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Abstract. The paper presents a testing facility, which enables the 

characterization of the shear behavior of cementitious composites under 

quasi-static and impact shear load. The device was designed by means of an 

extensive numerical parameter study on device geometry, materials and 

wave propagation, as well as specimen configurations and boundary 

conditions. The new shear testing device was integrated into a gravity-driven 

Split-Hopkinson tension bar (SHTB) for shear impact experiments and in a 

hydraulic testing machine for quasi-static shear experiments on strain-

hardening cement-based composites (SHCC). The shear response of the 

SHCC specimens was derived from the force obtained on the transmitter bar 

in the SHTB accompanied by high-speed optical measurements, which also 

enabled an accurate analysis of the crack-opening displacements and 

fracture modes by means of Digital Image Correlation (DIC).  

1 Introduction 
Strain-hardening cement-based composites (SHCC) are a class of fiber reinforced composites 

consisting of fine-grained cementitious matrices and short, randomly distributed micro-fibers 

in a volume fraction usually ranging between 1% and 2% [1]. The most distinguished 

mechanical feature of SHCC is their high pre-peak strain capacity of up to 5%, ensured by 

the development of multiple fine cracks under increasing tensile load [1]–[3]. The high tensile 

ductility along with the excellent crack control make SHCC suitable as thin strengthening 

layers in applications requiring high energy dissipation and damage tolerance [4]–[8]. 

However, the strengthening performance of SHCC does not only depend on their tensile 

properties but also on their shear behavior. Therefore, for a purposeful material design and 

formulation of design constitutive laws, material characterization of SHCC under quasi-static 

and dynamic shear load is required. 

The shear behavior of SHCC has only been scarcely investigated due to the lack of simple 

and reliable shear testing methods at the material level. Established testing configurations for 

shear are punch through shear tests, anti-symmetric four-point bending and Z-type push-off 

experiments [9]–[14]. The investigation of the shear behavior of SHCC in anti-symmetric 

flexural tests yields fracture resulting from both flexural and shear crack propagation despite 

purposefully optimized notch geometries [15]. This makes the experimental derivation of the 
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shear resistance of SHCC challenging and requires numerical analysis additionally. 

Furthermore, the beam testing configurations are not suitable for dynamic shear testing due 

to the substantial inertia and structural effects. The punch through shear testing techniques 

using the split-Hopkinson pressure bar (SHPB) do not enable an optical monitoring of the 

fracture modes [16][17]. This disadvantage can be eliminated by using beam like specimens 

and suitable adapters such as in the strain energy frame impact machine (SEFIM) [18]. 

However, in this case the gripping and boundary conditions should be optimized for limiting 

the occurrence by flexural cracks and impose shear crack formation and fracture.  

The latter principle was applied in the investigation by the authors presented in the paper 

at hand. The design principle assumed using the tensile loading wave in a split Hopkinson 

tension bar (SHTB) to induce shear loading into the specimen through tailored and optimized 

adapters [19][20]. The mechanical shear device to be integrated in the SHTB was designed 

by means of numerical modelling in order to assess the effect of the adapters on wave 

propagation and analyze the applicability of the wave analysis for deriving the specimen 

response. Furthermore, the numerical parameter study targeted the achievement of an 

adequate specimen configuration in terms of notches and boundary conditions. Quasi-static 

and impact shear experiments were conducted on SHCC and the specimen responses were 

analyzed in terms of shear resistance and fracture mode. 

2 Shear testing device 
The mechanical shear device was developed using Finite Element Modelling (FEM), the 

work was carried out in the FEM code LS-Dyna. The aim was to shape a device that could 

be integrated into an existing SHTB [19][20] and convert the generated tensile loading wave 

into shear loading in the specimen. A schematic of the SHTB and the developed mechanical 

shear device (adapters) are shown in Fig. 1. The SHTB consists of an input bar and 

transmitter bar, both made of brass and each with a diameter of 24 mm. The tensile wave is 

generated when the steel strikers are allowed to drop under gravity onto the steel impact 

flange from a height of 0.65 m, ensuring an impact velocity of 3.5 m/s. 

The shear device had to ensure a shear fracture mode without distorting the wave 

propagation in the SHTB and at the same time allow optical crack monitoring in the loaded 

specimens. The optimization process of the shear adapters was carried out iteratively by 

removing the unnecessary mass from each adapter and shaping the geometry for reducing the 

impedance mismatch with the input and transmitter bars, respectively. At the same time, the 

material of the adapters must ensure a high stiffness and facilitate specimen failure without 

plastic deformations in the adapters themselves. For this reason, both adapters were made of 

stainless steel. 

At each optimization step, the effect of adapters on the wave profile was verified. The 

resulting effects on wave propagation in the input and transmitter bars excluding the 

specimen are presented in Fig. 2a and b, next to the undistorted input loading wave. 

Evaluation of the waves was performed by comparing the reflected waves at the free ends of 

the bars without adapters to the reflected waves at the ends of the bars with rigidly attached 

adapters. The adapters were designed to be tightened to the bars through threaded 

connections. Locations 1 and 2 indicate where the first and the second wave reflections occur. 

The first reflection occurs when the wave first reaches the adapter and this reflection has the 

same sign as the input wave (tension), since the impedance of the adapters is higher than that 

of the bars. The second reflection occurs when the wave reaches the free end of the adapter 

and it has opposite sign to the input wave, i.e. compression. The adapters’ geometries were 

optimized in such a way that the magnitudes of the first reflections are as low as possible and 

the second reflections match the waveform of the input wave. 
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Fig.  1. (a) SHTB schematic with (b) the integrated shear device and (c) specimen dimensions. 

Fig. 2c shows that the reflected wave was not considerably affected by the upper adapter, 

since the tensile reflection is negligible and it shows the same profile as the input wave with 

no distortions. On the other hand, the tensile reflection due to the lower adapter was large 

enough to change the wave profile in comparison to the reference wave, making the 

mechanical measurements on the input bar inapplicable for deriving the specimen response 

through wave analysis. The reason for this is the substantially larger mass of the lower 

adapter, which increases the impedance mismatch between the steel adapter and the brass bar 

substantially.  

 

 

Fig.  2. Evaluation of the wave propagation through the (a) lower adapter and (b) upper adapter;  

(c) comparison of the input and reflected waves. 

Upon reaching a satisfactory geometric solution for the loading adapters, the effect of 

lateral confinement and position of the notches within the shear span in the specimens were 

numerically investigated regarding their effect on the crack formation and fracture mode. 

Due to the sophisticated geometry of the shear device, the model was discretized with 4-

noded tetrahedron elements, with an element size of 3 mm. The element formulation was 

defined based on a reduced integration scheme, such that each element has one integration 

point. All the simulations were conducted using the explicit solver of LS-Dyna. The time step 
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was 8·10-4 ms, which satisfied the courant time step condition of stability in explicit time 

integration. The constitutive material model of the specimen in the numerical parameter study 

was the plain concrete model Karagozian & case (K&C) [21], while the bars were modelled 

as elastic materials with Young’s modulus and Poisson’s ratio corresponding to brass. The 

effect of confinement was investigated by applying two different contact types between the 

specimen and the shear adapters. The first contact type was a tied contact based on 

constraining or tying the specimen nodes to the nodes of the shear adapters, i.e., tied surface 

to surface contact. The second contact type allowed only compressive loads to be transferred 

between the nodes of the specimen and those of the shear adapters, that is, automatic surface 

to surface contact [22]. The first contact type is equivalent to gluing the specimen to the 

adapters, while the second type promoted a case with no confinement, allowing free lateral 

displacement (expansion) of the specimen. 

The notch geometry and dimensions were also determined in preliminary numerical 

investigations and these were 1 mm wide and 5 mm deep. In this paper the effect of notch 

position within the 5 mm-wide shear span is presented. In the default position case, the 

notches are positioned within the shear span at the edges of the loading adapters, as shown 

in Fig. 3a. In the second configuration the notches are shifted closer to each other, so that the 

inner edge of the upper notch coincides with the outer edge of the lower notch, leaving a 

distance of 1.5 mm between the edge of the notch and the edge of the loading adapters, as 

shown in Fig. 3b. 

 

 
 

Fig.  3. (a) Default and (b) shifted notch configurations including the shear spans and loading principle; 

note that the boundary conditions are not presented. 

2.1 Experimental shear testing configurations 

Quasi-static shear experiments were carried out by incorporating the mechanical shear 

adapters in a hydraulic testing machine Instron 8501, USA. The adapters were fixed to 

threaded aluminum bars, which, at their turn, were clamped in the testing machine. The 

displacement rate was 0.05 mm/s. The deformations were monitored by a stereo optical 

system Aramis adjustable 12M by GOM and the acquired images were subsequently 

evaluated using DIC software GOM Correlate Professional, Germany [23]. The testing 

machine and the optical system were synchronized and this allowed deriving the force-

deformation histories.  

In the impact shear testing setup, as shown in Fig. 1, strain gauges were glued on the input 

and transmitter bars to record the input, reflected and transmitted waves. However, given the 

strong distorting effect of the lower adapter on wave propagation, the force-time history was 

derived based only on the transmitted wave. The deformations were derived by using a high-

speed stereo camera system consisting of two Photron SA-X2 480K-M1 cameras, provided 

by Photron Japan, with subsequent DIC analysis in the software GOM Correlate Professional, 

Germany [24][25]. 

Fig. 4 presents the shear testing device with the specimen fixation involving lateral 

confinement by gluing. Disregarding the boundary conditions in terms of lateral confinement, 

the gripping principle of the adapters does not allow specimen rotation. 
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Fig.  4. (a) Assembled shear adapters with (b) applied boundary conditions in the shear experiments. 

3 SHCC composition 
The SHCC under investigation consists of a normal-strength cementitious matrix and 6 mm-

long fibers made of ultra-high molecular weight polyethylene (short PE). The cementitious 

matrix is typical for normal-strength SHCC and it is characterized by a high volume of 

cement and fly ash, a relatively low content of fine aggregates and a water-to-cement ratio of 

0.674, which can be explained by the high content of fines; see Table 1. The fibers are 

produced by DSM, the Netherlands, under the brand name Dyneema SK60 [26]. The PE 

fibers have an average diameter of 18 μm, a tensile strength of 2500 MPa, and Young’s 

modulus of 80 GPa. They are characterized by their hydrophobicity which induces a 

relatively weak frictional bond with the cementitious matrix. 

 
Table 1. SHCC mixture composition. 

4 Results and discussion 

4.1 Impact simulations and numerical parameter study 

The effect of specimen confinement against lateral deformation as derived in numerical 

simulations is presented in Fig. 5. The curves show the transmitted force by the specimen 

relative to the lateral deformation without and with lateral confinement, respectively.  The 

lateral deformation plotted represents the deformation (expansion) of one side of the 

specimen. Confining the specimen restricted their lateral movement and resulted in a 

considerably higher force transmitted by the specimen and more localized shear stresses in 

the ligament compared to the case with no lateral confinement. Therefore, applying 

confinement and suppressing the overall dilation of the specimen enhances the apparent shear 

resistance and is an essential condition to avoid tensile fracture mode. Similar interpretations 

were also reported in [10][16][17]. 

 [kg/m3] 

CEM I 52.5 R-SR3/NA (Holcim, Germany) 506 

Fly ash (Steag Power Minerals, Germany) 620 

Quartz sand 0.06/0.2 mm (Strobel Quarzsand, Germany) 536 

Viscosity modifying agent (SIKA, Switzerland) 2.0 

UHMWPE fiber 2.06 % by volume (DSM, the Netherlands)  20 

High-range water reducing agent, Glenium ACE 460 (BASF, Germany) 11 

Water 341 
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Fig.  5. Transmitted force relative to lateral deformation for (a) unconfined and (b) confined samples. 

Shear stress (x-y) for (c) unconfined and (d) confined samples at the time of failure, i.e. peak load. 

In Fig. 6, the effect of the notch position is presented only for the confined configuration. 

The curves show the transmitted force relative to the vertical deformation of the sample. The 

default position case showed a slightly higher transmitted force than in the shifted case. 

Although in both cases the shear span is 5 mm, the shear zone appeared to be larger and with 

a slightly larger inclination angle in the default case than in the shifted case. The shear crack 

is expected to propagate in the shear zone between the upper and lower notches. Therefore, 

in the default case, where the horizontal distance between the inner edges of the upper and 

lower notches is 3 mm, the crack developing in the shear zone would develop with a higher 

inclination angle, promoting a mixed mode of failure with a higher influence of mode I. 

Shifting the notches towards each other promotes a failure governed more by mode II with a 

more vertically oriented shear crack. The idea that a narrower shear force zone would support 

a vertically propagating shear crack was also shown in [12].  

 
Fig.  6. Transmitted force relative to vertical deformation for both notches positions; shear stress (x-y) 

in (b) default position and (c) shifted position notches. 

4.2 Experimental results 

Based on the numerical results presented in Section 4.1, shear experiments were conducted 

on the SHCC specimens with shifted notch positions and with confinement. For practical 
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purposes and easiness of the test preparation, the lower shear adapter was fabricated as two 

pieces connected with bolts; lower part and loading plate, as shown in Fig. 4. Full 

confinement was provided to the specimens by gluing the faces in contact with the shear 

adapters with a bi-component epoxy adhesive. 

4.2.1 Quasi-static shear tests 

Fig. 7 presents the transmitted force relative to the vertical deformation of an SHCC sample, 

as well as the force relative to mode II crack opening displacement (COD) of the shear crack 

flanks in both shear spans, based on the wave recordings in the transmitter bar synchronized 

with the DIC frames. LSS and RSS indicate the left and right shear spans, respectively. The 

vertical deformation of the sample was derived by tracking the distance between predefined 

markers inside the specimen throughout the test (pt.2-pt.1), as shown in Fig. 8b. Calipers 

were placed on the crack flanks in order to track mode II COD (pt.2´-pt.1´) parallel to the y-

axis, see Fig. 8d. The later calipers exclude the tensile cracks. The difference between the 

vertical deformation obtained for the sample and mode II COD is actually due to the 

formation of the tensile cracks (mode I) in both shear spans, prior to shear deformation (mode 

II). This can be seen in the failure process of the SHCC sample as obtained from DIC. At the 

time frames 0 s and 2 s, the force increases linearly with the deformation until inclined tensile 

cracks form from the inner edges of the top notches and outer edges of the bottom notches; 

see Fig. 7. At the time frames between 9.5 s and 11.5 s, several inclined cracks form in the 

middle of the LSS and finally merged into a shear crack connected from the outer edge of the 

top notch and the inner edge of the bottom notch. Maximum force was reached after 14 s, at 

which a shear crack has already formed in the LSS, while several inclined cracks formed in 

the RSS. Finally, at a time of 17.5 s is the post-peak stage, where both shear spans yield 

extensive shear displacements (mode II). Virtual calipers were also used for measuring mode 

I COD of the tensile and shear cracks forming in both shear spans as shown in Fig. 8c and 

plotted in Fig. 9a. It is clear how the tensile cracks form before the shear cracks. Therefore, 

the sample failure is caused by initiation of tensile cracks which are arrested later, followed 

by failure due to a shear crack. Those initial tensile cracks were also found in [10][17]. To 

verify the reproducibility of the tests and failure modes, 5 samples were tested and the results 

are plotted in Fig. 10a and summarized in Table 2.  

 

Fig.  7. Force relative to vertical deformation of the specimen synchronized with DIC frames (blue 

curves) and force relative to mode II COD (brown curves) from a quasi-static shear experiment on an 

SHCC sample. 
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Fig.  8. (a) Shear device with the sample, (b) positions of the virtual calipers for deriving the sample’s 

vertical deformation in the shear span, (c) calipers around the tensile cracks and shear crack to obtain 

mode I COD and (d) calipers positions for obtaining mode II COD of the shear crack. 

 
Fig.  9. Force relative to COD mode I for tensile and shear cracks developed in both shear spans for (a) 

quasi-static and (b) impact shear experiments on SHCC samples (blue curves indicate tensile cracks, 

red curves indicate shear cracks in the left shear span and green curves indicate shear cracks in the right 

shear span). 

 

Fig.  10. Transmitted forces relative to the vertical deformations of SHCC specimens in (a) quasi-static 

and (b) impact shear experiments. 

4.2.2 Impact shear tests 

Fig. 11 presents the transmitted force relative to the vertical deformation of an SHCC sample, 

as well as the force relative to mode II crack opening displacement (COD) in both shear spans 

obtained in an impact experiment. Like quasi-static tests, both vertical deformation of the 

specimen and COD mode II were derived using DIC analysis as explained in Fig. 8. The 

fracture behavior is similar to the quasi-static tests and is shown by DIC frames synchronized 

with the force relative to vertical deformation curve, see fig. 11. The curve starts in a linear 

pattern from stage 1 until stage 2, where tensile cracks form at the top and bottom notches, 

similar to quasi-static tests. Then, in stages 3 and 4, a shear crack is connected, in the LSS, 

between the top and bottom notches, after several inclined cracks have formed. In stage 5, 

8

EPJ Web of Conferences 250, 01021 (2021)
DYMAT 2021

https://doi.org/10.1051/epjconf/202125001021



the peak force is reached and a shear crack, similar to the LSS, forms in the RSS. Finally, 

stage 6 is the post peak softening stage. 

The difference between the vertical deformation of the specimen and mode II COD is 

more pronounced in case of impact loading. This means that the COD mode I of the initial 

tension cracks are larger in impact than in the quasi-static case. This can be seen in Fig. 9, at 

which COD mode I for the tensile and shear cracks formed in both shear spans are compared 

for both loading regimes. A similar fracture behavior was reproduced for a set of SHCC 

samples tested under impact load, see Fig. 10b and Table 2. In comparison to quasi-static 

tests, the initial tensile cracks (first cracking) formed at a higher force under impact load, 

with a dynamic increase factor (DIF) of 2, while a DIF of 1.5 was obtained for the peak force.   

 

 
 

Fig.  11. Transmitted force relative to vertical deformation synchronized with DIC frames and force 

relative to mode II COD from impact shear experiments on an SHCC sample. 

Table 2. Summary of quasi-static and impact shear experiments; average values, standard deviations 

are given in parentheses. 

 Transmitted force [kN] Vertical deformation [mm] 

 First crack Peak First crack Peak 
QS 3.7 (0.4) 19.5 (0.4) 0.02 (0.00) 0.28 (0.04) 

Impact 7.6 (0.3) 28.1 (1.3) 0.05 (0.01) 0.31 (0.03) 

5 Conclusions 
A mechanical shear device consisting of two adapters was designed, fabricated and integrated 

into a SHTB. The wave propagation in the impact shear experiments was distorted by the 

lower adapter attached to the input bar due to its considerable mass, making the wave analysis 

for deriving the specimen response invalid. For this reason, the assessment of the specimen 

response in terms of force-deformation relationships could be only done with auxiliary 

optical measurements combined with the recorded transmitted force in the transmitter bar. 
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The optical measurements and DIC analysis allowed also a detailed analysis of the crack 

opening modes in the loaded specimens. The fracture modes of the confined SHCC samples 

in both regimes were characterized by the initial formation of tensile “wing” cracks at the 

locations of the maximum principle stresses. The tensile cracks were later arrested and the 

final shear fracture resulted from the interconnection of multiple cracks in the shear spans. 

The notches geometry and the boundary conditions of the specimen have to be further 

numerically investigated, in order to limit mode I cracks prior to mode II failure. 

Furthermore, the numerical simulations will help distinguish the structural and inertia effects 

from the actual specimen response under load. 
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