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Direct assessment of the shear behavior of strain-hardening cement-based 1 

composites under quasi-static and impact loading: influence of shear span 2 

and notch depth 3 

Ahmed Tawfik1*, Cesare Signorini1, and Viktor Mechtcherine1 4 

1 Institute of Construction Materials, Technische Universität Dresden, 01062 Dresden, Germany 5 

* Corresponding author: ahmed.tawfik@tu-dresden.de 6 

Abstract. Strain-hardening cement-based composites (SHCC) represent a new frontier for 7 

improving the resistance of concrete structures against highly dynamic loading regimes, e.g., in 8 

the case of impact. A novel testing device was designed to characterize the shear behavior of 9 

such pseudo-ductile cementitious composites, whose dynamic response is extremely complex. 10 

The newly developed shear testing device was adapted to investigate the performance of fiber-11 

reinforced, cementitious composites under both quasi-static and impact regimes. In the 12 

framework of setup validation and standardization, this article focuses on the investigation of 13 

the shear behavior of SHCC specimens and spotlights the influence of two main experimental 14 

shear parameters: shear span and notch depth. The purpose-specific shear device was integrated 15 

into a hydraulic testing machine and a gravity Split-Hopkinson tension bar (SHTB) for quasi-16 

static and impact shear experiments, respectively. Shear spans of 2 mm and 5 mm were 17 

introduced by modifying the test setup. Furthermore, the specimens were shaped through sawn 18 

U-notches with varying depths of 3 mm, 5 mm, and 7 mm. The shear response of the SHCC 19 

specimens was monitored by means of Digital Image Correlation (DIC), which enabled the 20 

accurate derivation of strain fields, cracking behavior, and fracture modes on the specimen 21 

surface. The results showed that both shear span length and notch depth regulate the 22 

shear/tension fracture propagation. With an appropriate shear specimen shape, the desired 23 

dominant shear fracture could be obtained.  24 

Keywords: SHCC, ECC, quasi-static shear, impact shear, cementitious composite, DIC. 25 
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1 Introduction 34 

Strain-hardening cement-based composites (SHCC), also known as engineered cementitious 35 

composites (ECC), are cement-based, fiber-reinforced composite materials with superior tensile 36 

resistance and damage tolerance. Indeed, SHCC exhibit multiple cracking and strain hardening 37 

beyond first cracking stress, owing to the bridging action exerted by the embedded microfibers. 38 

Contrary to common fiber-reinforced concrete (FRC), which tends to exhibit strain-softening 39 

immediately after cracking, damage localization occurs in SHCC at a higher extent of strain, 40 

thus recalling the typical tensile trend of metals [1]. Such mechanical behavior leads to a variety 41 

of extremely beneficial characteristics, the most notable of which is a very high strain capacity 42 

accompanied by formation of very narrow cracks [2]. These peculiarities make SHCC an 43 

excellent choice for a wide range of applications where high ductility and durability are 44 

required, being applied as a complementary strengthening layer or as primary material for 45 

structural elements subject to sudden dynamic loading such as caused by impacts or blasts [3,4]. 46 

A key advantage of SHCC consists in the possibility of its tailoring to meet specific structural 47 

performance requirements by adjusting the mix design. Indeed, the micromechanical behavior 48 

of SHCC is governed by several measurable parameters related to the mechanical and chemical 49 

properties of the cementitious matrix, the fibers, and the fiber/matrix interface, leading 50 

eventually to effects on macroscopic behavior [5]. 51 

The behavior of SHCC under tensile and compressive loading has been extensively investigated 52 

and understood over the last decades [6–9]; however, their behavior under shear loading needs 53 

to be investigated further. Sound direct testing methods are highly appropriate to this aim. The 54 

structural performance investigation of SHCC beams tested in three-point bending experiments 55 

has been the subject of several publications [10–12], pointing out the enhanced shear capacity 56 

of the SHCC beams as compared to plain concrete (PC), reinforced concrete (RC), and fiber-57 

reinforced concrete (FRC). According to Li et al. [13], shear responses of PC, FRC, and ECC 58 

mirror their respective tensile properties; it was shown that the shear structural performance of 59 

ECC beams was superior compared to the other composites. Moreover, shear properties of 60 

SHCC were indirectly described by Kanakubo et al. [14] through controlled axial tensile 61 

loading applied until a certain crack opening was reached. This facilitated the analysis of the 62 

shear transfer mechanisms depending on the crack opening. Direct shear characterization of 63 

SHCC beams was attempted by Van Zijl et al. [15] based on the Iosipescu shear setup. It was 64 

shown that the shear strength increased with increasing fiber volume and that specimens with 65 

fiber below 2% by volume were characterized by a mixed shear-flexure failure mode. The shear 66 
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performance of three types of SHCC using four different combinations of torsional-axial stress 67 

was investigated in the recent paper by Figueiredo et al. [16]. The findings revealed once again 68 

a close relationship existing between shear performance and tensile behavior. 69 

Against this background the need for robust and direct characterization protocols on the 70 

material scale of complex composites under high strain-rate shear loading is still compelling. 71 

Several shear testing setups already exist for testing composite materials under high loading 72 

rates. Among those, the punch-through shear (PTS) setup that was developed by Lukic and 73 

Forquin [17], for testing cylindrical concrete specimens in a split-Hopkinson pressure bar 74 

(SHPB). Adopting a similar specimen geometry, Cadoni et al. [18] developed a mechanical 75 

device to accommodate a shear specimen in a SHPB and allow shear dynamic testing of ultra-76 

high performance fiber-reinforced concrete (UHPFRC). The double-shear specimen (DSS) 77 

geometry, initially designed for SHPB for characterizing the strain-rate-sensitivity of metals 78 

[19] [20] [21] [22], was used by Ngo and Kim in a strain-energy frame impact machine (SEFIM) 79 

to test UHPFRC.  80 

In the current work, a mechanical shear device, recently developed by the authors [23], was 81 

employed to benchmark shear properties of SHCC. The mechanical device is based on the DSS 82 

geometry and was integrated in a gravitational Split-Hopkinson tension bar (SHTB), as well as 83 

a hydraulic testing machine to perform impact and quasi-static shear testing, respectively. 84 

Compared to the shear setups previously presented in the literature, the geometrical features of 85 

the shear device at hand warrant the accurate monitoring of cracks initiation and propagation 86 

throughout the whole duration of the test, through optical measurements. This is pivotal to an 87 

accurate derivation of the specimen response, in terms of deformations and mode of fracture. 88 

Furthermore, this specific shear testing device can be integrated into both tension and 89 

compression Split-Hopkinson bar setups, as well as into any hydraulic universal testing 90 

machine. This versatility entails reliable and reproducible evaluation protocols when assessing 91 

the specimen behavior at different loading rates, as specimen size, loading configuration, and 92 

boundary conditions are preserved. 93 

Several parameters influence the shear behavior and failure mode of cementitious composites, 94 

including the geometrical features of the specimen, loading configuration, and boundary 95 

conditions. To achieve a reliable material characterization under shear loading, those testing 96 

parameters should be finely tuned and optimized. The most important parameter when defining 97 

the loading configuration of a shear experiment is the shear span length (a), defined as the 98 

distance between the loading point and support. Increasing the shear span length results in a 99 
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flexural-shear mixed behavior, while decreasing it may lead to a more direct shear fracture [24]. 100 

Among the geometrical features of a shear sample, are the notches grooved into it. The presence 101 

of notches in shear samples is also crucial to funnel the shear crack propagation within a 102 

specified path. In this regard, the notch depth affects the shear/tension fracture propagation [18], 103 

as deeper notches increase the likelihood for a shear fracture to form prior to tensile failure [25]. 104 

Combining shear span length and notch depth allows the definition of a key parameter 105 

governing the shear strength and failure of cementitious composites under shear loads, namely 106 

the shear-span-to-effective-depth ratio (a/d) [24,26]. d is defined as the shear ligament, i.e. the 107 

height of the specimen net of the upper and lower notch depth in the region where shear failure 108 

is expected. 109 

This paper originally presents a parametric investigation conducted on SHCC notched 110 

specimens to systematically assess the role of shear span length (a) and notch depth on the shear 111 

performance and failure mode of the specimens, evaluated through both quasi-static and impact 112 

direct shear experiments. The main target consists in optimizing the aforementioned parameters 113 

for this newly developed shear testing device in order to hamper undesired failure mechanisms 114 

such as crushing due to compression or failure due to dominant tension. 115 

Thus, the novelty of this work consists not only in the tailoring of basic shear parameters for 116 

direct shear testing and adequate evaluation protocols, but also in the dynamic shear testing of 117 

SHCC, which represents a benchmark on its own. This study is intended as a basis for further 118 

optimization of the direct shear testing device, in terms of geometry and material, with the aim 119 

of establishing a sound protocol for characterizing various sorts of fiber-reinforced composites. 120 

2 Materials and Methods 121 

2.1 SHCC composition and specimen production  122 

The investigated SHCC is composed of a cementitious matrix and ultra-high molecular weight 123 

polyethylene (UHMWPE, hereafter PE) fibers added in a volumetric fraction of 2%, and the 124 

detailed composition is presented in Table 1. This specific dosage was chosen on account of 125 

previous studies [2,5,6], which demonstrate that a strain capacity up to 3% is warranted, being 126 

particularly attractive in the practice as thin reinforcement layer for damaged concrete structures 127 

to improve their impact safety. Such tensile properties are reflected on the shear behavior of the 128 

composites, providing a better shear transmission across the crack resulting in a high ductility 129 

[13–15].  130 
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Preliminary compression experiments conducted on the cementitious matrix yielded a mean 131 

compressive strength of around 60 MPa. The PE fibers are produced by DSM, the Netherlands, 132 

under the brand name Dyneema SK60 [27]. The fibers are 6 mm-long with an average diameter 133 

of 18 μm, a tensile strength of 2500 MPa, and Young’s modulus of 80 GPa. They are 134 

characterized by pronounced hydrophobicity, which induces a relatively weak frictional bond 135 

with the cementitious matrix.  136 

Table 1                                                                                                                       137 

Composition of the SHCC under investigation. 138 

Components Dosage  

[kg/m³] 

Cement CEM I 52.5 R-SR3/NA 506 

Fly ash 620 

Quartz sand (0.06-0.2 mm) 536 

Viscosity modifying agent 2 

Superplasticizer Glenium ACE 460 11 

Tap water 350 

PE fibers (2% by volume) 20 

 139 

A 3-liter batch of SHCC mixture was mixed in a 5-liter volume Hobart mixer. The overall 140 

water-to-binder ratio was 0.3. The fresh mixture was cast in steel prismatic molds of dimensions 141 

160 mm × 40 mm × 40 mm. From each prism, two shear specimens, each with dimensions of  142 

70 mm × 40 mm × 21 mm were obtained, see Fig. 1a. The U-shaped notches were then sawn 143 

into the specimen by means of a 1-mm cutting blade, as presented in Fig. 1b. The notch depths 144 

of 3 mm, 5 mm and 7 mm were chosen to result in shear ligaments of 15 mm, 11 mm, and 7 145 

mm, respectively, with respect to the specimen depth. Eventually, a high-contrast speckled 146 

pattern for optical measurements was applied onto the lateral face monitored by a stereo camera 147 

system.  148 

 149 

Jo
urn

al 
Pre-

pro
of



6 

 

 150 

Fig. 1. (a) Prismatic mold for casting (compliant with UNI EN 196-1) and (b) shear specimen 151 

cut from the mold, before and after notching. 152 

2.2 Test setups 153 

2.2.1 Quasi-static shear test setup 154 

The quasi-static shear test setup consisted of a hydraulic universal testing machine (UTM) 155 

(Instron 8501, USA) equipped with a novel mechanical shear device and a stereo optical camera 156 

system (Aramis adjustable 12M by GOM, Germany), as shown in Fig. 2a. The mechanical 157 

shear device was specifically designed to characterize pseudo-ductile cementitious composites, 158 

and its configuration is based on the well-known double-shear-specimen experiments (DSS) 159 

[19,20]. The development of the mechanical shear device and its application with the SHTB 160 

was presented in the recent publications by Tawfik et al. [23,28]. It consists of three metal 161 

pieces: the upper and lower adapters and the loading plate; see Fig. 2b. The loading plate is 162 

connected to the lower adapter through high-strength steel bolts, forming a single rigid part, 163 

Part 1. This rigid part is responsible for applying the load to the shear sample through the 164 

loading plate, as indicated in Fig. 2b by the red arrows. The upper adapter defines Part 2 of the 165 

shear device, which serves as the support and generates the reaction force equal to the force 166 

applied by Part 1, as indicated by the green arrows in Fig. 2b. The shear span length defines the 167 

horizontal distance between the loading point and the support (Part 1 and Part 2); see Fig. 2c. 168 

The shear device was incorporated in the Instron machine using two short cylindrical brass bars 169 

to connect the adapters to the crossheads of the UTM. The stereo optical system was used to 170 
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monitor the movement of the two parts of the shear device along with the shear zones indicated 171 

in Fig. 2c, with a frame rate of 4 Hz. The acquired frames were processed using the digital 172 

image correlation (DIC) software GOM Correlate Professional (Carl Zeiss GOM Metrology 173 

GmbH, Germany). From this DIC analysis full field of displacements and strains on the 174 

specimen surface (shear zones) were obtained, and crack propagation and failure modes 175 

occurring during the test were tracked and assessed. To this aim, a black and white stochastic 176 

pattern was painted on the shear zones of the specimen facing the optical sensors; see Fig. 2c. 177 

Specimens were loaded at a controlled displacement rate of 0.05 mm/s. The lower crosshead is 178 

movable and connected to the lower shear adapter, whereas the upper crosshead is fixed and 179 

connected to the upper adapter. With this configuration, the shear forces are applied within the 180 

shear span. To prevent lateral deformation and rotation of the specimen, as indicated by lateral 181 

arrows in Fig. 2b, a bi-component epoxy adhesive was adopted to glue the specimen to the 182 

shear device at all the contact points. The epoxy adhesive has an inherent strength of 12 MPa, 183 

which warranted a good shear fracture of the specimen by providing sufficient confinement and 184 

prevention of lateral dilation of the shear specimen. During quasi-static experiments, the force 185 

acting on the specimen was directly measured by the UTM load cell. 186 

 187 

Fig. 2. (a) Quasi-static shear test setup, (b) mechanical shear device, and (c) shear spans 188 

(shear zones) recorded by the optical sensors for DIC analysis. 189 
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2.2.2 Impact shear test setup 190 

The aforementioned versatile shear device was also integrated into a recently developed 191 

gravity-driven Split-Hopkinson Tension Bar (SHTB) [8], to perform impact shear experiments. 192 

The setup is shown schematically in Fig. 3a, where the shear device is threaded between the 193 

input and transmitter bars, i.e., lower adapter threaded to input bar and upper adapter threaded 194 

to the transmitter bar. The elastic bars are made of brass with a 24 mm diameter each, at which 195 

the input bar has a length of 1310 mm, while the transmitter bar has a length of 2500 mm. The 196 

loading configuration and boundary conditions are similar to the quasi-static case. 197 

The input wave is generated by dropping the 30 kg steel impactors from any height up to 3.7 m 198 

on the steel flange. Following fundamental energy principles, the strain rate can be adjusted by 199 

varying the initial position of the impactors, the generated input wave being based on the rigid 200 

body motion of the steel impact flange [29]. Once the wave is generated, it propagates through 201 

the input bar, then through the shear device, which loads the specimen in shear, and eventually 202 

through the transmitter bar.  203 

 204 

Fig. 3. (a) Gravitational Split-Hopkinson tension bar (SHTB) with the integrated mechanical 205 

shear device, (b) mechanical shear device elaborating the loading configuration, and (c) frames 206 

recorded by the high-speed cameras during the experiment. 207 

The optically recorded frames before and after failure are shown in Fig. 3c. For the impact shear 208 

experiments conducted in this work, the drop height of the impactor was set at 0.65 m, which 209 
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resulted in an impact velocity of 3.5 m/s and shear strain rate up to 2000 s-1. Strain gauges were 210 

glued to both bars to record the input, reflected, and transmitted waves. Data from the strain 211 

gauges were acquired using a high-speed data acquisition system (DEWEsoft, Slovenia), with 212 

a recording frequency of 1 MHz. For the optical measurements, high-speed cameras (SA-X2, 213 

480K-M1, Photron, Japan) were employed. The frame rate of the cameras in the impact shear 214 

experiments was 112500 Hz. In similar fashion to quasi-static experiments, the specimen was 215 

also glued to the shear device during the impact experiments to provide sufficient confinement 216 

and avoid a dominant tensile fracture mode, as noted by the authors in previous publications 217 

[23]. In general, for tensile and compressive Split-Hopkinson bar experiments, stress 218 

equilibrium is attained before failure of the specimen, and the apparent response of the 219 

specimen is based on the average force obtained on the input bar (input + reflected force) and 220 

transmitter bar (transmitted force) [6,30]. This allows derivation of the specimens’ responses 221 

and deformations using the one-dimensional wave propagation theory [31]. In the current 222 

impact shear experiments, stress equilibrium was not attained in the specimen before cracking 223 

due to the influence of the mass and geometry of the shear device on wave propagation. This 224 

was concluded by comparing the input plus reflected wave to the transmitted wave recorded on 225 

the elastic bars and was explained in detail by the authors in a previous study [23]. Therefore, 226 

for impact shear experiments conducted in this work, the force in the shear specimen was based 227 

only on the transmitted wave recorded on the transmitter bar. Again, deformations and fracture 228 

modes of the shear specimen were measured based on the optical recordings of each 229 

experiment, as obtained by the 3D-camera. The recorded frames were then analyzed by the DIC 230 

technique [28]. 231 

2.3 Experimental program 232 

Before presenting the experimental program conducted in the present work, a research road 233 

map is presented in Fig. 4, to frame its significance within the overall research workflow. First, 234 

a novel mechanical shear device that could be integrated in the SHTB was developed, as already 235 

presented in Fig. 3b. Design was conducted using numerical approaches, capable of estimating 236 

wave propagation and quantifying possible artifacts due to the mass and geometry of the device. 237 

Second, the developed shear device was validated by testing pseudo-ductile composites, i.e., 238 

SHCC, and performing detailed crack analysis to assess and appraise the failure mode of the 239 

specimens [23,28]. Eventually, in this work the main shear parameters influencing the shear 240 

behavior and fracture mode of the specimens (i.e., shear span length and notches depth) are 241 

studied and optimized, with the purpose of establishing a sound testing protocol for dynamic 242 
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characterization of cementitious composites under dominant shear conditions. Further aims 243 

include optimizing the shear device based on the optimized parameters from this work as well 244 

as wave artifacts from previous works. Investigations aimed at reducing and quantifying 245 

structural inertia effects are object of ongoing research. 246 

 247 

Fig. 4. General research road map presenting the aims of the authors in previous, current, and 248 

future research. The current work is represented in the third inlet.   249 

To achieve the target envisaged in Fig. 4 (inlet 3), quasi-static and impact shear experiments 250 

were carried out by varying the two parameters under investigation: shear span length and 251 

notches depth. A road map describing the experimental workflow is presented in Fig. 5. 252 

Initially, the optimal shear span length was ascertained through quasi-static test series only, 253 

while the notches depth was kept constant. Afterwards, the notches depth was varied keeping 254 

the optimal shear span length constant, in both static and impact regimes.  255 

 256 

Fig. 5. Road map describing the experimental workflow followed in this work. 257 
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Table 2 summarizes the experimental program performed in this work, where each experiment 258 

is denoted with respect to its testing parameters and configuration. First, to investigate the 259 

influence of the shear span length, samples with 5 mm and 2 mm shear span lengths were tested 260 

only under a quasi-static loading regime, where the notch depth was kept constant at a value of 261 

5 mm, resulting in a/d values of 0.45 and 0.18, respectively. The depth (d) was computed by 262 

subtracting the depth of both top and bottom notches from the specimen whole depth. With a 263 

displacement rate of 0.05 mm/s applied in the quasi-static regime, shear strain rates of 0.01 s-1 264 

and 0.025 s-1 were attained for the 5 mm and 2 mm shear span lengths, respectively. Such a 265 

difference in these low ranges of shear strain rate should not influence the comparability 266 

between the two shear span lengths and structural effects such as inertia should be negligible 267 

[32,33].  Second, the influence of the notches depth was studied by means of samples sets 268 

possessing three different notch depths, i.e., 5 mm, 3 mm, and 7 mm, where the shear span 269 

length was kept constant with the value of 2 mm. Both quasi-static and impact loading regimes 270 

were investigated, at which shear strain rates up to 0.025 s-1 and 2000 s-1 were attained, 271 

respectively. The reason for selecting the 2-mm shear span length is traced back to the evidence 272 

obtained from experiments conducted in the quasi-static regime and is discussed in the Results 273 

Section. The three notch depths, 5 mm, 3 mm, and 7 mm, resulted in a/d ratios of 0.18, 0.13, 274 

and 0.28, respectively, see Table 2.  275 

Table 2                                                                                                                            276 

Summary of the experimental program. Experimental series 1-2 aimed at determining the 277 

optimal shear span (SS) length, while experimental series 2-7 aimed at determining the 278 

optimal notches depth (ND). 279 

# Experiment label 

1 SS 5mm – ND 5mm – a/d 0.45 – Quasi-static (QS) 

2 SS 2mm – ND 5mm – a/d 0.18 – Quasi-static (QS)  

3 SS 2mm – ND 5mm – a/d 0.18 – Impact (IM) 

4 SS 2mm – ND 3mm – a/d 0.13 – Quasi-static (QS) 

5 SS 2mm – ND 3mm – a/d 0.13 – Impact (IM) 

6 SS 2mm – ND 7mm – a/d 0.28 – Quasi-static (QS)  

7 SS 2mm – ND 7mm – a/d 0.28 – Impact (IM) 

 280 
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The specimens are labelled as follows: The first part defines the shear span length (SS), the 281 

second part defines the notch depth (ND), the third part defines the a/d ratio and the fourth part 282 

defines the loading rate. For example, ‘SS 5mm – ND 5mm – a/d 45 – Quasi-static (QS)’ 283 

denotes a sample with a shear span length of 5 mm, notch depth of 5 mm and a/d of 0.45, tested 284 

in quasi-static regime. In total, seven different configurations were tested in this study, 285 

considering three repetitions within each series. For quick identification, the seven different 286 

experimental configurations are numbered from 1 to 7, as shown in Table 2. 287 

2.4 Testing configurations 288 

As mentioned in Section 2.1, applying different notch depths to the shear sample was done in 289 

a straightforward way by using a saw blade. The challenging task was to vary the shear span 290 

length in the shear device. To tune the shear span length, two different loading plates were 291 

produced. Since the loading plate serves as the loading part, changing its dimensions and 292 

geometry results in changing the position of the loading points, and hence, the shear span (zone) 293 

dimensions could be controlled. The two different shear samples configurations with respect to 294 

the shear span length are presented in Fig. 6a. The shear force diagram for each shear span 295 

length case is presented, indicating locations of the maximum shear forces zones. Decreasing 296 

the shear span length results in a narrower shear zone limiting the shear crack propagation to a 297 

smaller region with concentrated shear force. 298 

For the 5 mm shear span length sample, the horizontal distances between both loading plate and 299 

lower adapter, which are screwed together, and upper adapter are the same, equaling 5 mm. The 300 

top and bottom notches are applied in the middle of the shear span; see Fig. 6b. With a 1 mm 301 

notch width, the distance between the edges of the notches and the adapters is 2 mm. For 302 

obtaining a 2 mm shear span length, the inner dimensions of the loading plate were increased 303 

by 3 mm, decreasing the horizontal distance between the loading plate and the upper adapter to 304 

2 mm which corresponds to the shear span length; see Fig. 6c. The notches were applied in the 305 

middle of the 2 mm shear span length, leaving a horizontal distance of 0.5 mm between the 306 

notches edges and both the loading plate and upper adapter. While the distance from the notches 307 

edges to the lower adapter was 3.5 mm. Since the force is produced solely by the loading plate, 308 

the lower adapter was not changed in both shear span cases.  309 
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 310 

Fig. 6. (a) 5-mm and 2-mm shear span lengths within the sample; the dotted hatch indicates the 311 

lower adapter, and solid hatch indicates the loading plate (loading part), along with shear force 312 

diagrams for each case indicating the maximum shear force regions (black hatched areas); red 313 

hatch indicates the upper adapter (areas where reaction forces are exerted). Zoomed view of the 314 

5-mm (b) and 2-mm (c) shear spans, with respect to the shear adapter parts. 315 

3 Results and discussion 316 

3.1 Quasi-static shear experiments 317 

According to Table 2, experiment series 1 and 2, aimed at investigating the behavior of SHCC 318 

samples with different shear span lengths under quasi-static loading conditions. The 319 

corresponding experimental results are presented in Fig. 7 and Fig. 8 in the form of force vs 320 

vertical displacement diagrams synchronized at different stages with images acquired by the 321 

optical sensors and processed with DIC showing the full field measurement of the “major 322 

strains” in the two shear zones. Major strain is the largest possible principle strain resulting 323 

from the principle axis transformation of the strain tensor and was calculated, in the DIC 324 

software, according to the equation stated in [34]. This enabled the measuring and tracking of 325 

cracks initiation and propagation throughout the experiment. For the typical sample with 5-mm 326 

shear span length (SS 5mm – ND 5mm – a/d 0.45 – QS), shown in Fig. 7, tensile cracks formed 327 

once the sample was loaded, at locations where maximum principal tensile stresses are 328 

expected, i.e., at the inner edges of the top notches and outer edges of the bottom notches. Such 329 

tensile cracks formed as the sample tried to accommodate bending, while this mechanism was 330 

restrained by the gripping conditions deliberately imposed by the shear adapters and by the 331 

glued portions, completely preventing the specimen from moving laterally or bending. The 332 

tensile cracks started forming at a force level of 3.9 kN up until almost 15 kN (Stages 1-3). 333 
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Afterwards, several inclined cracks started to form at the two shear zones between the top and 334 

bottom notches (Stages 4-5). At last, at a force level of 24.8 kN (Stage 6), the inclined cracks 335 

connected vertically together forming a major shear crack at one shear zone, followed by 336 

another major shear crack in the other shear zone (Stage 7). Both shear cracks slid continuously 337 

until complete failure of the specimen was achieved (Stage 8).   338 

 339 

Fig. 7. Force vs vertical displacement of SHCC sample SS 5mm – ND 5mm – a/d 0.45 – QS 340 

(experiment series 1), synchronized with DIC frames illustrating a full field measurement of 341 

the major strains within the two shear zones. 342 

Decreasing the shear span from 5 mm to 2 mm, as presented in Fig. 8, resulted in slightly 343 

different failure behavior. Indeed, in the latter configuration, the formation of any tensile cracks 344 

due to bending initiation at the inner edges of the top notches was hampered. This was due to 345 

the smaller horizontal distance, 0.5 mm, between the edges of the top notches to the loading 346 

plate, unlike the bottom notches, which had a much larger horizontal distance, 3.5 mm, to the 347 

lower adapter, as previously presented in Fig. 6c. Therefore, tensile cracks formed at the outer 348 

edge of the bottom notches, similar to observations in the 5-mm shear span length case since 349 

the specimen was still supported at the same position by the lower adapter, even counting on a 350 

larger horizontal distance between the lower adapter and the bottom notches. The bottom tensile 351 

cracks formed at a force level of around 5 kN and continued to form until a force level of 15 352 

kN (Stages 1-2) was reached. This was along similar lines of counterpart accounting for the 353 

larger shear span in experiment series 1. Through stages 3-5, inclined cracks at both shear zones 354 

developed until two major cracks formed at a maximum force of around 28 kN, causing failure 355 
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of the sample, as was observed for the larger shear span configuration. Finally, sliding of the 356 

two shear cracks continued until complete separation of the sample occurred (Stage 6).  357 

 358 

Fig. 8. Force vs vertical displacement of SHCC sample SS 2mm – ND 5mm – a/d 0.18 – QS 359 

(experiment series 2), synchronized with DIC frames illustrating a full field measurement of 360 

the major strains within the two shear zones. 361 

Based on the experimental results presented in Fig. 7 and Fig. 8, the 2-mm shear span length 362 

was considered for all forthcoming experiments conducted in this work, i.e., experiment series 363 

3-7. In fact, although failure and fracture mode did not differ distinctively among those 364 

observed in experiment series 1 and 2, closer distances between the support and the loading 365 

action were more likely pivotal for a neater shear fracture mode (mode II). This argument is 366 

consensually supported in the literature. Magnusson et al. [24] observed a sliding type shear 367 

failure occurring along a well-defined shear plane when a/d is less than 0.5. Similar conclusions 368 

were obtained by Bažant and coworkers in [35,36], stating that a vertical running shear crack 369 

occurred for a narrower shear zone, where the crack was inhibited in propagating sideways. 370 

Furthermore, by comparing the experiments in series 1 and 2, unsought tensile cracks at 371 

principle tensile stresses zones were hindered by reducing the extension of the pertaining zones, 372 

namely the distance between the load and support.  373 

The second part of the quasi-static shear experiments, series 2, 4, and 6, aimed at understanding 374 

the influence of notch depth on the shear failure behavior of SHCC samples. Hence, while the 375 
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shear span length was kept constant at 2 mm, the notch depths were varied from the initial value 376 

of 5 mm, investigated in experiment series 2 and shown in Fig. 8. More specifically, 3 mm, and 377 

7 mm were selected, and the results under quasi-static shear loading are presented in Fig. 9 and 378 

Fig. 10, respectively. As far as failure modes were considered, decreasing the notch depth from 379 

5 mm to 3 mm, a sharp behavioral divergence was noticed. In the latter case, a shear-380 

compression failure prevailed, and the sample failed due to the crushing of compressive struts 381 

that developed in the shear zones between the loading points and the support, as can be seen in 382 

Fig. 9. The fracture process started by the formation of a large diagonal crack at a force level 383 

of 20 kN (Stage 1). Then more diagonal cracks formed at both shear zones (Stages 2 and 3), 384 

until the maximum force of 39 kN was reached and failure initiated (Stage 4). In this case the 385 

failure occurred by crushing of the compressive struts formed between the diagonal cracks 386 

within each shear zone. Eventually, post-peak behavior is shown between stages 4 and 5, at 387 

which the sample is splitting near the two shear zones.  388 

 389 

Fig. 9. Force vs vertical displacement of SHCC sample SS 2mm – ND 3mm – a/d 0.13 – QS 390 

(experiment series 4), synchronized with DIC frames illustrating a full field measurement of 391 

the major strains within the two shear zones 392 

Conversely, increasing the notch depth from 5 mm to 7 mm resulted in the most favorable direct 393 

shear fracture, characterized by a sliding type of failure along the two well-defined shear planes. 394 

The failure process of a shear sample with 7-mm deep notches is presented in Fig. 10. As 395 

expected, at Stage 1 one tension crack formed at the bottom of each shear zone at a force level 396 
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of about 6 kN and propagated during Stage 2. Then, at a force level of 23 kN, just before the 397 

maximum load was reached, one vertical shear crack started to form at each shear zone between 398 

the top and bottom notches (Stage 3). When the maximum load was reached at around 25 kN, 399 

the sample started failing by mutual sliding of the shear crack surfaces (Stage 4-5). Eventually, 400 

at stage 6, the sample is almost completely split.  401 

 402 

 403 

Fig. 10. Force vs vertical displacement of SHCC sample SS 2mm – ND 7mm – a/d 0.28 – QS 404 

(experiment series 6), synchronized with DIC frames illustrating a full field measurement of 405 

the major strains within the two shear zones. 406 

3.2 Impact shear tests 407 

The impact shear experimental results are presented in force vs vertical displacement curves 408 

and DIC sequential frames. As previously stated, the 2-mm shear span was chosen based on 409 

quasi-static experiments to attain dominant shear fracture. Experiments on SHCC shear samples 410 

with three different notch depths, namely 5 mm, 3 mm, and 7 mm tested in the impact regime 411 

are represented by experiment series 3, 5, and 7, respectively, as displayed in Table 2.  412 

Remarkably, shear samples with notches depths of 5 mm and 3 mm did not fail when tested 413 

under the impact regime, unlike samples with notches 7 mm deep; these samples fractured 414 

successfully under the applied input wave. This is revealed in Fig. 11, which shows, on the 415 
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same frame, the applied and the transmitted force for the three notch-depth cases. It is worth 416 

remarking that the input wave generating the load was initiated by a weight falling from a height 417 

of 0.65 m, as explained in Section 2.2.2, and it is measured by the strain gauges at the lower 418 

end of the input bar for 650 μs before the arrival of the reflected wave from the sample. 419 

Therefore, the first input wave passage is valid for 650 μs, and this is indicated by the green-420 

dashed lines in Fig. 11. The response of the sample with respect to the applied loading wave is 421 

represented by the transmitted force. It can be seen that for the smallest depth values of the 422 

notches, i.e., 3 mm and 5 mm, the input loading wave was very long compared to the specimen 423 

with 7 mm-deep notches. The remaining part of the loading wave in excess of the 650 μs 424 

threshold is ascribed to further reflections and following input wave passages. As a result, the 425 

amplitude of the input force wave was insufficient to fracture the 3 mm- and 5 mm-deep notched 426 

samples, even after several wave passages. This can be seen in Fig. 11a and Fig. 11b, where 427 

the transmitted force did not evidence any descending or softening branch until the end of the 428 

experiment. On the contrary, the 7-mm-deep notched samples all failed from the first input 429 

wave passage, and the transmitted force reported in Fig. 11c mirrors the actual sample’s 430 

response.  431 

 432 

Fig. 11. Input and transmitted forces measured in impact shear experiments for (a) 3mm-, (b) 5 433 

mm-, and (c) 7 mm-deep notched specimens, i.e., the green-dashed lines indicate the time of 434 

the first input wave passage. Experiment series 5, 3, and 7, respectively. 435 

In a manner similar to that of the quasi-static regime, the combination of the 7-mm deep notches 436 

and a 2 mm shear span length, i.e., experiment series 6 and 7, resulted as well in a net shear 437 

sliding failure in the impact regime. This was due to the effective design of a clear shear zone, 438 

featuring a limited distance between the support and the loading point in combination with the 439 

notches, which were deep enough to allow the shear cracks to develop free of the influence of 440 

the self-confinement of the sample and, in addition, preventing a crushing failure. Furthermore, 441 

unlike in the quasi-static regime of experiment series 6, tensile cracks at the lower notches did 442 
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not form, as shown in Fig. 12, where the fracture behavior of the 7-mm deep notched shear 443 

sample is presented during impact. The shear cracks started to form vertically during stages 2-444 

4 and the fracture initiated when the tested sample reached its maximum apparent strength at 445 

stage 5 when two major shear cracks formed between the top and bottom notches. The shear 446 

cracks were almost vertical and resulted in crack sliding (Mode II), thus proving the dominant 447 

direct shear fracture mode. As already stated, no tensile cracks formed, contrary to what had 448 

been previously noticed by the authors [23,28] in considering samples having 5-mm shear span. 449 

In that configuration, tensile cracks always formed in correspondence with both the top and 450 

bottom notches.  451 

 452 

Fig. 12. Force and shear strain rate vs vertical displacement of SHCC sample SS 2mm – ND 453 

7mm – a/d 0.28 – IM (experiment series 7), synchronized with DIC frames illustrating a full 454 

field measurement of the major strains within the two shear zones. 455 

3.3 Discussion 456 

3.3.1 Influence of the shear span length on failure mode in quasi-static shear experiments 457 

The quasi-static experimental results of experiment series 1 and 2 enabled the establishment of 458 

the influence of shear span length on the response and failure behavior of samples subjected to 459 

shear loading. Fig.  13a and Fig.  13b compare the force vs vertical displacement curves for 460 

samples with 5-mm and 2-mm shear span lengths, respectively, and with notches depths of 5 461 

mm.  A higher peak force was consistently attained for the 2-mm shear span samples. This is 462 
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made explicitly clear in Fig.  13c, where the maximum forces obtained for fracturing the shear 463 

samples are presented. The distinct divergence found in the shear strength values can be 464 

explained by assessing the fracture behavior in depth. First, in the 5-mm shear span case tensile 465 

cracks at both the top and bottom notches formed. Such cracks are a result of principle tensile 466 

strains forming perpendicular to the principle tensile stresses at the notches edges and form as 467 

the sample tries to bend. Where for the 2-mm shear span length case tensile cracks at the top 468 

notches were hindered, this resulted in a high shear force required for failure. Furthermore, 469 

failure in the case of 5-mm shear span case was associated with the formation of several inclined 470 

tension cracks extending at the relatively larger shear zone, interconnecting later to form two 471 

major shear cracks. For the 2-mm shear span length samples, a net vertical fracture was 472 

triggered at each shear zone, which was much less affected by capillary tensile cracks. 473 

 474 

Fig.  13. Quasi-static test results of shear samples with 5 mm deep notches and with 5 mm or 2 475 

mm shear span length, experiment series 1 and 2, respectively. (a) Force vs vertical 476 

displacement for (a) 5 mm shear span length and (b) 2 mm shear span length, (c) maximum 477 

forces, and (d) shear stresses. Numbers above the bars represent standard deviations. 478 
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From a geometrical standpoint, the higher bearing capacity evidenced by the 2-mm shear span 479 

specimens could additionally be ascribed to the narrower shear zones obtained with the smaller 480 

shear span length, where the loading is closer to the support. The documented increase in shear 481 

strength arising out of a lower a/d ratio is in line with previous findings [26].  482 

3.3.2 Influence of the notch depth on failure mode in quasi-static shear experiments 483 

To investigate how the depth of the notches in shear samples affects shear failure during testing, 484 

Fig. 14 compares the performance indices retrieved from quasi-static shear experiments for the 485 

three different notch depth values considered in this study. Varying the notch depths between 486 

3 mm, 5 mm, and 7 mm in the quasi-static regime, as presented in experiment series 4, 2, and 487 

6 respectively, resulted in varying the shear ligament size (L) for the shear sample. By 488 

decreasing notch depth, thus increasing L, the self-confinement of the sample increased, 489 

resulting in a remarkable amplification of the force required for leading to fracture [17]. This is 490 

shown in Fig. 14a and Fig. 14c, where the maximum force obtained was the highest for the 3-491 

mm deep notched samples, while it decreased by 17 % for the 5-mm deep notched samples and 492 

was the least for the 7-mm deep notched samples, where a further 20 % decrease was measured. 493 

By checking the shear stress vs shear strain curves presented in Fig. 14b for the three notch-494 

depth cases, the highest average shear stress was recorded for the 7-mm deep notched samples 495 

with a value of 44.5 MPa, which decreased to 35.5 MPa for the 5-mm deep notched samples. 496 

The lowest shear stress was recorded for the 3-mm deep notched samples with a value of 31 497 

MPa, see Fig. 14d. Furthermore, noticeable differences in the stiffness (slopes) of the ascending 498 

branches of the shear stress vs shear strain curves were noticed. The average stiffness of the 5-499 

mm and 7-mm deep notched samples at shear stress levels between 0 and 10 MPa were 80 MPa 500 

and 50 MPa, respectively, see Fig. 14f. A drastic reduction in the stiffness occurred after the 501 

shear stress level of 10 MPa up till the maximum shear stress with values of 10 MPa and 9.5 502 

MPa, for the 5-mm and 7-mm deep notched samples, respectively, which did not highly deviate, 503 

see Fig. 14g. This stiffness reduction is likely due to the triggering of tensile cracks occurring 504 

at the early stage of the test, as was mentioned in Section 3.1. This phenomenon was evident in 505 

the cases of 5-mm and 7-mm deep notched samples, whereas such early tensile cracks did not 506 

form in case of 3-mm deep notched samples. The first inclined tensile crack started to form at 507 

a shear stress level between 10 MPa and 30 MPa, at which the average stiffness was 130 MPa, 508 

which is around 1.6 times higher than the initial stiffness of the 5-mm deep notched samples 509 

and 2.6 times higher than that of the 7-mm deep notched samples; see Fig. 14f. After a shear 510 
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stress level of 30 MPa, the stiffness of the 3-mm deep notched samples reduced from 130 MPa 511 

to 30 MPa, see Fig. 14g. This is also demonstrated in Fig. 14e, where the displacement at 512 

maximum force was the lowest for the 3-mm deep notched samples. No statistically detectable 513 

difference was noted among the 5-mm and 7-mm deep notched samples. 514 

By cross-checking the aforementioned observation with the fracture modes presented in Section 515 

3.1, a couple of crucial design considerations on the testing configuration could be put forward. 516 

First, the highest force obtained for the 3-mm deep notched samples can be related to the 517 

elevated self-confinement undergone by those samples, which resulted in shear-compression 518 

failure, where the crushing of compression struts played the major role, as shown in Fig. 9. In 519 

that case, largely inclined tension cracks formed between the notches and extended outside the 520 

2 mm shear span length, at which failure did not occur as a result of their interconnection, but 521 

rather from the crushing of the material between those cracks. With increasing notch depth from 522 

5 mm to 7 mm, the self-confinement status decreased within the samples, resulting in a 523 

significant force reduction and a fracture mode governed by a dominant shear sliding, see Fig. 524 

10 and Fig. 12. 525 

 526 

Fig. 14. Quasi-static test results of shear samples with 2-mm shear span length and with notch 527 

depths of 5 mm, 3 mm, or 7 mm, experiment series 2, 4, and 6, respectively. (a) Force vs vertical 528 

displacement diagrams, (b) shear stress vs shear strain diagrams, and bar charts of (c) maximum 529 
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force, (d) shear stress, (e) displacement at maximum force, (f) stiffness before cracking, and (g) 530 

stiffness after cracking, all with respect to notches depth. Numbers above the bars represent 531 

standard deviations. 532 

Second, the highest shear stress was recorded in the case of 7-mm deep notched samples, 533 

associated with an extremely high consistency extent, which could directly be correlated to the 534 

sharp shear sliding fracture, which was displayed by those samples, as shown in Fig. 14b and 535 

Fig. 14d. Notch depth considerably governed the location of crack initiation, the distribution of 536 

stress along the shear ligament [15], and the fracture propagation and mode of failure of the 537 

shear specimens [18,37], turning out to be a keynote parameter to be optimized when 538 

determining shear specimen shape. 539 

Indeed, some dispersion in the results was present, which is generally aligned with normal 540 

experimental fluctuations. The coefficients of variation (CoV) for the forces and shear stresses 541 

ranged between 2 – 6 %, see Fig. 14c and Fig. 14d. Higher COVs were noticed for stiffness 542 

values, Fig. 14f and Fig. 14g, which are naturally more scattered as they are heavily affected 543 

by physical properties of the constitutive phases of SHCC (porosity, flaws, fibers, fiber/matrix 544 

bond, etc.). The highest dispersion for the displacement values was noticed for 5 mm deep 545 

notched specimens, Fig. 14e, which is rational due to the extent of initial tensile cracks 546 

generating in the beginning of the experiment, but are much less in the other two cases.  547 

3.3.3 Influence of the strain rate on shear failure mode 548 

In the impact regime, only 7-mm deep notched samples failed under the applied load 549 

(experiment series 7). A comparison between the 7-mm deep notched samples tested under 550 

quasi-static and impact regimes highlighting the influence of strain rate on SHCC response is 551 

presented in Fig. 15. The shear strain rate attained in the impact shear experiment of the 7-mm 552 

deep notched samples was around 2000 s-1, as previously stated.  The fracture modes obtained 553 

in both loading regimes were characterized by a distinct shear sliding fracture with only 554 

negligible influence of tension, as presented in Fig. 10 and Fig. 12. As expected, higher force 555 

and, as a consequence, shear stress were obtained in the dynamic regime with a dynamic 556 

increase factor (DIF) at around 1.3. This DIF reflects the joint effects of strain-rate increase in 557 

addition to structural inertia, which is activated due to the accelerated mass of the shear device 558 

and the specimen. Indeed, inertia amplifies the apparent response of the shear samples, resulting 559 

in an increasing divergence from the true shear strength of the material, by increasing the strain 560 

rate [32,38,39]. The fine quantification of the force aliquot due to inertia through advanced 561 
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numerical and analytical tools is necessary to determine the actual material response under 562 

impact. This issue is still being debated in the scientific community and is beyond the scope of 563 

the present contribution, currently being under further investigation.  564 

 565 

Fig. 15. Experimental results of shear samples with 2 mm shear span length and 7 mm notch 566 

depths. These force vs vertical displacement diagrams are for samples tested under (a) impact 567 

and (b) quasi-static loading regimes, experiment series 6 and 7, respectively, (c) maximum 568 

forces, and (d) shear stresses attained at each loading regime. Numbers above the bars represent 569 

standard deviations. 570 

Shear samples with notch depths of 5 mm and 3 mm, experiment series 3 and 5 respectively, 571 

did not fail under the applied input wave. This confirms the findings obtained in the quasi-static 572 

regime, at which higher forces were attained for smaller notch depths. More specifically, in the 573 

impact regime, as even higher apparent resistance is expected, the amplitude of the applied 574 

input wave was not enough to fracture those samples, as was explained in Section 3.2. To 575 

achieve an input wave featuring higher amplitude, the setup requires an upgrade to increase the 576 

possible dropping height, resulting in higher gravitational potential energy and, accordingly, 577 

higher impact velocity and kinetic energy immediately before the collision. On the other hand, 578 
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an increase in the input wave amplitude gives rise to higher strain rates that would increase the 579 

apparent response of the specimen owing to amplified structural inertia effects. That would 580 

make for incongruous comparisons with the 7-mm deep notched specimens and therefore 581 

misleading conclusions. The process of optimizing the shear device is ongoing in order to 582 

overcome the spatial restrictions imposed by the SHTB and so preventing the drop height’s 583 

being increased beyond 0.65 m. 584 

3.3.4 Limitations of the mechanical shear device 585 

The reliability of the shear device presented in this work was successfully proven through the 586 

experimental results presented for SHCC under quasi-static and impact loads. However, some 587 

limitations pertaining the shear device still need to be addressed. First, the relatively high mass 588 

of part 1 of the device, see Fig. 2b, led to significant wave distortions through the input bar, so 589 

that one-dimensional wave analysis cannot be applied due to the non-equilibrium state of forces 590 

when comparing the forces measured on both bars, as explained by Tawfik et al. [23]. Second, 591 

the lateral width of the lower adapter (part 2) of the shear device (70 mm) is incompatible with 592 

the geometry of the impactor (65-mm span), which is impeded from passing through the shear 593 

device, see Fig. 16. This constraint significantly restricts the range of strain rates of the 594 

gravitational SHTB by limiting the dropping height of the impactor to 65 cm. 595 

 596 

Fig. 16. SHTB illustrating the spatial restrictions, provided by the impactor, by the lower part 597 

of the shear device (part 1). 598 
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Eventually, the specimen cannot be recovered after performing the shear experiment, and 599 

therefore further microscopic analysis on the shear fracture surfaces is not possible yet. Indeed, 600 

specimens need to be extracted from the device by means of a severe heating process, which is 601 

unavoidable to remove the epoxy resin adopted to glue the specimen to the device. Such heating 602 

process compromises the fracture surfaces. It should also be mentioned that gluing the specimen 603 

provides full confinement to the sample and prevents any lateral dilation of the specimen, 604 

supporting a dominant shear failure. On the other hand, the confinement level provided by 605 

epoxy is not measured yet. Upgrading the shear device to allow for applying different levels of 606 

active confinement as well as modified geometrical features is currently under development 607 

and will be addressed in a future publication.  608 

4 Summary and conclusions 609 

In this work, the quasi-static and impact shear behavior of strain-hardening cement-based 610 

composites (SHCC) double-shear specimens were investigated by means of a purpose-specific, 611 

mechanical shear testing device used with a hydraulic testing machine and a newly devised 612 

gravitational Split-Hopkinson tension bar (SHTB). Digital image correlation analyses were 613 

conducted to monitor deformation and cracking pattern evolution during the experiment. The 614 

goal was to assess the most suitable set of geometrical parameters to attain a direct shear 615 

characterization of complex brittle or quasi-ductile cement-based materials. The spotlight was 616 

set on the influence of shear span length and notches depths on the shear behavior and failure 617 

mode of SHCC specimens containing ultra-high modulus polyethylene (PE) fibers. Influence 618 

of the shear span length was investigated only under the quasi-static loading regime, varying it 619 

between 5 mm and 2 mm for shear specimens with 5 mm deep notches. The influence of notch 620 

depth was investigated under both quasi-static and dynamic loading regimes, varying between 621 

3 mm, 5 mm, and 7 mm, keeping constant the shear span length at 2 mm. The main findings 622 

obtained from this experimental work can be summarized as follows: 623 

• Reducing the shear span length led to decreasing distance between the loading point and 624 

support, aiding localized shear zones with high shear forces as well as narrower zones for 625 

the main shear cracks to propagate. Furthermore, narrower shear zones hampered the 626 

triggering of tensile cracks therein, which weakened the materials and artificially altered 627 

the shear response being lower than expected.  628 

• In the quasi-static loading regime, the most favorable shear failure mode was obtained in 629 

the case of 7-mm deep notched specimens, characterized by a vertical running shear 630 
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cracking causing failure to the sample after arresting of two tensile cracks initiated at the 631 

beginning of loading.  632 

• Shallow notch depths of 3 mm caused an increase in the self-confinement of the shear 633 

sample, which resulted in the highest force required for fracture; yet the lowest shear 634 

stresses within the shear ligament. Indeed, the failure was characterized by the formation of 635 

several large tensile cracks between the top and bottom notches followed by crushing of the 636 

compression struts formed within the two shear ligaments.  637 

• Increasing notch depth from 3 mm to 5 mm and eventually to 7 mm resulted in decreasing 638 

the force required to fracture the shear sample in combination with the highest shear stresses 639 

attained in the shear ligament, and, most remarkably, the desired dominant shear fracture. 640 

• In the impact loading regime, the shear samples with 3-mm and 5-mm deep notches did not 641 

fracture under the given input loading wave, due to their high self-confinement. This 642 

accorded with the findings from quasi-static shear experiments, at which for the 3 mm- and 643 

5 mm-deep notched samples, a hybrid failure mode (compression-shear) was detected at 644 

higher force levels. 645 

• The shear samples with 7-mm-deep notches tested in impact regime showed an obvious 646 

shear fracture with a dominant crack sliding (Mode II), aligned with the consistency of the 647 

behavior and fracture mode obtained from quasi-static experiments. This specific specimen 648 

configuration is therefore the most suitable for an accurate direct quantification of the shear 649 

properties of complex quasi-ductile mineral-based materials, within an optimized gravity-650 

based SHTB testing setup. 651 

Although the considerations on the optimized parameters were based on testing one material 652 

combination only, i.e., SHCC with 2% PE fibers, their validity can be extended for different 653 

fiber dosages, length or diameter. Indeed, the investigated parameters mainly pertain to the 654 

loading configuration, by promoting dominant shear fracture mode, associated with significant 655 

reduction of undesired tensile and bending effects. Preserving the nature of the failure mode by 656 

selecting proper geometrical features of shear samples enables the sound characterization of a 657 

wide range of composite systems, which is the focus of an upcoming publication. Furthermore, 658 

the 2 mm shear span length was selected as an optimum length and not further reduced due to 659 

few reasons. First, the shear fracture mode required was already achieved with the 2 mm shear 660 

span length in combination with the 7 mm deep notches. Second, further reduction of the shear 661 

span length may result in high localized compressive stresses just at the notches edges, which 662 

might cause local crushing at the notches areas. Third, the over-reduced shear span length would 663 
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introduce more difficulties in impact testing, as stronger illumination would be required due to 664 

the very low exposure times, to optically monitor the specimen’s surface, which is a challenging 665 

task.  666 
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