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A B S T R A C T   

The assessment of the shear strength of reinforced concrete beams with and without shear reinforcement is 
investigated in this paper on the basis of the contribution of the various potential shear-transfer actions. To that 
aim, a comprehensive experimental programme is presented, aimed at representing realistic conditions in 
reinforced concrete members. The programme comprised 15 cantilevers and 15 continuous beams with and 
without stirrups. In addition, some of the tests were designed to fail in shear after yielding of the flexural 
reinforcement, allowing to investigate on the structural implications of this phenomenon. The tests were 
instrumented by means of surface measurements using Digital Image Correlation (DIC), tracking in a detailed 
manner the development and kinematics of the critical shear crack leading to failure. Based on these mea-
surements, and by accounting for suitable constitutive models, the contribution of the shear-transfer actions is 
estimated at different levels of load. 

The comparison of the experimental results with the calculated shear strength (sum of the contribution of the 
various shear-transfer actions at failure) shows consistent agreement for the various cases investigated. On this 
basis, several conclusions about the dominant shear-transfer actions at shear failure are presented, particularly 
on the role of the shear reinforcement and on the implications of the flexural reinforcement yielding on the 
overall response.   

1. Introduction 

Research on the shear strength of reinforced concrete members has 
been remarkable over the last decades and it has involved extensive 
experimental and theoretical work. The design approaches based on 
these works have traditionally been different for members with and 
without shear reinforcement. For members with shear reinforcement, 
equilibrium-based models [1,2] (extended from the truss analogy [3–5]) 
and stress fields [6] are acknowledged as sound and safe approaches. 
They provide freedom for the necessary design choices and allow for 
consistent design of beam regions (dominated by the Bernouilli-Navier 
response) and discontinuity regions (where nonlinear strain distribu-
tions occur). Other approaches are also widely extended for design of 
members with shear reinforcement, as the Modified Compression Field 
Theory (MCFT) [7–8], Softened Truss Models [9–10] or others [11,12]. 

For members without shear reinforcement, a rational explanation for 
the phenomena governing the shear strength has been a matter of 
debate, and design expressions have traditionally been based on 

empirical formulas calibrated on the basis of experimental results 
[13,14]. In order to make a step forward in this field, a number of efforts 
have been devoted to the understanding of the role of shear-transfer 
action on cracked concrete. Such contributions refer to aggregate 
interlock [15–22] (Vagg in Fig. 1), dowel action [23–28] (Vdow in Fig. 1) 
and the residual tensile strength of concrete [29–31] (Vres in Fig. 1). 
Also, the contribution of the inclination of the compression chord to the 
shear transfer (Vcc in Fig. 1) has been acknowledged as a significant 
action in some cases, particularly for members with low slenderness 
[28,32,33]. In this work, this contribution is obtained at the vertical 
section defined by the observed tip of the critical shear crack and the 
outermost compressive fibre of the section (Fig. 1). However, it must be 
pointed out that some authors ([32,34–40]) consider this vertical sec-
tion as the one defined by the point where the crack turns (neutral axis) 
and the outermost compressive fibre of the section. 

Some approaches accounting for the role of the various shear- 
transfer actions have been proposed so far, as the Critical Shear Crack 
Theory [41,42] or the works by Marí et al. [38,43]. These approaches, 
accounting for the various shear-transfer actions, present some 
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Nomenclature 

a shear span (defined as M1,R/VR,test) 
b concrete section width 
c concrete cover 
c1 constant of the concrete residual tensile strength model 
c2,c3,c4 constants of the aggregate interlock model 
cm thickness of the compressive stress block at the edge of the 

loading plate (cm = cm1 + cm2) 
cm1 thickness of the block of compressive stresses generated at 

the edge of the loading plate 
cm2 thickness of the block of compressive stresses generated at 

the edge of the loading plate by Ncc 
cn distance from the bottom compression fibre to the axis 

where the inclined force of the compression chord acts 
d effective depth (distance from the extreme compression 

fibre to the centroid of the tensile flexural reinforcement) 
ddg average roughness 
dg maximum aggregate size 
fc compressive strength of concrete measured in cylinder 
fct tensile strength of concrete 
fu tensile strength of reinforcement 
fy yield strength of reinforcement 
h concrete section height 
hT thickness of the compression zone below the tip of the 

critical shear crack 
l’ shear span in continuous beams (defined as (M1,R +

M2,R)/VR,test) 
lcont,i tributary length of the crack i 
ldow horizontal length affected by dowelling action 
lj distance between crack i and the point j 
lk distance between crack i and the point k 
ltot total specimen length 
lx cantilever length (x = 1, 3) or span (x = 2) 
lxx segment of the span (xx = a, b, c) 
m linear gradient of stress prior to yielding of reinforcement 
my linear gradient of stress after yielding of reinforcement 
rT horizontal distance from the edge of the loading plate to 

the tip of the critical shear crack 
w crack width normal to the crack 
w normalised crack opening 
w0 initial crack opening 
wlim maximum crack opening allowing tensile stresses transfer 

in concrete 
xdow distance from the points that define de length affected by 

dowelling action to the external points used to calculate 
this action 

As area of tensile flexural reinforcement 
A’

s area of compressive flexural reinforcement 
Asw area of shear reinforcement 
Es modulus of elasticity of steel reinforcement 
GF fracture energy 
M bending moment 
M1,R absolute value of bending moment at failure (at A support 

section in cantilever tests and at B support section in 
continuous beam tests) 

M2,R bending moment at failure (at section of applied load P2 in 

continuous beam tests) 
Ncc horizontal force carried by inclined compression chord 
Px applied load (x = 1,2) 
RA reaction in support section A 
RB reaction in support section B 
V shear force 
Vagg shear force carried by aggregate interlock 
Vcalc shear force carried by the various shear-transfer actions 
Vcc shear force carried by inclined compression chord 
Vdow shear force carried by dowel action 
Vdow,c shear force carried by dowel action (compressive flexural 

reinforcement) 
Vdow,t shear force carried by dowel action (tensile flexural 

reinforcement) 
Vp,test shear at the peak load in tests 
Vres shear force carried by concrete residual tensile strength 
VR,calc shear force carried by the various shear-transfer actions at 

failure 
VR,test shear strength in tests 
Vs shear force carried by shear reinforcement 
Vsw shear force carried by a stirrup 
αcc inclination of the compression chord 
β inclination of a segment of the polyline that approximates 

the shape of the critical shear crack 
γ crack opening angle 
δ crack sliding 
δ normalized crack sliding 
δb relative concrete-to-steel slip 
δby relative concrete-to-steel slip at yielding 
δi specimen deflection under applied load (i = 1,2) 
εs strain of a reinforcing bar 
εs,c strain at the central axis of a reinforcing bar 
εsw strain of a stirrup 
εu strain at maximum load of reinforcement 
εy yield strain of reinforcement 
νsw,i vertical crack opening of the crack i at the location where it 

intercepts a stirrup 
ξ integration variable of aggregate interlock and residual 

tensile stresses 
ρ reinforcement ratio of flexural reinforcement 
ρw reinforcement ratio of shear reinforcement 
σagg aggregate interlock normal stress 
σc concrete compressive stress in the compressive stress block 

at the edge of the loading plate 
σres concrete residual tensile stress 
σs stress of a reinforcing bar 
σsw stress of a stirrup 
τagg aggregate interlock shear stress 
τb bond stress of reinforcement 
τb1 bond stress prior to yielding of reinforcement 
τb2 bond stress after yielding of reinforcement 
υPA, υPB vertical displacement 
υPA1, υPB1 vertical displacement 
υ’PA, υ’PB slope 
ϕ nominal diameter of a reinforcing bar 
χ section curvature  
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differences in the role and significance attributed to each action. It is 
however interesting to note that, despite these differences, the shear 
strength predictions fit comparably well with experimental results. In 
order to make a step forward in the understanding of the response of 
members without stirrups, it is thus instrumental to suitably determine 
on the basis of test results the role of the different actions and their 
governing parameters. Significant advances in this field have been 
performed in the last years [44–46]. Notably, the use of Digital Image 
Correlation (DIC) [45,46] has allowed providing valuable information 
about the cracking patterns and associated kinematics during the pro-
cess of failure. On this basis, accurate analysis of the activation of the 
various potential shear-transfer actions and their contribution to the 
member strength can be performed [45,46]. 

In this paper, following the possibilities offered by DIC, a detailed 
analysis of the various potential shear-transfer actions is presented for 
reinforced concrete beams with and without shear reinforcement tested 
by the authors [47,48]. The tests are part of an extensive experimental 
programme consisting of 15 cantilever tests and 15 continuous beam 
tests. The tests aim at representing realistic conditions of reinforced 
concrete structures both in terms of static system and internal forces 
(such as those of continuous beams, redundant planar members or 
cantilevers, refer to Fig. 2). The specimens were instrumented with DIC, 
used for a detailed tracking of cracking and its associated kinematics. 
This information, together with suitable constitutive models, allows 
estimating the amount of force transferred by each shear-transfer action 
during the process of loading and at failure. 

In this work, the presence of shear reinforcement in the response of 
the member is investigated together with the role of the static system 
(cantilevers and continuous beams). In particular, some of the tests were 
designed to fail in shear after yielding of the flexural reinforcement, 
allowing to investigate in a detailed manner the implications of large 

flexural strains on the shear strength (completing previous researches on 
continuous members [46,49–53]). On the basis of the test results and 
their analysis, a number of implications for future development of 
design models are highlighted and discussed. 

2. Experimental programme 

2.1. Specimens and test procedure 

The experimental programme was presented in detail in Monserrat 
López et al. [47,48]. It comprised 30 different shear tests conducted on 
15 reinforced concrete beams (specimens B1 to B15, see Table 1). Each 
of these 15 beams was tested under two different load configurations 
(giving rise to 15 cantilever tests and 15 tests on continuous beams, see 
Fig. 3a and Fig. 3b). 

Specimens B1 to B9 were 9.00 m long and B10 to B15 were 7.00 m 
long. All of them had a rectangular cross section of 250 × 450 mm (see 
Fig. 3c). Three series were considered according to the shear rein-
forcement ratio: beams without shear reinforcement (series R0); beams 
with a shear reinforcement ratio ρw = 0.13% (series R1, two-legged 
closed stirrups ϕ8/30) and beams with a shear reinforcement ratio ρw 
= 0.20% (series R2, two-legged closed stirrups ϕ8/20). Outside of the 
expected failure regions, stirrups were provided to prevent shear failures 
(ρw = 0.90% in all specimens). Three ratios were considered with respect 
to the flexural reinforcement: ρ = 1.63% (section S1, effective depth d =
386 mm); ρ = 2.29% (section S2, effective depth d = 385 mm); ρ =
1.94% (section S3, effective depth d = 389 mm). All sections had a total 
of twelve 20 mm-diameter bars arranged as tensile (top) and compres-
sive (bottom) flexural reinforcement (arranged in two layers, see 
Fig. 3c). The specimens were tested under different configurations of 
load and support points. In the cantilever tests, the length of cantilever l1 

was 1.00 m (L1), 1.62 m (L1.6) and 2.31 m (L2.3) (see Fig. 3a); in the 
continuous beam tests, the length of the span l2 was 6.00 m (L6), 5.00 m 
(L5) and 4.00 m (L4) (see Fig. 3b). 

The name of the specimens and tests was provided to allow an easy 
identification of its parameters. It is composed of four terms in the 
following order: (1) specimen (B1 to B15) and type of test (C -cantilever- 
for the cantilever test and S -span- for the continuous beam test); (2) 
series according to the shear reinforcement ratio (R0, R1 or R2); (3) 
section according to the flexural reinforcement ratio (S1, S2 or S3); (4) 
length of the cantilever (L1, L1.6 or L2.3) or length of the span (L6, L5 or 
L4) according to the cantilever or continuous beam test, respectively. 
Table 1 summarizes the reinforcement, geometry and material proper-
ties of all tests. 

With respect to the test procedure, in cantilever tests (Fig. 3a), load 
P1 was applied with displacement control until shear failure occurred. In 
these tests, load P2 was applied with load control according to P1 to 
obtain no reaction at supportB. The continuous beam tests (Fig. 3b) were 
carried out in two phases, taking advantage of the cantilever that was 
not tested previously (see Fig. 3a). In the first phase, load P1 was applied 
with displacement control, and load P2 with load control according to P1 

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 P2 was applied with displacement control until shear failure, 
and load P1 was controlled to keep the slope at the support B constant 
and equal to the one at the end of the first phase. To maintain such slope, 
it was observed that a limited increase of load P1 was required, which 
was responsible for additional rotations in the plastic hinge (due to the 
increasing rotation of the inner span). 

All specimens were cast with normal-strength concrete with 
maximum aggregate size dg of 10 mm (the low-size aggregate was used 
to facilitate concrete casting due to the narrow spacing between bars). 
The concrete cylinder compressive strength (fc measured on cylinders 
with a diameter of 150 mm and a height of 300 mm) and tensile strength 
(fct measured on indirect tensile tests on cylinders with a diameter of 
150 mm and a height of 300 mm) at the time of testing are included in 

Fig. 1. Shear-transfer actions in a member without shear reinforcement: 
aggregate interlock (Vagg), dowel action (Vdow), residual tensile strength (Vres) 
and inclination of the compression chord (Vcc). 

Fig. 2. Examples of reinforced concrete statically indeterminate structures with 
and without shear reinforcement: continuous beams, cantilever slabs and 
redundant planar members. 
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Table 1 
Reinforcement, geometry and material properties of all tests.  

Specimen Tests As  A’
s  ρ(%)  Asw  ltot(m)  l1(m)  l2(m)  l3(m)  la(m)  lb(m)  lc(m)  fc(MPa)  fct(MPa)  

B1 B1C-R1-S1-L1 B1S-R1-S1-L6 5ϕ20  7ϕ20  1.63 ϕ8/30  9.00 1.00 6.00 1.00 1.00 3.10 1.90 24.1 2.5 
B2 B2C-R1-S2-L1 B2S-R1-S2-L6 7ϕ20  5ϕ20  2.29 ϕ8/30  9.00 1.00 6.00 1.00 1.00 2.50 2.50 22.3 3.1 
B3 B3C-R1-S3-L1 B3S-R1-S3-L6 6ϕ20  6ϕ20  1.94 ϕ8/30  9.00 1.00 6.00 1.00 1.00 2.80 2.20 22.8 2.8 
B4 B4C-R1-S1-L1.6 B4S-R1-S1-L5 5ϕ20  7ϕ20  1.63 ϕ8/30  9.00 1.62 5.00 1.00 1.00 2.10 1.90 22.3 2.6 
B5 B5C-R1-S2-L1.6 B5S-R1-S2-L5 7ϕ20  5ϕ20  2.29 ϕ8/30  9.00 1.62 5.00 1.00 1.00 1.50 2.50 34.7 3.6 
B6 B6C-R1-S3-L1.6 B6S-R1-S3-L5 6ϕ20  6ϕ20  1.94 ϕ8/30  9.00 1.62 5.00 1.00 1.00 1.80 2.20 35.9 3.3 
B7 B7C-R1-S1-L2.3 B7S-R1-S1-L4 5ϕ20  7ϕ20  1.63 ϕ8/30  9.00 2.31 4.00 1.00 1.00 1.10 1.90 36.2 2.9 
B8 B8C-R1-S2-L2.3 B8S-R1-S2-L4 7ϕ20  5ϕ20  2.29 ϕ8/30  9.00 2.31 4.00 1.00 1.00 0.50 2.50 34.5 3.4 
B9 B9C-R1-S3-L2.3 B9S-R1-S3-L4 6ϕ20  6ϕ20  1.94 ϕ8/30  9.00 2.31 4.00 1.00 1.00 0.80 2.20 29.7 2.2 
B10 B10C-R0-S1-L1 B10S-R0-S1-L4 5ϕ20  7ϕ20  1.63 – 7.00 1.00 4.00 1.00 0.70 1.40 1.90 36.4 2.1 
B11 B11C-R0-S2-L1 B11S-R0-S2-L4 7ϕ20  5ϕ20  2.29 – 7.00 1.00 4.00 1.00 1.00 0.61 2.50 31.4 2.1 
B12 B12C-R0-S3-L1 B12S-R0-S3-L4 6ϕ20  6ϕ20  1.94 – 7.00 1.00 4.00 1.00 0.89 0.91 2.20 28.7 2.9 
B13 B13C-R2-S1-L1 B13S-R2-S1-L4 5ϕ20  7ϕ20  1.63 ϕ8/20  7.00 1.00 4.00 1.00 1.00 1.10 1.90 30.6 2.5 
B14 B14C-R2-S2-L1 B14S-R2-S2-L4 7ϕ20  5ϕ20  2.29 ϕ8/20  7.00 1.00 4.00 1.00 1.00 0.50 2.50 31.4 2.9 
B15 B15C-R2-S3-L1 B15S-R2-S3-L4 6ϕ20  6ϕ20  1.94 ϕ8/20  7.00 1.00 4.00 1.00 1.00 0.80 2.20 26.0 2.6  

Fig. 3. Reinforcement, geometry and load arrangement of the specimens in (a) cantilever test and (b) continuous beam test; (c) flexural reinforcement of sections S1, 
S2 and S3 (dimensions in mm). 
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Table 1. The reinforcement steel properties are summarized in Table 2. 

2.2. Photogrammetric measurements (DIC) 

Several load, displacement and strain measurements were recorded 
with conventional instrumentation, such as load cells, displacement 
transducers and strain gauges [47]. In addition to these conventional 
measurements, two-dimensional DIC was used to track the cracking 
pattern and the displacement field of the specimens. Photogrammetry 
was performed on the specimens’ surface, only on the regions where 
shear failure was expected. To this aim, three or four (depending on the 
test) Canon EOS 5D Mark II digital cameras (21.1 megapixels) equipped 
with a fixed-focus lens Canon EF 85 mm f/1.8 USM were used. In the 
measurement regions, a pattern consisting of rounded black speckles 
was applied. The image acquisition rate during tests was variable. At the 
beginning, images were taken every two seconds, but the frequency was 
increased up to 1 Hz near failure. The DIC software used to obtain the 
kinematics of the critical shear crack was VIC2D [54]. The calibration 
was made by the software from an initial reference image with 1-mm 
dots aligned to a distance of 10 mm. For measuring displacements, im-
ages were divided into a grid of facets and each one was tracked from 
one image to the following to measure the displacement field. From the 
displacement data provided, it was possible to obtain the kinematics of 
the critical shear crack, which was essential to obtain the contribution of 
the various shear-transfer actions. The DIC software used to obtain the 
critical shear crack opening along the vertical direction at the location 
where the crack intercepted the different stirrups was different to 
VIC2D. The isolated measurements were obtained from an own software 
developed using NI-IMAQ driver and programming with LabVIEW [47]. 
Images were divided into a grid of squared facets of 100 × 100 pixels to 
track displacements between them. The software maximum error of the 
computed displacements was 1/32 pixels. The calibration was done with 
the Vision Assistant of National Instruments software, and took into 
account the distortion and projection parameters so that each calibra-
tion was valid only for one camera in a specific test. Image calibration 
was carried out with a dot grid and the obtained resolution was 0.2 mm/ 
pixel. 

2.3. Main results 

Several shear failure modes were observed (Table 3), two for the 
cantilever tests and two for the continuous beam tests.  

• In cantilever tests, specimens L1 and L1.6 failed in shear before 
yielding of the top flexural reinforcement at the support section A 
(see Fig. 3a). On the other hand, specimens of the tests B8C-R1-S2- 
L2.3 and B9C-R1-S3-L2.3 failed in shear after yielding of the flex-
ural reinforcement (i.e. shear failure occurred under constant shear 
force but for increasing deformations). Finally, test B7C-R1-S1-L2.3 
failed in bending. The load–deflection curves (load P1 against the 
deflection under this load, δ1) for the specimens of series R1 (with 
shear reinforcement) and section S3 (ρ = 1.94%) are plotted in 
Fig. 4a.  

• In continuous beam tests, all specimens failed in shear in the second 
phase of loading (after yielding of the top flexural reinforcement at 
support section B, see Fig. 3b). Two different failure modes were 
observed depending on the development or not of a second plastic 
hinge under load P2 (see Fig. 3b). Specimens L4, and specimen of the 
test B4S-R1-S1-L5 failed in shear after formation of the first plastic 
hinge with increasing shear forces. Specimens L6, and specimens of 
the tests B5S-R1-S2-L5 and B6S-R1-S3-L5 failed in shear after for-
mation of the second plastic hinge (failure for constant shear forces 
but for increasing plastic deformations). The load–deflection curves 
(load P2 against the deflection under this load, δ2) for specimens of 
series R1 and section S3 are plotted in Fig. 4b. These curves show a 
first branch with negative slope and a limited applied load, which 
corresponds to the first phase of the continuous beam tests. 

The shear strength (VR,test) provided by tests at failure at the corre-
sponding support section (support section A for the cantilever tests and 
support section B for the continuous beam tests, see Fig. 3) is summa-
rized in Table 3. It is also included the normalised shear strength 
(VR,test/bd

̅̅̅̅
fc

√
) according to the compressive strength of concrete for 

each test. 
The shear slenderness of the specimens influenced both their failure 

mode and shear strength. For cantilevers, the shear slenderness ratio a/d 
(shear span a = M1,R/VR,test) is presented in Table 3. For the different 
specimens of series R1 (ρw = 0.13%), the shear strength was strongly 
influenced by the shear slenderness ratio, decreasing for increasing 
values of a/d (Fig. 5a). Specimens with a/d ≈ 2.5 and a/d ≈ 4.0 failed in 
shear before reaching their flexural strength and developed larger shear 
strength than specimens with a/d ≈ 5.5, which attained their flexural 
strength prior to shear failure. Regarding the influence of the amount of 
shear reinforcement, specimens of series R0, R1 and R2 with equivalent 
values of a/d (L1) showed as expected larger shear strength for 
increasing amounts of shear reinforcement (Fig. 5b). For continuous 
beams, the shear slenderness ratio l’/d (shear span l’ = (M1,R +

M2,R)/VR,test) is presented in Table 3 (values at failure). As already 
explained in Monserrat et al. [48], the shear span l’ is defined as the 
distance between two loading sections (for the tested continuous beams, 
l’ is the distance between the section of applied load P2 and the support 
section A, see Fig. 3c). As for parameter a/d in the cantilevers, a trend 
appeared between the shear strength and the slenderness l’/d in the 
continuous beam tests (Fig. 5c). For the different specimens of series R1 
(ρw = 0.13%), the shear strength decreased for increasing values of l’/d. 
In addition, all specimens with l’/d ≈ 12.0 and two with l’/d ≈ 10.0 
failed in shear after reaching their flexural strength (i.e. after the 
development of two plastic hinges). However, all specimens with the 
lowest shear slenderness ratio (l’/d ≈ 7.5) failed in shear before devel-
oping the second plastic hinge, regardless the amount of shear rein-
forcement. These specimens, with equivalent values of l’/d (L4), showed 
the influence of the shear reinforcement ratio as their shear strength 
increased for increasing amounts of it (Fig. 5d). 

2.4. Cracking pattern 

Related to the cracking patterns at failure, they developed differently 
for cantilever and continuous beam tests. In all cantilever tests, cracking 
started first in the form of vertical flexural cracks near the support 
section. In most of the tests, as load increased, one of the flexural cracks 
developed a sub-horizontal branch towards the support section, 
becoming eventually the critical shear crack (see Fig. 6a). Nevertheless, 
in some L1 tests (B3C-R1-S3-L1, B11C-R0-S2-L1, B12C-R0-S3-L1 and 
B15C-R2-S3-L1), the critical shear crack developed as a diagonal crack 
in the web and its width increased until shear failure (see Fig. 6b). In 
continuous beam tests, during the first loading phase, mainly flexural 
cracking was observed, while the critical shear crack (developed from a 
flexural crack, see Fig. 6a) progressed until shear failure in the second 

Table 2 
Average values of the reinforcement steel properties.  

Specimens ϕ(mm)  Es(GPa)  fy(MPa)  fu(MPa)  εu(%)  fu/fy  

B1-B3 8 198 543 677 9.6 1.25  
20 218 557 665 10.9 1.19 

B4-B9 8 183 549 651 11.1 1.19  
20 213 540 649 13.5 1.20 

B10, B11, B13 8 193 540 642 10.6 1.19  
20 226 544 651 21.5 1.20 

B12, B14, B15 8 189 541 662 10.9 1.22  
20 206 531 639 18.3 1.20  
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phase. 
The observed cracking patterns for the cantilever tests and contin-

uous beam tests of all specimens are shown in Fig. 7. The cracking 
patterns were significantly influenced by the presence or absence of 
stirrups. For specimens with shear reinforcement (R1 and R2), the cracks 
were more evenly distributed than those of specimens without stirrups 
(R0), where strains largely localized in a single critical shear crack. 
Horizontal delamination cracks observed in shear-reinforced tests 
developed after the peak load was reached. 

Specimens with shear reinforcement showed in addition larger crack 
widths than specimens without it, and were associated to a significant 
vertical displacement. Generally, the critical shear crack developed near 
to the support section. However, in the test B14S-R2-S2-L4, the critical 
shear crack was located relatively far from the support. 

3. Analysis of shear-transfer actions 

In this section, the shear resistance of the specimens is investigated 
on the basis of the test measurements. To that aim, the contribution of 
the various potential shear-transfer actions will be analysed considering 
a free-body defined by the critical shear crack leading eventually to 
failure. In addition to the shear-transfer actions related to members 
without stirrups (aggregate interlock, residual tensile strength of con-
crete, dowel action of the flexural reinforcement and contribution of the 
compression chord, see Fig. 1), the contribution of the transverse rein-
forcement (Vs) will also be considered (see Fig. 8a). 

In the following, the procedure to estimate the contribution of the 
various shear-transfer actions to the shear strength of the tested speci-
mens is presented. This contribution is calculated from the critical shear 
crack kinematics and by using suitable constitutive models and calcu-
lation methodologies (according to [44–46]). 

3.1. Aggregate interlock 

Aggregate interlock allows for a transfer of forces through cracked 
surfaces by mechanical engagement of the material at the two sides of 
the crack. As a result of the roughness of the surface (related to the 
aggregate size) and of the relative displacements of the crack, normal 
stresses and shear stresses develop and shear forces are transferred. 
Several approaches have been developed in the past to determine the 
contact stresses due to aggregate interlocking [17–19,22]. In the 
following, the considerations of the Two-Phase model originally devel-
oped by Walraven [19] will be used. Consistently with previous works 
[55], the simplified kinematics of Walraven (opening followed by 
sliding [19]) is replaced by a more general one, considering an initial 
opening and then a proportional opening and sliding [20,21]. To ease 

the numerical integration of the results, the simplified formulas devel-
oped by Cavagnis et al. [55] calibrated on this basis will be used. The 
kinematics (refer to Fig. 8b) is defined by an initial crack opening w0 

followed by a combined opening and sliding at an angle γ (as noted by 
Guidotti [21]). The resulting aggregate interlock interface stresses 
(normal stresses σagg and shear stresses τagg), are thus defined on the 
basis of the crack opening w and the crack sliding δ as [49]: 

σagg =
̅̅̅̅
f c

√
⋅

c4⋅δ7/3

(c2⋅w)3+c2 ⋅δ
(1)  

τagg =
̅̅̅̅
f c

√
⋅

c3⋅δ4/3

(c2⋅w)1.8+c2 ⋅δ
(2) 

where fc is the compressive strength of concrete; c2 = 40, c3 = 35 and 
c4 = 400 are constants; δ = δ/ddg and w = w/ddg are the normalized crack 
sliding and crack opening respectively and ddg is a parameter charac-
terizing the roughness of the crack (ddg = min (40 mm, 16 + dg) for fc ≤

60 MPa, according to [55]). 
It shall be noted that the normal stresses (Eq. (1)) only account for 

the stresses transferred by aggregate interlock, neglecting the contri-
bution of the residual tensile strength. This latter component can be 
eventually added to the interlock stresses according to the formulation 
of Cavagnis et al. [55] and will thus be considered separately in this 
work. 

The vertical component of the shear force transferred by the aggre-
gate interlock (Vagg) across the critical shear crack of the tested speci-
mens is eventually obtained by integration of the normal stresses (σagg) 
and shear stresses (τagg) according to: 

Vagg = b⋅
∫

ξ

(
τaggsinβ − σaggcosβ

)
dξ (3) 

where b is the width of the section, ξ is the integration variable and β 
is the inclination of every segment of the polyline that approximates the 
shape of the critical shear crack (see Fig. 8b). 

3.2. Concrete residual tensile strength 

The concrete residual tensile strength refers to the capacity of 
cracked concrete to transfer stresses for low crack openings, when the 
fracture surface is not yet fully developed and some material bridges 
between the lips of the cracks [29]. Such regions, usually named as 
Fracture Process Zones (FPZ) are usually located close to the tips of the 
cracks, where the lowest crack openings are found. Several approaches 
defining the relationship between the concrete residual tensile stress and 

Table 3 
Main test results at failure (failure mode, shear strength and shear slenderness ratio).  

Cantilever test Failure mode VR,test(kN)  VR,test/bd
̅̅̅̅
f c

√
(

̅̅̅̅̅̅̅̅̅̅
MPa

√
)  a/d  Continuous beam test Failure mode VR,test(kN)  VR,test/bd

̅̅̅̅
fc

√
(

̅̅̅̅̅̅̅̅̅̅
MPa

√
)  l’/d  

B1C-R1-S1-L1 V (B) 196.8 0.416 2.58 B1S-R1-S1-L6 V (2 PH) 139.4 0.294 12.30 
B2C-R1-S2-L1 V (B) 214.6 0.472 2.58 B2S-R1-S2-L6 V (2 PH) 142.4 0.313 12.35 
B3C-R1-S3-L1 V (B) 206.3 0.444 2.56 B3S-R1-S3-L6 V (2 PH) 145.1 0.312 12.23 
B4C-R1-S1-L1.6 V (B) 174.2 0.382 4.16 B4S-R1-S1-L5 V (1 PH) 143.1 0.314 9.96 
B5C-R1-S2-L1.6 V (B) 215.2 0.379 4.18 B5S-R1-S2-L5 V (2 PH) 188.7 0.333 10.08 
B6C-R1-S3-L1.6 V (B) 207.6 0.356 4.13 B6S-R1-S3-L5 V (2 PH) 190.8 0.327 9.98 
B7C-R1-S1-L2.3 M – – – B7S-R1-S1-L4 V (1 PH) 216.3 0.373 7.62 
B8C-R1-S2-L2.3 V (A) 167.6 0.297 5.91 B8S-R1-S2-L4 V (1 PH) 200.9 0.356 7.63 
B9C-R1-S3-L2.3 V (A) 148.7 0.281 5.84 B9S-R1-S3-L4 V (1 PH) 192.3 0.363 7.54 
B10C-R0-S1-L1 V (B) 150.2 0.258 2.57 B10S-R0-S1-L4 V (1 PH) 82.4 0.141 8.07 
B11C-R0-S2-L1 V (B) 188.9 0.350 2.58 B11S-R0-S2-L4* V (1 PH) 92.0 0.171 7.44 
B12C-R0-S3-L1 V (B) 120.8 0.232 2.55 B12S-R0-S3-L4 V (1 PH) 87.6 0.168 7.60 
B13C-R2-S1-L1 V (B) 235.0 0.440 2.58 B13S-R2-S1-L4 V (1 PH) 217.6 0.407 7.62 
B14C-R2-S2-L1 V (B) 267.7 0.496 2.59 B14S-R2-S2-L4 V (1 PH) 222.5 0.412 7.64 
B15C-R2-S3-L1 V (B) 281.0 0.566 2.56 B15S-R2-S3-L4 V (1 PH) 199.1 0.401 7.55 

Note: V (shear failure); M (bending failure); A (after yielding); B (before yielding); PH (plastic hinge); shear at corresponding support section including self-weight; 
*test with different configuration [48]. 
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the crack width have been proposed in the past [29–31]. In this work, 
the expression suggested by Reinhardt [30] (as adopted by Cavagnis 
et al. [55]) will be used to characterize the residual tensile stresses of 
concrete: 

σres = fct⋅
(

1 −

(
w

wlim

)c1
)

(4) 

where fct is the tensile strength of concrete, c1 = 0.31 is a constant, w 
is the crack width and wlim = GF/fct⋅(1 + c1)/c1 is the limit crack width 
for stress transfer. The fracture energy is calculated according to the 
Model Code 2010 [56] as 

GF = 0.073⋅f0.18
c , where fc is the compressive strength of concrete. 

For the tested specimens, the values of the limit crack width wlim 
range from 0.134 mm (specimen B5) to 0.215 mm (specimen B1). By 
accounting for the actual opening of the cracks, this implies that the 
contribution of the FPZ remains in general limited to regions close to the 

crack tips. The residual tensile stress of the crack is thus evaluated for 
each segment of the crack and the total shear contribution (Vres) is 
calculated by integration of the stresses according to: 

Vres = b⋅
∫

ξ
σrescosβdξ (5) 

where b is the width of the section, ξ is the integration variable and β 
is the inclination of every segment of the polyline that approximates the 
shape of the critical shear crack (see Fig. 8b). 

3.3. Dowel action 

The dowel action, or the capacity of the flexural reinforcement to 
transfer shear forces across a crack, has been investigated in detail by 
several authors [23–28]. This action is activated by the relative vertical 
displacements of the crack surfaces at the level of the flexural rein-
forcement, which requires the development of tensile forces through the 
concrete cover to ensure the equilibrium of the shear force in the rein-
forcement [57]. In members without shear reinforcement, these forces 
develop in the concrete cover and, as a result, the shear resistance due to 
dowelling action is relatively limited [23–25,28,58]. However, in 
members with shear reinforcement, the stirrups can efficiently resist to 
the dowelling forces and increase thus the contribution of this action 
[44–45]. 

In this work, the contribution of the dowelling action (Vdow,t 

andVdow,c) is obtained on the basis of the measured displacements of the 
concrete surfaces at the level of the flexural reinforcement consistently 
with the methodology described in [46]. The deflection of the flexural 
reinforcement in the horizontal distance influenced by the dowel action 
(ldow) is approximated by a third-order polynomial (Fig. 9a). To that aim, 
the displacements of four points are obtained for each layer of flexural 
reinforcement (considering the outer points located at a distance xdow =

ϕ/2, where ϕ refers to the diameter of the bar). Considering the vertical 
displacements and slopes at the extremities of ldow (υPA, υ’PA and υPB, 
υ’PB), the deflection υ(x) = ax3 +bx2 +cx+d is determined. 

Accounting for the shear failures after yielding of the reinforcement 
(continuous beam tests and cantilever tests B8C-R1-S2-L2.3 and B9C-R1- 
S3-L2.3), the steel is assumed to have an elastic–plastic response with 
strain hardening (values in Table 2). The sectional curvature (χ(x)) is 
obtained by differentiating two times the deflection with respect to x 
coordinate (Eq. (6)) and the strain of the central axis (εs,c) of the bar 
section is calculated from the x coordinate of points PA and PB and the 
length ldow (Eq. (7)). 

χ(x) = d2υ(x)
dx2 = 6ax + 2b (6)  

εs,c =
(xPBdef − xPAdef ) − (xPB − xPA)

ldow
(7) 

Accounting for the curvature and strain of the bar axis at each sec-
tion, the bending moment is calculated by considering a planar strain 
distribution (see Fig. 9b) and the shear force (Vdow,t, Vdow,c) is calculated 
as the derivative of the bending moment. 

3.4. Contribution of stirrups 

The development of inclined shear cracking in a reinforced concrete 
member with shear reinforcement leads to the activation of the stirrups 
intercepted by these cracks and, as a result, shear forces can be carried 
by them. The contribution of the shear reinforcement (Vs) to the shear 
strength is obtained from the sum of the shear forces (Vsw) carried by 
each stirrup intercepted by the critical shear crack. In this work, the 
contribution Vs is obtained following the procedure proposed by Cam-
pana et al. [44]. This procedure [44] is based on the measured crack 
widths and crack locations. At the location where the critical shear crack 

Fig. 4. Load-deflection curves for specimens of series R1 and section S3: (a) 
cantilever tests; (b) continuous beam tests. 
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(i) intercepts each stirrup, its vertical crack opening (νsw,i) is obtained 
from the measured displacements of the concrete surfaces at two points 
(j and k) vertically aligned with the stirrup (Fig. 10a). Before bar 

yielding, the constant bond stress is assumed [59] τb1 = 2fct and, after 
yielding, it is reduced to τb2 = fct to consider the decreasing bond stress 
due to the bar lateral contraction [60] (Fig. 10b). On this basis, and by 
considering a bilinear stress–strain relationship with strain hardening 
for the steel (Fig. 10c, values in Table 2), the measured crack widths, the 
stresses (σsw) and strains (εsw) in a stirrup are determined, see Fig. 10d. 
The procedure neglects the concrete strains, so the crack opening (νsw,i) 
is obtained by integrating the strains distribution (εsw) of a stirrup along 
the tributary length (lcont,i) of the crack: 

νsw,i =

∫

lcont,i

εsw(x)⋅dx (8) 

In this work, the shear force (Vsw) carried by each stirrup activated by 
the critical shear crack is thus calculated from the tensile stress (σsw) 
according to: 

Vsw = 2⋅σsw⋅
ϕ2⋅π

4
(9) 

where ϕ is the diameter of the bar (stirrup with two branches) and σsw 

is the tensile stress of the stirrup, which is calculated following the 
procedure of Campana et al. [44]. It can be noted that this procedure 
neglects the potential kinking of the stirrups. 

Fig. 5. Shear strength according to the shear slenderness ratio and the shear reinforcement ratio: (a) cantilever tests (R1); (b) cantilever tests (L1); (c) continuous 
beam tests (R1); continuous beam tests (L4). 

Fig. 6. Crack development process: (a) critical shear crack from a flexural crack 
(B2C-R1-S2-L1); (b) critical shear crack as a diagonal crack in the web (B3C-R1- 
S3-L). 
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Fig. 7. Observed cracking patterns for the cantilever tests and continuous beam tests of all specimens (test B11S-R0-S2-L4: length represented = 2.00 m [48]; critical 
shear crack in red and cracks after collapse in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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For the tested specimens, two stirrups are normally intercepted by 
the critical shear crack in specimens of series R1, and three in the case of 
specimens of series R2 (see Fig. 7). Additional stirrups are intercepted by 
the propagation of the horizontal branch of the critical shear crack at the 
level of the tensile flexural reinforcement. Nevertheless, those stirrups 
are not considered in the contribution of the shear reinforcement and 
their eventual contribution is accounted for in the dowelling forces 
[44,45]. For the stirrups intercepted in the web, the vertical opening of 
the critical shear crack ranges from 0.58 mm (test B14C-R2-S2-L1) to 
5.24 mm (B6C-R1-S3-L1.6) for the cantilever tests, and from 0.39 mm 
(test B2S-R1-S2-L6) to 4.39 mm (B1S-R1-S1-L6) for the continuous beam 
tests. In general, as small crack openings are already sufficient to yield 
small bar diameters (consistently with Campana et al. [44] and Huber 
et al. [45]), the stirrups are normally yielded at shear failure, see for 
instance Fig. 10e for test B1S-R1-S1-L6 (a vertical crack opening of 
0.305 mm ensures yielding of the 8-mm diameter stirrup). 

3.5. Contribution of compression chord 

The concrete compression zone can also transfer shear forces [40]. 
This action is highly influenced by the shape of the critical shear crack 
[45,46,55] and is particularly efficient for squat members (but might be 
very limited for slender ones [16,22]). 

Several approaches have been developed so far to assess this capacity 
[33,34,38]. In this work, the contribution of the compression chord (Vcc) 
is calculated on the basis of the DIC results consistently with the 
approach developed by Cavagnis et al. [55]. To that aim, the simplified 
stress field presented in Fig. 11 is considered. The resultant of the forces 
of the compression zone is composed of a horizontal force (Ncc) and a 

Fig. 7. (continued). 

Fig. 8. (a) Analysis of shear-transfer actions: free body defined by the critical 
shear crack and internal forces (reinforced concrete members with shear rein-
forcement); (b) critical shear crack kinematics: crack opening and sliding. 
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vertical one (Vcc), which define the inclination of the compression chord 
(αcc). Accounting for this inclination, forces are transferred between the 
vertical sections AB (section at the tip of the critical shear crack) and CD 
(section at the edge of the loading plate). It can be assumed [55] that at 
the section AB the stress distribution increases linearly from zero at the 
tip of the crack to the extreme compression fibre, which implies that the 
resultant of the forces acts at a distance cn = 1/3hT from the extreme 
compression fibre (hT is the thickness of the compression zone below the 
tip of the critical shear crack). It can also be assumed [55] that at section 
CD the stress distribution is almost constant, corresponding to a stress 
block of thickness cm2 with a compressive stress equal to σc. According to 
all these considerations (refer to Fig. 11), the contribution of the 
compression chord (Vcc) results: 

Vcc = Ncc⋅tanαcc = σc⋅cm2⋅b⋅
1/3⋅hT − cm2/2

rT
(10) 

where b is the width of the section and rT is the horizontal distance 
between the vertical sections AB and CD (Fig. 11). 

For calculation of Vcc (Eq. (10)) the values of the parameters rT and 
hT can be obtained by DIC measurements, but the stress σc and the 
thickness cm2 need to be determined. With respect to σc, it can be 
assumed equal to fc, while cm2 can generally be approximated to be equal 
to cm (effective depth of the stress block at the edge of the support plate). 
Both assumptions are consistent with those performed by Cavagnis et al. 
[55]. 

4. Analysis of the contribution of the shear-transfer actions to 
the shear strength 

According to the observed crack kinematics and procedures 
described previously, the contribution of the various shear-transfer ac-
tions to the shear strength of the tested specimens is calculated. An 
interesting property of this approach is that the amount of shear carried 
by each action can be obtained at any given load step. In particular, at 
maximum load, this allows determining the most relevant shear transfer 
actions. This analysis is not performed for test B7C-R1-S1-L2.3 because it 
fails in bending. The analysis is also not performed in some tests without 
stirrups (cantilever tests B10C-R0-S1-L1, B11C-R0-S2-L1 and B12C-R0- 
S3-L1, and continuous beam test B11S-R0-S2-L4) as a consequence of 
an inaccurate reading of crack kinematics (higher observed errors than 
expected after DIC analysis). In the case of test B15C-R2-S3-L1, only the 
contribution of the shear reinforcement is calculated since the inaccu-
rate reading of crack kinematics. 

4.1. Analysis of tested specimens 

The main results of the contribution of the various shear-transfer 
actions to the shear strength are presented in Table 4 and Table 5 for 
the cantilever tests and continuous beam tests respectively. The tables 
summarize the amount of estimated shear carried by each action at shear 
failure, including the percentage that they represent of the experimental 
shear strength VR,test (values in brackets), the sum of the estimated 
contributions of the different mechanisms (VR,calc) and the comparison 
between the experimental shear strength and the calculated shear 
strength (VR,test/VR,calc). The results are also plotted in Fig. 12 and 
Fig. 13. 

The results show sound agreement between the shear strength ob-
tained from the sum of the estimated contributions and the experimental 
shear strength for the tested specimens. For members with shear rein-
forcement, the average of the measured-to-calculated strength results 
1.00 for the cantilevers and 1.06 for the continuous beams (with Co-
efficients of Variation equal to 8.0% and 14.6%, respectively). For 
continuous beam tests, the average of the measured-to-calculated 
strength results 1.09 for all tests, both for specimens with and without 
shear reinforcement (with Coefficient of Variation equal to 15,4%). 

By analysing the contribution of the various shear-transfer actions, 
the following facts can be observed:  

• The location, shape and kinematics of the critical shear crack govern 
the amount of shear carried by aggregate interlock. The contribution 
of this action varies largely among the tested specimens, but in all of 
them it is significant in the steeper part of the critical shear crack. 
This result is in agreement to similar findings obtained by other 
experimental programmes [46].  

• The contribution of the residual tensile strength is not significant for 
the tested specimens since crack openings are relatively large. It only 
contributes to the shear strength in four continuous beam tests cor-
responding to the less slender specimens (L4), two of the series R0 
(specimens B10 and B12) and two of the series R1 (specimens B7 and 
B8). This contribution ranges from 2.1% (B12S-R0-S3-L4) to 8.1% 
(B10S-R0-S1-L4) of VR,test .  

• The contribution of the dowel action depends largely on the shape of 
the critical shear crack, as this action is activated only if the crack 
intercepts the flexural reinforcement. Overall, in the case of the 
cantilever tests, the dowel action of both the flexural reinforcement 
in tension and in compression is significant. Nevertheless, in the 
continuous beam tests without shear reinforcement, the contribution 
of the dowel action is more limited (almost negligible) because the 
shear failure is reached after yielding of the top flexural reinforce-
ment, which severely limits its capacity as dowel. This result in 
consistent to punching shear cases without transverse reinforcement, 

Fig. 9. (a) Dowel action of the flexural reinforcement: deflection of the flexural 
reinforcement in the horizontal length influenced by this phenomenon [46]; (b) 
strain and stress distributions of a bar of flexural reinforcement. 
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where flexural yielding close to the column region limits or disables 
the development of dowel action [61]. For the specimens with shear 
reinforcement, the presence of the stirrups allows however for a 
higher contribution even after reinforcement yielding.  

• Considering the compression chord defined by the location of the 
observed tip of the critical shear crack, its contribution is strongly 
influenced by the thickness of the compression zone and shape of the 
critical shear crack. In the case of the cantilever tests, there is almost 
no contribution of this action because the critical shear crack in-
tercepts the flexural reinforcement, considerably limiting the thick-
ness of the compression zone in all the test (see Fig. 7). However, 

there are some exceptions in which the limited development of the 
critical shear crack allows for the inclination of the compression 
chord (see Fig. 7). This is the case of the continuous beam tests in 
specimens of series R0 (specimens B10 and B12), with a contribution 
of this mechanism about 5.0% of VR,test , and the test B2S-R1-S2-L6 of 
the series R1, with a significant contribution equal to 16.1% of VR,test.  

• In the case of specimens with shear reinforcement, the critical shear 
crack also plays an instrumental role for the contribution of the 
stirrups to the shear strength, as its shape determines the number of 
stirrups activated and its kinematics the amount of shear carried by 
them (see Fig. 7). For the tested specimens with shear reinforcement, 
the contribution of this mechanism is governing. The contribution of 
the shear reinforcement is higher in the specimens of series R2 (ϕ8/ 
20) than in those of series R1 (ϕ8/30), because three stirrups are 
intercepted by the critical shear crack for series R2 while two are 
intercepted for series R1. However, the relative significance of this 
contribution with respect to the experimental shear strength is 
comparable regardless of the amount of shear reinforcement. It 
ranges from 48.1% (B8S-R1-S2-L4) to 88.8% (B4S-R1-S1-L5) of VR,test 

for the specimens of the series R1, and from 61.9% (B15C-R2-S3-L1) 
to 87.6% (B15S-R2-S3-L4) of VR,test for the specimens of the series R2. 

It is interesting to note that for members with stirrups, even if the 
stirrup contribution is governing, a fraction of the total shear is still 
carried by the remaining shear-transfer actions (notably the aggregate 
interlock and dowel action). This implies that the angle of the 
compression field developing in the web is flatter than the correspond-
ing angle of the cracks (and is thus intercepted by them). This obser-
vation is in agreement with the considerations performed by limit 

Fig. 10. Shear reinforcement contribution: (a) obtaining the vertical crack opening of the critical shear crack by DIC; (b) the considered rigid-plastic bond behavior; 
(c) the considered bilinear hardening stress–strain relationship of steel; (d) transmission of stresses and strains in a stirrup (Campana et al. [44]); (e) test B1S-R1-S1- 
L6, stresses at the location where the critical shear crack intercepts a stirrup according to the vertical crack opening. 

Fig. 11. Hypothesis of the stress field used to determine the contribution of the 
compression chord (adapted from Cavagnis et al. [55]). 
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Table 4 
Contribution of the various shear-transfer actions to the shear strength for the cantilever tests.  

Cantilever test Vagg(kN)  Vres(kN)  Vdow,t(kN)  Vdow,c(kN)  Vcc(kN)  Vs(kN)  VR,calc(kN)  VR,test(kN)  VR,test/VR,calc  

B1C-R1-S1-L1 2.5 (1.3) 0.0 16.9 (8.6) 53.8 (27.4) 0.0 123.7 (62.9) 196.9 196.8 1.00 
B2C-R1-S2-L1 8.2 (3.8) 0.0 26.6 (12.4) 51.0 (23.8) 0.0 118.1 (55.0) 204.0 214.6 1.05 
B3C-R1-S3-L1 13.0 (6.3) 0.0 43.5 (21.1) 55.4 (26.9) 0.0 116.7 (56.6) 228.7 206.3 0.90 
B4C-R1-S1-L1.6 4.0 (2.3) 0.0 36.8 (21.1) 37.5 (21.5) 0.0 118.3 (67.9) 196.6 174.2 0.89 
B5C-R1-S2-L1.6 16.0 (7.4) 0.0 31.4 (14.6) 28.2 (13.1) 0.0 119.1 (55.4) 194.7 215.2 1.11 
B6C-R1-S3-L1.6 2.5 (1.2) 0.0 32.9 (15.8) 30.3 (14.6) 0.0 120.1 (57.8) 185.8 207.6 1.12 
B8C-R1-S2-L2.3 35.9 (21.4) 0.0 32.3 (19.3) 0.4 (0.3) 0.0 111.4 (66.4) 180.0 167.6 0.93 
B9C-R1-S3-L2.3 12.2 (8.2) 0.0 15.5 (10.4) 3.7 (2.5) 0.0 112.4 (75.6) 143.8 148.7 1.03 
B13C-R2-S1-L1 6.4 (2.7) 0.0 25.3 (10.8) 28.5 (12.1) 0.0 176.2 (75.0) 236.4 235.0 0.99 
B14C-R2-S2-L1 14.7 (2.5) 0.0 61.6 (23.0) 21.1 (7.9) 0.0 171.9 (64.2) 269.9 267.7 0.99 
B15C-R2-S3-L1 NA NA NA NA NA 174.0 (61.9) NA 281.0 NA         

Mean 1.00         
CoV 8.0% 

Note: values at shear failure; the values in brackets refer to the percentage of the shear-transfer action with respect to the experimental shear strength VR,test ; NA (not 
available data). 

Table 5 
Contribution of the various shear-transfer actions to the shear strength for the continuous beam tests.  

Continuous beam test Vagg(kN)  Vres(kN)  Vdow,t(kN)  Vdow,c(kN)  Vcc(kN)  Vs(kN)  VR,calc(kN)  VR,test(kN)  VR,test/VR,calc  

B1S-R1-S1-L6 0.9 (0.7) 0.0 0.2 (0.1) 29.0 (20.8) 0.0 121.2 (86.9) 151.3 139.4 0.92 
B2S-R1-S2-L6 21.8 (15.3) 0.0 0.1 (0.0) 0.0 22.9 (16.1) 111.7 (78.4) 156.4 142.4 0.91 
B3S-R1-S3-L6 5.5 (3.8) 0.0 21.6 (14.9) 25.0 (17.2) 0.0 124.0 (85.4) 176.1 145.1 0.82 
B4S-R1-S1-L5 0.4 (0.3) 0.0 3.8 (2.7) 29.7 (20.8) 0.0 127.0 (88.8) 160.9 143.1 0.89 
B5S-R1-S2-L5 2.6 (1.4) 0.0 16.5 (8.7) 32.4 (17.2) 0.0 119.7 (63.4) 171.2 188.7 1.10 
B6S-R1-S3-L5 13.7 (7.2) 0.0 0.3 (0.1) 21.7 (11.3) 0.0 116.4 (61.0) 151.9 190.8 1.26 
B7S-R1-S1-L4 43.0 (19.9) 10.6 (4.9) 2.3 (1.1) 8.7 (4.0) 0.0 116.8 (54.0) 181.4 216.3 1.19 
B8S-R1-S2-L4 35.7 (17.8) 8.0 (4.0) 9.4 (4.7) 11.8 (5.9) 0.0 96.7 (48.1) 161.6 200.9 1.24 
B9S-R1-S3-L4 14.0 (7.3) 0.0 8.6 (4.4) 14.8 (7.7) 0.0 116.8 (60.7) 154.1 192.3 1.25 
B10S-R0-S1-L4 45.6 (55.4) 6.7 (8.1) 2.5 (3.0) 0.4 (0.4) 4.4 (5.3) 0.0 59.5 82.4 1.38 
B12S-R0-S3-L4 63.5 (72.5) 1.8 (2.1) 0.1 (0.1) 2.2 (2.5) 4.5 (5.2) 0.0 72.1 87.6 1.21 
B13S-R2-S1-L4 13.0 (6.0) 0.0 8.3 (3.8) 24.8 (11.4) 0.0 175.3 (80.6) 221.4 217.6 0.98 
B14S-R2-S2-L4 8.5 (3.8) 0.0 17.4 (7.8) 0.0 0.0 172.0 (77.3) 197.9 222.5 1.12 
B15S-R2-S3-L4 4.7 (2.4) 0.0 1.2 (0.6) 3.9 (1.9) 0.0 174.5 (87.6) 184.3 199.1 1.08         

Mean 1.09         
CoV 15.4% 

Note: values at shear failure; the values in brackets refer to the percentage of the shear-transfer action with respect to the experimental shear strength VR,test . 

Fig. 12. Contribution of the various shear-transfer actions to the shear strength 
for the cantilever tests (specimens not included: B7 (bending failure); B10-B12 
and B15 (inaccurate reading of crack kinematics)). 

Fig. 13. Contribution of the various shear-transfer actions to the shear strength 
for the continuous beam tests (specimen not included: B11 (inaccurate reading 
of crack kinematics)). 

A. Monserrat López et al.                                                                                                                                                                                                                     



Engineering Structures 234 (2021) 111949

14

analysis [62] or the MCFT [7]. 

4.2. Considerations for the cantilever tests 

In addition to the previous considerations, the following conclusions 
about the governing shear-transfer actions at shear failure are drawn for 
the cantilever tests:  

• Specimens with shear reinforcement (shear failure before yielding of 
the flexural reinforcement). 

The contribution of the shear reinforcement is governing (up to 
75.0% of VR,test in B13C-R2-S1-L1, Fig. 14). This is influenced to a large 
extent by the shape of the critical shear crack, which develops in a 
relatively flat manner, intercepting a large number of stirrups. It is also 
quite relevant the contribution of the dowelling action, both in tension 
(23.0% of VR,test in B14C-R2-S2-L1) and compression (27.4% of VR,test in 
B1C-R1-S1-L1), because the critical shear crack intercepts both the 
tensile and the compressive flexural reinforcement. With respect to 
aggregate interlock, this contribution is limited accounting to the rela-
tively large crack widths (refer to the decreasing significance of this 
action in Fig. 14).  

• Specimens with shear reinforcement (shear failure after yielding of 
the flexural reinforcement). 

The contribution of the shear reinforcement is also governing (66.4% 
and 75.6% of VR,test in B8C-R1-S2-L2.3 and B9C-R1-S3-L2.3, respec-
tively). The aggregate interlock and the dowelling action of the tensile 
reinforcement are also not negligible and contribute for a similar per-
centage to the shear strength (up to 21.4% and 19.3% of VR,test in B8C- 
R1-S2-L2.3, respectively, Fig. 15). This fact is justified by the shape of 
the critical shear crack. This crack is generally steeper than when failure 
develops prior to the yielding of the flexural reinforcement (see Fig. 14 
and Fig. 15). This is due to the fact that yielding of the reinforcement 
localizes the strains in the vicinity of the support (plastic hinge region), 
leading to larger crack widths in this region and thus to more unfav-
ourable resistances. Such steeper shape is however more prone to 
aggregate interlock engagement and activates a lower number of stir-
rups (compare Fig. 14 and Fig. 15). 

4.3. Consideration for continuous beam tests 

For the continuous beam tests, the following conclusions about the 
governing shear-transfer actions at shear failure are drawn:  

• Specimens without shear reinforcement (shear failure after the 
development of one plastic hinge). 

The contribution of the aggregate interlock is governing (up to 
72.5% of VR,test in B12S-R0-S3-L4, Fig. 16). This is due to the limited 
opening of the critical shear crack, combined with the crack sliding due 
to the shape of the crack. According to the low crack openings, residual 
tensile stresses also contribute to the transfer of shear forces near the tip 
of the crack. Its overall contribution is however lower than for aggregate 
interlock (less than 10% of VR,test). As a result of the limited extension of 
the critical shear crack (it does not intercept the bottom flexural rein-
forcement), the contribution of the dowelling action in compression is 
negligible, but the compression chord can contribute to the shear 
strength (about 5.0% of VR,test in both B10S-R0-S1-L4 and B12S-R0-S3- 
L4). 

• Specimens with shear reinforcement (shear failure after develop-
ment of one plastic hinge). 

The contribution of the shear reinforcement is governing (up to 
88.8% of VR,test in B4S-R1-S1-L5). For the specimens of series R1, the 
contribution of the aggregate interlock is also notable (up to 19.9% of 
VR,test in B7S-R1-S1-L4, Fig. 17). This is explained by the presence of 
rather steep segments in the critical shear crack allowing for an 
enhanced engagement of interlock stresses (see Fig. 17). Also, dowel 
action of the flexural reinforcement in compression is notable (up to 
20.8% of VR,test in B4S-R1-S1-L5). The residual tensile strength shows a 
limited contribution in specimens B7 and B8 (less than 5% of VR,test). For 
the specimens of series R2, the aggregate interlock and the dowel action 
in compression are more limited than in the series R1 (less than 12% of 
VR,test both of them). 

• Specimens with shear reinforcement (shear failure after develop-
ment of two plastic hinges). 

The contribution of the shear reinforcement is again governing (up to 
86.9% of VR,test in B1S-R1-S1-L6). In general, the contribution of 
aggregate interlock is negligible due to the large crack openings, but the 
contribution of the dowel action in compression is relatively high (up to 
20.8% of VR,test in B1S-R1-S1-L6) since the crack intercepts the bottom 
flexural reinforcement. In the case of the test B2S-R1-S2-L6 (Fig. 18), the 
shape of the critical shear crack is rather steep (intercepting a limited 
number of stirrups) and its opening is more limited. As a result, the 
aggregate interlock plays a more significant role (15.3% of VR,test) and 
the thickness of the compression zone allows the compression chord to 
contribute for a significant percentage to the shear strength (16.1% of 
VR,test). 

Fig. 14. Test B13C-R2-S2-L1: development of the cracking at selected load steps (shear failure occurs at the step (E)) and the corresponding contributions of the 
various shear-transfer actions. 
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5. Conclusions 

In this paper, a detailed investigation of the contribution of the 
various potential shear-transfer actions to the shear strength of rein-
forced concrete beams with and without shear reinforcement is pre-
sented. On the basis of the detailed crack kinematics, obtained from the 
DIC measurements, the shear strength of the tests is estimated using 
suitable constitutive models and calculation methodologies. The speci-
mens of the experimental programme were designed to represent real-
istic conditions of reinforced concrete structures, with special emphasis 
on developing shear failures after yielding of the flexural reinforcement. 

The main conclusions from this investigation are the following:  

1. At failure, the sum of the contribution of each shear-transfer action 
adequately explains the experimental values of shear strength ob-
tained for each specimen, validating the analysis procedure.  

2. The contribution of each shear-transfer action to the shear strength is 
strongly influenced by cracking patterns and particularly by the 
location, shape and kinematics of the critical shear crack. The pres-
ence or absence of stirrups is highly influencing this pattern. Shear 
reinforcement leads to more uniformly distributed inclined cracks, 

Fig. 15. Test B8C-R1-S2-L2.3: development of the cracking at selected load steps (shear failure occurs at the step (D)) and the corresponding contributions of the 
various shear-transfer actions (Vp,test is the shear at the peak load of the test). 

Fig. 16. Test B12S-R0-S3-L4: development of the cracking at selected load steps (shear failure occurs at the step (D)) and the corresponding contributions of the 
various shear-transfer actions (step load (A) corresponds to the development of the plastic hinge). 

Fig. 17. Test B7S-R1-S1-L4: development of the cracking at selected load steps (shear failure occurs at the step (D)) and the corresponding contributions of the 
various shear-transfer actions (step load (A) corresponds to the development of the plastic hinge). 
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whereas strains localize in a single critical shear crack in specimens 
without stirrups.  

3. Development of yielding in the flexural reinforcement influences 
significantly the shear-transfer actions. When flexural reinforcement 
yields, the critical shear crack is steeper (due to the localization of 
strains at the plastic hinge region), which allows for the activation of 
a lower number of stirrups and a higher engagement of aggregate 
interlock.  

4. The results consistently show that dowel action reduces significantly 
for yielded reinforcement and low openings of the critical shear 
crack. It can however be significant for members 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.  

5. The shear force carried by the inclined compression chord depends 
significantly on the location of the tip of the critical shear crack. 
Considering the compression chord defined by the location of the 
observed tip of the critical shear crack, its contribution is negligible 
in all tests except in the continuous beam tests without shear 
reinforcement.  

6. In the specimens with stirrups, the shear reinforcement contribution 
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 shear strength is comparable regardless of the shear reinforcement 
ratio of specimens. Also, despite the fact that this contribution is 
governing for the strength, a fraction of the total shear force is still 
carried by aggregate interlock and dowel action. This indicates, 
particularly for the engagement of aggregate interlock, a flatter angle 
of the compression field than that of the critical shear crack. 
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[37] Bažant ZP, Yu Q, Gerstle W, Hanson J, Ju JW. Justificacion of ACI 446 Proposal for 
Updating ACI Code Provisions for shear design of reinforced concrete beams. Struct 
J 2007;104(5):601–10. 

[38] Marí A, Bairán J, Cladera A, Oller E, Ribas C. Shear-flexural strength mechanical 
model for the design and assessment of reinforced concrete beams. Struct 
Infrastruct Eng 2015;11(11):1399–419. 

[39] Yu Q, Le J-L, Hubler MH, Wendner R, Cusatis G, Bažant ZP. Comparison of main 
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