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 10 

Abstract 11 

Continuous reinforced concrete (RC) beams may develop significant plastic rotations to 12 

enable the redistribution of bending moments. These rotations occur at plastic hinges, 13 

which are subject to high shear forces. The influence of rotations on the shear strength 14 

for members without shear reinforcement failing in shear after yielding of the flexural 15 

reinforcement has already been experimentally verified in continuous RC beams. 16 

However, this influence has not been studied in continuous members with shear 17 

reinforcement. An innovative tests system has been specially designed to develop shear 18 

failures before and after yielding of the flexural reinforcement in both statically 19 

determinate and indeterminate structures.  20 

Nine beams (9,000 mm long, 250 mm wide, 450 mm high) with a shear reinforcement of 21 

𝝓8/30 (𝝆𝒘 = 0.13%) and different longitudinal reinforcement ratios were tested under 22 

different load and support conditions.  23 

The shear strength provided by shear reinforcement and that provided by the other 24 

mechanisms of resistance (shear strength provided by concrete) for each specimen were 25 

calculated based on the critical shear crack width measurements taken by Digital Image 26 
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Correlation (DIC). Bending rotation and crack rotation along the development length of 1 

the critical shear crack were also obtained by DIC.  2 

Based on the test results, the shear strength provided by concrete was studied in relation 3 

to the bending rotation and the average crack width in reinforced concrete beams with 4 

shear reinforcement. It was confirmed that the shear strength provided by concrete 5 

decreased with increasing both bending rotations and crack widths. The shear strength 6 

values predicted by different design codes (ACI 318-19, Eurocode 2 and Model Code 7 

2010) were compared with the test results, and showed that these formulations did not 8 

properly capture the loss of shear strength caused by bending rotations. 9 
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Abbreviations 1 
𝑨𝒔 area of tension reinforcement  2 
𝑨𝒔

′  area of compression reinforcement  3 
𝒂 shear span (defined as 𝑴/𝑽) 4 
𝒃 concrete section width  5 
𝒄 concrete cover 6 
𝒅 effective depth  7 
𝑬𝒄 modulus of elasticity of concrete 8 
𝑬𝒔 modulus of elasticity of reinforcement 9 
𝒇𝒄 compressive strength of concrete measured in cylinder 10 
𝒇𝒄𝒕 tensile strength of concrete 11 
𝒇𝒖 tensile strength of reinforcement 12 
𝒇𝒖,𝒔𝒘 tensile strength of a single stirrup 13 

𝒇𝒚 yield strength of reinforcement 14 

𝒇𝒚,𝒔𝒘 yield strength of a single stirrup 15 

𝒍𝒊 length of cantilever (i = 1,3) or span (i = 2) 16 
𝒍𝒋 distance between crack i and the DIC measurement j point 17 

𝒍𝒌 distance between crack i and the DIC measurement k point 18 
𝒍𝒙 segment of the span (x = a,b,c)  19 
𝑴𝟏 bending moment (section of support A in CE, section of support B in SE) 20 
𝑴𝟐 bending moment (section of applied load P2 in SE) 21 
𝑴𝟏,𝑹 bending moment at failure (section of support A in CE, section of support B in 22 

SE) 23 
𝑴𝟐,𝑹 bending moment at failure (section of applied load P2 in SE) 24 

𝑴𝒑𝒍 bending moment at the yielding of flexural reinforcement 25 

𝑷𝒊 applied load (i = 1,2) 26 
𝑷𝒊,𝑹 applied load (i = 1,2) at failure  27 

𝑹𝑨 reaction in support section 𝑨 28 
𝑹𝑩 reaction in support section 𝑩 29 
𝑽 shear force 30 
𝑽𝒄 shear strength provided by concrete 31 
𝑽𝒄,𝒕𝒆𝒔𝒕 shear strength provided by concrete in tests  32 

𝑽𝑹,𝒕𝒆𝒔𝒕 shear strength in tests 33 

𝑽𝑹𝒅 predicted shear strength by design code 34 
𝑽𝒔 shear strength provided by shear reinforcement 35 
𝑽𝒔𝒘 shear force provided by a single stirrup 36 
𝑽𝒔,𝒕𝒆𝒔𝒕 shear strength provided by shear reinforcement in tests 37 

𝒘𝒊  crack width of crack i  38 
𝒘𝒔𝒕 average value of the critical shear crack opening measured in the stirrups 39 

section 40 
𝜸𝒄 partial safety factor for concrete material properties 41 
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𝜹𝒃 relative concrete-steel slip 1 
𝜹𝒃𝒚 relative concrete-steel slip at yielding  2 

𝜹𝒊 beam deflection under applied load (i = 1,2) 3 
𝜹𝒔 vertical displacement due to shear deformation 4 
εsw strain of a single stirrup 5 
εs,2d top flexural reinforcement middle strain along 2d length 6 
𝜺𝒖 reinforcement strain at maximum load 7 
𝜺𝒖,𝒔𝒘 strain at maximum load of a single stirrup 8 

𝜺𝒚 yield strain of reinforcement 9 

𝜺𝒚,𝒔𝒘 yield strain of a single stirrup 10 

𝜽 angle between web compression and the axis of the member 11 
𝜽𝑩 slope at the support 𝑩 in the SE tests 12 
𝜽𝑩,𝑰 slope at the support 𝑩 at the end of the first phase in the SE tests 13 

𝝆 reinforcement ratio of tension reinforcement 14 
𝝆𝒘 reinforcement ratio of shear reinforcement 15 
𝝈𝒔𝒘  stress for a single stirrup 16 
𝝉𝒃 bond stress of reinforcement 17 
𝝉𝒃𝟏 bond stress prior to yielding of reinforcement 18 
𝝉𝒃𝟐 bond stress after yielding of reinforcement 19 
𝝓 nominal diameter of a reinforcing bar 20 
ψ rotation of beams 21 
𝝍𝒃 bending rotation of beams 22 
𝝍𝒑𝒍 rotation of beams at yielding of the flexural reinforcement 23 

𝝍𝒔 crack rotation 24 
𝝍𝒕 total rotation of beams  25 
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1. Introduction 1 

Statically indeterminate reinforced concrete structures, such as bridges or building 2 

frames, may develop significant plastic rotations to enable the redistribution of bending 3 

moments before developing their full structural strength. The regions where plastic 4 

rotations take place (plastic hinges) are usually subject to high shear forces, which may 5 

reduce the rotation capacity if a shear failure occurs after yielding of the flexural 6 

reinforcement. The interaction may be considered as a reduction of the shear strength 7 

because of the flexural deformation developed in the critical plastic regions. This 8 

interaction may be particularly relevant on statically indeterminate structures, which may 9 

fail in shear after yielding of the flexural reinforcement and with increasing shear forces 10 

at the critical plastic regions.  11 

In statically determinate structures, members can fail in shear before yielding of the 12 

flexural reinforcement (branch A, Fig. 1) or afterwards (branch B, Fig. 1). In the latter 13 

case, shear forces cannot increase after yielding as the flexural capacity of the structure 14 

has already been attained. 15 

However, the structural behaviour of a statically indeterminate structure enables shear 16 

failures after yielding of the flexural reinforcement to be developed with increasing shear 17 

forces as its flexural capacity is not attained until all the possible plastic hinges along the 18 

structure have been developed. So, members can fail in shear after yielding of the 19 

flexural reinforcement while shear forces increase (branch C, Fig. 1) or with a constant 20 

shear force after all the plastic hinges have been developed; that is, when the full 21 

structural strength has been attained (branch D, Fig. 1). In any case, in a statically 22 

indeterminate structure such as a continuous beam, the large deformation levels that 23 

may be reached in the critical plastic zones where large shear forces are acting may 24 

cause a loss of shear strength. 25 
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 1 

The interaction between rotations and shear forces in critical zones of reinforced 2 

concrete members has been studied in statically determinate structures. Lopes and do 3 

Carmo [1]  presented a theoretical model to evaluate the plastic rotation capacity of a 4 

critical zone subject to shear force. Vaz Rodriges et al. [2] experimentally studied the 5 

influence of shear on the rotation capacity of 11 slab strips without shear reinforcement. 6 

They concluded that the rotation capacity of plastic hinges increases for lowering shear 7 

force values.  8 

The most relevant shear design formulations for members with shear reinforcement have 9 

different ways of considering the deformation of critical zones. For example, strut-and-10 

tie models [3] (started with truss analogy [4,5]) and stress fields [6] (a direct approach of 11 

the theory of plasticity) are based on equilibrium considerations. However, the modified 12 

compression field theory (MCFT) [7,8] considers equilibrium and compatibility conditions 13 

and the softening compressive strength of cracked concrete.  14 

The first studies conducted by Leonhardt [9,10] showed the influence of concrete on 15 

shear strength, and later physical models and constitutive laws indicated normal and 16 

 
Fig. 1. Behaviour of structural determinate and indeterminate structures failing in shear 

before and after yielding of the flexural reinforcement. 
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tangential stresses transferred along crack surfaces due to aggregate interlocking [11–1 

15]. Later, the crack friction, as a transfer action for resisting shear force, was considered 2 

to modify the truss model [16–18].  3 

Recently, different approaches considering a combination of several shear transfer 4 

mechanisms to explain shear strength have been investigated. On the one hand, the 5 

influence of the deformation of a member on its shear strength for reinforced concrete 6 

(RC) members without shear reinforcement has been studied and demonstrated by the 7 

critical shear crack theory (CSCT) [19,20]. In this context, the importance of the critical 8 

shear crack (CSC) kinematics (the opening and sliding of crack lips) to determine the 9 

ability of concrete to transfer shear forces has been studied [21–24] based on the CSCT. 10 

On the other hand, Marí et al. [25] have proposed a mechanical model that separately 11 

considers the most important shear transfer actions. 12 

The expressions used to determine structural elements shear strength in design codes 13 

ACI 318-19 [26], Model Code 2010 (Level III Approximation) [27], and CSA A23.3 [28] 14 

for beams with shear reinforcement are based on adding a “concrete term” (shear 15 

strength provided by concrete, 𝑽𝒄) to a “steel term” (shear strength provided by shear 16 

reinforcement, 𝑽𝒔). The term concrete is attributed to several mechanisms, such as 17 

aggregate interlock, dowel action and the shear transmitted across the concrete 18 

compression zone. In ACI 318-19, shear strength provided by concrete is based on 19 

empirical formulas taken from experimental results, while Model Code 2010 Level III and 20 

CSA A23.3 are based on MCFT [7,8], which considers that shear strength provided by 21 

concrete reduces with increasing longitudinal reinforcement strains until the strain at 22 

yield point. However, Eurocode 2 [29] only consider the stirrups contribution to shear 23 

strength, with a variable angle of the compression field. Therefore, only some codes 24 

consider a reduction in shear strength with increasing longitudinal reinforcement strain, 25 

although they do not contemplate any reduction of shear resistance after the plastic 26 

redistribution of internal forces due to the yielding of the flexural reinforcement.  27 
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The reduction of the rotation capacity with increasing shear forces for reinforced concrete 1 

members without shear reinforcement has been demonstrated by the CSCT [19]. This 2 

behaviour has been experimentally verified in shear failures before yielding of the flexural 3 

reinforcement [19] and in shear failures after yielding of the flexural reinforcement in 4 

statically determined beams [2]. However, there is no experimental evidence of the shear 5 

strength reduction with increasing rotation levels in tests conducted on statically 6 

indeterminate beams.  7 

The objective of the study presented herein is to analyse the possible influence of the 8 

rotation developed by plastic hinges on shear strength in reinforced concrete statically 9 

indeterminate beams with shear reinforcement failing in shear after yielding of the 10 

flexural reinforcement. For this purpose, an experimental programme has been 11 

conducted on statically indeterminate beams failing in shear after yielding of the flexural 12 

reinforcement and reaching considerable deformations in the critical plastic regions with 13 

an innovative tests system.   14 

 15 

2. Experimental programme 16 

2.1. Test specimens 17 

Nine beams (B1 to B9) with 9,000 mm long, 250 mm wide and 450 mm high were tested 18 

in 18 different experiments. Each beams was subject to two different shear test types 19 

that allowed shear failure to be developed with two different structural typologies: 20 

statically determinate structure (hereinafter called cantilever experiment, CE) and 21 

statically indeterminate structure (hereinafter called span experiment, SE).  22 

Each beam was simply supported with cantilevers at both ends and two concentrated 23 

loads were applied using two independent hydraulic jacks. The control of these jacks 24 

and the different load conditions (load points and test procedure) allowed the two shear 25 

test types to be performed.  26 
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For the tested specimens, the amount of flexural tensile reinforcement and the 1 

slenderness of specimens for both the CE and SE tests were different. The main 2 

objective of considering these variables was to allow shear failures to be developed with 3 

different rotation levels within a wide range of values, and before or after plastic hinge 4 

formation. In this way, it was possible to study how the development of rotations, related 5 

to flexural behaviour, governs shear strength in reinforced concrete specimens with 6 

shear reinforcement, including those shear failures developed after yielding of the 7 

longitudinal reinforcement.  8 

The nine beams were divided into three series according to the arrangement of the 9 

twelve 20 mm-diameter bars comprising the longitudinal reinforcement. These 10 

arrangements gave the following longitudinal reinforcement ratios (𝝆): 1.63% (S1), 11 

2.29% (S2) and 1.94% (S3) (Fig. 2). The minimum longitudinal reinforcement ratio was 12 

arranged to ensure a shear failure before a flexural failure in the SE tests for all the 13 

specimens. The effective depth (distance from the extreme compression fibre to the 14 

centroid of the longitudinal tensile reinforcement) was 386, 385 and 389 mm, 15 

respectively, for the sections of series S1, S2 and S3. 16 

 17 

The three beams of each series were tested with three different locations for the load 18 

and bearing points, both in the CE and SE tests (Fig. 3). In the CE tests, the length of 19 

the tested cantilevers (𝒍𝟏) was 1,000 mm (L1), 1,620 mm (L1.6), and 2,310 mm (L2.3). 20 

In the SE tests, the length of the span (𝒍𝟐) was 6,000 mm (L6), 5,000 mm (L5), and 4,000 21 

Fig. 2. Reinforcement of series S1, S2 and S3 (dimensions in mm). 
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mm (L4). In addition, both the length of the cantilever considered (𝒍𝟑) and the distance 1 

between the support 𝑨 section and the section of applied load 𝑷𝟐 (𝒍𝒂) were constant and 2 

equalled 1,000 mm for all the specimens.  3 

Shear failure was forced to take place in the selected beam regions (𝒍𝟏 for the CE tests 4 

and 𝒍𝒄 for the SE tests, according to Fig. 3), which were reinforced with two-legged 5 

closed stirrups with an 8-mm diameter and a spacing of 30 mm (𝝓8/30, shear 6 

reinforcement ratio 𝝆𝒘 of 0.13%). Outside the expected failure regions, stirrups were 7 

provided to prevent shear failure with a reinforcement ratio of 0.90%. 8 

The summary of the reinforcement and geometry of all the specimens is in Table 1. 9 

 10 

Table 1. Reinforcement and geometry of specimens. 11 
Specimen 𝑨𝒔 𝑨𝒔

′  𝝆 (%) 𝒍𝟏 (mm) 𝒍𝟐 (mm) 𝒍𝒃 (mm) 𝒍𝒄(mm) 

B1 5𝝓20 7𝝓20 1.63 1000 6000 3100 1900 

B2 7𝝓20 5𝝓20 2.29 1000 6000 2500 2500 

B3 6𝝓20 6𝝓20 1.94 1000 6000 2800 2200 

B4 5𝝓20 7𝝓20 1.63 1620 5000 2100 1900 

B5 7𝝓20 5𝝓20 2.29 1620 5000 1500 2500 

B6 6𝝓20 6𝝓20 1.94 1620 5000 1800 2200 

B7 5𝝓20 7𝝓20 1.63 2310 4000 1100 1900 

B8 7𝝓20 5𝝓20 2.29 2310 4000 500 2500 

B9 6𝝓20 6𝝓20 1.94 2310 4000 800 2200 

Fig. 3. Geometry of specimens: (a) cantilever experiment (CE); (b) span 

experiment (SE) (dimensions in mm). 
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A different code with three terms was used to label each test conducted on specimens. 1 

The first term denoted the tested beam and the type of test (“C” for the CE test and “S” 2 

for the SE test). The second term represented the specimen section according to the 3 

flexural reinforcement (S1, S2 or S3). The third term indicated the location of the load 4 

and bearing points by indicating the length of the cantilever in the CE tests (L1, L1.6 or 5 

L2.3) and the length of the span in the SE tests (L6, L5 or L4). Following this notation, 6 

test B1S-S1-L6 was the SE test conducted on the beam B1 (B1S) and the specimen had 7 

a flexural reinforcement ratio of 1.63% (S1) and a total length of the span of 6,000 mm 8 

(L6).  9 

2.2. Material properties 10 

The compressive strength, modulus of elasticity and tensile strength of concrete, as well 11 

as the age of each specimen at the time of testing, are summarised in Table 2. The 12 

properties of concrete were measured according to UNE-EN 12390 [30–32] and were 13 

the average of two tested concrete cylinders (300 mm high, 150 mm diameter). The 14 

modulus of elasticity values corresponded to secant stiffness and tensile strength was 15 

obtained from the indirect tensile strength tests. The amount of Portland cement in 16 

concrete was 325 kg/m3, the water/cement ratio was 0.52 and the maximum aggregate 17 

size was 10 mm. 18 

Table 2. Average values of the concrete properties. 19 
Specimen Age at testing (days) 𝒇𝒄(MPa) 𝑬𝒄 (GPa) 𝒇𝒄𝒕 (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 24.1 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 3.4 

B9 39 29.7 29.4 2.2 

 20 

The diameter, modulus of elasticity, steel yield stress, steel tensile strength and steel 21 

strain values at ultimate strength are summarised in ¡Error! No se encuentra el origen 22 
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de la referencia.. The properties of reinforcement steel were measured according to 1 

UNE-EN ISO 6892 [33] and were the average of two tested specimens. The tension tests 2 

were load-controlled before yielding at a loading speed of 10 MPa/s, and were 3 

displacement-controlled thereafter. 4 

Table 3. Average values of the flexural and transversal reinforcement properties. 5 
Specimens B1-B3 B4-B9 

𝝓 (mm) 8 20 8 20 

𝑬𝒔 (GPa) 198 218 183 213 

𝒇𝒚 (MPa) 543 557 549 540 

𝒇𝒖 (MPa) 677 665 651 649 

𝜺𝒖 (%) 9.6 10.9 11.1 13.5 

𝒇𝒖/𝒇𝒚 1.25 1.19 1.19 1.20 

 6 

2.3. Instrumentation  7 

A series of four load cells was used to take continuous measurements of the force in the 8 

hydraulic jacks and the reaction at the bearing points. Therefore, redundancy in the force 9 

measurements appeared. 10 

Strain gauges of 120 Ω resistance and a 1.5 mm measuring length measured strains in 11 

reinforcement steel. There were 58 gauges in each beam glued on the top and bottom 12 

longitudinal reinforcements and also on shear reinforcement (Fig. 4a).  13 

Displacement transducers with actuating rod potentiometrics up to 150, 200, and 300 14 

mm performed displacement measurements on the concrete surface. A triangulation with 15 

17 transducers (horizontal transducers at the top and bottom flexural reinforcements, 16 

vertical transducers at the stirrups location, and diagonal ones) was arranged in each 17 

experiment to control deformations in the shear failure zones (Fig. 4b). Deflection of 18 

specimens was measured on the bottom surface with several displacement transducers 19 

(Fig. 4b). At the load points, deflection was also measured with the absolute non-contact 20 

position sensors integrated into the hydraulic jacks. Two displacement transducers were 21 

used to control the slope in the support sections (Fig. 4b). 22 
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 1 

Digital Image Correlation (DIC) was used to obtain accurate measurements of the 2 

displacement field of specimens. Photogrammetry was performed on the entire surface 3 

of beams with several Canon EOS 5D Mark II digital cameras (21.1 megapixels), 4 

equipped with a fixed-focus lens Canon EF 85 mm f/1.8 USM. The image acquisition rate 5 

during tests was 2 Hz (up to 3 Hz in several tests). Calibration was done with the Vision 6 

Assistant of National Instruments software, and took into account the distortion and 7 

projection parameters so that each calibration was valid only for one camera in a specific 8 

test. Image calibration was carried out with a dot grid and the obtained resolution was 9 

0.2 mm/pixel. A displacement field was obtained from the images analysis performed 10 

with an own software developed using the NI-IMAQ driver and programming with 11 

LabVIEW. Each image was divided into a grid of squared facets of 100 x 100 pixels to 12 

track displacements between pictures. The software maximum error of the computed 13 

displacements was 1/32 pixels.   14 

2.4. Tests system (setup and procedure) 15 

The test setup is illustrated in Fig. 5. 16 

Fig. 4. Instrumentation: (a) strain gauges; (b) displacement transducers 

(dimensions in mm). 
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 1 

Loads and support reactions were transmitted to the beam through steel plates 2 

measuring 250 x 250 x 40 mm. Both bearing and load systems allowed horizontal in-3 

plane displacements and rotations. One of the bearing points had a restrained horizontal 4 

displacement during tests.  5 

In the CE test, load 𝑷𝟏 was applied with displacement control (0.02 mm/s) until the shear 6 

failure, and 𝑷𝟐 was applied with load control according to the increase in load 𝑷𝟏 to obtain 7 

no reaction in support 𝑩 (Fig. 6a). As with a statically determinate structure, shear and 8 

bending increased simultaneously with a constant shear span until shear failure either 9 

before the yielding of the flexural reinforcement or afterwards, which led to a shear failure 10 

with constant shear (Fig. 6b).   11 

Fig. 5. Test setup: (a) cantilever experiment (CE); (b) span experiment (SE) 
(dimensions in mm). 



15 

 

In the SE tests, the performed test procedure allowed shear failures to develop after 1 

yielding of the tensile reinforcement over support B, as well as the development of 2 

considerable rotations.  3 

Each SE test was carried out in two phases (Fig. 6c). In the first phase, 𝑷𝟏 was applied 4 

with displacement control (0.02 mm/s), and 𝑷𝟐 with load control, according to the 5 

increase in load 𝑷𝟏 to obtain no reaction in support 𝑨. This phase ended when the top 6 

longitudinal reinforcement at the support 𝑩 section yielded and led to a certain slope at 7 

the support 𝑩 section (𝜽𝑩,𝑰). In addition, at the end of this phase, the shear force along 8 

the span was considerably lower than the shear strength of the beam, and the rotation 9 

capacity of the plastic hinge at support 𝑩 section did not develop yet. This enabled a 10 

further increase in shear along the span by applying new increments of 𝑷𝟐 in the following 11 

phase. So, in the second phase, 𝑷𝟐 was applied with displacement control (0.02 mm/s), 12 

and 𝑷𝟏 with load control, according to the increase in load 𝑷𝟐 to keep the slope at the 13 

support 𝑩 section blocked. In this phase, this slope was kept constant and equal to that 14 

reached at the end of the first phase (𝜽𝑩 = 𝜽𝑩,𝑰). This meant that support 𝑩 behaved as 15 

a fixed rotation support, while 𝑷𝟐 increased until shear failure.   16 

It was in the second phase of the SE when beams became statically indeterminate 17 

structures as moments were given by compatibility conditions because of the restriction 18 

imposed for the slope at the support 𝑩 section (𝜽𝑩 = 𝜽𝑩,𝑰). In this phase, shear forces 19 

increased with increasing rotations of the plastic hinge thanks to the imposed restriction 20 

for the slope at the support 𝑩 section (branch A in Fig. 6d). This restriction was not the 21 

equivalent to keeping the load 𝑷𝟏 constant in the second phase because, with an 22 

imposed 𝑷𝟏, the beam would simply have a continuity constant moment imposed at 23 

support 𝑩 section. Under these conditions, increasing load 𝑷𝟐 would lead to a decrease 24 

of the rotation of the plastic hinge with increasing shear forces (branch B in Fig. 6d). 25 

Actually, in the tested beams, slight increases in load  𝑷𝟏 were necessary to maintain the 26 
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slope in this phase (𝜽𝑩,𝑰) and they were responsible for developing further rotations in 1 

the plastic hinge. 2 

 3 

It is noteworthy that, after yielding of the flexural reinforcement, shear forces were 4 

constant (independently of the level of rotation) in the CE tests, whereas the tests system 5 

allowed the beam to turn into a statically indeterminate structure in which both rotations 6 

and shear forces could simultaneously increase in the SE tests. This makes it easier to 7 

obtain a shear-rotation path with shear strength values linked to values of rotation larger 8 

than that corresponding to the strain at yield point of the flexural reinforcement.   9 

Fig. 6. Tests procedure: (a) cantilever experiment (CE); (b) shear forces and 
rotation relation in the cantilever experiment (CE); (c) the two phases of the span 
experiment (SE); (d) the shear forces and rotation relation in the span experiment 

(SE) for the two different phases. 
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Finally, and related to the evolution of the SE tests, in the first phase, the shear span 1 

between 𝑷𝟐 and section B was constant, and the shear and bending moment increased 2 

simultaneously, as in the CE tests. However, in the second phase, shear span decreased 3 

and reached its minimum value at shear failure, and shear increased while the bending 4 

moment decreased along the span due to the imposed conditions (Fig. 6c). 5 

 6 

3. Test results and discussion 7 

3.1. Load-deflection relationship 8 

Fig. 7a and Fig. 7b show the load-deflection curves for all the specimens in the CE and 9 

SE tests, respectively. For the CE tests (Fig. 7a), load 𝑷𝟏 is plotted against the deflection 10 

under this load (𝜹𝟏). For the SE tests (Fig. 7b), load 𝑷𝟐 is plotted against the deflection 11 

under this load (𝜹𝟐).  12 

Different load-deflection responses can be observed depending on the type of 13 

experiment (CE or SE), the shear slenderness and the arrangement of the longitudinal 14 

reinforcement of the specimens. 15 

In the CE tests, load-deflections curves of beams with a brittle shear failure exhibited a 16 

sharp drop of load after reaching the maximum load. Otherwise, if the tensile 17 

reinforcement yielded before failing in shear, the curves showed a plateau. 18 

In the SE tests, the load-deflection curves showed two (or three in some tests) different 19 

branches. The first corresponded to the first test phase; it had a negative slope and the 20 

increase in 𝑷𝟐 was reduced because the applied load in this phase was 𝑷𝟏. The second 21 

branch reflected the increase in 𝑷𝟐 and the large beam deflection under it in the second 22 

phase; that is, after the first plastic hinge developed and before yielding of the bottom 23 

reinforcement under this load. On this ascending branch, some beams failed in shear. 24 

However, in other cases, shear failure occured on a third plateau-shaped branch, after 25 

the development of the second plastic hinge.  26 
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 1 

3.2. Shear strength and failure mode 2 

Table 4 summarizes the main results of the tests at failure. It includes the loads applied 3 

at failure (𝑷𝟏,𝑹 and 𝑷𝟐,𝑹), as well as the bending moment at failure (𝑴𝟏,𝑹) at 𝒅/𝟐 from the 4 

corresponding support (𝑨 for CE and 𝑩 for SE), and the bending moment at failure (𝑴𝟐,𝑹) 5 

Fig. 7. Load-deflection curves for all the specimens: (a) cantilever experiment (CE); 

(b) span experiment (SE). 
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at 𝒅/𝟐 from the section of the applied load 𝑷𝟐 for SE. It is also given the shear strength 1 

(𝑽𝑹,𝒕𝒆𝒔𝒕) at 𝒅/𝟐 from the corresponding support (𝑨 for CE and 𝑩 for SE), as well as the 2 

equivalent shear span (𝒂 = 𝑴𝟏,𝑹/𝑽𝑹,𝒕𝒆𝒔𝒕 + 𝒅/𝟐), and the shear slenderness ratio (𝒂/𝒅) at 3 

failure for both the cantilever and span experiments. Shear was checked in a control 4 

section located at 𝒅/𝟐 from the applied load according to the CSCT [19], and bending 5 

moments and shear strength included self-weight. The shear slenderness ratio (𝒂/𝒅) 6 

was constant in the CE tests, but it decreased in the second phase of the SE tests. Table 7 

4 offers the lowest values obtained at failure in the tests.   8 

Table 4. The main results at failure of the tests for both the cantilever and span 9 
experiments. 10 

Sp. Test Type 
𝑷𝟏,𝑹  

(kN) 

𝑷𝟐,𝑹  

(kN) 

𝑴𝟏,𝑹  

(mkN) 

𝑴𝟐,𝑹  

(mkN) 

𝑽𝑹,𝒕𝒆𝒔𝒕  

(kN) 

𝒂  

(m) 
𝒂/𝒅 

𝝍𝒃  

(mrad) 

𝝍𝒔  

(mrad) 

𝒘𝒔𝒕 

(mm) 

B1 B1C-S1-L1 V (B) 192.6  155.4  196.2 0.99 2.55 10.6 NA 4.4 

B2 B2C-S2-L1 V (B) 210.4  169.6  214.0 0.98 2.56 3.5 NA 2.0 

B3 B3C-S3-L1 V (B) 202.1  163.1  205.8 0.99 2.54 8.9 NA 1.7 

B4 B4C-S1-L1.6 V (B) 167.2  243.1  173.6 1.59 4.13 11.6 6.3 2.8 

B5 B5C-S2-L1.6 V (B) 208.1  300.8  214.5 1.59 4.14 13.1 11.7 2.6 

B6 B6C-S3-L1.6 V (B) 200.6  290.3  207.1 1.60 4.14 14.4 5.7 3.5 

B7 B7C-S1-L2.3 M 121.5  271.1  - - - - - - 

B8 B8C-S2-L2.3 V (A) 162.0  356.5  171.3 2.27 5.91 30.7 3.5 1.8 

B9 B9C-S3-L2.3 V (A) 142.1  314.5  151.4 2.27 5.84 26.4 1.9 1.9 

             

B1 B1S-S1-L6 V (2 PH) 276.8 521.2 249.4 404.3 148.9 1.87 4.84 36.4 0.8 3.5 

B2 B2S-S2-L6 V (2 PH) 373.2 442.8 345.4 316.6 150.7 2.48 6.45 35.3 4.4 0.5 

B3 B3S-S3-L6 V (2 PH) 340.0 492.6 311.0 378.0 156.6 2.18 5.61 53.8 5.8 3.4 

B4 B4S-S1-L5 V (1 PH) 269.9 415.4 243.6 252.5 143.2 1.89 4.91 25.3 1.7 3.3 

B5 B5S-S2-L5 V (2 PH) 381.5 548.8 344.2 345.9 197.3 1.94 5.03 46.2 5.5 2.6 

B6 B6S-S3-L5 V (2 PH) 349.5 583.1 313.1 359.9 192.5 1.82 4.68 41.3 1.0 1.4 

B7 B7S-S1-L4 V (1 PH) 293.5 562.8 252.7 292.4 214.1 1.37 3.56 15.7 7.7 1.6 

B8 B8S-S2-L4 V (1 PH) 382.7 406.1 344.3 170.3 202.4 1.89 4.92 22.6 5.2 1.3 

B9 B9S-S3-L4 V (1 PH) 337.6 420.4 301.7 181.4 190.1 1.78 4.58 14.8 12.5 2.5 

Note: V (shear failure); M (bending failure); A (after yielding); B (before yielding); PH (plastic hinge); NA (no 11 

available data).    12 
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All the specimens, except test B7C-S1-L2.3, failed in shear, but with different cracking 1 

patterns at failure. However, the differences in the test procedure between the cantilever 2 

and span experiments led to differences in the failure mode of specimens.  3 

In the CE tests (statically determinate structure), specimens L1 and L1.6 failed in shear 4 

before yielding of the flexural reinforcement (branch A, Fig. 1). Specimens of the tests 5 

B8C-S2-L2.3 and B9C-S3-L2.3 failed in shear after yielding of the flexural reinforcement 6 

(branch B, Fig. 1). In these tests, the displacement control of the applied load 𝑷𝟏 enabled 7 

plastic strains to develop in the flexural reinforcement after reaching the yielding. This 8 

led to a shear failure with increasing deformations under constant load. Specimen of the 9 

test B7C-S1-L2.3 failed in bending.  10 

In the SE tests (statically indeterminate structure), shear failures developed in the second 11 

phase, after the redistribution of internal forces because of the previous yielding of the 12 

longitudinal reinforcement and the development of an imposed plastic hinge rotation. 13 

Two different behaviours were observed in these SE tests, which depended on the 14 

development, or not, of the second plastic hinge under load 𝑷𝟐.   15 

As an example of the two different behaviours, Fig. 8 reflects the evolution of bending 16 

moments (𝑴𝟏 and 𝑴𝟐) and shear in span (𝑽) with the deflection under load 𝑷𝟐 for two 17 

distinct specimens. In tests B4S-S1-L5, B7S-S1-L4, B8S-S2-L4 and B9S-S3-L4 (test 18 

B9S-S3-L4 is plotted in Fig. 8a) only one plastic hinge developed and they failed 19 

suddenly in shear near the support 𝑩 section (branch C, Fig. 1). In tests B1S-S1-L6, 20 

B2S-S2-L6, B5S-S2-L5, B3S-S3-L6 and B6S-S3-L5 (test B3S-S3-L6 is plotted in Fig. 21 

8b) developed two plastic hinges before failing in shear (branch D, Fig. 1).  22 
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 1 

3.3. Shear strength components 2 

To study the influence of rotation on shear strength in reinforced concrete beams with 3 

shear reinforcement, the shear strength was divided into two components: shear strength 4 

provided by shear reinforcement (𝑽𝒔) and shear strength provided by concrete (𝑽𝒄), 5 

which included the other shear-transfer actions.  6 

The shear strength provided by shear reinforcement (𝑽𝒔) as the sum of the tensile force 7 

of all the stirrups (𝑽𝒔𝒘) crossed by the CSC was: 8 

𝑽𝒔 =  ∑ 𝝈𝒔𝒘 ·
𝝓𝟐 · 𝝅

𝟒
 

(1) 

 

where 𝝓 is the diameter of the bar and 𝝈𝒔𝒘 is the normal stress for a single stirrup (two 9 

branches).  10 

The normal stress for a single stirrup 𝝈𝒔𝒘 can be calculated by following the procedure 11 

of Campana et al. [21] (Fig. 9a). At the location where the crack intercepted each 12 

considered stirrup, the opening of the crack along the vertical direction (𝒘𝒊) was obtained 13 

by DIC. Two points vertically aligned with the stirrup (one on each side of the crack) were 14 

considered to obtain this crack opening (Fig. 9b). The stress distribution along the stirrup 15 

between these two points can be obtained by assuming rigid-plastic bond behaviour [34] 16 

for the reinforcement embedded in concrete (Fig. 9c). According to this methodology, 17 

Fig. 8. Evolution of the bending moments (𝑀1 and 𝑀2) and shear in span (𝑉) versus 

the deflection under load 𝑃2 in the span experiments (SE): (a) test B9S-S3-L4; (b) 

test B3S-S3-L6. 
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bond stress is constant (𝝉𝒃𝟏  =  𝟐𝒇𝒄𝒕) before yielding and the decrease in steel stress is 1 

linear with the distance to the crack. After yielding, bond stress reduces (𝝉𝒃𝟐  =  𝝉𝒃𝟐/𝟐) 2 

to consider the decreasing bond stress. The value of 𝒇𝒄𝒕 is provided in Table 2. In 3 

addition, a bilinear hardening stress-strain relationship of steel was considered with a 4 

tangent modulus of (𝒇𝒖 − 𝒇𝒚) (𝜺𝒖 − 𝒇𝒚 𝑬𝒔⁄ )⁄  (Fig. d) with the values of the steel 5 

properties shown in ¡Error! No se encuentra el origen de la referencia.. 6 

If concrete strains are neglected, 𝒘𝒊 must be equal the integration of steel strains: 7 

𝒘𝒊 = ∫ 𝜺𝒔𝒘𝒅𝒙
𝒍𝒋+𝒍𝒌

 
(2) 

 

This condition allowed the shear strength provided by shear reinforcement (𝑽𝒔,𝒕𝒆𝒔𝒕) to be 8 

obtained. Due to crack shape, only two stirrups accounted for calculating the shear 9 

reinforcement contribution in all cases as those stirrups intercepted by the horizontal 10 

branch of the CSC were not considered [21, 35]. Moreover, the considered stirrups were 11 

yielded at shear failure in all cases.  12 

The shear strength provided by concrete was calculated as the difference between the 13 

total shear strength and that corresponding to shear reinforcement (𝑽𝒄,𝒕𝒆𝒔𝒕 =  𝑽𝑹,𝒕𝒆𝒔𝒕 −14 

𝑽𝒔,𝒕𝒆𝒔𝒕). This shear strength (𝑽𝒄,𝒕𝒆𝒔𝒕) considered the contribution of different shear-transfer 15 

actions, such as aggregate interlock, residual tensile strength, dowelling action or the 16 

contribution of the compression chord.  17 
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 1 

Fig. 10 shows the contribution of both shear reinforcement and concrete to shear 2 

strength. The  𝑽𝒔,𝒕𝒆𝒔𝒕 𝑽𝑹,𝒕𝒆𝒔𝒕⁄  and 𝑽𝒄,𝒕𝒆𝒔𝒕 𝑽𝑹,𝒕𝒆𝒔𝒕⁄  ratios are plotted for all the specimens 3 

and all the tests: CE (Fig. 10 a) and SE (Fig. 10 b).  4 

 5 

 6 

Fig. 9. Shear provided by shear reinforcement: (a) relation linking crack opening 
and steel strain and stresses in the reinforced concrete tie; (b) obtaining the crack 
opening along the vertical direction by DIC; (c) the considered rigid-plastic bond 

behaviour; (d) the considered bilinear hardening stress-strain relation of steel 

(figure developed from Campana et al. [21]). 

Fig. 10. Contribution of shear reinforcement and concrete to shear strength: (a) 
cantilever experiment (CE); (b) span experiment (SE). (Test B7C-S1-L2.3 not 

included: bending failure.) 
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3.4. Rotations 1 

Bending rotation (𝝍𝒃) was obtained from integrating the bending curvatures along the 2 

length of the beam where the CSC developed. In all specimens, the development length 3 

of the CSC extended approximately to 𝟐𝒅 from the support section (A for CE and B for 4 

SE) (Fig. 11).  In addition, this length covered the development region of the plastic hinge 5 

in the SE tests. Bending curvatures were calculated from the longitudinal strains of the 6 

top and bottom fibres of the beam, which were measured by DIC. This rotation 7 

corresponded to the bending deformation, so it was independent of shear crack 8 

evolution. The bending rotation values at failure for all the specimens and tests are 9 

summarised in Table 4.   10 

 11 

The CSC divided the beam into two different bodies, one located over the CSC and the 12 

other located below it. The body over the CSC only developed the bending rotation (𝝍𝒃), 13 

as previously explained, but the body below also underwent an extra rotation caused by 14 

the development of the CSC. As a result, the total rotation of the body below, measured 15 

by DIC, was larger than the bending one. This total rotation (𝝍𝒕) was obtained as the 16 

difference between the slope of the bottom fibres at a support section (A for CE and B 17 

for SE) and the maximum slope at the end of the development length of the CSC (Fig. 18 

11). It must be pointed out that the slope of the support section in the second phase of 19 

Fig. 11. Kinematics of the critical shear crack and definition of bending, total and 
crack rotation along its development length. 
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the SE tests was constant due to the block of the support (the DIC measurements 1 

reflected this condition).   2 

The extra rotation obtained as the difference between the measured rotation of the body 3 

below (𝝍𝒕) and over (𝝍𝒃) the CSC was assumed the crack rotation (𝝍𝒔 =  𝝍𝒕 − 𝝍𝒃). This 4 

rotation was linked to the evolution of the CSC, so it was directly related to shear 5 

deformation. For that reason, the crack rotation (𝝍𝒔) may be explained by the CSC 6 

kinematics shown in Fig. 11. This kinematics can be considered to be governed mainly 7 

by a rotational movement (the named crack rotation, 𝝍𝒔) with the centre of rotations 8 

located near the tip of the crack [21,22,35]. However, as the CSCT points out in recent 9 

articles about punching shear failures [24,36], a vertical displacement (𝜹𝒔) also related 10 

to shear deformation may develop along the CSC. This displacement may be constant 11 

or not along the CSC; if it is, the vertical movement does not contribute to increase the 12 

slope of the body below the CSC and, consequently, it was not registered by the total 13 

rotation (𝝍𝒕) measured at the bottom fibres. The crack rotation values at failure for all the 14 

specimens and tests are summarised in Table 4 (the data for specimens V1 in the CE 15 

tests are not available).  16 

The bending (𝝍𝒃) and total rotation (𝝍𝒕) evolution for all specimens in the SE tests versus 17 

shear force (𝑽/𝑽𝑹,𝒕𝒆𝒔𝒕) is plotted in Fig. 12. The evolution of these rotations differed 18 

throughout the tests. With low shear force levels, both rotations were similar (𝝍𝒃 ~ 𝝍𝒕) 19 

because the CSC was not yet developed. However, when shear force increased and 20 

caused the development of the CSC, the crack rotation (𝝍𝒔) started and the total rotation 21 

increased more than the bending one. The largest difference between the total rotation 22 

and the bending one (𝝍𝒕 >  𝝍𝒃) occured in the second phase of the tests because the 23 

CSC width increased and led to major crack rotation (𝝍𝒔). 24 

The increase in the CSC width was also related to the amount of shear provided by 25 

stirrups. At the points where the CSC crossed the different stirrups, the more the CSC 26 

width, the greater stirrup stresses became. Therefore, the shear reinforcement 27 
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contribution to shear strength increased with the development of the CSC. This is 1 

illustrated by the evolution of the shear strength provided by stirrups (𝑽𝒔/𝑽𝑹,𝒕𝒆𝒔𝒕) for 2 

specimens S2 in the SE tests plotted in Fig. 13a. Activation of stirrups occurred mainly 3 

in the second phase of the SE tests, when crack rotation (𝝍𝒔) increased because of the 4 

larger crack width (Fig. 12). For lower shear slenderness beams, the value of the shear 5 

effort along the span increased sooner while the SE test was underway and, as a result, 6 

the activation of stirrups occurred earlier (Fig. 13a). For the beam with the most 7 

slenderness, test B2S-S2-L6, stirrups did not provide shear strength until the first plastic 8 

hinge developed, whereas for the beam with the least slenderness, test B8S-S2-L4, 9 

stirrups were considerably activated at the same moment of the test. The specimen 10 

images of the test B5S-S2-L5 (Fig. 13b) illustrate the development of cracks in the 11 

second phase of the test. 12 

 13 

Fig.12. Evolution of the bending and total rotation versus shear force for all the 

specimens in the span experiments (SE). 
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 1 

3.5. Influence of rotation on the shear strength provided by concrete 2 

The normalised shear strength provided by concrete is plotted versus the bending 3 

rotation (𝝍𝒃) for all the specimens failed in shear in Fig. 14. Shear strength must be 4 

normalised according to the compressive strength of concrete to compare different 5 

beams. For this normalisation, only the shear strength provided by concrete (𝑽𝒄,𝒕𝒆𝒔𝒕) can 6 

be considered.  7 

According to Fig. 14, the development of larger bending rotations (𝝍𝒃) entailed a 8 

decrease in shear strength provided by concrete for the tested reinforced concrete 9 

beams with shear reinforcement. This loss of shear strength after yielding of the flexural 10 

reinforcement had already been confirmed by tests carried out on statically determinate 11 

reinforced concrete beams without shear reinforcement [2]. However, this experimental 12 

study extended the analysis to statically indeterminate beams with shear reinforcement 13 

and was capable of obtaining shear failures with considerable plastic hinge rotations.  14 

This behaviour agreed with the failure criterion proposed by Vaz Rodrigues et al. [2] that 15 

considered the rotation capacity at failure for concrete beams without shear 16 

Fig. 13. (a) Evolution of shear strength provided by shear reinforcement versus the 
total shear strength for specimens S2 in the span experiments (SE); (b) specimen 
images of the test B5S-S2-L5 in the second phase of the span experiment (SE). 
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reinforcement developing plastic strains (the failure criterion plotted in Fig. 14). This 1 

criterion was based on the CSCT hypothesis [19] and it established a relationship 2 

between the shear strength of concrete and beam rotation at failure.  3 

 4 

The loss of shear strength provided by concrete for increasing bending rotation may be 5 

related to the increase in CSC width as it would entail the reduction of some shear-6 

carrying mechanisms such as aggregate interlock [2,19,20]. This is illustrated in Fig. 15, 7 

where the normalised shear strength provided by concrete is plotted versus the average 8 

value of the critical shear crack opening measured in the stirrups section (𝒘𝒔𝒕) for all the 9 

specimens failed in shear. This average value is obtained from the CSC opening 10 

measurements performed with DIC in the stirrups section where the crack intercepts 11 

each one and in the same directions as them. These average crack width values at failure 12 

for all the specimens and tests are summarised in Table 4. 13 

Fig. 14. Shear strength provided by concrete according to bending rotation. (Test 

B7C-S1-L2.3 not included: bending failure.) 
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 1 

4. Comparison of the test results with existing code provisions  2 

In ¡Error! No se encuentra el origen de la referencia., the test results are compared 3 

with the predicted shear strength of design codes according to the experimented-to-4 

predicted shear strength ratio (𝑽𝑹,𝒕𝒆𝒔𝒕 / 𝑽𝑹𝒅). The considered codes are ACI Building 5 

Code 318-19 [26] (Fig. 16a), Eurocode 2 [29] (Fig. 16b), Model Code 2010 (Level I 6 

Approximation) [27] (Fig. 16c), and Model Code 2010 (Level III Approximation) [27] (Fig. 7 

16d). In all cases,  𝜸𝒄 = 1.0 and shear strength were optimised by considering the 8 

minimum possible angle between web compression and the axis of the member (𝜽).  9 

In a general approach, the comparison of the experimented-to-predicted shear strength 10 

ratio for the different codes of practice with simple formulations (ACI 318-19, Eurocode 11 

2, and MC2010 Level I) shows similar scatter results (Fig. 16a, Fig. 16b and Fig. 16c, 12 

respectively). However, whereas ACI 318-19 and Eurocode 2 provide similar mean 13 

values of this ratio as well, the shear strength values predicted by MC2010 Level I are 14 

very conservative (𝑽𝑹,𝒕𝒆𝒔𝒕/𝑽𝑹𝒅 mean value of 1.66). These “too safe” predictions may be 15 

the result of the non-optimised angle 𝜽, which is fixed constant in the formulation of Level 16 

I. Finally, it is noteworthy that the comparable predictions obtained from ACI 318-19 and 17 

Fig. 15. Shear strength provided by concrete according to the average value of the 
critical shear crack opening measured in the stirrups section. (Test B7C-S1-L2.3 

not included: bending failure.) (Data for specimens L1 of the CE tests is not 

available.) 
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Eurocode 2 are based on very different formulation as the former considers the shear 1 

strength provided by both concrete and shear reinforcement, but the latter contemplates 2 

only the shear strength provided by steel.   3 

Predictions provided by Level I of the MC2010 can be improved with the Level III 4 

formulation (Fig. 16d), which is based on the MCFT [7, 8]. This iterative formulation 5 

considerably reduces the too conservative predictions of shear strength obtained with 6 

Level I and, in addition, provides the least scatter results among the different codes 7 

(𝑽𝑹,𝒕𝒆𝒔𝒕/𝑽𝑹𝒅 COV value of 0.09).  8 

Regarding the reduction of shear strength with increasing bending rotation, codes 9 

present major differences. The formulation provided by ACI 318-19, Eurocode 2 and 10 

MC2010 Level I does not consider this dependence between both values (the trend 11 

plotted in Fig. 16a, Fig. 16b and Fig. 16c, respectively). Although MC2010 Level III does 12 

not directly consider the bending rotation to be an influential factor, it considers 13 

longitudinal reinforcement strains (the trend plotted in Fig. 16d). This factor is related to 14 

the bending rotation and, as a result, it predicts that shear strength values are dependent 15 

on bending deformation. However, this influence is not captured for those strains beyond 16 

yielding of the reinforcement because they are calculated from a section analysis by 17 

assuming a linear elastic stress-strain relation. 18 

 19 

 20 

 21 
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 1 

5. Conclusions 2 

The influence of the plastic hinge rotation on shear strength in reinforced concrete 3 

statically indeterminate beams with shear reinforcement is herein investigated. For this 4 

goal, an experimental programme based on an innovative tests system was designed 5 

and carried out. The results of 18 shear tests are presented and analysed. The main 6 

conclusions are the following: 7 

1. The designed tests system allows statically determinate and indeterminate 8 

structures to fail in shear, which entails beams failing in shear before and after 9 

yielding of the flexural reinforcement. Tests on statically indeterminate structures 10 

allow continuous beams behaviour to be simulated, which results in a plastic 11 

redistribution of flexural forces and in large flexural reinforcement strains. The 12 

main difference in these tests with shear tests on statically determinate structures 13 

is that it is possible to develop shear failures after yielding of the flexural 14 

reinforcement with growing shear forces and plastic hinge rotations.  15 

2. The average width of the critical shear crack is obtained with Digital Image 16 

Correlation (DIC) technique by the displacement measurements performed at 17 

stirrups sections where the crack intercepts them. The shear strength provided 18 

by shear reinforcement is calculated from these measurements. The shear 19 

Fig. 16. Comparison made between test results and predicted shear strength 

calculated according to design codes: (a) ACI Building Code 318-19; (b) Eurocode 

2; (c) Model Code 2010 Level I; (d) Model Code 2010 Level III. (Test B7C-S1-L2.3 

not included: bending failure.) 
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strength provided by the remaining shear resistance mechanisms (shear strength 1 

provided by concrete) is calculated by subtracting the shear strength provided by 2 

the shear reinforcement from the shear strength recorded in the tests.  3 

3. Rotations throughout the length of the beam where the critical shear crack 4 

develops are calculated from displacement measurements performed with DIC. 5 

The crack rotation is assumed the difference between the measured rotation of 6 

the body below and over the CSC. The first is obtained at bottom fibres of the 7 

beam, whereas the second is the bending rotation. The crack rotation is linked to 8 

the evolution of the CSC, so it is directly related to shear deformation.  9 

4. As expected, the shear strength provided by concrete decreases as bending 10 

rotation increases in reinforced concrete beams with shear reinforcement. After 11 

yielding of the flexural reinforcement, the plastic hinge rotation reduces the shear 12 

strength capacity because of the loss of shear strength provided by concrete. 13 

This behaviour agrees with the failure criterion proposed by Vaz Rodrigues et al. 14 

(2) for concrete beams without shear reinforcement developing plastic strains that 15 

account for rotation capacity at failure.  16 

5. The shear strength provided by concrete reduces for increasing average widths 17 

of the critical shear crack in the tested specimens. 18 

6. Simple formulation from ACI 318-19, Eurocode 2, and MC2010 Level I provide 19 

similar scatter results for the ratio of experimented-to-predicted shear strength, 20 

although MC2010 Level I predicts very conservative shear strength values. 21 

However, the iterative formulation based on the MCFT from the MC2010 Level 22 

III considerably reduce these too safe predictions from Level I and give the least 23 

scatter results among the different codes. Codes do not properly capture the 24 

reduction of shear strength for increasing bending rotations. Only the formulation 25 

proposed by MC2010 Level III accounts for the longitudinal reinforcement strains 26 
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as an influencing shear strength factor, which is related to the bending rotation, 1 

but it is limited to the strain at yield point.  2 
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