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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..
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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 cotfy, 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

cotl,; 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
380 1000 , 400 1000 380, 380, 1000 , 400 1340 , 380,

Beams with cross-section types E and F

912/75+@12/75 912/125+012/125
' s@8/75 | . 508/250 '
' ¥ 202042012 F, 2012

Z ve

_L"" 0 1 jjj_

T 7

g 3025/ 2025/ 2020/ T

L 570 1000 , 400 , 1600 , 570

Coss-section type F (**)

2012

Cross-section type D (*) 2020
oP 2012 30 100 108 | 104 | 108\, 100 30
. oz il il S U

2(320 [oa] | |
<¥ [ =~ 1
Cross-section type A .30. 20 i 104 ¥ 08 .30. c' v @3\()"@ \7 ©
Teal [ | ~ — — 1
2020 @_ = T T = | [ “ e ]
38[ 104 |38 N \ " S L0 )g\/u
r _ o
o 3]
K 8l 012/83 il @12/125
— I S
0 - o 2020
I —
o o 3@25 LoF IO 32501
<+ - 1T~ 11 m
NN o NS o N
Q‘_ ‘l‘_ <l‘_
38,52,52,38 38,52 ,52 ,38 38,52 ,52,38
A-A' P6@140 D-D' F-F'

(*) 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.

(a) Monolithic rectangular specimen (d) Composite T-shaped beam
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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
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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.

300 >
250 | .
I e
L BF
~200 | o
Z P
<150 |
> 100 |
50 Mean = 1.06
CV=7%
O 1 1 1 1 1
0 50 100 150 200 250 300
Vpred(kN)

O Composite rectangular specimens
Composite T-shaped specimens
A Monolithic T-shaped specimens
----- Experimental = Predicted

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%
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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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