accord-



No stirrups

With stirrups

Figure 8. Crack pattern evolution during the impact tests at various stages: (a) Stg. 1, t = 0.49 ms, (b) Stg. 2, t = 0.98 ms, (c) Stg. 3, t = 2.40 ms, (d)

Stg. 4,t=3.42 ms, (e) Stg. 5, t = 7.60 ms, (f) Stg. 6, t = 9.60 ms. Time is defined from the impact beginning.

ing to the measurements of the digital extensometers C3
and C5 shown in Figure 9(a). Below the diagonal cracks
new flexural cracks formed from the bottom face of both
beams. In the Stg. 3 the distribution of bending cracks
seemed to follow the crack pattern of Stg. 2 but with an
inverted distribution: most of the existing negative bend-
ing cracks closed and some new flexural cracks formed
from the bottom (many of them near the sections where
negative bending cracks had existed).
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The fourth stage (Stg. 4) corresponds to the peak of the
reaction forces. Figure 8(d) shows that existing bending
cracks have grown, widened, and inclined towards the load-
ing point. The inclined cracks at the right side of the beam
without stirrups stabilized after this stage, Figure 9(a).

The fifth stage (Stg. 5) is considered just before the to-
tal reaction force of the two tested beams started to di-
verge. Figure 8(e) shows that most of the existing cracks
remained stable between Stg. 4 and Stg. 5. A small growth
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Figure 10. Parameters distribution and evolution obtained with DIC: (a) deflection, (b) acceleration.

of diagonal cracks on the right side of the beam without
stirrups was observed. The only cracks that grew signifi-
cantly in both beams were the shear plugs (Figure 9).

+ The sixth stage (Stg. 6) corresponds to the instant after
the divergence of the total reaction force of the beams.
This divergence coincides with the different evolution of
digital extensometers C3 to C5 at both beams (Figure 9),
which might be due to the diagonal crack growth at the right
side of the beam without stirrups. Figure 8(f) shows that this
crack had fully developed forming a typical shear-bending
crack associated with shear failure. The widening of shear-
plug cracks stopped at this stage in both beams (Figure 9).

3.3. Extraction of results from DIC
As explained in Section 2.3, DIC measurements might be

employed to obtain the distribution of sectional forces of
tested beams. The methodology presented in that Section re-
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quires computing the inertia forces from the displacements
captured with the DIC. The evolution of the average deflec-
tions and accelerations of the tested beams in each cross-sec-
tion are shown in Figure 10. From the acceleration distribu-
tion, the inertia forces have been computed according to Eq.
(4). The resultant of inertia forces is compared in Figure 11
with the difference between impact and reaction forces re-
corded with the load cells (equilibrium according to Eq. 1),
which shows that both measurement methods are in excel-
lent agreement. In addition, it might be noted that the differ-
ent speckle patterns employed (18 and 25 mm) did not have
an obvious influence on the results.

From the distribution of inertia forces, the sectional forc-
es of the beams as a function of time can be extracted accord-
ing to Eq. (2) and (3). However, there are two possible ap-
proaches to obtain sectional forces, which differ on how the
load-cell forces (impact and support reactions) are consid-
ered. In a first approach, the resultant of impact and reaction
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Figure 12. Sectional forces evolution: (a) shear force: (b) bending moment.

forces can be taken as opposite to the inertia forces obtained
with the DIC. Such reactions and impact forces can only be
positive, upward and downward, respectively. The integration
of the reactions and impact forces is done from both beam
ends towards the midspan. Meanwhile, in a second approach,
the reaction and impact forces can be taken as measured by
the load cells. The integration of shear forces in this case is
done from the midspan towards the beam ends, considering
that the impact force is evenly shared by each side of the
beam, taking advantage of symmetry. This integration might
lead to non-zero small values of the shear force at the beam
ends, which is due to the slight divergences between meas-
ured inertia forces and the resultant of reactions and impact
forces (Figure 11). The integration of the bending moment
in this case must be done considering the effect of the non
zero shear force at the ends of the beam. This effect might, in
some cases, lead to a non-logical distribution of bending mo-
ments. Therefore, the sectional force distributions have been
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obtained here employing the first approach, considering that
the reactions and impact forces are equal and opposite to the
inertia forces derived from the DIC.

Sectional forces distributions are shown in Figure 12, for
each of the six stages defined in Section 3.2. In the first stages
of the impact (before Stg. 3), both the shear and bending mo-
ments increased rapidly in the midspan zone, which explains
the formation of flexural and shear-plug cracks, see Figure
8(b). The concentration of sectional forces is due to the high
value of accelerations at the impacted region in the first stag-
es, Figure 10(b), which produces an upward push of the iner-
tia forces that counteracts the impact effects before reaching
the supports. Overtime this concentration is smoothened,
due to its propagation. The propagation also has an effect in
the observed distribution of bending moments, which shows
that initially the beams behave similarly to a fixed-end beam
with a variable reduced length over time (which is in agree-
ment with [25,26]). This explains the subsequent formation
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of negative bending cracks from the top and positive bending
cracks from the bottom, as shown in Figure 8(b) and (c).

Once the reactions developed (after Stg. 3), the distri-
bution of sectional forces was somehow similar to that of a
simply supported beam under a distributed load, which is
consistent with the uneven but relatively uniform distribu-
tion of accelerations, Figure 10(b). This stage is characterized
by a concentration of shear forces near the supports, and a
parabolic distribution of positive bending moments. This dis-
tribution suggests a significant shear-bending interaction near
the supports in this stage, which is discussed in the following
section.

4.
DISCUSSION OF RESULTS

Two cross-section localizations can be considered critical
for shear failure according to the observed crack pattern de-
velopment, and the typical brittle cracks in impact loading
[22,42]. On the one hand, the formation of a local shear
plug close to the impact zone can be analyzed at the sec-
tions where the shear cracks intersect with the longitudinal
axis of the beam. As shear-plug cracks have an inclination of
around 45°, the critical cross-sections are those at a distance
of h/2 from the midspan (B-B’ and C-C’ in Figure 13). On
the other hand, the development of inclined shear-bending
cracks during the global response stage can be analyzed at
the cross-sections at a distance d from the supports (A-A’
and D-D’ in Figure 13), in agreement with common static
design rules [11]. Fan et al. [40] have adopted similar criteria
to define the critical cross-sections, while others [22,23] have
mainly focused on the shear-plug cracks.

The strength capacity of each cross-section is governed
by the shear-bending interaction. However, existing general
models which account for this interaction [8,9,41] have been
defined for the quasi-static range. Few proposals exist that
focus on this interaction in the dynamic range: Micallef [ 26]
studied the interaction for punching of slabs, while Ulzurrun
[42] proposed a model for SFRC beams without stirrups.
Both models included the strain-rate effects on the materials
properties. In the present study, the shear strength has been
computed with the Bentz’s simplified version of the Modified
Compression Field Theory (SMCFT) [41] for shear strength
of reinforced concrete beams. This method is a sectional ver-

sion of the MCFT [7] which evaluates the shear strength
from the stress fields developed in the concrete, consider-
ing appropriate equilibrium, compatibility and constitutive
equations accounting for stress transfer between crack faces.

In this study the material properties have been modified
according to the strain rate and their sensitivity. The formula-
tions considered to obtain the dynamic increase factor (DIF)
of the concrete compressive and tensile strength are those
defined by [27] and [43], respectively, while for steel yield
and ultimate strength is the one proposed by [44]. When
dealing with strain-rate effects, it has to be noted that strain
rates are variable during the impact event at each point of
the structure. Therefore, the material properties should be
permanently updated in a time-dependent analysis. Never-
theless, many authors have adopted a simplified approach so
that a unique strain rate can be considered sufficient, and
typically the maximum has been adopted [34,45]. In turn,
Fan et al. [40] have shown that variations of the strain rate
within the range of 1-10 s~! have small influence and it is
acceptable to consider the average value. Other studies [22]
have included the strain rate effects as constant in a model
based on the general MCFT [7].

The influence of shear-bending interaction in the crack
formation at the critical cross-sections is analyzed in Figure
14, which shows the evolution of sectional forces until Stg.
6 (t = 9.4 ms), once the beam without stirrups failed due to
the full propagation of a shear-bending crack. The graphics of
Figure 14(b) demonstrate that the first stages of the impact
tests at sections B-B’ and C-C’ are governed by a short M/V
ratio, or shear slenderness, with an average value of around
0.20 m. Meanwhile, the M/V ratio then increases in the later
stages to be approximately equal to the one under a qua-
si-static distributed loading configuration. Such results, in
agreement with [23,34], correspond to the local and global
response of the beams, respectively. However, in the study of
[34] the global response of the beams was more similar to
that of a quasi static point loading configuration. This differ-
ence might be explained by more impulsive nature of their
tests, with stiffer beams (slenderness L/h = 8, reinforcing ra-
tio of p = 1.6 %) and a projectile-to-beam mass ratio 1.92
times higher.

In addition, Figure 14 compares the strength demand
(experimental M-V evolution) with the theoretical capacity
curves, obtained with the Bentz’s model at different values
of strain rate. These capacity curves represent the envelope
of the peak capacity of the beams considering different shear
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slenderness (M/V ratios). During the first impact stages, the
strength capacity was overcome at the midspan sections B-B’
and C-C’ for both beams, thereby explaining the opening of
shear plug within the initial local response of the beams. The
strength demand between stages 1 and 2 was even greater
than the theoretical beam capacity considering an average
strain rate of 10 s7'. The shear demand in the sections near
the supports (A-A’ and D-D’) was below the shear capaci-
ty in these early stages, but it overpassed the static capacity
from stage 3 when the response of the beam shifted from
local to global. Furthermore, the dynamic bending capacity
was reached at midspan during the global response of the
beam, Figure 14(b), which explains the formation of severe
flexural cracks in that phase (Figure 8). In the sections near
the supports, Figure 14(a), the peak of the shear demand was
reached when the M-V evolution laid between the capacity
curves corresponding to 1 and 10 s' at both beams. In the
case of the beam without stirrups, the higher demand corre-
sponds to the diagonal crack growth observed during stage 4
(Figure 8 and Figure 9(a)).

According to Figure 14 it is shown that, unlike in a qua-
si-static test, the shear failure development in an impact test
is progressive, reaching the full failure of the beam without
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stirrups in stage 5, when the M-V demand was low, even be-
low the static capacity. The crack propagation velocity can
be estimated from Figure 9(a), which yields values ranging
from 370 to 620 m/s, of the same order the magnitude as
crack propagation velocities reported by other authors in
moderate impact regime [47]. It must be reminded that the
capacity curves shown in Figure 14 represent the envelope of
the peak capacity of the beams. Therefore, they can explain
the formation of shear cracks but they do not provide infor-
mation about the post-peak behavior. There are few models
that have included this effect in the dynamic range and the
existing ones [26,46] have focused on post-punching behav-
ior. Therefore, it seems convenient to research further on this
field in future studies.

5.
CONCLUSIONS

This manuscript presents the analysis of RC beams under im-
pact loading with the help of HSV-supported DIC in order to
determine the time-dependent evolution of shear forces and



bending moments, and its correlation with the crack pattern

development. The conclusions obtained from the present re-

search are the following:

«  HSV allowed observing the progressive development of
bending and shear cracks, with focus on the shear failure
development. A shear plug formed during the first local
response of tested beams when the effect of the impact
force is dominant and the reactions have not yet been
activated. In turn, the critical shear-bending crack devel-
oped during the global impact response that takes place
after the reaction forces have reached their peak.

+ The distribution of inertia forces under dynamic impact
loading scenarios has a major role in the evolution of sec-
tional forces. The present research shows that these might
be assessed by using DIC combined with a HSV camera.
By considering the distribution of inertia forces and the
evolution of external forces it is possible to evaluate the
distribution of sectional forces.

« The distribution of sectional forces at the critical
cross-sections compared with the shear-bending capacity
curves including strain-rate effects, has allowed discussing
the formation shear cracks. Impact tests had two phases
as a function of the dominating force, namely the impact
or the reactions.

o The first phase has a very impulsive nature with a
high concentration of sectional forces close to the im-
pact point, with significantly large shear forces and an
equivalent shear slenderness ratio lower than under
quasi-static conditions. The loading conditions in this
phase have resulted in the formation of a shear-plug at
the midspan of beams with and without stirrups.

o During the second phase, the distribution of sectional
forces is similar to the one caused by a distributed
load in quasi-static conditions. This loading pattern
has caused the formation of a critical shear-bending
crack in the beam without stirrups.
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RESUMEN

La corrosion de los cercos, generalmente con un menor didmetro y recubrimiento, afecta significativamente la resistencia a cortante de los elementos
de hormigén armado. Puesto que las roturas a cortante pueden provocar colapsos de caracter fragil, es necesario evitarlas durante toda la vida atil de
la estructura. El Compresion Chord Capacity Model (CCCM, modelo de capacidad de la cabeza comprimida) es un modelo mecanico que ha sido ex-
tendido recientemente para predecir la resistencia a cortante de elementos dafiados por los efectos de la corrosion. Este trabajo combina la capacidad
del modelo mecénico con los dos modelos de deterioro incluidos en el nuevo Cédigo Estructural para evaluar la resistencia a cortante a largo plazo,
permitiendo considerar tanto la corrosién por carbonataciéon como la inducida por iones cloruro. Finalmente, en el articulo se lleva a cabo un analisis
paramétrico para explorar el efecto de los parametros mas influyentes en la degradacion de la resistencia a cortante segiin los modelos utilizados y en
funcion de diferentes clases de exposicion.
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ABSTRACT

Corrosion of stirrups (generally with small diameters and concrete covers) significantly affects the shear strength of reinforced concrete elements. As
shear failures may lead to brittle collapses, hence the need to avoid them during structures’ entire service life. The Compression Chord Capacity Model
(CCCM), a shear mechanical model, was recently extended to predict the strength of corrosion-damaged beams by identifying the model parameters
that could be most affected by steel corrosion. In this paper, the CCCM is combined with two material deterioration models included in the new Span-
ish Structural Code, and considers carbonation of concrete or chloride ions, to predict long-term shear strength evolution. Finally, a parametric analysis
is carried out to explore the effect of the most influential parameters on shear strength degradation according to the used models and depending on
different exposure classes.
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1.

INTRODUCCION

El motivo principal del deterioro de estructuras de hormi- matico [2-5]. En estructuras de hormigén armado, la corro-
gon armado es la carbonatacién y/o la presencia de iones sion provoca una reduccién del 4rea seccional de las barras
cloruro que provocan el deterioro del acero [1], y que esta [6], afecta las propiedades mecénicas del acero [7] y puede
probablemente influenciado por los efectos del cambio cli- deteriorar la adherencia entre el acero y el hormigon [8, 9].
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Figura 1: Corrosion severa en un edificio abandonado junto al mar (Ballenera de Quintay, Chile).

Ademas, la expansiéon volumétrica de los productos de la
corrosion causa tensiones de traccién que pueden llevar a la
aparicion de fisuras y, en ocasiones, al desconchado del recu-
brimiento [10] (ver figura 1). Como resultado de estos fené-
menos, las reducciones en rigidez, adherencia, capacidad de
anclaje y resistencias a flexién y cortante pueden afectar la
seguridad de las estructuras hasta la posibilidad de ser moti-
vo de colapso. Por ejemplo, el colapso del viaducto Polceve-
ra (Viadotto Polcevera) en Génova en 2018, que habia estado
en servicio méas de 50 afios, fue probablemente producida
por una combinacién de corrosién y efectos provocados por
la fatiga [11]. Un ejemplo més reciente es el colapso de un
edificio en Surfside, Miami, en 2021. Analisis preliminares
indican que las causas podrian ser el asentamiento de la ci-
mentacion, la corrosién de la armadura y problemas a largo
plazo de impermeabilizacién [12].

La corrosién puede afectar a cualquier armadura dentro
de los elementos de hormigén armado, pero los cercos son
los elementos mas susceptibles de sufrir las consecuencias
de estos ataques debido a su menor recubrimiento y dia-
metro. En consecuencia, la corrosién de la armadura afecta
principalmente la resistencia a cortante, que decaera de for-
ma mas pronunciada que la resistencia a flexién. Por tanto,
teniendo en cuenta que las roturas a cortante pueden ser de
caracter fragil, la corrosién podria conducir a un cambio en
el modo de rotura de las estructuras de hormigén armado,
de flexién ductil a rotura fragil por cortante.

Los modelos conceptuales que basan su anélisis de la re-
sistencia a cortante en principios mecéanicos pueden ser fun-
damentales para evaluar el dafio provocado por la corrosiéon,
porque los pardmetros que gobiernan el comportamiento y
la resistencia estructural aparecen de forma natural en su
desarrollo. Por tanto, estos modelos pueden ser adaptados
considerando los aspectos diferenciales del nuevo contexto.

El Compresion Chord Capacity Model (CCCM) [13] es un
modelo mecénico de resistencia a cortante orientado a pro-
yectobasado en otro modelo analitico mas complejo (el Multi-
Action Shear Model (MASM) [14]). Ambos modelos han
demostrado ser excepcionalmente versitiles al adaptarse
a distintas situaciones ofreciendo resultados satisfactorios
para elementos esbeltos de hormigén armado y pretensado
con seccion rectangular o en T [13], vigas no esbeltas [15],
vigas de hormigén reforzadas con fibras de acero sin cercos
[16], vigas reforzadas con barras de polimero reforzado con
fibras (FRP) [17], vigas reforzadas externamente a cortante
utilizando aleaciones con memoria de forma [18,19] y ele-
mentos de hormigén armado sometidos a cargas de fatiga
[20]. Recientemente, el CCCM ha sido también validado
para la prediccion de la resistencia a cortante para vigas de
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hormigon esbeltas, y no esbeltas, con armaduras corroidas
[21]. Para ello, se identificaron los pardmetros mas suscep-
tibles a verse afectados por la corrosién y fueron modifica-
dos consecuentemente. Los resultados de las predicciones
fueron comparados con los resultados experimentales de
146 vigas esbeltas y no esbeltas que fallaron a cortante y en
las que los cercos, y/o la armadura longitudinal, habian sido
afectados por corrosiéon acelerada. Las predicciones fueron
muy satisfactorias cuando se consideraron las reducciones
de las 4reas seccionales de la armadura de refuerzo y del an-
cho del alma de las vigas. Ademas, de forma preliminar, este
modelo se combiné con un modelo de deterioro por carbo-
natacién para estudiar la viabilidad de evaluar la resistencia
a cortante a largo plazo de estas estructuras de hormigén
armado [22].

En este articulo, el CCCM se ha utilizado para prede-
cir la evolucién de la resistencia a cortante de elementos
de hormigén armado durante su vida 1til considerando el
deterioro a largo plazo. Para conseguirlo, se ha combinado
el CCCM [21] con dos modelos de deterioro, un modelo
de carbonatacion y un modelo de penetracién de cloruros,
ambos incluidos en el nuevo Cédigo Estructural [23]. Estos
dos modelos de deterioro permiten calcular el periodo de
iniciacion, definido como el tiempo que transcurre entre la
puesta en servicio de la estructura y el tiempo que tarda el
agente agresivo en alcanzar la armadura de refuerzo y, por
tanto, iniciarse la corrosién. También permiten calcular la
propagacion del deterioro gracias a la velocidad de corro-
sion proporcionada para cada tipo de clase de exposicion,
pudiendo calcular asi la pérdida de seccion de la armadura
debida a la corrosion. Este trabajo también muestra cémo,
combinando la reduccion del 4rea con la extension del
CCCM para vigas con armadura corroida [21], se puede lo-
grar predecir la evolucion de la resistencia a cortante a largo
plazo. Esta nueva contribucion al estado del conocimiento
podria brindar una herramienta que ayudase a tomar deci-
siones en fase de proyecto, y en la evaluacién de estructuras
existentes, considerando siempre los altos niveles de incer-
tidumbre ligados a cualquier prediccion a largo plazo asi
como en funcion de la evolucién de la resistencia a flexion
(fuera del alcance de este articulo). Las limitaciones de los
modelos utilizados se sefialaran claramente en los apartados
siguientes cuando sea necesario, tanto para los modelos de
deterioro del material como para el modelo de resistencia
a cortante utilizado. Por tltimo, destacar que los trabajos
experimentales con vigas deterioradas en la literatura cien-
tifico-técnica no cubren completamente la vida atil de 50 o
100 afios considerada en este articulo, especialmente para
algunos ambientes agresivos.
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Figura 2. Definicién de la fisura critica a cortante.

2.

EL COMPRESSION CHORD CAPACITY MODEL
PARA VIGAS ESBELTAS DE HORMIGON ARMADO
Y SU EXTENSION CONSIDERANDO EFECTOS
ESTRUCTURALES CAUSADOS POR LA CORROSION

2.1. El Compression Chord Capacity Model (CCCM)

Como se ha mencionado anteriormente, el CCCM es una
version simplificada de otro modelo que permite calcular la
resistencia a cortante de elementos de hormigén armado o
pretensado, que pueden, o no, contar con armadura a cortan-
te. El modelo es valido para elementos de seccién rectangular,
en forma T o [, tanto para elementos esbeltos como no esbel-
tos. Con el fin de resumir, solamente se presentaran a conti-
nuacién las ecuaciones para elementos de seccién rectangular
y vigas esbeltas, aun asi, la metodologia aplicada podria ser
aplicada para cualquiera de los otros casos.

Las ecuaciones principales propuestas para el calculo de
la resistencia a cortante se presentan mediante las Ecuaciones

(1)-(4):

VR: ch+quS Vmax (1)
V= 03¢ £0by d < Vo= 0.25 (Ko + 22) £, d) )
d do
V=14 A;W frw (d—x) cotd 3)
— cotd
Vmax = Ocw bw v fcm 1+cot20 ~ 025 fcm bwd (4)

siendo V,, y V., respectivamente, las contribuciones del hor-
migén y de los cercos a la resistencia a cortante, V. La con-
tribucién del hormigén depende de la profundidad de la fibra
neutra, x/d y del factor de efecto tamafio y forma, & Ambos
términos se definen en las Ecs. (5) y (6).

2
%: np | -1+ 1+iTPI ]z 0.75(np,)'? )
F=—2 [%]0'2 ¢ 0.45 d and dy in mm (6)
1+ D
200

Por otro lado, la contribucién de la armadura a cortante, V,,,
y la maxima resistencia a cortante dada por el agotamiento
de las bielas comprimidas, V..., dependen del dngulo de las
bielas comprimidas, 8, asumido en el modelo como igual a la

tea

a) b)

Figura 3. Vista esquematica del desconchado del hormigén en el alma
de una viga debido a la corrosion. Adaptado de [10].

inclinacién de la primera rama de la fisura critica (figura 2)
dada por la Ec. (7):

_ O.85d<2'

t6 <25 7
co i (7)

El resto de parametros se pueden consultar en las anotaciones
y en las referencias [13,21].

2.2. Efectos estructurales de la corrosion: simplificacion para

extender el CCCM

La corrosién del acero puede afectar los mecanismos resis-
tentes a cortante debido a la pérdida de seccién del armado,
la reduccion de la anchura del alma por el desconchado del
recubrimiento del hormigén, el deterioro de la adherencia
entre el acero y el hormigén y, en algunos casos, la reduccién
del canto efectivo cuando el hormigén deteriorado es el de la
cabeza comprimida debido a la corrosién del armado longitu-
dinal de compresién y de los cercos. Estos efectos se han sim-
plificado tal y como se muestra en [21], para considerarlos en
el CCCM de la siguiente forma:

1) Armadura longitudinal: se considera solamente el 4rea del
armado restante tras la pérdida por corrosién. Esto afecta
de manera importante a la profundidad de la fibra neutra,
x/d (Ec. 5). El parametro basico para medir el grado de
deterioro de las barras de refuerzo es, 5,,. Este pardmetro
considera el drea seccional de la armadura antes y después
de sufrir el dafio y puede obtenerse tal y como se muestra
en la Notacion. La diferencia entre el deterioro causado
por la corrosién inducida por carbonatacién o por iones
cloruros se mostrara en la Seccion 3.

2) La expansion de los productos de la corrosion puede pro-
vocar fisuras en el hormigén y llegar a causar el desprendi-
miento o desconchado del recubrimiento. Como se sugie-
re en [10], el ancho del alma b, debera ser sustituido por
beffeom, (término definido en las Ecs, (8-9) y representado
en la figura 3), cuando los cercos presenten una pérdida
de seccion media superior al 10%. Noétese que las ecua-
ciones 8 y 9 fueron modificadas ligeramente por Cladera
et al. [21] para mejorar la continuidad entre ambas.

beff,corr = bw _2 (CI/ + ¢1})+ % lf S < 5 5 (CV + ¢1/) (8)

D efreor= bu— % (co+¢,)2 if s>5.5(c,+4.) 9
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3) Reduccién del canto de la viga: en ocasiones puede ser
necesario considerarlo, consecuentemente se tendrd que
reducir el canto efectivo, d, cuando aparezca el descon-
chado del hormigén de la cabeza comprimida. En este
articulo, este fenémeno se va a considerar, con motivos
ilustrativos, solo en algunos casos reduciendo el canto
efectivo de la viga de d a d-c,. Consultar [24] para un
proceso més preciso para estimar la reduccion de b o d.

4) La reduccién del area de la seccién transversal de la ar-
madura a cortante se contempla teniendo en cuenta tni-
camente el area restante de los cercos (a través de 7,
la relacion de pérdida de la secciéon del acero del alma)
cuando se calcula la contribucion de los cercos V..

Un importante efecto estructural causado por la corrosién de
la armadura es el cambio en las propiedades de adherencia
entre en acero y el hormigon. La pérdida de la superficie de
contacto entre ambos materiales por la corrosion y fisuracion
del hormigén provoca una pérdida de adherencia que, even-
tualmente, puede conducir a roturas a cortante debido a la
pérdida del anclaje. Sin embargo, la capacidad de adherencia
de las barras corroidas no se proporcionaba en las bases de
datos utilizadas en la extensién del CCCM, por lo que este
tipo de roturas no se consideraron en [21]. Del mismo modo,
la reduccién en la resistencia a compresién del hormigén fi-
surado tampoco fue tenida en cuenta en [21]. Consecuente-
mente, estos dos efectos no se consideran tampoco en este
articulo, pero se trabajara para tener en cuenta estos efectos
en futuros refinamientos del modelo.

2.3. Verificacion experimental

La mayor parte de los ensayos sobre vigas corroidas publicados
utilizaron vigas no esbeltas (cortas) por lo que son poco repre-
sentativos de los elementos més habituales. Por este motivo, solo
se han analizado aqui las vigas esbeltas (62 ensayos). Las vigas
esbeltas incluidas en la base de datos se encuentran en [21] y en
el Apéndice incluido en este articulo. A su vez, estos datos fue-
ron originalmente presentados en [6, 25-29]. La tabla 1 resume
el rango de las principales variables de los 62 ensayos incluidos
en la base de datos. Todas las vigas tenian seccién transversal
rectangular. Notese las pequefias dimensiones de las vigas, que
no son demasiado representativas de los elementos encontra-
dos habitualmente en ingenieria civil. Por ejemplo, h es menor
o igual a 350 mm para todas las vigas de la base de datos. Por
este motivo, ajustar pardmetros y coeficientes en funcion de esta
base de datos deberia ser evitado. En caso contrario, los modelos
derivados empiricamente a partir de esta base de datos podrian
ser inseguros para vigas de mayores dimensiones.

La figura 4 muestra la correlacion entre los resultados
empiricos y las predicciones. Si el dafio por corrosién no
se considera, el modelo presenta resultados muy inseguros
(rombos negros). Sin embargo, las predicciones se corrigen
satisfactoriamente si se tiene en cuenta la extension del mo-
delo presentada en la Seccion 2.2 (valor medio de la ratio
Viess/Viprea igual a 1.19 y coeficiente de variacion de 21.98%).
La reduccién del canto se considera tinicamente para las vigas
severamente corroidas, #7,,,:>75%, de la referencia [6] (siendo
N €l ratio de pérdida de seccién de la armadura a cortante,
ver la Notacién para una definiciéon mas detallada). A pesar
de los resultados razonablemente satisfactorios obtenidos al
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comparar las predicciones de la resistencia a cortante usando
la extensién del CCCM para vigas que han sufrido ataques
por corrosién con los resultados empiricos para las vigas es-
beltas incluidas en la base de datos, desarrollos futuros (fuera
del alcance de este articulo) deberian incluir la consideracion
del deterioro de la adherencia [30, 31], la reduccién de la
resistencia a la compresiéon del hormigén fisurado y el cambio
en las propiedades mecanicas de la barras corroidas [32, 33].

TABLA 1
Rango de las variables de los 62 ensayos reportados en [21].

Parametro Unidad Valor minimo Valor maximo
bu mm 120 200
h mm 180 350
fom N/mm? 22.5 50
pl % 1.77 3.27
Pu % 0.10 0.52
a/d - 2.5 4.7
Nisn % 0 32
Nusn % 0 97.2
2.5 A

< Prediccién del CCCM sin considerar corrosion
4 Prediccion del CCCM considerando corrosién como se resume en Seccion 2.2
————— Linea de tendencia (sin considerar corrosion)
& == Linea de tendencia (considerando corrosion)

2.0 A

On
0.5 Considerando corrosién: Q“-g..__j&_‘()
Media Vig/Vireq: 1.19 ;
CoV (%): 21.98%
0.0 T T T T 1
0 20 40 60 80 100

Relacion de pérdida de la seccion transversal de los cercos, 1,,,(%)

Figura 4. Correlacién entre los resultados experimentales y las pre-
dicciones frente a la relacion de pérdida de seccién transversal de los
cercos.

3.

PREDICCION DE LA RESISTENCIA A CORTANTE
A LARGO PLAZO CONSIDERANDO EL DANO POR
CORROSION

El modelo anteriormente expuesto puede ser utilizado para pre-
decir la evolucién de la resistencia a cortante de las vigas durante
su vida atil considerando el deterioro a largo plazo. Para ello, el
CCCM debe ser combinado con modelos de deterioro.

El nuevo Cédigo Estructural [23] propone un periodo
de iniciacién asi como la variacién del didmetro del armado
debido a la corrosién en funcion de las distintas clases de
exposicién (tabla 2). Para ello, desarrolla dos modelos, uno
para carbonatacién y otro para penetracién de cloruros. Am-
bos comparten la misma expresién que define la vida util,
Ec. (10):

test = tinic + tpmp (1 0)

Los términos tii y tymp SON, respectivamente, el tiempo que
transcurre entre la puesta en servicio de la estructura hasta



TABLA 2
Clase de exposicion y velocidad de corrosion segun [23].

Tipo de ataque Clase de exposicion Designacién Velocidad de corrosion
Veorr (pm/afio)
Corrosién inducida por Seco o permanentemente htimedo XCl1 1
carbonatacién
Huamedo, raramente seco XC2 4
Humedad moderada XC3 2
Sequedad y humedad ciclicas XC4 5
Corrosién inducida por Expuesto a aerosoles marinos, pero no en XS1 20
cloruros de origen marino contacto directo con el agua de mar
Sumergido permanentemente XS2 4
Zona de carrera de mareas afectadas por el oleaje o salpicaduras ~ XS3 50
Corrosién inducida por cloruros Humedad moderada XD1 35
de origen no marino
Humedo, raramente seco XD2 20
Ciclos humedad y secado XD3 35

que empieza la corrosion del acero, y el tiempo que trans-
curre desde este punto hasta que la pérdida de seccién se
considera inadmisible. Ademas, la normativa proporciona dos
opciones dependiendo de la exposicién: si la clase de expo-
sicion es XC, debe usarse el célculo para la corrosién debido
a la carbonatacion; en otros casos (XS y XD) se considera
ataque por ion cloruro.

Notese el aviso incluido en el Cédigo Estructural sobre el
uso de estos modelos: “En la mayoria de los casos, las investi-
gaciones y estudios que dan apoyo a estos modelos estian en
plena fase de desarrollo y maduracién, siendo previsible que
se vayan produciendo avances significativos en los préximos
afios y ampliando el conocimiento sobre los procesos de de-
gradacién que actian sobre el hormigén”. El mismo cédigo
propone, en sus comentarios, que dada la importancia de las
consecuencias derivadas de una aplicaciéon no adecuada de
estas herramientas, es muy recomendable contar con la parti-
cipacién de un experto en la materia.

3.1. Estimacion de la vida itil utilizando el modelo de car-
bonatacion

El tiempo de iniciacién para exposiciones XC (corrosion in-
ducida por carbonatacién, ver tabla 2) se define como i desp,
Ec. (11), donde c es el recubrimiento minimo de hormigon
de la armadura analizada y kuy,an €s el coeficiente de carbo-
natacién, cuyo valor se puede obtener a partir de la Ec. (12)
si no es posible determinarlo experimentalmente segtn las
recomendaciones detalladas en EN 12390-10 [34].

2
Linic,desp = (kcﬁ) (1 1)
ap,cart

kap,carb = Cenv Cair A (f‘ck + S)b (1 2)

El parametro c.., es el coeficiente de ambiente, que conside-
ra la influencia del contenido de humedad en la corrosion.
Como se muestra en el codigo, el coeficiente vale 1 para hor-
migén protegido de la lluvia, 0.5 para hormigén expuesto a
la lluvia, 0.3 para elementos de cimentacién enterrados por
encima del nivel freatico y 0.2 para cimentaciones por debajo

del nivel freatico. El pardmetro c. es el coeficiente de utili-
zacién de aireantes y vale 1 para contenidos de aire ocluido
inferiores a 4.5% y 0.7 para contenidos iguales o superiores
a 4.5%. Finalmente, a y b son parametros adimensionales de
ajuste que dependen del conglomerante, y en especial de las
adiciones (cemento Portland: @ = 1,800 y b = -1.7; cemento
Portland + 28% de cenizas volantes: a = 360 y b = -1.2; ce-
mento Portland + 9% humo de silice: a = 400 y b = -1.2).

El tiempo de propagacion del hormigén, #,,., se define por
la relacién entre el acero perdido de una determinada seccién
y la velocidad de la corrosién (um/afio). Asi, la profundidad
de penetracion de la corrosién, Ag, puede ser obtenida para
cualquier periodo de tiempo mediante la Ec. (13):

A¢ = leorr Vcorr (13)

En el caso de carbonataciéon del hormigén, la corrosion del
acero serd homogénea y la reduccion de la seccién del acero
tendra lugar como se representa en la figura 5, considerando
A¢ segan la Ec. 13. El valor de la velocidad de corrosion, v
expresado en pm/afio, se presenta en la tabla 2 en funcion
de la clase de exposicion. El pardmetro i, es el tiempo, en
afios, que ha transcurrido desde el momento de inicio de la
corrosion hasta el instante estudiado.

— Seccion inicial

Secciodn efectiva

residual
i1 Acero corroido

Seccion residual

Figura 5. Seccion residual de una armadura (adaptado de [24]). a)
Corrosion homogénea. b) Picadura (a< 10).

La figura 6 muestra la evolucién a largo plazo de la resisten-
cia a cortante para una viga sometida a carbonatacién, no
solo para ilustrar la viabilidad del enfoque propuesto, sino
también para mostrar como la velocidad de corrosién afecta
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Figura 6. Ejemplo de la reduccién de la resistencia a cortante de
una viga de referencia para clases de exposicion XC, incluyendo dos
opciones para el desprendimiento del hormigén (en azul el hormigén
afectado es del alma, en naranja se considera el dafio del hormigén
del alma y de la cabeza comprimida).

a la prediccion. La resistencia a cortante de la viga intacta se
calcula de acuerdo con el CCCM (Ecs. (1-7)). El periodo de
iniciacién de la corrosién, tanto para los cercos como para
la armadura longitudinal, se obtiene mediante las Ecs. (11)
y (12). Después del inicio de la corrosién, la ecuacién. (13)
permite determinar la profundidad de penetracién del ataque
por corrosion en cualquier instante. De nuevo, las ecuaciones
(1-7) sirven para obtener la resistencia a cortante de la viga
deteriorada, pero ahora considerando solo el 4rea transversal
restante de las armaduras tras la corrosién, tal y como se ha
indicado en la Seccién 3. En el caso mostrado en la figura 6
para la situacién con la mayor velocidad de corrosién (4 pm/
afio, equivalente a la clase de exposicion XC2) se producira
el desconchado del hormigén cuando los cercos presenten
una pérdida de seccién promedio equivalente al 10%. En ese
instante, la figura 6 presenta dos posibles escenarios distintos.
En el primero de ellos, representado por una linea azul, el
desconchado del hormigén del alma de la viga se conside-
ra segin las Ecs. (8) y (9), tal y como se sugiere en [10].
En el segundo escenario, representado por una linea naranja
en la figura 6, combina tanto el desconchado del hormigon
del recubrimiento del alma y de la cabeza comprimida. En
esta segunda opcion, de forma simplificadora, la resistencia
a cortante se ha calculado considerando una disminucion del
canto efectivo de la viga, del canto original d hasta d-c para el
elemento deteriorado, considerando para ello el desconcha-
do del recubrimiento del hormigén de la cabeza comprimida
debido a la corrosién de los cercos (no se ha considerado el
efecto de la armadura longitudinal a compresién corroida,
que podria ser relevante dependiendo del didmetro y nimero
de barras). El segundo escenario (linea naranja) produce un
descenso mas pronunciado en la resistencia a cortante en ese
instante. Dependiendo de la exposicion de cada elemento se
deberia considerar la primera o la segunda opcion.

Es preciso remarcar que este modelo tiene margen de me-
jora, como por ejemplo incrementar la velocidad de corrosién
después del desprendimiento del hormigén, efecto que no se
considera en este estudio (lineas azules y naranjas disconti-
nuas en la figura 6). Del mismo modo, se podrian tener en
cuenta diferentes enfoques para definir el inicio del descon-
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chado. Por ejemplo, el Codigo Estructural [23] considera que
el tiempo transcurrido desde el inicio de la corrosion hasta la
fisuracion del recubrimiento de hormigén se puede obtener
por la Ec. (14):

80-¢
¢ * Ucorr

Hiscorr = (14)
En el caso estudiado en la figura 6 para la clase de exposicién
XC2, la Ec. (14) proporciona, considerando la influencia de
los cercos, un valor tg., = 50 afios (c=20 mm, ¢=8 mm y
Veor=4 pm/afios). Este valor es mas conservador que el valor
de 64 afios obtenido al considerar que el desconchado se pro-
duce cuando la pérdida de seccién promedio de los cercos es
igual al 10% (ver figura 6).

3.2. Estimacion de la vida til utilizando el modelo de ataque
por cloruros

Para elementos estructurales sometidos a clases de exposicion
XS y XD, el avance de los cloruros no se establece como
un frente (a diferencia de lo que ocurre en la corrosion por
carbonatacion). En el Cédigo Estructural, el contenido limite
de iones cloruro en el hormigén, Cy, que provoca el inicio
de la corrosiéon en la armadura, expresado en porcentaje del
peso de cemento y definido a una profundidad ¢, expresada
en mm, y a una edad ¢, expresada en afios, vale:

ch=c+(c—cp) [1 —erf

oo 0s)

El pardmetro C, es el contenido de cloruros aportado por los
materiales utilizados en la fabricacién del hormigén, expresa-
do en porcentaje sobre el peso de cemento, calculado segin
la Ec. (16), en la que C,; es el contenido de iones cloruros en
cada uno de los materiales componentes.

Cy = Y11 G (16)

C, es el contenido de cloruros que se encuentra en la superficie
del hormigén, expresada en porcentaje del peso de cemento. A
falta de informacién especifica adicional, C; (expresado como
porcentaje sobre el peso de hormigon) vale 0.25 para expo-
siciones XS1 proximas a la zona de salpicaduras, y 0.15 para
otros casos de exposicion XS1 siempre que la distancia a la
costa sea menor a 5 km. C; esigual a 0.4 para clases XS2, XD1,
XD2,y XD3 vy, finalmente, igual a 0.5 para exposiciones XS3.
Estos valores estan expresados como porcentaje sobre el peso
del hormigén. Para convertirlos se toma 2300 kg/m3 como
densidad del hormigén y 300 kg (si no se ha especificado otro
valor) como masa de cemento por metro ctibico de hormigén.

El parametro ¢ es el recubrimiento de hormigén, y ¢ es el
tiempo de iniciacién de la corrosion, ti., calculado por la Ec.
(10). Finalmente, D, c(t) es el coeficiente de difusion de clo-
ruros aparente, expresado como mm?/afio, a la edad t, obte-
nido experimentalmente. En la fase de proyecto para hormi-
gones en clase de exposicion XS3 se puede obtener mediante
la Ec. (17). En este articulo, esta ecuacion se ha utilizado para
cualquier clase de exposicion XS.

t n
Dapp,C(t) = ke ! DamC(tO)(%) (17)



TABLA 3.
Valores indicativos del coeficiente de difusion de cloruros,
Dupp.c (1), valores a to = 28 dias segtin [23].

Dapp,c (to)

Tipo de conglomerante

relacion (a/c)eq (*)

0.35 040  0.45 0.50

CEM 1 - 8.9 10.0 15.8
CEM II/B-V, CEM I con adicién

de mas del 22% de cenizas volantes - 5.6 6.9 9.0
CEM I con adicién de humo de silice

por encima del 5% 4.4 4.8 - -
CEM 111/B - 1.4 1.9 2.8

(*) La relacion agua/conglomerante efectiva (a/c)., se obtendra considerando tanto el conte-
nido de clinker, como los de las adiciones, ponderados en este caso por sus correspondientes
coeficientes de eficacia.

TABLA 4.

Tipos de cemento recomendados segun la clase de exposicion segtin [23].

Clase de exposicion Tipo de proceso Cementos recomendados

XC Corrosion de las CEM [, cualquier CEM
armaduras de origen II (preferentemente
diferente de los cloruros ~ CEM II/A), CEM

II/A, CEM IV/A.

Muy adecuados los
cementos CEM II/S, CEM
II/V (preferentemente

los CEM II/B-V), CEM
II/P (preferentemente

los CEM II/B-P), CEM
1I/A-D, CEM III, CEM

IV (preferentemente los
CEM IV/A) y CEM V/A.
Preferentemente, los CEM
Iy CEM II/A y, ademas,
los mismos que para la
clase de exposicion XS.

XS() Corrosion de las
armaduras por cloruros
de origen marino

XD Corrosion de las
armaduras por cloruros
de origen no marino

(*) En esta clase de exposicién es necesario el empleo de cementos que cumplan las pres-
cripciones relativas a la caracteristica adicional de resistencia al agua de mar (MR).

D appc(to) es el coeficiente de difusion de cloruros aparente a la
edad to = 28 dias. La norma EN 12390-11 [35] sugiere ensa-
yar especificamente este valor, sin embargo, en el caso de no
disponer de él, [23] ofrece los valores alternativos presenta-
dos en la tabla 3 dependiendo del tipo de cemento utilizado.
n es el coeficiente de envejecimiento; de nuevo, si no es posi-
ble obtener el valor experimentalmente, el Codigo Estructu-
ral presenta los siguientes valores (para XS2 y XS3, utilizadas
en este documento también para XS1): 0.3 para CEM I con
una relacién a/c entre 0.4-0.5, y 0.5 para otros casos.

Como complemento a la tabla 3, la referencia [ 23] ofrece
también instrucciones que recomiendan el tipo de cemento
para cada clase de exposicién (resumido en la tabla 4 de este
articulo).

Dependiendo de la temperatura media ambiental, Ty
expresada en °C, se puede obtener K, mediante la Ec. (18):

ke — 64800[21?’ﬁ] (18)

El limite en el contenido de cloruros Cy que marca el inicio
de la corrosién también se establece en el Cédigo Estructural
como igual a 0.60 (% sobre peso de cemento) para XS1, XS3,
XD1 y XD2, y en 0,80 para XS2 y 0.40 para XD3. Para ar-
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Figura 7. Ejemplo de la reduccién de la resistencia a cortante de una
viga de referencia para las exposiciones marinas XS1 y XS2, inclu-
yendo dos opciones para el desprendimiento del hormigén (en azul
el hormigon afectado es del alma, en naranja se considera el dafo
del hormigon del alma y de la cabeza comprimida). Coeficiente de
picadura a = 2 considerado en los cilculos (ver figura 5).

maduras activas, el valor limite del contenido de cloruros a la
altura de la armadura de pretensado sera Cy;, = 0.30 en el caso
general y 0.20 para la clase de exposicién XD3. Por lo tanto,
el objetivo es establecer el tiempo t en la Ec. (15) a partir del
cual el contenido de cloruros alcanza el valor umbral Cj,.

Como anteriormente en el modelo de carbonatacién, la Ec.
(13) permite calcular la profundidad de penetracién de la co-
rrosion, Ag, que a su vez permitira obtener el area de armadura
remanente tras la pérdida de seccion transversal por los efectos
de la corrosion. Las Ecs. (1-4) permitirdn calcular la evolucién
de la resistencia a cortante a través del tiempo. La figura 7 mues-
tra los resultados de una viga expuesta a ambientes marinos XS,
considerando en este caso una vida 1til de proyecto de 50 afios
debido a la mayor incertidumbre ligada al deterioro en ambien-
tes marinos. El ejemplo de la figura 7 muestra como el recubri-
miento en elementos permanentemente sumergidos (XS2) no
llega al punto de desconcharse. Contrariamente, el ejemplo indi-
ca que el mismo elemento ubicado en una zona de salpicaduras
sufre un descenso mucho mas répido de la resistencia a cortante.
Una vez mis, la pérdida de seccion transversal del 10% marca
el uso de las Ecs. (8)-(9), utilizadas para evaluar la disminucién
de la resistencia a cortante cuando si se produce la fisuracién
del hormigén del recubrimiento. En la figura 7, de forma similar
al caso visto de la figura 6, aparece una comparacion entre dis-
tintos modos de considerar el desconchado, con una linea azul,
considerando solo el desconchado del alma lateral, y con una li-
nea naranja, considerando tanto el desconchado del alma lateral
como el de la cabeza comprimida.

Notese que el Coédigo Estructural no define claramente el
modo en el que han de tenerse en cuenta los efectos de las
picaduras localizadas en elementos afectados por los ataques
de la corrosién inducida por cloruros. Sin embargo, segin
[24], la profundidad de la penetracion del ataque puede esti-
marse igual a a-A¢ (ver figura 5.b), donde @ es un coeficiente
que depende del tipo de ataque y que puede alcanzar valo-
res de hasta 10 cuando la corrosién es altamente localizada
(pitting). En este articulo se considera a = 2, 16gicamente el
uso de un valor mayor produciria una reduccién mas rapida
de la resistencia. El hecho de considerar & = 2 provoca que,

Frontera A, Cladera A. (2024) Hormigén y Acero 75(302-303); 79-90 - 85



[
p—
w IS
w o
o o
. )

w

=]

o
L

~
5
o
/

Resistencia a cortante, V (kN)

Resistencia a cortante, V (kN)

200 A ——Diametro cercos: 8 mm ® Periodo de iniciacion (cercos)
— Di4metro cercos: 10 mm A Periodo de iniciacion (longitudinal)
150 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Tiempo (afios,

) po (afios)

270

260 A
g
<250 4
g
<
8 240 A
s .
S
o
S 230 A
S
8
B 220 A
@ —Portland
g ——Portland + 28% cenizas volantes @ Periodo de iniciacidn (cercos)

210 1 s paitaRd £9% Hufi e lice A Periodo de iniciacién (longitudinal)

200 T T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90 100

Tiempo (afios)

b)

d)

270 A

——Recubrimiento: 10 mm
—Recubrimiento: 20 mm
—Recubrimiento: 30 mm

® Periodo de iniciacién (cercos)

210 A Periodo de iniciacion (longitudinal)

200 T T T T T T T T T |

0 10 20 30 40 50 60 70 80 90 100
Tiempo (afios)
270
260 A
g
S 250
N
3
<
5 240
S
8
1~ 18
B 230 4 ]
S
S
:uz 220 A
3 ——XC1: Velocidad corrosién: 1 pm/afio
'3 ——XC2: Velocidad corrosién: 4 pm/afio ) .
210 4 ——XC3: Velocidad corrosién: 2 pm/afio Ld Pen'ogo ge icladon (ICE'C(_)S’d_ I
—XC4: Velocidad corrosién: 5 pm/afio A Periodode iniclacion {longitudiral)
200 T T T T T T T T T |

0 10 20 30 40 50 60 70 80 90 100
Tiempo (afios)

Figura 8. Prediccion a largo plazo de la resistencia a cortante para corrosiéon inducida por carbonatacién y exposicion XC4. a) Efecto de diferen-
tes diametros. b) Importancia del recubrimiento sobre el periodo de iniciacion. ¢) Variacion del periodo segin conglomerante. d) Variacion de la
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a) cuando el didmetro del cerco es 10 mm), f= 25 MPa)

para la misma velocidad de corrosién (por ejemplo, 4 pm/
afio, correspondiente a clases de exposiciéon XC2 y XS2, ver
tabla 2), la seccién transversal residual efectiva (ver figura
5) disminuira al mismo ritmo para la corrosién causada por
la carbonatacién que para corrosién por iones cloruro. Para
mas informacién acerca de la reduccion del area de la arma-
dura de barras sometidas a corrosién localizada (pitting) se
recomienda consultar la referencia [24]. Se debe considerar
también que el modelo aqui utilizado para la penetracion de
cloruros no considera el efecto de la fisuracién del hormi-
gon. En [36] se presenta, aplica y analiza mas informacion
relacionada con diferentes enfoques sobre como extender las
ecuaciones de penetraciéon de cloruros en hormigén fisurado.

4,

ANALISIS PARAMETRICO PARA MOSTRAR LA
VIABILIDAD DE PREDECIR LA RESISTENCIA A
CORTANTE A LARGO PLAZO SEGUN LOS MODELOS
UTILIZADOS

La capacidad del CCCM en combinacién con los dos modelos
de deterioro para adaptarse a distintas condiciones para prede-
cir la resistencia a cortante a largo plazo se muestra mediante
los ejemplos de las figuras 8 y 9. Nétese que en estos ejemplos
no se ha considerado la posibilidad de desconchado del hor-
migén de la cabeza comprimida, previéndose tinicamente el
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desconchado del recubrimiento de hormigén del alma.

La figura 8 muestra el efecto de distintos parimetros
en la evolucion de la resistencia a cortante debido a la co-
rrosion de los cercos por carbonatacién del hormigén. Por
ejemplo, en el caso de la figura 8.a se observa el efecto del
didmetro de los cercos en clases de exposicion XC4 (corro-
sién por carbonatacién con sequedad y humedad ciclicas).
Aunque la evolucion es similar, un mayor didametro implica
un mayor periodo de tiempo hasta que la pérdida de sec-
cién transversal alcanza un 10% (el valor considerado en
este articulo a partir del cual se considera que se produce el
desconchado de hormigén del recubrimiento). La figura 8.b
sirve para demostrar la gran influencia que tiene el recubri-
miento de hormigén, ¢, y la figura 8.c muestra la influencia
de las adiciones utilizadas y sus efectos en la durabilidad. Fi-
nalmente, en el caso expuesto en la figura 8.d puede verse la
importancia de la velocidad de corrosién, v, para clases de
exposicion XC (1 pm/afio para XC1, 4 pm/afio para XC2,
2 pm/afio para XC3, 5 pm/afio para XC4). Bajo las mismas
condiciones, el modelo predice el desconchado del hormi-
goén del recubrimiento para las clases de exposicion XC2 y
XC4 debido a su mayor velocidad de corrosion.

Por otro lado, la figura 9 resume el efecto de los distintos
parametros que afectan la evolucion de la resistencia a cor-
tante a largo plazo por corrosién inducida por penetracién
de iones de cloruro. En este caso, el modelo presentado en la
Seccion 3.2 cuenta con mas pardmetros a ser contemplados,
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como el efecto de la temperatura, del contenido de cemento,
la relacién agua/cemento, a/c, o la naturaleza de las adiciones.
Por ejemplo, la figura 9.2 demuestra como una temperatura
media mas elevada acorta el periodo de iniciacion. Se podria
obtener un resultado similar al utilizar un menor contenido
de cemento (figura 9.b).

La figura 9.c compara las predicciones para distintas rela-
ciones a/c: a menor relacién a/c, mayores periodos de inicia-
cién y, consecuentemente, més protegido estard el elemento
frente a la corrosion.

Por dltimo, la clase de exposicion define la velocidad de co-
rrosion (como se ha definido en la tabla 2), pero también con-
diciona el contenido de cloruros en la superficie del hormigon.
La figura 9.d representa la iniciacion de la corrosion y la dismi-
nucién de la resistencia a cortante para vigas idénticas expues-
tas a diferentes ambientes marinos. Si la clase de exposicion
es XS1 (expuesto a aerosoles marinos, pero no en contacto
directo con el agua del mar) y esté fuera de la zona de spray, el
periodo de iniciacién es mayor que 100 afios; para XS1 dentro
de la zona de spray (mayor C,) el periodo de iniciacién es de
27 afios; finalmente para XS2 (sumergido permanentemente
en agua de mar) y XS3 (zona de carrera de mareas, afectadas
por el oleaje o salpicaduras), el periodo de iniciacién es de 22
y 9 afos. Ademas, debido a las altas velocidades de corrosion
en ambientes XS3, el desconchado del hormigén del recubri-
miento aparece antes. El caso particular representado por la
linea naranja en la figura 9.d (XS3, zona de carrera de mareas o

salpicaduras) claramente seria un caso de disefio no aceptable:
un recubrimiento demasiado pequefio (¢ = 30 mm) y una resis-
tencia a compresiéon del hormigén baja (f, = 25 N/mm?) para
un ambiente muy agresivo. Se debe tener en cuenta que para
los diferentes casos representados en la figura 9, el periodo de
inicio de la corrosién del armado longitudinal aparece después
del desconchado del hormigén del recubrimiento. Los mode-
los de durabilidad incluidos en el Cédigo Estructural limitan
la vida 1til al instante del desprendimiento del revestimiento
(o la fisuracién del recubrimiento). Por lo tanto, los resultados
mis alld de ese punto, marcados con lineas discontinuas en las
figuras 6-9, estdn en realidad mas alla del limite de aplicabili-
dad del modelo en esta etapa de desarrollo.

5.
CONCLUSIONES

La aplicacién conjunta del CCCM con dos modelos de deterio-
ro incluidos en el Cédigo Estructural, un modelo de carbonata-
cién y un modelo corrosién inducida por iones cloruro, permite
predecir, por primera vez, la evolucién de la resistencia a cortan-
te a largo plazo. Ademis, se ha mostrado la capacidad de pro-
porcionar predicciones razonables bajo diversas circunstancias
a pesar de las simplificaciones realizadas, como no considerar el
deterioro de la adherencia entre el acero corroido y el hormi-
g6n o la reduccién de la resistencia a compresion del hormigéon
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fisurado de la cabeza comprimida. Se han presentado distintos

casos de estudio en los que se puede comparar la evolucién de

la resistencia a cortante bajo distintos escenarios. En base a los
resultados, se han obtenido las siguientes conclusiones:

1. El CCCM presenta predicciones satisfactorias de la resisten-
cia a cortante de vigas con cercos y/o armaduras longitudi-
nales corroidas al compararlas con resultados empiricos.

2. Los dos modelos de deterioro considerados para la carbo-
natacion del hormigén carbonatado o la corrosiéon induci-
da por ion cloruro tienen en cuenta un niimero conside-
rable de parametros para calcular el periodo de iniciacion
de la corrosién y, dependiendo de la clase de exposicién,
definen diferentes velocidades de corrosién para la pro-
pagacién de la corrosion. La combinacion del periodo de
iniciacion y la propagacién de la corrosién permite obte-
ner la pérdida de seccién transversal de la armadura en
cualquier instante de tiempo considerado.

3. Las picaduras localizadas por iones de cloruro (pitting)
pueden producir reducciones rapidas de las secciones re-
siduales efectivas de la barra (ver figura 5). En este trabajo
se ha considerado el coeficiente de picadura o = 2, aunque
en la literatura cientifico-técnica se han propuesto valores
hasta 10, como se ha comentado anteriormente.

4. La prediccion de la pérdida de la seccion transversal de la
armadura, combinada con el CCCM, permite realizar pre-
dicciones preliminares de la evolucién de la resistencia a
cortante a largo plazo para diferentes clases de exposicion.

5. Los modelos de deterioro considerados todavia no permi-
ten todas las combinaciones posibles de clases de exposi-
cioén y, en ocasiones, seria necesario obtener experimen-
talmente algunos pardmetros importantes.

Finalmente, cabe sefialar que tanto la resistencia a cortante
como el deterioro del armado se tratan como valores deter-
ministas en este articulo. Sin embargo, principalmente debido
a la alta incertidumbre que conlleva el proceso de corrosién
de la armadura de refuerzo, esta investigaciéon deberia am-
pliarse para considerar variables y modelos clave desde una
perspectiva probabilistica. Ademas, para la aplicacién practi-
ca real, seria necesario combinar las predicciones de resisten-
cia a cortante a largo plazo presentadas en este articulo con
predicciones de resistencia a flexion, también a largo plazo,
con el objetivo de evitar un posible cambio en el modo de
rotura de los elementos de hormigén armado durante toda la
vida atil de la estructura, pasando de una rotura por flexién
dactil a una rotura fragil a cortante.
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igual a la profundidad relativa de la fibra neutra, x/d, pero
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contribucién de la armadura a cortante la resistencia a cor-
tante; ver Ec. (3)
resistencia a cortante obtenida en un ensayo
coeficiente de picadura (ver definicion grafica en figura 5b).
En este articulo se considera a = 2 (se pueden encontrar
valores de hasta 10 en la literatura cientifica)
coeficiente que considera el estado tensional de las bielas.
Véase el Eurocodigo 2 para mas informacion
relacion de pérdida de secciéon obtenida como:

_ Ao—Anin

sn
0

X 100% = #0=%% x 100%

@0
relacion de pérdida de la seccion de la armadura longitudi-
nal
relacién de pérdida de la seccién de la armadura a cortante
factor de reduccién de la resistencia a cortante para hormi-
g6n fisurado. Véase el Eurocédigo 2 para mas informacién
angulo entre la biela comprimida de hormigén y el eje de la
viga perpendicular al esfuerzo cortante, dado por Ec. (7)
didmetro de la seccién transversal del acero antes de la co-
rrosion
didmetro de la seccién transversal del acero después de la
corrosion. Ver figura 5 para diferencias entre la corrosion cau-
sada por la carbonatacién del hormigén y por iones cloruro
didmetro del cerco
cuantia de armadura traccionada referida al canto efectivo
dy al ancho del alma bw para vigas con seccién rectangular
cuantia de armadura transversal (armadura a cortante)
factor de efecto tamafio y esbeltez, dado por Ec. (6)
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APENDICE

TABLE Al
Referencia Espécimen fotso h bw d P pv f for s a/d Hion Hon Vit Viredccem
(N/mm?)  (mm) (mm) (mm) (%) (%) (N/mm?)  (N/mm?)  (mm) (%) (%) (kN) N) Vi Virea
Rodriguez et al. (1997) 1*) 123 35.0 200 150 170 1.77 0.22 585 626 170 4.7 12.3 78.2 373 37.5 1.10
124 35.0 200 150 170 1.77 0.22 585 626 170 4.7 15.4 86.6 27.9 33.6 0.92
125 35.0 200 150 170 1.77 0.22 585 626 170 4.7 15.1 93.8 314 30.6 1.13
136 37.0 200 150 170 1.77 0.22 585 626 170 4.7 13.5 86.6 29.1 34.7 0.93
135 37.0 200 150 170 1.77 0.22 585 626 170 4.7 13.8 93.8 33.9 31.7 1.18
215 35.0 200 150 170 1.77 0.22 585 626 170 4.7 10.7 66.0 38.6 42.8 1.00
216 35.0 200 150 170 1.77 0.22 585 626 170 4.7 11.6 82.6 36.2 35.7 1.12
213 35.0 200 150 170 1.77 0.22 585 626 170 4.7 14.1 86.6 26.6 33.8 0.87
214 35.0 200 150 170 1.77 0.22 585 626 170 4.7 154 97.2 28.7 29.2 1.09
315 37.0 200 150 170 1.77 0.45 585 626 85 4.7 16.9 97.2 27.7 29.0 1.06
Zhao and Jin (2012) **! 1-0 225 180 150 150 2.79 0.25 369 332 150 3.1 0.0 0.0 80 52.2 1.53
1-1 225 180 150 150 2.79 0.25 369 332 150 3.1 0.0 0.6 80 52.1 1.54
1-2 225 180 150 150 2.79 0.25 369 332 150 3.1 0.0 1.8 80 51.8 1.54
13 225 180 150 150 2.79 0.25 369 332 150 3.1 0.0 24 96 51.7 1.86
1-4 22.5 180 150 150 2.79 0.25 369 332 150 3.1 0.0 33 100 51.5 1.94
1-5 22.5 180 150 150 2.79 0.25 369 332 150 3.1 0.0 4.0 92 513 1.79
2-0 22.5 180 150 150 2.79 0.38 369 332 100 3.1 0.0 0.0 96 63.8 1.51
2-1 225 180 150 150 2.79 0.38 369 332 100 3.1 0.0 0.4 84 63.6 132
2-2 225 180 150 150 2.79 0.38 369 332 100 3.1 0.0 0.7 80 63.5 1.26
2-3 225 180 150 150 2.79 0.38 369 332 100 3.1 0.0 22 88 63.0 1.40
2-4 225 180 150 150 2.79 0.38 369 332 100 3.1 0.0 35 84 62.6 1.34
2-5 225 180 150 150 2.79 0.38 369 332 100 3.1 0.0 4.9 104 62.1 1.67
3-0 225 180 150 150 2.79 0.45 369 332 150 3.1 0.0 0.0 72 70.0 1.03
3-1 225 180 150 150 2.79 0.45 369 332 150 3.1 0.0 0.8 76 69.7 1.09
32 22.5 180 150 150 2.79 0.45 369 332 150 3.1 0.0 2.0 96 69.2 1.39
33 22.5 180 150 150 2.79 0.45 369 332 150 3.1 0.0 3.8 80 68.5 1.17
34 225 180 150 150 2.79 0.45 369 332 150 3.1 0.0 38 92 68.5 1.34
35 225 180 150 150 2.79 0.45 369 332 150 3.1 0.0 3.7 92 68.5 1.34
Xue et al. (2013) B(2.6)-mls  35.1 240 120 220 2.17 0.39 706 300 120 2.6 5.0 0.0 77.4 75.0 1.03

B(2.6)-m2s 359 240 120 220 2.17 0.39 706 300 120 2.6 32.0 0.0 82.1 70.7 1.16
B(3.2)-mls 349 240 120 220 217 0.39 706 300 120 3.2 8.0 0.0 70.5 72.8 0.97
B(3.2)-m2s  33.3 240 120 220 217 0.39 706 300 120 3.2 85 0.0 71.7 71.8 1.00

Xue et al. (2014) B (39)-s0 33.1 240 120 220 217 0.39 706 300 120 2.6 0.0 0.0 74.0 74.4 1.00
B (39)-s1 34.2 240 120 220 217 0.39 706 300 120 2.6 0.8 6.1 72.0 72.7 0.99
B (39)-s2 339 240 120 220 217 0.39 706 300 120 2.6 1.0 11.2 74.1 64.2 1.15
B (39)-s3 34.6 240 120 220 217 0.39 706 300 120 2.6 1.6 20.9 69.5 61.0 1.14
B (39)-s4 351 240 120 220 217 0.39 706 300 120 2.6 1.8 27.6 70.4 58.8 1.20
B (39)-s5 349 240 120 220 217 0.39 706 300 120 2.6 0.9 342 69.5 56.3 1.23

B (52)-s0 33.1 240 120 220 2.17 0.52 706 300 90 2.6 0.0 0.0 84.1 86.6 0.97
B (52)-s1 349 240 120 220 217 0.52 706 300 90 2.6 0.8 9.0 87.9 83.2 1.06
B (52)-s2 34.6 240 120 220 217 0.52 706 300 90 2.6 0.7 15.0 80.7 72.3 1.12
B (52)-s3 33.9 240 120 220 217 0.52 706 300 90 2.6 0.7 22.0 72.1 68.6 1.05

El-Sayed et al. (2016) **! B10-200 34.9 350 200 325 3.27 0.25 480 495 200 3 0.0 9.8 157 182.7 0.86
B20-200 40.7 350 200 325 3.27 0.25 480 495 200 3 0.0 23.1 136 168.0 0.81
B10-150 34.6 350 200 325 3.27 0.34 480 495 150 3 0.0 14.0 166 193.5 0.86
B20-150 40.9 350 200 325 3.27 0.34 480 495 150 3 0.0 228 173 190.4 091
B10-100 44.4 350 200 325 3.27 0.50 480 495 100 3 0.0 12.2 204 260.2 0.78
3

B20-100 44.0 350 200 325 3.27 0.50 480 495 100 0.0 245 1725 2363 0.73

Luetal. (2019) 1] A-2 40.8 300 200 259 2.20 0.10 390 339 200 25 18 7.6 137.8 99.6 138
A-3 40.8 300 200 259 2.20 0.16 390 373 250 3.0 16.5 46.5 119.8 87.2 137

A-4 40.8 300 200 259 2.20 0.20 390 373 200 35 15.6 443 109.8 90.0 1.22

A-6 40.8 300 200 259 2.20 0.11 390 458 200 2.5 0.0 0.0 139.2 1118 1.25

A-7 40.8 300 200 259 2.20 0.16 390 433 250 3.0 227 60.1 115.4 834 1.38

A-10 40.8 300 200 259 2.20 0.11 390 476 200 25 43 17.6 111.8 98.6 1.13

A-11 40.8 300 200 259 2.20 0.14 390 524 250 3.0 12.7 38.7 93.8 96.9 0.97

A-12 40.8 300 200 259 2.20 0.18 390 524 200 35 13.5 40.8 121.3 99.1 1.22

B-2 50.0 300 200 259 2.20 0.10 390 339 200 25 32 133 119.8  100.4 1.19

B-3 50.0 300 200 259 2.20 0.16 390 373 250 3.0 10.4 30.5 1257 103.0 1.22

B-6 50.0 300 200 259 2.20 0.11 390 458 200 2.5 14.1 514 133.5 93.5 1.43

B-7 50.0 300 200 259 2.20 0.16 390 433 250 3.0 15.8 441 1158  100.6 1.15

B-10 50.0 300 200 259 2.20 0.11 390 476 200 2.5 10.6 40.7 155.8 98.0 1.59

B-11 50.0 300 200 259 2.20 0.14 390 524 250 3.0 10.5 324 109.8 1087 1.01

* Las vigas ensayadas por Rodriguez et al. (1997) fueron sometidas a elevados niveles de corrosién, incluyendo la armadura superior a compresion. Tal y como se Niimero 62

ha comentado en la Seccion 2.3, la reduccion del canto efectivo, debido al desconchado de la cabeza comprimida por encima de los cercos se ha considerado en

estas vigas de forma excepcional (10 vigas). Media L.19

Des.est 0.26
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ABSTRACT

Statically indeterminate structures such as continuous beams allow redistribution of internal forces. For increasing loads after yielding of the flexural rein-
forcement, shear forces and flexural deformations may increase, making it possible to reach shear failures even after the full flexural capacity of the structure
is developed.

An extensive experimental programme consisting of 30 shear tests (15 cantilever tests and 15 continuous beam tests) was carried out to assess the shear
strength of reinforced concrete beams with and without shear reinforcement. Some of the tests were designed to fail in shear after yielding of the flexural
reinforcement. The main objective of this experimental study was analysing the influence of large flexural strains on shear strength.

The tests were instrumented by means of surface measurements using Digital Image Correlation (DIC). These measurements allowed controlling the evo-
lution of strains at concrete surface to obtain the rotation of the plastic hinges and tracking the development and kinematics of the critical shear crack to
obtain, by accounting for suitable constitutive models, the contribution of the various shear-transfer actions.

The analysis of the test results confirmed the reduction of shear strength provided by concrete with increasing flexural rotation both in tests with and with-
out shear reinforcement. Moreover, this shear strength component weakened for increasing shear reinforcement ratios. The test results were compared with
the shear strength values predicted by different design codes, showing that these formulations did not properly capture the loss of shear strength caused by
plastic deformation. The proposed simplified method to calculate the shear strength of the plastic hinges accounting for the plastic rotation demand shows
consistent agreement for the experimental results.

KEYWORDS: Shear strength; reinforced concrete; shear reinforcement; continuous beam; flexural rotation; digital image correlation.

©2024 Hormigén y Acero, the journal of the Spanish Association of Structural Engineering (ACHE). Published by Cinter Divulgacién Técnica S.L. This is an open-access
article distributed under the terms of the Creative Commons (CC BY-NC-ND 4.0) License

RESUMEN

Las estructuras hiperestaticas, tales como las vigas continuas, permiten la redistribucion de esfuerzos internos, de forma que, tras la plastificacion de la ar-
madura de flexion, el esfuerzo cortante y la deformacién pueden aumentar con el incremento de las cargas aplicadas, siendo posible alcanzar roturas por
cortante incluso después de agotar la capacidad resistente por flexion de la estructura.

En este articulo se presenta un extenso programa experimental constituido por 30 ensayos de cortante (15 ensayos de voladizo y 15 ensayos de vigas contin-
uas) llevado a cabo para evaluar la resistencia a cortante de vigas de hormigén armado con y sin armadura de cortante, algunas de ellas disefiadas para fallar a
cortante tras la plastificacién de la armadura de flexion. El principal objetivo de este estudio experimental era analizar la influencia del desarrollo de grandes
deformaciones de flexion en la resistencia a cortante.

Durante los ensayos, se emple6 la Correlacion Digital de Imagenes (DIC) para obtener medidas de deformacién superficiales. Estas medidas permitieron
analizar la evolucién de las deformaciones en la superficie de hormigén para obtener la rotacién de las rétulas plasticas y hacer un seguimiento del desarrollo
y la cinematica de la fisura critica de cortante con el objetivo de obtener, considerando los modelos constitutivos adecuados, la contribucién a la resistencia
de los distintos mecanismos de transferencia de cortante.

El analisis de los resultados confirmo la reduccion de la componente de la resistencia a cortante proporcionada por el hormigén con el aumento de la rotacion
de flexion, tanto en los especimenes con armadura de cortante como sin ella. Ademas, esta componente de la resistencia a cortante resulté menor cuanto
mayor era cuantia de armadura de cortante. Los resultados se compararon con los valores de resistencia propuestos por distintos cédigos de disefio, mostran-
do que estas formulaciones no capturan adecuadamente la reduccién de resistencia a cortante causada por la deformacion pléstica. El método simplificado
que se propone para el cilculo de la resistencia a cortante de las rétulas plasticas considerando la demanda de rotacion pléstica predice resultados coherentes
respecto a los obtenidos experimentalmente.

PALABRAS CLAVE: resistencia a cortante; hormigén armado; armadura de cortante; viga continua; rotacién de flexién; correlacién digital de imégenes.
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NOTATION

b concrete section width

c concrete cover

d effective depth (distance from the extreme compres-
sion fibre to the centroid of the tensile flexural rein-
forcement)

d, maximum diameter of the aggregate

JA
fa

Vdow
Vdow,c

Vdow, t
Ve
‘/res
Vr
VR,calc

VR, test
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compressive cylinder strength of concrete

tensile strength of concrete

tensile strength of reinforcement

point of the crack lip (first lip, x = 1; second lip, x = 2)
yield strength of reinforcement

tributary length of the crack i

distance between crack i and the point §

distance between crack i and the point k

total specimen length

cantilever length (x = 1, 3) or span (x = 2)

segment of the span (xx = a, b, ¢)

linear gradient of stress prior to yielding of reinforce-
ment

linear gradient of stress after yielding of reinforcement
spacing of the shear reinforcement

horizontal displacement of the crack

vertical displacement of the crack

vertical displacement related to shear deformation
crack width normal to the crack

crack kinematics vector

area of tensile flexural reinforcement

area of compressive flexural reinforcement

area of shear reinforcement

absolute value of bending moment (at A support sec-
tion in cantilever tests and at B support section in con-
tinuous beam tests)

bending moment (at section of applied load P; in con-
tinuous beam tests)

bending moment when flexural reinforcement is yield-
ed at B support section

bending moment when flexural reinforcement is yield-
ed at section of applied load P,

applied load (x = 1,2)

applied load at failure (x = 1,2)

reaction in support section A

reaction in support section B

shear force

shear force carried by aggregate interlock

shear force accounting for the sum of the various
shear-transfer actions related to concrete

shear force carried by inclined compression chord
shear force at failure accounting for the sum of the var-
ious shear-transfer actions related to concrete

shear force carried by dowel action

shear force carried by dowel action (compressive flex-
ural reinforcement)

shear force carried by dowel action (tensile flexural re-
inforcement)

shear force applied

shear force carried by concrete residual tensile strength
shear strength

estimated shear strength according to theoretical ex-
pression

experimental shear strength

V., shear force carried by shear reinforcement

V.  shear force carried by a stirrup

V.r  shear force at failure carried by shear reinforcement

v, shear force at yielding of the flexural reinforcement

B inclination of a segment of the polyline that approxi-
mates the shape of the critical shear crack (a=180°-5)

) crack sliding

o relative concrete-to-steel slip

o,  relative concrete-to-steel slip at yielding

oy specimen deflection under applied load (x = 1,2)
Eow strain of a stirrup

&, strain at maximum load of reinforcement

g, yield strain of reinforcement

0 angle of the critical shear crack

0 slope of the specimen axis at support section B

Ve,  vertical crack opening of the crack i at the location
where it intercepts a stirrup

Vasisx vertical crack opening at failure of the crack i at the
location where it intercepts a stirrup (x =1,2,3)

p reinforcement ratio of flexural reinforcement
Puw reinforcement ratio of shear reinforcement
Csw stress of a stirrup

T bond stress of reinforcement

T bond stress prior to yielding of reinforcement
Tba bond stress after yielding of reinforcement

¢ nominal diameter of a reinforcing bar

X section curvature

vy flexural rotation of the specimen (general: y)
v, rotation related to shear deformation

W, total rotation of the specimen

1.

INTRODUCTION

Shear behavior of reinforced concrete members has been ex-
tensively studied in recent decades and it has meant the devel-
opment of extensive experimental campaigns. Mostly of these
experimental studies have been focused on simply supported
beams (statically determinate structures) under point loads
[1,2], although many common structures, such as bridge decks
or building frames are continuous beams. These structures are
statically indeterminate structures with continuity and re-
dundancy properties that allow the redistribution of internal
forces. After yielding of the flexural reinforcement and with
increasing loads, shear forces increase while bending moment
remains almost constant in the region where the plastic hinge
develops, which makes it possible for shear failures to occur
after yielding of the flexural reinforcement before the full flex-
ural capacity of the structure is developed.

The different types of shear failure —after or before yielding
of the flexural reinforcement— in statically determinate and in-
determinate structures are schematically illustrated in Figure 1.
This figure depicts the shear-deformation path for both statical-
ly determinate and indeterminate structures and the shear fail-
ure criterion, which considers a decrease of the shear strength
with increasing flexural deformation, as stated by the critical
shear-crack theory (CSCT) [3]. For statically determinate struc-
tures (such as simply supported beams), members can fail in
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Figure 1. Structural response of structural determinate and indeterminate structures failing in shear before and after yielding of the flexural rein-
forcement.

shear before yielding of the flexural reinforcement (branch A
in Figure 1) or after it (branch B in Figure 1). On this last case,
plastic deformation develops with small load increments until
the shear failure occurs. For statically indeterminate structures
(such as continuous beams), members can also fail in shear be-
fore or after yielding of the flexural reinforcement. Neverthe-
less, in these members, load can still increase after yielding of
the flexural reinforcement. As a result, members can fail in shear
after yielding of the flexural reinforcement with increasing load
(and increasing shear forces) —before developing the full flexural
capacity of the structure- (branch C in Figure 1). After yield-
ing, shear forces remain almost constant but the shear resistance
of plastic hinges decreases for increasing flexural deformations
(flexural rotation). For this reason, these members can fail in
shear even though shear forces remain almost constant (branch
D in Figure 1).

This structural response of statically indeterminate struc-
tures failed in shear under constant shear forces can be also
understood as a reduction of the rotation capacity of plas-
tic hinges because of shear forces, which was experimentally
verified for reinforced concrete statically determinate beams
without shear reinforcement failed in shear before yielding
of the flexural reinforcement [3] and after this yielding [4].

Due to the lack of experimental studies focused on the
shear behaviour of statically indeterminate beams —with or
without stirrups— failed in shear after yielding of the flex-
ural reinforcement and redistributing of internal forces, the
authors have recently carried out an extensive experimental
programme consisting of 30 shear tests aimed at represent-
ing realistic conditions of reinforced concrete structures (the
experimental programme and the test results were presented
and analysed in detail by Monserrat Lépez et al. [5-7]). In

this study, the moment-shear interaction is investigated by
accounting for the influence of large flexural strains on shear
strength based on displacement measurements performed
by the Digital Image Correlation (DIC). To this aim, rein-
forced concrete members with and without shear reinforce-
ment were tested to fail in shear under different deforma-
tion levels. In the first stage of the experimental programme
(9 specimens), different flexural reinforcement ratios and
configurations of load and support points were considered
as the flexural rotation was the variable of study (shear re-
inforcement was constant for all specimens). In the second
stage (6 specimens), the shear reinforcement ratio was in-
cluded as a new variable of study. Although the results of this
experimental programme have been previously published in
other scientific papers [5-7], this paper constitutes a clear
and standalone synthesis that provides the reader all required
data. In addition to this summary, section 5 presents results
that have not been published, constituting an original contri-
bution of this paper.

The shear strength formulations in codes have been based
on the extensive experimental and theoretical research car-
ried out over the last decades. In this sense, design approach-
es have been different for members with and without shear
reinforcement. While equilibrium-based models [8,9] and
stress fields [10] have been developed for members with
shear reinforcement, empirical formulation calibrated on the
basis of experimental results (ACI 318-19 [11] and Euroc-
ode 2 [12]) has been provided for members without shear
reinforcement. Other expressions have also been extended
for design of members with shear reinforcement, such as the
Modified Compression Field Theory (MCFT) [13,14] (im-
plemented in the Model Code 2010 [15] for both members
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with and without shear reinforcement) or the Softened Truss
Models [16,17]. For members with stirrups, design codes
also have different approaches, although they share the same
model, constituted by an inclined compression field and stir-
rups in tension. MC2010 [15] and ACI 318-19 [11] are based
on adding two shear forces, a “concrete term” (V) and a “steel
term” (Vs), referred to a section cut of these stress fields at
the angle of the critical shear crack. Nevertheless, EC-2 [12]
only considers a “steel term” (Vs), the shear force provided by
the stirrups referred to a section cut performed parallel to the
compression field. In EC-2 formulation, the shear strength
contribution provided by concrete is indirectly taken into ac-
count with a variable-angle of the compression field. As far
as the moment-shear interaction concerned, it is considered
in the shear formulation proposed by the MC2010 [15] by
a reduction of the shear strength because of the presence of
a concomitant bending moment. This formulation has prov-
en the capability of accurately predicting shear behaviour of
reinforced concrete members [14]. On the contrary, other
design codes such as ACI 318-19 [11] and EC-2 [12] pro-
vide empirical shear formulation for beams without stirrups
which depends on the longitudinal tension reinforcement
area. Unlike the previous one, this formulation has proven
to be unable to properly capture the influence of different
variables on the shear strength [1].

TABLE 1.
Reinforcement, geometry and material properties of all tests.

In this paper, the experimental results of the aforemen-
tioned experimental programme as well as an analysis of the
shear strength according to the flexural and shear deforma-
tions is provided. Consequently, the shear failure criterion
proposed by Vaz Rodriguez et al [4] is verified to be applica-
ble to beams with and without shear reinforcement and for
flexural rotations beyond the elastic behaviour. Based on this
failure criterion, a simplified method is proposed to calculate
the shear strength of the plastic hinges accounting for the
plastic rotation demand.

2.
EXPERIMENTAL PROGRAMME

2.1. Specimens

The experimental programme was presented in detail in
Monserrat Lopez et al. [5,6]. It involved 15 reinforced con-
crete beams and 30 shear tests. Specimens B1 to B9 were 9.00
m long (first stage of the experimental programme) and B10
to B15 were 7.00 m long (second stage of the experimental
programme). All specimens had rectangular cross section of
250 x 450 mm. Two different shear tests were conducted on

I 1, I, L, £ Ja
(MPa) (MPa)

tot 1

m M m m @ m (m

=]

g Tests As A (,{/’0 ) A (’;/vov)
%]
BI O 520 720 163 830 0.3
B2 (AP 720 520 229 830 0.3
B3 %gg:RR;:Ssg:ﬁé 620 620 194 830 0.3
B4 Ak 50 720 163 830 0.3
BS DL 720 520 229 830 0.3
B6 BSGCS:}{};]':S;_LQS"S 620 620 194 830 0.3
B7 B];;:S'ill' SSIILL243 520 720 163 830 013
B8 ngs-ill- SSZZLLZf 720 520 229 830 0.3
B9 BOCRI-53-12.3 620 620 194 830 013

B9S-R1-S3-L4

B10C-RO-S1-L1
B10 B10S-RO-S1-L4 520 720 1.63 - -

B11C-RO-S2-L1
B11 B11S-R0-S2-L4 720 520 2.29 - -

B12C-R0O-S3-L1
B12 B12S-R0-S3-L4 620 620 1.94 - -

B13C-R2-S1-L1
B13 B13S-R2-S1.L4 520 720 1.63 8/20 0.20

B14C-R2-S2-L1
B14 B14S-R2-S2-L4 720 520 2.29 8/20 0.20

B15C-R2-S3-L1
B15 B15S-R2-S3-L4 620 620 1.94 8/20 0.20

9.00 1.00 6.00 1.00 1.00 3.10 1.90 24.1 2.5

9.00 1.00 6.00 1.00 1.00 2.50 2.50 223 3.1

9.00 1.00 6.00 1.00 1.00 2.80 2.20 22.8 2.8

9.00 1.62 5.00 1.00 1.00 2.10 1.90 223 2.6

9.00 1.62 5.00 1.00 1.00 1.50 2.50 34.7 3.6

9.00 1.62 5.00 1.00 1.00 1.80 2.20 359 3.3

9.00 2.31 4.00 1.00 1.00 1.10 1.90 36.2 2.9

9.00 2.31 4.00 1.00 1.00 0.50 2.50 345 3.4

9.00 2.31 4.00

1.00 1.00 0.80 2.20 29.7 2.2

7.00 1.00 4.00 1.00 0.70 1.40 1.90 36.4 2.1

7.00 1.00 4.00 1.00 1.00 0.61 2.50 314 2.1

7.00 1.00 4.00 1.00 0.89 0.91 2.20 28.7 2.9

7.00 1.00 4.00 1.00 1.00 1.10 1.90 30.6 2.5

7.00 1.00 4.00 1.00 1.00 0.50 2.50 31.4 2.9

7.00 1.00 4.00 1.00 1.00 0.80 2.20 26.0 2.6
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Figure 2. Reinforcement, geometry and load arrangement of the specimens in (a) cantilever test and (b) continuous beam test; (c) flexural rein-
forcement of section type S1 (specimens B1, B4, B7, B10 and B13), S2 (specimens B2, BS, B8, B11 and B14) and S3 (specimens B3, B6, B9, B12
and B15) (dimensions in mm).

each specimen according to different load configuration and
test procedure (30 tests): test on cantilevers (Figure 2a) and
test on continuous beam test (Figure 2b).

The specimens making up the first stage of the experi-
mental programme (specimens Bl to B9) had different flex-
ural reinforcement ratios and configurations of load and sup-
port points to allow reaching shear failures under different
deformation levels (accounted by the flexural rotation). The
shear reinforcement ratio was fixed in all specimens. In the
second stage (specimens B10 to B15), shear reinforcement
was included as a variable to study its influence in the shear
behaviour of the specimens.

Three different flexural reinforcement ratios were consid-
ered (tensile top flexural reinforcement): p = 1.63% (section
S1, effective depth d = 386 mm); p = 2.29% (section S2, effec-
tive depth d = 385 mm); p = 1.94% (section S3, effective depth
d =389 mm). All sections had a total of twelve 20 mm-diam-
eter bars arranged as tensile (top) and compressive (bottom)
flexural reinforcement (arranged in two layers, see Figure 2¢)
and constant along the length of the specimen. The different
load and support configurations determined the length of the
cantilever (1;) in the cantilever tests and the length of the span
(L) in the continuous beam tests. In the former [, was 1.00

m (L1), 1.62 m (L1.6) and 2.31 m (L2.3) (see Figure 2a); in
the latter [, was 6.00 m (L6), 5.00 m (L5) and 4.00 m (L4)
(see Figure 2b). Three series were considered with respect to
the shear reinforcement: beams without shear reinforcement
(series RO); beams with a shear reinforcement ratio p,, = 0.13%
(series R1, two-legged closed stirrups ¢8/30) and beams with
a shear reinforcement ratio p,, = 0.20% (series R2, two-legged
closed stirrups ¢8/20). Outside of the expected failure regions,
stirrups were provided to prevent shear failures (p,, = 0.90% in
all specimens). Table 1 summarizes the reinforcement, geome-
try and material properties of all tests (C —cantilever— refers to
the cantilever test and S —span- to the continuous beam tests).

2.2. Test system

Loads (P, and P;) and support reactions (R4 and Rp) (see Fig-
ure 2a and 2b) were transmitted to the beam through steel
plates measuring 250 x 250 x 40 mm. Both load and support
systems allowed horizontal in-plane displacements and rota-
tions (see Figure 3a and 3b). One of the supports of the spec-
imens had restrained horizontal displacement during tests.
In cantilever tests (Figure 2a), load was applied with
displacement control (0.02 mm/s) until shear failure, and P,
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Figure 3. (a) Load system; (b) support system.

was applied with load control according to P, to obtain no
reaction in support B. In these tests, shear force and bending
moment increased simultaneously along the cantilever (1,).

The continuous beam tests (Figure 2b) were carried out
in two phases. In the first phase (Figure 4a), load P; was ap-
plied with displacement control (0.02 mm/s), and load P,
with load control according to P; to obtain no reaction at
support A. This phase ended when the top flexural reinforce-
ment at the support B section yielded. In the second phase
(Figure 4b), load P, was applied with displacement control
(0.02 mm/s) until shear failure, and load P, was applied with
load control to keep the slope of the specimen axis at the
support B (65) constant and equal to the one at the end of
the first phase. It must be pointed out that specimens be-
came statically indeterminate structures (continuous beams)
in the second phase of the tests, as efforts were determined
by compatibility conditions because of the restriction im-
posed to the slope at the support B section. Precisely this re-
striction allowed increasing shear force along the inner span
(L) together with increasing flexural rotations at the plastic
hinge at the support B section (plastic moment remained
constant at this section). This restriction is not equivalent to
keeping constant load P;, which would result in a constant
bending moment imposed at the support B section but in a
decrease of rotation with increasing shear forces. Actually, it
was observed that a limited increase of load P, was required
to maintain the slope due to the increasing rotation of the
plastic hinge.

P My< My, P
[--—--- ————------ N
i 7y
A B

2.3. Instrumentation

Conventional instrumentation consisted of four load cells (see
Figure 3) taking continuous measurements of the two loads
applied by two independent hydraulic jacks and the reactions
at the support sections. In addition, several concrete displace-
ment and strain measurements were recorded by means of dis-
placement transducers and strain gauges [6]. The deflection
of the specimens was measured at load sections by absolute
non-contact position sensors integrated into hydraulic jacks
and at several points of the specimens’ bottom surface by dis-
placement transducers. Two displacement transducers were
used to control the slope at support sections.

In addition to these conventional measurements, two-di-
mensional Digital Image Correlation (DIC) was used to track
the displacement field of the specimens continuously during
tests. Photogrammetry was performed on the region of the
specimens where shear failure was expected. Canon EOS
5D Mark II digital cameras (21.1 megapixels) equipped with
a fixed-focus lens Canon EF 85 mm {/1.8 USM were used
(three or four cameras depending on the test). The image
acquisition rate during tests was variable. Images were taken
every two seconds at the beginning, but the frequency in-
creased up to 1 Hz near failure. In the measurement regions,
a pattern consisting of rounded black speckles was applied.
An own software developed using NI-IMAQ driver and pro-
gramming with LabVIEW was used to obtain the isolated
displacement measurements at several points of the concrete

Pz My = Mya Pz
| A
BT E

Figure 4. Bending moment diagrams for the continuous beam tests: (a) first phase of the test; (b) second phase of the test.
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Figure 5. Evolution of the bending moments (M, at M> support section and at section of applied load P>) and shear force (V) according to the
specimen deflection P, under the load for the continuous beam tests: (a) B9S-R1-S3-L4; (b) B3S-R1-S3-L6.

surface. For measuring displacements, images were divided
into a grid of squared facets of 100 x 100 pixels and each
one was tracked from one image to the following. The soft-
ware maximum error of the computed displacements was
1/32 pixels and the resolution of the calibration performed
with the Vision Assistant of National Instruments software
was 0.2 mm/pixel. Besides these measurements, the displace-
ment field measurements associated with cracking develop-
ment was obtained with VIC2D software [18].

3.
MAIN TEST RESULTS

3.1. Failure modes and shear strength

Several shear failure modes were observed for the cantilever
tests and the continuous beam tests.

In cantilever tests, specimens L1 and L1.6 failed in shear
before yielding of the top flexural reinforcement at the sup-
port section A (see Figure 2a) with increasing shear force and
bending moment. However, specimens of the tests BSC-R1-
S2-1.2.3 and B9C-R1-S3-1.2.3 failed in shear after yielding of
the top flexural reinforcement. In these cases, shear failure
occurred under constant shear force but for increasing defor-
mations. Finally, test B7C-R1-S1-L.2.3 failed in bending.

In continuous beam tests, all specimens failed in shear in
the second phase of loading, after yielding of the top flex-
ural reinforcement at support section B (see Figure 2b) and
the development of large rotations of the plastic hinge. Two
different failure modes were observed depending on the de-
velopment or not of a second plastic hinge under load P, (see
Figure 2b). Specimens L4, and specimen of the test B4S-R1-
S1-L5 failed in shear after formation of first plastic hinge

with increasing shear forces and increasing flexural rotations
at the plastic hinge. Specimens L6, and specimens of the tests
B5S-R1-S2-L5 and B6S-R1-S3-LS5 failed in shear after forma-
tion of second plastic hinge. In these cases, shear failure oc-
curred under constant shear force but for increasing flexural
rotations at the plastic hinge. Figure 5 shows the evolution
of the bending moments M, and M, (absolute value of bend-
ing moment at B support section and at section of applied
load P, respectively) and the shear force V (absolute value of
shear force at B support section) according to the deflection
6> (specimen deflection under the load P;) for the two dif-
ferent failure modes observed for the continuous beam tests
(test BOS-R1-S3-L4 failed in shear after formation of first
plastic hinge, see Figure 5a; and test B3S-R1-S3-L6 failed in
shear after formation of second plastic hinge, see Figure 5b).
The graphics show a first branch with negative slope and a
limited force values, which corresponds to the first phase of
the continuous beam tests.

The load-deflection curves for the specimens of series R1
(pw=0.13%) and section S3 (p = 1.94%) are plotted in Figure
6 (load P, against the deflection under this load 6, for canti-
lever tests, see Figure 6a; and load P, against the deflection
under this load J; for continuous beam tests, see Figure 6b).

Table 2 summarizes the main results of all tests at fail-
ure. It includes the failure mode, the applied loads at failure
(Pir for cantilever tests and Pig and P,r for continuous beam
tests) and the shear strength (Vi) provided by tests at fail-
ure at the corresponding support section (support section A
—cantilever side— for cantilever tests, see Figure 2a; and support sec-
tion B —midspan side— for continuous beam tests (see Figure 2b).

3.2. Cracking pattern

Regarding the cracking pattern at failure, it is different for can-
tilever tests and continuous beam tests. In all cantilever tests,
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Figure 6. Load-deflection curves for the specimens of series R1 and section S3: (a) cantilever tests; (b) continuous beam tests.
TABLE 2.
Reinforcement, geometry and material properties of all tests.
g
£ Test Failure Pir Vr Test Failure Pir Por Vr
‘g mode (kN) (kN) mode (kN) (kN) (kN)
7
Bl BIC-R1-S1-L1 V (B) 192.6 196.8 B1S-R1-S1-L6 V (2PH) 272.6 513.2 139.4
B2 B2C-R1-S2-L1 V (B) 210.4 214.6 B2S-R1-S2-L6 V (2PH) 371.4 432.3 142.4
B3 B3C-R1-S3-L1 V (B) 202.1 206.3 B3S-R1-S3-L6 V (2PH) 324.4 495.8 145.1
B4 B4C-R1-S1-L1.6 V (B) 167.2 174.2 B4S-R1-S1-L5 V (1PH) 270.2 415.5 143.1
B5 B5C-R1-S2-L1.6 V (B) 208.1 215.2 B5S-R1-S2-L5 V (2PH) 374.1 540.1 188.7
B6 B6C-R1-S3-L1.6 V (B) 200.6 207.6 B6S-R1-S3-L5 V (2PH) 343.3 581.2 190.8
B7 B7C-R1-S1-L2.3 M 120.0 - B7S-R1-S1-L4 V (1PH) 293.7 563.1 216.3
B8 B8C-R1-S2-L2.3 V (A) 157.8 167.6 B8S-R1-S2-L4 V (1PH) 389.6 405.6 200.9
B9 B9C-R1-S3-L2.3 V (A) 138.8 148.7 B9S-R1-S3-L4 V (1PH) 341.2 419.6 192.3
B10 B10C-RO-S1-L1 V (B) 146.0 150.2 B10S-RO-S1-L4 V (1PH) 224.2 118.1 82.4
B11 B11C-R0O-S2-L1 V (B) 184.7 188.9 B11S-R0O-S2-L4* V (1PH) 363.7 94.7 92.0
B12 B12C-R0O-S3-L1 V (B) 116.6 120.8 B12S-R0O-S3-L4 V (1PH) 241.5 97.0 87.6
B13 B13C-R2-S1-L1 V (B) 230.8 235.0 B13S-R2-S1-L4 V (1PH) 290.6 557.2 217.6
B14 B14C-R2-S2-L1 V (B) 263.5 267.7 B14S-R2-S2-L4 V (1PH) 353.5 513.8 2225
B15 B15C-R2-S3-L1 V (B) 276.8 281.0 B15S-R2-S3-L4 V (1PH) 310.5 463.4 199.1

Note: V (shear failure); M (bending failure); A (after yielding); B (before yielding); PH (plastic hinge); shear at corresponding support section including self-weight; *test with different configuration [16].

cracking first started as vertical flexural cracks near the support
section. In several tests, as load increased, one of those flex-
ural cracks developed sub-horizontal branches (towards the
support section firstly and towards the load section secondly)
becoming the critical shear crack (see Figure 7a). Nevertheless,
the critical shear crack developed directly as a diagonal crack
in the web with increasing opening until shear failure in some
L1 tests (B3C-R1-S3-L1, B11C-R0-S2-L1, B12C-R0-S3-L1
and B15C-R2-S3-L1, see Figure 7b). In continuous beam
tests, the two different phases of the test influenced the evolu-
tion of the cracking pattern. In the first loading phase, mainly
flexural cracking was observed, while cracking associated to
shear deformations barely developed because of the limited
shear forces. In the second phase, flexural cracks near to sup-
port section considerably increased and the critical shear crack
progressed from a flexural crack by developing sub-horizontal
branches. In general, the cracking pattern was influenced by
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the shear reinforcement: specimens with stirrups (series R1
and R2) exhibited more distributed cracking and larger crack
openings (associated to a significant vertical displacement)
than those specimens without stirrups (series R0). The ob-
served cracking patterns for all tests were presented in detail
in Monserrat Lopez et al. [7].

4.
ANALYSIS OF TEST RESULTS

4.1. Shear strength contributions
The contribution of the various shear-transfer actions to the

shear strength can be estimated by using the kinematics as-
sociated to cracking and suitable constitutive models. For
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Figure 7. Crack development process: (a) critical shear crack from a flexural crack (B2C-R1-S2-L1); (b) critical shear crack as a diagonal crack in
the web (B3C-R1-S3-L).
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Fig. 8. (a) Shear-transfer actions in a specimen without shear reinforcement: aggregate interlock (Vag), dowel action (Viw), residual tensile strength
(Vi) and inclination of the compression chord (V..); (b) shear-transfer actions in a specimen with shear reinforcement considering the contribution
of the stirrups (V).

specimens without shear reinforcement (B10 to B12), several
shear-transfer actions on cracked concrete contribute to the
shear strength (aggregate interlock, residual tensile strength
of concrete, dowel action of the flexural reinforcement and
contribution of the compression chord, see Figure 8a). For
specimens with shear reinforcement (B1 to B9 and B13 to
B15), the contribution of the stirrups to the shear strength
has to be also considered (see Figure 8b).

In this work, the contribution of the shear reinforcement
(V) and the contribution of the shear-transfer actions associat-
ed to the resistance of concrete (V) —accounting for the sum
of the various shear-transfer actions related to concrete-to the
shear strength of the specimens is investigated. The contribu-
tion of the shear reinforcement (V5) is calculated following
the procedure proposed by Campana et al. [19] and account-
ing for isolated DIC displacement measurements at stirrups
location. The contribution associated to the concrete (V¢) is
obtained as the difference between the total shear strength of
the specimens and the contribution of the shear reinforcement
(the various shear-transfer actions related to concrete was pre-
sented in detail in Monserrat Lépez et al. [7]).

The development of the inclined critical shear crack (the
crack leading to shear failure) leads to the activation of the
stirrups intercepted by it and, as a result, shear forces can be
carried by them. The sum of the shear force (Vsw) carried by
each stirrup intercepted by the critical shear crack results in
the contribution of the shear reinforcement (Vs) according to:

V=YW= X 20, U7 M

where ¢ is the diameter of the bar (stirrup with two branches)
and g, is the tensile stress of the stirrup, calculated following
the procedure of Campana [19].

The tensile stress of a single stirrup (o) is obtained [19]
from the isolated measurements of the critical shear crack

Monserrat, A., & Miguel, P. (2024) Hormigon y Acero 75(302-303); 91-108 — 99

openings performed by DIC. At the location where the critical
shear crack (i) intercepts the stirrup, its vertical crack opening
(Vsi) is obtained from the measured displacements of the con-
crete surfaces at two points (j and k) vertically aligned with
the stirrup (Figure 9a). Before bar yielding, the constant bond
stress is assumed [20] 7, = 2f; and, after yielding, it is reduced
to m2 = 2f, to consider the decreasing bond stress due to the bar
lateral contraction [21] (Figure 9b). On this basis, and by con-
sidering a bilinear stress-strain relationship with strain hard-
ening for the steel (Figure 9¢), the measured crack openings,
the stresses (o.,) and strains (&y,) in a stirrup are determined
(Figure 9d). The procedure neglects the concrete strains, so
the crack opening (v,,;) is obtained by integrating the strains
distribution (ey,) of a stirrup along the tributary length (Lon,)
of the crack:

Vi = f £() dix @)

cont,i

For the specimens of the experimental programme, two stir-
rups are normally intercepted by the critical shear crack in
specimens of series R1, and three in the case of specimens of
series R2 (cracking patterns for all tests were presented in de-
tail in Monserrat Lopez et al. [7]). Those stirrups intercepted
by the horizontal branch of the critical shear crack are not con-
sidered [19,22] and the accounted stirrups are yielded at shear
failure, as small crack openings are sufficient to yield small bar
diameters [19,22]. Table 3 presents the values of the vertical
opening of the critical shear crack (i) at the location where it
intercepts each stirrup (Vsisi , Vayis2 and vg,;s3) at shear failure
(only for series R1 and R2).

The values of the contribution of the shear reinforcement
(Vir) and the contribution related to the concrete (V,z) to the
shear strength of the specimens based on test results is pre-
sented in Table 4.
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Figure 9. Shear reinforcement contribution: (a) obtaining the vertical crack opening of the critical shear crack by DIC; (b) the considered
rigid-plastic bond behavior; (c) the considered bilinear hardening stress-strain relationship of steel (reinforcement steel properties in [6]) ; (d)
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'P\r//e\l*]iilc‘fl :j)'pening of the critical shear crack at the location where it intercepts the stirrups at failure.
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Bl B1C-R1-S1-L1 4.06 5.20 - B1S-R1-S1-L6 2.70 4.39 -
B2 B2C-R1-S2-L1 2.34 1.64 - B2S-R1-S2-L6 0.39 0.60 -
B3 B3C-R1-S3-L1 1.57 1.78 - B3S-R1-S3-L6 3.37 3.50 -
B4 B4C-R1-S1-L1.6 1.96 3.69 - B4S-R1-S1-L5 3.23 3.36 -
BS B5C-R1-S2-L1.6 2.04 3.13 - B5S-R1-S2-L5 2.44 2.65 -
B6 B6C-R1-S3-L1.6 1.66 5.24 - B6S-R1-S3-L5 1.09 1.71 -
B7 B7C-R1-S1-L2.3* - - - B7S-R1-S1-L4 0.97 2.19 -
B8 B8C-R1-S2-L.2.3 2.70 1.80 - B8S-R1-S2-L4 0.13 1.98 -
B9 BI9C-R1-S3-L2.3 2.29 2.55 - BI9S-R1-S3-L4 1.05 3.12 -
B13 BI3C-R2-S1-L1 2.16 3.18 2.19 B13S-R2-S1-L4 1.70 2.61 3.12
B14 B14C-R2-S2-L1 0.58 1.32 1.95 B14S-R2-S2-L4 0.49 1.52 1.50
B15 B15C-R2-S3-L1 2.19 1.27 1.68 B15S-R2-S3-L4 1.22 2.03 1.62

Note: V (shear failure); M (bending failure); A (after yielding); B (before yielding); PH (plastic hinge); shear at corresponding support section including self-weight; *test with different configuration [16].

4.2. Flexural and shear deformations

The analysis of flexural and shear deformations of the speci-
mens is plotted in Fig. 10. The critical shear crack divides the
specimens into two different bodies (one above the crack and
other below it). The body above the critical shear crack only
develops flexural deformation (accounted by the flexural ro-
tation, yy); whereas the body below the crack develops shear
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deformation as well linked to the development of the critical
shear crack.

The kinematics of the critical shear crack (refers to Fig.
11a) can be explained by a rotational movement (shear
crack rotation y,, see Fig. 10) with the centre of rotations
(CR) located near the tip of the crack [23,24] and a vertical
displacement (shear displacement v, see Fig. 10) between
the lips of the crack that may be constant or not along the



TABLE 4.
Analysis of test results: calculated values at failure.

=

g Test VR VoR wr W w Test VR VeRr wr 73 w

g (N) (kN)  (mrad) (mrad)  (mm) (kN) (kN)  (mrad) (mrad) (mm)
7]

Bl B1C-R1-S1-L1 123.7 73.1 10.6 ND 2.7 B1S-R1-S1-L6 121.2 18.2 36.4 37.2 3.1
B2 B2C-R1-S2-L1 118.1 96.5 3.5 ND 1.5 B2S-R1-S2-L6 111.7 30.7 353 39.7 0.8
B3 B3C-R1-S3-L1 116.7 89.6 8.9 ND 1.4 B3S-R1-S3-L6 124.0 21.2 53.8 59.6 1.9
B4 B4C-R1-S1-L1.6 118.3 55.9 11.6 17.9 1.9 B4S-R1-S1-L5 127.0 16.1 25.3 27.0 2.8
B5 B5C-R1-S2-L1.6 119.1 96.0 13.1 24.7 1.6 B5S-R1-S2-L5 119.7 69.0 46.2 51.7 2.0
B6 B6C-R1-S3-L1.6 120.1 87.6 14.4 20.2 3.4 B6S-R1-S3-L5 116.4 74.4 413 423 1.4
B7 B7C-R1-S1-L.2.3* - - - - - B7S-R1-S1-L4 116.8 99.5 15.7 23.4 1.1
B8 B8C-R1-S2-L2.3 111.4 56.3 30.7 34.2 1.6 B8S-R1-S2-L4 96.7 104.2 22.4 27.6 0.8
B9 B9C-R1-S3-L2.3 112.4 36.3 26.4 28.4 1.4 B9S-R1-S3-L4 116.8 75.5 14.8 27.0 2.1
B10 B10C-RO-S1-L1 0.0 150.2 8.0 ND 3.0 B10S-RO-S1-L4 0.0 82.4 11.0 11.7 0.6
B11 B11C-R0-S2-L1 0.0 188.9 4.0 ND 2.5 B11S-R0O-S2-L4* 0.0 92.0 223 245 0.5
B12 B12C-R0O-S3-L1 0.0 120.8 7.9 ND 4.5 B12S-R0-S3-L4 0.0 87.6 7.6 8.9 0.5
B13 B13C-R2-S1-L1 176.2 58.8 8.7 ND 2.0 B13S-R2-S1-L4 1753 423 22.0 24.1 1.9
B14 B14C-R2-S2-L1 171.9 95.9 8.5 ND 1.0 B14S-R2-S2-L4 172.0 50.5 23.9 30.5 1.3
B15 B15C-R2-S3-L1 174.0 107.0 11.0 ND ND B15S-R2-S3-L4 174.5 24.6 24.6 29.7 1.7

Note: *analysis not performed (bending failure); ND: no data available.

body over
the crack

body below
the crack

Figure 10. Flexural and shear deformations for the specimens:
flexural rotation (i) and total rotation ().

crack (if it is not constant, it contributes to the rotation
of the bottom fibres of the specimen) [25,26]. As a result,
the total rotation y, (see Figure 10) developed by the body
below the critical shear crack is larger than the flexural one.
This total rotation is obtained based on DIC measurements
as the difference between the slope of the bottom fibres at
the support section and the maximum slope at the end of
the length of the specimen where the critical shear crack
develops (24d).

Flexural rotation () represents the deformation of the
specimens due to flexural stresses in an integrated way. At
failure, the flexural rotations of the specimens are obtained
by integrating the section curvature (x) (estimated by the
continuous measurements of the strains in the top and the
bottom fibres performed by DIC) along the length of the
specimen where the critical shear crack develops (Eq. 3).
This length corresponds to the distance between the support
section and the section at which the critical shear crack in-
tercepts the flexural tensile reinforcement and it is approxi-
mately equal to 2d for all specimens.

Figure 11. Critical shear crack kinematics: (a) simplification
according to a rotation and a vertical displacement; (b) detailed crack
opening and sliding.

Y= fzdx(x) dx 3)

The normalized shear force (V/\/z bd) is plotted versus
the flexural rotation () for the specimens of series Rl
(pw=0.13%) and section S2 (p = 2.29%) in Figure 12. In can-
tilever tests (Figure 12a), it can be noted that the flexural
rotation increases with increasing shear force until failure
for specimens failed in shear before yielding of the flexural
reinforcement (B2C-R1-S2-L1 and B5C-R1-S2-L1.6), while
this rotation increases under constant shear force after yield-
ing until shear failure for the specimen BSC-R1-S2-1.2.3. In
continuous beam tests (Figure 12b), it is observed that the
flexural rotation increases with increasing shear force until
failure for the specimen failed in shear after the formation of
the first plastic hinge (B2S-R1-S2-L6); however, shear failure
occurs under increasing flexural rotation and constant shear
force for specimens failed after the formation of second plas-

tic hinge (B5S-R1-S2-L5 and B8S-R1-S2-L4).

Monserrat, A., & Miguel, P. (2024) Hormigon y Acero 75(302-303); 91-108 - 101



[
N
o
—

0,5 —— B2C-R1-S2-L1 0,5 —— B2S-R1-S2-16
—— B5C-R1-52-L1.6 —— B5S-R1-52-L5
s 04 —— B8C-R1-52-12.3 T 04 r B8S-R1-82-L4
Q L
E 03 | SER
= =
S <
v 0,2 v 0,2
s <
g :
> 0,1 > 01
0,0 n 1 1 1 1 0,0 L 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Y, (mrad) ¥, (mrad)

Figure 12. Normalized shear force versus flexural rotation for the specimens of series R1 and section S2: (a) cantilever tests; (b) continuous beam
tests.

On the other hand, the development of inclined cracking

(resulting in the critical shear crack leading to shear failure) w= [5} L 4
evidences the deformation of the specimens due to shear wl - lsutacos adtv

stresses. Based on the displacement measurements of crack-

ing performed by DIC [ 18] and following the procedure pro- The kinematics of the critical shear crack obtained from vari-
posed by Campana et al. [19], the kinematics of the critical ous cantilevers tests and continuous beam tests for specimens
shear crack is obtained for all specimens. This kinematics without shear reinforcement (series RO) and with shear re-
(which involves relative horizontal -u- and vertical -v- dis- inforcement (series R1 and R2) is plotted in Figure 13. This
placements of the crack lips) can be explained by a crack kinematics is represented at various step loads: previous to
opening normal to the crack (w) and a sliding (6) tangential the shear failure (V<Vz), at shear failure just prior to the
to the crack according to [19] (refers to Figure 11b): collapse of the specimen (V=V%, the red point indicates this

al) b1)

b2)

1,20 m 1,20 m

T
33) r////\\;“ b3) .\ PTINAHRLL T
LSS '

TN

[ -l;;n]

1,00 m 1,30 m

Figure 13. Kinematics of the critical shear crack (the red point indicates the step load corresponding to the shear failure): (a) cantilever tests -(al)
B10C-R0-S1-L1; (a2) B4C-R1-S1-L1.6; (a3) B13C-R2-S1-L1-; (b) continuous beam tests -(b1) B10S-R0-S1-L4; (b2) B1S-R1-S1-L6; (b3) B13S-
R2-S1-L4-.
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step load), and subsequent to the shear failure (V<Vx corre-
sponding to the drop of the load due to the collapse of the
specimen).

The values of the flexural rotation, of the total rotation
and of the critical shear crack opening (average values of the
crack opening corresponding to the different points of the
polyline defining the crack) at failure for all specimens are
summarized in Table 4.

4.3. Shear-flexural rotation interaction

The normalized shear strength associated to concrete
(VC,R/\/Z bd)) -accounting for the sum of the various
shear-transfer actions related to concrete and obtained as the
difference between the total shear strength and the contribu-
tion of the shear reinforcement at failure calculated accord-
ing to Eq. 1)~ is plotted versus the flexural rotation (y,) at
failure in Figure 14a and versus the critical shear crack open-
ing (w) at failure in Figure 14b for all specimens. It can be
noted that the shear strength associated to concrete reduces
for increasing flexural rotations (Figure 14a). This result ev-
idences that the shear strength of the specimens is governed
by the flexural strains developed. Nevertheless, it must be
pointed out that the shear strength associated to concrete
is not influenced by the crack opening for the tested speci-
mens (14b). That is, the shear strength does not necessarily
decrease for increasing crack openings. Although the increase
of crack opening can entail a reduction of some shear-transfer
actions (such as aggregate interlock) [3,4], it also can mean
the activation of some others (such as dowel action), which
results in an increase of the shear strength associated to the
sum of the shear-carrying mechanisms related to concrete (a
detailed analysis of the influence of the various shear-carrying
mechanisms on the shear strength was presented in Monser-
rat Lopez [27]).
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Figure 14. Normalized shear strength related to concrete for all speci-
mens versus: (a) flexural rotation; (b) crack opening.

The reduction of the shear strength related to concrete
for increasing flexural rotations occurs both for cantilever
tests and continuous beam tests (Figure 14a). Generally, the
later develop larger flexural strains (large flexural rotations)
than the former and, as a consequence, the shear strength in
continuous beams is more limited than in cantilever tests. In
fact, the reduction of the shear strength until shear failure
for increasing plastic strains in continuous beam tests (failure
always occurs after yielding of the flexural reinforcement)
evidences that the flexural deformation influences the shear
behavior of the specimens beyond the yielding point. In ad-
dition, the shear-flexural rotation interaction on the tested
specimens is common to specimens without and with shear
reinforcement. That is, the shear strength related to concrete
decreases for increasing flexural rotations regardless of the
presence or absence of stirrups.

The loss of shear strength for increasing values of rota-
tion after yielding of the flexural reinforcement was already
confirmed by the experimental programme conducted by
Vaz Rodrigues et al. [4] on statically determinate reinforced
concrete beams without stirrups. The experimental results
allowed formulating a shear failure criterion (refer to Figure
14a) according to the rotation for reinforced concrete mem-
bers without shear reinforcement based on the Critical Shear
Crack Theory (CSCT) [3].

Therefore, this experimental study [4] has already proved
the influence of the flexural deformation on shear strength
for statically determinate specimens without stirrups; howev-
er, the tests included in the present work allow extending the
analysis of this phenomenon for statically determinate and
indeterminate specimens without and with stirrups. This ex-
tended analysis evidences the reduction of the shear strength
for increasing flexural rotations for statically determinate and
indeterminate reinforced concrete members without and
with shear reinforcement that reach shear failures before and
after yielding of the flexural reinforcement (Figure 14a).

4.4. Influence of the tensile flexural reinforcement on the
shear-flexural rotation interaction

a) b)
0,3
Y,=12mrad
= Y, =24 mrad
, Y, =36 mrad
So2} I
3 oo
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Z 01 ¢ F
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Note: B7C-R1-S1-L2.3 - analysis not performed (bending failure).

Figure 15. Influence of the flexural reinforcement on the mo-
ment-shear interaction: (a) normalized shear strength related to
concrete according to the flexural rotation for the specimens of series
R1; (b) normalized shear strength related to concrete according
to flexural reinforcement ratio for three different levels of flexural
rotation.

The influence of the flexural reinforcement on the shear-flex-
ural rotation interaction (represented by the loss of shear
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strength related to concrete — VC,R/\/Z bd — for increas-
ing flexural rotations — y;—) for the specimens of series R1
(pw=0.13%) is plotted in Figure 15a. It can be noted that for the
same value of flexural rotation, the larger the flexural reinforce-
ment ratio, the greater the shear strength for the tested speci-
men. In other words, depending on the flexural reinforcement
of the section (sections S1, S2 and S3), the tested specimens
reach the same shear strength under different levels of flexural
rotation. In addition to this, it is observed that the increase of
shear strength related to concrete with flexural reinforcement
ratio for the same level of rotation is more significant as the flex-
ural rotation increases. On this point, Figure 15b represents for
three different levels of flexural rotation (12, 24 and 36 mrad)
the values of the normalized shear strength related to concrete
(v, R/\/f bd) versus the flexural reinforcement ratio of the sec-
tions S1 (p = 1.63%), S2 (p = 2.29%) and S3 (p = 1.94%) for the
series R1 (p,, = 0.13%). It can be noted that the increase in shear
strength for increasing flexural reinforcement ratios is more sig-
nificant for larger rotations. While for a flexural rotation of 12
mrad, the shear strength related to concrete is almost the same
independent of the flexural reinforcement; for larger values of
flexural rotation (24 and 36 mrad), the shear strength provided
by concrete considerably increases with flexural reinforcement
ratio.

4.5. Influence of the shear reinforcement on the shear-flexural
rotation interaction

On the other hand, the influence of the shear reinforcement
on the shear-flexural rotation interaction for the specimens
of series RO (without stirrups), R1 (p, = 0.13%) and R2
(pw = 0.20%) is plotted in Figure 16. It can be noted that
for the same value of flexural rotation, the larger the shear
reinforcement ratio, the lower the shear strength related to
concrete for the tested specimen. This result evidences that,
whereas the shear strength of the specimens increases for
larger shear reinforcement ratios (see Table 2), the contribu-
tion to that resistance of the various shear-transfer mecha-
nisms related to concrete decreases. This phenomenon is rep-
resented in Figure 17, where the normalized shear strength
(IQR/\/fbd) (Figure 172) and the normalized shear strength
related to concrete (VC_R/\/zbd) (Figure 17b) are plotted ver-
sus the shear reinforcement ratio (series RO, R1 and R2) for
comparable tests (cantilever tests L1 and continuous beam
tests L4, see Table 1). It is also observed in Figure 17 that,
for the same amount of shear reinforcement, cantilever tests
reach larger values of shear strength than continuous beam
tests, although a greater scatter. The limited scatter of con-
tinuous beam tests (compared to cantilever tests) can be
explained by the reduced contribution of the dowel action
to shear strength due to the yielding of the tensile flexural
reinforcement in continuous beam tests [7,28]. For cantile-
ver tests, the contribution of the dowel action to the shear
strength is considerable [7] and, apart from the kinematics of
the critical shear crack, it depends on the amount of flexural
reinforcement. Considering that the tested specimens have
different amounts of this reinforcement according to three
series (S1, S2 and S3), the scatter in cantilever tests may be
explained. However, for continuous beam tests, the yielding
of the flexural reinforcement before the shear failure limits
the contribution of the dowel action and, as a result, the scat-
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ter associated with the different flexural reinforcement ratios
(S1, S2 and S3) is also limited.
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Figure 16. Influence of the shear reinforcement on the moment-shear
interaction: normalized shear strength related to concrete according
to the flexural rotation for the specimens of series RO, R1 and R2.
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Figure 17. Influence of the shear reinforcement on the shear strength
for cantilever tests L1 and continuous beam tests L4: (a) normalized
shear strength; (b) normalized shear strength related to concrete.

4.6. Comparison of the test results with existing code provisions

The experimental-to-predicted shear strength (Vi st/ Vi calc)
ratio is plotted versus the flexural rotation (i) at failure for
all test in Figure 18 (statistics of the ratio are included). Only
cantilever tests with shear failure before yielding of the flexur-
al reinforcement (failure mode V(B), see Table 2) and continu-
ous beam tests with shear failure after the development of first
plastic hinge (failure mode V(1PH), see Table 2) are included
in the analysis. The predicted shear strength is obtained for
ACI 318-19 [11] (Figure 18a), EC-2 [12] (Figure 18b) and
MC2010 [15] (LoA-I in Figure 18c and LoA-IIIl in Figure
18d). In all cases, the partial safety factor for concrete material
properties is considered equal to one and the angle between
web compression and the axis of the member is the minimum.



Regarding the different code provisions for specimens
without and with shear reinforcement, the scatter of the ex-
perimental-to-predicted shear strength ratio is always greater
for test results of specimens without shear reinforcement (se-
ries RO) than for those of specimens with stirrups (series R1
and R2). This reflects the larger variability of the phenomena
governing the shear strength for members without shear re-
inforcement than for those with it.

The provisions of shear strength differ considerably de-
pending on whether the formulation of the design code ac-
counts for the reduction of shear strength resulting from the
development of flexural deformations in the flexural rein-
forcement. In this regard, the predicted ratio Vi we/ V& catle Plot-
ted in Figure 18 versus the flexural rotation allow identifying
the capability of each design codes to capture the dependence
between shear strength and flexural deformation (accounted
by the flexural rotation). The formulation provided by ACI
318-19, EC-2 and MC2010 LoA-I does not directly include
a reduction of the shear strength because of the development
of flexural deformations (see the trend plotted in Figure 18a,
18b and 18c). Shear strength provisions in these cases show
similar scatter values: 33~36% for specimens without stirrups
and 11~16% for specimens with stirrups. However, the shear
strength values predicted by MC2010 LoA-I are much more
conservative (average of the ratio Vi s/ Vi) equal to 1,94
for specimens without stirrups and 1,67 for specimens with
stirrups) than those predicted by ACI 318-19 (1,23 and 1,11,
respectively) and EC-2 (1,01 and 1,17, respectively). On the

other hand, the iterative formulation provided by MC2010
LoA-III (based on the MCFT [13,14]) accounts for the mo-
ment-shear interaction by reducing shear strength according
to the strains of the flexural reinforcement (see the trend plot-
ted in Figure 18d) and it improves the shear strength LoA-I
predictions. In all cases, the shear strength values predicted by
MC2010 LoA-III (LoA-II for series RO) are lower than the
experimental values obtained in tests (Vrus/Vrete > 1). The
average of the ratio Virws/Vree is 1,37 and 1,18 for speci-
mens without and with stirrups, respectively, and the scatter
of this ratio is the lowest (15% and 8% for specimens without
and with stirrups, respectively). It must be pointed out that
the reduction of shear strength is bounded because of flexural
deformations in MC2010 LoA-III are limited to the yielding
strain of the longitudinal tension reinforcement, since they are
derived from a sectional analysis by assuming a linear elastic
stress-strain relationship for the steel.

5.
SHEAR STRENGTH REDUCTION ACCOUNTING FOR THE
PLASTIC ROTATION DEMAND OF THE PLASTIC HINGES

The reduction of the shear strength of reinforced concrete
members for increasing flexural rotations has been con-
firmed. It has also been proved that this reduction of the
shear resistance extends for increasing rotations of the plastic
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Figure 18. Experimental-to-predicted shear strength ratio versus flexural rotation for different design code provisions (ACI 318-19, EC-2, MC2010
LoA-I and MC2010 LoA-III) for specimens without and with shear reinforcement.
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hinges after yielding of the flexural reinforcement. That is,
the rotation demand of a plastic hinge for increasing loads
after yielding involves a reduction of its shear strength. In
statically indeterminate structures, these increasing loads
also lead to increasing shear forces at the plastic hinge. When
these shear forces reach the shear failure criterion, the shear
capacity of the plastic hinge is reached. A simple procedure
to calculate the shear capacity of a plastic hinge after yielding
of the flexural reinforcement is linearizing the shear failure
criterion considering the tangent to the shear failure criterion
at the shear strength Vi (w,) calculated for the rotation cor-
responding to the yielding of the flexural reinforcement (y,)
(see line 7, in Figure 19) according to Eq. 5. The linearization
of the shear failure criterion [4] provides a safe estimate of
the shear strength as the failure criterion is concave (see Fig-
ure 14a).

V=V (yx) = ky (w-y) 5)

where k, =— AVe(y) is the slope (negative) of the line
14

Yy

(see Figure 19).
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Figure 19. Shear strength of reinforced concrete members without
shear reinforcement versus flexural rotation.

The expression of Eq. 5 shows that the shear strength of
a plastic hinge can be calculated by considering the shear
strength at yielding strain of the flexural tensile reinforce-
ment reduced by a term that depends on the plastic rotation
demand of the plastic hinge. This reduction will be small for
low values of k,, which corresponds to shear failures with
large flexural rotations, according to the failure criterion (see
Figure 19).

On the other hand, the plastic rotation demand of a plas-
tic hinge (w—,) can be expressed as a linear function of the
applied shear forces according to (see line r; in Figure 19):

w—wy=%(VE—Vy) ©)

where k, is the slope of the line r, (see Figure 19) and de-
pends on the geometrical and mechanical characteristics of
the structure and V, is the shear force applied for yielding of
the flexural reinforcement.
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The shear strength of a plastic hinge will be reached when
the shear force reaches the shear failure criterion (Vi=V%).
Thus, from Eq. 5 and 6, it follows that:

AL (w) - kw vy

V =
8 ko k,

)

For the calculation of Vi (y,), the failure criterion for rein-
forced concrete members without shear reinforcement pro-
posed by Vaz Rodrigues et al. [4] (refer to Figure 14a) may
be assumed. For members with stirrups, the shear resistance
may be considered as the sum of the shear strength provided
by concrete and the shear force resisted by the stirrups inter-
cepted by the critical shear crack (Viz) according to:

bd |f.
vew= )

1+2 4,

Considering the failure criterion proposed by Vaz Rodrigues
et al. [4] (refer to Figure 14a), the value of k, is thus given by:

by = d‘;k(l//) _> di VR(v/y)d ©)
Vo ly, L2y,
(4

The shear force resisted by stirrups intercepted by the critical
shear crack is the sum of the individual forces of the stirrups
Vg = 2 (2n4?/4) G,,. Assuming an average stress a,, for these
stirrups at shear failure and that this crack extends along the
shear crack (d-cotf), the shear force resisted by stirrups can
be obtained as:

2n¢?_ d coth
Vir(w=w,) = T¢ Tow = (10)

where ¢ is the diameter of the bar (stirrup with two branch-
es) and s is the spacing of the shear reinforcement. For the
tested specimens, ., = f, as the stirrups yielded and cot(6)=2.

The shear strength predicted by the proposed simplified
method shows good agreement with the results obtained
from the continuous beam tests carried out in this work. The
average value of the ratio between the experimental shear
strength (refer to Table 2) and the estimated shear strength
(refer to Eq. 7) considering all the continuous beam tests (15
tests) is 1.06 (CoV = 11.7%) (see Figure 20).

For reduced plastic rotation demands -that is, large ky
leading to a slope of line r quite vertical (see Figure 19)-,
the shear strength of the plastic hinge is close to the shear
resistance Vx(y,) calculated for the yielding of the flexural
reinforcement. This is the case of beams with high sectional
stiffness. Conversely, for large plastic rotation demands - that
is, limited k, leading to a slope of line r, quite horizontal (see
Figure 19)-, the shear strength of the plastic hinge is close to
the shear force applied for yielding of the flexural reinforce-
ment (V).
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Figure 20. Shear strength for all continuous beam tests: experimental
values and estimated values according to the proposed simplified
method.

6.
CONCLUSIONS

¢ The test system allowed reproducing shear failures of stat-
ically determinate and indeterminate structures on the
tested specimens namely cantilever tests and continuous
beam tests, respectively. In continuous beam tests, the test-
ed specimens failed in shear after yielding of the flexural
reinforcement due to the reduction of the shear strength
capacity because of increasing plastic deformation (flexur-
al rotation).

¢ Digital image correlation (DIC) technique has proved to
be a powerful tool to perform displacement measurements
on specimens. The employment of this technique allows
the kinematics of the critical shear crack to be obtained in
detail, as well as the rotations developed throughout the
length of the specimen where this crack develops.

¢ The critical shear crack divides the specimen into two bod-
ies. The body over this crack develops flexural deformation
(flexural rotation), whereas the body below it develops
both flexural and shear deformations. As a result, the total
rotation measured in the bottom fibres of the specimen is
larger than the flexural one. This difference between the
flexural and the total rotation is attached to the rotations
developed by the critical shear crack.

¢ Flexural rotation and critical shear crack width represent
flexural and shear deformations developed by specimens,
respectively. These two parameters are used to analyse the
effect of both deformations on the contribution of the var-
ious shear-transfer actions related to concrete to the shear
strength of the specimens.

¢ Shear strength provided by concrete decreases for increas-
ing values of flexural rotation, both for specimens with
and without shear reinforcement. The results confirm that
even after yielding of the flexural reinforcement the plastic
flexural rotation reduces the shear strength capacity.

e Shear strength provided by concrete is not influenced by
critical shear crack width. Although the increase of this
width can entail a reduction of some shear-transfer actions,
it also can mean the activation of some others and, as a
result, an increase of the overall shear strength associat-
ed to the sum of the shear-carrying mechanisms related to
concrete.

¢ The reduction of shear strength provided by concrete for
increasing values of bending rotation is influenced both
by flexural reinforcement and shear reinforcement ratios.
Although shear strength increases for increasing shear re-
inforcement ratios, concrete contribution decreases as this
ratio increases.

¢ It has been experimentally verified that the shear failure
criterion proposed by Vaz Rodrigues et al. [4] is applicable
to shear failures with plastic deformations of the flexural
reinforcement both in members with and without shear
reinforcement.

* An expression to obtain the shear strength of a plastic
hinge has been proposed by linearizing a shear failure cri-
terion formulated as a function of the flexural rotation. To
this aim, the failure criterion proposed by Vaz Rodrigues et
al. [4] is considered because of its simplicity. However, this
proposal could be improved by including the influence of
the flexural and shear reinforcement on the shear strength
provided by concrete.
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ABSTRACT

This paper explores how the shear force distributes itself among the three main shear resistance mechanisms: shear resistance of the uncracked com-
pressed chord, aggregate interlock, and dowel effect. Today’s dominating shear models, the critical crack theory (Muttoni et al. [1]) and the compression
field theory (Collins et al. [2]) maintain that the main shearresisting mechanism is aggregate interlock, while more recent studies (Mari et al. [3]),
maintain that the main resistance mechanism is the shear resistance on the uncracked compression chord.

In this paper FEM modelling is used to study a test carried out at the Universidad Politécnica de Madrid (UPM) to try to assign the shear force to the
different shear mechanisms for different loading steps and elucidate what finally causes the failure of the structure. The results show that as load is in-
creased the relative part of the shear force taken by the uncracked compressed chord increases until, finally, shear failure is reached when the principal
tensile stress in the area located close to the load but towards the support reaches the tensile resistance of concrete, generating a crack that precipitates
the failure of the beam.

It should be pointed out that the study included in this paper is only preliminary and should be extended to other cases exploring different sizes, rein-
forcement ratios, etc.

KEYWORDS: physical model, shear resistance mechanisms, elements without shear reinforcement.
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cess article distributed under the terms of the Creative Commons (CC BY-NC-ND 4.0) License

RESUMEN

Este articulo explora cémo se distribuye el esfuerzo cortante entre los tres mecanismos principales de resistencia a cortante: resistencia del cordon
comprimido, engranamiento de los 4ridos y efecto pasador. Los modelos de resistencia a cortante dominantes en la actualidad, la teoria de la fisura
critica (Muttoni et al. [1]) y la teoria del campo de compresiones (Collins et al. [2]), sostienen que el principal mecanismo de resistencia a cortante
es el engranamiento de los 4ridos, mientras que estudios mas recientes (Mari et al. [3]), sostienen que el principal mecanismo de resistencia es la
capacidad a cortante de la cabeza comprimida.

En este trabajo se utiliza un modelo de elementos finitos para estudiar un ensayo realizado en la Universidad Politécnica de Madrid (UPM) para tratar
de asignar la fuerza cortante a los diferentes mecanismos de cortante para diferentes escalones de carga y dilucidar qué es lo que finalmente provoca
el fallo de la estructura. Los resultados muestran que a medida que se incrementa la carga aumenta la parte relativa del esfuerzo cortante que toma el
cordén comprimido no fisurado hasta que finalmente se alcanza el fallo por cortante cuando el esfuerzo principal de traccion en la zona situada cerca
de la carga, pero hacia el apoyo alcanza la resistencia a tracciéon del hormigén, generando una fisura que precipita el fallo de la viga.

Hay que sefialar que el estudio incluido en este trabajo es solo preliminar y deberia ampliarse a otros casos explorando diferentes tamafios, cuantias
de armadura, etc.

PALABRAS CLAVE: modelo fisico, mecanismos de resistencia a cortante, elementos sin armadura de cortante.
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1.

INTRODUCTION te elements in shear has been studied by many researchers. The
main mechanisms identified are:

The distribution of shear among the several identified mecha- + The shear resisted by the uncracked compression chord

nisms which explain the shear resistance of reinforced concre- + The shear resistance taken by aggregate interlock and resi-
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dual tensile strength
+ The shear resisted by dowel effect
+ The shear resisted by direct transmission of forces (arch

effect)

Researchers have tried to separate these mechanisms by in-
genious testing to quantify the effect of each mechanism
separately. While the consideration of shear resisted by the
uncracked compression chord has been treated mostly on a
theoretical level (mainly by computing the tensile principal
stress), a considerable number of tests have been carried out to
evaluate aggregate interlock. Among these are the tests carried
out by Fenwick and Paulay [4], Taylor [5] [6], and Walraven
[7] [8]. Walraven'’s formulation was later simplified to allow
for a closed form expression by Cavagnis et al. [9].

While work by Vecchio and Collins is also predominant in this
area ( [2], [10]), it is based on the tests of reinforced concrete
panels [10] and in the author’s opinion they do not properly
model what goes on inside a slab where there is no distributed
longitudinal reinforcement spaced along the vertical direction
to control crack width. For this reason, the expressions derived
from these tests would tend to overestimate the shear resistan-
ce of slabs without shear reinforcement.

The dowel effect has been the object of experimental stu-
dies by Krefeld and Thurston [11], Fenwick and Paulay [4],
Baumann [12] and Taylor [5]. From the analysis of these tests
it is fairly clear that the dowel effect can absorb significant
shear forces, when considered as an isolated mechanism. For
instance, the shear force resisted by the dowel effect in the
beams tested by Krefeld and Thurston having 30 cm of height
(d=25 cm) and 15 cm of width, with a fairly low concrete
strength (18 MPa) was around 16 kN, which would amount to
a shear stress of 0.4 MPa. However, it will be shown that the
small stiffness of the mechanism leads to the absorption of a
very small part of the shear force during the loading process
and the brittle behaviour of the compressed chord does not
allow for redistribution of forces towards this mechanism that
would allow a significant contribution from it.

The arch effect, which is significant in practical cases but
mostly neglected in code models was of course first studied
in-depth by Kani [13]. This effect will not be analysed in this
paper and therefore no further discussion on it will be made.

While the study of the independent resisting mechanisms
is interesting and worthwhile, it does not answer the ques-
tion of what the shear resistance of a beam would be since
the different mechanisms take a part of the load depending
on stiffness considerations and the brittleness of the mecha-
nisms leads to failure of the specimen before the maximum
capacity of all mechanisms is achieved. Analyses studying the
interaction of the different mechanisms have been carried
out by different researchers. For instance, Reineck [14] uses
constitutive laws for the different resistance mechanisms.
However, the kinematic assumption made by Reineck and
related to the shape of the crack is questionable. Instead of
following a realistic shape of the actual critical shear crack
that forms in tests, Reineck assumes that the crack does not
propagate backwards, and that the displacement of the crack
lips can be modelled by rotation from the end of the crack
at the compression chord (see Figure 1). This is not what is
observed in actual tests and a different kinematic assumption
will be made in this paper.
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Figure 1. Kinematic assumption made by Reineck, redrawn and
adapted from [14].

Monserrat [ 15], also includes a sophisticated model for the di-
fferent mechanisms and obtains values for the contribution of
the different mechanisms for the tests carried out for her PhD
thesis. In this document she included not only the mechanis-
ms mentioned above but also the dowel effect of compression
reinforcement, which is significant when this reinforcement
is below the neutral axis (in fact this is related to the effect
of longitudinal skin reinforcement as assumed by Vecchio and
Collins), residual tensile stress, and the contribution of the sti-
rrups. Her approach is different, and results in a significant
contribution of the dowel effect of both the top and bottom
reinforcements. It will be shown below that the dowel effect
in the case studied in this paper is very small.

More recent work includes other variables such as the in-
fluence of time-dependent effects [16], the influence of time
dependent effects plus corrosion [17], the influence of the
slenderness of the cross section [ 18], the effect of axial forces
[19], while others are trying to apply artificial intelligence to
predict shear resistance [20], [21].

2.
DESCRIPTION OF HOW THE CRACK FORMS AND
PROGRESSES AND HOW FAILURE OCCURS

There are two classical types of shear failure in elements wi-

thout stirrups:

- The flexural-shear failure, in which the shear crack origi-
nates from a pre-existing flexural crack. The flexural crack
progresses vertically up to the uncracked centroid of the
section where it becomes inclined (first at 45°) with de-
creasing slope until it becomes fairly horizontal as it rea-
ches the cracked neutral axis. Simultaneously the crack
propagates towards the support in a similar manner, even-
tually becoming parallel to the tension reinforcement.
This type of failure originates when the shear load is suffi-
ciently far away from the support so that bending forces
are significant. This type of crack can be approximately
described by using a geometry consisting in two parabolas
which are tangent at the centroid of the section (provided
there are no axial forces).

- The direct tension shear failure, which originates at the fi-
bre with the highest shear stress (i.e., at the centroid of the
uncracked section if there are no axial forces). In this case,
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Figure 2. Tests setup and cross section dimensions.

Figure 3. View of specimen after failure.

the shear crack is fairly straight and connects the shear load
to the support. This type of shear crack can also be typical
of prestressed members.

In this paper a detailed analysis of the first type of failure will
be presented, using a test carried out at the Universidad Poli-
técnica de Madrid and documented in [22]: test 70-3.1-1-2P.

3.
TEST DESCRIPTION

Test 70-3.1-1-2P, is a shear test of a simply supported beam
with a span of 4.00 meters subjected to 2-point loads spaced
0.75 m apart. The cross section is rectangular with a 50 cm wi-
dth and a 70 cm height and is reinforced with 5¢16 mm bars.
The concrete was tested at 28 days and had a mean compres-
sive strength of 43.5 MPa, a mean tensile strength of 3.8 MPa
and an elastic modulus of 28950 MPa. The dimensions of the
cross section and the test set-up is shown in Figure 2. Failure
occurred for a value of the load P equal to 230 kN. Figure 3
shows a view of the specimen after failure. The shape of the
crack is typical of a flexural-shear failure. Note the cracking
that occurs at the top of the of the section to the left of the
point of application of the load.

4.
FEM MODELLING

For the simulation of tests 70-3.1-I-2P, a 2-D finite element
model has been developed using the software SOFISTIK, using
4-node QUAD elements. The model has been generated using
a python code for ease of generation and to enable the study
of sensitivity to discretization and the future extension of the

study to other specific cases. The model assumes the shape of
the crack as two tangent parabolas with a length equal to two
times its height and with the point of tangency located at the
centroid of the uncracked cross section (see point C in Figure
4). The definition of the shape of the crack is given in Eq. (1) .

y=r+4(d_yg) (x-a—2@d-))* a-2(d-y)<x<a-2(d-y) o
1 2
=d- - —2(d-y)<x<
y y4(yg—y) (c-a) a-2(d-y)<x<a
where:

yx are the cordinates of the parabola with respect to the
origin taken as the point located at the bottom of the
section at its intersection with the left support

d s the effective height

v, is distance from the top fibre to the centroid of the un-
cracked section
is the distance of load P to the support

r is the distance of the centroid of the tension reinforce-
ment to the bottom fibre

The lips of the crack are bridged vertically and horizontally by
nonlinear truss elements whose constitutive laws will be des-
cribed further on. The constitutive law considered for concrete
is a Sargin law in compression (with a mean compressive stren-
gth of 43.5 MPa) together with a linear branch in tension up
to the sustained tensile strength (k. fun=0.7fun=2.66 MPa). As
steel does not yield, a linear constitutive law has been assumed
both in tension and compression with a modulus of elasticity
of 200000 MPa.

The reinforcement is modelled using a thin layer of QUAD
elements. The height of this layer is determined so that is has
the same inertia of the actual bars to better model the dowel
effect. This leads to an area which is not the actual area of the
reinforcement. This however does not have a significant bea-
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Figure 4. Crack location and symbol definition.

ring on the results because the behaviour of steel stays within
the linear elastic range.

Figure 5 shows a view of the pre-cracked FEM model. Note
that in this model the springs have a resistance that accounts
for the tensile strength of concrete, so that the crack only opens
as the tensile resistance is overcome. So the crack is not acti-
ve from the beginning, but forms as the load is applied along
the predefined path. Additionally, another model without the
non-linear springs is also used to evaluate the behaviour of an
element without aggregate interlock. While the first model fails
for a load very close to the experimental value of 230 kN (+10%
—253 kN), the model without the aggregate interlock effect
fails for a load of about 80% of the measured value (184 kN).
For loads larger than the ones mentioned, failure occurs due to
tension stresses in concrete developing in the area to the left of
the point of application of the load. In fact, a sort of cantilever
develops to the left of the applied load which is subjected to
the axial load from integral of stresses in the compressed chord
and bending from both the eccentricity of the normal forces
with respect to the centroid of the resisting section and from
the eccentricity of the applied load, as shown in Figure 7. When
the principal tensile stress reaches the assumed tensile strength
of concrete for sustained loading (ke fm=0.7f.m) at the critical
section, failure occurs. Eq. (2) shows a simplified evaluation of
this situation, which assumes that Navier’s hypothesis is verified
at the critical section, which is a simplification.

N=C

M=C4y - PAx
V=V

_ N
)= T i,
12 )

Vb @,l)
y(z 2

A C RS
1 bhéb

@T(y)’ axgy) +(y)’ ]= ~ke foom — failure

oy = min
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where:

N,M are the normal forces applied on the critical section

V' is the shear force applied on the critical section

C  is the integral of the compressive stresses in the com-
pression chord at the section of the applied load P.

A isthe eccentricity of force C with respect to the centroid
of the critical section

Ax  is the horizontal distance between the section at which
force P is applied and the critical section

V.. is the shear force resisted by the compression chord

o.(y) is the normal stress at a distance y from the top fibre at
the critical section

7 (y) is the shear stress at a distance y from the top fibre at the
critical section

hew  is height of the critical section

ou(y) is the principal tensile stress at a distance y from the top
fibre at the critical section

fam  is the mean tensile strength of concrete

ks  is the reduction factor for tensile strength due to sustai-
ned loading (taken as 0.7)

For the tangential and normal forces of the springs along the
crack, the formulation of Cavagnis et al. [9], mentioned above,
is used (see Eq. (3))

AV
P
_ iz
Tw= ‘/fj" 1.8+40%
(407@]
. 3)
400 [dA)s
=/f dg
Tuw=y Jom ( )3+40ﬁ
407@
where:
w  is the crack width
A s the relative slip between the two crack edges

dy, is a parameter accounting for the maximum aggregate
size: dy=dyut16
fon  is the mean compressive concrete strength
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Figure 5. FEM Model with non-linear truss elements bridging the crack both vertically and horizontally.
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Figure 6. FEM Model without friction elements bridging the crack.
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Figure 7. Failure section.
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The constitutive laws of the horizontal and vertical springs are
obtained using a kinematic assumption relating the crack wi-
dth with the relative slip between crack lips. The assumption
is that the points of the crack located above the centroid of
the cross section rotate with respect to the top point of the
crack (point B of Figure 4) while the points located below the
centroid of the uncracked section rotate with respect to the
bottom point of the crack (point A of Figure 4). This kinematic
assumption is summarized in Figure 8. If 0 is the rotation, the
displacement of a point of the crack placed at a distance p from
the point of rotation would be §=p@. From this value, the angle
the crack forms with the horizontal (&) and the angle of the
line that joins the point of the crack under consideration and
the point of rotation with the vertical, 8, it is possible to obtain
the values of the crack opening (w) and the slip between the
crack lips (A) (see Eq. (4)).

w=dcos (a+-90°) @

A =dsin (a+ f-90°)

Providing different values for 6, the values of w and A are ob-
tained. With these values, the tangential (z,) and normal stres-
ses (0,) can be determined by using Eq. (3) . The constitutive
law of the horizontal and vertical truss elements can then be
determined by projecting the stresses in these directions. Eq.
(5) shows the corresponding expressions of the stress and stra-
in defining the constitutive laws of the horizontal and vertical
springs:
0x= Ty COSQ + 0y, SIN
_(wsina - A cosa)
: dx (5)
0.= T, Sina - 0, cosa

_ (w cosa - Asina)

dz

z

where:

o, is the stress in the horizontal springs for a given value of
the rotation

& is the strain in the horizontal springs for a given value of
the rotation

o,  isthe stress in the vertical springs for a given value of the
rotation

g,  isthe strain in the vertical springs for a given value of the
rotation

d,  is the initial horizontal distance between crack lips (ini-
tial length of horizontal truss elements)

d. is the vertical distance between finite elements at the
location of the crack (initial length of the vertical truss
elements)

The area of the truss elements is equal to the width of the
section times the height of the corresponding finite element.

With this definition, tensile strength is accounted, since
for strains smaller than the cracking stress, linear behaviour is
assumed up to the cracking stress (see example given in Figu-
re 9). Therefore even though the crack geometry is prefixed
the element does not behave as if the crack were fully formed
from the very beginning.

Figure 10 shows how the lips of the crack move with res-
pect to each other according to the kinematic assumption
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made above. The displacement closely mirrors that observed in
the FEM model and seems like a reasonable approximation to
actual behaviour. This kinematic assumption should probably
be modified for elements with longitudinal skin reinforcement
since the crack width opening would be controlled locally at
the level of the reinforcing bars. However, most real applica-
tions of elements without shear reinforcements (slabs, walls)
do not have such reinforcement. In the figure the opening of
the crack is plotted for two different effective heights and for
the same rotation. Note how the crack opening is larger for the
larger height. This will reduce the contribution of aggregate
interlock for the same rotation and will automatically provide
a size effect.

5.
RESULTS

By using the model described in the previous section, the
shear that is transferred by the uncracked compression chord,
by aggregate interlock and by the dowel effect have been eva-
luated for test 70-3.1-2P-1. For this the “SIR cuts” feature of
SOFISTIK has been used. This feature allows to make cuts in
the structure and obtain normal and shear forces within the
selected zone only. Thus, for example, it is possible to make
a vertical cut at the section of the applied load over the full
height of the section or limited to the height of the compres-
sion chord. The software integrates the forces within the cut
and provides the normal force and the shear force correspon-
ding to the stresses within the cut. In Figure 11, the normal
and shear forces per meter are shown for the model which
neglects the effect of aggregate interlock and compared with
those of the model that considers aggregate interlock for 80%
of the failure load. The comparison is made for 80% of the
failure load because without aggregate interlock convergence
was not achieved in the model without springs for the actual
failure load. The behaviour of the model without aggregate
interlock is that of a cracked section in flexure and most of the
shear force is taken by the compressed chord. The shear stress
distribution is quite similar to that of a linear elastic section
with a height equal to the compressed height. For the model
with aggregate interlock, however the behaviour is less clear,
as significant shear stresses are also observed along the cracked
part of the section, below the compressive chord. Note that
the stress in the reinforcement is underestimated because, as
explained above, the area of the steel was designed to provi-
de the same out-of-plane stiffness as the actual reinforcement.
This results in an overestimation of the steel area.

By using the “SIR cuts” feature, the shear taken by the com-
pressed chord is determined by making a cut immediately to the
left of the point of load application with a height equal to the
height of the compressed chord. Then the shear force taken by
dowel effect is determined by making a cut along the reinfor-
cement at the bottom of the section, where the crack begins.
Finally the contribution of aggregate interlock is determined by
summing the forces in the nonlinear vertical truss elements. The
results of this analysis are given in Table 1 and Figure 12. It can be
seen that the sum of the three contributions does not always fully
account for the applied load. This is due to imperfect conver-
gence, but precision is nonetheless good enough. For low values
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Figure 8. Kinematic assumption

Example of constitutive law for definition of one of the horizontal springs
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Figure 9. Example of constitutive law for one of the horizontal springs.
TABLE 1.
Distribution of shear between shear-resisting mechanisms for different load levels
% of ultimate load 14 Ve Vagg Viowel Veet Vagg+Viouwe %V VeV Vg V Vaowe V
100% 230 153.8 74.2 2.6 230.6 100% 67% 32% 1%
80% 184 117.7 56.5 5.1 179.3 97% 66% 32% 3%
50% 115 44.9 61.3 3.3 109.5 95% 41% 56% 3%
25% 57.5 18.5 37.0 0.9 56.4 98% 33% 66% 2%

of shear, aggregate interlock is dominant, with still a significant
contribution from the compressed chord. As the shear force in-
creases, however, the contribution of aggregate interlock increases
at a slower pace. This is logical as the increase in the crack width
is unfavourable, even though the increase in slip mobilizes higher
stresses. As a consequence of this complex non-linear behaviour
the contribution of aggregate interlock stagnates, and the increase

of the shear force is mostly taken by the compression chord. In all
stages the contribution of dowel effect is very small. As explained
above, failure comes about when the principal stress reaches the
assumed tensile stress to the left of the applied load. The loss of
the capacity of the compressed chord, which is taking 67% of the
shear force at this stage cannot be compensated by an increase
in aggregate interlock whose contribution has stagnated nor by
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Figure 10. Movement of crack lips according the kinematic assumption made

3.50

-7031.49 -8155.19
-6442.4 -7473.15
-6066.9 -6950. 82|
-5710.39 -6468.4°
3378193 86139
-5064.95| -5578.2
4764 .3 5154.93]
-4474 .8 -4739.0
2415269 ~2525011
-3881.33) -3845. 2
-3620.0 -3430. 8!
23] 23 -3011.5
31573 558519
-2917. 2 -2135. 8
-2715. /¢ -1/31.3
-2536.0: -1389. 1
“1355.3;
-1963.7.
4125 -895.2!
-726.7
-2748.391631. 98 34422
-4471. —45.69[
-767.43 -3395.93
-109.18 —1611.5j
-998.3 .18
-52.17 -705.14
-41.37 -370.67 39.03
-34.97] -121.14
-27.77 -38.2¢ p5.94
-21.79 [234.69 bo.z2
=15.7¢ [283.22
-10.42 n2.21
-5.3 uai.as B.89
B88.51
B.80 2.66
le.1e B29.09 -0.03
ha.oo -1147.86447.49 -2.53
Po.29 -1232.97) -7.34
R5.21 -1097.18401.84 -258.49 et
B0.54 -529.75577 .55 -9.25 -410.90
B5.48 -823.89 -13.36
h2.16 [r29.52 -477.84 25807 |
B9.32 -466.28644.28 -16.16f -308.40 | \216.70
B‘ =
56.05 —1199.8&862.12 -18.67 -323.96. >614408
62.82 —545.@2?29.99 -20.98 -32.69I™.168.93
69.66 -246.7448.17 -23.19 -36.6111.36
[77.22 -179.79R10.01 -2%.27] —102.14Y>136.62
B4.67 -280.61) -28. 48} Ns6. 74
b2.89 738.82 -63.93l06.26
[02.46 -75540# .3
h1s.03 -1274.06}1514.70 -28.99 245.52
[135.63 p83.032 -21.65 -36&534%
hs7.43 -994. 64 [ isa. e30.85
R5@.68 -242.48p9.70 -7.47153.60 -74.134 305.67
-814.92002.17 —258.924%
-202.83p25.98 [732282 f.43 -643.05 2T 44|
-1290.79§776.11 -25.28245.34 -11.88 460.29 -304.44 546.84
-241.16}1035.78 -230.6187.95 pyazs.50 -44.73]>~275.28
-7.67263.14 -328.22431.00 -351.48 22 56 -464.37 | \166.93
-493.6H 172,18 643.34
-1.72 -1.614.95 J7211
By — s \es1a4.66 -0.39 -1.475
-0.000.03 -0.04p.00 k.13 -0.341.23
.00 -0.0 -0.32 B.31

b)

)

d)

Figure 11. Normal and shear forces, per meter, for 80% of the ultimate load applied in the model : a) normal stresses for model without aggregate
interlock, b) normal stresses for model with aggregate interlock , c) shear stresses for model without aggregate interlock, and d) shear stresses for
model with aggregate interlock
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Specimen 70-3.1-1-2P
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Figure 12. Distribution of shear between resistance mechanisms (shear taken by compressed chord, aggregate interlock, and dowel effect).

the dowel effect and a crack develops along the upper face of the
tension reinforcement as failure occurs.

Of course the distribution of forces shown in Table 1 and
Figure 12 should not be assumed to be general as it will vary
depending on the specimen’s geometry, reinforcement ratio,
size, etc. See for example reference [23]. A future work to be
carried out would be a systematic application of the model to
specimens covering a wide range of different parameters.

Figure 10. Normal and shear forces, per meter, for 80%
of the ultimate load applied in the model : a) normal stresses
for model without aggregate interlock, b) normal stresses for
model with aggregate interlock , c) shear stresses for model
without aggregate interlock, and d) shear stresses for model
with aggregate interlock

6.
CONCLUSIONS

From the above considerations, the following preliminary con-

clusions, based on the analysis of a single test, can be drawn:

+ A model to evaluate the shear resistance has been develo-
ped which can be implemented using FEM modelling. The
model has been generated by a python computer code, ma-
king it easy to apply for different test cases. The shape of
the crack can be easily modified to adapt to different cases,
in particular cases in which a direct tension failure occurs
and a straight crack is expected. Although the model has
been applied to a single case, the prediction of the ultimate
load is close to the measured ultimate load. For this, howe-
ver, the effect of sustained loading on tensile strength had
to be considered by reducing the tensile strength by 30%
(k«=0.7) as suggested in FprEN 1992-1-1:2022 [24].

« The behaviour is complex, especially in what regards the
contribution of aggregate interlock. The contribution of
aggregate interlock is dominant for low values of the shear

force but stagnates for higher values of the shear force be-
cause the increase in its value due to slip between crack
lips is countered by the opening of the crack width. This, of
course would imply that an element with longitudinal skin
reinforcement would have a greater contribution of the ag-
gregate interlock effect, although this is not a practical case
for elements without stirrups.

The contribution of the dowel effect is quite small throu-
ghout the loading process.

For the case studied, the contribution of the compressed
chord reached two-thirds of the shear force before failure.
Failure comes about by tension failure (principal stress rea-
ching the assumed sustained tensile strength) occurring to
the left of the applied force in an area where a compressed
cantilever subjected to a negative bending moment forms.
This is compatible with vertical cracks appearing on the
top chord to the left of the applied load.

The model must be compared to other tests and should
be tested for elements with a large contribution from di-
rect strutting to see if it accounts for this effect adequately.
Such analyses could form the basis for the formulation of
a simplified model, which could be applicable for design
purposes.
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ABSTRACT

In the design and assessment of precast concrete beams with a slab cast on top, namely concrete composite beams, engineers still face in practice unsolved
shear-related issues, such as the contribution to shear strength of the slab, the concrete strength to be considered in shear formulations or the influence of the
interface between concretes in the shear behaviour. This article gives an overview of the 69 shear tests performed by the authors on monolithic and compos-
ite beams, with rectangular or T-shaped cross-section, with or without transverse reinforcement and with different concrete qualities, to experimentally ana-
lyse the issues mentioned above. The study of the shear transfer mechanisms at failure led to formulating a model for explaining the observed results. Based
on this model, a shear strength predictive formulation for concrete composite beams with web reinforcement is developed in this article, which is verified
with the experimental results from this research and 24 additional tests from the literature. This formulation provides more accurate predictions compared
to the shear strength formulations of current codes EC2, MC-10 and ACI 318-19. The proposed model lays the foundations for the future development of
a user-friendly formulation for calculating the shear strength of concrete composite beams..

KEYWORDS: reinforced concrete, composite beam, T-beam, shear strength, interface shear, predictive model.
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RESUMEN

En el disefio y evaluacion de vigas prefabricadas de hormigén con una losa superior hormigonada in situ, es decir, vigas compuestas de hormigén, los inge-
nieros siguen enfrentandose en la prictica a problemas no resueltos relacionados con el cortante, como la contribucién de la losa a la resistencia a cortante,
la resistencia del hormigén que se ha de considerar en las formulaciones de cortante o la influencia de la interfaz entre hormigones en el comportamiento a
cortante. Este articulo resume los 69 ensayos a cortante realizados por los autores en vigas monoliticas y compuestas, de seccién rectangular o en T, con o sin
armadura transversal y con diferentes calidades de los hormigones, para analizar experimentalmente las cuestiones mencionadas anteriormente. El estudio
de los mecanismos de transferencia de cortante condujo a la formulacion de un modelo para explicar los resultados observados. A partir de este modelo, se
desarrolla en este articulo una formulacién para predecir la resistencia a cortante en vigas compuestas de hormigén con armadura de cortante, la cual se ve-
rifica con los resultados experimentales de esta investigacion y 24 ensayos adicionales de la literatura. Esta formulacién proporciona resultados mas precisos
comparados con las formulaciones de resistencia a cortante de los cédigos actuales EC2, MC-10 y ACI 318-19. El modelo propuesto sienta las bases para el
futuro desarrollo de una formulacién facil de usar para el calculo de la resistencia a cortante de vigas compuestas de hormigoén.

PALABRAS CLAVE: hormigén armado, viga compuesta, viga en T, resistencia a cortante, resistencia a rasante, modelo predictivo.
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Nomenclature

a shear span cotf,, cotangent of @ given by the crushing of the compres-
A,,  area of the cross-section of the two legs of a stirrup sion struts

by  effective shear width of the slab d effective depth

b, web width of the concrete section d slab longitudinal reinforcement depth

c coefficient for the adhesive bond d, effective depth of the precast beam

c effective concrete cover d. effective depth of the entire composite beam

cot)  cotangent of E,,  modulus of elasticity of the precast beam concrete

cotf,; cotangent of 0 given by the interface shear strength
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modulus of elasticity of the slab concrete
modulus of elasticity of reinforcement
concrete compressive strength

o
@

@

TR

b concrete compressive strength of the beam measured
in cylinders
fos concrete compressive strength of the slab measured in
cylinders
fa concrete tensile strength

foub concrete tensile strength of the precast beam
fous concrete tensile strength of the slab

Fy total horizontal force transferred along the interface
crack

f, yield strength of reinforcement

S yield strength of transverse reinforcement

h overall member height

h, cast-in-place slab height

L length of the interface crack

L. length of the uncracked interface of principal span at

maximum shear load

N, axial force on slab

%] nominal diameter of a reinforcing bar

s stirrup spacing

T; tension force of slab longitudinal reinforcement at its
yield strength

T, tension force of web reinforcement at its yield strength

1.

INTRODUCTION

A very common type of deck for bridges built from the mid-
20th century onwards consists of precast beams with a cast-
in-place slab on top, namely concrete composite beams (see
Figure la). Given the large number of existing bridges of
this type, it is especially important to study their structural
behaviour. In addition, there is now a clear trend towards
precast construction with reinforced concrete elements, so
this type of elements is present not only in bridge structures,
but also in buildings. Composite elements such as beam-and-
block floors or connections of precast beams and hollow-core
slabs, where the free space is filled with cast-in-place con-
crete, are commonly seen [1,2] (Figure 1b-c).

While the interface shear strength of concrete composite
beams has been studied in many publications [3-8], their ver-
tical shear strength has not been thoroughly analysed [9]. Full-
scale concrete composite beams have been tested under shear
forces and analysed in some research articles [10-13], howev-
er, some important aspects that affect the shear strength, such
as the influence of the interface between concretes, the con-
tribution of the slab to shear strength or the concrete strength
to be considered in shear formulations were not analysed. Few
studies have shown a close approach to those issues, the most
important being those by Halicka et al. [1,14,15] and Kim et
al. [9,16-18]. In particular, Halicka et al. developed an ex-
perimental study about the influence of interface quality on
the shear strength of concrete composite beams [1,14,15], in
which the possible failure mechanisms in concrete composite
beams are described as well as an analytical criterion to pre-
dict the failure mechanism. Halicka points out in [14] there
are few research works regarding the influence of the interface
cracking on the shear strength of the composite element. Kim

V., experimental shear strength

Vi precast beam shear strength

Viea predicted shear strength

Vrmax1 experimental first local maximum of the shear-deflec-
tion relation

Vimaxz experimental second local maximum of the shear-de-
flection relation

V., slab shear strength

V.pr  slab shear strength provided by slab bending failure

Vor  slab shear strength provided by interface failure

V.sr  slab shear strength provided by slab shear failure

a multiplier factor of interface shear strength

0 inclination of compression field struts with respect to
the axis of the member

u friction coefficient

Pic reinforcement ratio of the reinforcing steel crossing the
interface

P reinforcement ratio of tension longitudinal reinforce-
ment

Pu reinforcement ratio of web reinforcement

61, 62 principal stresses

oy normal longitudinal stress

T tangential stress

TR interface shear strength

et al. [9,16-18] ran an extensive experimental programme
on the shear strength of rectangular composite beams made
of prestressed and non-prestressed concrete, using different
strength concretes (high-strength and low-strength concrete)
and adding or not steel fibres in the concrete mass. They ob-
tained interesting results about the influence on the shear
strength of these different concretes and their location at the
precast beam or the slab; however, the influence of the in-
terface was not studied since most of the specimens behaved
similarly to monolithic specimens.

This lack of knowledge on the subject can be seen in the
absence of a clear procedure on how to account for the slab
in the shear strength of composite elements in some current
codes (EC2 [19] and MC-10 [20]). ACI 318-19 [21] specifies
how shear strength of composite beams can be calculated, as
long as the shear at the interface is verified: using the proper-
ties of the element (precast beam or cast-in-place slab) that
result in the most critical shear strength value or the properties
of individual elements. Notwithstanding, relevant experimen-
tal and theoretical evidence are still needed to support the va-
lidity of these considerations for composite specimens [9,16].

With the aim of studying the different aspects related to the
shear strength of concrete composite beams mentioned above,
the authors developed an extensive experimental programme
on concrete composite elements, which was partially published
in [22-25]. The scope of this research covered specimens that
showed a structural failure influenced by the existence of an
interface between concretes, leaving out those with pure hori-
zontal shear failure and monolithic behaviour, which have al-
ready been studied in multiple publications. In [22], the authors
presented the results of 7 composite rectangular beams tested
in shear, which were performed to characterise the interface
between concretes. In [23], the authors analysed the results of
21 monolithic and composite, rectangular and T-shaped beams
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1. Precast concrete beam
2. Cast-in-place concrete

Figure 1. Examples of concrete composite structures: (a) Bridge deck made of precast beams with top cast-in-place concrete; (b) Connection of
precast beam and hollow-core slab filled with cast-in-place concrete; (c) Beam-and-block floor.

without web reinforcement and analysed in depth their shear
strength mechanisms. In [24], 18 monolithic and composite
rectangular specimens with web reinforcement were tested in
shear, and an in-depth study of the shear strength mechanisms
and failure modes of the specimens was conducted. The same
procedure was followed in [25], where the results of 19 mono-
lithic and composite T-shaped specimens were analysed in shear.
In the last two publications [24,25], a mechanical model was
proposed based on the experimental results for explaining the
shear strength of the specimens with web reinforcement.

The objective of this paper is to present in one single doc-
ument the whole research carried out at the Concrete Sci-
ence and Technology University Institute (ICITECH) of the
Universitat Politécnica de Valéncia (UPV; Spain) for studying
the shear strength of concrete composite beams. To that aim,
the results of the 69 slender reinforced concrete beams test-
ed in shear in this research, including 6 new specimens not
published in [22-25] consisting of T-beams with a top cast-in-
place slab, are provided. The specimens had rectangular and
T-shaped cross-sections and a high longitudinal reinforcement
ratio. Different parameters that influence the vertical shear
strength were varied: the presence of a cast-in-place slab, the
use of web reinforcement, the presence of an interface be-
tween concretes (monolithic or composite fabrication), the
interface roughness and reinforcement, the flange and the slab
width, the concrete compressive strength of the precast beam
and the differential shrinkage between concretes. A summary
of the shear strength mechanisms, the failure modes, and the
effect on the shear strength of the varied parameters is pre-
sented. As a new contribution, the model for explaining the
shear strength of the specimens with web reinforcement pre-
sented in [24,25] is generalised in this paper to beam geome-
tries and reinforcement layout other than those tested by the
authors. Furthermore, based on this model, a shear strength
predictive formulation for specimens with web reinforcement
is developed and presented herein. The experimental test re-
sults presented in this paper, together with other experimental
test results from the literature, are used to verify the model.
The predictions of the proposed formulation and the current
code formulations are compared. This paper gives a general
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overview of the research, and conclusions are drawn from the
analysis of the specimens as a whole.

The present research work provides relevant details about
the shear transfer mechanisms of concrete composite beams
subjected to shear forces, and lays the basis of a new shear
strength formulation for composite specimens with web re-
inforcement, also applicable to monolithic T-beams, thus
supporting the development in future of user-friendly shear
strength formulations for this type of structures.

2.
TEST PROGRAMME

2.1. Test parameters

A preliminary series (interface characterisation series) of 7
composite specimens was carried out to determine the design
of the specimens so that they would fail by vertical shear and
the failure would be influenced by the presence of the inter-
face between concretes [22]. The following parameters were
analysed in this first study:

+ Shear reinforcement ratio (p,). Three specimens were fabri-
cated with no web reinforcement (p,, = 0) and the other four
specimens with 38 mm two-leg stirrups spaced 250 mm
(pw = 0.0022), which met the maximum spacing require-
ments between stirrups of the design codes considered in
this study [19-21] (see Table 1).

+ Ratio of reinforcement crossing the interface (p;). As shown
in Table 1, in addition to the shear stirrups, @8 mm two-leg
interface connectors with a fork shape spaced 250 mm were
placed crossing the interface in some specimens to increase
their interface shear strength.

* Interface roughness. The concrete surface of the precast
beam was raked before concrete hardened to get a “very
rough” interface as defined in current codes [19-21] or was
left as cast with no treatment after concrete vibration to get
a “smooth” interface (Table 1) (see more details about the
fabrication of these two surface types in Section 2.3).



TABLE 1.
Main characteristics of the specimens of the preliminary series.

Specimen pw (%) pic (*) (%) Interface roughness
NOP1B2 0 0 Very rough
NOP1B2i 0 0.22 Very rough
NOP1B2ii 0 0.45 Very rough
NWP1B2 0.22 0.22 Smooth

NWP1B2i 0.22 0.22 Very rough
NWP1B2ii 0.22 0.45 Smooth
NWP1B2iii 0.22 0.45 Very rough

(*) pic is the ratio of reinforcement crossing the interface, which includes the
stirrups in these specimens.

Note: All the specimens had cross-section type B2 (see Figure 2).

In this preliminary series the following parameters were fixed:

the cross-section B2 (see Figure 2); the longitudinal reinforce-

ment ratio (p; = 4.0%); the shear span-effective depth ratio

(a/d = 4.0); a design value of 30 MPa for the concrete com-

pressive strength, both for the beam (f.;) and the slab (f.,); the

time elapsed between pouring the concrete of the beam and
the slab (1 day).

After this preliminary series, the following parameters that
influence shear strength were experimentally studied in the
main series to explain the shear strength mechanism of con-
crete composite elements [23-25] (note that series E1, E2 and
F2 in Figure 2 were not published elsewhere):

+ Shear reinforcement ratio (p.). As shown in Table 2, the
specimens were fabricated without web reinforcement or
with @8 mm two-leg stirrups spaced 250 mm. No interface
connectors were added.

* Presence of a slab. Some specimens (series Al and C1 in
Figure 2) were fabricated without a slab, which represented
the precast beam used in composite elements, while others
(series B2 and E2 in Figure 2) had a concrete slab on top of
the same precast beams.

* Presence of an interface between concretes. The specimens
were fabricated with one concrete (monolithic) (series A1,

., 180 , . 180

100

300

/100, 180

/100,

B1, C1, D1 and E1) or two concretes casted at different
times (composite) (series B2, C2, D2, E2 and F2), as shown
in Figure 2.

+ Concrete compressive strength of the precast beam (f.;).
The precast beam was fabricated with normal-strength con-
crete (NSC) with a design compressive strength of 30 MPa
or with high-strength concrete (HSC) with a design com-
pressive strength of 60 MPa (see Table 2).

* Flange width. The precast beam was fabricated without
flanges (rectangular beams) (series A1, B1, B2, C2 and D2)
or with a flange width (T-shaped beams) of 100 mm (series
C1, E1, E2 and F2) or 200 mm (series D1), as observed in
Figure 2.

+ Slab width. The concrete slab was fabricated with the same
width as the precast beam head (series B2 and E2) or with a
bigger width (series C2, D2 and F2) (see Figure 2).

« Differential shrinkage between concretes. To analyse wheth-
er the different ages of the concretes had a significant influ-
ence on vertical shear strength in the specimens of this ex-
perimental programme, the concrete of the slab was poured
1 day after that of the precast beam (series NO, HO, NW
and HW) or when the shrinkage of the beam concrete had
stabilised (series DO and DW) (see Table 2).

The following parameters were fixed in the 62 specimens
of the main test programme: p; = 4.0%; a/d = 4.0; effective
concrete cover-height ratio ¢./h = 0.16; the design concrete
compressive strength of the slab, which was NSC of 30 MPa;
a “very rough” interface in all the specimens without web re-
inforcement, and a “smooth” interface in the specimens with
web reinforcement.

As observed, p;, a/d and c./h were fixed for the 69 specimens
of the experimental programme (preliminary series and main
test programme) to make them comparable to each other. The
specimens were heavily longitudinally reinforced (p; = 4.0%) to
avoid bending failure before shear failure in all the specimens,
including those with the widest and deepest flanges, since shear
strength can significantly increase due to the presence of flanges

,100, 180 100,

100,80

300

200

180 , 200 , 100, 180

/100,

,100, 180 ,100, ,100,100, 180 100,100,

| @ Concrete of the precast beam Concrete of the slab |

Figure 2. Cross-sectional shapes of the specimens (dimensions: mm).
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TABLE 2.
Main characteristics of the specimens of the main series.

Series pw (%) Concrete Concrete type  Days between Number of specimens per cross-sectional
type of the  type of the the concrete pouring
beam slab of beam and slab Al Bl B2 Cl C2 D1 D2 El E2 F2
NO 0 NSC NSC 1 2 2 2 2 2 0 2 0 0 0
HO 0 HSC NSC 1 1 1 1 1 1 0 1 0 0 0
DO 0 NSC NSC 134 0 0 2 0 0 0 0 0 0 0
NwW 0.22 NSC NSC 1 3 3 3 3 3 2 3 1 1 1
HW 0.22 HSC NSC 1 2 2 2 2 2 2 2 1 1 1
DwW 0.22 NSC NSC 134 0 0 2 0 0 0 0 0 0 0
[2]. They were slender, with a/d of 4.0, to foster shear failure 2.2. Test specimens
mainly governed by beam shear-transfer actions [26,27], thus
avoiding the shear resisted by the arching action. All the speci- Four-point bending tests were performed in the specimens.
mens had the same effective concrete cover-height ratio ¢/h = Two point loads 0.40 m apart divided the length between
0.16 to avoid its influence on shear strength. supports in two spans: the principal span, where shear failure
Beams with cross-section type A Beams with cross-section types B, C and D
@12/75 ¥12/83
i 98/75 L 8/250 ‘
. 1708@100 | L, 232(?@;1:10 1 ' A p,
( [T ) NN )
o aozs/ 6] o sges/ 2ms/ O
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(*) Beams with cross-section types B and C have the same reinforcement; only the flange transverse reinforcement differs, which is not
present in B and is adapted to the flange dimensions in C.

(**) Beams with cross-section type E have the same reinforcement; only the flange transverse reinforcement differs, which is adapted to
the flange dimensions.

Figure 3. Dimensions and reinforcement of the test specimens (dimensions: mm).
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(a})

Very rough surface (b) Smooth surface

Figure 4. Pictures of the concrete surface before pouring the concrete of the slab: (a) “Very rough” surface; (b) “Smooth” surface.

was expected, whose length was 1.00 m for series A, 1.34 m
for series B, C and D or 1.60 m in series E and F (see Figure
3); the over-reinforced span, which was 1.00-metre long in
all the specimens and had additional shear reinforcement to
prevent its shear failure. The cross-sectional dimensions of
the specimens are shown in Figure 2.

Figure 3 shows the reinforcement layout of series A, D
(same as series B and C) and F (same as series E) with web re-
inforcement (series NW, HW and DW). The specimens with-
out web reinforcement (series NO, HO and DO) had identical
reinforcement as those with web reinforcement but without
the stirrups of the principal span.

Table 1 and Table 2 show the main characteristics of the
preliminary and the main series, respectively. The nomencla-
ture used to identify the specimens was xyPzkj(l) (m), where:

« “x”is: N in the specimens fabricated with NSC at the pre-
cast beam and the slab; H in the specimens with HSC at
the precast beam; D in the specimens in which more than
1 day elapsed between the concrete casting of the beam

and the slab.

« “y” refers to the presence of web reinforcement: O for the
specimens without web reinforcement; W for the specimens
with web reinforcement.

* “Pz” refers to the concrete pouring batch, since the fabrica-
tion process was conducted in batches of up to 7 beams: P1
to P5 for specimens without web reinforcement; P1 to P8
for specimens with web reinforcement.

* “R” refers to the cross-section type (A to F in Figure 2).

* “j” refers to the number of concretes used: 1 for monolithic
beams, 2 for composite beams.

o “I" (“a” or “b") is used only when more than one specimen
with the same previously described characteristics was fab-
ricated.

o “m” (“i",“ii” or “iii”) is used only to identify the specimens of
the preliminary test programme.

2.3. Fabrication and materials

The specimens were fabricated in batches of up to 7 beams.
First, concrete of the precast beam was poured (see Figure 2). In

TABLE 3.

Average values of the concrete properties of the beam and the slab at the age of tests.

Series Fabrication for fos E.p E.s fop fous

batch (MPa) (MPa) (GPa) (GPa) (MPa) (MPa)

NO P1 32 31 35 32 241 2.72
P2 40 34 33 26 2.24 2.77
P3 31 38 28 31 2.48 2.40

HO P4 62 31 37 30 3.51 2.36

DO P5 29 37 25 31 2.44 2.82

NwW P1 33 32 34 38 2.61 2.27
p2 38 34 33 31 2.91 2.75
P3 32 37 33 34 2.58 3.21
P4 39 33 28 28 2.90 2.59
P7 24 - 23 - 1.90 .
P8 25 26 22 24 1.93 2.18

HW P5 43 21 25 20 2.50 2.01
P6 52 36 28 29 2.86 3.01
P9 67 30 33 26 4.06 2.69

DW P7 29 37 25 31 2.44 2.82

Note: Table 5 shows the specimens that were made in each fabrication batch.
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the composite specimens with “very rough” interface, the surface
was raked before concrete hardened, so dents of approximately
6 mm deep between peak to valley and a maximum spacing
between valleys of 40 mm were made (according to the “very
rough” definition of current codes [19-21]) (see Figure 4a). In
the specimens with “smooth” interface, no further treatment
was carried out in the principal span after vibration (Figure 4b).
The over-reinforced span of all the composite specimens was
raked to improve its interface shear strength. Secondly, concrete
of the slab was poured in the composite specimens 1 day after
the precast beam concrete was cast, except for the DO and DW
series specimens, where the concrete of the slab was poured
when the instrumentation revealed that the shrinkage of the
precast beam concrete had stabilised (see Table 2).

The main properties of the concretes used in the specimens
of each fabrication batch are summarised in Table 3. The table
shows for each batch the average values of the concrete com-
pressive strength of the beam and slab (f.;, and f.,, respectively),
the modulus of elasticity of concrete of the beam and slab (E.;
and E.,, respectively) and the tensile strength of the concrete
of the beam and slab (f.; and f., respectively), measured ac-
cording to UNE-EN 12390 [28-30] at the testing age, which
was approximately 28 days after the concrete of the slab was
poured. Two concrete cylinders of each concrete (beam and
slab) were tested every consecutive day a specimen was tested
for obtaining each mechanical property. Consequently, the re-
sults shown in Table 3 are the average of testing a minimum of
four and a maximum of six concrete cylinders for each prop-
erty. NSCs had 325 kg/m3 of Portland cement, a water-cement
ratio of 0.52 and a maximum aggregate size of 10 mm. HSCs
had 500 kg/m3, 0.44 and 10 mm, respectively.

The yield strength (f,) and the modulus of elasticity (E;)
of the reinforcing steel measured according to UNE-EN ISO
6892 [31] are shown in Table 4. It should be noted that, ex-
cept for the preliminary series (NOP1 and NWP1), the steel
of the stirrups (8-millimetre diameter bars) was the same, to
avoid the influence of a variation in yield strength when com-
paring test results.

2.4. Test setup and instrumentation

Figure 5 shows the test setup. The load was applied by a 1200
kN hydraulic actuator through a steel frame which divided

it into two point loads. The frame was connected to a hinge
joint to keep the load vertical, and two loading steel plates
(200x200x30 mm) were arranged to spread the load over the
concrete. The specimens laid on steel plates (250 mm width)
equipped with a steel balls bed to minimise the horizontal
reaction. The load was displacement controlled at a speed of
0.20 mm/s.

Figure 5. Example of the experimental setup.

The applied load and the reactions were measured with three
1000 kN load cells. The vertical displacement at the support
sections and below the point load closest to the principal span
were measured with displacement transducers (LVDTs). Four
LVDTs were placed horizontally at the interface between con-
cretes to measure the slip at the interface. 120 Q) resistance and
2 mm length strain gauges were glued on some reinforcing bars:
on the bottom longitudinal reinforcement at different cross-sec-
tions, including that below the point load; on the top longitudinal
reinforcement at the cross-section below the point load; at the
mid-length of the two legs of the principal span stirrups. Two (in
rectangular specimens) or three (in T-shaped specimens) 120 Q
resistance and 60 mm length strain gauges were located on the
top concrete surface at two different cross-sections of the princi-
pal span. The concrete surface was prepared to use DIC (Digital
Image Correlation) with the images of two digital cameras that
took pictures at a rate of 0.5 Hz. Further details about the instru-
mentation elements and their location can be found in [22-25].

TABLE 4.
Average values of the transverse and longitudinal reinforcement properties, for each reinforcing bar diameter (diameter in mm).
Series f (MPa) E; (GPa)
6 8 12 16 20 25 6 8 12 16 20 25
NOP1, NWP1 53 53 - - 53 55 22 18 - - 20 19
4 4 4 6 7 9 6 7
NOP2, NOP3, HOP4, DOPS5, - 53 53 56 58 55 - 20 20 24 19 19
NWP2, NWP3, NWP4, 8 3 1 5 7 3 7 0 2 9
DWP7
NWP7, NWP8, HWPS, - 53 52 54 54 54 - 20 19 23 19 23
HWP9 8 9 5 1 8 3 6 0 4 5
HWP6 - 53 52 53 56 57 - 20 20 23 19 23
8 7 1 0 4 3 1 1 0 7
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3.
TEST RESULTS AND DISCUSSION ON THE EFFECT OF
TEST PARAMETERS ON SHEAR STRENGTH

3.1. Preliminary series

The aim of this preliminary series, presented in [22], was to
define the required interface roughness and the ratio of re-
inforcement crossing the interface that led to a shear failure
of the specimens influenced by the presence of the interface,
i.e., where the diagonal shear cracks deflected horizontally
upon reaching the interface and penetrated the slab after-
wards, thus avoiding pure horizontal shear failure or mono-
lithic shear-resistant behaviour (i.e., cracks cross the interface
without developing horizontally along it, as Halicka observed
in [14]).

During the design of these specimens, their predicted
failure mode was determined by comparing the horizontal
shear strength with the vertical shear strength given by the
current design code formulations [19-21]. Thus, 7 different
designs were selected (see Table 1). Of the three specimens
without shear reinforcement, NOP1B2 and NOP1B2i were
expected to reach their horizontal shear failure before their
vertical shear failure. Among the four specimens with shear
reinforcement, the horizontal shear failure was expected
only in the specimens with smooth interface (NWP1B2 and
NWP1B2ii). However, all the specimens had a vertical shear
failure (their experimental shear strengths (V..,) are shown
in Table 5) [22]. Pure horizontal shear failure or delamina-
tion [14], where the diagonal shear crack deviates along the

interface and does not penetrate the top slab, did not occur
in any specimen. Among the specimens without shear rein-
forcement, specimen NOP1B2, was the only one showing
diagonal cracking influenced by the presence of the interface
between concretes (see Figure 6). On the contrary, the oth-
er two specimens showed a crack pattern similar to that of
monolithic specimens, in which the interface plane did not
deviate the diagonal shear crack. In the specimens with shear
reinforcement, only the crack patterns of those specimens
with a smooth interface were influenced by the presence
of the interface. It was also observed in the specimens with
additional interface reinforcement (NOP1B2i, NOP1B2ii,
NWPI1B2ii and NWP1B2iii) that the fork connectors placed
to increase their horizontal shear strength had an additional
unintended effect which was increasing their vertical shear
strength, since they interacted with the diagonal compression
field in the web. In the specimens without shear reinforce-
ment, the shear strength increased by 77% when the ratio
of reinforcement crossing the interface (p;) was 0.0022 (see
Table 1) and by 92% when p;, = 0.0045. In the specimens
with shear reinforcement (p,, = 0.0022), the additional inter-
face reinforcement (p; = 0.0045) increased shear strength by
24% when the interface was “smooth” and by 73% when the
interface was “very rough”.

Therefore, the remaining tests of the experimental pro-
gramme were designed without interface connectors addition-
al to the shear reinforcement, since horizontal shear failure
did not take place in any specimen, with a “very rough” inter-
face for the specimens without web reinforcement and with
“smooth” interface for specimens with web reinforcement.

TABLE 5.

Shear strength of the 69 test specimens.

Series  FB Specimen Vew Failure Series FB Specimen Ve Failure Series FB Specimen Vexp Failure

(kN) mode (kN) mode (kN)  mode

NO P1 NOP1B2 91 CSC NW P1 NWP1B2 206 SF NW P7 NWP7D1b 197 SF
NOP1B2i 161 CSC NWP1B2i 181 DT P8 NWPSE1 259 SF
NOPI1B2ii 175 CSC NWP1B2ii 255 SF NWPSE2 241 IF

P2 NOP2A1 75 CSC NWP1B2iii 313 SC NWP8F2 223 IF
NOP2B1 88 CSC P2 NWP2A1 158 SC HW P5 HWP5A1 144 SC
NOP2C1 72 CSC NWP2B1 181 SC HWP5B1 207 SC
NOP2C2 94 CSC NWP2B2 186 SF HWP5B2 172 SC
NOP2D2 84 CSC NWP2C1 221 SF HWP5C1 238 SF
P3 NOP3A1 62 CSC NwP2C2 177 BF HWP5C2 166 SF

NOP3B1 81 CSC NWP2D2 216 IF HWP5D1 200 SF
NOP3B2a 70 CSC P3 NWP3A1 128 SC HWP5D2 173 BF
NOP3B2b 86 CSC NWP3B1 174 SC P6 HWP6A1 ™ SC
NOP3C1 79 CSC NWP3B2 169 BF HWP6B1 199 DT
NOP3C2 86 CSC NWP3C1 187 SF HWP6B2 186 SF
NOP3D2 85 CSC NWP3C2 172 BF HWP6C1 231 SF

HO P4 HOP4A1 86 CSC NWP3D2 176 BF HWP6C2 222 SF
HOP4B1 93 CSC P4 NWP4A1 153 SC HWP6D1 246 SF
HOP4B2 101 CSC NWP4B1 168 DT HWP6D2 209 IF
HOP4C1 90 CSC NWP4B2 191 DT P9 HWPYE1 327 SF
HOP4C2 86 CSC NWP4C1 200 SF HWP9E2 315 IF
HOP4D2 99 CSC NWP4C2 197 SF HWP9F2 315 IF

DO P5 DOP5B2a 88 CSC NWP4D2 229 IF DW P7 DWP7B2a 167 BF
DOP5B2b 89 CSC P7 NWP7Dla 195 SF DWP7B2b 179 SF

(*)Vexp could not be measured due to an error detected during the test process.

FB = fabrication batch; CSC = critical shear crack formation; DT = diagonal tension failure; SC = shear-compression failure; BF = slab bending failure; SF = slab shear failure; IF = interface failure.
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(a) Specimens without web reinforcement (b) Specimens with web reinforcement

NOP1B2 NWP1B2
NOP1B2i NWP1B2i
NOP1B2ii NWP1B2ii
NWPI% o
Figure 6. Crack patterns of the prelimin;test programme %)ecimens.
(a) Specimen DOP5B2a

Figure 7. Examples of shear tests on specimens without web reinforcement: (a) Composite rectangular specimen DOP5B2a; (b) Composite T-sha-
ped specimen NOP2C2.
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Figure 8. Examples of crack patterns of beams without web reinforcement and example of shear-deflection curve: (a) monolithic rectangular speci-
men; (b) composite rectangular specimen; (c) monolithic T-beam; (d) composite T-shaped beam; (e) shear-deflection relationship for the specimen
HOP4C2 differentiating between VR,max1 and VR,max2 (adapted from [23]).

Regarding the horizontal shear strength provided by code 3.2. Main series
formulations, the conclusion drawn from these tests was that
the codes greatly underestimate the horizontal shear strength The main grouping of the test specimens for analysing the re-
of concrete interfaces (further information about the predict- sults were specimens with and without web reinforcement,
ed horizontal shear strength can be found in [22]). since they showed different shear strength mechanisms.
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3.2.1. Specimens without web reinforcement

21 monolithic and composite specimens of series NO, HO
and DO, with different cross-sectional shapes were analysed
in [23], including the specimen NOP1B2 from the prelim-
inary test programme, since it had the same roughness and
reinforcement characteristics. Their experimental shear
strengths are shown in Table 5. The most relevant parts of
this analysis are presented in the following.

Regarding the crack patterns at failure, all the specimens
showed a bending crack that developed diagonally towards
the point load, which turned out to be the critical shear crack
(CSC failure mode in Table 5). See two examples in Figure 7.
The interface between concretes in the composite rectangu-
lar and T-shaped specimens (B2, C2 and D2) and the width
change plane in the monolithic T-shaped specimens (C1), de-
viated the CSC horizontally along it before progressing across
the top of the beam, as shown in the examples of Figure 8.

The formation of the CSC caused a load drop. However,
it did not cause the collapse of most of the specimens, and
a second local maximum in shear was reached afterwards
(see Vrmaz in Figure 8e). The second maximum shear value
was sometimes higher than the first (Vg a1 in Figure 8e) and
may be explained by an arching action mechanism developed
above the CSC, which was described in [27]. The crack pat-
terns revealed that the specimens in which the CSC left a wide
enough depth of the compression chord intact reached high-
er second local maximums in shear. However, no relationship
was found between the initial characteristics of the specimens
and the depth of the compression chord that remained intact
after the CSC formation. The high p; in tension in the beams
of this experimental programme (4.0%) could be one of the
reasons why the high arch effect could develop in some of the
specimens. On the other hand, the membrane effect due to the
large deflection of the longitudinal tie could also contribute to
the shear resistance. In the specimens of this experimental pro-
gramme, it was considered unsafe to take the absolute maxi-
mum shear value as the shear strength, since the shear trans-
fer mechanisms for explaining that behaviour were not clear.
Thus, the first local maximum in shear was taken as the shear
strength of the element, which is the value shown in Table 5.

The test parameters defined in Section 2.1 were analysed
by comparing the shear strengths of different specimens where
only one parameter is varied. The observations of this analysis
were as follows (further details can be found in [23]):

(a) Specimen NWP3B2

L

Presence of a slab. If the average shear stresses are com-
pared, the specimens of series B1 resisted 7% less (on av-
erage for all the fabrication batches of series NO) than
the specimens of series A1, which was due to the size ef-
fect. The specimens of series B2 resisted 5% less than the
specimens of series Al. Given both values are similar, this
decrease in the average shear stress of B2 beams was also
attributed to the size effect and not to the presence of an
interface between concretes. Consequently, placing a slab
of depth h, increased shear strength by approx. the same as
an increase of h; in the effective depth of the beam. Since
the interface conditions are key for the contribution of the
slab to the shear strength, the observed behaviour is pos-
sible provided that the horizontal shear resistance at the
interface is verified.

Presence of an interface between concretes. The interface
between concretes modified the crack pattern with respect
to that of monolithic specimens by deviating the direction
of the CSC. Regarding the shear strength, little differences
were found in Vexp between the monolithic and the com-
posite specimens with the same cross-sectional shape.
Concrete compressive strength of the precast beam. The
specimens where the beam was made of HSC showed
slightly greater shear strength than those made of NSC
(4% on average). By comparing the specimens made of
HSC and NSC, it was observed that the formation of the
critical shear crack was mostly governed by the strength
of the web concrete, while the contribution of the arching
action mechanism to the shear strength depended on the
strength of the slab concrete.

Flange and slab width. The rectangular and T-shaped spec-
imens had similar first local maximums in shear, because
shear strength was mainly governed by the shear transfer
actions that occurred at the web of the beam. Afterwards,
the specimens type D, with wider flanges, reached higher
second local maximums in shear than the specimens type C.
Differential shrinkage between concretes. Differential
shrinkage in series DO did not have a significant influence
on the vertical shear capacity of the composite beams
without shear reinforcement of this test programme.

3.2.2. Specimens with web reinforcement
The 42 specimens with web reinforcement and the specimen
NWPI1B2 from the preliminary series [22] were analysed

Figure 9. Examples of shear tests on specimens with web reinforcement: (a) Composite rectangular specimen NWP3B2; (b) Composite T-shaped
specimen HWPOE2.
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Figure 10. Crack pattern examples of specimens with web reinforcement: (a) monolithic rectangular specimen B1 [24]; (b) composite rectangular
specimen B2 [24]; (¢) monolithic T-shaped specimen C1 [25]; (d) composite T-shaped specimen C2 [25]; (e) monolithic T-shaped specimen E1;
(f) composite T-shaped specimen E2.

(see further results from series A1, B1 and B2 in [24] and
from series C1, C2, D1 and D2 in [25]). In this section, the
most important parts of the analysis of the specimens with
web reinforcement are summarised.

Unlike the specimens without web reinforcement, these
specimens showed one maximum shear value.

Regarding the crack patterns, big differences were found be-
tween monolithic rectangular specimens and specimens with an
interface between concretes (composite specimens) or a cross-sec-
tion width change (T-beams). In most specimens, the interface or
the cross-section width change plane modified the crack pattern
of the specimens versus that of monolithic rectangular beams by
forcing diagonal cracks to develop along that weak plane (see the
pictures of Figure 9). Representative examples of these crack pat-
terns are shown in the drawings of Figure 10.

The differences in the crack patterns had a big influence
on the shear strength mechanisms developed by the specimens
and, consequently, on their shear strengths, whose values are
shown in Table 5.

The shear strength mechanisms of the specimens with one
weak plane (interface between concretes or cross-section width
change) were analysed. The crack at the weak plane divided the
transmission of the shear force to the supports into two load
paths. In the monolithic T-beams (series C1, D1 and E1) one
shear path was the beam web and the other shear path were
the flanges. In the composite specimens (series B2, C2 and D2),
the lower path was the precast beam, and the upper path was
the slab. Shear forces at the lower path were seen to be mainly
resisted by the web reinforcement, while the upper path be-
haved as a member without shear reinforcement. Both shear
transfer mechanisms were connected through the crack at the
weak plane, by means of the aggregate interlock along the crack
and the dowel action of the web reinforcement. The failure of
the specimens was given when the upper mechanism or the in-
terface failed. Three failure modes were observed: slab bending

failure (BF), slab shear failure (SF) or interface failure (IF).
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BF was observed when specimens showed a long crack
along the weak plane that covered almost all the shear span
(e.g., specimen of Figure 10b). Flexural cracks appeared
at the top of the slab close to the support section and a
gradual drop of the shear-deflection curve was observed,
characteristic of a ductile bending failure (see Figure 11a).

+  SF was observed in specimens with a smaller crack exten-
sion along the weak plane when a sudden diagonal crack
crossed the slab in direction to the point load (e.g., speci-
mens of Figure 10c-¢) and a marked load drop was record-
ed, characteristic of a brittle shear failure (see Figure 11b).
IF was observed in those specimens that showed a short
interface crack before reaching their shear strengths. After
this peak load, the crack extended along the interface to-
wards the support, leading to a marked load drop, and no
new strength mechanism developed to increase this load
(see Figure 11c).

These failure modes, identified in the specimens with web re-
inforcement, are shown in Table 5. Additionally, Table 5 indi-
cates the failure mode of the monolithic rectangular specimens
as well as the composite rectangular specimens that failed in
shear in the same way as a monolithic beam (i.e., where the
presence of the interface did not modify the cracking pattern
nor the shear strength mechanisms). In all these specimens,
the compression chord failed once the web reinforcement
had yielded. Consequently, the two observed failure modes in
these specimens were those commonly known (e.g., see [16])
as diagonal tension failure (DT in Table 5) (see for example
the specimen NWP1B2i in Figure 6) and shear-compression
failure (SCinTable 5) (e.g., specimen NWP3BI1 in Figure 10a).

The specimens E2 and F2 with two weak planes (the in-
terface between concretes and the cross-section width change)
showed a small extension of the cracks at the cross-section
width change of the T-beam (see Figure 10f) until the maxi-
mum load, which divided the shear transmission into two load



(a) Slab bending failure (BF) (b) Slab shear failure (SF)

(c) Interface failure (IF)
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Figure 11. Representative examples of the three failure modes and their shear-deflection curves: (a) Slab bending failure (BF) (specimen
NWP3B2); (b) Slab shear failure (SF) (specimen HWP6B2); (c) Interface failure (IF) (specimen NWP2B2).

paths. The lower path was the web of the T-beam, and the

upper path were the flanges of the T-beam and the slab. After

the peak load, the upper path failed due to the formation of a

horizontal crack towards the support at the interface between

the T-beam and the slab, due to the interface reaching its inter-
face shear strength before the specimen reached its strength by

SF. Therefore, the specimens failed by IF.

Further information about this analysis of the shear
strength mechanisms can be found in [24,25].

Regarding the effect of the varied parameters on the shear
behaviour of these specimens, the following observations were
made:

+  Shear reinforcement ratio. As expected, the specimens
with web reinforcement reached higher V,,, than the speci-
mens without web reinforcement. The increase may be ex-
plained by the activation of different shear transfer actions
after the formation of the CSC. The strain gauges located
on the stirrups of the shear span showed they reached their
yield strength, which proved the contribution of the stir-
rups. The increase of V., due to the presence of web rein-
forcement was 117% on average for each cross-sectional
shape.

+  Presence of a slab. The average shear stresses of series B1
and B2 were, respectively, 10% and 6% lower (on average
for all the fabrication batches of series NW) than that of
specimens of series Al. Since both values are similar, this
decrease in the average shear stress of B2 specimens was
attributed to the size effect and not to the presence of an
interface. If the average shear stresses of specimens E1 and
E2 of series NW are compared to those of series C1, the
shear strengths decreased by 8% and 15%, respectively (a
shear-effective area of the slab that increases 45° from the
cross-section width change, as in [25], is considered). Since
these values are quite different, in specimens E2, with
two weak planes, not only the size effect decreased shear
strength but also the presence of an interface between con-
cretes.

+ Presence of an interface between concretes. As indicated
above, the interface modified the crack pattern, however,
in composite rectangular specimens with similar concrete

compressive strength in both the beam and slab, the in-
terface did not significantly modify their shear strength,
regardless of the interface presenting more or less cracking.
In the T-shaped specimens, the presence of an interface be-
tween concretes decreased the shear strength of the spec-
imens, since the greater interface cracking resulted in less
resistant failure mechanisms, such as slab bending failure in
the specimens that showed extended interface cracking.
Concrete compressive strength of the precast beam. The
monolithic specimens made with HSC concrete had 11%
higher shear strength than the monolithic specimens made
with NSC (on average for each cross-sectional shape).
The composite beams with higher concrete compressive
strength in the precast beam than in the slab showed lower
shear strengths than their homologous monolithic spec-
imens made of the same concrete as that of the precast
beam (12% lower strength on average). Another important
observation derived from varying the concrete compres-
sive strength of the beam was that the shear strength of
the tested specimens that presented an extended inter-
face cracking did not depend on the concrete compressive
strength of either the beam or the slab, since their shear
strength was given by the bending failure of the slab. On
the contrary, the shear strength of the specimens in which
interface cracking was short depended on the concrete
compressive strength of the slab, since the shear strength
was given by the slab failing in shear.

Differential shrinkage between concretes. It was again
verified that a marked differential shrinkage between con-
cretes did not significantly modify the shear strength of the
composite beams in this experimental programme in rela-
tion to that of those specimens with reduced differential
shrinkage.

Flange and slab width. On one hand, in the specimens with
slab shear failure (all the monolithic specimens and some
composite specimens), the presence of flanges increased
shear strength. In this research work specimens, the shear
strength increased approx. 17% due to the presence of
flanges, which is the same increase in the shear-effective
area as when considering an effective slab width that equals
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Figure 12. Diagram of the proposed model.

the sum of the web width (b,) and once the flange depth
(hs) (see [25]). On the other hand, most of the specimens
with extended interface cracking, which were composite
specimens in this test programme, showed slab bending
failure, and flanges did not increase shear strength.

By considering the observations related to the crack patterns,
the shear strength mechanisms, and the effect of the varied pa-
rameters on shear strength, a mechanical model for explaining
the shear resistant behaviour of the specimens with web rein-
forcement was proposed, which is described in Section 4.

4.
PROPOSED MECHANICAL MODEL FOR EXPLAINING
THE TEST RESULTS

A mechanical model was proposed for composite rectangular
beams in [24], and extended to T-shaped beams in [25], based
on the experimental observations, for explaining the shear
behaviour of the specimens with web reinforcement of this
experimental programme. In the model presented in [24,25],
three variants of a strut-and-tie model were distinguished in
the specimens tested. Each specimen was assigned one of these
variants depending on their cracking patterns and other results
from the instrumentation. The expressions for obtaining the
shear strength of each variant were formulated for the geome-
try and reinforcement layout of the tested specimens.

In this paper, the three variants of the model presented in
[24,25] are condensed into one unique formulation that is also
generalised to geometries and reinforcement layout other than
those tested by the authors, which is described below.

The model is based on the cracking of the weak plane,
which was observed at the interface of composite specimens
and at the cross-section width change in monolithic T-shaped
specimens. So far, the model is applied to the specimens with
one weak plane in the experimental programme.

The crack at the weak plane divides the shear transmission
from the point load to the supports into two load paths: one
through the beam web and one through the slab of the com-
posite specimens or the flanges in T-beams (see Figure 12). The
shear transmitted through the beam web is represented by a

Rueda-Garcia, L., Bonet, J.L., Miguel, PE, & Fernandez, M.A. (2024) Hormigén y Acero 75(302-303); 119-136 - 131

truss model where, according to the experimental results, the
stirrups are considered yielded. The slab or the flanges are con-
sidered to transmit shear as a cantilever member without shear
reinforcement. Both structures are connected at the interface
crack, where horizontal forces are transferred due to the dowel
action of the stirrups and the aggregate interlock [24,25].

The upper shear transmission path originated by the crack
at the interface, whose length is [, in Figure 12, is subjected to
bending, axial and shear forces. While the shear at the slab or
the flanges is considered to remain constant, the axial force
decreases and the bending moment increases towards the sup-
port. Consequently, the weakest section is located at the end
of the interface crack (EIC in Figure 12) and is likely to fail by
bending or shear. This distribution of forces made it possible
for flexural cracks to develop at the top of the slab, as observed
in Figure 12. The observed behaviour of the slab was verified
with the strain gauges located on top of the slab [25].

The shear strength of the specimen is obtained as the sum
of the shear resisted by the beam web (V,, in Figure 12) and
the shear resisted by the slab or the flanges (V; in Figure 12).
The maximum shear force resisted by the beam web is gov-
erned by the yielding of the stirrups, so V, is calculated from
Ve T, dy cotf )

s

where T, = Aqfpw is the tension force of the web reinforce-
ment at its yield strength f£,,,, A, is the cross-section area of the
two legs of a stirrup, db is the effective depth of the precast
beam (see Figure 12), @ is the inclination of the compression
field in the web and s is the stirrup spacing. The horizontal
force at the interface crack (Fy in Figure 12) can be obtained
from the beam truss as

lc
b ds

Fu=V, (2
Based on the observations, the maximum shear capacity of the
truss mechanism is reached prior to the specimen failure and
the shear transferred by the truss mechanism may be assumed
to remain constant for increasing loads. Thus, the failure of
the specimen is governed by the slab failure. According to the
observations, three slab failure modes can be identified (see
Section 3.2.2): BF, SF and IF. Therefore, the shear strength re-
sisted by the slab V. is the minimum of the three values corre-



sponding to these three failure modes and the predicted shear
strength 1/, of the specimen may be expressed as

Virea =V + V=V + min {Viur, Visr, Vi) 3)

BF is considered to occur when the slab longitudinal reinforc-
ing steel reaches its yield strength in tension [24] at the EIC
section (see Figure 12). Thus, Vs is obtained as

Fy(hi—d) dp+ Ti(hi—d')(d. - d)
a dy—(a-1)(d.-d)

Vipr= “)

where T is the tension force of slab longitudinal reinforcement
at its yield strength. All other variables are defined in Figure 12.

The model considers the slab is subjected to a biaxial state
of stresses, so SF occurs when the principal concrete stresses
reach Kupfer’s failure surface. Thus, V;sr is obtained from the
following formulae:

Visea — (hs—d’) Fy
d-d ®)

N;=

N;
besr hs

Ox 0,2
= + =t ZS ct,s
(4] > [2) T f
o= 2 [P 2 <, @)
2 2 '

fct,s

c,s

(6)

Oy=—

alz‘fct,s‘ +0.8

03

VT,SFz 2/3 T beff hs (8)

where N; is the axial force in the slab at the EIC cross-section
[24], be is the effective shear width of the slab, which is taken
as the web width in rectangular specimens and the sum of
the web width and the flange depth in T-shaped specimens,
which increases shear strength approximately in the same way
as observed experimentally [25], ¢, and o, are the principal
tensile and compression stresses from the normal force o, and
the tangential force 7 at the slab, f.; and f.,, are the concrete
compressive and tensile strengths of the slab, respectively.

Finally, V¢ is considered to occur when the remaining un-
cracked interface reaches its interface shear strength zz. Thus,
V. can be formulated as a function of the web width bw and
the length of the uncracked interface Inc, measured from EIC
to the end of the beam (see [25] for further explanation).

TR bw lnc (dc - d’)“' FH (h; - d’)

a

Vir=

&)

The shear strength of the specimens has been predicted with
the proposed mechanical model, which requires using the
length of the interface crack (L) observed in each specimen;
the interface shear strength 1z, taken as 1.9 MPa, which was a
value calculated in [25] for these experimental results; and the
experimental cotangent of the inclination of the compression
field in the web (cotd), taken as 2.13, which was calibrated in
[24,25] for all the specimens of the experimental programme

since it performs adequately in these specimens, which all
have the same reinforcement layout. This cotd is slightly high-
er than the one obtained by taking an inclination of the com-
pression field parallel to the diagonal cracks to account for the
effect of aggregate interlock through the cracks.

The proposed mechanical model can accurately predict
the failure mode of the tested specimens and their shear
strengths. The results are shown in Figure 13. The model gives
a mean value of the ratio V,.,/V,.s of 1.06 and a coefficient of
variation (CV) of 7% for the 25 specimens of the experimental
programme that showed an interface crack. Thus, the model
proves useful for explaining the shear strength mechanisms
developed by the specimens with web reinforcement of the
experimental programme that showed horizontal cracking at
the weak plane.
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Figure 13. Experimental vs. Predicted shear strength of the 25
specimens from [24] and [25] that showed an interface crack,
calculated with the proposed mechanical model for explaining the
test results.

5.

SHEAR STRENGTH PREDICTIVE FORMULATION FOR
COMPOSITE BEAMS AND MONOLITHIC T-BEAMS WITH
WEB REINFORCEMENT

The mechanical model described in Section 4 was proposed
to assist in the analysis of the experimental results. However,
it is not useful as a predictive formulation because it is based
on certain experimental data taken from the tests themselves:
the length of the interface crack (L) and the inclination of the
compression field in the web 6.

The following formulation is a first attempt to simplify the
model proposed in Section 4 and turn it into a predictive for-
mulation. This topic is still being studied by the authors in or-
der to provide a general user-friendly formulation for concrete
composite beams.

5.1. Formulation
5.1.1. Calculation of V,,

V, is obtained as in Eq. (1) by using the inclination angle
of the compression field struts 6. In this formulation, cotd
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(see Eq. 10) may be limited by crushing of the compression
struts (cotfy,), in which case the formulation of EC2 [19]
may be used (Eq. (11)). Additionally, the experimental ob-
servations described above show that the existence of a weak
plane (interface or cross-section width change) may modify
the inclination of the compression field of the web (cot6;,).
Consequently, the cotf may be also limited by the interface
shear strength 7z (Eq. (12)).

cotf = min{cot6y,, cotd;,} (10)
103mﬂﬁfvﬂb4szs (11)
Puw o
bw
cotl, = % >1 (12)

where fc,b is the beam concrete compressive strength, v is a
strength reduction factor for concrete cracked in shear that
may be taken from EC2 [19] (v = 0.6-(1-f;; /250), with f;;
in MPa), p, is the shear reinforcement ratio, 7z is calculated
from EC2 [19] interface shear formulation (Eq. (13)) and «
is a parameter that multiplies 7z, which was calibrated in [19]
with a large database of shear-transfer experiments, to use a
more realistic value of the interface shear strength, given the
very conservative predictions of the interface shear strength
provided by the EC2 formulation that have been described in
the literature [16,32,33]. The value of a for different interface
roughness is given in Table 6.

WwR=C fat+ pic fw £<0.5 v f, (13)

The parameters ¢ and u in Eq. (13) are those defined in EC2
[19], which depend on the interface roughness, and are given
in Table 6. f. and £, are the minimum compressive and tensile
strength of the two concretes of the composite beam. p; is the
ratio of reinforcement crossing the interface.

TABLE 6.
Values of the factors ¢ and u defined in EC2 [19] and multiplier a for different
interface roughness.

Interface roughness ¢ u a

“Smooth” or “as cast” 0.2 0.6 1.9
“Rough” and “very rough” 0.4 0.7 1.3
Concrete placed monolithically 1.0 0.9 1.1

5.1.2. Calculation of V,

Only two failure modes are considered in the simplified
formulation due to the introduction of the interface shear
strength: BF and SF.

The value of Vg in Eq. (4) is obtained by approximating
the length of the interface crack (L) as the difference between
the shear span a and the stirrup spacing s (Eq. (14)). In the
same way, the horizontal force along the interface crack Fy is
obtained from Eq. (15).

Fy(hs—d) dp+ Ti(hs—d')(d. - d)

Vs = a dy—s(d.—d)

(14)

Fu=V, % (15)
b
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When there is no longitudinal reinforcement in the slab,
V,sr may be derived from the concrete cracking moment at the
slab end section [34] (Eq. (16)).

Fulh - d) (d- ")+ T2

afd.- f;;] —s(de-d)

hs

by hi(d.—d")

(16)

sBF=

where b is the effective flange width defined in Section
53.2.1 of EC2 [19].

In specimens with slab longitudinal reinforcement, the
maximum value of V r from Eq. (14) and Eq. (16) should be
considered.

On the other hand, the value of Vg is obtained from Eqs
(5-8), where Fy is obtained from Eq. (15) and b is considered
as explained in Eq. (8), but not lower than that from Section
5.3.2.1 of EC2 [19].

5.1.3. Calculation of Viyrea
Virea is obtained in different ways depending on the shape of the
cross-section and the presence of an interface between concretes.

If cotf;, < cotby,, an extensive cracking of the interface or
the cross-sectional width change is likely to happen. Conse-
quently, Viyea = Vip, + min{Vigr, Visi}.

On the contrary, if cotf,, > cotf,, the specimen will behave
as a monolithic specimen. In this last case, if the specimen has
a rectangular cross-section, no cracks at the interface between
concretes are expected. Therefore, the proposed formulation
is not applicable since the model is based on the formation
of a crack along the weak plane. Hence, its shear strength is
obtained from current codes shear formulations for specimens
with web reinforcement, such as that of EC2 [19], by using £,
in calculating cotd, since that equation accounts for the beam
web stresses. If the specimen has a T-shaped cross-section,
only the slab shear failure is considered, since a small exten-
sion of the interface crack will be expected, like in monolithic
T-beams. Therefore, Vi = Vi + Visr.

5.2. Experimental verification and comparison with existing
code shear formulations

The proposed formulation is applied to 28 specimens with
web reinforcement of the experimental programme: the 9
composite rectangular specimens with B2 cross-section and
pic = pw = 0.22%; the 10 composite T-shaped specimens with
C2 and D2 cross-section and web reinforcement; the 9 mon-
olithic T-beams with C1 and D1 cross-section and web re-
inforcement. Additionally, 24 shear tests from the literature
are taken to study the accuracy of the proposed model in
predicting the shear strength of concrete composite beams:
9 composite specimens with rectangular cross-section from
Halicka [14] and 15 composite specimens with T-shaped
cross-section from Jabloriski & Halicka [15]. They have sim-
ilar characteristics to B2 and D2 cross-sections in this paper,
respectively, but different dimensions.

The results obtained are shown in Table 7. The composite
rectangular specimens (CR), composite T-shaped specimens
(CT) and monolithic T-beams (MT) of each author are divided
into groups with the same characteristics of p,, pic and interface
roughness for comparison. The mean value of V,,,/ V.t and the
CV are given for each group.



TABLE 7.

Mean and CV of Vexp /Viprea ratio for each group of assessed specimens with the proposed formulation.

ID Group  Reference Nomenclature Pu pic Interface No. of Mean Ccv
in their publication (%) (%) roughness specimens (%)
CR1 Rueda-Garcia et al. [22] NWP1B2i 0.22 0.22 Rough 1 1.15 -
CR2 Rueda-Garcia et al. [24] NWPzB2 0.22 0.22 Smooth 8 1.18 7.71
CR3 Halicka [14] CB/A+S 0.42 0.21 Rough 3 1.22 4.56
CR4 Halicka [14] CB/A 0.42 0 Rough 3 1.26 4.70
CR5 Halicka [14] CB/S 0.42 0.21 Smooth 3 1.04 4.01
CT1 Rueda-Garcia et al. [25] NWPzC2; NWPzD2 0.22 0.22 Smooth 10 1.17 9.43
CT2 Jablonski & Halicka [15] BZ/P+S; BZ/S1 0.42 0.21 Rough 6 1.54 4.57
CT3 Jablofiski & Halicka [15] BZ/P 0.42 0 Rough 3 1.03 5.66
CT4 Jablonski & Halicka [15] BZ/S2/A 0.42 0.21 Smooth 3 1.41 5.45
CT5 Jablofiski & Halicka [15] BZ/S2/B 0.42 0.42 Smooth 3 1.30 1.38
MT1 Rueda-Garcia et al. [25] NWPzC1; NWPzD1 0.22 0.22 Monolithic 9 0.99 7.62

Table 7 shows that the mean values of V,,/V,.q are in gen-
eral close to the unit for each group. Some groups of speci-
mens, such as CT2, CT4 or CT5 show higher mean values.
However, the coefficients of variation are very low for each
group of beams. This shows that the proposed formulation ad-
equately captures the resistance mechanism.

Furthermore, the shear strengths predicted by the pro-
posed formulation are compared with those of current codes
formulations for beams with shear reinforcement. In this com-
parison, EC2 [19], the Level Il Approximation of MC-10 [20]
and the formula (b) of ACI 318-19 [21] (Section 22.5.5.1) are
considered. Current codes do not account for the composite
action unless the interface shear strength meets the code re-
quirements. Therefore, for this comparison, the interface shear
strength of the specimens is first checked according to the
code formulation. The predicted shear strength is that of only
the precast beam if the interface shear strength is not verified.
On the contrary, the minimum shear strength given by the
interface strength and that given by the entire composite beam
depth is taken, as in [34].

Figure 14 compares the shear strength predicted by the
proposed formulation for the 52 considered specimens with

those of the three current codes. As observed, the proposed
model gives the best approximation to the experimental val-
ues, with the lowest CV. EC2 [19] provides que best results
of the three considered codes, even though the code provides
the same shear strength for all the specimens of the same
group of beams since the concrete compressive strength is
not considered. On the other hand, MC-10 [20] and ACI
318-19 [21] give very similar results but far from the test
values.

The proposed formulation has proven its accuracy in the
prediction of the shear strength of the specimens of this
experimental work, from which it was developed, and other
specimens with similar characteristics from the literature.
However, further studies should be conducted in future to
check its suitability in a larger database of specimens of dif-
ferent characteristics and to fix its application boundaries
and its limitations. An adaptation of the proposed model
would be needed to use it in the tested T-beams with top
cast-in-place slab (series E2 and F2 in Figure 2), given the
presence of two weak planes that modify the shear transfer
mechanisms, which is one of the future research lines of
this work.

(a) Model (b) EC2 (c) MC-10 LIII (d) ACI 318-19 (b)
300 > -
250 . -
& § A% e
i - S I &
;ﬁ r,(’ o /,,,
Mean = 1.20 Mean=149| | § Mean = 1.61 Mean = 1.58
CV =15% CV=26%| |g CV =23% CV =24%

0 50
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Vpred (kN) Vpred (kN)
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100 150 200 250 3000 50
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A Monolithic T-shaped specimens
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----- Experimental = Predicted

Figure 14. Experimental vs. Predicted shear strength of the 52 analysed specimens with different shear formulations: (a) Proposed formulation; (b)
EC2 [19]; () MC-10 Level III [20]; (d) ACI 318-19 (b) [21].
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6.
CONCLUSIONS

This paper presents the experimental work carried out to
study the shear strength of concrete composite beams in
which different parameters were varied. The shear strength
mechanisms of the 69 test specimens and the effect of var-
ious test parameters on shear strength were analysed, from
which multiple conclusions were drawn. Furthermore, based
on the experimental observations, a shear strength model was
proposed for explaining the test results, which was also trans-
formed into a predictive shear strength formulation that gave
accurate results. The most relevant aspects to be highlighted
from this research are:

1. When the composite specimens are designed to avoid the
horizontal shear failure, the interface usually modifies the
crack patterns, by forcing them to develop along the in-
terface before penetrating the slab. These specimens show
two shear transmission paths: one through the precast
beam web; and another through the cast-in-place slab.

2. In elements without shear reinforcement, the shear
strength (first local maximum shear value) is mainly relat-
ed to the shear transferred through the web. Consequently,
the concrete compressive strength of the slab and the ex-
istence of flanges in T-shaped beams do not have a major
impact on the shear strength.

3. In members with shear reinforcement, the ductile behav-
iour of the web allows the contribution of the two shear
transfer mechanisms to be added to calculate the shear
strength of the composite beam. Depending on the inter-
face shear strength, the failure of the slab will be by shear or
by flexure. In case of slab shear failure, the shear strength of
the specimen will depend on the concrete strength of the
slab and its width. On the contrary, the slab shear strength
will mainly depend on the strength of the longitudinal re-
inforcement of the slab. Based on the variable angle truss
mechanism to transfer the shear force through the web,
the concrete strength of the beam will influence the shear
strength of the specimen by limiting the inclination of the
compression field.

4. In monolithic T-beams, the horizontal plane where the
width changes has a similar influence on the crack pattern
as that of a concrete-to-concrete interface in composite
beams, since diagonal cracks propagate along it. Therefore,
two shear paths are also observed in the tests carried out in
this experimental programme and the proposed model has
been proved useful to predict their shear strength.

This research work shows a large number of experimental
results and a detailed analysis of the shear strength mecha-
nisms of concrete composite beams. However, further research
should be conducted on specimens of other dimensions and
characteristics to get a more general and user-friendly shear
strength formulation for composite elements.
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RESUMEN

La cuantia del refuerzo tradicional de barras de acero en el hormigén armado se puede reducir mediante la adicién de fibras. Este tipo de hormigén,
con fibras de acero, se denomina hormigén reforzado con fibras de acero (HRFA) y permite la eliminacion total o parcial de la armadura ante solicita-
ciones cortantes. Diferentes normativas consideran la capacidad estructural de las fibras de acero, para cualquier tipo de esfuerzo, en funcién de valores
de resistencias residuales a flexion. No parece adecuado emplear estas resistencias para dimensionar el HRFA frente a solicitaciones de cortante, por
lo que se desarroll6 la presente investigacion y se analizaron dos HRFA, solicitados a cortante, comparandolos con su estudio tedrico en relaciéon a
la teoria de corte-friccion. Las fibras de acero cosen las fisuras impidiendo que se desarrollen libremente, aumentando el rozamiento entre las caras
de la discontinuidad. La parte experimental desarrollé ensayos de corte directo tipo “push-off” complementados con técnica de video-extensometria
para obtener las variaciones de deslizamiento y abertura de fisura. Se puede indicar que, en el estado post-fisuracién, las fibras son las que gobiernan
el comportamiento del material y que los resultados del modelo analitico son muy similares a los hallados en la campafia experimental para desliza-
mientos de hasta algo més de 4 mm.

PALABRAS CLAVE: Teoria de corte-friccion, esfuerzo cortante, hormigén reforzado con fibras de acero, ensayo “push-off”.
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ABSTRACT

The amount of traditional reinforcement of steel bars in reinforced concrete can be reduced by adding fibres. This type of concrete, with steel fibres, is
called steel fibre reinforced concrete (SFRC) and allows the total or partial elimination of the reinforcement against shear stress. Different regulations
consider the structural capacity of steel fibres, for any type of stress, depending on values of residual flexural strengths. It does not seem appropriate to
use these residual strengths to design the SFRC on shear stresses. So, the present research was developed and two SFRC were analysed, loaded under
shear, comparing them with their theoretical study in relation to the shear-friction theory. The steel fibres bridges the crack the fissures preventing them
from developing freely, increasing the friction between the faces of the crack. The experimental part developed direct cutting tests type "push-off" com-
plemented with digital image correlation technique to obtain the variations of sliding and crack opening. It can be indicated that, in the post-cracking
stages, the fibres are the ones that govern the behaviour of the material and that the results of the analytical model are very similar to those found in the
experimental campaign for slips of up to just over 4 mm.

KEYWORDS: Shear-friction theory, shear stress, steel fibre reinforced concrete, push-off test.
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1. ser reforzado mediante la inclusién de barras de acero, debi-
INTRODUCCION damente colocadas, o fibras aleatoriamente dispuestas en su

masa. De esta forma, el material reforzado llega a ser el mas

El hormigén es un material que, sin reforzar, posee una muy
buena capacidad resistente ante esfuerzos de compresion [1].
Para mejorarlo y dotarlo de mayor resistencia para soportar
otros esfuerzos, como traccién, a la vez que se le dota de duc-
tilidad y de mayor absorcién de energia [2], éste tiene que
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empleado para la ejecucion de obras civiles y de edificacion,
debido principalmente a sus cualidades mecanicas, asociadas a
ventajas de tipo econémico [3].

El refuerzo del hormigén mediante fibras de acero se em-
pezé a utilizar a mediados del siglo pasado. Su empleo ha
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permitido, hasta la fecha, la realizacién de obras de soleras,
pavimentacién, dovelas para taneles [4-6], piezas prefabrica-
das [7], pasarelas peatonales [8] y otras estructuras [9-12]. Su
creciente uso hizo que diferentes normas de hormigén estruc-
tural [13-15] abordaran su uso, llegando a considerar sus dos
tipos de uso: no estructural o estructural, dependiendo si es
posible, o no, tener en cuenta en el cilculo de la estructura la
capacidad resistente de las fibras. En general, los requisitos mi-
nimos indicados por las diferentes normativas para considerar
la capacidad resistente de las fibras de acero son funcién de
resistencias residuales obtenidas mediante ensayos, sobre vigas
biapoyadas con una o dos cargas puntuales superiores (a tres o
cuatro puntos), de traccion por flexion sobre vigas entalladas
[16, 17]. Estas resistencias residuales de traccién por flexién se
obtienen de la Ecuacion (1) [16].

3Fl

TN (1)

Siendo fr; la resistencia a traccion por flexion, F; la carga apli-
cada en un momento determinado del ensayo, [ 1a longitud del
vano de flexién, b la anchura de la probeta y h, la distancia
entre la parte superior de la probeta y el fondo de la entalla.
De tal forma, segan el Cédigo Modelo 2010 [13], para consi-
derar la capacidad estructural de las fibras de acero, las resis-
tencias residuales deben cumplir dos condiciones: fri/fror>0.4
y frai/fr1>0.5. En estas expresiones las resistencias residuales
indicadas son: fiop en el limite de proporcionalidad, fr; para
una abertura de los labios de la entalla de 0.5 mm y fz; para
2.5 mm de abertura. Los tres valores de resistencia residual se
toman conforme a un grifico de resistencia frente a abertura
de fisura en los labios de la entalla inferior de la probeta (Crack
Mouth Open Displacement - CMOD), de tal forma que fiop es
el maximo valor de resistencia en el intervalo de abertura de
entalla entre 0 y 0.05 mm [16].

A los efectos del aprovechamiento de la capacidad resis-
tente de las fibras de acero ante solicitaciones cortantes esta
demostrado que su empleo ha servido para reducir y eliminar
el armado de cercos o estribos en determinados elementos es-
tructurales [18-20]. Pese a las bondades del HRFA frente a
cortante, todavia no es posible encontrar unanimidad de crite-
rios respecto de si las resistencias a traccién por flexion son re-
comendables para calcular elementos estructurales sometidos
a cortante. Cierto es que el primer problema a abordar seria el
empleo de un ensayo normalizado que permitiera obtener las
resistencias a cortante sobre hormigén. Los métodos emplea-
dos en la mayoria de los estudios del HRFA frente a resistencia
a cortante son: “push-off” [21, 22], JSCE-SF6 [23], losipescu
[24] y, por supuesto, el ampliamente extendido de vigas some-
tidas a flexion y cortante. En la actualidad, esta inexistencia de
unanimidad permite que puedan convivir diferentes puntos de
vista y que algunos investigadores consideren que la formula-
ci6n indicada por las normativas debiera revisarse [12, 25, 26],
en tanto que otros consideran apropiado el empleo de la actual
formulacion [27, 28].

El paso previo a cualquier investigacion relacionada con
solicitacién de cortante en hormigén es entender que en la re-
sistencia del material se engloban cinco mecanismos que pode-
mos denominar: engranamiento de los 4ridos de la discontinui-
dad, aparicién de tensiones tangenciales en la zona no fisurada,
efecto pasador provocado por el refuerzo longitudinal de las

barras de acero, efecto arco y aparicién de las tensiones de trac-
cion residuales en las fisuras [29]. No todos estos mecanismos
inciden de la misma manera en el HRFA, siendo los mas influ-
yentes sobre la zona del hormigén fisurada el engranamiento de
los 4ridos y el efecto pasador de las fibras. Para el estudio de estos
dos efectos, en el hormigon reforzado con barras de acero, la teo-
ria mas empleada es la desarrollada por Walraven [30], conocida
como la teoria de corte-friccion. De tal forma, en la presente
investigacion se tomé como base la teoria de corte-friccion y se
aplicé de manera analitica y experimental sobre el HRFA. Para
ello se emplearon probetas “push-off” de las que se obtuvieron,
mediante video-extensometria, los desplazamientos y aberturas
de fisura a lo largo del tiempo de ensayo.

Una forma simplificada de explicar la teoria de corte-fric-
cion [30] en relacién a las tensiones en la fisura podria ser: tras
la generacién de la discontinuidad y debido a la actuacion de
la accién del cortante se producen movimientos relativos entre
las caras de la fisura. Este efecto lleva asociado un crecimiento
del ancho de la fisura y un deslizamiento relativo de las caras
en la direccién del cortante. Al entrar en carga las fibras traba-
jan a traccién, lo que produce tensiones de compresion en las
superficies de la discontinuidad del hormigén, aumentando la
friccion entre las caras de la grieta

El mecanismo de engranamiento de los dridos en el HRFA
funciona de manera similar al que se produce en el hormigén
con refuerzo de barras de acero, desarrollandose por la fric-
cién de las superficies de contacto de la matriz de hormigén
y los 4ridos entre las dos caras de la discontinuidad o fisura,
provocando tensiones tangenciales. Por su parte, el efecto pa-
sador también se produce de manera similar en el HRFA y el
hormigén con refuerzo convencional: las fibras evitan el creci-
miento de la discontinuidad mediante la generacion de fisuras
de menor anchura y longitud [19, 31], lo que provoca a su vez
una mejora del material en lo referente a tensiones de flexién y
cizalladura. Para lograr informacién relevante y poder estudiar
de manera adecuada el efecto pasador en el HRFA es necesario
obtener patrones de fisuracion relacionadas con el tipo y la
cantidad de fibras de refuerzo dispuestas en el hormigon [32].

La importancia de esta investigacion radica en el analisis com-
parativo experimental del HRFA frente a la teorfa de corte-fric-
cién y ampliar el estado del conocimiento sobre el comporta-
miento post-fisuracion del hormigon, focalizando el estudio en los
mecanismos de engranamiento de los aridos y el efecto pasador
de las fibras en la fisura. Para la realizacion de dicha comparativa
se utilizé un hormigén autocompactante reforzado con fibras de
acero con dos dosificaciones de fibras de acero: 50 y 70 kg/m3. Las
probetas para los ensayos “push-off” se obtuvieron de las mitades
residuales de vigas ensayadas previamente a flexiéon conforme a la
norma EN-14651 [16]. De estos HRFA se conocian sus caracte-
risticas en estado fresco, endurecido y sus resistencias residuales
a traccion por flexién, sabiendo previamente que las fibras son
consideradas como estructurales [ 13, 14].

Para obtener los datos necesarios en la realizacion del pre-
sente estudio fue necesario registrar los desplazamientos rela-
tivos entre las dos caras de la discontinuidad, cosa que se consi-
guid gracias a la obtencién previa de los patrones de fisuracion
[32]. Para ello se empled la técnica de video-extensometria
[33,34] que, a la vez que complementa los tradicionales siste-
mas de medicién de extensémetros, permitié obtener los datos
necesarios para la ejecucion de este anilisis de comportamien-

to del HRFA.
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2.
OBTENCION DE LOS DATOS EXPERIMENTALES

2.1. Hormigon reforzado con fibras de acero empleado

Para realizar el presente estudio se empled un hormigén auto-
compactante con dos cuantias de fibras de acero, cuya dosifica-
cién se indica en la tabla 1. Las fibras de acero fueron de los tipos
RC65/35BN y RC80/50BN, ambas con una resistencia a tracciéon
de 1100 MPa, de superficie lisa y acabadas en gancho en sus extre-
mos para lograr un mejor anclaje con el hormigén. Se emple6 un
cemento tipo CEM I 52,5 R-SR5, agua proveniente de la red de
abastecimiento a la ciudad de Madrid (relacién a/c = 0.47), arena
y grava, de origen siliceo, con un tamafio maximo de arido de 12.6
mm, superplastificante con base de policarboxilatos denominado
Viscocrete® 5720 con un contenido solido del 36% y una densi-
dad de 1090 kg/m3 y, por dltimo, filler calizo de 2700 kg/m3 de
densidad, con superficie Blaine entre 400 y 450 m%/kg.

TABLA 1.

Dosificacion de los hormigones

Materiales (kg/m3) HRFA50 HRFA35+35
Fibras RC65/35BN

(fraccion volumétrica %) 50 (0.64) 35 (0.45)
Fibras RC80/50BN

(fraccion volumétrica %) - 35 (0.45)
Grava 492 486
Arena 947 947
Cemento 425 425
Agua 199 199
Filler calizo 210 210
Superplastificante

(% peso cemento) 1.39 1.39

Ambos hormigones fueron estudiados previamente [32], tanto
en lo que respecta a sus caracteristicas en estado fresco como
endurecido. Ademis de ser hormigones autocompactantes cabe
indicar que las resistencias medias a compresion, sobre probeta
normalizada cilindrica, superaron los 62 MPa y que, en relacién
a las resistencias residuales a traccién por flexion, se cumple con
los requerimientos minimos para considerar el carcter estruc-
tural de las fibras: fri/fior>0.4 v frsw/fr1.>0.5 [13]. En la tabla
2 se muestran las propiedades medidas en los HRFA. Para el
calculo de la resistencia a compresion y tensiones residuales de
flexion se emplearon seis probetas cilindricas (9150x300 mm3)
y prismaticas (600x150x150 mm?3), respectivamente mientras
que para la resistencia a traccion y médulo de elasticidad se uti-
lizaron tres ejemplares de probetas cilindricas (#150x300 mm?3).

TABLA 2.
Propiedades de los HRFA analizados. Los coeficientes de variacion figuran en-

tre paréntesis

Ensayos HRFAS50 HRFA35+35
Estado fresco
Escurrimiento: didametro (mm) 650 650
Escurrimiento: Tsoo (s) 35 35
Embudo en v: To (s) 9 9
Propiedades mecanicas
fn (MPa) 62.2 (0.01) 66.8 (0.03)
E (GPa) 34.1 (0.01) 35.3 (0.01)
£ (MPa) 7.8 (0.04) 8.6 (0.07)

Tensiones residuales de flexion
far (MPa) y % fuor 73(0.15)y128%  11.1(0.08)y 171%
frs (MPa) y % fior 5.3 (0.24) y 93% 9.5 (0.06) y 146%
fior (MPa) 5.7 (0.12) 6.5 (0.09)
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2.2. Ensayos tipo “push-off”

Las dos probetas de cada tipo de hormigén empleadas para
los ensayos “push-off” se obtuvieron de las mitades residua-
les de vigas ensayadas a flexion a tres puntos de dimensiones
600x150x150 mm3 [35]. Para asegurar que la probeta de en-
sayo a cortante no tuviera afeccién del ensayo de flexion se
procedié a eliminar los extremos de las mitades de las vigas
que pudieron haberse visto afectadas por el ensayo previo (ex-
tremos de la viga a flexiéon y zona de rotura de la misma). De
tal forma se obtuvieron probetas prismaticas de dimensiones
150x150x270mm3. A estas probetas se les realizaron dos en-
tallas de 75 mm de profundidad y 9 mm de espesor con una
méquina de corte de baja velocidad con disco de diamante re-
frigerada por agua, en dos caras opuestas, consiguiendo que la
probeta tuviera una forma de “Z”, con una seccién de ligamen-
to vertical de 150 mm de ancho y, aproximadamente, 90 mm
de alto [32] que une las puntas de las entallas. Las probetas
fueron posteriormente reforzadas exteriormente con un tejido
de fibra de carbono unidireccional adherido con resina epoxi
[36] para evitar la rotura por las solicitaciones de flexion en los
voladizos, garantizando que la carga principal a la que se some-
te el HRFA fuese el cortante. Finalmente, se pintaron las caras
de la seccion resistente delantera y trasera con un patrén de
puntos monocromo y aleatorio [36] para poder usar la técnica
de video-extensometria en los ensayos.

Tras la preparacion de las probetas y para la realizacion de
los ensayos fue necesario asegurar que la carga se aplicaba ver-
ticalmente, de la manera maés precisa posible. Asi, sobre la sec-
cion resistente se dispusieron barras de carga, superior e infe-
rior [37], de acero, de seccion 10x10 mm?, alineadas mediante
laser con la seccién de ligamento vertical y con las puntas de
las entallas, conforme se puede ver en la figura 1.

Cotas en mm

Figura 1. Probeta “push-off” lista para ser ensayada. Se indica sobre la
probeta las direcciones de deslizamiento a cortante (D) y abertura de
fisura (A) que se midieron en los ensayos.
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Figura 2. (a) Zona central de una cara de una probeta push-off antes del ensayo con los cinco extensémetros virtuales en posicion horizontal y (b)
la misma cara de la probeta con los extensémetros mostrando variaciones verticales y horizontales a ambos lados de la fisura al finalizar el ensayo.

Los ensayos se realizaron en una maquina universal de en-
sayos de capacidad méxima de carga 500 kN, a una velocidad
de desplazamiento del actuador de 1 um/s. Se monitoriza-
ron los ensayos mediante video-extensometria y dos LVDTs
(transductor de desplazamiento lineal variable) en los latera-
les de la probeta. Para grabar la cara delantera y trasera de la
probeta durante el ensayo se emplearon dos cidmaras de alta
definicién, de 5 Mpx, que fueron sincronizadas con la maquina
de ensayos para obtener una imagen por segundo. Los LVDT
permitieron medir la abertura o cierre de las entallas durante
el ensayo y comprobar si se producia algan giro de la probeta
durante el mismo. Los datos registrados en cada uno de los
ensayos realizados fueron: carga, desplazamiento del actuador,
tiempo, deslizamiento a cortante (media de dos LVDT) y dos
videos de la fisuracién de las probetas.

2.3. Datos de desplazamiento a cortante y abertura de fisura
obtenidos mediante video-extensometria

Como se ha indicado previamente, en los ensayos se obtuvie-
ron los datos relativos a desplazamiento y abertura de la fisura
en la seccion de ligamento de las probetas. Con sistemas de
medicién tradicional, como el uso de LVDT, los extensémetros
tienen que ser colocados sobre las probetas con antelacion al
ensayo previendo la localizacién de las grietas. Por el contrario,
con el sistema de video-extensometria es posible situar exten-
sometros en las zonas o lugares de la probeta que realmente
hayan sufrido desplazamientos [32], lo que permitié, en esta
investigacion, obtener los desplazamientos a cortante y la aber-
tura de fisura en diversos puntos de la probeta. No debemos ol-
vidar que el sistema de video-extensometria ha sido empleado
con buenos resultados en numerosas investigaciones [38-40],
ademas de tener la ventaja frente a sistemas tradicionales de
no existir contacto con la probeta, por lo que no interfiere en
el ensayo.

En esta investigacion se colocaron cinco extensémetros vir-
tuales sobre la zona de la discontinuidad de la probeta. Inicial-
mente, dichos extensémetros estaban en posicion horizontal,
mientras que a lo largo del ensayo mostraron variacion hori-
zontal (abertura de fisura A) y vertical (deslizamientos a cor-
tante D). La figura 2 muestra la posicion de los extensémetros
antes y después de uno de los ensayos.

Antes de mostrar los resultados de desplazamiento y aber-
tura de fisura es necesario puntualizar que los hormigones em-
pleados son autocompactantes y que las probetas a cortante se
disponen en posicién vertical frente a la posicién horizontal
de las probetas para los ensayos previos a flexién [32]. Teéri-
camente, la disposicién de las fibras es favorable para soportar
esfuerzos de traccion por flexién, ya que se pueden disponer
paralelas al lado largo de las probetas a flexién (horizonta-
les), mientras que la posicién es desfavorable para los ensayos
a cortante ya que estarian dispuestas paralelas (verticales) al
lado mayor de las probetas “push-off” y a la carga de cortante
aplicada. La discusion sobre el posicionamiento de las fibras
debe abordarse en investigaciones posteriores. En el presen-
te estudio se ha considerado este aspecto en la comparacién
experimental-analitica frente a la teoria de corte-friccién im-
plementando dicha casuistica en la formulacién aportada. Para
ello, se realizé el conteo de fibras en la seccién resistente y se
comparé con el namero tedrico de fibras que deberia existir en
la dicha seccién, obteniendo el coeficiente de orientacién de
las mismas @ segtin la Ecuacion (2) [41].

Ay
Vi A

O=n 2
Donde n es el namero de fibras contadas en la superficie de
fractura, Ay el area de una fibra, V}la fraccién volumétrica de
fibras y A el area de la superficie de ligamento.

Los deslizamientos a cortante y las aberturas de fisura estan
relacionados entre si mediante la Ecuacion (3) [30]. Los valo-
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Figura 3. Deslizamiento a cortante (D) frente a abertura de fisura (A): curvas experimentales y comparacion con la curva teérica
(k=0.5ya=2/3).

res del modelo teérico, ajustado para probetas prefisuradas con
armadura de refuerzo de barras de acero en la discontinuidad,
se pueden adoptar como: el valor de la constante kigual 2 0.5 y
el exponente del deslizamiento a cortante a igual a 2/3.

y=k-x )

En dicha Ecuacién y es la abertura de fisura y x el deslizamien-
to a cortante.

A partir de los resultados experimentales de la presente in-
vestigacion (logrados como media de dos probetas de cada tipo
de HRFA, sin refuerzo de barras de acero y sin prefisuracion,
de las cuales se obtuvieron los datos de cinco extensémetros
de cada una de sus caras) se puede concluir [32], que los coefi-
cientes adoptados serian:“k” igual a 0.85 y “a” igual a 0.60. En la
figura 3 se muestran las curvas que relacionan el deslizamiento
a cortante y la abertura de fisura para el modelo teérico (k= 0.5
y a = 2/3, ver ref. [30]) y para la medida de los resultados ex-
perimentales. Los valores de abertura en la curva experimental
son superiores, para un mismo deslizamiento, a los de la curva
analitica. Esto es debido a que el modelo propuesto en la ref.
[30] esta ajustado para una discontinuidad entre un hormigén
endurecido y otro hormigonado sobre él, lo que hace que la
discontinuidad sea sensiblemente plana. En los ensayos del pre-
sente trabajo la discontinuidad se produce por la fractura de un
hormigén sometido a esfuerzo cortante, por lo que es mucho
miés irregular y tortuosa, lo que requiere una mayor abertura de
la discontinuidad para que se produzca el “encabalgamiento” de
las dos superficies al deslizar tangencialmente una sobre otra.
Este aspecto se presenta con detalle en la ref. [32].

3.
BREVE ESTUDIO DE LA TEORIA DE CORTE-FRICCION

De forma abreviada, el proceso que sigue la teoria de cor-
te-friccion en la discontinuidad del hormigon sometido a
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cargas de cortante se puede resumir en estos pasos: la accién
del esfuerzo cortante provoca la fisuracién del hormigén y la
creacion de grietas en la seccién resistente de éste. Si se man-
tiene la carga de cortante paralela a la fisura se producira un
deslizamiento relativo entre ambas caras de la discontinuidad.
Debido a dicho desplazamiento, la rugosidad de la interfaz
(efecto de engranamiento de los 4ridos) y el refuerzo de barras
de acero, o de fibras en esta investigacién, generan tensiones
normales y tangenciales en los labios de la grieta. La carga de
cortante provocari el encabalgamiento de las caras de la fisura,
lo que generara, ademas del deslizamiento en la direccién del
cortante, un aumento de la abertura de la fisura. Esto produ-
ce la traccién de las fibras metilicas, evitando que crezca la
abertura y generando tensiones de compresién en el hormigon.
Este mecanismo estd esquematizado en la figura 4.

Cortante

Al

Hormigén

Figura 4: Mecanismos resistentes segan la teoria de corte-friccion.

Los principales factores a considerar para el estudio de la teoria
de corte-friccién son: el esfuerzo cortante, la resistencia a com-
presiéon del hormigén, la rugosidad de la interfaz de la fisura,
la armadura de refuerzo y/o las fibras de refuerzo. Conociendo
los datos indicados es factible estudiar los dos mecanismos im-
plicados mayoritariamente en el comportamiento del HRFA
ante la teoria de corte-friccién: engranamiento de éridos y
efecto pasador.



3.1. Mecanismo de engranamiento de dridos

A la hora de estudiar el mecanismo de engranamiento de los
aridos en la teoria de corte-friccién [30] hay que asumir ciertas
hipoétesis: una de ellas es que la matriz del hormigén se com-
porta como un material rigido-plastico. Otro, que la fisura se
asemeja a un plano del que sobresalen los aridos, asimilados a
esferas dispuestas aleatoriamente. Ademas, la fisura se produce
en la matriz del hormigén, alrededor de los 4ridos, debido a la
menor rigidez y resistencia de la matriz en comparacién con los
aridos, salvo que se esté empleando un hormigén de alta resis-
tencia y un arido ligero. Este dltimo caso no se ha contemplado
en la campafia experimental y se ha podido comprobar que en
los planos de rotura de las probetas los 4ridos no estan rotos.
Segtin los condicionantes indicados, y conforme se muestra
en la figura 5, se produce un deslizamiento en el plano de la
fisura, generando zonas de contacto entre la matriz de hormi-
goén de una cara de la discontinuidad (en la que puede tener
lugar una deformacion plastica) y los dridos que sobresalen en
la otra cara. Se producirdn tensiones en estas zonas de contacto
en direccion perpendicular y paralela a la solicitacion de cor-
tante, necesitando en el caso de HRFA la accion de las fibras
de fuerzas externas al hormigén para mantener su equilibrio.

Arido-matriz

(b) P2 . ’

Figura 5. Proyecciones de las areas de contacto arido-matriz en el
engranamiento de aridos: (a) conforme a la teoria de corte-friccion
[30] y (b) detalle del contacto arido-matriz de hormigén.

En la figura 5 se muestra una esfera, que representa a un ari-
do, seccionada por un plano X-Y, estando en contacto con la
matriz del hormigon de la cara opuesta de la discontinuidad.
Dicho contacto forma unas areas tanto en el eje X como en el
Y, en las cuales se producen tensiones normales y tangenciales.
Sumando todas las areas de contacto arido-matriz en ambos
ejes se pueden obtener las tensiones totales tangenciales y nor-
males en la fisura. Para ello se emplean las Ecuaciones (4) y (5).

7= 0p (Ay - pA:) “4)
0= o (A —u4,) (5)

Donde 7 es la tensién tangencial, o la tensién normal, g, el
limite elastico de la matriz de hormigén, que se puede calcular
conforme a la Ecuacion (6) [30], A, y A, los sumatorios de to-
das las proyecciones de las 4reas de contacto a, y a,, por unidad
de superficie y 1 un coeficiente en funcién de la rugosidad y
rozamiento entre los aridos y la matriz.

Opu = 5.83 f063 (6)

Siendo f. la resistencia a compresién del hormigén obtenida
sobre probeta ctbica [14].

De tal forma, con las Ecuaciones (4) y (5) se pueden rela-
cionar los sumatorios de las proyecciones de las dreas de con-
tacto arido-matriz (A, y A,), la rugosidad de la interfaz (1) y el
limite elastico de la matriz de hormigén (o) con las tensiones
normales y tangenciales generadas por el movimiento relativo
de las caras de la discontinuidad.

3.2. Mecanismo del efecto pasador

En la teoria clasica el esfuerzo cortante en el hormigén [29]
es absorbido por las barras de acero dispuestas en la discon-
tinuidad. Estas barras de acero estin colocadas para soportar
el esfuerzo cortante que aparece en la seccion resistente. Sin
embargo, en el HRFA son las fibras las responsables de aportar
la resistencia debida. En ambos casos hay una cierta redistribu-
cién de tensiones tangenciales en el plano de la fisura.

La teoria de corte-friccion [30] incluy6 la accién de refuer-
zo de las barras de acero en el hormigén. Dicha formula ha
sido adaptada al caso del HRFA, conforme a la Ecuacion (7)
[42], para considerar el efecto pasador de las fibras.

10(A+0.2)! D**° ¢!7° n°6
Fy= ( i ¢f / ) (7

Los términos de esta Ecuacién son: A la abertura de la fisura,
D el deslizamiento a cortante, gy el didmetro de una fibra de
acero, n°f el niimero tedrico de fibras en la seccién resistente,
0 el coeficiente de orientacion de las fibras [41] y A, la superfi-
cie del hormigén en la interfaz.

3.3. Secciones fisuradas de HRFA sometidas a cortante

En la figura 6 se muestran los mecanismos presentes en una sec-
cion de HRFA fisurada sometida a cortante. En la discontinui-
dad tiene que existir equilibrio de fuerzas: la fuerza de cortante
producida por la maquina empleada para los ensayos (F.), la
fuerza debida al efecto pasador de las fibras (F,), una fuerza que
evita la division de la probeta en dos partes y que es normal a la
fisura (F),), las fuerzas debidas al mecanismo de engranamiento
de los aridos, paralelas y perpendiculares a la fisura (A, y A1) v,
para cerrar el poligono de fuerzas, una pequefa fuerza debida
al engranamiento de los aridos sueltos en la discontinuidad y
no embebidos en ninguna matriz de hormigén de las caras de
la fisura (F). Este ultimo mecanismo no se considerd para el
presente estudio debido a su minima influencia.

F,
. § ' ’Ij’
F, 42
Fl’r l . ™~
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: . Y ! Ah
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Figura 6. Poligono de fuerzas en una seccién fisurada de HRFA
sometida a cortante.
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En resumen, se puede indicar que son varios los mecanis-
mos que se producen en una seccién de HRFA sometida a
acciones de cortante. El hormigén se fisura debido a la fuerza
cortante que se ejerce sobre la probeta, siendo las fibras de
acero, aportando una fuerza normal a la discontinuidad, las
responsables de evitar la apertura completa de la discontinui-
dad en dos mitades. Esta fuerza es funcién del ntimero de fi-
bras en la seccién resistente, de su orientacién y, por supuesto,
de sus propiedades mecanicas. Hay que sefialar que en el caso
de las fibras de acero no se produce habitualmente la rotura
de la fibra ya que previamente se produce su arrancamiento
de la matriz de hormigén [43]. Con estas premisas se esta-
blece el equilibrio de fuerzas, considerando la capacidad de
carga de las fibras, de acuerdo a la Ecuacion (8) [42].

0. ou(Ax—uAy) 4 Acop(Ac—pAy)
Uczpfg}:o}rzﬁz ¢2 = no 7[¢20
o |TT
(n f( % )9) /Ac o

Donde o, es la tension normal que se produce en el HRFA, py
la cuantia de refuerzo de fibras y el resto de pardmetros ya han
sido indicados previamente.

8

3.4. Variables a implementar en el modelo numérico

Se indican a continuacién las variables que se introdujeron en

el programa informatico, realizado expresamente, para adaptar

la teoria de corte-friccién [30] al HRFA. Las variables adopta-
das se pueden agrupar en:

+ Variables relacionadas con las fibras de acero: diametro,
resistencia a traccién, médulo de elasticidad, resistencia a
arrancamiento [43], ntimero teérico de fibras en la seccién y
el factor de orientacion.

+ Variables relacionadas con el hormigon: resistencia a com-
presion, relacién entre el volumen de los aridos y del hor-
migén, tamafio maximo del arido, abertura critica, tamafio
de la seccién resistente y coeficiente de rozamiento entre las
caras de la fisura.

4.
ANALISIS COMPARATIVO ENTRE RESULTADOS ANALI-
TICOS Y EXPERIMENTALES

4.1. Resultados de los ensayos tipo “push-off”

En la figura 7 se muestra el comportamiento experimental
medio de los dos tipos de HRFA ensayados. Para una des-
cripcién mas exhaustiva se puede consultar la investigacién
[32]. En ambos HRFA se puede ver una primera recta de ten-
sién creciente hasta la aparicion de la primera fisura (tensién
aproximada del 70% de la maxima), punto a partir del cual
la pendiente va disminuyendo, hasta el punto maxima ten-
sion. Estas fueron de 12.0 MPa y 17.3 MPa para el HRFA50 y
HRFA35+35, respectivamente. Al respecto de estos valores, se
puede indicar que un aumento de 20 kg/m3 de fibras conlleva
un aumento del 44% en la resistencia maxima a cortante.
Superada la tensién maxima, son las fibras las que gobier-
nan el comportamiento post-fisuracién del hormigén. En ambos
hormigones se produce una brusca bajada de tensién resistente,
hasta valores cercanos a 2.5 MPa correspondiente a un desli-
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Figura 7. Curvas experimentales de tension tangencial frente a

deslizamiento a cortante para los HRFA ensayados en el ensayo tipo
“push-off”.

zamiento a cortante de 1 mm. A partir de este punto apare-
ce una rama donde los deslizamientos a cortante aumentan,
mientras que las tensiones disminuyen de manera muy suave, lo
que conlleva una importante ductilidad. En todo momento, el
HRFA35+35 tuvo tensiones residuales superiores al HRFAS50.
Hay que destacar que en los HRFA ensayados se lograron desli-
zamientos a cortante superiores a 7 mm antes del colapso.

Se muestran en la tabla 3 los valores de tension tangencial
para diversos valores de deslizamiento a cortante. En ésta tam-
bién se incluye el valor de la energia de fractura para desliza-
mientos de hasta 6 mm.

TABLA 3.

Tensiones residuales a cortante y energia de fractura de los HRFA
Tensiones y energia de fractura HRFAS50 HRFA35+35
7; D =0,5 mm (MPa) 8.3 13.1

7; D =2,5 mm (MPa) 0.9 1.6

7; D =3,5 mm (MPa) 0.7 1.3
7;D =5,5mm (MPa) 0.5 1.1
Grr; D = 6,0 mm (N/m) 10400 17554

A partir de las graficas tension-deslizamiento mostradas se desa-
rroll6 la comparativa con el modelo numérico desarrollado, siem-
pre en la zona de tensiones residuales gobernadas por las fibras, ya
que en las fases previas del ensayo las fibras de acero no toman
el protagonismo del comportamiento del HRFA. Es importan-
te recordar que las probetas ensayadas no estaban prefisuradas,
mientras que el modelo [30] se basa en probetas no fisuradas
durante el ensayo sino con una discontinuidad producida por el
hormigonado en dos fases, por lo que el agrietamiento de las ex-
perimentales aqui analizadas resulté mas tortuoso [32] que en el
caso de las que tenian la discontinuidad previa al ensayo.

Para comparar de manera mas precisa los resultados expe-
rimentales con los analiticos se decidi6 dividir la investigacién
en funcién del tipo de HRFA analizado. El motivo se explica
por la cantidad de variables que hay que introducir en el mo-
delo de calculo, que se indicaron con anterioridad y que son
funcién del hormigén y de las fibras.

4.2. Estudio analitico-experimental del HRFA50

Se introdujeron los pardmetros correspondientes al HRFA50
en el c6digo numérico para realizar la comparativa entre el



comportamiento experimental y el analitico. En la figura 8
se compara el deslizamiento a cortante frente a la abertura
de fisura. Se puede observar el similar comportamiento en-
tre la abertura media experimental frente a la analitica, has-
ta un desplazamiento de 2.5 mm. Conviene destacar que la
apertura de fisura medida experimentalmente es mayor que
la proporcionada por el modelo propuesto por Walraven
[30]. Como se ha comentado en el Apdo. 2.3, esto es debido
a que el modelo propuesto en la ref. [30] esta ajustado para
una discontinuidad entre un hormigén endurecido y otro
hormigonado sobre él, lo que hace que la discontinuidad sea
sensiblemente plana. En los ensayos del presente trabajo la
discontinuidad se produce por la fractura de un hormigoén
(sin prefisurar) sometido a esfuerzo cortante, por lo que es
mucho més irregular y tortuosa, lo que requiere una ma-
yor apertura de la discontinuidad para que se produzca el
"encabalgamiento" de las dos superficies al deslizar tangen-
cialmente una sobre otra. La ref. [32] presenta mas detalles
sobre este particular.

25
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20 - =8= HRFAS50 P-2
% s HRFAS0 Media experimental

1,5 +

1,0

0,5 |
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0.0

0 1 2 3 4
Deslizamiento a cortante ""D" (mm)

Figura 8. Curvas abertura de fisura frente a deslizamiento a cortante:
comparativa experimental-analitica para el HRFAS0.

En la figura 9 se puede ver la tension tangencial frente el des-
lizamiento a cortante. En esta grafica se aprecia como, para
deslizamientos que oscilan entre 1.5 y 4.3 mm, el comporta-
miento analitico y experimental medio son muy parecidos. En
la grafica se han representado los valores de tension mostrados
por cada una de las dos probetas ensayadas y el valor de ten-
sion media para cada deslizamiento. En ella se puede ver que,
excepto en el rango entre 1.0 y 1.2 mm, se obtienen siempre
resultados similares. La zona enmarcada en el recuadro de la
figura 9, que corresponde a deslizamientos de 1.5 24.3 mm, es
en la que la grieta entre los dos hormigones se ha desarrollado
por completo y por tanto tiene sentido comparar los resulta-
dos experimentales del modelo de corte friccion con los pro-
porcionados por el modelo tedrico de corte friccion [30, 32].
En este sentido, mientras que en el caso de una junta con dos
hormigones ejecutados en fases distintas la discontinuidad
existe desde el principio, y por tanto el modelo de corte fric-
cién es aplicable desde el inicio de los deslizamientos tangen-
ciales, en el caso de los ensayos aqui estudiados es necesario
que la discontinuidad se genere por fractura del hormigén,
por lo que la fase inicial del deslizamiento estad gobernada
por un modelo de fractura de hormigén bajo cortante, y el
modelo de corte-friccién propuesto solo es aplicable una vez
que la grieta esta completamente desarrollada. Como se pue-
de observar en la figura 9, la prediccién del modelo de cor-

te-friccion encaja adecuadamente con la curva tension-desli-
zamiento tangencial experimental (media de las dos probetas
ensayadas) en la zona gobernada por el comportamiento de
corte-friccion.

Por otro lado, la diferencia de comportamiento entre las
dos probetas mostrada en la figura 9, aunque pueda parecer
elevada no lo es en hormigones reforzados con fibras sometidos
a fractura por cortante, donde las orientaciones locales de las
fibras y la tortuosidad de la multifisuracion, que finalmente se
unen en una sola grieta, generan habitualmente dispersiones
superiores, incluso para hormigones sin fibras.

—=—HRFAS50 P-1

2.5 -8 — HRFAS0 P-2
s HRFAS0 Media experimental
o

== = Modelo de corte-friccion

Tension a cortante (MPa)

1,0 1.5 20 25 3,0 35 4,0 4.5
Deslizamiento a cortante "D" (mm)

Figura 9. Curva tension tangencial frente a deslizamiento a cortante:
comparativa experimental-analitica para el HRFAS50.

4.3. Estudio analitico-experimental del HRFA35+35

Analogamente al caso del HRFAS50 se obtuvo la figura 10 in-
troduciendo los pardmetros correspondientes al HRFA35+35.
El comportamiento del modelo analitico es similar al experi-
mental para valores de deslizamiento de hasta 2.5 mm. Como
en el caso anterior, la prediccién analitica muestra una menor
abertura de fisura que la curva experimental para el mismo
deslizamiento debido a la no prefisuracién de las probetas.
Los comentarios hechos a la figura 8 son de aplicacién a la
figura 10.

2.5

—=— HRFA35+35 P-1
2,0 -8— HRFA35+35 P2
s [{RF A 35+ 35 Media experimental

== == Nodelo de corte-friccion

Abertura de fisura " A" (mm)

0 1 2 3 4
Deslizamiento a cortante "D" (mm)

Figura 10. Curvas abertura de fisura frente a deslizamiento a cortante:
comparativa experimental-analitica para el HRFA35+35.

En lo referente a tensiones a cortante, en el HRFA35+35 la
comparacién entre el comportamiento experimental-numéri-
co muestra valores parecidos debido a la menor dispersion que
existe entre las dos probetas ensayadas. En la figura 11 se pue-
de apreciar como el comportamiento analitico, desde 2.0 mm,
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reproduce con gran fidelidad el comportamiento experimen-
tal. Es importante indicar que el comportamiento se mantiene
parejo hasta un deslizamiento de 4.5 mm, lo que equivaldria
a un estado cercano al colapso estructural. Los comentarios
hechos a la figura 9 son de aplicacién a la figura 11.
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= ” HRFA35+35 Media experimental

== == \lodelo de corte-friccion
0.0 : g
1.0 15 2,0 25 3.0 35 4,0 45

Deslizamiento a cortante "D" (mm)

Figura 11. Curvas tension tangencial frente a deslizamiento a cortan-
te: comparativa experimental-analitica para el HRFA35+35.

5.
CONCLUSIONES

La evaluacién de la capacidad resistente de hormigones refor-
zados con fibra de acero (HRFA) sometidos a esfuerzo cortan-
te es un tema controvertido, ya que no existe unanimidad al
respecto de si, como se indica en las normativas de hormigén,
se pueden emplear tensiones residuales de traccion por flexién
para el calculo de elementos estructurales sometidos a solici-
taciones de cortante.

Con este motivo se estudiaron dos HRFA, mediante en-
sayos de tipo “push-off”, en los que el caricter estructural de
las fibras se habia comprobado en investigaciones previas. Se
compararon los resultados experimentales con los obtenidos
con un modelo analitico, desarrollado por los autores, que
implementé el comportamiento de las fibras de acero en una
fisura sometida a cortante, tomando como base la teoria de
corte-friccién propuesta por Walraven [30].

Los desplazamientos a cortante y la abertura de fisura se
registraron de forma continua durante los ensayos mediante
un sistema de video-extensometria. Esto permitié comparar
los resultados experimentales con los obtenidos a partir del
modelo analitico. Gracias a estos datos se desarrollé6 un mode-
lo de corte-friccion adaptado al HRFA que permiti6 obtener
las tensiones tangenciales y normales a la fisura, y evaluar el
comportamiento de las fibras de acero en elementos de HRFA
sometidos a cortante.

En la comparativa entre los resultados experimentales y
analiticos se consiguié un elevado grado de similitud en el ran-
go de deslizamiento a cortante donde las fibras gobiernan el
comportamiento postfisuracién. Dicho rango de deslizamiento
a cortante lleg6 hasta casi los 4.5 mm. Estos resultados pueden
ser de interés de cara al desarrollo de nuevos modelos de me-
canica de fractura en el HRFA sometido a cortante.
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ABSTRACT

Shear failure is considered one of the most critical modes of failure in concrete structures, especially for those elements without shear reinforcement. In the
last sixty years, the research community has shown much interest to solve this problem. In fact, since the 80's, the use of fibres as shear reinforcement has
been explored as an alternative to traditional reinforcement. Several investigations have shown that the addition of fibres in correct proportions, enhances
the shear behaviour in concrete elements with and without shear reinforcement. Most of this knowledge has been built using steel fibres. However, synthetic
fibres have also been introduced for structural applications in concrete. Some recent publications have reported the success of synthetic fibres to be used as
shear reinforcement in structural elements. Within this framework, the present paper aims to review the existing literature about the use of synthetic fibres
as shear reinforcement in structural concrete elements..
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RESUMEN

La rotura por cortante se considera uno de los modos de fallo mas criticos en las estructuras de hormigén, especialmente para aquellos elementos sin arma-
dura transversal. En los dltimos sesenta afios, la comunidad investigadora ha mostrado mucho interés por resolver este problema. De hecho, desde los afios
80 se ha explorado el uso de fibras como refuerzo a cortante como alternativa al refuerzo tradicional. Es asi como varias investigaciones han demostrado que
la adicion de fibras en las proporciones correctas mejora el comportamiento a cortante en elementos de hormigén con y sin armadura transversal. La mayor
parte de este conocimiento se ha obtenido empleando fibras de acero. Sin embargo, en los Gltimos afios se han introducido en el mercado fibras sintéticas
que pueden ser empleadas en aplicaciones estructurales en el hormigén. Algunas publicaciones recientes han informado sobre el éxito de las fibras sintéticas
para ser utilizadas como refuerzo a cortante en elementos estructurales. En este contexto, el presente trabajo tiene como objetivo revisar y compendiar la
literatura existente sobre el uso de fibras sintéticas como refuerzo a cortante en elementos de hormigén estructural.
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INTRODUCTION

Even though the study of shear behaviour of reinforced
concrete elements has been of interest for researchers, the
problem how this phenomenon occurs remain in debate.
Shear failure is considered one of the most critical failures in
concrete elements as it occurs with no warning, especially in
those elements with no shear reinforcement. In fact, great ad-
vances have been made in the last years specially on theories
and models that describe mechanically the shear behaviour
of reinforced concrete elements [1-4].
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In general, most of the models provide accurate results
when applied on reinforced concrete elements, however, in the
case of elements without shear reinforcement, do not achieve
the same accuracy. This is due to the fact that shear is influ-
enced by several factors like effective depth, concrete com-
pression strength, the shear span to effective depth ratio (a/d),
aggregate size, loading conditions, or longitudinal reinforce-
ment ratio, which interact among them. On the one hand, all
these factors influence the different shear transfer mechanisms
that occur in a concrete member like aggregate interlock, dow-
el action effect, residual strength, uncracked compression zone
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and the arching action, which at the same time influence the
shear failure mode of the element. In fact, the development of
the critical inclined shear crack plays an important role in the
shear transfer mechanisms governing the element.

The shear strength can be modified when new materials
such as discrete fibres randomly distributed are introduced to
the concrete matrix due their capacity to change the differ-
ent shear transfer mechanisms in an element.

The study of fibre reinforced concrete (FRC) has been one
of the main topics studied in the last 40 years since the fresh and
hardened properties of concrete could be modified to improve
it. The fibres industry has developed a large variety of sizes, sec-
tions and shapes of fibres manufactured with different materials,
being the steel ones the most commons used worldwide. The
common applications of steel fibres in concrete are pavements,
tunnelling lining, shotcrete, and structural applications.

Figure 1 shows the evolution of studies about steel fibre
reinforced concrete (SFRC) in the last 45 years and a com-
parison with macro-synthetic fibre reinforced concrete (MS-
FRC) and polypropylene fibre reinforced concrete (PFRC).
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Figure 1. Evolution of studies of FRC in literature.

Although steel fibres were initially employed to control
shrinkage in concrete, nowadays, steel fibres are used to im-
prove the flexural toughness, shear strength and ductility of
concrete. All these benefits are produced due to the bridge
effect of fibres that cross the cracks and sew the crack face
holding a residual stress transfer for longer. The impact of
fibres in concrete will be influenced mainly by the fibre con-
tent, shape, length, aspect ratio, and concrete matrix strength.
For structural use, a minimum content of steel fibres must be
guaranteed to influence positively on the serviceability limit
state (SLS) and the ultimate limit state (ULS).

Similar to steel fibres, the study of synthetic fibre rein-
forced concrete (SYFRC) has shown a growing increase of
interest in the last years as shown in Figure 1. This type of
fibre traditionally has been used to control shrinkage crack-
ing since its modulus of elasticity is similar to concrete dur-
ing the first hours. Types of materials most commonly used
as synthetic fibres are polyethylene, polypropylene, acrylics,
polyvinyl alcohol, polyamides, or aramid, among others.

Chemical industry in the last decade has improved the
polymeric materials used to manufacture fibres being the poly-
propylene and polyolefin with larger lengths and diameters the
most common fibres employed in construction applications.
This new generation of fibres, characterized as macro-synthetic
fibres, incorporate new treatments over the material to improve
the adhesion between the fibre and the concrete matrix.

Some treatments consist of chemical and physical pro-
cess where the roughness of the fibre is modified chemically
or topographically, to increase the adherence of the fibres to
the matrix. Modification of material with sodium moieties,
colloidal alumina or silica, plasma treatments among others
[5,6] result in a better anchorage of fibres in the concrete.

Singh et al. [ 7] studied a new method to improve the bond
of fibres by means of mechanical indentations of fibres, i.e.
changing the topography of the fibre surface. Authors deter-
mined an optimum level of indentations to maximize the bond
strength and interface toughness of fibres. Results showed that
fibre bond strength increased threefold the bond strength of
smooth fibres. These improvements of behaviour in synthetic
fibres probably are the cause that nowadays macro-synthetic
fibres provide comparable fracture properties to steel ones.

All these modifications have resulted to go beyond the
original fibre applications (mainly on fresh concrete) to struc-
tural applications where the flexural toughness, and impact
strength of concrete is improved. In fact, one of the applica-
tions of synthetic fibres is to enhance the shear behaviour of
concrete elements.

Within this framework, the present paper aims to review
and collet the existing literature about the use of synthetic
fibres as shear reinforcement in structural concrete elements.
For this, a bibliographic review from the first attempts to use
synthetic fibres to improve the shear strength of concrete up
to the most recent studies is carried out.

2.
FIRST STUDY ON SHEAR USING SYNTHETIC FIBRES

In 1985 Barr et al. [8] described the experimental results for
Mode II fracture (shear stress acting parallel to the plane of
the crack) of synthetic and steel fibre reinforced concrete.
Barr et al. used double-notched beams of 100 x 100 x 200
mm as seen in Figure 2a. Fibres used were fibrillated polypro-
pylene of 12 000 denier (700 m/kg) cut into 50 mm single
size strands length added in concrete at 0, 0.05, 0.10, 0.15,
0.20, 0.25 and 0.30 % by weight. Steel fibre used was 0.4mm
diameter straight fibre cut into 40 mm single size length
dosed at 0.2,0.4,1.0, 2.0, 3.0 and 4.0 % by weight.
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Figure 2. Shear test specimens used by Barr et al. [8] a) double-notch
beam specimen, b) cylinder double-notch specimen and c) compact
cube specimen.
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Barr et al. continued the study on shear of FRC, and extended
the study using two new types of shear specimens [9], cyl-
inders and notched compact cubes, as can be seen in Figure
2b and c. All the specimens were tested with a loading rate
of 0.5 mm/min. The main objectives of the study were to
determine the most appropriate FRC specimen in order to
study the effect of the relationship between the depth of the
specimen and the notch separation to compare the effect of
fibre content on the shear toughness.

Authors concluded that the shear strength of SYFRC
decreased when the fibre amount was increased. Moreover,
when toughness of SYFRC in Mode I (stress acting normal
to the plane of the crack), and Mode Il were compared, both
results were similar, whereas when steel fibres with same
dosages were investigated, shear strength and toughness in
Mode II increased with increasing fibre content. These results
probably were influenced by the effect of the fibres in the
compression strength of concrete since with the increment of
fibre concrete, the compression strength was reduced passing
from 38.5 MPa with 0% of fibre content to 21 MPa with 0.5%
of fibre content.

3.
DIRECT SHEAR TESTS USING SYFRC

Usually, shear stress acts combined with other stresses such
as normal stresses. To decouple and isolate the effect of shear
from other mechanisms, concrete scaled specimens have
been reported in the literature. These specimens also have
been used to evaluate the contribution of the different type
of fibres to the shear strength of concrete.

In 2006, Majdzadeh et al. [10] conducted an experimen-
tal campaign where two types of synthetic fibres and one
type of steel fibre were used on slender beams under four-
point bending test to evaluate their shear behaviour. As a part
of the experimental campaign, prismatic specimens of 100
mm x 100 mm x 350 mm manufactured with SYFRC and
SFRC were tested to characterize their shear strength. The
synthetic fibres were self-fibrillating of 54 mm length and
0.15 mm of equivalent diameter (aspect ratio equal to 360)
with a 675 MPa tensile strength and 3.5 GPa of elastic mod-
ulus. The second synthetic fibre was a polypropylene straight
fibre of 50 mm length, 0.58 mm of equivalent diameter, 620
MPa of tensile strength and 9.5 GPa of elastic modulus. Both
types of fibres presented a density of 0.9 g/cm3. The fibre
volume fraction used were 0.5, 1.0 and 1.5%. In total six tests
(one specimen for each volume fraction studied and for each
fibre type). JSCE-SF6 [11] test was employed (see Figure 3)
as direct shear test. The compression strength of the concrete
used ranged from 40.9 to 47.1 MPa.

Majdzadeh et al. determined that the shear strength in-
creased when the volume fraction of synthetic fibres incre-
mented. In fact, not only the peak strength was increased, but
also the residual shear strength providing considerable tough-
ness and ductility in comparison with plain concrete. Nev-
ertheless, not much difference in shear strength was found,
between 0.5 and 1% of fibre volume.

Similar results were obtained by Mostafazadeh et al.
[12,13] in 2016 who studied box culverts of MSFRC. For this,
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Figure 3. Test setup for direct shear tests performed by Majdzadeh et
al. [10].

the authors performed 30 shear tests using the Japanese direct
shear test [11] as Figure 4 shows. Specimens for shear test
were 150 mm x 150 mm x 500 mm. The synthetic fibre was an
embossed polypropylene fibre of 54 mm length, 0.80 mm of
equivalent diameter, 585 MPa of tensile strength and 6.9 GPa
of modulus of elasticity. The concrete mixes included volume
fractions of fibres in ratios of 0, 0.26, 0.52, 0.78 and 1.0%.
ASTM C1609 [14] was used to characterize the flexural be-
haviour of FRC. Authors concluded that fibres increased both
the shear strength and flexural strength. In fact, with ratios of
0.52% of synthetic fibres, an increase of 25% in shear strength
was obtained compared with control beams (without fibres).
Finally, authors modelled the behaviour of the small specimens
by finite element modelling and observed that synthetic fibres
increased the shear strength of box culverts by 67% compared
to plain concrete, and suggested the use of this type of fibres as
an alternative to reduce the transverse reinforcement and the
thickness of the elements.

Figure 4. Test setup for direct shear tests performed by Mostafazadeh
etal [12,13].



In 2019, Picazo et al. [15,16] evaluated the shear behav-
iour of MSFRC by means of push-off tests (see Figure 5).
The fibres used were straight polyolefin of 48 and 60 mm
length and 0.90 mm of equivalent diameter. Fibres present-
ed a tensile strength of 400 and 500 MPa, and modulus of
elasticity of 6 and 9 GPa, respectively. Four types of concrete
were manufactured, two moderate compression strength
concretes, with 6 kg/m3 and 7.5 kg/m3 of 48 mm fibre length,
one self-compacting concrete with 10 kg/m3 and one vibrat-
ing conventional concrete with 10 kg/m3 of fibres. The com-
pression strength of concrete varied from 21.7 to 39.7 MPa.
Authors characterized the residual flexural tensile strength of
concretes under EN14651 [17].

Figure 5. Test setup for direct shear tests performed by Picazo et al.
[15,16].

The results showed that the shear strength increased as the
compression strength of each concrete did. However, shear
post-cracking behaviour was similar for all concrete types.
This could be due to the significant importance of the aggre-
gate interlock and the fact that the same maximum aggregate
size of 12.7 mm was used in all the concretes. Considerable
toughness was obtained in the macro-synthetic fibre rein-
forced concrete specimens compared to the control ones.

4.
SHEAR STRENGTH OF UNIAXIAL ELEMENTS

In 1997, Furlan and Hanai [ 18] tested fourteen beams of 100
x 100 x 1000 mm manufactured with seven concrete mix
proportions where the volume of fibre was varied (see sec-
tion details in Figure 6). The fibres used were multifilament
polypropylene fibres of 42 mm length and 0.05mm of diam-
eter, and crimper steel fibres with rectangular section of 0.2

x 2.3 mm? and 25.4 and 38.1 mm length. Authors did not
characterize the residual strength of concrete provided by fi-
bres. Only two of the fourteen beams were manufactured us-
ing SYFRC, one with stirrups and one without stirrups. Both
beams included fibres dosed at 0.5% of volume fraction.

Although, authors gave no conclusions about the use
of synthetic fibres, based on the results, synthetic fibres
improved slightly the ultimate load of the beam. Thus, in
the case of the SYFRC beam with stirrups the load was
increased by 12% while in the beam without stirrups the
load was incremented by 9%. However, the mode of failure
in the beam with stirrups changed from diagonal tension
to flexural failure, whereas in beams without stirrups the
mode of failure (MOF) remained the same than in plain
concrete (PC). It is worth mentioning that the results
may not be conclusive due to the small number of SYFRC
beams tested.

Furlan and Hanai [18] continued studying this type of
polypropylene fibres on another type of beams such as pre-
stressed I section beams, and obtained quite similar results to
the ones described previously (Figure 6).
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Figure 6. Geometry and reinforcement details of Furlan and Hanai
[18] beam with stirrups (a) and without stirrups (b).

In 1999, Campione et al. [20] used four types of fibres (poly-
olefin, carbon, crimped steel and hooked-end steel fibres)
to enhance the shear behaviour of fibre reinforced concrete
beams combined with traditional transverse reinforcement.
Dimensions and reinforcement details can be seen in Fig-
ure 7. A total of twenty specimens were tested under four
point monolithic and cyclic loading, and four of them were
manufactured using synthetic fibre reinforced concrete. The
polyolefin fibres (dosed in 2% of volume fraction) were a
straight fibre of 25 mm length, 0.8 mm of equivalent diam-
eter, 375 MPa of tensile strength and 12 GPa of elastic mod-
ulus. The compression strength for fibre reinforced concrete
elements ranged from 53.02 MPa to 78.48 MPa. The residual
strength of PFRC measured by splitting tensile strength of
cylindrical concrete specimens was 1.30 MPa measured at
2 mm of diametric deformation. Authors concluded that the
polypropylene fibres increased the shear strength by 14%
compared with beams without any type of fibres, while in
the case of steel fibres the increment was over 25%.
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Figure 7. Campione’s beams geometry and reinforcement details
[20].

In 2006, Majdzadeh et al. [10] investigated the influence of
three types of fibres (steel and two types of polypropylene
fibres) on the shear capacity of reinforced concrete slender
beams (a/d = 3.02) with and without stirrups. A total of
fourteen beams were manufactured, and eight of them were
PFRC beams (two with stirrups and six without stirrups). Di-
mensions and reinforcement details are presented in Figure
8. Two types of synthetic fibres were employed, self-fibrillat-
ing of 54 mm length and 0.15 mm of equivalent diameter
(aspect ratio equal to 360) with 675 MPa of tensile strength
and 3.5 GPa of elastic modulus. The second type of fibre was
a polypropylene straight fibre of 50 mm length, 0.58 mm of
equivalent diameter, 620 MPa of tensile strength and 9.5 GPa
of elastic modulus. Both types of fibres presented a density
of 0.9 g/cm3. The fibre volume fraction used in beams as well
as in small specimens for SFRC and PFRC were 0.5, 1.0 and
1.5%. Authors did not characterize the residual strength of
concrete provided by fibres. Beams were 800 mm length with
a cross section of 150 x 150 mm. The compression strength
ranged from 37.8 to 44.8 MPa. Similar than in previous stud-
ies, Majdzadeh et al. observed that both types of synthetic
fibres enhanced the shear capacity, ductility and shear tough-
ness compared to reinforced concrete beams. On the other
hand, results showed that that steel fibres were more efficient
than both synthetic fibres used in the study. In all fibre cases,
the optimum volume fraction was 1%, and after this percent-
age, no great benefits were found. Finally, results evidenced
a synergetic effect to improve shear strength when fibres are
combined with stirrups.
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Figure 8. Beams set up, geometry and reinforced details of beams per-
formed by Majdzadeh et al [10].
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In 2009, Altoubat et al. [21] conducted an experimental
campaign of twenty-seven full scale beams to study spe-
cifically the shear behaviour of macro-synthetic fibres. The
beams were tested under three-point loading scheme cov-
ering a shear span ratio of 3.5d (slender) and 2.3d (short).
Section of beams were 280 x 460 mm, 230 x 390 mm while
length varied from 1.9 to 3.2 m. The synthetic fibre used
was made of polypropylene and polyethylene, with 40mm
length, with rectangular section of 1.4 x 0.105 mm, aspect
ratio equal to 90, tensile strength of 620 MPa and 9.5 GPa
of elastic modulus. Eighteen beams included fibres at 0, 0.50,
0.75 and 1.0%. At least two specimens were tested for each
amount of fibres in short and slender beams. The compression
strength of the experimental campaign ranged from 35.6 to
41.9 MPa. Altoubat et al. characterized the residual strength
of fibre concretes using JSCE-SF4[22] at 3 mm of deflection.
Author reported that synthetic fibres increased the load at
which the first crack appeared in 10, 18 and 12% for 0.50,
0.75 and 1.0% in slender beams, respectively, while in I short
beams the load was incremented by 7 and 14% for 0.50 and
0.75% of fibre volume fraction, respectively. On the other
hand, the peak load was incremented in 14, 23 and 30% for
0.5, 0.75 and 1.0 % in slender beams, and over 20 and 28%
in short beams with 0.50 and 0.75% of fibres. In addition,
authors observed a change in the MOF of beams passing from
a brittle to a ductile failure. In the case of short beams, fibres
could change the MOF from a web failure in RC beams to a
flexural one in PFRC.

In 2012. Altoubat er al [23] extended the first experi-
mental campaign to beams containing minimum amount of
transversal reinforcement required by ACI-318 [24], and
combined them with fibres. Several levels of shear reinforce-
ment were evaluated: without any reinforcement, reinforced
by 0.5% (volume fraction) of polypropylene fibres, minimum
amount of stirrups required by ACI-318 and combining the
minimum amount of stirrups and 0.5% of polypropylene
fibres. Slender beams (a/d=3.5) as well as short beams (a/
d=2.3) were evaluated under three-point loading scheme. In
contrast to previous campaigns, only one type of cross sec-
tion was evaluated, which corresponded to a rectangular sec-
tion of 230 mm x 390 mm. Authors concluded that 0.5%
of fibres combined with stirrups could improve the shear
strength over 40% compared to the control beam with only
stirrups. This behaviour was observed in both, slender and
short beams. Additionally, authors observed that fibres mod-
ified the crack pattern of beams improving the post-cracking
behaviour and ductility. Similar than [21] a synergy effect
between fibres and stirrups was reported.

From 2010 to 2014, Conforti et al. [25-27] studied the
applicability of polypropylene fibres on deep and wide-shal-
low beams subjected to shear (see Figure 9). For this purpose,
fourteen wide shallow and nineteen deep beams were man-
ufactured covering three levels of shear reinforcement. The
first level corresponds to any type of reinforcement (plain
concrete beams), the second level to reinforced by crimped
polypropylene fibres dosed at 13 kg/m3, and the third level
correspond to the minimum shear reinforcement required by
Model Code 2010 [28]. Section of wide-shallow beams were
430 x 250 mm, 770 x 290 mm, 510 x 290 mm, 650 x 250
mm and 890 x 330 mm while length varied from 2076 to
2476 mm. On the other hand, deep beams depths were 600



and 800 mm, width 150 and 300 mm, while length varied
from 4310 to 4480 mm. For each section and reinforcement
level, two specimens were tested under four-point loading
scheme with a shear span ratio (a/d) of 2.5. The mean con-
crete compression strength ranged from 26 to 34.3 MPa. The
polypropylene fibres employed were 40 mm length with a
diameter of 0.75 mm, tensile strength of 338MPa and elastic
modulus of 4.8 GPa. Authors characterized the residual flex-
ural tensile strength of concrete by EN 14651[17].
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Figure 9. Test set up of wide-shallow and deep beams performed by
Conforti et al. [25-27].

Conforti et al. observed that polypropylene fibres with 13
kg/m3 could provide the shear reinforcement required by
equilibrium in wide-shadow beams. In fact, when the beams
are compared with minimum amount of reinforcement and
PFRC beams, both presented similar shear behaviour and
mode of failure (flexural failure). Nevertheless, fibres could
develop several progressive cracks during the loading, which
lead more ductile behaviour than plain beams. On the other
hand, in deep beams, fibres could enhance the shear strength
and provide the double of ductility than their counterparts
in plain concrete. When PFRC and minimum steel rein-
forcement deep beams were compared, both presented very
similar ultimate shear strength. However, minimum steel
reinforcement beams presented a flexure MOF while PFRC
beams showed a shear MOF.

In 2012, Parmentier et al. [29] tested twenty-eight short
and slender beams under a four point loading scheme in order
to study their shear performance. Beams section was 200 x
300 mm and 2500 length. The shear span ratio (a/d) explored
ranged from 0.5 to 2.5. Beams contained two levels of shear
reinforcement, the first one without any type of reinforce-
ment (plain beams) and the second one using three types
of fibres (two types of steel and one macro-synthetic) dosed
at different volume fractions. Nevertheless, only four beams
were manufactured using macro-synthetic fibres, dosed in
4.5 kg/m3 (0.49% of volume fraction), and tested under a
shear span ratio (a/d) of 1.5 and 2.5. The macro-synthetic fi-
bre was a fibrillated fibre, manufactured using polypropylene
and polyethylene of 50 mm length with 600 MPa of tensile
strength and 5 GPa of elasticity modulus. The compression
strength was 54.5 MPa. Authors characterized the residual
flexural tensile strength of concrete by EN 14651[17].

Parmentier et al. observed that PFRC beams tested with
a scheme a/d equal to 2.5 presented a 74% of extra shear
strength compared to their counterparts in plain concrete.
In addition, PFRC beams presented similar shear behaviour
than SFRC beams with similar fibre volume fractions that
synthetic ones.

In 2015, Sahoo et al. [30] studied the effect of synthetic,
steel and a combination between both fibres in shear behav-
iour. A total of seven beams (150 x 200 x 2000 mm) were
tested under three-point loading test with a shear span ra-
tio of five. The control RC beams included stirrups of 8 mm
spaced at 300 mm in one of the halves of the beams while
in the other half stirrups of 8 mm were spaced at 150 mm.
With reference to the PFRC beams, only one beam was test-
ed using polypropylene fibre, while the other six beams were
manufactured with steel fibres and a combination of synthet-
ic and steel at different dosages. The synthetic fibre employed
was made of polypropylene of 12.5 mm long, 0.5 mm of
equivalent diameter, 460 MPa of tensile strength and 5.0 GPa
of elasticity modulus. Concrete compression strength ranged
from 28.1 to 37.6 MPa. Even though the author performed
flexural tensile strength tests for all concretes using prismatic
specimens, the residual strength of FRC concretes were not
characterized. The polypropylene was dosed at a rate of 1%
of volume fraction. PFRC beams exhibited the lowest shear
strength amount the entire campaign. In fact, Sahoo et al. ob-
served that the shear strength and ductility were reduced by
70% and 50% respectively, when polypropylene fibres were
added to the beams. However, this comparison was made tak-
ing the RC beams with stirrups (8mm@300mm) as a refer-
ence beam, which probably resulted not directly comparable.
On the other hand, steel fibre dosed at 1% presented similar
behaviour than RC beams with stirrups.

In 2016, Ensan Navadeh [31] studied the shear behaviour
of slender beams with PFRC. Beams were tested under three-
point loading scheme with a shear span ratio (a/d) of 2.4. All
beams presented the same rectangular section (254 x 381
mm). In total, four types of shear reinforcement were inves-
tigated and compared among them, beams without stirrups,
beams with the minimum of stirrups required by ACI-318
[24] and beams with polypropylene fibres dosed at volume
fractions of 0.5 and 0.75%. The fibre used in PFRC was an
embossed polypropylene fibre of 54 mm length, 0.80 mm of
diameter and 585 MPa of tensile strength. Concrete compres-
sion strength, flexural strength and residual flexural strength
were determined following American standards (ASTM C39
[32] and ASTM C1609 [14]). Ensan Navadeh observed that
incorporating 0.5 and 0.75% of fibres in the concrete, the
shear strength of the beams increased by 17 and 29%, respec-
tively, compared to the plain concrete beams. The increment
of shear strength, especially in beams with 0.75% volume
fraction of fibres, was relatively similar to the increment of
shear provided by the minimum amount of stirrups (31%).

Arslan et al. [33,34], in 2016 and 2019, evaluated the
shear behaviour of PFRC beams with and without stirrups.
In total, twenty-three beams were tested covering different
shear span ratios (a/d) 2.5, 3.5 and 4.5. Various levels of
transverse reinforcement were tested, beams without stir-
rups, beams with stirrups in a ratio of 0.34 and 0.45%, poly-
propylene fibres dosed in 1, 2 and 3% of volume fractions,
and a combination between fibres and stirrups. The polypro-
pylene fibre used was a crimped one with a rectangular cross
section of 0.93 x 0.50 mm?, and 39 mm length. The ten-
sile strength and elasticity modulus were 470 MPa and 3-6
GPa. The concrete compression strength ranged from 13 to
27 MPa, however it should be highlighted that with the in-
crement of fibre volume, the compression strength was con-
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siderably reduced. Authors did not characterize the residual
strength of concrete provided by fibres.

Arslan et al., like previous studies, observed that poly-
propylene fibres increased the shear strength and ductility of
beams, compared to those in plain concrete. Moreover, fibres
could change the mode of failure from a shear failure to a
flexure one.

In 2018, Ortiz et al. [35] tested 16 full-scale beams, eight
manufactured with reinforced concrete and eight with PFRC.
Sections, dimensions and reinforcement of beams were in-
spired on the classic test beams series by Bresler and Scordel-
is in 1963 [36]. Beams were tested under three-point loading
scheme as Figure 10 shows. The main objective of the re-
search was to study the behaviour of shear-critical fibre-rein-
forced concrete beams using polypropylene macro-synthetic
fibres. The concrete compression strength of the experimen-
tal campaign ranged from 38.3 to 44.96 MPa. Polypropylene
fibres of 48 mm length and 0.85 m of equivalent diameter
were included in a ratio of 10 kg/m3 in PFRC beams. Tensile
strength and modulus of elasticity of fibres were 400 MPa
and 4.0 GPa, respectively. Ortiz et al characterized the re-
sidual flexural tensile strength of FRC by EN 14651. Results
showed that macro-synthetic fibres improved beam behav-
iour by increasing the ultimate load and improving ductility.
This happened in the PFRC beams both with and without
stirrups. However, the inclusion of macro-synthetic fibres in
reinforced concrete beams without transverse reinforcement
was unable to change the MOF although the ductility was
significantly incremented. A synergy effect between fibres
and stirrups was also reported.
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Figure 10. Test set up of beams tested by Ortiz et al. [35].

In 2021, Lakavath et al. [37] evaluated the shear behaviour
of MSFRC prestressed beams of 150 mm x 300 mm cross
section and 1600 mm length (see Figure 11). Eight beams
were tested at a shear span ratio of 2.4. Four fibre volume
fractions were considered, 0%, 0.5%, 1% and 1.5%. The mac-
ro-synthetic fibre used was a polyolefin one of 50mm length,
100 aspect ratio, 618 MPa of tensile strength and 10 GPa of
elastic modulus. Concrete compression strength of the entire
campaign ranged from 52.75 to 54.14 MPa and characterized
the residual flexural tensile strength of FRC by EN 14651.
Stirrups were placed in one of the shear spans to avoid a
not controlled shear failure of the beams. Author evidenced
the effectiveness of macro-synthetic fibres to improve the
fracture energy when volume fractions of 1% and 1.5% were
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added. In fact, volume fractions ranging from 0.5 to 1.5%
were capable of changing the mode of failure of beams pass-
ing from a brittle to a ductile one. Finally, authors observed
an improvement of the shear capacity of beams with the in-
crement of fibre volume, and obtained up to 18% of improve-
ment with 1.5% increase of fibre fraction.

Table 1 summarizes the objectives of the different shear
test performed on uniaxial elements (beams). It can be seen
that all research on shear behaviour of SYFRC is focused only
on ULS, and all of them using point-loading schemes. There
are no investigations performing distributed loading schemes
on the elements. In addition, none of the research have evalu-
ated the influence of fibres on SLS on shear behaviour. Final-
ly, it is important to mention that there are no studies about
the long term behaviour of PFRC fibres when used as shear
reinforcement.
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Figure 11. Test set up of prestressed beams tested by Lakavath et al.

[37].
TABLE 1.
Summary of test’s objectives on uniaxial elements using SYFRC.
Author a/d SLS ULS Cracking MOF
Furlan and Hanai
[19] 40 .
Campione et al.
[21] 23 .
Majdzadeh et al.
[11] 3.0 .
Altoubat et al.
[22]-[24] 2335 . . .
Conforti et al.
[26]-[28] 25 . . .
Parmentier et al.
[30] 0525 .
Sahoo et al.
[3 1 ] 5 . . .
Ensan Navadeh
(32] 2.4 . . .
Arslan et al.
[33], [34] 2545 . .
Ortiz et al.
35] 2.4 . . .
Lakavath et al.
[37] 2.4 . .
5

SHEAR STRENGTH OF BIAXIAL ELEMENTS

One of the most critical failures in biaxial elements, such
as slabs, is the punching shear failure, which occurs when
high localized forces, such as connection column and slab,
act in the biaxial element. This failure usually occurs with-
out warming since it is a brittle MOF, and it usually can be
avoided increasing the slab depth or adding traditional steel
transverse reinforcement or studs. In addition to these tradi-



tional methods of strengthening against punching, the use of
steel fibres has proved to be an effective alternative. In fact,
the position of the critical shear perimeter around the loaded
area can be also influenced by steel fibre content. Although
the use of steel fibres to improve the punching strength in
slabs is well reported [38-40], literature using synthetic fi-
bres results limited.

In 2012, Alani and Beckett [41] performed five different
set of tests on ground slabs with different load conditions:
slab centre point load, load at 150 and 300 mm loaded from
edge, and loaded at corner at 150 and 300 mm from edge.
Synthetic fibres were 48mm length with 640 MPa of tensile
strength and 10 GPa of elastic modulus. Fibre content was
7 kg/m3. The dimension of the slab was 6000 x 6000 mm and
150 mm thickness. The average compression strength was
32.5 MPa. Authors did not compare punching shear results
with a control plain concrete slab, however, a comparison
with steel fibre reinforced concrete slab was done. Results
evidenced that in all loads cases, synthetic fibres dosed at
7 Kg/m3 presented similar results that slabs manufactured
with hooked ended steel fibre dosed at 40 kg/m3.

In 2020, Nassif et al. [42] tested six reinforced concrete
slabs under monolithic canter-point with simple supports (see
Figure 12). Synthetic fibres were dosed in concrete at rates of
0.5 and 1%. Macro-synthetic fibres were 40 mm length with
aspect ratio of 90, 9.5 GPa of elastic modulus and 620 MPa of
tensile strength. Dimension of slabs were 1500 x 1500 x 100
mm with an effective depth of 75 mm. Two slabs were used
as a control specimen while two slabs contained 0.5% of fibre
and two slabs 1% of fibre. Compression strength ranged from
28 to 29.45 MPa. Results showed that macro-synthetic fibres
improved the punching shear capacity by 30% and 70% with
addition of 0.5% and 1% of fibres, respectively. In addition,
fibres increased the ductility of the slabs in such a way that the
slabs failed in a more ductile manner. This behaviour let the
FRC slabs presented more energy absorption than the control
slabs. Finally, authors evaluated models for predicting punch-
ing strength developed for steel fibre reinforced concrete and
observed a good prediction when synthetic fibres were used.
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Figure 12. Test set up of slabs tested by Nassif et al. in 2020 [42].

6.
REAL APPLICATIONS USING SYNTHETIC FIBRE REIN-
FORCED CONCRETE

Conforti et al. [43] in 2017 performed a full-scale shear test
on six prestressed double tees made of self-compacting con-

crete and self-compacting polypropylene fibre reinforced
concrete. The main objectives of the experimental campaign
were to evaluate the possibility of replacing the minimum
amount of shear reinforcement by macro-synthetic fibres
only and to determine the benefits of using fibres on the end-
zones of the elements. Dimensions of test specimens were
6000 mm length, 500 mm depth and 2490 mm width. The
cross section was characterized by having a top flange of 50
mm depth and two webs of 120 mm wide. A three-point
loading scheme with a/d equal to 3.1 was adopted in all tests
(see Figure 13). Polypropylene fibres of 40mm length with
an aspect ratio of 53 were incorporated to PFRC elements at
10 Kg/m3 ratio. Residual strength of PFRC was characterized
by EN 14651 [17] and classified as Model Code 2010 as a
FRC class 2e. Concrete compression strength was 68 MPa
on average.

Authors concluded that the minimum amount of shear
reinforcement in this type of elements can be substituted by
PFRC class 2e. In fact, fibres could increase about 15% the
shear strength in the end zones of the elements.
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Figure 13. Full-scale double tees tested by Conforti et al. [43].

In 2020, Conforti et al. [44] reported a real application where
macro-synthetic fibres were employed to improve the shear
behaviour of prestressed hollow cores slabs (HCS) as shown
in Figure 14. To this end, an experimental program of five full
scale HCS (420 mm depth, 1200 mm wide and 6000 mm
length), a reference beam without fibres (RC) and four with
polypropylene fibres. Three-point loading scheme was used
on each test. Two tests were performed on each slab varying
the shear span ratio (a/d), i.e. ten shear tests were performed.
Thus, one of the end zone of the HCS was tested under a/
d=3.5, and the remaining end zone was tested under a/d=2.8
according to EN1168 [45]. Fibres used were macro-synthetic
polypropylene fibres of 40 mm length with a nominal aspect
ratio (length/diameter) of 53, tensile strength of 400 MPa and
3.63 GPa of elastic modulus. Results showed that polypro-
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pylene fibres resulted effective to enhance the shear strength
of HCS end zones, providing an extra shear strength capacity
of 25% on average, as well as post-cracking resistance. In fact,
fibres could improve the bond between the tendon and the
concrete, delaying and controlling the development of splitting
cracks, and hence, reducing the tendon slip.

6 three-wire strands

420mm

h=

10- 6/10" +2-3/8"
“ seven wire-strands

Figure 14. HCS tested by Conforti et al. [44].

Diaz and Hamilton [46], after an extensive experimental
campaign where FRC was characterized using steel, basalt
and synthetic fibres, tested five deep Florida I-Beams girders
with 6000 mm of span and a depth of 1981 mm in order to
study the effectiveness of fibres to control end-region crack-
ing. Only one of the five beams were manufactured using
PFRC including polypropylene fibre dosed at 0.5% of volume
fraction. Specimens were all prestressed with fully bonded
strands in the bottom and top of the section.

Although Diaz and Hamilton did not directly explore the
effect of fibres on shear behaviour of the elements, authors
evidenced that fibres were capable of reducing effective crack
widths on end regions during the prestress transfer. This re-
sult somehow evidences the improvement in shear perfor-
mance observed by Conforti et al. at end zones in HCS.

7.
SUMMARY AND CONCLUSIONS

Test results have generally shown that synthetic fibres can
enhance the shear strength of concrete. This fact has been ev-
idenced at different test levels starting from small specimens
tested under direct shear test up to real applications.
However, the use of synthetic fibres needs to be further
investigated since the limited number of experimental tests
available. In fact, up to now, only 70 beams and 5 slabs in-
cluding synthetic fibres have been tested under shear. Figure
15 summarizes graphically two parameters of SYFRC beam
elements tested under shear, which were reported in the
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present paper: the shear span to effective depth ratio (a/d)
and the fibre volume (VT).

As it can be seen, most elements were tested by consid-
ering a/d ranging from 2.3 to 3.0, which represents 58% of
all the specimens, and only 10 short elements were tested be-
low 2.3. These results show that research on short elements,
where shear usually acts without the presence of flexural
cracks, is required.

Concerning the volume fraction (Vf), the minimum Vf
was 0.49%, while the maximum went up to 3%. The com-
monest beams were those with Vf ranging from 0.5 to 1.5%.

(a/d) 1.0 1.5 23

[-]

ad | 2| 8 37

(sum.) 0 2 10

V) 049 0.50 0.7 1.0 15 2 3
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v, 24 7 10

(sum. 0 24 31 41 61 66 70

Figure 15. Distribution of parameters in elements tested in uniaxial
shear.

Concerning the shear strength of biaxial elements, only
two experimental campaigns have included synthetic fibres.
In both, fibres were capable of enhancing shear behaviour.
However, further investigation to evidence the effectiveness
of these fibres is required.

Not all the studies reviewed in this paper made the same
characterization of the post cracking fibre performance. It
is highlighted that residual flexural tensile strengths were
characterised only in 46 of the 74 beams and in none of the
biaxial elements. This makes the comparison among works
difficult since there is not a uniform criterion to evaluate the
real efficiency of synthetic fibre to enhance shear.

Finally, it is worth mentioning that there is a lack of topic
that the research community has not studied and can tackle
in the future:

* shear on SLS,

*+ long term behaviour of synthetic fibres when used as shear re-
inforcement,

+ influence of fire on the shear behaviour of SYFRC or

+ shear behaviour of SYFRC on elements without flexural
cracks.
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ABSTRACT

In the last decades, experimental and numerical studies on steel fiber-reinforced concrete have shown that providing suitable fiber content and distribu-
tion in the matrix can improve the post-cracking strength of concrete. Although there is a large database of experimental and finite element model shear
tests of steel fiber-reinforced concrete beams, there are not profuse test data and finite element models available for steel fiber-reinforced concrete beams
with traditional transverse shear reinforcement (stirrups). In this work, the shear behavior of ultra-high-performance fiber-reinforced concrete beams
with three different types of reinforcement is analyzed. For this purpose, a comparative study has been previously carried outo validate the finite element
model with conventional rebars. From the results, it was observed that the maximum shear load increased by 39% to 48% depending on the type of steel
fibers used, with respect to concrete without fiber reinforcement. The length and number of fibers had a direct effect on crack initiation and propagation.

KEYWORDS: shear, fracture, steel fibers, beam, ultra-high-performance concrete, fiber-reinforced concrete, finite element model.
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RESUMEN

En las dltimas décadas, los estudios experimentales y numeéricos, sobre el hormigén reforzado con fibras de acero, han demostrado que un contenido y
una distribucion adecuados de las fibras en la matriz pueden mejorar la resistencia del hormigén tras la fisuracién. Aunque existe una amplia base de
datos de ensayos experimentales y numéricos a cortante de vigas de hormigén reforzado con fibras de acero, no se dispone de profusos datos de ensa-
yos y modelos de elementos finitos para vigas de hormigon reforzado con fibras de acero con armadura transversal tradicional a cortante (estribos). En
este trabajo se analiza el comportamiento a cortante de vigas de hormigén de ultra altas prestaciones reforzado con fibras con tres tipos diferentes de
refuerzo. Para ello, previamente se ha realizado un estudio comparativo para validar el modelo de elementos finitos con armaduras convencionales. A
partir de los resultados, se observé que la carga maxima de cortante aumentaba entre un 39% y un 48%, en funcion del tipo de fibras de acero utiliza-
das, respecto al hormigén sin refuerzo de fibras. La longitud y el namero de fibras tenian un efecto directo sobre el inicio y la propagacion de las fisuras.
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1

INTRODUCTION

The flourishing experienced in recent years by steel fiber-re-
inforced concretes (SFRC) is well known, both in the study
of their properties and applications [1][2]. On the other
hand, the development has also reached in ultra-high-perfor-
mance fiber-reinforced concretes (UHPFRC), although not
so much in their applications. This kind of concrete achieves
compressive strengths above 200 MPa [3][4] or flexural
strengths above 30 MPa [5]. Nevertheless, there is a need to
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transfer the acquired knowledge, based on all the research ef-
fort developed, by applying it in usual structures. To this end,
concrete standards have been adapted to facilitate the use of
these new materials. This is the case of the Spanish structur-
al concrete standard EHE-08 [6], which already contained
an annex 14 with recommendations for the use of concretes
with fibers, or the Structural Code [7] or the German [8] and
Italian [9] standards. The ACHE association itself published
in 2000 a manual to aid in the design of concrete structures
with steel fibers [10].
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Figure 1. Test setup. (a) longitudinal section, (b) cross section.

Some studies have demonstrated as following the de-
velopment of the initial diagonal crack, the fibers regulate
crack propagation and permit significant internal plastic
stress redistribution to boost the specimens’ shear strength
[11-13] The addition of fibers can increase the tensile and
shear strength of the concrete matrix [14,15]. It may be
possible to ease the congestion of reinforcing by reducing
the quantity of shear reinforcement in RC deep beams.
Steel fibers also offer concrete reinforcement in several di-
rections, clutter-free detailing, and improved post-cracking
residual strength and ductility. Lee et al. [16] indicated that
the steel fibers are more effective in improving the strength
and ductility capacity than the stiffness and energy capacity
of the specimens.

Regarding shear behavior, some standards have assigned
a part of the strength capacity to the fibers, as is the case
of the ACI-318 (2008) [17] or the 2010 Model Code [18],
although with some inconsistencies, as Amin and Foster [19]
refer. Following the guidelines set out in the latter reference,
in this work is numerically studied the shear strength mech-
anisms of beams designed with ultra-high-performance con-
cretes such as those developed in the Structures Laboratory
of the School of Engineering of Seville. For this purpose, the
commercial software Abaqus [20] has been used to develop
the finite element model, and in particular its concrete dam-
age plasticity model.

2.
METHODOLOGY

The procedure followed is analogous to that developed in the
work of Amin and Foster [19]. That is, first, the experimen-
tal results of the test of a real beam are used as a reference
to validate the results of the numerical model of the beam.
Subsequently, using this numerical model, in the same way
as Amin and Foster, similar beams are modeled with the me-
chanical properties of the concretes developed in the Struc-
tures Laboratory of Seville, whose data can be found in the
paper published by Rios et al. [21]. The two most significant
differences between the work of Amin and Foster and the
one presented here are that, on the one hand, Amin and Fos-
ter used ATENA [22], and now Abaqus [20] is used; and on
the other hand, the study carried out in this work is extended
to the behavior of other novel UHPFRC.

2.1. Experimental test

The experimental test is that already performed by Amin and
Foster [19]. Figure 1, adopted from the reference [19], shows
the dimensions of the four-point bending tested beam. In this
work, it has been assumed the data and experimental results of
the beam named B25-10-450 by Amin and Foster. The setup
and more details of the test can be consulted in the referenced
bibliography, although for the reader's convenience, we remind
that the paper indicates that it is concrete with 25 kg/m3 of
fibers, transverse reinforcement formed by stirrups of 10 mm
diameter, and the separation of the stirrups is 450 mm. The
mid-span deflection was measured by a longitudinal transducer.

2.2. Finite element model

In this work has been used the concrete damaged plasticity
model developed by Abaqus. This plastic damage model in
concrete reproduces the inelastic behavior of concrete based
on an isotropic elastic damage theory in combination with
isotropic tension and plastic compression.

The model considers tensile softening when tensile strain
exceeds that corresponding to the tensile strength of the
concrete. It also allows considering the unloading process
through a damage variable, which reduces the stiffness of the
material. Damage variables can be defined for both compres-
sive and tensile behavior. In compression, the model uses the
plasticization function of Lubliner [23] with the modifica-
tions proposed by Lee and Fenves [24]. For plastic flow, the
Drucker-Prager hyperbolic function is used.

Figure 2 shows an image of the finite element model that
is built with 8-node linear hexahedral elements type C3DS8I
from the Abaqus library, to simulate the concrete, and two-
node linear elements with axial behavior only, for the rein-
forcing bars, T3D2 from the Abaqus library.

The mesh sensitivity of results of the FEA has been
checked. For this purpose, the beam was analyzed using two
different FE meshes (quadrilateral elements limited to S0mm
and 100mm). The difference between results of the analyses
was negligible [25].

The finite element mesh has a characteristic dimension of
50 mm, and 300x200 mm pads with the same stiffness char-
acteristic of the concrete, but without plastic behavior. This
behavior is implemented in the support and load application
areas to eliminate the problem derived from the application
of concentrated loads.
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Figure 2. Image of the finite element model.

The model only considers half of the beam, applying sym-
metry conditions in the central section. On the other hand, the
vertical and lateral displacement of the center of the bottom
face of the support is prevented, and the model is analyzed by
applying an increasing displacement of the central node of the
top face of the load pad in a downward direction.

Tie-type displacement constraints are defined between
the different parts of the model, i.e., the displacements in all
degrees of freedom of the nodes of the contacting faces are
made compatible.

On the other hand, it has been defined the condition
of the truss type elements to be embedded in the concrete
elements, which makes compatible the movements in the
translation degrees of freedom of the nodes of the bars, in an
interpolated way, with those corresponding to the concrete
elements in which they have been inserted.

The mechanical properties of the different materials are
particularized for the different models, being common to all of
them those corresponding to the longitudinal reinforcement,
which maintains the properties of the referred article [19].

3.
COMPARATIVE MODEL

A finite element model has been performed to verify the nu-
merical tool, in order to compare the results with the exper-
imental data and the numerical model of Amin and Foster.

It is a replica of the B25-10-450 model. The reference
article contains the complete characteristics of this model, of
which, for the present study, in addition to those already in-
dicated in section 2.1, we will highlight as the most relevant,
those that characterize its behavior in traction.

Ee pre-craking
fi=11.75-22.40
0.85-0.11w

post-craking w < 0.04mm
post-craking w > 0.04mm

Figure 3 shows a comparison of the results of the experimen-
tal test, those corresponding to Amin and Foster [13], and
those obtained with the Concrete Damage Plasticity model
in Abaqus carried out in this work.

A very similar result is observed for the shear behavior
that the beam can withstand in the three models, with differ-

Martinez-de la Concha, A., Rios, J.D., & Cifuentes, H. (2024) Hormigon y Acero 75(302-303); 157-162 — 159

ences below 3% in both FE models, and a higher stiffness of
the finite element models than the real test, which is some-
thing more noticeable in the model of our work.

There is a higher difference between the displacement re-
sults after the maximum shear force, which has not been con-
sidered relevant in order to study the shear strength and could
be explained based on different phenomena after cracking.

Based on this result, we justify the study of the behavior
of ultra-high-performance fiber-reinforced concretes devel-
oped at the Structures Laboratory of the University of Seville.

= -Abagqus
= ATENA
— Experimental

Shear, V (kN)
=

0 5 10 15 20 25
Displacement {mm)

Figure 3. Shear results of the comparative analysis of beam.

4.
ANALYSIS PERFORMED

The shear behavior of four ultra-high-performance concretes
is analyzed in this section. The UHPFRC mechanical prop-
erties can be found in more detail in the paper published by
Riosetal. [21].

The main difference among the four UHPFRC is the type
of fibers they contain, with the rest of the parameters of their
dosage being invariant. Two different types of fibers, called
micro-fibers and macro-fibers, have been used in this study.
The micro-fibers are straight 13 mm long and 0.2 mm in di-
ameter, while the macro-fibers are shaped at the ends and
have a length of 30 mm and 0.38 mm in diameter.

With these two types of fibers, four types of UHPFRC have
been manufactured, which are designated as DO, DS, DL and
DSL. The DO mix is a non-reinforced concrete, the rest of the
mixes contain 196 kg/m3 of steel fibers in all cases, using only
micro-fibers in the DS mix, only macro-fibers in the DL mix,
and 50% of each type in the DSL mix. Table 1 shows the me-
chanical properties of the UHPFRC that have been performed
in this way, whose tests have been described in [21].

TABLE 1.

Mechanical properties of the four UHPFRC.
Property Do DS DL DSL
Ec (GPa) 44.5 43.4 49.2 47.8
fc (MPa) 131.4 154.6 150.2 153.7
fi (MPa) 4.5 11.7 9.1 10.4
o1 (MPa) 0.2046 2.9 3.1 3.6
w1 (mm) 0.0119 1.7 14 3.0
we (mm) 0.0694 6.2 12.1 9.9
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Figure 4. Response of UHPFRC in tension: (a) pre-cracking stress-strain response, (b) post-cracking cohesive law.

The response of UHPFRC in tension is represented in
Figure 4. The pre-cracking stress-strain response is shown
in Figure 4a and the bilinear cohesive law after the tensile
first-cracking is presented in Figure 4b.

For the definition of the plastic behavior of concrete in
compression, the same behavioral laws are used as those pro-
posed in the work of Amin and Foster [19], which in turn
coincide with the formulation of the model code [18] or at
least, in the load branch with those proposed by Ruiz et al.
[26], this part of the compression behavior curve being the
most relevant in this study.

The analysis of the shear behavior of the beams carried
out with each of these UHPFRC has been performed using a
finite element model similar to the one used in the compar-
ative analysis, i.e., the same geometry is used, with the same
conventional reinforcement, the same support conditions
and the same loading conditions, changing only the mechan-
ical properties that define the behavior of the beam material,
according to the parameters shown in Table 1.

5.
RESULTS AND DISCUSSION

As a result of the analyses carried out, the load-deflection
curves have been obtained for each of the models, which are
shown as a group in Figure 5.

1200 4
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200 i

0 T T T T |
0 20 40 60 80 100

Mid-span deflection (mm)

Figure 5. Comparison of FE results against conventional reinforcement.

The initial part of all curves is very similar because pri-
or to cracking, the parameter that governs the behavior is
Young's modulus and its value is very similar in all mixtures.

However, linearity disappears as a consequence of crack-
ing in the matrix, firstly in the concrete without fibers, as
corresponds to a lower value of its tensile strength, for an
applied shear load of about 135 kN, approximately half (70
kN) in the case of B25 concrete. At this load, the beam con-
tinues to accept higher shear stresses, which cause a cracking
process, and which is reflected in the finite element model as
a process of plastic strains, as shown in Figure 6.

Figure 6. Plastic strains in the FE model.

In the case of the beam without fibers, a maximum shear val-
ue of about 740 kN is reached, passing from that point on to
a descending branch. This value is 318 kN in the case of B25
concrete, with a subsequent sharp drop.

The behavior of fiber concrete beams is somewhat dif-
ferent, especially from a quantitative point of view, although
similar among the three types of fiber mixtures.

The maximum shear values for each model, for ul-
tra-high-performance concretes, i.e., with the same matrix,
as well as the percentage increase with respect to this value
produced by the addition of fibers, are shown in Table 2.

TABLE 2.
Ultimate shear forces and relative improvement.
Do DS DL DSL
V. (kN) 738.87 1090.73 1030.51 1099.79
A (%) - 47.62 39.47 48.85
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As can be seen, the addition of fibers considerably in-
creases the shear that the material can withstand, in this case,
between 39.5% and 48.9%.

On the other hand, it can also be seen that micro-fibers
produce a greater increase in shear than macro-fibers, 47.6%
compared to 39.5%. Nevertheless, a curious effect is ob-
served when we compare the behavior of the concrete with
micro-fibers with the concrete that mixes both types, and it is
that although both mixtures have a very similar behavior, the
concrete with micro-fibers develops its greater strength with
smaller strains, while the concrete that mixes both types, al-
though it presents less strength to small strains, is able to
continue increasing its strength, managing to overcome the
concrete with micro-fibers for greater strains, being in the
end the most resistant composition.

The explanation is that concrete with macro-fibers has
the capacity to develop higher resistance, with larger strains,
associated with the greater adherence of these fibers, while in
concrete with micro-fibers the lower adherence causes resist-
ance to decay more rapidly. A combination of both types of
fibers has the effect of shifting the maximum tensile strength
to higher strains, where the conventional reinforcing steel
collaborates more to the tensile mechanism.

6.
CONCLUSIONS

In this work has been developed a finite element mod-
el that has allowed the analysis of the shear behavior of
ultra-high-performance fiber-reinforced concrete beams,
without incurring the costs of laboratory tests, which is
undoubtedly an aid in the investigation of their behavior,
although it is not intended to dispense with such experi-
mental models. Four types of ultra-high performance fib-
er-reinforced concretes have been modeled from experi-
mental characterization based on previous work published
by the authors. The improvement against shear forces of
applying two types of steel fibers, mixed in three different
proportions, has been quantified. The main conclusions de-
rived from the study are as follows:

+ The use of plain UHPFRC clearly showed an improve-
ment of 132% in the maximum shear load with respect
to conventional concrete.

+ The finite element model results show a clear collabora-
tion of the fibers in the tensile strength, which increases
the ultimate shear loads between 39.5% and 48.9%, in
comparison with the plain UHPFRC, and depending on
the type of fiber.

+ The highest maximum shear load was obtained with a
50% mixture of micro-fibers and macro-fibers (48.9%),
although the greatest response in strains appears in the
mixture with exclusive micro-fiber reinforcement.

+ However, the lowest maximum shear load was obtained
by the mixture only reinforced with macro-fibers because
the number of fibers is lower in the matrix and, conse-
quently, hinders the crack coalescence and propagation of
a fewer number of cracks.
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