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Abstract: In the present work, the static and dynamic shear strength of concrete is investigated 5 

by means of Punch-Through Shear (PTS) tests. This experimental method consists in applying 6 

an axial load to the central part of the specimen which generates shear stresses in the ligament 7 

of the sample. Prior to the shearing stage, the concrete sample is subjected to a lateral 8 

confinement pressure that is applied by pre-stressing a metallic cell and then inserting the 9 

sample in-between the cell jaws so the confinement stresses are transferred to the concrete 10 

specimen during the unloading. The originality of this method lies then in the fact that the level 11 

of confinement is better controlled than the experimental protocol which can be found in the 12 

literature. A standard hydraulic press was used to conduct quasi-static experiments whereas a 13 

modified Split Hopkinson Pressure Bar device was used to perform the dynamic tests. The 14 

confinement cell is instrumented with strain gages so the confinement level applied to the 15 

ligament of the concrete specimen is measured before and during the shearing stage. The 16 

results on two sets of samples (dry and wet) shows that the shear strength is sensitive to the 17 

water content with higher values for dry samples and to the applied loading rate, with higher 18 

values of dynamic shear strength compared to static ones for both concretes.  19 

Keywords: Punch-through shear test, Confinement, Split Hopkinson bar, Mode II fracture, 20 

Strain-rate sensitivity 21 

1. Introduction 22 

The behavior of concrete is a major issue since concrete is widely used in the construction of 23 

complex infrastructures such as protective structures, nuclear reactors, tunnels or dams. When 24 

subjected to dynamic loading such as earthquakes, blast loadings or soft and hard projectile 25 

impacts, compression, tensile and shear damage modes are observed [1-2]. The Punch-Through 26 

shear test configuration has been adapted by several authors in order to better understand the 27 
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behavior of concretes and other rock-like materials under mode II fracture in both quasi-static 28 

and dynamic regimes. 29 

First attempts to create pure mode II crack in notched specimens were introduced by [3] and 30 

[4]. After subjecting notched beam specimens to concentrated forces, [4] stated that the failure 31 

of concrete is essentially due to shear fracture (mode II). Another new experimental technique 32 

to study materials under shear loading was considered by [5]. This technique was then 33 

developed by [6-8]. The specimen is a short cylindrical sample with two cylindrical coaxial 34 

notches on the top and bottom faces leaving a cylindrical ligament. Originally, these tests were 35 

done without confinement; an axial load is applied to the central part in order to produce mode 36 

II fractures inside the ligament. Montenegro et al. [7; 9] developed an experimental technique 37 

to apply a confinement up to 8 MPa to the sample prior to shearing of the ligament. The authors 38 

noted a significant increase of stresses and ductility and a reduction of dilatancy effect with the 39 

lateral confinement. Backers et al. [8] used the same technique on 6 different types of rocks in 40 

order to determine mode II fracture toughness. The authors applied a confinement up to 80 41 

MPa on the specimens and established a bilinear relation between the confinement pressure and 42 

the fracture toughness. The mode II fracture toughness of rocks was more recently investigated 43 

[10-12]. Parallely, the split Hopkinson bar technique was used to apply high strain rates loading 44 

on shear specimens. Forquin et al [13-14] conducted PTS experiments under quasi-static and 45 

dynamic loading on wet and saturated samples. The authors used an instrumented confining 46 

cell to induce a pressure inside the fractured zone and radial notches were performed to remove 47 

the effect of self-confinement induced by the peripheral part of the sample. Results of 48 

experiments on dry and wet concrete samples for different strain-rates showed that dry samples 49 

exhibit higher shear strength than wet ones and both concretes showed a small sensitivity to 50 

strain-rates. Lukić and Forquin [15] used the same experimental technique to study the static 51 

and dynamic shear behavior of ultra-high performance concrete and concluded that higher 52 

radial confinement stresses under high strain rate lead to an increase of the shear strength. The 53 

split Hopkinson pressure bar technique was more recently used to study the dynamic shear 54 

failure with a similar approach applied to different materials such as rocks [16] and steel [17]. 55 

The main drawback of the previous technique employed in [14] is the use of passive 56 

confinement (based on non-pre-stressed confining cell) that results in a strong change of 57 
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confinement level during the sample shearing stage. A new experimental configuration with a 58 

so-called “active confinement” applied to the concrete specimen has been recently proposed in 59 

[18]. The technique consists in using a pre-stressed metallic cell on a parallelepiped specimen. 60 

The lateral surfaces of the specimen are subjected to a confinement, and then forces are applied 61 

on an orthogonal direction creating a shear loading in the specimen. A close-form solution was 62 

proposed to predict the level of applied confinement knowing the cell and sample stiffnesses 63 

and given the difference between the sample length and the available spacing in-between the 64 

cell jaws. 65 

In this paper, it is proposed to extend this technique to dynamic loadings in order to study the 66 

influence of the strain-rate on the confined shear response of concrete. First, the geometry of 67 

the specimen will be presented with a brief description of the confinement method. Then, the 68 

experimental results obtained in quasi-static and dynamic tests will be presented for different 69 

confinement levels and moisture contents of concrete. 70 

2. Experimental methodology 71 

2.1. Tested material 72 

The present study was done on a R30A7 ordinary concrete. This concrete contains hard 73 

siliceous aggregates with a maximum aggregates size of 8mm. It was already used in quasi-74 

static triaxial tests [19-21], in quasi-oedometric tests [22] and in bending tests [23]. Its 75 

composition and mechanical properties are listed in Table 1. After pouring, concrete blocks are 76 

stored for 1 month in water saturated with lime. Specimens are then cut and rectified and 77 

notches are done with a saw under water lubrication to avoid heating the concrete. The defect 78 

in parallelism of two opposite faces should be less than 0.05 mm to avoid a non-homogeneous 79 

distribution of stresses during tests. This was verified thanks to a surface plate and a dial 80 

indicator set-up. 81 

The saturated specimens were kept in water until few minutes before testing. Since the drying 82 

kinetic of a saturated sample during its preparation occurs quickly, a saturated sample loses in 83 

general 20% of the water mass in its volume after 24h of exposure to air [20]. The preparation 84 

of a concrete sample requires at least 2-3 hours, so that the majority of the saturated samples 85 
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become partially saturated samples with a saturation degree between 85% and 90% at the 86 

beginning of the test. 87 

The dried specimens were oven-dried at 60°C during several weeks until a constant weight has 88 

been achieved. The saturation ratio of the dried concrete tested in this study is approximately 89 

11% [20]. 90 

Table 1 Composition and mechanical properties of R30A7 91 

Concrete mix proportions  Kg/m3 
Water 169 

Sand D (diameter)max 1.8mm 838 

Aggregate D 0.5 to 8mm 1007 

Cement CEM I 52.5N 263 

Mechanical properties  
Average Compression strength after 28 days (MPa) 28.6 

Average slump (cm) 6.9 

Porosity accessible to water (%) 12 

W/C ratio 0.64 

2.2. Specimen geometry  92 

To apply the confinement, parallelepipedal specimens are used as shown in Figure 1(a) and 93 

Figure 1(b). The dimensions and the position of the notches are adapted for the testing of the 94 

R30A7 ordinary concrete as previously discussed in [18]. One can notice that the inner surface 95 

of the bottom notches coincides with the outer surface of the upper notches to make two 96 

straight shear fracture surfaces 40 mm apart (Figure 1(b)). The surfaces related to the 97 

application of the lateral confinement (Confining Pressure) and the shear loading (Axial Force) 98 

are depicted on Figure 1(c).  99 
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(a) 

 

    (b) 

 

(c) 

Figure 1 (a) 3D view of the specimen geometry. (b) Specimen dimensions. (c) Surfaces related to the 100 
application of the pre-stress (Confining Pressure) and the shear loading (Axial Force). 101 

2.3. Sample Confinement 102 

The sample confinement was fully described in [18]. It consists into deforming elastically a 103 

metallic cell and using the stored elastic energy to pre-stress the specimen. First, a compressive 104 

force (F1) is applied to the cell along the Y direction (Figure 2). When the cell is enough 105 

deformed the concrete specimen is inserted inside. A certain number of steel sheets are used 106 

between the sample and the cell in order to adjust the level of needed confinement. Afterwards, 107 

the load F1 is released. When the cell jaws get in contact with the sample, a compressive load is 108 

transferred to the specimen along the X direction up to the aimed lateral confinement stress. 109 

The deformation of the cell is measured during the loading and unloading by means of gages 110 

glued on the cell as shown in Figure 2. 111 
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      112 

Figure 2 The location of the gages glued on the cell and the force applied to calibrate the gages 113 

2.4. Cell calibration 114 

Both aluminum and steel cells are instrumented with four strain gages glued on the internal and 115 

external surfaces of the cells as shown in Figure 2. The relation between the strain measured 116 

with each gage and the applied forces �� and �� (Figure 3) was established in [18]. This 117 

calibration allows us deducing the confinement pressure applied to the concrete sample from 118 

the gages signals. In a first step, a force �� is applied (Figure 3(a)) and then the cell is rotated 119 

90° and a force �� is applied (Figure 3(b)).  120 

 121 

Figure 3 The process of applying the forces Fx and Fz to calibrate the gages 122 

(b) (a) 
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For each case, the slope of the curve presenting the force as function of the measured strain at 123 

each gauge is calculated (i referring to the gage number from 1 to 4). The final relation for each 124 

gage is: 125 

�	 =  �	  �� + 
	 ��       (1) 126 

For each of the two rings (aluminum and steel), the coefficientsα andβ for each gauge are 127 

calculated and reported in Table 2. 128 

Table 2 Coefficients of each gauge used to calculate the confinement pressure applied by means of an 129 

aluminum or steel cell 130 

 Aluminum Steel 


� -0.000138 -0.000045 


� 0.000212 0.000071 


� 0.000208 0.000021 


� -0.000057 -0.000047 

   

�� 0.000139 0.000047 

�� -0.00014 -0.000048 

�� -0.00014 -0.000014 

�� 0.00006 0.000051 

The change of strain versus applied force �� during a sample pre-stressing operation is plotted 131 

in the Figure 4. When the maximum force �� is applied to the cell the specimen is inserted 132 

inside the cell jaws. In the unloading stage, when the specimen is get in contact with the cell, 133 

the strain-force slopes change as shown in Figure 4(b). At the final stage of unloading, the only 134 

load applied to the cell is the confinement force applied to the concrete sample ��, which can be 135 

deduced from the measured strain of the gages (�� = 
� �� with �� = 0). An example of the 136 

evolution of the forces applied during the pre-stressing stage of an aluminum cell is shown in 137 

Figure 4(b). In this example, a vertical load of about 15 kN is applied to the cell, the vertical 138 

load when the contact between the sample and the cell occurs is 13 kN, the force transferred to 139 

the concrete specimen is 11 kN (according to equation 1 and Table 2). The principle of samples 140 

pre-stressing is fully detailed in [18]. 141 
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 142 

Figure 4 (a) A concrete specimen confined in-between the cell jaws (b) The evolution of the strain at each 143 
gage during confinement 144 

3. Quasi-static shear tests 145 

3.1 Experimental procedure 146 

Quasi-static shear tests were conducted with a hydraulic press with a loading capacity of 100 147 

tons. The tests were controlled in displacement with a driving speed sets to have a shear strain-148 

rate of approximately 1e-4 s-1 in the elastic stage. A compression cylinder was used to apply the 149 

axial loading and intermediate rectangular supports were used between the specimen and the 150 

plate of the press. The test was instrumented with an LVDT sensor to measure the axial 151 

displacement of the central part. The schematic representation of quasi-static shear tests is 152 

shown in Figure 5.  153 

(a) (b) 
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         154 

Figure 5 Schematic representation of the static Punch-through shear tests 155 

3.2 Determination of radial and shear stresses 156 

During the tests, the concrete sample exerts a force (Fx) on the metallic cell (cf. the frame in 157 

Figure 5) which deformation is measured by the strain gages. Using the processing technique 158 

described in section 2.3, one can deduce the change of mean radial pre-stress in the ligament 159 

during the test according to the formula: 160 

������� =  ��
����/�     (2a) 161 

where ��	  corresponds to the shear surface of both ligaments.  162 

��	 = 2 × # × $�	        (2b) 163 

# being equal to 30 mm and $�	  equal to 20 mm (refer to Figure 1). 164 

On the other hand, shear stresses are calculated by dividing the axial force measured by the 165 

press (Fy) by the shear surface.   166 

�()*+,�������� =  �-
����     (3) 167 

./ 

0/ 

1/ 
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3.3 Quasi-static tests results 168 

3.3.1. Repeatability of tests 169 

Several tests were performed twice to check the repeatability of results. For both tests, a good 170 

agreement between the two sets of results was noticed. Figure 6 shows two tests conducted on 171 

the same concrete with the same confining level. Same shear strength and mean confining 172 

stress were obtained for both tests in particular until the peak shear stress was reached. 173 

 174 

Figure 6 Results of two quasi-static shear tests performed on dry R30A7 concrete with a steel confining cell 175 
at the same confining level 176 

A statistical study could be also conducted to asses for this repeatability. At the time of this 177 

investigation, it was not possible to do it in one batch because of the numerous tests with 178 

numerous conditions involved in this campaign. Then, the reader should be aware that this 179 

study is a first advanced step to understand the behaviour of concrete in these conditions. For 180 

researchers who would like to tackle this topic for a given composition of concrete, the latter 181 

would have to do numerous tests (at least six), for each level of pre-stress, to trustfully 182 

characterize the mechanical behaviour of the concrete to be studied, in order to ensure that the 183 

specimen manufacturing can not bias the results. 184 

3.3.2. Influence of confinement pressure 185 

Two types of cells were used, one made of a high-strength aluminum alloy and one made of 186 

steel. As the cell can be considered as a measurement device, the advantage of using an 187 

aluminum alloy cell is its smaller stiffness compared to the one made of steel. Indeed, for a 188 
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given applied load, higher deformations are obtained with the aluminum alloy cell and thus the 189 

signal to noise ratio is increased in comparison with the steel cell. On the other hand, the steel 190 

cell exhibits higher yield strength which allows sustaining higher force; therefore, higher 191 

confinement level can be reached. It is the reason why, the aluminum cell was used for small 192 

level of confinement and the steel cell was employed for the highest confinement values. 193 

In order to study the influence of confinement on the concrete shear strength, experiments were 194 

carried out with both (aluminum alloy and steel) confinement cells. A comparison of shear 195 

experiments performed with dry concrete samples is presented in Figure 7. 196 

 197 

Figure 7 Results of quasi-static shear tests performed on dry R30A7concrete with (a) aluminum alloy and 198 
(b) steel confining cells 199 

For the static shear test performed with the aluminum alloy cell (Figure 7a), the confinement 200 

stress is approximately equal to 9 MPa at the beginning of the test and increases up to 13 MPa 201 

when the shear stress reaches its peak, with a maximum value of 14 MPa after the peak. With 202 

the steel cell, the initial confinement is around 20 MPa and increases up to 25 MPa. For these 203 

different confining stresses, we can notice a difference in shear strength (defined at the 204 

maximum mean shear stress), i.e. 25 MPa for the aluminum alloy cell and 33 MPa for the steel 205 

one. Therefore, it is observed that by changing the stiffness of the cell the confinement level in 206 

the concrete sample is changed resulting in different shear strength. Finally, it is concluded that 207 

concrete is pressure sensitive under shear loading as observed in previous work [13; 24]. 208 

3.3.3. Influence of moisture content 209 

To study the influence of moisture content, experiments were conducted with dry and wet 210 

specimens. The saturated specimens were kept in water until few minutes before testing. The 211 
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‘‘dried’’ specimens were oven-dried at 60°C during several weeks until a constant weight has 212 

been achieved. The results of two quasi-static tests performed with an aluminum alloy cell are 213 

reported on Figure 8.  214 

 215 

 216 

Figure 8 Results of quasi-static shear tests performed with an aluminum cell on (a) dry and (b) wet R30A7 217 
concrete specimens. 218 

For approximately the same confinement level, the maximum shear stress reached in wet 219 

specimen was 19 MPa while on the other hand, the dry sample exhibited higher shear strength 220 

of about 25 MPa. This result is consistent with the one reported by [13] with (non-pre-stressed) 221 

“passive confinement” cell.  222 

3.3.4. Post-mortem observation 223 

Videos and pictures were taken during the static testing in order to follow the development of 224 

visible surface cracks. The propagation of crack was analyzed for the test called 'shearstat06' at 225 

different stages of loading (Figure 9). 226 

It was noticed that a main planar shear fracture connected to the two notches develop from each 227 

side of the specimen; this fracture corresponds to the expected Mode II fracture and seems to 228 

initiate at the peak of loading (Figure 9 (b)) as no fracture is visible on the sample surface prior 229 

the shear stress peak (Figure 9 (a)). 230 
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 231 

Figure 9. Fracturing on the surface of a dry concrete sample at different stages of static loading. 232 

In parallel to the mode II fracture, wing cracks are initiated (Figure 9(c)) at the tip of the 233 

sample upper notch. These cracks were not observed before the peak and seem to appear after 234 

the peak. Since only the surface of the sample is visualized, it is difficult to know if these 235 

cracks were initiated before or after the peak in the core of concrete. It was stated by Watkins 236 

[5] and Backers [25] that these cracks should initiate before the peak but stop and should not 237 

influence the principle mode II fracturing. 238 

 239 

4. Dynamic shear tests 240 

(a) (b) 

(c) 
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4.1. Split Hopkinson Pressure Bar Technique 241 

The dynamic loading is applied to the specimen through a Split Hopkinson bar apparatus. It is 242 

composed of a striker bar, 480 mm in length and 45 mm in diameter, made of high strength 243 

aluminum alloy striking an incident bar of 1500 mm in length and 45 mm in diameter made of 244 

the same alloy. In addition, two output bars, 1200 mm in length and 20 mm in diameter, made 245 

of steel are used. The three cylindrical Hopkinson bars are instrumented with strain-gages. A 246 

pulse shaper technique is used in order to increase the rising time and to reach static force 247 

equilibrium (equality of input and output forces) in the specimen at the shear stress peak. To do 248 

so, a thin disk of lead is attached to the impacted end of the incident bar to generate an incident 249 

wave characterized by a longer rising time. The experimental setup is schematically shown in 250 

Figure 10. 251 

 252 

Figure 10 Schematic representation of the SPHB system for dynamic Punch-through shear tests 253 

The compressive incident wave travels through the input bar to the specimen interface where it 254 

is divided into a reflected wave propagating back into the input bar and a transmitted wave 255 

passing through the sample and traveling through the output bars. Based on the axial strains 256 

measured in the bars and according to the one dimensional wave theory, forces and particles 257 

velocities at each bar/specimen interface can be calculated [26].  258 

4.2 Processing technique 259 

The forces and particles velocities at the specimen faces are calculated by shifting the waves to 260 

the same points assuming that no wave dispersion occurs in the slender elastic bars. 261 

Considering  �	23	4*25 , �,*6�*35*4  and �5,+2(7	55*4  the shifted incident, reflected and 262 

transmitted wave respectively, the forces and velocities at the contact surfaces can be calculated 263 

as follows: 264 
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89
:
9;�	2<=5 = − �	2<=5  ?@+,  (�	23	4*25 −  �,*6�*35*4)

�A=5<=5 = −�A=5<=5  ?@+,  �5,+2(7	55*4                   
B	2<=5 = − C@+, (�	23	4*25 −  �,*6�*35*4)
BA=5<=5 = − C@+,  �5,+2(7	55*4                                       

,  (4) 265 

where �	2<=5 and �A=5<=5 are the input and output forces, B	2<=5 and BA=5<=5 are the particle 266 

velocities at the incident and transmitted bars ends, �	2<=5 and �A=5<=5 are the cross section 267 

areas of the incident and output bars, ?@+, is the Young’s modulus of the bar and C@+, the 268 

elastic wave speed of the bar.  269 

The axial displacement is then deduced by integrating the axial velocity obtained as follows: 270 

B+�	+� =  B	2<=5 − BA=5<=5                             (5) 271 

The mean axial force is deduced by averaging the input and output forces as follows: 272 

�+�	+� =  ��DEFGH�IFGEFG
�                              (6) 273 

This processing technique was applied to a series of dynamic experiments performed on wet 274 

specimens. Experimental results are presented hereafter. 275 

4.3 Dynamic tests results 276 

The experimental setup used for dynamic tests is presented in Figure 11.  277 
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 278 

Figure 11 Experimental device used for dynamic tests (a) General view of the setup (b) zoom on a concrete 279 
sample with the confinement cell before testing (c) Concrete sample after shearing 280 

The input bar was instrumented with strain gages glued at different locations on the input bar: 281 

one at the quarter length and the other one at the mid length of the input bar whereas a strain 282 

gage was glued in the middle of each output bar. Typical strain gage signals measured in 283 

dynamic test are shown in Figure 12(a). The shifted forces deduced at both ends of the sample 284 

are shown in Figure 12(b).  285 

(c) 

(b) 

(a) 
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 286 

Figure 12 Results for a typical dynamic test (a) Signals recorded by strain gages (b) Forces deduced at the 287 
bar/sample interfaces. 288 

First, it is observed that the two signals measured on each output bars (left and right) are very 289 

similar. This result also observed in the other dynamic tests tends to demonstrate that the same 290 

shear force is generated in both sample ligaments and the test is well symmetric. The total 291 

output force was then obtained by adding the two forces extracted from these two signals.  292 

The profiles of mean shear strength calculated from the input and output forces are plotted as 293 

function of time in Figure 12(b). It can be seen that the curves are very close above 16 MPa, 294 

which means that the force equilibrium condition inside the sample is well insured at the peak 295 

of the shear stress. Finally, the mean shear stress in the ligament is obtained by averaging the 296 

input and output forces divided by the section of the ligament: 297 

�()*+,  =  �JKLMN+ �OMNLMN
2 �PJQ      (10) 298 

The strain rate of dynamic tests is estimated from the time evolution in the elastic stage by 299 

measuring the slope of the shear stress versus time: 300 

RS()*+, =  TS UVWXYZ  ,     (11) 301 

where G is the shear modulus (G = E/(2+2ν)). A typical dynamic shear deformation curve in 302 

the dynamic PTS sample is shown in Figure 13. The output stress divided by the concrete shear 303 

modulus is drawn as function of time and the slope of this curve is defined as the loading rate. 304 

This method was used to determine the loading rate for each dynamic punching-through shear 305 

(b) (a) 
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test. Projectile impact velocity was similar for all the tests (around 9 m/s) resulting in loading 306 

rates ranging from 27 s-1 to 40 s-1.  307 

 308 

Figure 13 Typical elastic shear deformation curve for determining the strain-rate of dynamic tests 309 

4.3.1 Influence of confinement 310 

As in quasi-static tests, both confinement cells (aluminum alloy and steel cells) were employed 311 

to investigate the effect of confinement level on the shear response of concrete. A comparison 312 

of shear tests conducted on dry samples is presented in Figure 14. It is observed that when the 313 

confinement level increases, an increase of the shear strength of concrete is noted. For of 314 

confinement stress of 15 MPa at the peak of shear stress, concrete exhibits shear strength of 30 315 

MPa whereas the shear strength reaches a much higher value (45 MPa) at higher confinement 316 

level (27 MPa). 317 

 318 

Figure 14 Results of dynamic shear tests performed on dry specimens with (a) aluminum and (b) steel 319 
confining cells 320 
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4.3.2 Influence of moisture content 321 

A series of experiments was conducted considering different moisture content. Dynamic test 322 

results obtained with dry and water saturated specimens with an aluminum alloy confining cell 323 

are reported on Figure 15. Whereas for the confinement stress is almost identical with wet and 324 

dry specimens the shear strength of wet samples (28 MPa) is much lower than the one of dry 325 

ones (37 MPa). 326 

 327 

Figure 15 Results of dynamic shear tests performed with an aluminum cell on (a) dry and (b) wet specimens 328 

4.3.3. Post-mortem observation 329 

 330 

Figure 16 Crack pattern for a concrete sample subjected to dynamic shearing 331 

Similar cracking patterns were observed in both quasi-static and dynamic experiments. The 332 

main fracture plane is clearly noticeable in the pictures of Figure 16; it propagates almost 333 

perfectly straight and it is connected to both top and bottom notches. X-ray micro tomography 334 

technique was used to investigate the micro-cracks inside the tested concrete sample.  335 
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 336 

Figure 17 CT scans on a tested concrete specimen at different depths (b) 0mm (c) 10mm (d) 20mm and (e) 337 

30mm. 338 

The multi-scale X-ray tomograph manufactured by RX-solutions Company was used at 150 kV 339 

and 140 µA. The exposure time is 0.5 s. An average of 6 images is used to obtain 1440 340 

radiographies leading to a scanning time equal to one hour. The CT images have a resolution of 341 

29 µm that corresponds to the maximum possible zooming to ensure that half the specimen is 342 

scanned. This resolution is sufficient to analyze the fracture pattern of the fractured sample. 343 

Figure 17 represents the CT images of four cross-sections spaced of 10 mm and located at 0, 344 

10, 20 and 30 mm through the sample depth. The vertical shear surface (mode II) inside the 345 

ligament is clearly visible at different locations inside the concrete sample which means that 346 

this vertical fracture occurs throughout the volume.  347 

5. Discussion: influence of strain-rate and confinement level 348 
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A series of tests have been performed on concrete considering two types of moisture content, 349 

different levels of confinement and both static and dynamic conditions. A summary of all the 350 

obtained results is presented hereafter. 351 

 352 

Figure 18 Shear stress in function of the confinement stress calculated in the ligament of a concrete sample 353 
in quasi-static and dynamic conditions (a) dry (b) wet concrete. 354 

Figure 18 illustrates the shear strength of concrete as function of the confinement stress (at the 355 

peak of shear stress) for both sets of tests (static and dynamic) and for both batches of concrete 356 

samples (dry and saturated R30A7 concrete).  357 

On the one hand, for both loading-rate conditions (static and dynamic), it is clear that the shear 358 

strength increases with the confining level. This trend is easily observed with dry samples and 359 

with wet samples tested in dynamic condition. For instance, given a confinement stress of 10 360 

MPa, the shear stress obtained in wet concrete is around 32 MPa whereas it reaches about 40 361 

MPa for a confinement of 30 MPa. Unfortunately, it was difficult to reach higher confinement 362 

level for wet R30A7 concrete, because concrete sample could be damaged due to compression 363 

stresses before applying the shear loading. The same trend was noticed for dry R30A7. In static 364 

conditions, the maximum shear stress reaches 25 MPa for a confinement level of 12 MPa 365 

whereas the shear strength increases up to 33 MPa at 25 MPa of confinement stress. In dynamic 366 

conditions, the increase of shear strength in dry concrete is even more spectacular from 30 MPa 367 

up to 45 MPa when the confinement stress increases from 15 MPa to 27MPa.  368 

 On the other hand, for a given level of confinement stress, higher shear strength is noted in 369 

dynamic testing conditions than in static ones. This result is clear for wet R30A7 concrete for 370 

(b) (a) 
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which the shear strength is around 20 MPa in static tests and around 35 MPa in dynamic ones 371 

given a confinement of 17 MPa. (Figure 18(b)). For dry R30A7 concrete, if ones consider a 372 

confinement level of 16 MPa for instance, the shear strength in quasi-static conditions is around 373 

21 MPa while it reaches 30 MPa in dynamic conditions (Figure 18(a)). 374 

The influence of confinement and strain rate on concrete was also displayed in a different way; 375 

the shear stress was plotted as function of the strain rate for both types of concrete (Figure 19). 376 

The size of the points plotted for each test depends on the level of confinement at the peak of 377 

the shear stress. 378 

 379 

 380 

Figure 19 Shear stress in function of the strain rate in quasi static and dynamic conditions (a) dry concrete 381 
(b) wet concrete. 382 

Although a small scatter in the test results is observed, these figures clearly indicate that the 383 

shear strength of concrete depends on the confining pressure and on the applied loading-rate. 384 

 385 

6. Conclusion 386 

The security of concrete structures used in many applications such as nuclear containments, 387 

bunkers or dams is of considerable concern since these structures can be exposed to various 388 

extreme loadings during which different compressive, tensile and shear failure modes might be 389 

observed. Various experimental methods have been used to explore the behavior of concrete 390 

under different types of loading over a wide range of strain rates. It was shown in the literature 391 

that concrete exhibits an increase of strength under confinement (triaxial and quasi-oedometric 392 

(b) (a) 
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compression tests) and dynamic tensile loadings (spalling tests). However, in contrast to tensile 393 

behavior, the shear behavior of concrete under compression and dynamic loadings has not been 394 

carefully studied at constant confinement level. 395 

The aim of the present work is to investigate the quasi-static and dynamic shear behavior of 396 

concrete under confined conditions. In previous experiments, concrete samples were either 397 

subjected to a small level of confinement [7]  or a high level of confinement with a passive 398 

metallic cell [14]. In the last method, a strong change of confinement level occurs during the 399 

tests and constitutes a major drawback of this technique. In this work, a method has been 400 

developed to apply a confinement to samples before testing them under shear. It consists in 401 

inserting a concrete specimen into a pre-stressed metallic cell. When the loading is released, 402 

confining stresses are transferred to the ligament of the concrete sample. Then, a vertical 403 

displacement is applied to the central part of the sample to produce shear deformation in the 404 

ligament. Two types of metallic cell were used (aluminum and steel) in order to study the 405 

influence of confinement. Finally, higher shear strength was reported with higher confinement 406 

which confirms the pressure sensitivity of concrete. Dynamic tests performed with the Split 407 

Hopkinson Bar technique were performed to analyze the effect of strain-rate on the confined 408 

shear behavior of concrete. It was observed that at the same level of confinement, concrete 409 

samples subjected to dynamic loadings exhibits higher shear strength than the ones subjected to 410 

static loadings. Moreover, considering dried and saturated samples it was noted that dry 411 

samples exhibit higher shear strength than saturated ones. An integration of the reported 412 

experimental data into a constitutive or numerical model describing the shear behavior of 413 

concrete as function of the applied strain-rate and confinement constitutes a naturel prospect of 414 

the current work. 415 
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