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Abstract

An extensive experimental programme consisting of 15 shear tests on continuous reinforced concrete
beams was carried out to assess the shear strength of beams with and without shear reinforcement. The
influence of large flexural strains in the shear strength was analysed as the tests were designed to fail in
shear after yielding of the flexural reinforcement.

The assessment of the shear strength was investigated based on the contribution of the various potential
shear-transfer actions following the possibilities offered by Digital Image Correlation (DIC). In this
field, several approaches accounting for the role of the various shear-transfer actions have recently been
proposed, such as the Critical Shear Crack Theory or the Compression Chord Capacity Model, and
significant advances on the analysis of the activation of these shear-transfer actions have been performed
by the use of DIC.

In this work, detailed surface displacement measurements were performed by means of DIC, allowing
to track the development and kinematics of the critical shear crack leading to failure. Based on this
information, together with suitable constitutive models, the amount of shear transferred by each shear-
transfer action was estimated at different load levels and at failure. The calculated shear strength of the
specimens was obtained as the sum of the contribution of the various shear-transfer actions at failure
and its comparison with the experimental results showed consistent agreement for the different cases.

Based on the results, different conclusions and implications about the contribution of the various shear-
transfer actions at shear failure are presented. In general, the contribution of each shear-transfer action
is strongly influenced by cracking patterns and by the location, shape and kinematics of the critical shear
crack.

Keywords: shear strength, reinforced concrete, shear reinforcement, digital image correlation, shear-
transfer action.

1. Introduction

1.1. Overview

Shear strength of reinforced concrete members has been extensively studied over the last decades. For
members with shear reinforcement, equilibrium-based models (Schlaich, Schéfer and Jennewein 1987,
Schlaich and Schéafer 1991) and stress fields (Muttoni, Schwartz and Thirlimann 1997) have proved to
lead to safe approaches (ACI Committee 318 2019, EN 1992-1-1:2004). Also for members with shear
reinforcement, the Modified Compression Field Theory (MCFT) (Vecchio and Collins 1986) has been
widely extended and it is implemented in design code formulation (fib Bulletin 66 2012). On the other
hand, for members without shear reinforcement, shear design has been traditionally based on empirical
formulation calibrated from experimental results (ACI Committee 318 2019, EN 1992-1-1:2004).
Nevertheless, although the extensive experimental work carried out to this aim, there is still no
agreement about the role of the several shear-transfer actions at shear failure.
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Some approaches, such as the Critical Shear Crack Theory (Muttoni and Ferndndez Ruiz 2008, Cavagnis
et al. 2020) or the Compression Chord Capacity Model (Mari et al. 2015, Mari et al. 2016), account for
the contribution of the various shear-transfer actions. These approaches explain the shear strength of
members without shear reinforcement as the sum of the different actions (aggregate interlock, dowel
action, residual tensile strength of concrete and the contribution of the compression chord), but the role
attributed to each one is different. Despite this important difference, the shear strength predictions are
comparable and fit reasonably well with experimental results.

Regarding the role of the various shear-transfer actions for members without shear reinforcement, the
use of the Digital Image Correlation (DIC) has meant a great advance in recent years (Cavagnis,
Fernandez Ruiz and Muttoni 2018, Huber, Huber and Kollegger 2016). The accurate experimental
measurements of the critical shear crack kinematics performed by DIC allow a better understanding of
the contribution of the different actions and their governing parameters.

In this work, a detailed analysis of the various shear-transfer actions is presented for 15 continuous
reinforced concrete beams with and without shear reinforcement tested by the authors (Monserrat Lopez
etal. 2020a, Monserrat Lopez et al. 2020b). The information obtained from DIC measurements, together
with suitable constitutive models, allowed obtaining the shear strength of each specimen as the sum of
the various shear-transfer actions.

2. Experimental programme

2.1. Specimens

The experimental programme was presented in detail in Monserrat Lopez et al. (2020a and 2020b).
Regarding the continuous reinforced concrete beam tests, 15 beams (B1 to B15, Table 1) were tested
with a test procedure divided into two different phases.

Specimens B1 to B9 were 9.00 m long and B10 to B15 were 7.00 m long (Fig. 1a). All of them had a
rectangular cross section of 250 mm wide and 450 mm high (Fig. 1b). Specimens were divided into
three series according to the shear reinforcement ratio (p,,): beams without shear reinforcement (R0),
beams with p,, = 0.13% (R1) and beams with p,, = 0.20% (R2). Three sections were defined according
to the flexural reinforcement ratio (p): beams with p = 1.63% (S1), beams with p = 2.29% (S2) and
beams with p = 1.94% (S3) (Fig. 1b). Finally, specimens were tested under three different load and
support points configurations according to the length of the span [,. This length was 6.00 m (L6), 5.00
m (L5) and 4.00 m (L4) (Fig. 1b). Table 1 summarizes geometry and reinforcement of the specimens.

Table 1. Geometry and reinforcement of the specimens.

i ' p p Lot L l, l3 !
Specimen Test Ag A %) Agy (O/V:) (r;)]) m | m | m) (rﬁ)

Bl B1-R1-S1-L6 | 5¢20 | 7¢20 | 1.63 | ¢$8/30 | 0.13 | 9.00 | 1.00 | 6.00 | 1.00 | 1.00
B2 B2-R1-S2-L6 | 7¢20 | 5¢20 | 2.29 | ¢8/30 | 0.13 | 9.00 | 1.00 | 6.00 | 1.00 | 1.00
B3 B3-R1-S3-L6 | 6¢20 | 6420 | 1.94 | ¢8/30 | 0.13 | 9.00 | 1.00 | 6.00 | 1.00 | 1.00
B4 B4-R1-S1-L5 | 5¢20 | 7¢20 | 1.63 | ¢8/30 | 0.13 | 9.00 | 1.62 | 5.00 | 1.00 | 1.00
B5 B5-R1-S2-L5 | 7¢20 | 5¢20 | 2.29 | ¢8/30 | 0.13 | 9.00 | 1.62 | 5.00 | 1.00 | 1.00
B6 B6-R1-S3-L5 | 6¢20 | 6420 | 1.94 | ¢$8/30 | 0.13 | 9.00 | 1.62 | 5.00 | 1.00 | 1.00
B7 B7-R1-S1-L4 | 5¢20 | 7¢20 | 1.63 | ¢8/30 | 0.13 | 9.00 | 2.31 | 400 | 1.00 | 1.00
B8 B8-R1-S2-L4 | 7¢20 | 5¢20 | 2.29 | ¢8/30 | 0.13 | 9.00 | 2.31 | 4.00 | 1.00 | 1.00
B9 B9-R1-S3-L4 | 6¢20 | 6¢20 | 1.94 | ¢8/30 | 0.13 | 9.00 | 2.31 | 4.00 | 1.00 | 1.00

B10 B10-R0-S1-L4 | 5¢20 | 7¢20 | 1.63 - - 7.00 | 1.00 | 4.00 | 1.00 | 0.70
B11 B11-R0-S2-L4 | 7¢20 | 5420 | 2.29 - - 7.00 | 1.00 | 4.00 | 1.00 | 1.00
B12 B12-R0-S3-L4 | 6¢20 | 6420 | 1.94 - - 7.00 | 1.00 | 4.00 | 1.00 | 0.89

B13 B13-R2-S1-L4 | 5¢20 | 7¢20 | 1.63 | ¢$8/20 | 0.20 | 7.00 | 1.00 | 4.00 | 1.00 | 1.00
B14 B14-R2-S2-L4 | 7¢20 | 5¢20 | 2.29 | ¢$8/20 | 0.20 | 7.00 | 1.00 | 4.00 | 1.00 | 1.00
B15 B15-R2-S3-L4 | 6¢20 | 6¢20 | 1.94 | ¢$8/20 | 0.20 | 7.00 | 1.00 | 4.00 | 1.00 | 1.00
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Figure 1. (a) Reinforcement, geometry and load arrangement of the tests; (b) flexural reinforcement of
sections S1, S2 and S3 (dimensions in mm).

2.2. Test procedure

The 15 tests conducted on continuous reinforced concrete beams were developed in two phases (Fig.
1a). In the first phase, load P; was applied with displacement control, and load P, with load control
according to P, to obtain no reaction at support A. This phase ended when the top flexural reinforcement
at the support B section yielded. In the second phase, load P, was applied with displacement control
until shear failure, and load P; was controlled to keep the slope at the support B constant and equal to
the one reached at the end of the first phase. To maintain this slope, it was observed that a limited
increase of load P, was required, which was responsible for additional rotations in the plastic hinge. It
must be pointed out that the tests were designed to fail in shear after yielding of the flexural
reinforcement.

2.3. Digital Image Correlation (DIC)

Apart from traditional instrumentation (strain gauges and displacement transducers), two-dimensional
DIC was used to obtain accurate measurements of the cracking pattern on the regions where shear failure
was expected. Photogrammetry was performed with Canon EOS 5D Mark Il digital cameras (21.1
megapixels) with fixed-focus lens Canon EF 85 mm /1.8 USM. The image acquisition rate during tests
was variable, from images taken every two seconds at the beginning of the tests to a frequency up to 1
Hz at failure. The kinematics of the critical shear crack was obtained with the VIC2D software
(Correlated Solutions 2009) from the displacement measurements. This kinematics was employed to
calculate the various shear-transfer actions related to concrete contribution, such as aggregate interlock,
residual tensile strength of concrete, dowel action and the contribution of the compression chord. The
contribution of the shear reinforcement was obtained from an own software developed using NI-IMAQ
driver and programming with LabVIEW. This software allowed measuring the critical shear crack
opening along the vertical direction at the isolated location where the crack intercepts the different
stirrups.
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3. Analysis of the shear-transfer actions

The contribution of the various shear-transfer actions is obtained from the critical shear crack kinematics
performed by DIC and by using constitutive models and calculation methodologies (Campana et al.
2013, Cavagnis, Fernandez Ruiz and Muttoni 2018a, Cavagnis, Fernandez Ruiz and Muttoni 2018b).
The various shear-transfer actions refer to aggregate interlock (V4 4, Fig. 2), residual tensile strength of
concrete (V,..s, Fig. 2), dowel action (Vg4 in tension and Vg, . in compression, Fig. 2) and the
contribution of the compression chord (V,., Fig. 2). The contribution of the transverse reinforcement
(Vew» Fig. 2) is considered for specimens with shear reinforcement (specimens B1 to B9 and B13 to B15,
see Table 1).

! N,
I

== T

Figure 2. Shear-transfer actions: free body defined by the critical shear crack and internal forces (reinforced
concrete members with shear reinforcement).

3.1. Aggregate interlock

The contribution of the aggregate interlock to the shear strength is obtained on the basis of the Two-
Phase model developed by Walraven (1981) and the simplified kinematics proposed by Guidotti (2010).
To this aim, the simplified formulas developed by Cavagnis, Fernandez Ruiz and Muttoni (2018b) on
these bases are used. The aggregate interlock interface stresses (normal stresses o,44 and shear stresses

Tagg) are obtained from the crack opening w and the crack sliding § as:

~ c, 87/

Ougg = \/EW (D)
o 543

Tagg = \/]Tc e (2)

(cy - V—V)l.8+c2»6

where f, is the compression strength of concrete; ¢, = 40, c; = 35 and ¢, = 400; § = 8/dgg and w =
w/dg4, are the normalized crack sliding and crack opening respectively; dg, is a parameter
characterizing the roughness of the crack (Cavagnis, Fernandez Ruiz and Muttoni 2018b).

Finally, the vertical component of the shear force transferred by the aggregate interlock across the
critical shear crack is obtained by the integration of stresses according to:

Vagg = b+ L (‘L’agg sinff — Ggq4 COS ,8) aé¢ 3)

where b is the width of the section; ¢ is the integration variable and g is the inclination of every segment
of the polyline that approximates the shape of the critical shear crack.

3.2. Concrete residual tensile strength

The contribution of the concrete residual tensile strength to the shear strength is obtained from the
expression suggested by Reinhardt (1985) that relates the residual tensile stresses (normal stresses o;.q)
with the crack opening w as:
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w \“
Ores = fet * (1 - <ﬁ> ) (4)
where f. is the tensile strength of concrete; c; = 0.31 and wy, = Gr/fer - (1 + ¢1)/cq is the limit
crack width for stress transfer. The fracture energy G is calculated according to Model Code 2010 (fib
Bulletin 66 2012).

Finally, the vertical component of the shear force transferred by the concrete residual tensile strength is
obtained by the integration of stresses according to:

Vies= b~ f Ores COS B dS (5)
¢

where b is the width of the section; ¢ is the integration variable and § is the inclination of every segment
of the polyline that approximates the shape of the critical shear crack.

3.3. Dowel action

The contribution of the dowelling action is obtained on the basis of the measured displacements of the
concrete surface at the level of the flexural reinforcement (Cavagnis, Fenandez Ruiz and Muttoni
2018a). The deflection of the flexural reinforcement in the horizontal distance influenced by the dowel
action (I, see Fig. 3) is approximated by a third-order polynomial (v(x) = ax® + bx? + cx + d) by
considering the displacements of four points for each layer of flexural reinforcement (outer points PA1
and PBL1 located at a distance x,4,,, = ¢/2 from points PA and PB, respectively, where ¢ refers to the
diameter of the bar, see Fig. 3).

e e
Xdo Idow Xdow
—L PB PBI1
PA1 PA

u(x) =ax’+bx*+cx+d

Figure 3. Dowel action of the flexural reinforcement: deflection of the flexural reinforcement in the horizontal
length influenced by this phenomenon (Cavagnis, Fenandez Ruiz and Muttoni 2018a).

The sectional curvature is obtained by differentiating two times the deflection v(x). The strain of the
central axis of the bar section is calculated from the horizontal displacement of the points PA and PB
(see Fig. 3) and the length [,,,,. Accounting for the curvature and the strain of the bar axis, the bending
moment is calculated by considering a planar strain distribution and the shear force (Vo ¢ and Vo, c)
is calculated as the derivative of the bending moment.

3.4. Contribution of stirrups

The contribution of the shear reinforcement to the shear strength is the sum of the shear forces carried
by each stirrup intercepted by the critical shear crack. In general, two stirrups are intercepted by this
crack in the series R1 and three in the case of the series R2. The stirrups intercepted by the propagation
of the horizontal branch of the critical shear crack are not considered in the contribution of the shear
reinforcement, but in the contribution of the dowelling forces (Campana et al. 2013, Huber, Huber and
Kollegger 2016).
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The procedure proposed and validated by Campana et al. (2013) is followed to obtain the contribution
of the shear reinforcement for the tested specimens. At the location where the critical shear crack (i)
intercepts each stirrup, its vertical opening is obtained from the measured displacements of the concrete
surface at two points (j and k) vertically aligned with the stirrup (see Fig. 4a). The rigid-plastic bond
behaviour stablished by Sigrist (1995) is considered (see Fig. 4b). On this basis, and by considering a
bilinear stress-strain relationship with strain hardening for the steel (see Fig. 4c) and the measured crack
widths, the stresses and strains in a stirrup are determined (see Fig. 4d). As the procedure neglects the
concrete strains, the crack opening is obtained by integrating the strains distribution of a stirrup along
the tributary length (l¢on: ;) of the crack.

a) b) ) 4
point k point j critical shear crak { T, A A
\ |
‘ =2, Sal oo
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Figure 4. Shear reinforcement contribution: (a) obtaining the vertical crack opening of the critical shear crack by
DIC; (b) the considered rigid-plastic bond behaviour; (c) the considered bilinear hardening stress-strain
relationship of steel; (d) transmission of stresses and strains in a stirrup (Campana et al. 2013).

Finally, the shear force carried by each stirrup (V;,,) activated by the critical shear crack is calculated
from the tensile stress (oy,,) according to:
2
*TT

e ©)

Vow =2+ Oy

where ¢ is the diameter of the bar (stirrup with two branches) and a,, is the tensile stress of the stirrup,
which is calculated following the procedure of Campana et al. (2013).

3.5. Contribution of the compression chord

The contribution of the compression chord to the shear strength is obtained from the approach developed
by Cavagnis, Fernandez Ruiz and Muttoni (2018b). The resultant of the forces of the compression zone
is composed of a horizontal force ( N,..) and a vertical one ( V.), which define the inclination of the
compression chord ( a..) according to the simplified stress field presented in Figure 5. It is assumed
that at the section AB the stress distribution increases linearly from zero at the tip of the crack to the
extreme compression fibre (c,, = 1/3 hy, where hy is the thickness of the compression zone below the
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tip of the critical shear crack, see Fig. 5). It is also assumed that at the section CD the stress distribution

is almost constant, corresponding to a stress block of thickness c,,,, with a compressive stress equal to

o, (see Fig. 5). According to these considerations, the contribution of the compression chord is:
1/3 - hy — Cpp/2

T

Vee = Nee - tanag. = o, - cpp + b

U]

where b is the width of the section and r; is the horizontal distance between the vertical sections AB
and CD (see Fig. 5).

From equation (7), the values rr and hy are obtained by DIC measurements, the value of the
compressive stress o, can be assumed equal to the compressive strength of concrete f. and the
parameter c,,, can be assumed to be equal to c,,, (effective depth of the stress block at the edge of the
support plate).

critical shear crack

observed tip of the

critical shear crack \

4

cec

=== === =]

cc

Figure 5. Hypothesis of the stress field used to determine the contribution of the compression chord (adapted
from Cavagnis, Fenandez Ruiz and Muttonin 2018b).

4. Analysis of the shear-transfer actions for the tested specimens

4.1. Main results at shear failure

Based on the procedures described previously, the amount of shear carried by each action is obtained at
several load steps. In Table 2, the contribution of the various shear-transfer actions to the shear strength
at failure is presented for the tested specimens (results of the test B11-R0-S2-L4 are not presented as a
consequence of an inaccurate reading of crack kinematics). In this table, the percentage of the shear
carried by each action over the experimental shear strength V ..+ (values in brackets), the sum of the
estimated contributions (Vi .q;c) and the comparison between the experimental shear strength and the
calculated shear strength (Vg ¢est/Vg caic) are included.

The results show good agreement between the shear strength obtained from the estimated contribution
of the various shear-transfer actions and the experimental shear strength. The average of the measured-
to-calculated strength is 1.09, with a Coefficient of Variation equal to 15.4%. For members with shear
reinforcement (specimens B1 to B9 and B13 to B15), the average of the measured-to-calculated strength
is 1.06, with a Coefficient of Variation equal to 14.6%.
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Table 2. Contribution of the various shear-transfer actions to the shear strength at failure.

Tt | h | o | G || o | | Gy || Yaca
B1-R1-51-L6 (8:% 0.0 (g:i) ég:g) 0.0 (18261.92) 1513 | 139.4 0.92
B2-R1-52-L6 (il;:g) 0.0 (g:é) 0.0 éé:?) (17181.47) 156.4 | 142.4 0.91
B3-R1-S3-L6 (gjg) 0.0 (iizg) (i?g) 0.0 (18254.40) 1761 | 1451 0.82
B4-R1-51-L5 (8:;‘) 0.0 (‘;’:% ég:;) 0.0 (18287.;)) 1609 | 1431 0.89
B5-R1-52-L5 (if’,r) 0.0 %86% (i%‘) 0.0 (1613?;17) 1712 | 1887 1.10
B6-R1-53-L5 (17?'27) 0.0 (g:f) (ﬁ:;) 0.0 (1611% 1519 | 19038 1.26
B7-R1-S1-L4 (ig:g) (12'96; (ﬁ) (%) 0.0 (151568) 1814 | 2163 1.19
B8-R1-52-L4 (f?;) (2:8) (j:‘;) (151_;3) 0.0 (figii) 1616 | 2009 124
B9-R1-53-L4 (17%(; 0.0 (2:2) (17%'78) 0.0 (16106.'78) 1541 | 1923 1.25
B10-R0-S1-L4 (ggji) (gzz) é:g) (8:2) (g:g) 00 | 595 | 824 1.38
B12-R0-S3-L4 (gg:g) éﬁ) (8:1) é:g) (g:g) 00 | 721 | 876 121
B13-R0-S3-L4 (16%(; 0.0 (gzg) (ﬁii) 0.0 (187(35.6:3) 214 | 2176 0.98
B14-R2-S1-L4 (gfg) 0.0 (177_'5; 00 | 00 (17772.30) 197.9 | 2225 112
B15-R2-52-L4 (‘2‘:1) 0.0 (ézg) (ig) 0.0 (18774.655 1843 | 199.1 1.08

4.2. Evolution of the shear-transfer actions contribution

Figure 6 shows the kinematics of the critical shear crack and the contribution of the various shear-
transfer actions at selected load steps for the tested specimen B7 (test B7-R1-SI-L4). It is a specimen
with stirrups that fails in shear after the development of one plastic hinge at support B section (see Fig.
1a). In this case, the contribution of the shear reinforcement is governing (54% of Vg (es¢). The
contribution of the aggregate interlock is also important (19.9% of Vi ;s¢), as the critical shear crack
develops steep segments that allows enhancing engagement of interlock stresses. The residual strength
shows a limited contribution (4.9% of Vg +.s:), as well as the dowel action (1.1% of V¢ ;. in tension
and 4.0% of Vi (¢ in compression). Finally, as a consequence of the location of the critical shear crack
tip, there is no contribution of the inclined compression chord.
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Figure 6. Evolution of the kinematics of the critical shear crack and the contribution of the various shear-transfer
actions at selected load steps for the test B7-R1-S1-L4 (shear failure occurs at the step D and the step A
corresponds to the development of the plastic hinge).

5. Conclusions

In this work, a detailed analysis of the contribution of the various shear-transfer actions to the shear
strength of continuous reinforced concrete beams with and without shear reinforcement, based on DIC
measurements, is presented. The main conclusions are the following:

1. At failure, the sum of the contribution of the various shear-transfer actions adequately explains
the experimental values of shear strength obtained for the tested specimens.

2. The location, shape and kinematics of the critical shear crack govern the amount of shear carried
by each shear-transfer action. The location of the tip of the critical shear crack determines the
thickness of the compression zone, which highly influences the contribution of the inclined
compression chord.

3. For the specimens with stirrups, the contribution of the shear reinforcement is dominant. The
crack pattern determines the number of stirrups accounted for contributing to shear strength and
the shear force transferred by each of them. The relative contribution of this action to the shear
strength is comparable regardless of the shear reinforcement ratio of specimens.

4. The contribution of the aggregate interlock varies largely among the tested specimens. This
shear-transfer action is governing for the specimens without stirrups. For the specimens with
shear reinforcement, aggregate interlock is more significant in the steeper part of the critical
shear crack. In these specimens, the yielding of the flexural reinforcement allows the critical
shear crack to develop steeper, which results in the activation of a lower number of stirrups and
a higher engagement of aggregate interlock in the steeper part of the critical shear crack.

5. The contribution of the dowel action significantly reduces with the yielding of the flexural
reinforcement and low openings of the critical shear crack, but it can be significant for
specimens with stirrups. In general, an increase of critical shear crack openings implies a
reduction of the force transferred by aggregate interlocking, but an increase of the shear
transferred by the dowel action.
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