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Abstract

Shear strength of reinforced concrete beams has been profoundly studied by many
experimental campaigns conducted on simply supported beams. This situation has led
to implement empirical design formulations in codes that cannot be representative of
other real structures, such as continuous beams. They are characterised by the potential
development of plastic hinges in areas of maximum shear and by the existence of an
inflection point in the shear span, but very few experimental studies on them have been
conducted. This paper analyses the results of an experimental programme involving 15
beams whose main objective was to analyse the shear strength of cantilever and

continuous reinforced concrete beams according to different shear reinforcement ratios.

Nine beams of 9.00 m and six of 7.00 m with rectangular cross-sections were tested
under different load and support conditions, which resulted in 30 different shear tests
performed in all, two tests per beam. Three different series were considered according
to the shear reinforcement ratios of 0%, 0.13%, and 0.20%. Apart from traditional
instrumentation, such as strain gauges and displacement transducers, digital image

correlation was employed to provide accurate displacement measurements.

The results showed that the shear strength provided by concrete (different shear-transfer
actions from shear reinforcement) decreased as bending rotation increased within both
the elastic and plastic ranges of rotations developed in continuous beams. Moreover,
this shear strength component weakened for increasing shear reinforcement ratios.
Shear slenderness was redefined for continuous beams that failed after yielding of the
tensile reinforcement and redistribution of internal forces. The code formulation provided
by ACI 318-19, Eurocode 2 and Model Code 2010 for shear strength were checked
against these experimental results, which showed that the iterative formulation that
contemplates the M-V interaction considerably improved shear strength predictions from

simple formulations.
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Highlights

Shear strength studied in 15 continuous reinforced concrete beams

Shear slenderness was defined for continuous beams

Shear strength provided by concrete reduced as bending rotation increased
Shear strength provided by concrete was influenced by the flexural reinforcement

Shear strength provided by concrete decreased for increasing shear reinforcement ratios
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Abbreviations

area of tensile reinforcement

area of compression reinforcement

area of shear reinforcement

shear span (defined as M1 r/Vgtest +d/2)
concrete cover

effective depth (beam section with negative flexural moment)
modulus of elasticity of concrete

modulus of elasticity of reinforcement

compressive strength of concrete measured in cylinder
tensile strength of concrete

tensile strength of reinforcement

yield strength of reinforcement

span distance between two potential plastic hinges in SE (defined as
(Ml'R + MZ'R)/VR,test + d)

cantilever length (i = 1, 3) or span (i = 2)
segment of the span (j = a, b, ¢)

total beam length

internal lever arm

bending moment at a given section

absolute value of bending moment at failure (at d/2 from section of support 4 in
CE and from section of support B in SE)

bending moment at failure (at d/2 from section of applied load P, in SE)
bending moment when flexural reinforcement is yielded
maximum bending moment at failure

applied load (i = 1,2)

applied load (i = 1,2) at failure

reaction in support section A

reaction in support section B

shear force

shear force applied by loads P, and P, (not including self-weight)
shear strength provided by concrete

shear strength provided by concrete in tests

shear force corresponding to the full flexural strength of beams
predicted shear strength by design code

shear strength in tests

shear strength provided by shear reinforcement

shear strength provided by shear reinforcement in tests

partial safety factor for concrete material properties
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6; beam deflection under applied load (i = 1,2)

Egauge failure stirrup strain obtained from gauges at failure

Egauge,PH stirrup strain obtained from gauges at plastic hinge formation

Estirrup CSC failure stirrup strain obtained from DIC measurements of the CSC at
failure

Estirrup CSC,PH stirrup strain obtained from DIC measurements of the CSC at
plastic hinge formation

Etransducers stirrup strain obtained from vertical transducers

&y reinforcement strain at maximum load

&y yield strain of reinforcement

0 angle between web compression and the axis of the member

Op slope at support B in the SE tests

0p slope at support B at the end of the first phase in the SE tests

p reinforcement ratio of tensile reinforcement

Pw reinforcement ratio of shear reinforcement

¢ nominal diameter of a reinforcing bar

Y rotation of beams

Yy bending rotation of beams

Ypu rotation of beams at plastic hinge formation (yielding of flexural reinforcement)
Yrailre rotation of beams at failure
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1. Introduction

The shear strength of reinforced concrete beams has been extensively studied, but no
general agreement on the mechanical approach that explains the failure mechanism has
yet been reached. The experimental studies that have focused on obtaining a more in-
depth understanding of shear behaviour have been based mostly on tests performed on
simply supported beams [1—4], although real structures are usually continuous beams.
Consequently, the design formulation that derives from those experimental results on
simply supported beams might be inappropriate for real cases like bridges or building

frames.

The moment-shear interaction (M-V), characterised by the presence of an inflection point
in the shear span, is a distinctive feature of structural indeterminate structures, such as
continuous beams, compared to simply supported beams. In continuous beams,
potential shear failure regions (intermediate supports) are subjected to maximum shear
forces and bending moment simultaneously, which differs from simply supported beams
because the maximum shear is concomitant with limited bending moments. Continuous
beams’ shear behaviour has been investigated and several experimental programmes
that simulate their conditions have been conducted [5-9]. These experimental
programmes reproduce continuous beams tests by testing simply supported reinforced
concrete beams with one or two cantilevers that allowed an inflection point to be
generated in the shear span of beams and a bending moment at the support section by
applying a load at the end of the cantilever. The results show better shear behaviour for
continuous beams under distributed loads versus simple beams under concentrated
loads, which demonstrates a positive influence of flexural action on shear strength under
distributed loads. This phenomenon has also been observed in the cantilever
experiments conducted by Pérez Caldentey et al. [10], where cantilevers under
distributed loads (greater flexural action) failed at a higher shear force than those

subjected to one concentrated load (less flexural action).

In that context, well-established mechanics-based theories that consider this M-V
interaction in shear behaviour, such as the Modified Compression Field Theory (MCFT)
[11, 12] or the Critical Shear Crack Theory (CSCT) [13], show that the bending moment
negatively influences shear strength. Both MCFT and CSCT measure the effect of the
bending moment on shear behaviour through the member’s flexural deformation (flexural
reinforcement strains), whose increase results in diminished shear strength. However,
the effect of the bending moment on shear response has been positively considered by

the approach of Tung and Tue [14]. This considers that with the same shear force,
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greater flexural action would obstruct critical shear crack formation, which would lead to

an increased shear resistance [7].

Some models that consider the M-V interaction constitute the basis of shear formulations
in several design codes. That is, in Model Code 2010 [15] and in Canadian code CSA
A23.3-14 [16] the MCFT, or its simplification SMCFT, is implemented [17], whereas the
CSCT with some modifications is adopted in Swiss Code SIA 262 [18]. These code
formulations, which calculate the shear strength of slender members by taking into
account the flexural action concomitant with shear forces, have proven the capability of
accurately predicting shear strength [13, 14, 17]. Conversely, some design codes are
about empirical shear formulations that have been calibrated with the test results of
simply supported beams subjected to one or two concentrated loads, such as ACI 318-
19 [19] and Eurocode 2 [20]. In general, the formulas of these codes have proven to be
unable to properly capture the influence of the main parameters on shear behaviour,
such as the size effect or the influence of the longitudinal reinforcement ratio on shear
strength [3]. In particular, empirical expressions based on concentrated loads provide

conservative estimates of strength for beams subjected to uniform loads [1].

In addition, no agreement about how to consider the shear strength provided by concrete
and by stirrups in design codes for reinforced concrete members with shear
reinforcement has yet been reached. Model Code 2010 [15], CSA A23.3-14 [16], and
ACI 318-19 [19] are based on adding a “concrete term” (shear strength provided by
concrete, I7.) to a “steel term” (shear strength provided by shear reinforcement, ;).
Nevertheless, Eurocode 2 [20] only considers the “steel term”, although the contribution
of concrete to shear strength is indirectly taken into account with the variable-angle truss

model.

Regarding the M-V interaction, although the reduction in shear strength based on the
longitudinal reinforcement strain is reflected in the above-mentioned codes [15, 16, 18],
it is limited by the strain at the yield point of flexural reinforcement. In statically
indeterminate structures however, such as continuous beams, flexural reinforcement
strains may be potentially larger than the yield point because of the plastic redistribution
of internal forces after yielding of the flexural reinforcement. Actually, these structures
may develop plastic rotations that enable the redistribution of bending moments before
reaching their full structural strength, which allow increased shear forces after yielding of
the flexural reinforcement, in contrast with the shear behaviour of statically determinate
structures. Fig. 1 depicts the different structural behaviour performed by these two
structural typologies. Statically determinate structures can fail in shear before yielding of

the flexural reinforcement (path A, Fig. 1) or afterwards with a constant shear value (path

6
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B, Fig. 1). However, statically indeterminate structures can fail in shear after yielding of
the flexural reinforcement with increasing shear forces as their flexural capacity is not
attained until all the possible plastic hinges along the structure have been developed.
Therefore, shear failure after yielding can occur while shear increases (path C, Fig. 1),
or for a constant shear value after all the plastic hinges have been developed and the
structure’s flexural strength has been reached (path D, Fig. 1). In any case, the plastic
hinges of continuous beams must resist large shear forces while developing
considerable rotations, which may cause shear strength to reduce due to the flexural

deformation reached in these critical plastic zones.

All these failure modes were observed in the experimental programme conducted by
Monserrat-Lopez et al. [21], who developed a tests system for cantilever and continuous
reinforced concrete beams with shear reinforcement. Continuous beams failed in shear
with increasing shear forces after yielding of the flexural reinforcement and redistributing
internal forces. These authors showed the loss of shear strength for strains larger than
the strain at the yield point and its relation with the bending rotation. This reduction in
shear strength for increasing bending rotation had already been experimentally proven
by Vaz Rodrigues et al. [22], who tested slab strips with no shear reinforcement fail in

shear with constant shear forces after yielding of the flexural reinforcement.

shear A
force

_____________

shear failure
criteria

deformation
® plastic hinge SDE: statically determinate structure

o shear failure SIE: statically indeterminate structure

(A) shear failure before vielding
(B) shear failure after yielding (full structural strength)

(C) shear failure after yielding (no full structural strength)

(D) shear failure after yielding (full structural strength)

Fig. 1. Behaviour of structural determinate and indeterminate structures failing in shear before
and after yielding of the flexural reinforcement.

This paper extends the previous experimental programme developed by Monserrat-
Lopez et al. [21], who studied the influence of plastic hinges rotation on shear strength
in reinforced concrete statically indeterminate beams with shear reinforcement. The main

7
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objective of this extension is to analyse the shear response of cantilever beams (statically
determinate structures) and continuous beams with yielding of the flexural reinforcement
and redistributing internal forces (statically indeterminate structures) according to
different shear reinforcement ratios, including beams with no shear reinforcement. The
two shear resistance components, that provided by concrete and that provided by steel,
were studied in moment-shear interaction terms by analysing the influence of the
bending rotation, which varies according to the different shear slendernesses, and
longitudinal and transversal reinforcement ratios, for both statically determinate and

indeterminate beams.

2. Experimental programme

2.1. Introduction

The experimental programme involves 15 beams and 30 shear tests. However, the
results of the 18 shear tests performed on nine beams have already been presented [21],
and the new results of the 12 tests performed on six beams are included in this paper for

the first time.

In Monserrat-Lépez et al. [21], 18 different shear tests on nine beams with shear
reinforcement were presented (B1 to B9, see Table 1). The two shear tests carried out
per beam were designed with different load and bearing points and test procedures so
that each beam would fail in shear in two different ways: one as a statically determinate
structure (cantilever experiment, CE) and one as a statically indeterminate structure
(span experiment, SE). The main study variables were the amount of flexural tensile
reinforcement and the slenderness of specimens for both the CE and SE tests. The aim
was to develop shear failures with different rotation levels within a wide range of values,

and both before and after plastic hinge formation.

In this paper, 12 new shear tests on six new beams are presented (B10 to B15, see
Table 1). In this extension of the previous experimental programme, the transversal and
longitudinal reinforcements were taken as the primary variables, while cantilever length
and span length remained constant for the CE and SE tests, respectively. Attention was
paid to the different shear behaviours of beams according to the shear reinforcement
ratio (p,,). Different flexural tensile reinforcements were considered to allow shear
failures to be developed with different degrees of bending moment redistribution. As in
the previous experimental programme, two tests were run on each beam (one CE and
one SE) to obtain shear failures in both statically determinate and indeterminate

structures.
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2.2. Specimen details
The specimens of the previous experimental programme, B1 to B9, were 9.00 m long.
The new specimens B10 to B15 were 7.00 m long. They all had a rectangular cross-

section (250 mm wide and 450 mm high).

Three different specimen series appeared according to the shear reinforcement ratio: (1)
beams without shear reinforcement, RO; (2) beams with p,, = 0.13%, R1; (3) beams with
pw = 0.20%, R2. Shear reinforcement ¢8/30 (p,, = 0.13%) is approximately (depending
on each beam’s materials properties) 1.5-fold the minimum amount of shear
reinforcement required by Model Code 2010 [15] and Eurocode 2 [20], and twice that
required by ACI 318-19 [19]. Shear reinforcement $8/20 (p,, = 0.20%) was 1.5-fold the
previously considered one. The beams without shear reinforcement (R0) and with p,, =
0.20% (R2) corresponded to the extension of the previous experimental programme,
whereas the test results of the beams with p,, = 0.13% (R1) had already been presented
[21]. Shear reinforcement (series R1 and R2) was arranged in the regions where shear
failure was expected by two-legged closed stirrups with an 8-mm diameter and spacing
of 30 cm (¢8/30) or 20 cm (¢8/20). Outside the expected failure regions, stirrups were
provided in order to prevent shear failure with a reinforcement ratio of 0.90% in all

specimens.

Specimens had three different sections with distinct flexural tensile reinforcement ratios
to allow shear failures to develop with several degrees of bending moment redistribution.
Sections had different arrangements of twelve 20 mm-diameter bars, which resulted in
the three different longitudinal reinforcement ratios (p): (1) sections with p = 1.63%, S1;
(2) sections with p = 2.29%, S2; (3) sections with p = 1.94%, S3 (Fig. 2). High
reinforcement ratios were used to prevent flexural failure prior to shear failure in the SE
tests. Effective depth d (distance from the extreme compression fibre to the centroid of
longitudinal tensile reinforcement) was 386, 385 and 389 mm for section S1, S2, and S3,

respectively.
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2 — A, 2 — A,
120 120
Te=30 Tc=30
250 250
| —
A=5¢20 A =7¢20 A,=7¢20 A =5¢20
c) 1c=30
120
A S
=t sw

120
Ie=30

250
|

A=6¢20 A, =6¢20

A (RO}O A_ (R1): p8/30 A_ (R2): ¢8/20

Fig. 2. Reinforcement: (a) section S1; (b) section S2; (c) section S3 (dimensions in mm).

Finally, specimens were tested with three different locations for the load and bearing
points in both the CE and SE tests. This allowed to develop shear failures with different
rotation levels and several degrees of redistribution of bending moments, as with

longitudinal reinforcement variation.

The reinforcement and geometry of all the specimens are summarised in Table 1. Fig.
3a and Fig. 3b plot the detailed reinforcement and geometry of the specimens for the

configuration of tests CE and SE, respectively.

A code with four terms was used to label each test conducted on specimens. The first
term denoted the tested beam and the type of test (C for the CE test and S for the SE
test). The second term represented the specimen series according to shear
reinforcement (RO, R1, or R2). The last two terms indicated the specimen section
according to flexural reinforcement (S1, S2, or S3) and the location of the load and
bearing points by indicating the cantilever length (I;) in the CE tests and the midspan
length (I;) in the SE tests (expressed after L, in metres). Following this notation, test
B1S-R1-S1-L6 was the SE test conducted on beam B1 (B1S). The specimen had a shear
reinforcement ration of 0.13% (R1), a flexural reinforcement ratio of 1.63% (S1), and a
total midspan length of 6.00 m (L6).

10
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Table 1. Reinforcement and geometry of specimens.

: CE SE
' P Pw tot
Spec. Test A A
pec ests s s (%) (%) (m) ll lz la lb lc l3
(m  (m) (m) (m (m) (m)
B1 B1C-R1-S1-L1/B1S-R1-S1-L6 5¢20 7620 163 0.13 9.00 100 6.00 100 310 1.90 1.00
B2 B2C-R1-S2-L1/B2S-R1-S2-L6 7920 5620 229 013 9.00 100 6.00 1.00 250 250 1.00
B3 B3C-R1-S3-L1/B3S-R1-S3-L6 6620 6920 194 013 9.00 100 6.00 100 280 220 1.00
B4 B4C-R1-S1-L1.6/B4S-R1-S1-L5 520 7420 163 0.13 900 162 500 1.00 210 1.90 1.00
B5 B5C-R1-S2-L1.6 /B5S-R1-S2-L5  7¢20 5420 229 013 9.00 162 500 1.00 150 250 1.00
B6 B6C-R1-S3-L1.6 /B6S-R1-S3-L5  6¢20 6920 194 013 900 162 500 100 180 220 1.00
B7 B7C-R1-S1-L2.3/B7S-R1-S1-L4  5¢20 7620 163 0.13 9.00 231 400 100 110 1.90 1.00
B8 B8C-R1-S2-L.2.3/B8S-R1-S2-L4  7¢20 5620 229 013 9.00 231 4.00 100 0.50 250 1.00
B9 B9C-R1-S3-L2.3/B9S-R1-S3-L4 6920 6$20 194 0.13 9.00 231 400 1.00 080 220 1.00
B10 B10C-R0-S1-L1/B10S-R0-S1-L4  5¢20 7620 1.63 - 700 100 400 070 140 1.90 1.00
B11 B11C-R0-S2-L1/B11S-R0-S2-L4  7¢20 5¢20 2.29 - 700 100 400 100 061 250 1.00
B12 B12C-R0-S3-L1/B12S-R0-S3-L4  6$20 6920 1.94 - 700 100 400 089 091 220 1.00
B13 B13C-R2-S1-L1/B13S-R2-S1-L4 5¢20 7¢20 163 020 7.00 1.00 400 1.00 1.10 1.90 1.00
B14 B14C-R2-S2-L1/B14S-R2-S2-L4 7¢20 5¢20 229 020 7.00 1.00 400 1.00 050 250 1.00
B15 B15C-R2-S3-L1/B15S-R2-S3-L4 6420 6420 194 020 7.00 100 400 100 080 220 1.00
PJ PZ
a)
250 A 250 B 250
A— = ; = ; =
A i / ‘ Z
§ g T
o 250 $12/10 R0 - 250 $12/10
A [r1: 8730 ]RA supportd A | r1: ¢8/30 WRB support B
R2: $8/20 R2: $8/20
lPZ iPJ
b)
4 250 B 250
A— ; : =
A’q_ ! | / ! =
’ — ——
RO: - 230 $12/10 RO: - 230 $12/10
A |R1 ¢8/30 }RH support 4 A [R1 ¢330 ]RE support B
R2: $8/20 R2: $8/20

, 500

Fig. 3. Reinforcement and geometry of specimens: (a) CE tests; (b) SE tests (dimensions in
mm).

2.3. Materials

The compressive strength, modulus of elasticity and tensile strength of concrete, as well

as each specimen’s age at the time of testing, are summarised in Table 2. The properties

of concrete were measured according to UNE-EN 12390 [22—24] and were indicated as

11
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the average of two tested concrete cylinders (300 mm high, 150 mm in diameter). The
modulus of elasticity values corresponded to secant stiffness and tensile strength
obtained from the indirect tensile strength tests. The concrete mix was 325 kg/m? of
Portland cement, 170 I/m® of water (water/cement ratio of 0.52), 1065 kg/m? of fine
aggregate (aggregate 0/4) and 825 kg/m?® of coarse aggregate (aggregate 4/10) and
concrete chemical additives (3.25 I/m3 of plasticisers, 2.60 I/m? of superplasticisers). The

maximum aggregate size was 10 mm.

The diameter, modulus of elasticity, steel yield stress, steel tensile strength and steel
strain values at ultimate strength are summarised in Table 3. The reinforcement steel
properties were measured according to UNE-EN ISO 6892 [26] and were the average of
two tested specimens. The tension tests were load-controlled before yielding at a loading

speed of 10 MPa/s, and were displacement-controlled thereafter.

Table 2. Average values of the concrete properties.

Age at
Specimen tegting Je Fe et
(days) (MPa) (GPa) (MPa)
B1 33 24 1 24.3 2.5
B2 33 22.3 25.8 3.1
B3 42 22.8 24.4 2.8
B4 57 22.3 241 2.6
B5 71 34.7 31.2 3.6
B6 63 35.9 32.8 3.3
B7 88 36.2 34.2 2.9
B8 32 34.5 30.0 34
B9 39 29.7 29.4 2.2
B10 29 36.4 33.5 2.1
B11 24 314 31.6 2.1
B12 22 28.7 27.5 2.9
B13 31 30.6 27.3 2.5
B14 27 314 29.2 2.9
B15 30 26.0 26.6 2.6

Table 3. Average values of the flexural and transversal reinforcement properties.

Specimens B1-B3 B4-B9 B10, B11 and B13 B12, B14 and B15
¢ (mm) 8 20 8 20 8 20 8 20
E (GPa) 198 218 183 213 193 226 189 206
[y (MPa) 543 557 549 540 540 544 541 531
fu (MPa) 677 665 651 649 642 651 662 639
Eu (%) 96 109 111 135 10.6 21.5 10.9 18.3

fulfy 125 119 119 120 1.19 1.20 1.22 1.20

12
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2.4. Instrumentation

External instrumentation consisted of four load cells that took continuous measurements
of the force in hydraulic jacks and the reaction at the bearing points. In addition, several
transducers were used to measure concrete displacements, deflections and inclinations.
The surface concrete displacements performed to control deformations in shear failure
zones were measured with displacement transducers, with actuating rod potentiometrics
of up to 150, 200, and 300 mm. The deflection at the load points was measured by the
absolute non-contact position sensors integrated into hydraulic jacks and on the
specimens’ bottom surfaces with several displacement transducers. Two displacement
transducers were used to control the inclination in the support sections. Details of the

position of transducers for the specimens of series RO, R1 and R2 are found in Fig. 4.

Internal instrumentation consisted of strain gauges of 120 Q resistance and a 1.5 mm
measuring length. There were 31 gauges in each specimen of series RO (Fig. 5a), 58 in

each specimen of series R1 (Fig. 5b), and 40 in each one of series R2 (Fig. 5¢).

In addition to the defined conventional instrumentation, Digital Image Correlation (DIC)
was employed to perform accurate measurements of the displacement field of
specimens in all the tests. More detailed information about the instrumentation of tests
can be found in Monserrat-Lopez et al. [21].

200 100

a) 250 200 Bl 250 250
—_— H — ]

EERENNi) NETERAmiiiiig
= A A DA =

7000

450

b)

250 300 100 250 100 250
— — et —_

>IN e
N

AR = AR

9000

c) 250 20 100 250 L LY 250

T ERENENN
= A A A=

00

450
—_

* Variable position

Fig. 4. Instrumentation: (a) displacement transducers of series RO; (b) displacement
transducers of series R1; (c) displacement transducers of series R2 (dimensions in mm).
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Fig. 5. Instrumentation: (a) strain gauges of series RO; (b) strain gauges of series R1; (c) strain
gauges of series R2 (dimensions in mm).

2.5. Test procedure

The test setup was maintained from the previous experimental programme [21]. Loads
and support reactions were transmitted to the beam through steel plates measuring 250
x 250 x 40 mm. Both bearing and load systems allowed horizontal in-plane
displacements and rotations, but one of the bearing points had restrained horizontal

displacement during tests.

In the CE test (Fig. 3a), load P was applied with displacement control (0.02 mm/s) until
shear failure, and P, was applied with load control according to the increase in load P

to obtain no reaction in support B. As with a statically determinate structure, shear and

bending increased simultaneously with a constant shear span.

In the SE tests (Fig. 3b), the performed test procedure allowed shear failure to develop
after yielding of the tensile reinforcement over support B, as well as the development of
plastic rotations at the critical shear zone. Each SE test was carried out in two phases.
In the first phase (Fig. 6a), P was applied with displacement control (0.02 mm/s), and
P, with load control, according to the increase in load P; to obtain no reaction in support

A. This phase ended when the top longitudinal reinforcement at the support B section

yielded. At this moment, the slope in that section was 65 ;. In the second phase (Fig. 6b),
P, was applied with displacement control (0.02 mm/s), and P, with load control to keep

the slope at the support B section blocked. In this phase, this slope was kept constant
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and equal to that reached at the end of the first phase (65 = 65 ). This meant that, in the
second phase, support B behaved as a fixed rotation support, while P, increased until

shear failure.

It was in the second phase of the SE tests when beams became statically indeterminate
structures as moments were given by compatibility conditions because of the restriction

imposed for the slope at the support B section (6 = 08p;). In this phase, shear forces

rose with increasing rotations of the plastic hinge thanks to the imposed restriction (Fig.

6¢). This restriction was not the equivalent to keeping the load P, constant in the second
phase because, with an imposed P, the beam would simply have a continuity constant
moment imposed at the support. Actually in the tested beams, slight increases in load P

were necessary to maintain the slope in this phase.

a) b) c)
First phase Second phase 4
P, M,_ P P M P
l ? A : l 2 /\ 1 !
== EECETEEEr S = - E l
A A A A 1
A B A M<M = B !
| : ® Plastic hinge
0, free 60, blocked (6, = 6,,) | | o Shear fail
- _l i | | hear failure

Ve

P faiture ¥
At the end: HEJ

Fig. 6. Span experiment test procedure: (a) first phase of SE; (b) second phase of SE; (c) the
shear forces and rotation relation in the span experiment for the two different phases.

For the specimens of series RO, it was necessary to develop a different configuration for
the SE tests to avoid shear failure in the first test phase prior to the yielding of the flexural
reinforcement over support B. This premature failure could occur due to the combination
of both the low shear strength of beams without shear reinforcement and the high shear
forces applied in the first phase of the SE tests to yield flexural reinforcement to develop
one plastic hinge. The new configuration consisted in interchanging the position between
support 4 and applied load P, and modifying the test procedure. In the first phase (Fig.
7a), P, was applied with displacement control (0.02 mm/s) and P, with load control, which
was 80% of applied load P;. In the second phase (Fig. 7b), P, was reduced with
displacement control (0.02 mm/s) and P, with load control according to load P, in so far
as the slope at the support B section would remain blocked. As a result, shear failure

developed during the unloading of the beam.
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Specimens B10 and B12 did not develop shear failure during the unloading. Finally, they
were tested by the initial test procedure (Fig. 6). Only specimen B11 (B11S-R0-S2-L4

test) failed in shear with the new test configuration (Fig. 7).

a) First phase

At the end: 93,1

b) Second phase

Fig. 7. Span experiment test procedure for test B11S-R0-S2-L4: (a) first phase; (b) second
phase.

3. Behaviour of specimens

The behaviour of specimens in all the tests of series RO and R2, and in the comparable
tests of series R1 [21], is analysed in this section. From series R1, the considered
comparable tests were those conducted on the specimens with the same loading and
support conditions of the specimens of series RO and R2. That is, the specimens with a
cantilever length of 1.00 m (L1), and a span length of 4.00 (L4) for the CE tests and the

SE tests, respectively.
3.1. Load deflection

In the CE tests, the load-deflection behaviour was linear until a sharp drop occurred after
the maximum load (brittle shear failure) for all the tests. The stiffness of all the specimens
barely changed while tests were underway. According to the different shear
reinforcement ratios, the deflection under the maximum load increased from the
specimens without shear reinforcement (R0O) to the specimens with a higher shear

reinforcement ratio (R1 and R2). The load-deflection curves (load P; against the
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deflection under this load, 8,) for the specimens with different shear reinforcement ratios

(tests B10C-R0-S1-L1, B1C-R1-S1-L1 and B13C-R2-S1-L1) are plotted in Fig. 8a.

In the SE tests (Fig. 8b), load-deflection behaviour differed depending on the two test
phases. In the first phase, the load-deflection curves had a negative slope and the
applied shear reached was limited. The end of the phase was determined by the yielding
of the flexural reinforcement. Thus, the first branch ended at a higher load level in the
tests done with the specimens with higher tensile reinforcement (specimens with section
S2) than for those with lower tensile reinforcement (specimens with section S1). In the
second phase, deflection rose with an increasing applied load P, after the plastic hinge
development in section B until brittle shear failure. Specimens showed reduced stiffness
in the second phase of the SE tests compared to the CE tests performed on the same
specimens. This reduction occurred because deflection was developed by the load
increase after yielding of the tensile reinforcement, which meant that plastic strains
developed in the plastic hinge region. The load-deflection curves (load P, against the
deflection under this load, §;) for the specimens with different flexural reinforcement

ratios (tests B7S-R1-S1-L4, B8S-R1-S2-L4 and B9S-R1-S3-L4) are plotted in Fig. 8b.

a) 300 T 1 T T T T T

250

200 E

150 —

P, (xN)

100} ]
—— B10C-RO-S1-L1
50F —— BIC-RI-S1-L1
—— BI13C-R2-S1-L1

) ;

0 5 10 15 20 25 30 35 40
&, (mm)

b) o0

500

400

300

P, (kN)

200

—— B7S-R1-S1-L4
100 —— B8S-R1-S2-1L4
—— B9S-R1-83-L4

-5 0 5 10 15 20 25 30 35 40

6, (mm)

Fig. 8. Load-deflection curves: (a) CE tests according to different shear reinforcement ratios; (b)
SE tests according to different flexural reinforcement ratios.
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In the SE test of specimen B11 (B11S-R0-S2-L4), with a different test configuration (Fig.
7), load P, is plotted against both the deflection under the load applied at the end of the
cantilever (8;) (Fig. 9a) and the applied shear (V) (Fig. 9b). In the first phase, both
applied load P, and deflection considerably increased, but applied shear was
substantially reduced and that avoided shear failure before yielding of the flexural
reinforcement. In the second phase, despite the unloading of load P,, which caused
deflection to reduce, applied shear increased until brittle shear failure. This revealed how,
despite the decrease in both the applied load and deflection under this load, applied

shear increased and led to shear failure in the second test phase.

—— B115-R0O-52-1.4

1 1 1
0 5 10 15 20 25 30 35 40

) P (mm)

300 T T T T T

250

200

(kN)

150 b

~

P

100 -

50 .
—— B11S-R0-82-L4

(\ L 1 L 1 1
0 50 100 150 200 250 300

V  (kN)

app

Fig. 9. (a) Load-deflection curve for test B11S-R0-S2-L4; (b) load-applied shear curve for test
B11S-R0-S2-L4.

3.2. Failure mode and crack pattern

In the CE tests, shear failure developed before yielding of the flexural reinforcement (path
A, Fig. 1) but in the SE tests, shear failure developed after yielding of the top flexural
reinforcement in tension and with increasing shear force, along with the development of
plastic hinge rotations (branch path C, Fig. 1). The crack patterns for all the tests of

series RO and R2, and the comparable tests of series R1, were analysed.

CE tests (statically determinate structures)

18



In all the CE tests with different shear reinforcements, specimens failed in shear before
yielding of the flexural reinforcement and exhibited a similar crack pattern with an
inclination of the critical shear crack (CSC, shear crack leading to shear failure) in relation
to the longitudinal axis of beams, which ranged from 23 to 36 degrees (Fig. 10). In all
the test, cracking first started as vertical flexural cracks near section A (see Fig. 3a). In
several tests (B10C-R0-S1-L1, B1C-R1-S1-L1, B2C-R1-S2-L1, B13C-R2-S1-L1 and
B14C-R2-S2-L1), as load increased, one of those flexural cracks turned towards the
bearing point and developed towards the loading point to become the CSC. In the other
specimens however, the CSC appeared directly from the bearing point to the loading
point, and its crack width increased until shear failure. The maximum measured crack
opening was approximately 3.50 mm for tests B12C-R0-S3-L1 and B1C-R1-S1-L1
(average value of the different crack widths measured with DIC along the central branch
of the CSC at the maximum load), and the minimum one was approximately 1.50 mm for
specimens B3C-R1-S3-L1, B14C-R2-S2-L1 and B15C-R2-S3-L1.

SE tests (statically indeterminate structures)

All the SE tests with different shear reinforcement ratios failed in shear in the second
phase; that is, after yielding of the longitudinal reinforcement (plastic hinge formation)
and redistributing internal forces with an increasing plastic hinge rotation. Specimens
showed different crack patterns depending on the presence or absence of stirrups (Fig.
10). The specimens with shear reinforcement (series R1 and R2) showed a crack pattern
with more uniformly distributed inclined cracks and a flatter CSC than the specimens
without stirrups (series R0). For the former, the inclination of that main inclined crack in
relation to the longitudinal axis of beams ranged from 20 to 35 degrees, while values
ranged from 39 to 42 degrees in the latter. It is noteworthy that the specimen of test
B14S-R2-S2-L4 developed a uniform crack pattern with the CSC located considerably
away from the bearing plate. In the first phase, flexural cracking mainly appeared,
whereas the CSC (generated from the inclination of one flexural crack) barely developed
because of the reduced shear applied in this phase. In the specimens without shear
reinforcement, that crack opening was in the order of 0.10 mm (average value of the
different crack widths measured with DIC along the central branch of the CSC at the
maximum load), but it increased to 0.50 mm in the specimens with shear reinforcement.
In the second phase, the flexural cracks of the region with the plastic hinge considerably
increased because of the imposed rotation. In the specimens with shear reinforcement,
the CSC width increased in this phase with marked vertical movement leading to a
maximum measured crack opening of approximately 2.8 mm for the specimen of test

B9S-R1-S3-L4 (average value of the different crack widths measured with DIC along the
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central branch of the CSC at the maximum load). In the elements without shear

reinforcement, this value was 1.00 mm for the specimen of test B10S-R0-S1-L4.

In the specimens with shear reinforcement (series R1 and R2), the crack pattern
determined the number of stirrups accounted for by contributing to shear strength: two
stirrups for the specimens of series R1 and three in series R2. The stirrups intercepted
by the horizontal branch of the CSC were not taken into account as they were considered
to develop dowelling action [26, 27]. The amount of shear strength provided by stirrups
(V) was related to the CSC width, and the more the CSC width developed at the points
where it intercepted the considered stirrup, the greater the stirrup strains and,
consequently, the greater its stresses. In the SE tests, the measured CSC openings
increased in the second phase, especially at the end of tests, which entailed stirrups’
contribution more to shear strength at that time, as confirmed by the strain
measurements taken with the vertical transducers located at the position of the stirrups
along the beam (Fig. 11a and Fig. 11b). To calculate the amount of shear strength
provided by stirrups (Vs), employing DIC to measure the CSC width proved very useful.
At the location where the CSC intercepted each considered stirrup, two points vertically
aligned with it (one on each side of the crack) were considered to measure the crack
opening along the vertical direction. These measurements performed by DIC allowed the
strains and stresses at the reinforcement to be calculated according to the procedure
established by Campana et al. [27] (explained in detail in Monserrat-Lépez et al. [21])
and to obtain its contribution to shear strength. It is pointed out that the stirrup stains
performed with gauges were not considered able to obtain their contribution to shear
strength, because their location was not the exact point at which the CSC intercepted
the stirrup. The measurements taken with DIC were more suitable because they gave
the exact strain of the stirrup at the CSC'’s location. As seen in Fig. 11c and Fig. 11d,
the strain measurements taken with the strain gauges located at the central point of each
stirrup considerably differed from the stirrup strains calculated according to the DIC

measurements of the CSC width.
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Fig. 11. Strain measurements performed with the vertical transducers located at the position of
the stirrups along the beam for tests: (a) B8S-R1-S2-L4 and (b) B15S-R2-S3-L4; comparison
between the strain measurements taken with the gauges located at the central point of the
stirrups and strains obtained from the DIC measurements of the CSC width for tests: (c) B8S-
R1-S2-L4 and (d) B15S-R2-S3-L4.

4. Discussion of the test results

The test results for the tests of series RO, R1 and R2 are discussed in this section. All
the tests of series R1 are considered in this section, and their detailed results were
presented in Monserrat-Lopez et al. [21].

4.1. Shear strength

Table 4 summarises the main results of all the tests at failure, which are: the loads
applied at failure (P1z and P, ); the bending moment at failure (M, g) at d/2 from the
corresponding support (A for CE, Fig. 3a, and B for SE, Fig. 3b); the bending moment
at failure (M, ) at d/2 from the section of load P, applied for SE; the shear strength (
VRtest) provided by tests at failure at d/2 from the corresponding support (4 for CE and
B for SE). Shear was checked in a control section located at d/2 from the applied load

[13], and the bending moment and shear force included self-weight.
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Table 4. The main results at failure of the tests for both the cantilever and span

experiments.

e, Tost T o e U ol
B1 B1C-R1-S1-L1 V(B) 1926 157.8 1962 1237 725 1.00 258 10.6
B2 B2C-R1-S2-L1 V([B) 2104 1723 2140 1181 95.9 1.00 259 35
B3 B3C-R1-S3-L1 V(B) 2021 165.2 2058 1167  89.1 100 256 8.9
B4  B4C-R1-S1-L1.6 V(B) 1672 246.0 1736 1183 554 161 417 1.6
B5  B5C-R1-S2-L1.6  V(B)  208.1 304.6 2146  119.1 95.5 161 419 13.1
B6  B6C-R1-S3-L1.6  V(B)  200.6 2935 2071 120.1 87.0 161  4.14 14.4
B7  B7C-R1-S1-L2.3 M 120.0 269.5 - - - - - -
B8  B8C-R1-S2-123  V(A) 1578 3495 1671 1114 557 228 593 30.7
B9  B9C-R1-S3-123  V(A) 1388 309.1 1481 1124 358 228 586 26.4
B1 B1S-R1-S1-L6 V(2PH) 2726 5132 2489 3619 1389 1212 177 199 514 1239 364
B2 B2S-R1-S2-L6 V(2PH) 3714 4323 3473 2774 1419 1117 302 264 686 1244 353
B3 B3S-R1-S3-L6  V(2PH) 3244 4958 2994 3375 1446 1240 206 226 582 1232 538
B4 B4S-R1-S1-L5 V(1PH) 2702 4155 2458 2509 1425 1270 156 192 497 1003 253
BS B5S-R1-S2-L5 V(2PH) 3741 5401 3409 3210 1882 1197 685 200 521 1014 462
B6 B6S-R1-S3-L5 V(2PH) 3433 5812 3094 3593 1903 1164 739 182 468 10.04 413
B7 B7S-R1-S1-L4  V(1PH) 2937 5631 2552 2993 2158 1168  99.0 138 356 766 157
B8 B8S-R1-S2-L4  V(1PH) 389.7 4056 3542 160.2 2004 967 1037 196 509 7.67 224
B9 B9S-R1-S3-L4 V(1PH) 3412 4196 307.0 1841 1918 1168 750 180 462 758 14.8
B10  B10C-R0-S1-L1 V(B)  146.0 120.2 149.7 - 149.7 1.00 258 8.0
B11  B11C-R0-S2-L1 V(B) 1847 151.6 188.4 - 1884  1.00 2.59 40
B12  B12C-R0-S3-L1 V(B) 1166 96.3 120.3 - 120.3 100 256 7.9
B13  B13C-R2-S1-L1 V() 2308 188.6 2344 1762 583 100 258 8.7
B14  B14C-R2-S2-L1 V(B) 2635 215.2 267.2 171.9 95.3 1.00 259 8.5
B15  B15C-R2-S3-L1 V(B) 2768 225.4 280.5 1740  106.5 1.00 257 11.0
B10  B10S-R0-S1-L4 V(1PH) 2242 1182 2116 149 818 - 81.8 278 720 817 110
B11  B11S-R0-S2-L4* V(1PH) 3637 947 3493 -1196 915 - 915 401 104 752 223
B12  B12S-R0-S3-L4 V(1PH) 2415 970 2277 -13 871 - 87.1 281 723 769 76
B13  B13S-R2-S1-L4 V(1PH) 2906 5572 2518 3059 2170 1753 417 135 351 766 220
B14  B14S-R2-S2-L14 V(1PH) 3535 5138 3139 2568 2219 1720  50.0 161 417 768 239
B15  B15S-R2-S3-L4 V(1PH) 3105 4634 2750 2339 1986 1745  24.0 158 406 759 246

Note: V (shear failure); M (bending failure); A (after yielding); B (before yielding); PH (plastic hinge);

*Test with different configuration: M r is the moment at d/2 from support 4 section.

The shear strength (Vg(s:) obtained in the tests of the specimens with shear

reinforcement was divided into its two components, that provided by shear reinforcement

(Vs,test), and that provided by concrete (V. ;.s¢), Which included the different shear-transfer

actions (aggregate interlock, residual tensile strength, dowelling action, and the

contribution of the compression chord). The shear force provided by shear reinforcement

was calculated as the sum of the tensile force of all the stirrups intercepted by the CSC

(two stirrups for series R1, and three for R2). As previously mentioned, the CSC width

measurements taken with DIC were employed to obtain the tensile force of stirrups
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according to the procedure established by Campana et al. [27]; more detailed information
about its implementation is found in Monserrat-Lopez et al. [21]. The shear strength
provided by concrete was obtained as the difference between the experimental shear

strength and that corresponding to shear reinforcement (V. tost = VR test = Vs test).  The

Vs test and Vo5 Values are also presented in Table 4.

4.2. Shear slenderness in continuous beamsz

In Table 4, the equivalent shear span (a = M1 z/Vgese+ d/2) and the shear span to the
effective depth ratio (a/d) are provided for both the CE and SE tests. For the CE tests,
shear slenderness (a/d) did not change during loading, but lowered in the second phase
of the SE tests. The value provided in Table 4 for the SE tests is the lowest, which was

reached at failure.

In the CE tests, the shear strength of the specimens, represented using dimensionless
parameter V/V ., (Where Vg, is the shear force corresponding to the specimen’s full
flexural capacity), proved to strongly depend on a/d (Fig. 12a). The consideration of VV/
Vriex allowed the trend of the ascending branch of the known “valley of Kani” to be
obtained [29], which represents the dependency between the shear slenderness ratio
and the maximum bending moment at failure in relation to the cross-section’s full flexural

CapaCity (Mu/Mflex)-

In the CE tests, the specimens with the highest shear slenderness ratio a/d ~ 5.5 (series
R1) attained their full flexural strength, as indicated in Table 4 with “M” (bending failure)
or with “V(A)” (shear failure after yielding). They failed in shear with increased
deformation under constant load and extensive plastic strains in the flexural
reinforcement. The specimens with the lower shear slenderness ratio, both a/d = 2.5
(series RO, R1, and R2) and a/d = 4.0 (series R1), failed in shear before yielding of the
flexural reinforcement, as indicated in Table 4 with “V(B)” (shear failure before yielding).
The specimens with a/d = 2.5 developed the lowest shear strength, although this
strength was influenced by the transversal reinforcement ratio. For the same shear
slenderness ratio, the increase in shear reinforcement allowed specimens to develop

greater shear strength.
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Fig. 12. Shear strength for the CE and SE tests according to the shear slenderness ratio:
dimensionless parameter V/V ., for (a) CE tests and (b) SE tests; total shear strength for (c)
CE tests and (d) SE tests; shear strength provided by concrete for (e) CE tests and (f) SE tests.
(Test B7C-S1-L2.3 not included: bending failure.)

This behaviour shows how the “valley of Kani” depends on the shear reinforcement
variable [29]. The ascending branch of the valley, which limits shear failure, has a slope
that depends on the shear value (V), as deduced in Eq. 1 (flexural reinforcement
considered constant), which may rise with an increasing shear reinforcement ratio. In

addition, the lowest point of this branch (the minimum strength of beams), which is the
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intersection with the load-carrying capacity of the arc action, shows greater shear

strength for an increasing shear reinforcement ratio.

V V Va 1% a p ; 1
= = = = a
Viex Mpex/a Asfyz kAgf, d (pw)-a/ (1)

It must be pointed out that in the SE tests, the shear force that corresponded to the full
flexural capacity of the specimen (V) differed from that obtained in the CE tests. The
structure’s full flexural capacity was not achieved when the flexural reinforcement at
section B yielded. The simulated continuous beams only developed that capacity after
yielding of the flexural reinforcement at section B and under the applied load P, (path D,
Fig. 1). This occurred in the tests denoted in Table 4 with “V (2PH)” (shear failure with
two plastic hinges). However, the specimens that failed before full flexural capacity was
reached (path C, Fig. 1) are denoted in Table 4 with “V (1PH)” (shear failure with one
plastic hinge).

It thus follows from developing dimensionless parameter V/Vy,, in Eq. 2 (flexural
reinforcement considered constant) that the shear slenderness ratio (a/d), considered
in the CE tests (Eq. 1), became factor I'/d in the SE tests. Length I' was defined as the
distance between the two sections where plastic hinges, and was a suitable variable to
explain the shear strength related to the full flexural capacity in a continuous beam with

a shear failure after redistributing bending moments. In Table 4, the equivalent ratio I'/d

is given for the SE tests by considering I = (M1r + MZ'R)/Vthest +d.

%4 %4 v %4 I
- = - = K'(pu) 1/
Vflex (Mflex,l + Mflex,Z)/l Asp fy z1+ Asp fy z; (k 1As,1 +k 2A512) fy d )L/ (2)

In Fig. 12b, the specimens’ shear strengths from the SE tests are plotted according to
factor I'/d, and a comparable correlation to that described in the “valley of Kani” [29] was
obtained. As in the CE tests, dependency appeared between the shear strength
according to ['/d, and the shear reinforcement ratio. With the same ['/d value, the
specimens with no shear reinforcement developed much less shear strength than those

with shear reinforcement.

After yielding of the reinforcement at section B and redistributing bending moments
(second phase), a/d lowered with an almost constant value of M in the SE tests.
Therefore, the decrease in a/d did not mean the reduction in the bending moment in the
critical zone failed in shear, that is, it did not mean the reduction in the M-V interaction,

as it did in the CE tests. Therefore, whereas the interaction was properly represented
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with the constant ratio a/d in the CE tests, this ratio was not suitable for the SE tests,

and the ['/d ratio was used instead.

In fact it has already been pointed out that shear slenderness a/d, defined according to
the location of the point of contraflexure, is not the most suitable parameter to describe
the shear strength behaviour of continuous beams according to tests conducted in
simulated continuous beams with redistributed internal forces after yielding of the flexural
reinforcement. In continuous beams without stirrups, as tested by Adam et al. [9], no
completely proportional correlation appeared between the reduction in shear
slenderness (defined according to the distance between the support and the inflection
point) and the increase in shear load capacity. For the continuous beams tested under
distributed loads by Cavagnis et al. [8], it was stated that the point of contraflexure had

no notable influence on shear strength.

For the tested specimens, the negative effect of the bending moment on shear response
(M-V interaction) was obtained for both the total shear strength (the CE tests in Fig. 12¢
and the SE tests in Fig. 12d) and the shear strength provided by concrete (the CE tests
in Fig. 12e and the SE tests in Fig. 12f). It was confirmed that, whereas the total shear
strength was greater for the specimens with shear reinforcement, the shear strength

provided by concrete was greater for those specimens without shear reinforcement.

4.3. Rotation

The M-V interaction was analysed in tests by the bending rotation developed by
specimens at shear failure. Table 4 shows the bending rotation values (i) at failure for
all the tests. This rotation was obtained from integrating the bending curvatures
(calculated from the longitudinal strains of the top and bottom fibres of the beam
measured by DIC) along the length of the beams where the CSC developed. This length
extended to approximately 2d from the support section (A for CE, Fig. 3a, and B for SE,
Fig. 3b) for all the specimens, and covered the development region of the plastic hinge
in the SE tests.

Fig. 13 for the specimens with p,, = 0.13% (series R1) depicts the increase in the bending
rotation developed at shear failure with increasing shear slenderness in both the CE tests
(Fig. 13a) and SE tests (Fig. 13b). This correlation between vy, and the slenderness of
the members has already been experimentally confirmed by Vaz Rodrigues et al. [22]
for members without shear reinforcement. In that experimental programme [22], the
negative effect of the bending rotation on shear strength was also proven for members
without shear reinforcement, and a failure criterion based on the CSCT [13] that

considers shear strength reduction for increasing bending rotation for beams without

27



u h WODN B

N0 OON O

10
11
12
13
14
15

shear reinforcement developing plastic strains was proposed. For the specimens with
shear reinforcement, the same reduction in shear strength provided by concrete has
been experimentally confirmed by Monserrat-Lopez et al. [21]. That is, the reduction in
shear strength in the specimens with shear reinforcement for increasing bending

rotations is a consequence of the reduction in shear strength provided by concrete.
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Fig. 13. Bending rotation according to the shear slenderness ratio for the tests of series R1: (a)
CE tests; (b) SE tests. (Test B7C-S1-L2.3 not included: bending failure.)

The dependence between the shear strength provided by concrete and the bending
rotation according to the longitudinal reinforcement ratio for the specimens with p,, =0.13%
(series R1) is plotted in Fig. 14a. This dependence enabled different levels of rotation to
be reached in tested beams according to the various tensile longitudinal reinforcements,
and proved that the higher the flexural reinforcement ratios, the greater the shear
strength provided by concrete for the same rotation level. This can be explained by

dowelling action as it grows with the amount of longitudinal reinforcement by providing
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larger shear strength, particularly the shear strength provided by concrete because it is
a shear-transfer mechanism through concrete. Not only did the shear strength provided
by concrete increase with the amount of longitudinal reinforcement, but this increase was
more significant for the larger rotations in the tested beams. Seen in Fig. 14b, where the
value of the shear strength provided by concrete obtained from the test results trends
(Fig. 14a) is represented versus the different flexural reinforcement ratios for several
rotation levels, the increase in strength with the longitudinal reinforcement ratio was more
pronounced for higher rotation values. That is, dowelling action was activated
considerably by bending rotation. This meant that for low rotation levels, the shear
strength provided by concrete was similar independently of the amount of longitudinal
reinforcement. However for increasing rotations, differences in shear strength appeared

according to the amount of longitudinal reinforcement.

a) b)
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Fig. 14. (a) Shear strength provided by concrete according to the bending rotation for the tests

of series R1 (Test B7C-S1-L2.3 not included: bending failure.); (b) shear strength provided by

concrete obtained from the test results trends according to the flexural reinforcement ratio for
different rotation levels.

Finally, it is noteworthy that the described reduction in shear strength with increasing
rotation was also influenced by the shear reinforcement ratio, as observed in Fig. 15.
Consequently, the expression proposed in Vaz Rodrigues et al. [22] should be related to

the shear reinforcement provided in the specimens with stirrups.
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Fig. 15. Shear strength provided by concrete according to the bending rotation for the tests of
series RO, R1 and R2. (Test B7C-S1-L2.3 not included: bending failure.)

4.4. The shear reinforcement ratio

The shear strength of tests CE and SE according to the different shear reinforcement
ratios (series RO, R1 and R2) for the comparable tests, L1 and L4 respectively, was
studied. Although shear strength noticeably improved with increased shear
reinforcement (Fig. 16a), the shear strength provided by concrete decreased as the
transverse reinforcement ratio rose (Fig. 16b). This meant that the shear-transfer

mechanisms developed by concrete reduced for increasing shear reinforcement ratios.

In addition, the CE tests showed greater shear strength than in the SE tests for both the
total shear strength and shear strength provided by concrete, but also greater scatter for
all the shear reinforcement ratios (Fig. 16a and Fig. 16b). The reduced dispersion of the
SE test results, compared to the CE test results, can be explained by the limited
contribution of dowelling action when flexural reinforcement yields [8]. Dowelling action
is a shear transfer action activated with transversal displacements of longitudinal
reinforcement, so its contribution increases for higher reinforcement ratios. In the tested
specimens, the high ratio of flexural tensile reinforcement may cause a considerable
contribution of dowelling action to shear strength, with evident differences according to
different specimen sections (S1, S2 or S3), which would cause scatter in the CE tests.
However in the SE tests, with shear failures after yielding of the flexural reinforcement,
the contribution of this action would reduce and, consequently, the scatter caused by it

in the shear strength test results would also reduce.
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Fig. 16. Shear strength for the CE and SE tests according to the shear reinforcement ratio: (a)
total shear strength; (b) shear strength provided by concrete.

5. Comparison of the test results with existing code provisions

In Fig. 17, the experimental-to-predicted shear strength (V est / Vrg) ratio is represented
according to the bending rotation at failure for all the tests (series RO, R1 and R2). For
the code provisions analysis, only the CE tests with the failure mode indicated in Table
4 by “V(B)” (shear failure before yielding) and the SE tests with “V (1PH)” (shear failure
with one plastic hinge) are included; that is, 12 CE tests (specimens B1 to B6 and B10
to B15) and 10 SE tests (specimens B4 and B7 to B15).

The considered codes are ACI Building Code 318-19 [19] (Fig. 17a), Eurocode 2 [20]
(Fig. 17b), Model Code 2010 (Level | Approximation) [15] (Fig. 17¢), and Model Code
2010 (Level Ill Approximation) [15] (Fig. 17d). In all cases, y. = 1.0 and shear strength
were optimised by considering the minimum possible angle between web compression

and the axis of the member (9).

Table 5 includes the statistics (average and COV) of the Vi o5+ / Vg ratio, detailed for
the different series and codes. The statistical analysis was divided into tests both without
and with shear reinforcement. Accordingly, the scatter of the experimented-to-predicted
shear strength ratio is always greater for those tests conducted on specimens without
shear reinforcement (series R0) than for those with shear reinforcement (series R1 and

R2) for all the code predictions.

The shear strength provisions predicted by codes with simple formulations (ACI 318-19,
Eurocode 2, MC2010 Level 1) generally show similar scatter results (Table 5). However,
the shear strength values predicted by MC2010 Level | are very conservative for
specimens without and with shear reinforcement. These “too safe” predictions may result
from non-optimised angle 8, which is a fixed constant in the formulation of Level I.

Despite the scatter and average results in ACI 318-19 and Eurocode 2 being similar,
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they are based on very different formulations. For the specimens with shear
reinforcement, the former considers the sum of the shear strength provided by stirrups
according to a fixed-angle truss model and the shear strength provided by concrete
obtained from an empirical calibrated expression. However, the latter considers the
shear strength provided by stirrups according to a variable-angle truss model, which

indirectly takes into account concrete’s contribution.

The predictions provided by simple formulations can be improved with the iterative
formulation based on MCFT [11, 12] from MC2010 Level Il (Level |l for series RO) (Table
5). It provides less conservative predictions and reduces scatter in the results. The
formulation of this level considers the M-V interaction in shear strength by reducing shear
strength according to the longitudinal reinforcement strain, which is related directly to the
bending rotation. It is noteworthy that all the shear strength predictions from MC2010

Level Il (Level Il for series RO) were safe.
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Fig. 17. Comparison made between the test results and the predicted shear strengths
calculated according to design codes: (a) ACI Building Code 318-19; (b) Eurocode 2; (¢) Model
Code 2010 Level I; (d) Model Code 2010 Level 1.
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Table 5. Summary of all the test results compared to code provisions.

VR,test/ VRd
Pw
Analysis (series) ACI Eurocode 2 MC2010 MC2010 (Level lil)
318-19 (Levell)  (*Series RO: Level Il)
[n. tests]
[19] [20] [15] [15]
Without - Average 1.23 1.01 1.94 1.37
shear (RO)
reinforcement (g tests] cov 0.33 0.33 0.36 0.15
0.13% Average 1.22 1.25 1.80 1.20
(R1)
[10 tests] cov 0.10 0.12 0.12 0.08
With shear 0.20% Average 1.20 1.02 1.46 1.13
i (R2)
reinforcement tests)  COV 0.13 0.14 0.14 0.08
[16 tests] cov 0.11 0.16 0.16 0.08

6. Conclusions

This paper presents the results of 12 new shear tests on six reinforced concrete beams
with and without shear reinforcement. These tests complement the 18 shear tests carried
out on reinforced concrete beams with shear reinforcement from the previous
experimental programme [21]. The tests system used in these experimental campaigns
allowed two shear tests to be conducted on the same reinforced concrete beam, one on
a cantilever beam and one on a continuous beam, where shear failure occurred with
growing shear forces after yielding of the flexural reinforcement and the plastic
redistribution of flexural forces. The shear strength of statically determinate and
indeterminate structures, with different transversal reinforcement ratios, were studied.

The main conclusions drawn from these results are listed below:

1. For the beams with shear reinforcement, crack pattern (cracking shape and
position) determines the contribution of stirrups to shear strength as the critical
shear crack openings at stirrup sections vary the stresses developed for
transversal reinforcement. Digital Image Correlation is an adequate tool for
performing those crack measurements.

2. For the tested cantilever and continuous beams, the analysis of the shear
slenderness ratio shows that bending moment negatively affects the shear
response. However, the shear slenderness ratio for the continuous beams, which
fail after yielding of the flexural reinforcement and redistributing internal forces,
must be redefined by considering the distance between the two sections where

plastic hinges develop to attain full flexural capacity.
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3. For the beams with the same shear reinforcement ratio, the shear strength
provided by concrete decreases as bending rotation increases, which can be
related directly to the moment-shear interaction until tensile reinforcement is
yielded. However, the tests conducted on the continuous beams show that after
yielding, shear strength continues to weaken with higher bending rotation levels.

4. Loss of shear strength provided by concrete with increasing rotation is influenced
by the flexural and shear reinforcement ratios. The influence of the flexural
reinforcement ratio is stronger for increasing bending rotation values.

5. The contribution of concrete and transversal reinforcement to shear strength
varies according to the shear reinforcement ratio of beams. Although shear
strength improves for increasing shear reinforcement ratios, concrete
contribution decreases with them. For higher shear reinforcement ratios, the
shear-transfer mechanisms associated with concrete weaken.

6. The simple formulations from ACI 318-19, Eurocode 2 and MC2010 Level |
provide similar scatter results for the experimented-to-predicted shear strength
ratio, although MC2010 Level predicts very conservative values. The iterative
formulation from MC2010 Level lll, based on the MCFT, considers the M-V

interaction and gives less conservative and scatter results.
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