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Abstract 

Heterogeneity is an important factor affecting the dynamic mechanical properties and failure process of 

geomaterials especially when considering the coupled effect of strain rates and confinements. In this research, 

dynamic biaxial compression tests are conducted on concrete by using a triaxial Hopkinson bar system with 

different biaxial confinements (i.e., pre-stress σ1 and σ2: 5~30 MPa) and impact velocities (i.e., 14~18 m/s). 

High-speed three-dimensional digital image correlation (3D-DIC), synchrotron-based micro-computed-

tomography (micro-CT) and a machine learning-based crack classification technique are adopted to quantify 

the dynamic deformation and fracturing properties. Experimental results show that both dynamic strength and 

peak strain decrease with the increase of axial pre-stress σ1, but increase with increasing lateral pre-stress σ2 and 

impact velocity. Fractures generally propagate from the surfaces of the specimen towards the centre along the 

impact direction, and appear at interfaces and in the matrix first and aggregates afterwards. Real-time surface 

deformation and post-failure fractures are aggravated with pre-stress σ1 and impact velocity, but restrained by 

pre-stress σ2. Statistical crack analysis indicates that different crack types (e.g., matrix crack, interfacial crack 

and transgranular crack) own distinct geometrical characteristics (e.g., orientation distribution, fractal 

dimension and position distribution) and are affected by the orientation and aspect ratio of aggregate. Moreover, 

transgranular crack ratio decreases with higher pre-stress σ1, but increases with larger pre-stress σ2 and impact 

velocity, consistent with variation of total stress and fracture energy, implying the significance of transgranular 

crack on mechanical properties and fracture energy of heterogeneous geomaterials under dynamic loadings. 

Keywords: Concrete; Biaxial confinement; Strain rate; Dynamic failure; Microcrack statistics 

This is a peer-reviewed, accepted author manuscript of the following research article: Wang, H-C, Zhao, J, Li, J, Liu, K, 
Braithwaite, CH & Zhang, Q-B 2021, 'Dynamic mechanical properties and fracturing behaviour of concrete under biaxial 
compression', Construction and Building Materials, vol. 301, 124085. https://doi.org/10.1016/j.conbuildmat.2021.124085



2 

1. Introduction

Geomaterials like concrete and rock have been widely used and existed in a variety of engineering fields, such 

as civil engineering, hydraulic projects and mining activities, where they are subjected to dynamic and extreme 

loadings, from natural disasters (e.g., earthquake, landslide, hurricane and tsunami) and human-induced hazards 

(e.g., rock blast, incidental impacts, accidental explosions and terrorist attacks) [1-3]. At the same time, 

geomaterials may encounter multiaxial stress states in engineering structures (e.g., beam-column joints, tunnel 

shells, nuclear power stations and dams) in civil and hydraulic engineering [4, 5], and in rock masses with in-

situ stresses of more than 30 MPa in mining projects [6, 7]. Under dynamic loading, structures and rock masses 

(especially under biaxial stress states) are more likely to deteriorate and collapse, causing great loss of property 

and human life [8, 9]. In addition, heterogeneity, as an inherent characteristic of natural and artificial 

geomaterials from macroscopic to microscopic [10-12] shown in Fig. 1, has an important effect on the strength, 

deformation and fracturing process of geomaterials [13-15]. For example, an increase in heterogeneity will 

generally reduce the strength and induce post-peak ductile deformation according to numerical modelling [16]. 

In addition, multiple crack types (e.g., intergranular and transgranular crack) controlled by heterogeneous 

structures in natural rocks have been observed and analysed at a microscale level [17]. However, for rocks, 

investigations into heterogeneity are mainly conducted by numerical modelling. The heterogeneous structures 

(e.g., mineral type, grain size, and anisotropic crystal shape) are hard to be controlled in experiments, and the 

microcrack statistics of large-scale specimens are still challenging. Compared with rocks, concretes with 

heterogeneous structures (e.g., types, sizes and shapes of aggregates) are relatively easy to be studied [18, 19], 

and their multiple crack patterns (e.g., matrix cracks, interfacial cracks and transgranular cracks) can be 

obviously identified. Thus, concrete is an ideal material for an experimental study investigating the confinement 

effect and strain rate effect. 

(a) (b) (c) 

Fig. 1. Heterogeneous geomaterials: (a) Mineralised quartz monzonite breccia in Cactus mine in ore deposits 

of Utah [10], (b) fluorescence microscopy of concrete specimens [11] and (c) Trachyte breccia with barite-

fluorite cement in SEM image [12]. 

Various experimental studies have been conducted on mechanical properties of geomaterials under multiaxial 

loadings with strain rates from 10-5 to 103 s-1 [20-22]. The multiaxial confinement loadings can be classified into 

three types, including conventional triaxial compression (type I: σ1 > σ2 = σ3 > 0), true triaxial compression (type 

II: σ1 > σ2 > σ3 > 0) and biaxial compression (type III: σ1 > σ2 > σ3 = 0) as summarised in Table 1. Conventional 

Dynamic mechanical properties and fracturing behaviour of concrete under biaxial compression



3 

triaxial loadings include active confinements (e.g., hydraulic confinements and coupling static-dynamic 

loadings) combining the split Hopkinson pressure bar (SHPB) or universal loading machines with hydraulic 

pressure cells [23-31], and passive confinements by means of SHPB with cylindrical jacketing (e.g., shrink-fit 

metal sleeve and thick confining vessel) [31-36], but the confinement is isotropic without considering the effect 

of deviator stress. To overcome this deficiency, servo-hydraulic triaxial systems can be applied to achieve true 

triaxial loadings [37-39], but their strain rates are relatively low. Although drop-weight facilities combined with 

the biaxial hydraulic machine has been designed to realise impact tests, there are several challenges to be 

considered, such as stress equilibrium and controlled strain rate [40]. To replicate in-situ biaxial loading 

conditions, different techniques have been adopted, for example, tangential loading techniques [41], servo-

hydraulic confinements [5, 42-45], a biaxial dynamic compression system [46] and coupled static-dynamic 

loading systems [47, 48]. Mechanical properties (e.g., stress-strain curves, peak strength and strain rate effect) 

of geomaterials under biaxial loadings have been studied, but the tests are mainly at low strain rates. Recently, 

a triaxial Hopkinson bar (Tri-HB) system has been developed by combining SHPB with a triaxial hydraulic 

loading system, which could realise true triaxial loadings and high strain rates [49, 50]. Although some 

geomaterials have been studied using the Tri-HB system [51-54], the mechanical behaviour of concrete under 

biaxial stress states and high strain rates is still unclear. Furthermore, concretes under biaxial loadings are 

relatively dangerous in engineering fields due to the weak mechanical properties compared with triaxial. The 

fracturing process and post-failure patterns are various under different loading conditions [55, 56], which has 

to be quantitatively analysed. Investigating the mechanical properties and fracturing behaviour of concrete under 

biaxial confinements and dynamic loadings can provide valuable information, such as calibration of constitutive 

models, clarification of fracture processes, and explanations of failure mechanisms. 

Table 1. Studies on dynamic behaviours of geomaterials under multiaxial loadings. 

Confinement 

types 
Loading facility Materials 

Confining 

pressure 

(MPa) 

Strain rate 

έ (s-1) 
Main outcomes Reference 

I. σ1 > σ2 = σ3 > 0, Conventional triaxial compression (CTC)

Hydraulic 

confinement 

SHPB Sandstone 95 102-103 
Stress-strain 

relationship 
[23] 

SHPB Basalt 100 102-103 
Strain rate dependence; 

Fracture properties 
[24] 

4-kbar loader Concrete 124 10-3-10-1 Stress-strain curve; 

Strain rate dependence 
[25] 

SHPB Concrete 4 101-102 
Stress-strain 

relationship 
[26] 

Servo-hydraulic 

machine 
Concrete 94 10-5-101 Strain rate sensitivity [27]

SHPB Granite 10 101-102 
Confinement effect; 

Strain rate dependence 
[29] 

SHPB Marble 10 101-102 
Strain rate sensitivity; 

Confinement effect 
[31] 

Coupling static-

dynamic loading 

SHPB Siltstone 200 10-2-102 Strength characteristics [28] 

SHPB Sandstone 40 101-102 
Failure mode; Cyclic 

loading 
[30] 

Shrink-fit metal 

sleeve 

SHPB Concrete 17.5 102-103 
Dynamic strength; 

Confinement coefficient 
[34] 

SHPB Granite 132 102-103 
Strain rate sensitivity; 

B-D transition
[35]
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SHPB 
Aggregate 

composite 
265 101-103 

Confinement effect; 

Strain rate effect 
[36] 

Thick confining 

vessel 

SHPB Concrete 45 101-102 
Severe deformation at 

the beginning period 
[32] 

SHPB Concrete 550 101-102 
Dynamic strength; 

Strain rate dependence 
[33] 

SHPB Marble 15 101-102 Thickness of vessel [31] 

II. σ1 > σ2 > σ3 > 0, true triaxial compression (TTC)

Servo-hydraulic 

confinement 

Triaxial 

compression 

facility 

Dolomite; 

Limestone 
~500 ~10-4 

Confinement effect; 

Failure criterion 
[37] 

Drop-weight 

apparatus 
Concrete 2.5 100-101 Confinement effect; 

Ultimate strength 
[40] 

Servo-hydraulic 

triaxial system 
Concrete 16 10-5-10-3 Confinement effect; 

Strain rate effect 
[38] 

True triaxial 

testing machine 
Granite 250 10-5-10-4 Energy evolution 

process 
[39] 

Coupling static-

dynamic loading 

3D-Modified 

Hopkinson Bar 
Concrete ~50 101-102 Dynamic stress; 

Fracture properties 
[49] 

Triaxial 

Hopkinson Bar 
Sandstone 30 102-103 Confinement effect; 

Fracture properties 
[50] 

Triaxial 

Hopkinson Bar 
Concrete 60 101-103 Strain rate effect; 

Strength criterion 
[53] 

Triaxial 

Hopkinson Bar 

Cement; 

Concrete 
30 102-103 Stress-strain 

relationship 
[52] 

III. σ1 > σ2 > σ3 = 0, biaxial compression (BC)

Tangential load 
Biaxial strain 

rate machine 
Granite 501 ~10-1 

Stress-strain response; 

Strain rate effect 
[41] 

Servo-hydraulic 

confinement 

Hydraulic 

biaxial system 
Concrete ~75 10-5-10-4

Compressive strength; 

Stress-strain 

relationship 

[42] 

Multiaxial 

testing system 
Limestone 20.7 10-5-10-4 Strength behaviour [43]

Servo-hydraulic 

biaxial machine 
Gypsum 10 10-5-10-4 Crack coalescence [44]

Servo-hydraulic 

multiaxial 

system 

Concrete 9 10-5-10-2 Confinement effect; 

Strain rate effect 
[45] 

Servo-hydraulic 

multiaxial 

system 

Concrete 35 10-5-10-2

Influence of free water; 

dynamic strength; crack 

patterns 

[5] 

Biaxial dynamic 

compression 

Biaxial split 

Hopkinson bar 

(SHB) 

Concrete ~50 102-103 DIF; Fragmentation [46]

Coupling static-

dynamic loading 

SHB with 

Hydraulic jack 
Concrete ~50 100-101 Influence of initial stress [47]

Modified Kolsky 

bar 
Ceramic 400 102-103 Fracturing process [48]

Triaxial 

Hopkinson Bar 
Sandstone 40 102-103 Confinement effect; 

Fracture properties 
[51] 

To explore the real-time fracturing process and post-failure crack patterns, non-contact measurement techniques 

e.g., DIC and micro-CT, have been widely used. The DIC method is popularly adopted in SHPB tests owing to

its high accuracy, flexibility and easy operability [57-59]. 3D-DIC is realised by using the binocular stereovision 

principle [60-62], and has been successfully applied to 3D deformation measurements of geomaterials in 

conventional and triaxial SHPB tests [51, 63]. However, the real-time observation of fracturing processes and 

the measurement of heterogeneous deformation in concrete has not been fully studied. Thus, with the help of 

high-speed cameras and 3D-DIC, the heterogeneous deformation and fracturing process in concrete (e.g., strain 

fields around aggregates and developments of different crack types) under coupled static-dynamic loadings are 
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further explored. Moreover, micro-CT is powerfully used for reconstructing heterogeneous structures and 

microcracks of concrete with micron-level resolution [64-67]. Synchrotron-based micro-CT with high photon 

flux could significantly improve the image quality and realise characterisation of heterogeneous structures and 

different types of cracks [68]. However, there is still challenging in identification and classification of different 

crack types (e.g., matrix crack, interfacial crack and transgranular crack) in geomaterials based on traditional 

methods like manual extraction and automatic image segmentation. While manual extraction could recognise 

different types of cracks even in a low-quality image with much noise and low contrast, it is time-consuming 

and dependent on the subjectivity of visual inspection. Automatic image segmentation could deal with image 

data at a high speed, but it is very sensitive to the image quality and content [69, 70]. For example, noises, 

artifacts and pores in the image will disturb the segmentation process. Also, different types of cracks with the 

similar greyscale distribution can hardly be segmented. To overcome these shortcomings, machine learning as 

a promising method has been applied to image recognition in many fields, e.g., medicine, biology, chemistry, 

material science, geology and engineering [71-74]. It can extract user-defined image data based on training 

dataset with manual labelling, and reduce the disturbance caused by spurious image information [75, 76]. 

Therefore, a combination of synchrotron-based micro-CT and machine learning-based crack classification 

techniques is promising to achieve the recognition of different crack patterns with less time taken and greater 

accuracy, which will help understand the failure mechanisms of concrete. 

This study aims to investigate the dynamic mechanical properties and fracturing behaviour of concrete under 

biaxial compressive loadings by using a Tri-HB system. Dynamic stress-strain curves considering confinement 

effect and strain rate effect are respectively analysed. Two high-speed cameras and a 3D-DIC technique are 

applied to capture the in-situ fracturing process and deformation fields. By using synchrotron-based micro-CT 

and machine learning-based crack classification techniques, internal fracture morphologies of post-failure 

specimens are reconstructed. Geometrical characteristics (e.g., orientation distribution, fractal dimension and 

position distribution) of different crack types are further analysed, and the effect of aggregate orientation and 

aspect ratio on crack types is considered. Additionally, the relationship among mechanical properties, fracture 

properties and fracture energy is also explored. 

2. Experimental procedures

To study the dynamic mechanical properties and fracturing behaviour of concrete under biaxial confinements, 

ordinary concretes with basalt aggregates are adopted for these experiments. Non-contact measurement facilities 

including two high-speed cameras and synchrotron-based micro-CT, combined with 3D-DIC and machine 

learning-based crack classification techniques, are applied to capture the real-time deformation and fracturing 

process and analyse the post-failure fracture properties. 
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2.1 Specimen preparation 

Concrete used in this study was mixed by water, cement, sand and aggregate in proportions of 0.6:1:2:3 by 

weight to achieve good workability (e.g., fluidity, cohesiveness and water retention) and the desired strength 

[77, 78]. Ordinary Portland cement (OPC), a general purpose cement produced in Australia, was used as the 

matrix. River sands with maximum size 1.12 mm and fineness modulus 1.86, and basalts with maximum size 7 

mm were adopted as fine and coarse aggregates, according to ASTM C192 [79]. Basalt is used as coarse 

aggregate in this study owing to its higher density when compared with other common aggregates (e.g., 

limestone, granite, and other crushed rocks), which makes it easier to distinguish on the CT images. 

The specimens were cast in steel moulds with dimensions of 54×54×54mm3 and covered with plastic film to 

prevent moisture loss owing to evaporation. 24 h later, they were demoulded and moist-cured in a special curing 

chamber at 23.0 ± 2.0°C. After curing for 28 days, the specimens were ground to a size of 50 mm (presented in 

Fig. 2) and polished in accordance to the specification of ASTM C109 [80]. The quasi-static compressive 

properties were determined by a Shimadzu Autograph AGS-X compressive machine with a loading rate of 0.3 

mm/min (strain rate 10-4 s-1). The physical and mechanical properties are as follows: average density (ρ) = 2350 

kg/m3, Young’s modulus 3.8 GPa, uniaxial compressive strength (σc) = 45.0 MPa, P-wave velocity CL = 4800 

m/s, S-wave velocity CS = 2750 m/s. 

(a) (b) 

Fig. 2. (a) Casted concrete specimen and (b) prepared concrete specimen. 

2.2 Dynamic biaxial compression testing 

Dynamic tests of concrete specimens under biaxial confinements were carried out using a triaxial Hopkinson 

bar (Tri-HB) system, as shown in Fig. 3 (a). The system consists of a dynamic loading module and a 

confinement-loading module. The dynamic loading module includes a gas gun (1.5 m), a cylindrical striker (0.5 

m), an incident bar (2.5 m) and a transmission bar (2 m). The confinement-loading module is composed of three 
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independent servo-controlled hydraulic cylinders (maximum pressure capacity 100 MPa), the incident and 

transmission bar in the X direction, four steel output bars (2 m) in the Y and Z directions, and six high-strength 

steel reaction frames installed on the strong supporting platform. The striker (diameter 40 mm) and bars (cross-

section 50 × 50 mm2) are made of high-strength 42CrMo steel with following mechanical properties: density ρb 

= 7850 kg/m3, Young’s modulus Eb=210 GPa, longitudinal wave velocity Cb = 5200 m/s and yield strength σY 

= 930 MPa. 

A schematic of a dynamic biaxial compression experiment with stereo camera set-up is shown in Fig. 3 (b). 

Firstly, the desired biaxial pre-stress conditions are applied by hydraulic cylinders in the X and Y directions. 

Then, dynamic loading along the X direction is generated by the striker impacting the incident bar with an 

expected velocity measured by a laser-beam based velocimeter (HPCSY-ΙΙ). Meanwhile, two high-speed 

cameras (Phantom V2511) mounted on tripods on top of specimen are triggered simultaneously to capture the 

full-field deformation and fracture processes. To obtain the desired incident pulse characteristics, a copper disc 

(diameter 15 mm and thickness 1.5 mm) is used as a pulse-shaper to eliminate high-frequency oscillation 

components and control the rise time, so that the specimen can reach stress equilibrium before fracture occurs 

[81]. During the stress wave propagation along the steel bars, strain gauges (FLA-6-11) attached on the incident 

bar, transmission bar and output bars are used to record strain signals. These signals are transferred via a 

Wheatstone bridge arrangement and strain meter, and subsequently digitised to 12 bits by a data acquisition 

(DAQ) system (NI PXIe 5105) at a sample rate of 1 MHz. 

(a)
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(b) 

Fig. 3. (a) Triaxial Hopkinson bar (Tri-HB) system and (b) schematic of dynamic biaxial compression 
experiment (top view from the vertical Z direction). 

The dynamic stress σd, strain rate �̇� and dynamic strain εd in each direction are calculated by elastic one-

dimensional (1D) stress wave propagation theory using the following equations [50, 82]: 

𝜎𝑥(𝑡) =
𝐸𝑏𝐴𝑏
2𝐴𝑠

[𝜀𝑖𝑛(𝑡) + 𝜀𝑟𝑒(𝑡) + 𝜀𝑡𝑟(𝑡)] =
𝐸𝑏𝐴𝑏
𝐴𝑠

𝜀𝑡𝑟(𝑡) (1) 

𝜀̇(𝑡) =
𝐶𝑏
𝐿
[𝜀𝑖𝑛(𝑡) − 𝜀𝑟𝑒(𝑡) − 𝜀𝑡𝑟(𝑡)] = −

2𝐶𝑏
𝐿

𝜀𝑟𝑒(𝑡)  (2) 

ε(𝑡) =
𝐶𝑏
𝐿
∫ [𝜀𝑖𝑛(𝑡) − 𝜀𝑟𝑒(𝑡) − 𝜀𝑡𝑟(𝑡)]𝑑𝑡
𝑇

0

= −
2𝐶𝑏
𝐿

∫ 𝜀𝑟𝑒(𝑡)𝑑𝑡
𝑇

0
 (3) 

𝜎𝑦(𝑡) =
𝐸𝑏𝐴𝑏
2𝐴𝑠

[𝜀𝑦1(𝑡) + 𝜀𝑦2(𝑡)]  (4) 

ε𝑦(𝑡) =
𝐶𝑏
𝐿
∫ [𝜀𝑦1(𝑡) + 𝜀𝑦2(𝑡)]𝑑𝑡
𝑇

0
 (5) 

where Eb , Ab and Cb are Young’s modulus, cross-sectional area and the longitudinal wave velocity of the bars, 

respectively; As and L are the cross-sectional area and the length of the specimen; εin(t), εre(t) and εtr(t) are the 
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incident, reflected and transmission strain signals measured by the strain gauges on the incident and transmission 

bars in the X direction; εy1(t) and εy2(t) are the strain signals on the two output bars in the Y direction induced 

by the Poisson’s effect and specimen fracturing; σx(t) and σy(t) are the dynamic stresses along the X and Y 

direction; εx(t) and εy(t) are the dynamic strains along the X and Y directions; 𝜀̇(t) is the strain rate. 

Typical experimental results (including stress waves in the X and Y directions, total stress (σd + σi) evolution, 

stress equilibrium, and stress-strain curves) under pre-stress (σ1 = 20, σ2 = 10) MPa and impact velocity vi = 16 

m/s are shown in Fig. 4. Compression is defined as positive since all of the pre-stresses and impacts are 

compressive. The whole stress wave propagation along each bar is recorded in a period of 1200 µs as presented 

in Fig. 4 (a). It can be observed that a stress platform (approximately 20 MPa) follows the incident wave due to 

the loss of contact between the fixing device and incident bar during impact, indicating the applied axial pre-

stress (i.e., 20 MPa) in the X direction. When the incident wave passes through the specimen, the specimen not 

only appears compressive deformation along the X direction, but also expands horizontally induced by the 

Poisson effect, inducing stress waves propagation along the Y direction as presented in Fig. 4 (b). The output 

bars in the Y direction experience stress waves with duration 400 µs and peak stress at 150 µs, consistent with 

the stress wave properties in the transmission bar, indicating that the Tri-HB system is able to capture the 

dynamic lateral confining effects. 

The dynamic stress equilibrium is verified in Fig. 4 (c). The stress equilibrium between both ends of specimen 

lasts for over 100 µs before failure, i.e., over four wave reflections across the specimen. Under this circumstance, 

the inertial effect is reduced to a negligible level and the hypothesis of stress homogenisation along the specimen 

can be satisfied. Thus, based on 1D stress wave theory, the stress-strain histories of concrete specimen in X and 

Y directions can be calculated through Eqs. (1-5) and depicted in Fig. 4 (d). 
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Fig. 4. Typical experimental results under biaxial compressive (BC) pre-stress (20, 10) MPa and impact 

velocity 16 m/s: (a) Stress waves in the X and Y directions; (b) total stress evolution in the X and Y 

directions; (c) dynamic stress equilibrium verification in impact direction and (d) dynamic stress-strain curves 

in the X and Y directions. 

2.3 High speed 3D-DIC 

The principle of 3D-DIC is based on the image registration of stochastic speckle patterns on specimen surface 

with two cameras in a stereoscopic configuration, as illustrated in Fig. 5. Firstly, the stereo calibration was 

carried out to get intrinsic and extrinsic parameters, e.g., focal length, principal point, lens distortion factor, 

scale coefficient, translation vector and rotation matrix. In order to obtain these calibration parameters, a 

calibration board (100×100 mm2) was moved, rotated, and tilted onside the specimen to get different calibration 

images. Two high-speed cameras were set to a resolution 1280×800 pixels, sampling rate 100 frames per second 

(fps) and exposure time 9900 µs so that the calibration board can be captured in a wide field of view. Then, the 

cameras were set to a resolution 256 × 256 pixels, sampling rate 200, 000 fps and exposure time 4.5 µs to track 

the speckle patterns on the specimen surface under initiation and deformed states, and two 84W LED lights (GS 

Vitec MultiLED LT) were used for exposure compensation. Next, the initiation and deformed images of 

specimen were recorded by two high-speed cameras. By means of stereo correlation algorithm and calibration 

parameters, subset positions were transformed into 3D coordinates and the full-field spatial contours of the 

specimen surface under initiation and deformed states were depicted. Finally, displacement fields are calculated 

by subtraction of the spatial coordinates of the specimen surface under different states, and the strain fields and 

strain rate fields are obtained through the differentiation of displacement fields and strain fields. 
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Fig. 5. Principle of 3D-digital image correlation (3D-DIC) technique. 

2.4 Synchrotron-based micro-CT 

The micro-CT technique at Australian Synchrotron Imaging and Medical Beam Line [83] was used to acquire 

data related to the internal structures and fractures of concrete. Fig. 6 shows the procedure of 3D fracture 

topology reconstruction (including CT scanning and CT image process). Before CT scanning, the post-test 

specimen was firstly placed on the rotation platform to conduct position calibration. Then, the CT scanning was 

carried out with the following setup parameters: X-ray energy 80 keV, specimen-detector distance 0.5 m, 

resolution 17.8 µm, rotation step 0.1º, exposure time 0.75 s and acquisition time 1.5 h. X-ray from the 

synchrotron beamline passed through the specimen and scintillator to the detector to generate 2D X-ray 

projections. After CT scanning, 2D greyscale slices, transformed from 2D X-ray projections, were imported 

into Avizo 9.5 software on the MASSIVE cluster. Owing to the differences in density and X-ray absorption 

capacity of concrete internal structures, aggregates, matrix, and cracks were distinguished clearly. Based on the 

different greyscale distributions between cracks and other materials, segmentation was carried out to extract the 

2D fracture slices. Finally, 3D fracture topology was reconstructed by 3D rendering of 2D slices. 

Left images Right images

Correlation
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Fig. 6. 3D fracture topology reconstruction by synchrotron-based micro-CT. 

2.5 Machine learning-based crack classification 

The machine learning method adopted in this study is the trainable weka segmentation (TWS) project, which 

combines the image processing software Fiji [84] with the machine learning algorithms provided in the Waikato 

Environment for Knowledge Analysis (WEKA) software [85]. It can employ user-defined image features to 

train classifiers and provide unsupervised segmentation processes. In recent years, TWS has been successfully 

adopted to recognise structures of cells and tissues in biological science [86, 87]. However, it has not been 

applied to the research of concrete-like materials. 

To extract and analyse different crack patterns in concrete specimens, the procedure of machine learning-based 

crack classification and microcrack statistic is as follows (Fig. 7): (1) CT image selection: at least 35 slices (3-

5 representative concrete CT slices for each case) were loaded into TWS project as training sets; (2) crack 

classification: matrix cracks, interfacial cracks and transgranular cracks in training sets were labelled 

individually to train three corresponding classifiers, and then CT images to be analysed (at least 100 slices for 

each case) were loaded into the TWS project with three different classifiers to produce three individual image 

sets with different crack types; (3) geometrical statistics: lengths and orientations of different types of cracks in 

2D greyscale slices were calculated by ImageJ for further statistical analysis. 

As displayed in Fig. 7, matrix cracks, interfacial cracks and transgranular cracks are extracted individually and 

well matched with the different types of cracks in the original image data. Disturbances like noise and pores are 

also removed in the classified images, which implies that TWS is an efficient tool to extract user-defined image 
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features with minimal disturbance of other information in the image data. It should be mentioned microcracks 

(less than 1mm in length) in classified images (especially in image of interfacial cracks) will be filtered before 

statistical analysis. After the geometrical statistics of different cracks, their geometrical characteristics like 

orientation distribution, fractal dimension and position distribution are further analysed. 

Fig. 7. Topological statistics of different types of cracks (blue: matrix crack; green: interfacial crack; red: 

transgranular crack) 

To represent the complexity of cracks, fractal dimension is an effective factor [88-90]. In this study, box counting 

dimension D0 (one classical fractal dimension factor) is used as follows: 

D0 = lim
𝑏→0

1
𝑛
∑ ln(𝑁𝑖)
𝑖=𝑛
𝑖=1

ln(1/𝑏)
(6) 

where n is the total number of X-Z slices taken into analysis and Ni is the box count of slice i under box size b. 

Average crack density 𝜌(𝑧) (average crack length in unit area along the Z direction) is adopted to describe the 

position distribution properties with the following equation. 
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𝜌(𝑧) =
1

𝑛
∑

𝑙𝑖(𝑧)

∆𝑆𝑖

𝑖=𝑛

𝑖=1
(7) 

where 𝑙𝑖(𝑧) is the crack length in cell area with unit length along the Z direction in slice i, and ∆𝑆𝑖 is the cell

area divided along the Z direction. 

Areas of different crack types 𝐴𝑓,𝑚𝑎𝑡𝑟𝑖𝑥 , 𝐴𝑓,𝑖𝑛𝑡𝑒𝑟 , and 𝐴𝑓,𝑡𝑟𝑎𝑛𝑠 , and total crack areas 𝐴𝑓 are respectively

calculated by following equations. 

𝐴𝑓,𝑚𝑎𝑡𝑟𝑖𝑥 = ∆𝑑∑ 𝑙𝑖,𝑚𝑎𝑡𝑟𝑖𝑥

𝑖=𝑛

𝑖=1
(8) 

𝐴𝑓,𝑖𝑛𝑡𝑒𝑟 = ∆𝑑∑ 𝑙𝑖,𝑖𝑛𝑡𝑒𝑟
𝑖=𝑛

𝑖=1
(9) 

𝐴𝑓,𝑡𝑟𝑎𝑛𝑠 = ∆𝑑∑ 𝑙𝑖,𝑡𝑟𝑎𝑛𝑠
𝑖=𝑛

𝑖=1
(10) 

𝐴𝑓 = 𝐴𝑓,𝑚𝑎𝑡𝑟𝑖𝑥 + 𝐴𝑓,𝑖𝑛𝑡𝑒𝑟 + 𝐴𝑓,𝑡𝑟𝑎𝑛𝑠 (11) 

where ∆𝑑  is the interval distance of each slice, 𝑙𝑖,𝑚𝑎𝑡𝑟𝑖𝑥 , 𝑙𝑖,𝑖𝑛𝑡𝑒𝑟 , and 𝑙𝑖,𝑡𝑟𝑎𝑛𝑠  are length of matrix cracks,

interfacial cracks and transgranular cracks in slice i. 

In addition, from the observation of the image data, it is found that aggregates with different geometrical 

properties generate different types of cracks. In order to explore the effect of aggregate geometrical properties 

on the crack types, aggregates with interfacial cracks and transgranular cracks are extracted by the following 

steps (Fig. 8): (1) at least 100 CT slices for each case were selected to take the analysis; (2) aggregates in 2D 

greyscale slices of post-failure concrete are extracted by threshold; (3) pre-processing routines such as “dilate” 

and “fill-holes” are executed to restore the aggregates to an approximate initial state without cracks; (4) pre-

processed aggregates are labelled individually and their position coordinates are extracted; (5) the coordinates 

of interfacial cracks and transgranular cracks obtained by TWS are also extracted and mapped to the positions 

of labelled aggregates; (6) labelled aggregates with interfacial cracks or transgranular cracks are respectively 

extracted by judging the relative position of cracks and aggregates; (7) original aggregates in 2D greyscale slices 

are extracted by superposition with pre-processed aggregates; (8) the aggregate geometrical characteristics (e.g., 

orientation, major axis and minor axis) are collected by aggregate ovalisation; and (9) batch process is executed 
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to replicate the steps above and the final geometrical statistics (e.g. aspect ratio and orientation) of aggregates 

with interfacial and transgranular cracks were summarised and analysed. 

Fig. 8. Topological statistics of aggregates with interfacial and transgranular cracks. 

3. Dynamic mechanical properties and fracturing evolution

The dynamic stress-strain curves and real-time deformation and fracturing process of concrete under different 

biaxial confinements (i.e., pre-stress σ1 and σ2 varied from 5 to 30 MPa) and impact velocities (i.e., 14, 16 and 

18 m/s) are respectively explored. There are at least 3 specimens tested for each loading condition to minimise 

the influence of differences in the specimens and experimental errors. 

3.1 Effect of confinement 

The effect of confinements on dynamic stress-strain curves of concrete is shown in Fig. 9, with the same impact 

velocity of 16 m/s but under different biaxial compressive pre-stresses. 

Generally, the dynamic strength decreases with increasing axial pre-stress σ1 along the impact direction, but 

increases with lateral pre-stresses σ2. The variation of the peak strain (namely the strain at the peak stress) under 

different pre-stresses is similar to that of peak stress. Pre-existing microcracks are reactivated by pre-stress σ1 

along the impact direction and thus facilitating the failure process during impact, While lateral confinement σ2 

suppresses the crack growth and restricts the lateral deformation, resulting in an increase of dynamic strength 

[91, 92]. Stress-strain curves under various pre-stresses have different post-peak features. For example, with the 

increase of pre-stress σ1, the stress strain curve shows obvious ductility after the peak stress. When pre-stress σ2 

is increased, the stress strain curve exhibits a rebound phenomenon in the post-peak state; this is because the 

specimen still retains a certain amount of elastic energy. 

For stress-strain curves in the Y direction, the changes are contrary to the results in the X direction. Peak stress 

and peak strain in the Y direction are improved with an increase of pre-stress σ1, but decreased with an increase 

of pre-stress σ2. The reason for this observation is lateral deformation during dynamic loading is promoted with 

axial pre-stress but restricted by lateral confinements. The influence of pre-stress σ2 on peak stress and peak 
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strain in the Y direction is more obvious than σ1, indicating that lateral confinements could more effectively 

restrict lateral deformation along the Y direction. 
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Fig. 9. Effect of biaxial compressive (BC) pre-stress of varied (a) σ1 and (b) σ2 on dynamic stress-strain curves 

of concrete under impact velocity vi = 16 m/s. 

3.2 Effect of strain rate 

In order to explore the strain rate effect of concrete under biaxial pre-stress conditions, biaxial pre-stress states 

of (5, 5), (10, 5) and (20, 5) MPa were examined under different impact velocities (e.g., 14, 16 and 18 m/s), 

corresponding to approximate strain rates of 80, 110, and 140 s-1 respectively. The loading conditions are 

carefully designed so that the fracture properties of post-test specimens can be further analysed by CT scanning, 

which is introduced in section 4.1. The typical dynamic stress-strain curves of concrete in X and Y directions 

under different impact velocities and biaxial pre-stress are shown in Fig. 10. Both of the peak stress and peak 

strain in the X and Y directions are rate-dependent. Under the pre-stress of (5, 5) MPa, an obvious strain recovery 

in the post-peak stage is observed at impact velocities of 14 and 16 m/s but disappears under a higher impact 

velocity of 18 m/s. A similar observation is obtained under the pre-stress of (10, 5) MPa with increasing impact 

velocity. Under the pre-stress of (20, 5) MPa, the stress-strain curves exhibit obvious ductile deformation at the 

post-peak stage, indicating that the increase of the stress deviator aggravates the development of shear cracks 

under dynamic loading. 
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Fig. 10. Effect of impact velocity on dynamic stress-strain curves of concrete under biaxial pre-stresses of (a) 

(5, 5) MPa, (b) (10, 5) MPa, and (c) (20, 5) MPa. 

Under different biaxial confinements (pre-stress σ1 ≥ σ2, σ2 = 5, 10 and 20 MPa) and different impact velocities 

(vi = 14, 16 and 18 m/s), the effect of strain rate ε̇ on total stress (σd + σ1) under different lateral pre-stresses σ2 

is summarised in Fig. 11. The results not only show the rate effect, but also present the influence of lateral 

confinement on the rate effect, i.e., the trend of strength enhancement with strain rate becomes pronounced 

when lateral confinement increases from 5 to 20 MPa. These results clearly show the effect of intermediate 

principal stress σ2, and could be considered for the calibration of dynamic constitutive models of concrete. 
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Fig. 11. Effect of strain rate on total stress (σd + σ1) of concrete under different biaxial pre-stresses. 

3.3 Full-field deformation and fracturing process 

The deformation and fracturing processes of geomaterials under dynamic loadings are affected by their 

heterogeneity. Fig. 12 shows a typical real-time fracturing process of concrete under an impact velocity of 16 

m/s and a pre-stress of (20, 10) MPa. The stress strain curve is marked with representative time stamps and 

displayed in Fig. 12 (a). The surface fracture evolution captured by the high-speed cameras is shown in Fig. 12 

(b). In the first 50 µs, there is no obvious crack on the surface, which is consistent with the elastic stage in the 

stress-strain curve shown in Fig. 12 (a). Then at 100 µs, interfacial cracks and matrix cracks appear near the 

incident and transmission edges. When the peak stress is reached at around 150 µs, cracks propagate from the 

edges to the middle of the specimen surface along the impact direction. After the peak stress, transgranular 

cracks appear at around 200 µs with matrix and interfacial cracks further developed. 

The full-field strain map calculated by 3D-DIC technique is shown in Fig. 12 (c). In the axial strain fields (exx) 

at 100 µs, tensile strain localisation appears near the incident edge, which corresponds to the interfacial cracks 

observed in Fig. 12 (b). Compressive strain localisation areas are also observed, relevant to the inhomogeneous 

deformation around aggregates due to the differences in elastic modulus. In the lateral strain (eyy) fields at 100µs, 

tensile strain localisation along the impact direction appears, indicating the initiation of main cracks with the 

same propagation direction. Then at 150µs, lateral tensile strain localisation propagates along the loading 

direction, in accordance with the propagation direction of matrix cracks in Fig. 12 (b). Tensile strain localisation 

also appears in the compressive strain localisation area observed in the axial strain fields (exx) at 100 µs, 

indicating that the inhomogeneous deformation around the boundary of aggregates is likely to be a weak zone 

for easier crack propagation. In the post-peak stage at 200µs, lateral tensile strain localisation further develops 

along the impact direction. In addition, it is noticed that lateral tensile strains are asymmetric at pre-peak stage, 

which is mainly induced by heterogeneous distribution and irregular shapes of aggregates near surface. In order 

to explore the effect of aggregate on crack properties, the relationship between aggregate geometrical properties 

and crack patterns is further studied in Section 4.3. 
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Fig. 12. Fracture evolution of concrete under pre-stress (20, 10) MPa and impact velocity vi = 16 m/s (ε̇ ≈ 100 

s-1).

Typical high-speed photographs of concrete failure process under different biaxial pre-stresses of (10, 10), (30, 

10), (30, 20) and (10, 5) MPa and impact velocities of 14, 16 and 18 m/s are summarised in Fig. 13. It shows 

that failure process of concrete is transformed from local damage near the incident end to slab ejection towards 

the transmitted end with the increase of pre-stress σ1, while it is changed from slab ejection to local fracture near 

the transmitted end when pre-stress σ2 increases. This phenomenon indicates the aggravation effect of axial pre-

stress σ1 and the restriction effect of lateral confinement σ2 on the failure process, as is also shown by stress-

strain curves. The effect of impact velocity is also prominent since there is no obvious crack on the surface at 

an impact velocity of 14 m/s but visible cracks can be observed at higher impact velocities (e.g., 16 and 18 m/s). 
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BC 

High-speed photography of concrete failure process 
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Fig. 13. Failure process of concrete under coupled static and dynamic loadings. 

The corresponding real-time full-field deformation captured by 3D-DIC is summarised in Fig. 14. Generally, 

during the first 150 µs, the specimen exhibits a bending deformation with larger expansion at the middle part 

along the impact direction due to the friction between the specimen and bars. After 250 µs, the maximum 

deformation is shifted from the middle part to the incident or transmitted end of the specimen, forming an 

upwarp deformation. Meanwhile, as the augment of impact velocity, the surface deformation pattern is changed 

from bending dilation at an impact velocity of 14 m/s to upwarp deformation at higher impact velocities (e.g., 

16 and 18 m/s). 
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Fig. 14. Out-of-plane displacement fields of concrete under coupled static and dynamic loadings. 

Fig. 15 shows that the out-of-plane displacement of specimen increases with pre-stress σ1 and impact velocity 

but decreases with pre-stress σ2. More specifically, out-of-plane displacement presents linear growth with time 

under the pre-stresses σ2 of 10 MPa, but transforms into decelerated increase under higher pre-stresses σ2 of 20 

and 30 MPa. Meanwhile, the pre-stress σ2 has a more prominent effect on the variation of peak displacement 

than pre-stress σ1 as illustrated in Fig. 15 (a). In addition, the impact velocity also has obvious influence on the 

evolution of out-of-plane displacements as shown in Fig. 15 (b). During the first 250 µs, out-of-plane 

displacement increases under different impact velocities. During 250~500 µs, it keeps stable at an impact 

velocity of 14 m/s, transforms into decelerated increase at an impact velocity of 16 m/s and appears near-linear 

growth at an impact velocity of 18 m/s. By comparing Fig. 15 (a) and Fig. 15 (b), it can be found that the out-

of-plane displacement at 500 µs increases from 1.93 mm to 3.79 mm when the confinement changes from (30, 

30) MPa to (30, 10) MPa, while the corresponding value under (20, 5) MPa increases from 0.47 mm to 3.71

mm when the impact velocity increases from 14 m/s to 18 m/s. The result indicates that impact velocity has 

more prominent influence on the out-of-plane displacement compared with confinement. 
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Fig. 15. Evolution of maximum out-of-plane displacement Wmax under (a) different pre-stresses and (b) impact 

velocities. 

4. Post-failure fracture characteristics

Dynamic stress-strain results and real-time deformation and fracturing process mainly reflect the mechanical 

and fracturing properties of concrete at the macro- and meso-levels. In order to have a deeper understanding of 

the failure mechanism, the post-failure fractures and different crack patterns are further studied at the micro-

level by means of synchrotron-based micro-CT and machine learning-based crack classification techniques in 

this section. 

4.1 Post-failure fractures 

2D X-Z slices, 3D fracture topology and fracture volume Vf under different confinements and impact velocities 

are summarised in Fig. 16 and Fig. 17, respectively. Generally, fractures mainly concentrate on the top and 

bottom parts of each specimen since deformation develops towards free faces. 

From Fig. 16 it is clearly observed that the fracturing zone is aggravated with axial pre-stress σ1 but restrained 

by lateral confinement σ2, since microcracks are reactivated by axial pre-stress σ1 and restrained by lateral 

confinement σ2. Apart from the fractures appearing at the top and bottom of specimens, shear bands can also be 

observed in the middle part of specimens under deviator stress conditions (i.e., pre-stress σ1 not equal to σ2) from 

2D X-Z slices. This implies that the stress deviator along two principal stress directions induces the activation 

of shear cracks and thus promotes the formation of shear bands, which is further validated from the stress-strain 

curve in Fig. 9 (a) and Fig. 10 (c). Compared with 2D crack slices, 3D fracture topology depicts the fractures in 

a stereoscopic perspective. It shows that cracks evolve from the surface to the interior and side to the middle of 

the specimen as pre-stress σ1 increases, consistent with the crack propagation process observed in Fig. 12. When 

pre-stress σ2 increases, the fracturing zone decreases and cracks can be hardly observed in the middle part of the 

specimen from the 3D fracture topology. Additionally, as verified from out-of-plane displacement in Fig. 15, 

pre-stress σ2 has more prominent effect on the fracture volume variation than pre-stress σ1. 
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Fig. 16. Post failure fractures of concrete under different pre-stresses with impact velocity 16 m/s. 

From Fig. 17, it can be seen that the level of fracturing is significantly increased with impact velocity. More 

specifically, cracks are more likely to initiate and propagate along the interface at an impact velocity of 14 m/s 

and coalesce in the matrix at higher impact velocities (e.g., 16 and 18 m/s). Meanwhile, more transgranular 

cracks are observed with increasing impact velocity from the 2D slices [93]. Cracks mainly initiate at the top 

and bottom parts of the specimen and also appear in the middle part near the incident edge at an impact velocity 

of 14 m/s. At higher impact velocities (e.g., 16 and 18 m/s), cracks at the top and bottom get further developed 

and shear bands gradually coalesce in the centre part of specimen. In addition to the fracture volume quantified 

by 3D fracture topology, different crack types (e.g., matrix cracks, interfacial cracks and transgranular cracks) 
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are further explored in the following section for better understanding of the failure patterns and failure 

mechanism. 
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Fig. 17. Post failure fractures of concrete with pre-stress (10, 5) MPa under different impact velocities. 

4.2 Geometrical characteristics of crack patterns 

To achieve statistics relating to the different crack types, X-Z slices are mainly considered since cracks mainly 

propagate in the X-Z plane (i.e., plane of the maximum and minimum principal stresses). By applying the TWS 

method mentioned before, different crack patterns (e.g., matrix cracks, interfacial cracks and transgranular 

cracks) are well labelled and extracted. By further analysis of their geometrical characteristics, the crack 

orientations under different biaxial pre-stresses are displayed with the wind rose diagram. Fig. 18 shows typical 

results of orientation distribution of different cracks under pre-stress (20, 10) MPa with impact velocity vi = 16 

m/s. Orientations of matrix cracks are mainly located in the range of 0-40 and 140-180 degrees from the impact 

direction, which is in line with the main fracture properties observed in the 3D volume rendering. Interfacial 

cracks show disperse distribution, as orientations of interfacial cracks are not only affected by the directions of 

main cracks but also by the random interface directions around aggregates. Contrary to the interfacial crack 

distribution, the orientations of transgranular cracks are so uniform that almost most of the transgranular cracks 

are parallel to the impact direction within the range of 20 degrees, which implies that transgranular cracks are 

mainly induced by tensile stress along Z direction towards the free surface. For better visualisation of crack 

orientation information, it can be referred to the CT images in Fig. 16. 
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Fig. 18. Typical results of orientation distribution of different cracks under pre-stress (20, 10) MPa 

with impact velocity vi = 16 m/s (ε̇ ≈ 100 s-1). 

Apart from the crack orientation distributions, the fractal dimension and position distribution along the Z 

direction of different crack types. From Fig. 19 (a) it can be seen that the fractal dimensions of different crack 

types are distinct. Matrix cracks have the highest values, indicating that matrix cracks have more complicated 

geometrical characteristics, for example more microcracks, intersected cracks, and coarse crack boundaries. 

Interfacial cracks have slightly fewer fractal dimensions compared with matrix cracks, and their difference gets 

decreased with larger box size. Compared with matrix and interfacial cracks, the fractal dimension of 

transgranular cracks are relatively much lower, indicating that transgranular cracks not only have uniform 

orientations, but also have similarly regular geometrical properties, e.g., smoother boundaries and linear shapes. 

The geometrical characteristics of the three crack types can also be observed in Fig. 7. 

Fig. 19 (b) shows the position distribution of different crack types under pre-stress (30, 20) MPa. Overall, 

different crack types have obviously varying position distribution properties. Position distributions of matrix 

cracks, consistent with the fracture distributions observed in the 3D volume rendering as summarised in Fig. 16, 

are mainly located in the top and bottom parts of specimen (a range of 15 mm distance from the surface) but 

rarely located in the middle part. Interfacial cracks also have similar distributions as matrix cracks, but with less 

variation. The proportion of interfacial cracks is relatively higher in the middle part of the specimen compared 

to the other two crack types. It is interesting to notice that the position distributions of transgranular cracks are 

totally different to those of the matrix cracks and the interfacial cracks. The transgranular cracks are mainly 

concentrated in the middle part of specimen. Combined with the other transgranular geometrical characteristics, 

some reasons are speculated as follows. Firstly, the difference in elastic modulus between the matrix and 

aggregates induces compressive strain concentration around aggregates in the XY plane, which is verified by 

DIC results shown in Fig. 12 (c). Meanwhile, the centre parts of specimens suffer higher confinements due to 

the effect of inertia [94]. Accordingly, aggregates under high biaxial confining pressure will have more 

deformation towards the two free surfaces, resulting in tensile stress along Z direction and generation of tensile 

cracks, which can be verified by the orientation distribution and fractal dimension properties of transgranular 

cracks shown in Fig. 18 and Fig. 19 (a). Secondly, during dynamic loading, the propagation stress wave 

experiences diffraction and pressure retro-reflection around aggregates. Due to the stress shielding effect of 

aggregates, the compressive stresses at the fore-and-aft faces of aggregates along the impact direction are 

imbalanced, producing a bending effect towards the impact direction and inducing transgranular cracks which 
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can be observed in the CT slices shown in Fig. 16. The bending effect theory has been reported in previous 

research on the response of reactor pressure vessels to detonation waves, conducted by the United States 

Atomic Energy Commission [95]. 
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Fig. 19. Typical results of (a) fractal dimensions and (b) position distribution of crack density along Z 

direction of different types of cracks under pre-stress (30, 20) MPa with impact velocity vi = 16 m/s (ε̇ ≈ 90 s-

1). 

4.3 Effect of aggregate on crack patterns 

By statistical analysis of the aggregate geometrical properties (e.g., orientation and aspect ratio), the effect of 

aggregates on crack patterns is clarified and shown in Fig. 20. Generally, transgranular cracks are more likely 

to appear in aggregates whose orientation is perpendicular to the impact direction (orientation among 60-120 

degrees), but interfacial cracks are more likely to propagate across aggregates whose orientations more closely 

align with the loading direction (orientation among 0-60 and 120-180 degrees). Meanwhile, the aspect ratio of 

aggregates will increase the orientation effect on crack types, i.e., aggregates with high aspect ratios are more 

likely to generate transgranular cracks when their orientations are perpendicular to the impact direction, but 

more likely to form interfacial cracks when their orientations are parallel. Furthermore, it can also be seen from 

Fig. 20 that vertical elongated aggregates are more likely to form transgranular cracks along the impact direction, 

consistent with the geometrical characteristics of transgranular cracks. Thus, it can be concluded that aggregate 

orientation and aspect ratio have an effect on crack types. 
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Fig. 20. (a) Geometrical distributions of aggregates with (b) transgranular and interfacial cracks under pre-

stress (20, 10) MPa with impact velocity vi = 16 m/s (ε̇ ≈ 100 s-1). 

4.4 Dynamic fracture energy analysis 

Fracture energy is an important parameter for geomaterials under high strain rates, and is correlated to the 

mechanical properties and fracture behaviour [21]. In order to explore the relationship among fracture properties, 

mechanical properties and fracture energy, areas of different crack types and total cracks are respectively 

calculated with Eqs. (8-11), and energy absorbed by the testing specimen under pre-stresses and dynamic 

loadings is calculated as follows [51]: 

W𝑠 = W0 +W𝑖𝑛 −W𝑟𝑒 −W𝑡𝑟 −W𝑦1 −W𝑦2 (12) 

where Ws is the energy absorbed by concrete specimen; W0 is strain energy stored in the specimens during the 

biaxial pre-stresses; Win, Wre, and Wtr are the energies carried by the incident, reflected, transmitted waves along 

the X direction; Wy1 and Wy2 are the output strain energies along the Y direction. They are calculated by 

following equations [96]: 

W0 =
𝑚

2𝜌
∑

𝜎𝑖
2

𝐸𝑖
(13) 

W𝑖𝑛 =
𝐴𝑏𝐶𝑏
𝐸𝑏

∫𝜎𝑖𝑛(𝑡)
2 𝑑𝑡 (14) 

W𝑟𝑒 =
𝐴𝑏𝐶𝑏
𝐸𝑏

∫𝜎𝑟𝑒(𝑡)
2 𝑑𝑡 (15) 

II

I

θ
x

z
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W𝑡𝑟 =
𝐴𝑏𝐶𝑏
𝐸𝑏

∫𝜎𝑡𝑟(𝑡)
2 𝑑𝑡 (16) 

W𝑦1 =
𝐴𝑏𝐶𝑏
𝐸𝑏

∫𝜎𝑦1(𝑡)
2 𝑑𝑡 (17) 

W𝑦2 =
𝐴𝑏𝐶𝑏
𝐸𝑏

∫𝜎𝑦2(𝑡)
2 𝑑𝑡 (18) 

where m and ρ are the mass and density of the concrete specimens; σi and Ei are the principal pre-stresses and 

corresponding elastic modulus; σin(t), σre(t), and σtr(t) are dynamic stresses from the incident, reflected, 

transmitted waves along the X direction; σy1(t) and σy2(t) are dynamic stresses along the Y direction, respectively. 

Assuming that the absorbed energy is totally directed to fracturing and the kinetic energy of ejection is neglected 

considering its limited effect, the fracture energy Gf is calculated as follows: 

𝐺𝑓 =
𝑊𝑠

𝐴𝑓 (19) 

where Af is the total area of fractures, which is introduced in details in section 2.4. 

As can be seen in Fig. 21 (a) and (b), the areas of different crack types are basically in accordance with the 

variation of fracture volume, i.e., decreasing with pre-stress σ1, and increasing with pre-stress σ2 and impact 

velocity. The area of interfacial cracks is generally higher than matrix cracks under pre-stress (10, 10) MPa and 

impact velocities of 14 and 16 m/s, but lower than matrix cracks under other loading conditions. Compared with 

matrix cracks and interfacial cracks, transgranular cracks have much lower areas and are more affected by 

impact velocity than pre-stress. When taking absorbed energy into account, it is found that absorbed energy is 

significantly increased with impact velocity, which is consistent with the variation in crack areas. However, 

absorbed energy under different pre-stress conditions shows a different trend to that of crack areas. Absorbed 

energy is slightly increased with pre-stress σ1 but apparently improved when pre-stress σ2 increases from 10 to 

20 MPa. 

The transgranular crack ratio, total stress and fracture energy of concrete under different pre-stress and impact 

velocities are presented in Fig. 21 (c) and (d). All of them decrease with pre-stress σ1 but increase with pre-

stress σ2 and impact velocity. Compared with the impact velocity, pre-stress has a more significant effect on 

fracture energy. Besides, it can be seen that when the transgranular crack ratio increases, the total stress and 

fracture energy both increase, indicating that the transgranular crack plays an important role in determining the 

mechanical properties and fracture energy. At the same time, the positive correlation between total stress and 
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fracture energy is also consistent with the relationship between strength and fracture toughness in previous 

studies [97-99].  

0

5

10

15

20

vi = 16 m/s

 Matrix crack

 Interfacial crack

 Transgranular crack

Pre-stress (MPa)

T
o
ta

l 
c
ra

c
k
 a

re
a
 (
´
1
0

-3
 m

2
)

10,10 20,10 30,10 30,20 30,30

100

150

200

250

300

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
 W

s
 (

J
)

0

5

10

15

20

T
o
ta

l 
c
ra

c
k
 a

re
a
 (
´
1
0

-3
 m

2
)

 Matrix crack

 Interfacial crack

 Transgranular crack

Impact velocity vi (m/s)

1614 18

100

150

200

250

300

 Absorbed energy

BC: (10, 5) MPa

A
b
s
o
rb

e
d
 e

n
e
rg

y
 W

s
 (

J
)

(a) (b) 

0

5

10

15

20

T
ra

n
s
g

ra
n
u

la
r 

c
ra

c
k
 r

a
ti
o

 (
%

)

 Transgranular crack ratio

 Fracture energy

 Total stress

0

5

10

15

20

F
ra

c
tu

re
 e

n
e

rg
y
 (
´
1
0

3
 J

/m
2
)

Pre-stress (MPa)

30,3020,1010,10 30,10 30,20

90

100

110

120

130

vi = 16 m/s

T
o
ta

l 
s
tr

e
s
s
 (

M
P

a
)

0

5

10

15

20
T

ra
n
s
g
ra

n
u
la

r 
c
ra

c
k
 r

a
ti
o
 (

%
)

 Transgranular crack ratio

 Fracture energy

 Total stress

0

5

10

15

20

F
ra

c
tu

re
 e

n
e
rg

y
 (
´
1
0

3
 J

/m
2
)

Impact velocity vi (m/s)

1814 16

70

80

90

100

110

BC: (10, 5) MPa

T
o
ta

l 
s
tr

e
s
s
 (

M
P

a
)

(c) (d) 

Fig. 21. Areas of different crack types and absorbed energy under (a) different pre-stresses and (b) different 

impact velocities, relationship among transgranular crack ratio, total stress and fracture energy under (c) 

different pre-stresses and (d) different impact velocities. 

5. Conclusions

The dynamic mechanical properties and fracture behaviour of heterogeneous geomaterials (taking concrete as 

an exemplar) under biaxial confinements are studied for the design and safety managements of civil 

infrastructures and mining activities. In this study, by utilising a triaxial Hopkinson bar system, high-speed 

cameras combined with 3D-DIC, synchrotron-based micro-CT and machine learning- based image processing 

techniques, the dynamic stress-strain relationship, real-time deformation and fracturing evolution process, as 

well as the post-failure fracture properties are explored. The main conclusions are as follows: 

(1) The dynamic strength and peak strain of concrete show a clear strain rate effect and confinement effect,

i.e., decreasing with axial pre-stress σ1, and increasing with lateral pre-stress σ2 and impact velocity.

However, peak stress and peak strain in lateral directions show the opposite effect. Additionally, stress-

strain curves have different post-peak responses which are dependent on the confinement conditions. 
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(2) The real-time deformation and fracturing results show that cracks generally propagate from the sides to

the middle of specimens along the impact direction, appearing at interfaces and in the matrix first and 

in aggregates afterwards. Meanwhile, compressive strain concentrations are observed around 

aggregates demonstrating the effect of heterogeneity. In addition, the level of surface fracturing and 

out-of-plane displacement increases with pre-stress σ1 and impact velocity but decreases with pre-stress 

σ2, which is consistent with the post-failure fracture volume. 

(3) Machine learning based image processing and geometrical crack statistics show that different crack

types have distinct geometrical characteristics, i.e., orientation distribution, fractal dimension and 

position distribution. Additionally, the orientation and aspect ratio of aggregates have an obvious 

influence on the transgranular cracks and interfacial cracks, i.e., aggregates with larger aspect ratio and 

orientation (60°-90º) are more likely to generate transgranular cracks, but elongated aggregates parallel 

to impact direction tend to generate interfacial cracks. 

(4) The areas of three different crack types and the absorbed energy have similar growth tendency with pre-

stress σ1 and impact velocity, but higher energy is consumed with lower fracture area under higher 

lateral confinements due to the prominent increase of fracture energy. Transgranular crack ratio, total 

stress and fracture energy are correlated under different pre-stresses and impact velocities, indicating 

the importance of transgranular cracks in the mechanical properties and fracture energy of concrete 

under dynamic loading. 
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