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Abstract

Precast concrete beams with cast-in-place slabs on top, namely concrete composite beams
are frequently used for building concrete bridge decks. In designs, the contribution of cast-
in-place slabs to shear strength tends to be omitted. However, given the vast number of
existent bridges with this deck typology, significant cost savings could be made when
assessing these structures if the slab’s shear strength is considered. This paper analyses
how cast-in-place slab influences the shear behaviour of concrete composite beams with
web reinforcement. For this purpose, an experimental programme of 18 concrete
specimens with web reinforcement and rectangular cross-sections was run, in which the
following parameters varied: cross-sectional depth; existence of an interface between
concretes; compressive strengths of the concrete of beams and slabs; differential shrinkage
between concretes. It was observed that: the slab contributed to resist shear; the existence
of an interface between concretes led to a crack appearing along it that caused the
transmitted shear to be divided into two load paths: one through the precast beam and
another one through the slab; the slab’s concrete strength was that which mainly influenced
the element’s shear strength; differential shrinkage did not reduce shear strength. Based on

experimental observations, a mechanical model is proposed in this paper to assess the
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composite elements’ shear strength, which considers the yielding of both stirrups and the
slab’s longitudinal reinforcement to be a failure criterion, which well predicted the
experimental results. The shear formulations of Eurocode 2, the Level 11l Approximation of
Model Code 2010 and the (b) Formula of ACI 318-19 offered a similar result to the herein
proposed method when using the entire composite element effective depth and the
weighted average of the concrete strengths of both the beam and slab estimated from the

area ratio. Codes significantly underestimated specimens’ interface shear.

Keywords: precast construction, reinforced concrete, composite beam, shear strength,

shear failure, mechanical model, design, assessment.

Highlights

Shear in monolithic and composite beams with stirrups was experimentally tested
Slab contributed to increase composite specimens’ shear strength

The interface between concretes modified the shear strength mechanism

A mechanical model of composite specimens’ shear strength is proposed

The proposed model well fits this test programme’s experimental results
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1. Introduction

The report conducted by the Technical Committee 4.3 “Road bridges” of PIARC in 2016 [1]
revealed that at least 50% of the participating countries’ bridges are made of reinforced or
prestressed concrete; particularly in Europe, this percentage is more than 80% on average.
To construct these concrete bridges, a very common deck typology has often been used
since the mid-20th century, which consists in precast concrete beams with a cast-in-place
slab on top, commonly known as concrete composite beams (Fig. 1). Given the considerable
number of existent decks with this typology, it is especially important to study their

structural behaviour.

1. Cast-in-place concrete
2. Precast beam

1

TEITIT

Fig. 1. Examples of the cross-sections of precast beams with cast-in-place slabs frequently used in concrete
composite beams decks.

The interface between concretes in concrete composite beams is a weakness plane whose
premature failure may limit both the element’s vertical and horizontal shear strengths [2].
The research work carried out on composite beams has traditionally focused on analysing
the interface shear [3-8], mainly to analyse the effect of interface roughness, the shear span-
depth ratio, concretes’ properties and the interface’s shear reinforcement. However, a few
experimental studies in the existent literature have analysed the vertical shear behaviour

of reinforced concrete composite beams [9].
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In vertical shear designs of reinforced concrete composite beams, the contribution of the
cast-in-place slab to shear strength is usually neglected because it remains on the safety
side. However, the slab’s contribution could be significant to assess the shear strength of
existing bridge decks made of precast concrete beams and cast-in-place slabs as increased
shear strength due to cast-in-place slab’s contribution can imply substantial maintenance
cost savings in these infrastructures [9], which derive from reducing the need for their
reinforcement, or even their replacement. Hence the importance of studying whether the
cast-in-place concrete slab resists shear in composite beams, in which way and how much

it can resist.

In general, current design codes’ shear formulations do not describe the shear strength
prediction when, as is common in composite beams, the concretes’ compressive strengths
of the precast beam and the cast-in-place slab differ. Only ACI 318-19 [10] in Section 22.5.4
specifies how this shear strength can be calculated: using the concrete compressive strength
of the element (precast beam or cast-in-place slab) that results in the most critical shear
strength value or the properties of the individual elements. However today, relevant
experimental and theoretical evidence is not sufficient to support the validity of the design
code for composite beams [9,11]. EC2 [12] in Section 10.9.3(8) allows the design of concrete
elements with a topping of at least 40 mm thick as composite elements if the shear at the
interface is verified. Other codes like MC-10 [13] do not refer to this type of structural

elements.

In the scientific literature, several publications [14-23] are about the experimental analysis
of full-scale concrete composite beams with web reinforcement. Most have focused on
analysing the verification of these elements’ shear capacity according to design code’
formulations. However, these studies have not analysed either the contribution of the cast-
in-place concrete slab to the composite beam’s shear strength or how the existence of a joint

between concretes of different ages can affect shear behaviour.
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According to Halicka [2], there is little number of research works regarding the influence of
the interface cracking on the composite unit’s shear resistance. She performed an
experimental study on the influence of interface quality on concrete composite beams’ shear
strength, in which she proposes a classification of failure mechanisms of concrete composite
beams. According to this classification, interface shear failure will take place when the shear
force that initiates interface cracking is less than the shear force that results in diagonal
cracking appearing, which will limit the element’s ultimate vertical shear strength. On the
contrary, if diagonal cracking occurs first, two situations can be observed: the shear that
produces interface cracking is lower than the element’s ultimate shear strength, in which
case the trajectory of diagonal cracks will be modified along the interface before penetrating
the upper chord; the shear that produces interface cracking is higher than the element’s
ultimate shear strength, in which case the composite beam will behave like a monolithic
beam. The second failure mode will be the structurally desired behaviour as the interface is
not a weakness plane for shear strength. However, the first failure mode can be common,
especially in elements with either significant differential shrinkage between the concrete of
the beam and that of the slab, or changes in the section width (T-shaped beams) [24,25],

and deserves to be studied.

Kim et al [11] ran an experimental programme about the shear strength of rectangular
composite beams with shear reinforcements. Their study focused mainly on analysing the
existence of different class concretes (high-strength and low-strength concretes) at the
beam and slab. They obtained results on the relation between the shear strength of
composite beams and the compressive strengths of the beam and slab’s concretes and the
beam and the slab’s depth. This provided information about the extent to which each
composite beam part contributes to shear strength. However, both transverse
reinforcement and interface roughness in these experimental tests meant that the interface
shear strength was high. Thus the failure mode was barely affected generally by the

existence of an interface, and the behaviour of these specimens was similar to the
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monolithic one according to the Halicka classification [2]. Their study, therefore, did not

analyse how the existence of an interface would influence shear strength.

In a previous study carried out by the authors [26], the shear strength of 21 monolithic and
concrete composite beams, with rectangular and T-shaped cross-sections and with no web
reinforcement, was analysed. The main findings of the rectangular composite specimens
were that: 1) the existence of a slab on top of the beam improved its shear strength; 2) the
interface between concretes could modify the critical shear crack shape, consequently, the
shear strength mechanism; 3) the use of high-strength concrete in the precast beam slightly
increased its shear strength; 4) the differential shrinkage between the concretes of the
precast beam and the cast-in-place slab did not significantly influence composite specimens’
vertical shear capacity; 5) the design codes generally provided better estimations of actual
strengths when the entire composite beam depth and individual elements’ shear strengths

were used, and gave results on the interface shear that were very much on the safety side.

Following these previous studies, the present research work studies how the cast-in-place
slab influences the shear behaviour of concrete composite beams with web reinforcement.
The specific aim is to analyse the shear strength mechanism of rectangular reinforced
concrete composite beams with web reinforcement, particularly in those composite beams
in which the existence of an interface between concretes substantially modifies the shear
strength mechanism, unlike what happens when beams display monolithic behaviour. To
this end, 18 monolithic and composite rectangular specimens, with equal and different
cross-sectional depths, compressive strengths of the beam and slab’s concretes, and
different concrete ages, were experimentally tested. The obtained results, as well as the
different introduced variables, are analysed. Based on the experimental results, a
mechanical model for assessing the shear strength of the composite beams in the
experimental programme is proposed, which can be used as a reference for the future

development of a method to assess composite beams’ shear strength. Both the proposed
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model and the formulations for calculating the shear strength of current design codes are

verified with the experimental programme results.

The main contributions of this research work are, on the one hand, to increase the number
of available experimental tests in this field and, on the other hand, to provide a better
understanding of the shear transfer mechanism in composite beams whose elements have
different quality concretes. This will allow researchers to propose mechanical-based design
and assessment formulations for such elements to improve their safety and prolong their

service life.

2. Test programme

2.1. Test parameters

In order to analyse the contribution of cast-in-place concrete slabs to the shear strength of
a rectangular composite beam with web reinforcement, and how the existence of an
interface between concretes can affect its shear behaviour, the following four variables

were studied:

(a) Cross-sectional depth. Firstly, a reference section type A, which represented the
precast beam used in composite elements. Secondly, a section type B with an
increased depth compared to section A (see Fig. 2)

(b) The existence of an interface between concretes. Beams were fabricated with one
concrete (monolithic beams A1l and B1 in Fig. 2) or two concretes (composite
beams, compound of a beam with a cast-in-place slab on top: B2 in Fig. 2)

(c) Strengths of the beam and slab’s concretes. Two types of concretes were used to
fabricate specimens: normal-strength concrete (NSC) with a design compressive
strength of 30 MPa, which represented a concrete traditionally used in cast-in-place
construction; a concrete with higher compressive strength (HCS), with a design

compressive strength of 50 MPa, which represented a concrete often used in precast
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concrete plants. In the composite specimens, the influence of the beam’s concrete
compressive strength was studied using NSC or HCS on the beam, while the slab’s

concrete compressive strength was fixed to a conventional concrete (NSC)

(d) Differential shrinkage between concretes. Most composite specimens were

fabricated with concretes of similar ages (24-hour difference) for a faster
construction process and to reduce the differential shrinkage between the beam and
slab’s concretes. However, in order to analyse if the use of different ages concretes,
common in precast construction, had a significant influence on the shear strength of
the composite specimens in this experimental programme, the slab’s concrete was
poured later into two composite beams once the beam’s concrete shrinkage

stabilised.

100

Al B1 B2

300

180 , 180 180 |

Fig. 2. Cross-section types (dimensions: mm).

The following parameters were fixed to avoid their influence on the study:

Interface roughness (“smooth” or “as-cast”). The beam’s concrete underwent no
further treatment after vibration, so the interface between beam and slab’s
concretes was “smooth” or “as cast”, as described in current design codes [12,13]
Longitudinal reinforcement ratio (p; = 4.0%). Longitudinal reinforcement was
designed to avoid the bending failure of all beams

Shear reinforcement ratio (pw = 0.22%). The web reinforcement design met the
most restrictive minimum spacing requirements between stirrups of all the codes

used to design these beams [10,12,13]
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e The shear span-effective depth ratio (a/d = 4.0). a/d was chosen based on the
observations of Kani’s valley [27] to foster shear failure
e Relative concrete cover (¢/h = 0.16). The concrete cover met the design codes’

specified minimums

Both interface roughness and the shear reinforcement ratio were chosen based on the
observations made by a previous research work carried out by the authors [28], in which
beams with the same characteristics as those in this experimental programme showed that
the smooth interface, together with vertical shear reinforcement, were enough to obtain the
beam’s diagonal cracking prior to interface cracking. This proved the interface treatment’s
effectiveness in neither failing in interface shear nor showing monolithic behaviour, even
though the code calculations predicted interface shear failure. Smooth interface roughness

is also the roughness that is often left in precast concrete plants.

This experimental programme fabricated 18 reinforced concrete beams with web
reinforcement, divided into three series: NW, HW and DW. The beam and slab’s concrete
types employed in the series, the number of days that elapsed between the beam’s concrete
pouring and the slab’s concrete pouring in the composite specimens, and the number of
specimens per series, are shown in Table 1. In the composite specimens of series NW and
DW, the compressive strengths of the beam and slab’s concretes were similar (NSC in both),
while different concrete compressive strengths were used in series HW (HCS on the beam

and NSC on the slab).

Table 1. Series of the experimental programme.

Series Type of Typeof Daysbetween Number of specimens per
beam’s  slab’s beam and slab’s  cross-sectional type
concrete concrete concrete pouring a4 B1 B2

NW NSC NSC 1 3 3 4

HW HCS NSC 1

DW NSC NSC 134 0

Specimen designation was carried out using xWPyzk(j), where: “xW’ denoted the name of

the series (NW for the specimens with NSC on the beam, HW for the specimens with HCS on

9



1  the beam and DW for the specimens fabricated with different aged concretes); “ Py’ was the
2 batch of concrete pouring (from P1 to P7 as the fabrication process was conducted 7 times);
3 “Z’ denoted the cross-sectional shape (A or B in Fig. 2); “4” was the number of concretes
4  that formed the specimen (1 for monolithic beams, 2 for composite beams); “/” (“a” or “b”)
5  wasused when more than one specimen with the same previously described characteristics

6 was fabricated.

7  2.2.Test specimens

8  Fig. 3 shows specimens’ dimensions and reinforcement. The total length of the beams with
9  section B was 3.50 m, with a distance of 2.74 m between supports. Two-point non-centred
10 vertical loading was applied, with a 0.40 m distance between loads, which formed two
11  spans: a 1.34-metre principal span, in which failure was expected, and resulted in fixed
12  parameter a/d=4.0,and a 1.00-metre span, reinforced to avoid its shear failure. The beams
13  with section type A were designed with a 3.16 m length (2.40 m between supports) to obtain

14  fixed parameter a/d = 4.0, with 1.00-metre principal and reinforced spans.

Section type A
@8/100 o 96/140
2020 A 20820
( ) 38/ 104 |38
7 T T e[
T— A — 2020 < @
025/ 2016 38) 104 38 N&u
380 | 1000 400 1000 380 _
¥ ]
. T P
Section type B - 1S
)
™~
P#8/75 L @#8/250 Il — -
t il 2020 B, = 2025
1 I %
O (=
= — H
)| ¥ e 7 G
=m= 7 - ~1 #6/140 #8/250
3@25/ 2025 B 38,52, 52 38 38,52,52,38
,_380 1000 | 400, 1340 , 380 AA' B-B'
15
16 Fig. 3. Dimensions and reinforcement of beams type A and B (dimensions in mm).

17  In the composite beams (sections B2), two concrete layers were used. The first layer, 0.30
18  m high, represented the precast beam. The second layer, 0.10 m high and cast on top of the

19  previous one, represented the cast-in-place concrete slab.

10
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2.3. Fabrication of specimens

Beams were fabricated in seven batches (P1 to P7 in Table 2), which allowed a comparison
to be made between the beams of the same batch without influencing the concrete strength
variable. The beam fabrication process was carried out in two phases. The first phase
consisted in beam’s concrete pouring (concrete of the monolithic specimens and the precast
beam’s concrete in the composite specimens). In all the composite beams, at the principal
span, where failure was expected, no surface treatment was performed after concrete
pouring. So the surface was “smooth” or “as-cast”, according to current code definitions
[10,12,13]. The concrete surface of the reinforced span was raked before concrete hardened
to increase the interface shear strength. Dents of approximately 6 mm deep (from peak to
valley) and a maximum spacing of 40 mm between peaks were made. A “very rough”
interface was created in this way as defined in the codes. Good workability conditions for
the concrete casting were sought. Table 2 shows the measured slump of the first phase
concretes because their consistency can influence surface roughness. The slump test was

done in accordance with UNE-EN 12350-2 [29].

11



1

Table 2. Summary of the test results.

Series Fabrication Specimen f;286  fiz8s  fop fos Ecp Ecs feen fors Slump  Vexp Thexp
batch (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) beam (kN) (MPa)
(cm)
NW P1 NWP1B2 32 32 33 32 33535 37689 2.61 227 6.0 206 3.79
P2 NWP2A1 37 - 37 - 33421 - 299 - 175 158 -
NWP2B1 - 37 - 33421 - 299 - 181 -
NWP2B2 34 39 34 31961 30428 2.58 2.50 186 3.43
P3 NWP3A1 32 - 33 - 32927 - 258 - 225 128 -
NWP3B1 - 31 - 32927 - 258 - 174 -
NWP3B2 38 32 37 32927 33854 2.58 3.21 169 3.12
P4 NWP4A1 39 - 39 - 28652 - 2.79 - 18.0 153 -
NWP4B1 - 39 - 28300 - 2.86 - 168 -
NWP4B2 33 40 33 26413 28715 3.04 2.48 191 3.53
HW P5 HWP5A1 43 - 43 - 24633 - 258 - 20.0 144 -
HWP5B1 - 42 - 24662 - 240 - 207 -
HWP5B2 22 43 22 24633 20098 2.58 2.01 172 3.17
P6 HWP6A1 52 - 52 - 28651 - 286 - 240 (M -
HWP6B1 - 52 - 28395 - 286 - 199 -
HWP6B2 36 52 36 28395 29458 2.86 3.01 186 3.44
DW P7 DWP7B2a 24 36 29 37 24939 31243 244 282 15.0 167 3.09
DWP7B2b 29 37 24939 31243 244 282 179 3.30
Notation:

Suffix “b” refers to beam’s concrete.
Suffix “s” refers to slab’s concrete.
(*) Vesp could not be measured because of failure detected during the test process.

2

10

11

12

13

The second fabrication phase consisted in the slab’s concrete being poured on the
composite specimens and subsequent concrete curing for the next 7 days. In beams NW and
HW, this phase was carried out 24 h after the first phase to, thus, reduce differential
shrinkage between concretes as much as possible. In beams DW, this second phase took
place 134 days after the first phase when the beam’s concrete shrinkage measurements

indicated that it was stabilised.

In all the fabricated specimens, the entire length of beam was laid on the floor when the
slab’s concrete was being poured. Hence in this experimental programme, both the beam

and slab were loaded at the same time.

2.4. Material properties

The mechanical characterisation of the used concretes was carried out according to UNE-
EN 12390 [30-32]. The results obtained were the average of two concrete cylinders (300

12
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mm high, 150 mm diameter), tested at the age of 28 days and every day a specimen was
tested. Beams were tested approximately 28 days after the fabrication process. The average
values of the compressive strengths of the beam and slab’s concretes measured at the age
of 28 days (f;zs) are offered in Table 2, which also shows the average values of the
compressive strengths of the beam and slab’s concretes (£, and £, respectively), the
moduli of elasticity £ and the tensile concrete strengths £ (calculated as the 90% of the
tensile splitting strength of concrete, according to [33]) measured on the day when each
specimen was tested. The average coefficients of variation of these measurements were 2,
3 and 7% for the compressive strength, the modulus of elasticity and the tensile strength of

concretes, respectively.

For concrete dosage, the water-cement ratio, the amount of Portland cement and the
maximum aggregate size were 0.52, 325 kg/m3 and 10 mm for NSC, and 0.44, 500 kg/m3

and 10 mm for HCS, both respectively.

The mechanical properties of reinforcing steel were obtained according to UNE-EN ISO
6892 [34]. Steel type was C class according to classification of EC2-04 [12]. Two pieces of
reinforcing steel of each nominal diameter were tested to obtain the average values of the
steel mechanical properties shown in Table 3. It should be noted that the stirrups used in
all the specimens (except the specimens of series NWP1) were made of the same steel so
that the comparison of beams’ shear strength provided by stirrups did not depend on steel

properties.

13
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Table 3. Average values of the reinforcing steel properties.

Series g (mm) f,(MPa) FEs(GPa) & (%o) fu(MPa) &2 (%)
Stirrups NWP1 8 534 189 2.8 662 10.1
Rest of series 6 534 227 2.4 666 11.0
8 538 203 2.7 658 12.0
Longitudinal NWP1 20 534 206 2.6 639 10.5
reinforcement 25 556 197 2.8 670 9.7
NWP2, NWP3, 16 561 240 2.3 675 319
NWP4, DWP7 3¢ 585 192 3.0 673 41.0
25 557 199 2.8 666 48.3
HWP5 16 545 230 2.4 655 31.7
20 541 194 2.8 654 26.7
25 548 235 2.3 658 21.6
HWP6 16 531 231 2.3 641 33.2
20 560 190 2.9 675 22.0
25 574 237 2.4 687 19.2

2.5. Instrumentation

Three 1000 kN load cells were used to measure the hydraulic jack force and the reactions

at the two bearing points.

Strain gauges (120 Q resistance and 2 mm measuring length) were placed on some steel

reinforcing bars surface to measure strains. As shown in Fig. 43, three pairs of strain gauges

(G1 to G6) were placed at three different cross-sections upon tension longitudinal

reinforcement (Sections A, B and C). Below the central point load, a pair of strain gauges

was placed on compression longitudinal reinforcement (G7 and G8). Pairs of strain gauges

were glued in the middle of the two legs of four stirrups (stirrups w1l to w4 in Fig. 4a) of the

principal span (five stirrups for beams type A) (gauges G9 to G16 in Fig. 4a).

14
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Fig. 4. Instrumentation of a type B2 beam for the shear test: (a) strain gauges; (b) LVDTs (dimensions in mm).

3 On the concrete surface of beams type B, two strain gauges (120 () resistance and 60 mm
4  measuring length), separated from one another by 100 mm, were placed at Sections A and

5 BinFig. 4a (gauges C1 to C4 in Fig. 4a).

6  While testing, linear variable displacement transformers (LVDTs) were used. They took
7  continuous measurements of displacements on concrete surfaces. As shown in Fig. 4b, four
8  LVDTs were placed horizontally to measure the slip at the interface in the composite beams
9  (H1 to H4). Five LVDTs (V1 to V5) measured vertical displacements at the supports and at
10  Sections A, B and C. Two more vertical LVDTs, O1 and 02, were connected to the top and

11  bottom of beams to detect the beginning of cracking at either the interface or the web.

12 Two digital cameras took pictures during testing at a rate of 0.5 Hz and a high-speed camera

13 recorded brittle failures.

14  In the two beams of series DW, concrete’s shrinkage was monitored for 4 months starting
15  from day 2 after beam’s concrete pouring. As shown in Fig. 5, five strain gauges glued to the
16  steel surface (G1, G6, G7, G9 and G13 in Fig. 5a), and one strain gauge glued to the concrete

17  lateral surface (C5 in Fig. 5b), were connected to a data acquisition system to take

15



1  continuous strain measurements during the shrinkage test. A 3x3 discs mesh was placed on
2 the concrete lateral surface (Fig. 5b) to measure deformations twice weekly by a
3  demountable mechanical strain gauge (DEMEC). Two horizontal LVDTs were placed at the
4  beam’s ends to take continuous beam length shortening measurements (H1 and H2 in Fig.
5  5b).Athermocouple glued to the steel surface (T in Fig. 5a) measured internal temperature,
6  while a digital thermo-hygrometer recorded the ambient temperature and humidity
7  throughout the shrinkage test. Additionally, two control concrete cubes (100x100x100
8  mm),like thatrepresented in Fig. 5c, were fabricated with the beam’s concrete of series DW.
9  Free shrinkage was measured by placing two strain gauges on the surface of each cube, and
10  two 2x2 discs meshes for the DEMEC measurements. The shrinkage test lasted 112 days.
@ | A © 6
6o 1= 2
N HOE
L  Tee  keats | a1 |hao /J ' /@9
| —\ . o
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Fig. 5. Instrumentation of a DW beam for the shrinkage test: (a) internal instrumentation, (b) external
instrumentation; (c) concrete cube instrumentation (dimensions in mm).

2.6. Test setup and procedure

A steel-loading frame was used to perform shear tests (Fig. 6a). The vertical load was
applied by means of a 1200 kN hydraulic jack with displacement control (0.02 mm/s). The
hydraulic actuator load was divided into two point loads by means of a steel frame with a
joint to keep the load vertical (Fig. 6b). Load was transmitted to beams through two steel

plates (200x200x30 mm). Beams were laid on two bearing points. As shown in Fig. 6¢, they

16
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were made of a steel plate (250 mm width), a steel balls bed to eliminate the horizontal

reaction and a joint to allow rotations on the plane of the steel-loading frame.

1. Hydraulic jack 3. Joint 5. Steel plate
2. Load cell 4. Steel frame 6. Balls bed

Fig. 6. Shear test experimental setup: (a) global view; (b) loading system; (c) bearing points system.

3. Test results and Discussion

3.1. Shear-deflection relation

Fig. 7 shows the relation between the shear force at the principal span Vand the deflection
below the point load closest to that span (LVDT V4 in Fig. 4b) of all test specimens, except
beam HWP6A1, due to failure during the test process. The maximum shear force reached
during tests (Vey,) and the shear force correspondent to the first diagonal crack appearing
(Viiagerack) are highlighted on curves. The Viugeas value was obtained from the
instrumentation results as the shear force for which significant strains were recorded for
the first time in one of the instrumented stirrups (Fig. 4a) or large displacements in LVDTs

01 or 02 (see Fig. 4b), and by verifying the results with the test pictures.
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Fig. 7. Shear-defiection relation of test specimens: (a) sections type A1, (b) sections type B1; (c) sections type
B2 from series NW and HW; (d) sections type B2 from series DW (specimen HWP6A1 not included: test
process failure).

3.2. Shear strength

The vertical shear strength value of the test specimens ( Vey,) is shown in Table 2. This table

also indicates the interface shear stress concurrent with Ve, (Tnex), calculated as

Vexp/(0.9bd), as indicated in EC2 [12] and used by previous authors [11], based on

equilibrium conditions, for the composite specimens of this experimental programme.

3.3. Crack pattern observations

The principal span crack patterns of all the beams in this experimental programme are

shown in Fig. 8. The existent cracks when maximum shear V.., was reached are represented,

as are the cracks that occasionally appeared immediately after Ve, with a sudden load drop

(e.g. see specimen HWP6B1 in Fig. 7), and the cracks observed at the end of tests.
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Fig. 8. Crack patterns of the test specimens in different test stages.

3 In the first load stages, all the specimens showed similar cracking propagation. The first

4  observed cracks were bending cracks. These cracks appeared in the region of almost pure

5 bending and extended vertically up to the beam’s neutral axis (cracks observed in the area

6  below the pointload in Fig. 8), exactly as early research observed [35]. With increasing load,

7  more bending cracks appeared along beams’ principal span. The cracks in the zone below

8  theload remained vertical, while the shear span cracks curved towards the point load after

9  surpassing the tension longitudinal reinforcement level.
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At a shear force between 36 and 57% of maximum shear, a diagonal crack opened during
tests (see Viiagcrack at Fig. 7). This opening was detected in the measurements of one of the
vertical LVDTs (01 or 02 in Fig. 4b). Consequently, the strain gauges located on the stirrups
showed that the stirrup crossed by this crack underwent increased strain at that instant. As
load increased, new diagonal cracks appeared on the principal span and an increase in the

strain of the correspondent stirrup crossed by them took place.

When the diagonal cracks of the principal span exceeded the neutral axis depth, they
became flatter on a second branch. After this load stage, major differences in beams’ crack

patterns were observed according to whether they were monolithic or composite.

3.3.1. Rectangular monolithic beams

In the rectangular monolithic beams (sections type A1l and B1), a variation in the inclination
of diagonal cracks was observed on this second branch when they penetrated the
compression chord (see Fig. 8). These diagonal cracks continued propagating through the
compression chord in the point load direction and through the tension chord in the
direction of the support as longitudinal cracks at the tension longitudinal reinforcement

level until maximum shear force V.., was reached.

After Ve, a progressive load drop occurred during which the critical shear crack
propagated towards the load plate (see NWP2A1 in Fig. 8). In some cases, the formation of
a longitudinal crack at the compression longitudinal reinforcement level or splitting of the
concrete cover along the compression longitudinal reinforcement was even observed (see
NWP2B1 and NWP4A1 in Fig. 8). Diagonal cracks progressed further towards the support

by means of cracks at the tension longitudinal reinforcement level.

3.3.2. Rectangular composite beams

In most of the tested beams with section type B2, while the inclination of the first branch of
diagonal cracks was similar to that of the monolithic beams, the second branch of cracks

took a horizontal direction, which was coincident with the interface between concretes. As
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seen in Fig. 8, the second branches of the diagonal cracks spread until they connect to one
another along the shear span. Specimens NWP1B2, NWP2B2, NWP3B2, HWP6B2, DWP7B2a
and DWP7B2b displayed this behaviour. Vertical cracks at the top of the slab were observed
above the point at which the diagonal cracks closest to the support reached the interface
(e.g., see NWP3B2 in Fig. 8). The rest of the slab remained practically intact when beams
reached V.., Immediately after V., some specimens showed a small load drop in relation
to a diagonal crack forming on the slab from the initial part of the interface crack closest to
the support in the point load direction (see the shear-deflection relation of specimens
NWP1B2, NWP2B2, HWP6B2 and DWP7B2b in Fig. 7 and their respective cracking patterns
in Fig. 8). Other specimens displayed very ductile behaviour, with a very progressive load
decrease, and without the formation of such a diagonal crack on the slab (see specimens

NWP3B2 and DWP7B2a in Fig. 7 and their cracking patterns in Fig. 8).

In the other tested composite specimens, the influence of the interface between concretes
on the trajectory of the diagonal cracks was less noticeable. Particularly in specimen
HWP5B2, the drift of the diagonal cracks along the interface was limited and the connexion
between the diagonal cracks at the interface did not take place at V., (see Fig. 8). After Vep,
some cracks on the slab appeared in specimen HWP5B2 during a gradual load decrease (see
Fig. 7 and Fig. 8). Specimen NWP4B2 showed a similar crack pattern to that of the
monolithic beams at both V., and the end of test. The critical shear crack did not change

direction when it crossed the interface between concretes.

The horizontal splitting of the concrete cover along the tension longitudinal reinforcement

was generally observed in all specimens.

3.4. Instrumentation results

Table 4 shows the main results obtained at V., from the strain gauges placed on the test
specimens (see Fig. 4a). The stirrup stress at mid-length is shown for the instrumented

stirrups of the principal span as o;u; where 7is the number of stirrup (stirrups w1l to w4 in
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Fig. 4a), calculated as the average of the strains measured by the two strain gauges located
at each stirrup multiplied by the material’s modulus of elasticity. The result was limited to
the steel yield strength. Note that in the specimens with section type A1, with more stirrups
on the principal span, the result for the stirrup w5 is also shown, which corresponds to the
stirrup closest to the load plate. The average strains measured by the two pairs of strain
gauges located on the concrete’s surface in Sections A and B of Fig. 4a are also shown
respectively as &;s4 and &;sz. Finally, the average of the strains measured by the two strain
gauges located at the tension longitudinal reinforcement below the point load (gauges G5

and G6 in Section C in Fig. 4a) is also shown in Table 4 as &;,.

Table 4. Main results obtained from the instrumentation measurements at Vexp (specimen HWP6A1 not
included: test process failure) (positive sign for compression).

Specimen Oswi®  OswAD)  OswsD  OswdD  oswsD  Egosa EcSB Esl
(MPa) (MPa) (MPa) (MPa) (MPa) (%o) (%0) (%0)
NWP1B2 -534 -534 -534 ) - - - -2.39
NWP2A1 -534 -534 -534 -534 -532 - - -2.23
NWP2B1 -538 -538 -538 -511 - -0.03 0.75 -1.85
NWP2B2 -502 -517 -451 -227 - -4.06 1.40 -2.34
NWP3A1 -534 -534 -534 -534 -276 - - -1.83
NWP3B1 -538 -538 -538 -367 - 0.04 0.68 -1.89
NWP3B2 -538 -538 -538 -99 - -0.15 1.63 -2.19
NWP4A1 3 -534 -534 -534 -354 - - -1.62
NWP4B1 -538 -538 -474 -168 - 0.36 1.43 -2.12
NWP4B2 -538 -538 -538 -359 - -0.10 0.96 -2.21
HWP5A1 -534 -534 -534 -534 -365 - - -2.15
HWP5B1 -538 -538 -538 -538 - -0.10 0.86 -2.53
HWP5B2 -538 -538 -538 -422 - 0.20 1.78 -2.03
HWP6B1 -538 -538 -538 -297 - 0.00 1.62 -2.14
HWP6B2 -538 -538 -538 -402 - 0.20 1.53 -2.11
DWP7B2a -538 -532 -538 -54 - 0.16 1.11 -2.19
DWP7B2b -538 -538 -538 -112 - -0.18 1.10 -2.15

(D Stresses calculated values with the strains measured by the strain gauges and the
constitutive laws of the steel tested in laboratory.

(@ Non-instrumented stirrup in this test.

(3 The two strain gauges located on the stirrup failed.

Regarding the strain of the tension longitudinal reinforcement below the point load, it
should be noted that in all the tests &;;was lower than the strain correspondent to the steel
yield strength of the longitudinal reinforcement (approx. 2.8%o), which shows that

specimens were far from the bending failure at Ve,
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On the other hand, on the DW series beams, it was observed that the value of the
measurements taken by the instrumentation that controlled the beam’s concrete shrinkage
began to become asymptotic approximately 70 days after the shrinkage test started, which
indicated that shrinkage had stabilised. The value of this asymptote for the free shrinkage
measured by the gauges of the concrete control cubes (Fig. 5¢) was an average strain of
0.7%o. In the concrete strain gauges located at beams (C5 in Fig. 5b), the asymptote was
reached at an average strain of 0.2%o, and at an average strain of 0.1%o in the internal steel
gauges (Fig. 5a). The internal temperature of beams and ambient temperature were, on

average, 262C, and the average ambient humidity was 64%.

3.5. Effect of test parameters on shear strength

Fig. 9 shows the shear strengths of the test specimens, including a summary table of the
compressive strengths of the concretes used in both the beam and slab to facilitate finding
differences due to the various introduced test parameters: the cross-sectional depth, the
existence of an interface between concretes, the strength of the beam and slab’s concretes

and the differential shrinkage between concretes.

220 fop fos
200 | * ] (MPa) (MPa)

o BNWP1 33 32

~ 180 n A mNWP2 37 34

Z o e NWP3 32 37

=160 . ONWP4 39 33

Ny 140 L ® ® HWPS 43 22

HWP6 52 36

120 ADWP7B2a (29 37

100 ADWP7B2b |29 37

Al B1 B2

Cross section type

Fig. 9. Experimental shear strength of test specimens and summary of compressive concrete strengths
(specimen HWP6A1 not included: test process failure).

3.5.1. Cross-sectional depth
Regarding cross-sectional depth, the specimens with sections type A and B were compared

to analyse the slab’s contribution to shear strength. On average, the beams with sections
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type B1 and B2 had 26% and 24% higher shear strengths, respectively, than the A1 beams
from the same fabrication batch. So it could be deduced that the cast-in-place slab

contributed to resist shear.

When only analysing the NW series with concretes of similar compressive strengths in both
the beam and slab, the depth enlargement in beams B1 and B2 increased shear strength in
relation to the A1 beams at a similar percentage (20% and 25% on average, respectively).
However, the depth increase of section B in relation to section A was 33%. The lesser
increase in the shear strength of beams type B1 in relation to depth increase could only be
explained by the size effect because the other parameters were identical. Therefore, as the
increase in shear strength of the B2 beams was similar to that of the B1 beams, it was
deduced that this lesser increase in the B2 beams’ shear strength could also be due to the

size effect, and not to an interface existing between concretes.

Furthermore, the relation between beam height increase and shear strength increase of NW
specimens can be explained with coefficient k& of equation 6.2 of EC2 [12], which accounts
for size effect. The relation between depth increase and shear strength increase was, on
average, 1.108 for the B1 specimens and 1.064 for the B2 specimens, what came close to the

relation between the & coefficients for A beams and B beams, which is 1.067.

In the beams with different compressive strength concretes at both the beam and slab (HW
series), it was not appropriate to draw conclusions because of, on the one hand, the
insufficient results obtained in the absence of the V., value of specimen HWP6A1 and, on
the other hand, the apparent dispersion shown by the series HWP5 specimens as specimen
HWP5A1 and specimen HWP5B1 acquired a lower and a higher shear strength than

expected, respectively, in view of the compressive strengths of their concretes.

3.5.2. Existence of an interface between concretes
The existence of an interface between concretes affected specimens’ crack pattern, as

indicated in Section 3.3, causing in some cases cracks to develop along the interface. The
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degree of cracking at the interface was a phenomenon that showed some dispersion, what
could be seen comparing the two composite specimens of series DW, which were
manufactured under equal conditions but presented somewhat different cracking (see Fig.
8). This finding proved the dispersion that concrete elements subjected to tangential
stresses (interface shear stresses in this case) display. However, certain variables that could
influence the degree of interface cracking of the specimens in this experimental programme
were found to exist. Regarding the specimens with reduced differential shrinkage between
concretes (series NW and HW), greater or lesser interface cracking could have been related
to the beam’s concrete workability during casting (see the slump measurements in Table 2)
and concrete’s setting time (which depended on the water-cement ratio, being the setting
faster in the concretes with a lower water-cement ratio). Thus we observed in the concretes
with a higher degree of workability and a higher water-cement ratio that the interface with
the "as-cast” roughness was smoother, which facilitated interface cracking during tests
versus the concretes with a lower degree of workability and a lower water-cement ratio,
whose interface was rougher. In the DW series beams, the previous variables could affect
interface cracking, but mainly the shrinkage stresses generated at the interface when there
is a difference in the shrinkage of the beam and slab’s concretes [36] could be the cause of

the extended interface cracking in both test specimens.

When comparing the shear strengths of the specimens from the same fabrication batch with
section types B1 and B2 to analyse the influence of an existing interface, two behaviours
were distinguished: that of series NW and that of series HW. In the NW series specimens,
and regardless of the interface cracking type of specimens B2 (extended interface cracking
or cracking like a monolithic beam), the maximum shear was similar in beam B1 and beam
B2 from the same fabrication batch (see Fig. 9). Only in the NWP4 series did a major
difference appear between the specimens with sections B1 and B2. However, this difference
was attributed to the fact that the strength of specimen NWP4B1 was lower than expected.

It was deduced for the composite specimens in this experimental programme that for equal
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concrete compressive strengths in both the beam and slab, the existence of an interface did
not significantly influence the specimen’s shear strength compared to the same specimen
made with one concrete. Regarding the HW series specimens with different concrete
compressive strengths in both the beam and slab, the specimens with section type B2
showed lower shear strength than the B1 specimens (Fig. 9). In both HWP5 and HWP6, the
crack pattern of the beams type B2 at V.., was scarcely affected by an interface existing
between concretes (see Fig. 8). Consequently, it was deduced that the lower shear strength
of the B2 specimens was due mainly to the existence of a lower compressive strength

concrete at the slab.

3.5.3. Strengths of the beam and slab’s concretes

When comparing series NW to series HW, the higher concrete strength of the HW series in
the specimens with section type B1 provided higher shear strength, which was around 16%
higher (see specimens B1 in Fig. 9). In the composite beams, no appreciable differences
were observed in the Ve, of the series HW and NW beams, what could be due to the fact that
specimens’ shear strength depended mainly on the compressive strength of the slab’s
concrete which, in all the specimens of both series NW and HW, had a similar compressive
strength (normal-strength concrete, as shown in Table 1). Only specimen NWP1B2 had a
much higher Ve, than the average value recorded for the other composite specimens,
despite showing greater interface cracking than other specimens (see Fig. 8) and a lower
compressive strength of the slab’s concrete than the other specimens did (see Fig. 9). Once

again, this demonstrated the scattering that can be found in shear.

3.5.4. Differential shrinkage between concretes
The shear strengths of the series NW specimens were compared to those of the series DW
specimens. The major differential shrinkage that took place between the beam and slab

concretes had no significant influence on the shear strength of the composite specimens as
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similar shear strengths to those of the specimens with reduced differential shrinkage were

obtained (see Fig. 9).

4. Shear strength mechanism

4.1. Failure mode description

Until the time the first diagonal crack appeared, all the monolithic and composite specimens
showed the same shear strength mechanism as that observed in the reinforced concrete
beams with the same characteristics as those of this programme, and without web
reinforcement [26], as previously described by several authors [37,38]. Until the first
diagonal crack formed, shear was resisted by the combined action of the following shear
transfer actions: cantilever action, dowel action, aggregate interlock, residual tensile
strength of concrete, and the arching action or inclination of the compression strut above

cracks.

Whereas diagonal crack (critical shear crack) development entailed a maximum shear
strength of the element in the beams with no transverse reinforcement, the existence of
transverse reinforcement allowed it to absorb the tension forces that were generated in
concrete, and to vertically confine the compression chord and limit crack width to, thus,
contribute to increase the shear strength of the beam’s web. This allowed specimens to
achieve higher shear strengths. Thus as new diagonal cracks developed from existing
bending cracks, beams' stirrups were activated; that is, their strain significantly increased

when they were crossed by a diagonal crack, as indicated in Section 3.3.

In monolithic specimens and in those composite specimens with quasimonolithic behaviour
(NWP4B2 and HWP5B2), in which the existence of the interface did not significantly modify
the crack pattern, it was observed that, as load increased, damage concentrated on one of
the diagonal cracks, the critical shear crack (see Fig. 8). As load increased, crack opening

also increased and, thus, the aggregate interlock, cantilever action and the residual tensile

27



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

strength of concrete decreased, and the strength of other mechanisms increased, such as
transverse reinforcement action, the dowel action of longitudinal reinforcement or arching
action, until a maximum shear strength was reached (V.y,). Afterwards, failure occurred
with sudden crack extension towards the loading point due to a shear failure of the

compression chord.

However, in the remaining composite beams of this experimental programme (NWP1B2,
NWP2B2, NWP3B2, HWP6B2, DWP7B2a, DWP7B2b), diagonal cracks developed along the
interface and clearly separated the lower beam, or precast beam, from the top slab, which
delayed the penetration of diagonal cracks into the compression chord. Fig. 8 shows that at
Vex» the diagonal cracks of the indicated specimens did not penetrate the top slab, so it
remained intact. Thus in the precast beam, with many diagonal cracks, the main shear
strength mechanisms were web reinforcement, the dowel action of longitudinal
reinforcement and the aggregate interlock. Interface cracking development cancelled
mechanisms like cantilever action between cracks. The slab could behave as a compressed
element that transmitted shear like an element with no shear reinforcements. The
connection between both elements (precast beam and slab) took place through the
activation of other shear strength mechanisms: the dowel action of transverse
reinforcement when it was crossed by the interface crack or the aggregate interlock in the
interface crack. After V., sudden failure in some specimens occurred due to the formation
of a diagonal crack that crossed the slab (see specimens NWP1B2, NWP2B2, HWP6B2 and
DWP7B2b in Fig. 8), which denoted the shear failure of the compression chord, while others
displayed more ductile failure due to the slab’s bending failure (see specimens NWP3B2 and

DWP7B2a in Fig. 8).

4.2. Proposed shear strength mechanical model for the composite beams

Based on the failure mode observations, a mechanical model for assessing the shear

strengths of the composite specimens of this experimental programme is proposed. The
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model for calculating the shear strength of the composite specimens with interface cracking
is first described. After that, the experimental evidence that support the proposed model
are presented. Finally, the application of the proposed model to the composite specimens of
the experimental programme when the extension of the interface crack is unknown is

described.

It should be noted that the proposed model was developed for its use in the shear strength
assessment of this experimental programme’s composite specimens, providing a better
understanding of the shear strength mechanism developed by this type of elements that
could be used as a reference for the future development of a method to assess composite
beams’ shear strength. To extend the scope of application of this mechanical model, further

experimental tests are needed.

4.2.1. Proposed shear strength model for the composite beams with interface
cracking of the experimental programme

Fig. 10a depicts a simplified representation of the observed shear strength mechanism by
means of a strut-and-tie model for the specimen NWP3B2 test, which is an example of a test
with more extended interface cracking. Fig. 10a represents the two shear transmission
paths that were observed in the composite beams with interface cracking; one through the

precast beam and another one through the cast-in-place slab.

The shear strength mechanism of the precast beam is explained by means of a strut-and-tie
model composed of two superimposed trusses. In this model, the struts represent the
compressive stresses carried by the beam’s web and the aggregate interlock in the shear
cracks. The finite-dimensional nodes at the level of the tension longitudinal reinforcement
(see Fig. 10a) represent the dowel action of this reinforcement. The shear strength of the
cast-in-place slab is modelled with a simple truss strut-and-tie model without shear
reinforcement. Both triangulated bar structures are connected to one another by finite-

dimensional nodes at the interface. There are mainly two considered horizontal forces that
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act at these nodes: the dowel action of transverse reinforcement in the interface crack and
the force resulting from the aggregate interlock in the interface crack (Fig. 10b). The vertical
forces that converge in nodes are considered self-balanced in each part independently
(precast beam on one side and slab on the other) so that the transmission of vertical forces

between the beam and slab is neglected in this model.
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Fig. 10. Proposed strut-and-tie model of the shear strength mechanism developed by specimen NWP3BZ2: (a)
precast beam and cast-in-place slab models; (b) forces at the finite-dimensional nodes of the interface crack.

In the composite beams of this experimental programme with an extended interface
cracking (NWP1B2, NWP2B2, NWP3B2, HWP6B2, DWP7B2a, DWP7B2b), three different
variants of the strut-and-tie model represented in Fig. 10 were observed which depend on
the extension of the interface crack along the principal span. The calculation procedure of
the shear strength of the specimens with those variants consists on obtaining separately the
component of the total shear at the principal span that is resisted by the precast beam (V)
and the component of the total shear transmitted by the slab (V;). Two possible failure
modes were observed at the slab: bending failure (V;zr) or shear failure (Vssr). Thus, the
shear strength of the composite element estimated with the proposed model (Vyreq) is

calculated as:
Vpred = Vpb + V= b T min{Vs,BF: Vs,SF} €Y

The proposed formulation for the calculation of those shear components is explained in

Annex B.
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The results of calculating the shear strength of the precast beam and the slab by means of

the proposed calculation methodology are shown in Table 5.

Table 5. Main results of the proposed shear strength model for the composite specimens of the experimental
programme with extended interface cracking.

Specimen  Vpp Vsgr Vssk Vprea  Vexp/
(kN) (kN) (KN) (kN)  Vpred

NWP1B2 1074 125.1 62.6 170.0 1.21
NWP2B2 1082 751 70.1 1783 1.04
NWP3B2 1082 52.6 72.7 160.8 1.05
HWP6B2 116.6 133.8 69.0 185.6 1.00
DWP7B2a 1082 52.6 724 160.8 1.04
DWP7B2b 108.2 751 749 183.1 0.98

The proposed model for the precast beam provided a similar I}, result for all the studied

specimens (Table 5). The obtained difference lay in the yield strength of stirrups’ steel.

In specimens NWP1B2, NWP2B2, HWP6B2 and DWP7B2b, the lowest shear strength
calculated in the slab was obtained from the shear failure criterion ( V7). Hence according
to the proposed model, these specimens accomplished their shear strength after exceeding
the slab’s ultimate shear. On the contrary, specimens NWP3B2 and DWP7B2a had a lower
slab shear strength when it was obtained from the bending failure criterion (V;sr), which
indicated that their shear strength was given by the yielding of the slab’s longitudinal

reinforcement prior to the slab’s shear failure.

Despite adapting the model to the crack pattern of specimen NWP1B2, the model showed a
very safe approximation to the actual value (Vexy/ Vorea = 1.21), which could be due to the
anomalous result of this specimen, which presented overstrength compared to the other
specimens with section type B2 (see Section 3.4). Even so, the described model offered a
good approximation to the experimental results, with a mean Vey,/ Vprea value of 1.05 and a

7.06% coefficient of variation for the six analysed specimens.
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4.2.2. Experimental evidence for the proposed model
There are several experimental results that support the adequacy of the proposed model to
the shear strength behaviour shown by the composite specimens with extended interface

cracking.

The stress reached by the stirrups of the principal span at Ve, at their mid-length was yield
strength, or it came close to it in most cases (see Table 4). In general, stirrup w4 (Fig. 4a)
had a lower stress, which could be because it was not crossed by a diagonal crack near the
strain gauge location, and also because it was located close to the point load area. However,
it is considered acceptable for the model to adopt the simplification of this stirrup also

achieving its yield strength because this assumption does not significantly affect the result.

Regarding the cast-in-place slab model, the strain gauges located on the concrete surface on
top of the slab in Sections A and B (Fig. 4a) of the composite specimens with extended
interface cracking measured strains consistently with the tensile or compressive forces
considered in the model. In Section B, strain gauges showed compression throughout the
test (&:sz in Table 4). However in Section A, gauges measured compression strains in the
first test stages, but then changed towards tension strains. At V., the strains measured in
Section A (&;s4 in Table 4) were mainly negative (tension). The model represented in Fig.
10 illustrates this change from the compression strains near Section B to the tension strains

near Section A in the upper slab part.

Regarding the cast-in-place slab failure type, in the specimens in which the proposed model
indicated shear failure (NWP1B2, NWP2B2, HWP6B2, DWP7B2b), a diagonal crack that
crossed the slab in the direction to the point load appeared immediately after Ve, (see Fig.
8). That diagonal crack did not show any signs of starting from the bending cracks in the
slab but originated from within the slab (see the crack located between nodes 4 and 15 of
the slab in Fig. B.1b). This justifies using Kupfer failure criterion [39] described herein in

Annex B to calculate the shear strength of the slab failing in shear V;sz In these specimens,
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the appearance of this diagonal crack took place along with a marked drop in shear, as
observed on the shear-deflection relation curves (Fig. 7), typical of brittle shear failures.
The specimens in which the proposed model indicated a bending failure of the slab
(NWP3B2 and DWP7B2a) showed a very gradual decrease in shear after Ve, typical of

ductile failures due to bending.

4.2.3. General application of the proposed model to the composite specimens

As observed in the formulation of the proposed model, the use of one strut-and-tie model
or another of the depicted in Fig. B.1, depends on how far the interface crack extends along
the principal span. This is difficult to know prior to testing, during the design or in strength

assessment phases.

The model proposed for specimens NWP3B2 and DWP7B2a (Variant A in Fig. B.1), in which
the interface crack length is maximum because it covers the entire principal span, provided
the lowest Vs values, which were achieved by the yielding of the slab’s longitudinal

reinforcement.

If the crack length at the interface is not known, adopting the Variant A of the proposed
model (see Annex B) to calculate the shear strength of the composite specimens will give a
result on the safety side, which will be a lower bound of the shear strength that these
specimens can develop. This model is also the simplest of the three proposed variants since
the slab’s shear strength is given by the yielding of the slab’s longitudinal reinforcement, so
it does not require doing iterative calculations. Only the formulas of Table B.1 for Variant A

and the equation B.1 would be used.

Section 5 analyses the extent to which the proposed model was on the safety side for the
composite specimens in this experimental programme by assuming that the interface crack

length was maximum in them all.
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5. Comparison of test results with existing code provisions and

the proposed model

5.1. Vertical shear strength

In order to assess the vertical shear strength of the test specimens, the formulations of the
following current design codes for the elements with shear reinforcement were used: EC2
[12], MC-10 [13] at its three approximation levels, and the two formulations of ACI 318-19
[10] (named (a) and (b) in Section 22.5.5.1). The composite specimens were also assessed
with the proposed model as herein indicated in Section 4.4; that is, considering that the
interface crack extended along the entire principal span in all specimens. With all the
formulations, the tested average values of the materials were used. The partial safety factors

for concrete ().) and steel material properties (ys) were 1.0.

Table 6 shows the mean value and the coefficient of variation (CV) of the Ve,/Vjreqratio for
each set of specimens assessed by the different formulations. These statistical indicators
were used to analyse the studied sample, bearing in mind that the number of elements in
the sample should have been higher for these indicators to take a significant value. To
analyse the accuracy of the formulations in predicting shear strength, the 17 experimental
programme specimens (excluding HWP6A1 due to test process failure) were grouped into
three sets: nine monolithic specimens; six composite specimens with concretes of similar
compressive strengths in both the beam and slab (series NW and DW); two composite
specimens with different compressive strength concretes in both the beam and slab (series
HW). In the composite specimens, shear strength was calculated by different methods
considering that: only the precast beam resisted shear, for which the effective beam depth
(dy) and the compressive strength of the beam’s concrete (£,5) were used; and the entire
composite beam resisted shear, for which the used parameters were the composite beam’s

effective depth (d.) and the beam’s concrete strength (£5), the slab’s concrete strength (/)
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1  orthe weighted average of the concrete strengths of both the beam and slab estimated from
2 thearearatio (£ w). For the composite specimens of series NW and DW, Table 6 shows only
3 the value calculated with £, because it hardly differed from the values calculated with £
4  or fsas these specimens were made by concretes with similar compressive strengths. No
5  formulation for any specimen offered unsafe results.
6 Table 6. Statistical indicators of the Vexp/Vpred ratio for the test specimens (specimen HWP6A1 not included: test
7  process failure).
Specimens No. of Method EC2 MC-10 LI MC-10 LI MC-10LIII ACI318-19 ACI318-19 Proposed
specimens (@) (b) model
Mean CV Mean CV Mean CV  Mean CV  Mean CV Mean CV Mean CV
(%) (%) (%) (%) (%) (%) (%)
Monolithic 9 dn fcp 117 813 168 813 146 785 1.18 6.88 141 7.05 120 693
Composite dp focp 146 2023 210 2023 2.02 789 1.67 722 181 1899 147 1635 -
(NW, DW) do fowa 113 742 163 742 144 791 119 762 140 692 120 688 114 7.84
Composite 2 dp fcp 157 406 226 406 197 4.06 155 255 181 155 143 1.00 - -
(HW) d; fcp 110 4.06 159 4.06 140 4.06 1.10 258 127 155 1.07 114 112 381
ds fcs 1.10 4.06 159 4.06 140 4.06 119 052 142 086 123 178 1.12 381
ds; fewa 110 406 159 4.06 140 4.06 1.12 231 130 111 110 0.62 112 381
8  Inthe monolithic specimens, EC2 gave the closest approximation to the actual strength, with
9  adequate scattering (see Table 6). Its formulation was also easy to apply. The LI and LII of
10  MC-10 offered very safe results. Nonetheless, MC-10 LIII gave a good approximation, which
11  came close to that of EC2, but its application could prove more difficult given its iterative
12 formulation. ACI 318-19 (a) gave a safe result, while (b) gave a more accurate value, like
13  those of EC2 and MC-10 LIII, and was still easy to calculate.
14  InSection 10.9.3(8), EC2 offers the possibility of designing precast elements with a concrete
15  topping as composite elements, but it does not indicate how. With the results in Table 6, and
16  as expected, the result obtained when considering only the precast beam (dy) laid very
17  much on the safety side in all the composite specimens. However, when the composite beam
18  depth (d,) was considered, a result closer to the actual one was obtained with very little
19  dispersion, and in both the specimens with the same concretes (mean value of 1.13) and
20  different concretes (1.10). Note that the EC2 formulation did not depend on the
21  compressive strength of the concrete for the specimens in this experimental programme.
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As MC-10 does not mention the shear treatment that the composite elements must receive,
its shear formulation for assessing monolithic elements’ shear strength was used to predict
the shear strength of the composite specimens in this experimental programme, and its
accuracy was analysed. Firstly, a very safe result was observed if only the precast beam (d})
was considered. If the entire composite beam'’s effective depth (d;) was contemplated, both
LI and LII, which do not depend on the concrete compressive strength, still gave very safe
results. LIII, which is a function of concrete compressive strength, gave an adequate result
for the specimens of series NW and DW (mean value of 1.19), similarly to that obtained for
the monolithic specimens (1.18). The most accurate result for the two specimens of series
HW, with a higher concrete compressive strength in the beam than in the slab, was obtained

when £, was used (1.10).

ACI 318-19 indicates in Section 22.5.4 that the composite specimens’ shear strength can be
calculated with the individual elements’ properties, which would be comparable to using
fowa [9,11], or the properties of the element that result in the most critical value; that is,
employing the lowest value of £, and £ Formulation (a) offered results that were very
much on the safety side compared to (b), and both were very simple to apply. In the beams
of series NW and DW, formulation (b) showed a good result (mean value of 1.20), although
it was less precise than that of EC2 (1.13). In the two specimens of series HW, £, gave a
very good mean value (1.10) with a very low CV (0.62%), while the use of the lower
compressive strength of either the beam or slab, which was that of the slab in this
experimental programme, gave a very safe result. As expected, the calculation done with £

gave a closer result to the actual one (1.07), but its use is not considered in ACI 318-19.

Finally, employing the model proposed in Section 4.4 of this paper for the composite
elements led to good precision, on the safety side and with low dispersion for both
specimens of similar concretes in the beam and the slab (mean value of 1.14) and for
different concretes (1.12). The obtained results were very similar to those of EC2 in both

cases (1.13 and 1.10, respectively) and to that of ACI 318-19 (b) for series HW (1.10). It
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should be noted from the proposed model that it is based on a composite beam mechanical
model that is supported by the experimental results, in which the component of the shear
resisted by the precast beam and the component resisted by the slab are calculated by
assuming that interface cracking occurs. Furthermore, the model does not depend on the
concrete compressive strength of both the beam and slab as the shear component resisted
by the beam depends on the yield strength of stirrups’ steel, while the shear component
resisted by the slab depends on the yield strength of the steel of the slab’s longitudinal

reinforcement.

5.2. Interface shear

Table 7 offers the mean value and the coefficient of variation (CV) of the relation between
the experimental interface shear stress 7;ex concurrent with Ve, (see Table 2), calculated
as explained in Section 3.2, and the predicted interface shear stress by design codes s preq
for the composite specimens. The formulations of the following design codes for shear at
the interface between the concretes in the elements with reinforcement crossing the
interface were used: EC2 [12], MC-10 [13] and ACI 318-19 [10]. The coefficients indicated
in each code for smooth interfaces (free surface not intentionally roughened, left without
further treatment after vibration) were considered. The materials’ tested average values
were employed with all the formulations. Partial safety factors y.and ys were 1.0. All the

codes used gave safe results for all the specimens.

Table 7. Statistical indicators of the Thexp/Tnprea ratio for the eight composite specimens in the experimental
programme.

Code EC2 MC-10 ACI 318-19
Mean 2.97 4.97 6.11
CV (%) 5.84 5.88 6.67

All the codes presented very conservative results for the interface shear of the specimens in
this programme, whose 7.y, represented a lower bound of the specimen's interface shear,
calculated for the maximum experimental vertical shear strength V., as specimens did not

fail in interface shear. The EC2 formulation, based on the Mohr-Coulomb failure criterion,
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was that which most closely approximated the experimental result, which almost tripled
Thpred (Se€ Table 7). The MC-10 formulation, which is very similar to that of EC2, gave a safer
result with a similar CV. In both cases, the term of the formula that considers the existence
of compressive stress resulting from an eventual normal force acting on the interface,
multiplied by a friction coefficient, was neglected, which is usual in designs, given the
difficulty to quantify this stress in such elements. If it had been considered, a higher 7 preq
would have been obtained. For ACI 318-19, the formulation limits interface shear to 0.55
MPa when the interface is not intentionally roughened, regardless of the existence or

nonexistence of reinforcement crossing the interface. Hence a very safe result was obtained.

6. Summary and Conclusions

The objective of this paper was to analyse the shear strength mechanism of composite
reinforced concrete beams with web reinforcement. To do so, 18 specimens of rectangular
cross-section were experimentally tested, in which the following parameters that influence
shear strength varied: the cross-sectional depth, the existence of an interface between
concretes, the strengths of both the beam and slab's concretes and differential shrinkage
between concretes. A mechanical model was proposed to assess the shear strength of the
composite elements in the experimental programme based on the experimental
observations. Finally, the formulations to calculate the vertical and interface shear strengths

of different current design codes were verified. The main conclusions were as follows:

1. Placing a cast-in-place slab on top of the precast beam increased the element’s shear
strength. The shear strength of the composite beam made with concretes of similar
compressive strengths in both the precast beam and cast-in-place slab was higher than
the shear strength of only the precast beam, and was similar to the shear strength of a
monolithic beam with the same depth as the composite beam, made of concrete whose

compressive strength was similar to that of the composite beam.
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In general, the existence of an interface between concretes modified the crack pattern
of the composite beams versus that of monolithic beams by forcing diagonal cracks to
develop along the interface.

In the composite beams with a similar concrete compressive strength in both the beam
and slab, the existence of an interface did not significantly modify the element’s shear
strength, regardless of the interface presenting more or less cracking, while the
composite beams with higher concrete compressive strength in the precast beam than
in the slab showed lower shear strengths than their homologous monolithic specimens
made with the same concrete as that of the precast beam. Consequently, the shear
strength of the composite beams analysed in this experimental programme depended
on the concrete compressive strength of the slab or the compression chord.

The major differential shrinkage between the concretes of both the beam and slab did
not significantly modify the shear strength of the composite beams in this experimental
programme in relation to that of those specimens with reduced differential shrinkage.
The experimental observations indicated that in the composite specimens with
extended interface cracking, shear was transmitted through two load paths: one part
through the precast beam and the other through the cast-in-place slab. Consequently,
the total shear resisted by the composite beam had two components: the shear resisted
by the precast beam and the shear resisted by the cast-in-place slab. The transmission
of horizontal forces between both load paths occurred through the interface crack due
to the aggregate interlock at the crack and the dowel action of the transverse
reinforcement crossing the crack.

The mechanical model proposed to assess the shear strength of the composite elements
in this experimental programme adapted to each specimen’s crack pattern. The shear
transmission through the precast beam was modelled using a double truss strut-and-tie
model in which the failure criterion was the yielding of stirrups. The shear transmission

through the cast-in-place slab was modelled by a simple truss strut-and-tie model
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without shear reinforcement in which two possible failures were considered: the slab’s
bending failure due to the yielding of the slab’s longitudinal reinforcement or the slab’s
shear failure when its concrete stresses reached the Kupfer’s failure surface. The models
adopted for each specimen in the experimental programme offered a very accurate
approximation of the actual shear strength with a low coefficient of variation.

If the interface crack extension is unknown, the mechanical model proposed to calculate
shear strength is that formulated for the composite beams showing the greatest
interface cracking, in which the slab’s failure is due to the yielding of the slab’s
longitudinal reinforcement, because it predicts a safe result for the element’s shear
strength. This model does not depend on the concrete compressive strength of both the
beam and slab.

While assessing the shear strength of the composite specimens with the different
current design formulations, considering that only the precast beam resists shear gave
a very safe resultin all cases. When the entire composite beam depth was used, the EC2
formulation [12], which does not depend on the concrete compressive strength in the
specimens in this experimental programme, gave very good results that were similar to
those obtained by applying the model herein proposed; approximation levels I and II of
MC-10 [13] provided very safe results, while level Il presented a better approximation,
especially when the compressive strength of the precast beam’s concrete was used to
assess the composite beams with different concretes. As for the two formulations of ACI
318-19 [10], formulation (a), which is simpler, was very much on the safety side in all
cases, while (b) gave very good results when the weighted average of the beam and
slab's concrete compressive strengths was used. The formulations for the interface

shear offered very safe results with employing the three codes.

This research work has increased the number of experimental tests on reinforced concrete
composite beams with transverse reinforcement and has contributed to the study of the

shear strength mechanism developed by such elements. It should be noted that the above
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conclusions were drawn for a limited number of specimens and that more tests should be
run to reach relevant conclusions. In order to delve into the analysis of the shear strength
mechanism and to improve the proposed model, tests should be done on elements with

different dimensions and cross-sectional shapes.
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Appendix A. Nomenclature

These Appendixes contain additional information that is not provided in the main body of

the paper for the sake of brevity.

a shear span

Ay area of the cross-section of the slab’s longitudinal reinforcement
Asw area of the cross-section of the two legs of a stirrup

b width of concrete section

c concrete cover

d effective depth

da’ depth of the slab’s longitudinal reinforcement

dp effective depth of the precast beam

d; effective depth of the entire composite beam

E: modulus of elasticity of concrete

Es modulus of elasticity of reinforcement

1;28 compressive strength of the concrete measured in cylinders at the age of 28 days
fop compressive strength of the beam’s concrete measured in cylinders
fos compressive strength of the slab’s concrete measured in cylinders
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F]—I,dow

Frexp

FH,int

F Hpred

=N

RN

A

N

T

Tw

|4

weighted average of the beam and slab’s concrete compressive strengths

measured in cylinders estimated from the area ratio

tensile strength of concrete

experimental horizontal force transferred across the interface crack by web

reinforcement

overall experimental horizontal force at the interface crack of composite

specimens

experimental horizontal force transferred across a stretch of the interface crack by

means of the aggregate interlock

overall predicted horizontal force at the interface crack of composite specimens

tensile strength of reinforcement

yield strength of reinforcement

overall member height

cast-in-place slab height

moment of inertia of section about the centroidal axis

number of legs of a stirrup

axial force in the slab

nominal diameter of a reinforcing bar

tension force of slab longitudinal reinforcement

tension force of web reinforcement

shear force

Viiagcrack sShear force corresponding to the first diagonal crack appearing

46



10

11

12

13

14

15

16

17

18

19

20

21

Vexp

Vpred

Vs

Vs‘, BF

Vssr

Ve

Vs

Ecsi

ES,]

&u

pi

Pw

oy, 02

0-5, wi

Ox

experimental shear strength

shear strength of the precast beam

predicted value of shear strength

shear strength of the slab

shear strength of the slab failing in bending

shear strength of the slab failing in shear

partial safety factor for concrete material properties

partial safety factor for steel material properties

crack sliding

strain on the concrete surface in section 7

strain of tension longitudinal reinforcement below the point load

reinforcement strain at maximum load

reinforcement strain at yield strength

inclination angle of the strut to the horizontal

reinforcement ratio of tension longitudinal reinforcement

reinforcement ratio of web reinforcement

principal stresses

stress at the mid-length of stirrup 7

normal stress in the longitudinal direction

normal stress in the transverse direction

tangential stress

47



10

11

12

13

Thexp experimental shear stress at the interface between concretes
Tupred  predicted value of the shear stress at the interface between concretes

w crack opening

Appendix B. Formulation of the proposed shear strength model for the
composite beams with interface cracking of this experimental

programme

Depending on the extension of the interface crack along the principal span, three different
variants of the presented model in Section 4.2 are distinguished. Due to the evident
similarity in the crack pattern, Variant A represents the behaviour of the specimens with
the more extended interface cracking (NWP3B2 and DWP7B2a), whose strut-and-tie model
is represented in Fig. B.1a. Variant B represents the behaviour of the specimens NWP2B2
and DWP7B2b (Fig. B.1b) and Variant C represents the shear strength mechanism of the

specimens NWP1B2 and HWP6B2 (Fig. B.1¢).
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(a) Variant A I KL-7 |

(c) Variant C I KL (

Fig. B.1. Proposed strut-and-tie models for the precast beam and the cast-in-place slab separately: (a) Variant
A (specimen NWP3BZ2); (b) Variant B (specimen NWP2BZ2); (c) Variant C (specimen NWP1BZ2).

B.1. Shear strength of the precast beam

Fig. B.1 shows the proposed strut-and-tie models for the precast beam and the slab,
represented as isolated. The shear strength mechanism of the precast beam is explained by
means of a strut-and-tie model composed of two superimposed trusses. Both precast beam

trusses converge at node 7 (see Fig. B.1a). The inclination angle & of the struts of both
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trusses is given by the effective depth of the precast beam (d, in Fig. B.1a) and twice the

stirrup spacing, except for the struts of both trusses that converge at the support.

Based on experimental observations, the shear that the precast beam can transmit is
considered to be limited by the yielding of stirrups’ steel. Thus, by using the equilibrium
equations and, as the failure criterion, that the tension in stirrups equals 7., = Asw-f;, where
Asw is the cross-sectional area of the two legs of a stirrup, V, is obtained (see Table B.1).
The horizontal forces that balance the nodes 7in Fig. B.1 (where i is the node identifier)
represent the dowel action of the transverse reinforcement at the interface and the
aggregate interlock at the interface. Thus, depending on the extension of the interface crack
some of these horizontal forces are eliminated. The formulas for calculating these forces for

each variant of the model are expressed in Table B.1.

Table B.1. Formulation for the obtaining of the shear strength of the precast beam and the horizontal forces at
the interface for the three variants of the proposed model.

Variant Vs Fuyi
A Vop = By; =2T, Fy; =T, -cotf;, wherei=2,3,4,5,6
B Fy; =T, - cotf;, where i=2,3,4
_ Tw(xs—7 + x6-7)
s =4
b
C Fy; =T, - cotf;, where i=2,3
F _ Tw(xX4—7+x5-7)
Hae ="
Notation:

X;-kis the horizontal distance between nodes jand kin Fig. B.1.

db is the effective depth of the precast beam.

;i is the angle formed by the strut that converges at node /with the
horizontal.

B.2. Shear strength of the cast-in-place slab

The strut-and-tie model that explains the behaviour of the slab receives the horizontal
forces Fy; calculated from the precast beam model, which have equal values and opposite
directions (Fig. B.1). The component of the total shear transmitted by the slab (V) is
represented in the strut-and-tie model by the vertical force at node 7 (5y,7). Given the small
slab depth and stirrups spacing, stirrups are not considered to contribute to resist shear, so
the slab behaves like an element without shear reinforcement. The vertical ties of the truss

represent the tension stresses resisted by concrete. The slab is assimilated to a beam with
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a positive bending moment on the left end (section of node 1 in Fig. B.1a) and a negative

bending moment on the right end (section of node 6 in Fig. B.1a).

Two possible failure mechanisms in the slab are considered: bending failure of the slab due
to yielding of the slab’s longitudinal reinforcement or shear failure of the slab. The
maximum Sy, that would be transmitted through each mechanism is calculated. The V; of

the model will be the lowest of the shear forces Sy, resisted by each mechanism.

B.2.1. Bending failure of the slab

The model represents the maximum tension force in the slab’s longitudinal reinforcement
at the slab’s right end section. The used failure criterion is, therefore, the force in the
horizontal tie ( 7}) represented on the end section (ties 16-17, 15-16 and 14-15 in Variant A
(Fig. B.1a), Variant B (Fig. B.1b) and Variant C (Fig. B.1c), respectively) is that which
corresponds to the yielding of steel (7; = Aq £, where Ay is the cross-section area of the
slab’s longitudinal reinforcement). Using the equilibrium equations in the slab’s model and
the failure criterion, force Sy;is calculated. When the bending failure of the slab is achieved,
force Sy;7is identified as V;zrand is calculated as:

_ (B Fu) (s —d) dp+ T (s —d) - (d.—d")

Voo (B.1)
BF X1—7 - dp — xXg_7+ (do — d")

where Kis the identifier of the node located at the right end of the slab: 6 in Variant A, 5 in
Variant B, 4 in Variant C; A is the slab’s depth (see Fig. B.1); d” is the depth of the slab’s
longitudinal reinforcement; d. is the composite beam’s effective depth; d is the precast
beam’s effective depth, and x;.«is the horizontal distance between nodes jand kof the slab’s

model. Forces F;are considered positive in the direction indicated in Fig. B.1.

B.2.2. Shear failure of the slab
The slab is considered to be subjected to a biaxial state of stresses. Failure occurs when

concrete principal stresses reach the Kupfer’s failure surface [39].
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The principal tensile (o7) and compression (oz) stresses produced by a set of normal (ox

and o;) and tangential (7) stresses are calculated as:

oyt oy Ox — Oy\? 5 B.2

o, = > +\/( > ) +7T (B.2)
oxto Oy — Oy 2

o, = x2 y_\/(xz y) 472 (B.3)

where tensile stress is considered positive.

In the specimens of this programme, the normal stresses in the transverse direction to the
slab directrix (oy) are considered negligible, and much lower than the normal compressive
stresses parallel to the directrix (o) produced by the axial force on the slab. Shear strength
is calculated on the slab’s cross-section with the lowest axial force and highest shear force,
so a section located on the left of the slab’s right end (see Fig. B.1) is taken. The axial force
in slab N is obtained as a function of the shear calculated by the slab’s shear failure (V;sr)
using the horizontal forces obtained with the precast beam model:

Vssp - X1-7 — (hs —d") '2?:2 Fr i

NS=FH,K+ dc_d’

(B.4)

where Kis the identifier of the node located on the right end of the slab: 6 in Variant 4, 5 in

Variant B, 4 in Variant C.
With the axial force in the slab, compression stress is calculated as ox = - N;/(b-hs).

In Kupfer’s failure surface, by assuming the simplification around the corner of the uniaxial

compression envelope as in [38], the relation between the principal stresses is:

|feel
o1 = |feel + 08&02 (B.5)

[fes|

The tangential stress rvalue is obtained by substituting (5) and (6) in (8). By assuming a

parabolic distribution of tangential stresses on the slab’s cross-section, the value of the
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1  shear resisted by the slab in the event of shear failure is obtained as Vysr= 2/3-7-b-hs. It is
2 also verified that o; < £+ and o2 = -£,. The £ of the slab’s concrete is calculated from

3  experimental £ using the formula provided by EC2 [12].
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