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Abstract 11 

The dynamic tensile strength of concrete has been experimentally reported to increase 12 

significantly with the increase of imposed strain rates. However, the intrinsic 13 

mechanisms accounting for the strength increase are not well understood so far. This 14 

paper presented numerical simulations based on the spalling technique to further 15 

explore mechanisms of the dynamic responses of concrete under impact loadings. 16 

Numerical results have been verified and validated against experimental evidence 17 

with various strain rates. The validity of utilizing the Novikov acoustic processing 18 

approximation for obtaining the spalling strength of concrete is identified and 19 

discussed. Results demonstrate that this indirect processing approach could 20 

overestimate the spalling strength because real material behavior tends to deviate 21 

from its basic assumption. Mechanisms accounting for the spalling strength increase 22 

from key aspects including the meso-structure, the strain rate-dependent material 23 

behaviour, the micro-crack inertia, and the structural inertial are also identified 24 

accordingly. Results demonstrate that the increment of concrete dynamic tensile 25 

strength in spalling tests is mainly caused by the strain rate-dependent material 26 

behaviour which should be incorporated in the material constitutive description. 27 
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Besides that, the material heterogeneity also makes a considerable contribution to the 1 

increase of dynamic tensile strength in spalling tests and this contribution becomes 2 

increasingly prominent with the increase of the imposed strain rates. On the other 3 

hand, the structure inertial and the micro-crack inertial have little effect on the 4 

increase of spalling strength of concrete and thus may be ignored within the imposed 5 

strain rate range in spalling tests. 6 

Keywords: concrete; dynamic responses; mesoscale modelling; spalling tests; 7 

tensile strength enhancement 8 

9 
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1 Introduction 1 

The mechanical behavior of concrete is strongly dependent on imposed strain rates. 2 

Its apparent strength has been experimentally reported to increase significantly with 3 

the loading rate both in compression and tension [1–5]. The increase in strength of 4 

concrete under dynamic loadings is usually described by a dynamic increase factor 5 

(DIFs) which is defined as the ratio of dynamic strength to static strength [6,7]. This 6 

suggests that concrete strength increase under dynamic loadings could be exploited 7 

for the design and analysis of protective structures if the intrinsic mechanisms are 8 

well understood. However, although the phenomenon of dynamic strength increment 9 

has been observed and under continuous research for many years, the underlying 10 

mechanisms have not been fully understood yet, especially for dynamic tension 11 

[8–11]. In contrast to abundant test data in dynamic compression, reliable test results 12 

on dynamic tension are still limited. The challenges mainly originated from setting up 13 

a direct dynamic tensile test for concrete due to its small tensile failure strain and the 14 

sensitivity of stress conditions [12,13]. Therefore, indirect methods based on the split 15 

Hopkinson pressure bar (SHPB) apparatus such as the spalling tests have been widely 16 

used for studying the dynamic response of concrete-like materials [13–15].  17 

Apart from its easy implementation, the spalling test is commonly accepted to be the 18 

most reliable technique for measuring the dynamic tensile strength of concrete-like 19 

materials [15,16]. In addition, it allows concrete specimens to be exposed to a wide 20 

range of strain rates varying between tens to hundreds of s-1 [17]. Thus, most 21 

experimental data in the literature regarding the dynamic tensile strength are obtained 22 

from spalling tests [4,13,18–21]. Nevertheless, the spalling strength of concrete in 23 

most experiments is usually measured through indirect approaches which rely on 24 

several strong assumptions [15,22]. This suggests that the spalling strength data in the 25 

literature can be questionable if these assumptions are invalid [10,15]. Moreover, the 26 

complex internal mesostructure of concrete makes it more difficult to truly understand 27 

the intrinsic mechanisms of dynamic tensile strength increase in spalling tests [23,24].  28 
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Against this backdrop, researchers begin to adopt numerical simulations to study the 1 

complex dynamic mechanical behavior of concrete in spalling tests. Depending on the 2 

model used, different hypotheses have been proposed to interpret the possible 3 

mechanisms of the experimentally measured dynamic tensile strength enhancement. 4 

For example, Ožbolt et al. [25,26] studied the dynamic response of concrete in 5 

spalling tests through a series of numerical simulations. A micro-plane constitutive 6 

law that relates the rate dependency mechanical behavior to micro-cracks evolution 7 

and rate-dependent material behaviour has been used in their numerical model. 8 

Results demonstrate that two mechanisms, namely the real material behavior, and the 9 

structural inertia, should account for the experimentally measured dynamic tensile 10 

strength enhancement in spalling tests. The real material behavior is governed by the 11 

strain rate-dependent constitutive model while the structure inertial effect develops 12 

spontaneously in the structural dynamic response. This argument was supported by 13 

some other researchers, for example, Hwang et al [9,11] stated that the obtained 14 

dynamic tensile strength from spalling tests is a mixture of material viscosity and 15 

structure inertial effect after modeling the concrete response in spalling tests using a 16 

three-dimensional irregular lattice-based model.  17 

On the other hand, Hentz et al. [27] simulated the concrete spalling test using a 3D 18 

discrete element model and concluded that the dynamic tensile strength enhancement  19 

in spalling tests may be more a material behavior than a structure inertial effect. The 20 

rate-dependent material behaviour is further considered to be the most possible 21 

mechanism accounting for the dynamic tensile strength enhancement in concrete 22 

under spalling test. A similar augment was stated by Lu and Li [28] who simulated 23 

spalling tests using a homogeneous finite element model. The results from their model 24 

did not show any stain rate dependency when a rate-dependent constitutive law is 25 

used. Hence, they concluded that the experimentally measured DIFs from spalling 26 

tests are a genuine material behavior that may consist of effects from micro-crack 27 

inertial and material property heterogeneity.  28 
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More recently, with the development of computational resources, the use of mesoscale 1 

concrete models in which concrete is modeled explicitly as a three-phases of 2 

composites composed of coarse aggregates, mortar matrix, and the interface 3 

transitional zone (ITZ) has attracted extensive research interest [29,30]. Many 4 

researchers (e.g. [22,31–37]) also used mesoscale models to study the mechanical 5 

behavior of concrete under dynamic tensile loadings. Results demonstrate that 6 

mesoscopic features such as aggregate shape, size, distribution, and volume fraction 7 

as well as the ITZ properties can have noticeable effects on the dynamic response of 8 

concrete. The mesoscale concrete model can be further extended by incorporating 9 

cohesive elements in the mesostructured concrete specimen to better model the crack 10 

evolution under dynamic tensile loadings [12,22,35]. Such a modeling scheme that 11 

allows the intrinsic micro-mechanisms such as the micro-crack inertial effect has also 12 

been made to reproduce the dynamic response of concrete in spalling tests 13 

[8,10,22,38].  14 

In summary, an extensive amount of research has been devoted to exploring the 15 

mechanisms of dynamic response in concrete, particularly in association with spalling 16 

tests. It has generally been accepted that possible mechanisms may include material 17 

heterogeneity, true material response (i.e. rate-dependent material behavior), structural 18 

inertial, and micro-crack inertial effects. However, the debate is still ongoing:  19 

(i) is the strength increment a material behavior or rather due to some structural 20 

inertial effects? 21 

(ii) what is the individual contribution, in quantitative terms, of different mechanisms 22 

to the dynamic strength increment?  23 

Therefore, the present paper is aimed to contribute to a further understanding of the 24 

dynamic response of concrete in spalling tests and then provide some new insight into 25 

addressing the above questions. A robust mesoscale finite element framework, which 26 

has been developed in our previous studies [10,12,24,30], is adopted to model the 27 

dynamic response of concrete at a mesoscopic level under spalling tests. Both the 28 
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indirect and direct measurements of spalling strengths are obtained from numerical 1 

simulations. Finally, the individual contributions from material heterogeneity, true 2 

material response, structural inertial, and micro-crack inertial effects to the rate 3 

dependence of dynamic spalling strength are evaluated and discussed.  4 

2 Spalling technique  5 

2.1 Experimental setup 6 

The spalling technique was originally adopted by Diamaruya et al. [39] to test the 7 

dynamic tension response for concrete-like materials. In the experimental setup (Fig. 8 

1(a)), one end of the specimen is placed in contact with the incident bar whereas the 9 

other end is left free such that the stress state in the specimen is intentionally left 10 

unbalanced. During the experimental test, a projectile first hits the incident bar to 11 

generate an incident compressive wave, as shown in Fig. 1(b), which propagates 12 

towards the contact interface with the concrete sample [15,20]. Because of the 13 

different impedances at the bar-sample interface between two materials, only a 14 

portion of the incident wave transmits into the concrete specimen while the other part 15 

reflects back into the incident bar. The transmitted compressive wave continues to 16 

propagate through the concrete specimen until reaching the free end where it reflects 17 

as a tensile stress wave. The propagation of the transmitted compressive wave and the 18 

reflected one produces a superposition effect, which generates a tensile loading inside 19 

the specimen. It then leads to possible cracking of concrete specimens when the 20 

developed tensile loading is beyond the material tensile strength.  21 

Experimental information, such as the material wave propagation speed and the 22 

imposed strain rate, are identified by recording the wave propagation and reflection 23 

data through strain gauges which are glued on the surface of the sample at different 24 

locations along the axial direction. In most common experimental devices [15,40], the 25 

velocity history on the free end of the sample is also collected by using one or two 26 

laser extensometers behind the free end. A typical spalling test scheme is shown in Fig. 27 
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1 and more detailed information regarding the experimental setup can be referred to in 1 

the relevant literature (e.g.[10,12,14,41]). 2 

 3 

Fig. 1. The scheme of spalling technique 4 

2.2 Deducing spalling strength 5 

In spalling tests, several processing techniques, for example, a wave 6 

superposition-based [2,4,21], a velocity-based [15,18,40], and a strain-based [13,19] 7 

measurement setup, have been commonly used in the literature to deduce the dynamic 8 

tensile strength of concrete. Among all the approaches, it is generally accepted that 9 

the velocity-based processing method can predict the most accurate results. This 10 

processing approach is based on the measurement of the pullback velocity, pull backV   11 

at the sample’s free surface. The apparent tensile strength of concrete dyn  is then 12 

deduced through the following Novikov approximation formula [15]: 13 

                                  dyn 0

1
,

2 pull backC V               (1) 14 

In Eq. (1), 0C  is the wave propagation speed in the concrete sample which depends 15 

on the material’s Young’s modulus E and mass density  :  16 
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   0

E
C


                                            (2) 1 

As illustrated in Fig. 1(c), the pullback velocity in Eq. (1) represents the difference 2 

between the peak speed and the velocity at the first rebound at the sample’s free end.   3 

However, it is worth noting that the Novikov approximation is an indirect 4 

measurement of the spalling strength of concrete which involves several assumptions 5 

and inferences [10,15]. The validity and accuracy of the spalling strength so obtained 6 

would be questioned when these assumptions are not valid. Recently, a new 7 

experimental technique that can derive the cross-section stress of a spalling sample 8 

has been utilized in literature [15,42,43]. Full-field measurement combining the 9 

virtual field method (VFM) is used in this technique to analyze the images filmed by 10 

an ultra-high-speed camera. The local spalling strength is then determined by 11 

reconstructing the average stress history in a cross-section on the macro fracture plane 12 

without involving any assumption on material behavior. The spalling strength 13 

obtained with this technique is found to be about 20% lower than the one deduced 14 

from the Novikov approximation. Inspired by this idea, Zhou et al [10] conducted 15 

“numerical experiments” of the concrete spalling test on a mesoscopic scale, in which 16 

the spalling strength is directly evaluated by the maximum section force at the 17 

location of the main crack max
crackF , divided by the fractured section area fA  , as 18 

following: 19 

max

dyn
crack

f

F

A
                                              (3) 20 

Frankly, 2D mesoscale model may have some limitations in this case to accurately 21 

describe the change in cross-section area of concrete specimen, especially at high 22 

strain rates. When subjected to dynamic loading, concrete specimen can experience 23 

nonnegligible lateral inertial force which restrict the lateral accelerated deformation 24 

due to the Poisson’s effect. Understandingly, the inertial force in the third direction is 25 

not reasonably incorporated in the 2D mesoscale model, leading inaccurate lateral 26 

deformation. Therefore, a robust 3D mesoscale model which can capture the real 27 
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stress state in the specimen, especially the inertial force in the third direction, is 1 

required. However, developing such a model involves computational complexity and 2 

other techniques, which is beyond the scope of current study, and will be considered 3 

to report in a separate paper in the future. The conclusions drawn from the present 4 

study will not be affected by the dimension of the model.  5 

In the present study, the spalling strengths in numerical simulations are evaluated 6 

firstly through the Novikov acoustic approach for experimental verification. 7 

Meanwhile, the direct spalling strengths are also obtained from section stresses for 8 

comparison. Discrepancies in the results between these two approaches will be further 9 

discussed.  10 

3 Model setup and experimental verification  11 

In the present study, the spalling experiments performed by Erzar and Forquin [14] 12 

are simulated for the basic “numerical experiment” setup and verification. The 13 

geometrical dimension of the concrete sample is 140 mm in length and 45.7 mm in 14 

diameter (see Fig. 2(a)). The maximum aggregate size of the concrete sample is up to 15 

8 mm.  16 

To save computational resources, the spalling test set-up (Fig. 1(a)) in the present 17 

numerical simulation is simplified by imposing an equivalent pressure pulse on one 18 

end face of the specimen (i.e. the incident bar-specimen interface in the experiment). 19 

Such a simplification is commonly used in the numerical simulation of this class of 20 

problems [22,38,44] and has been proved to produce effectively the same results as 21 

those from modeling the whole spalling set-up [10,45]. 22 

3.1 The mesoscale concrete fracture model 23 

Much research has been devoted to the development of mesoscale concrete models 24 

both in 2D (e.g.[30,46]) and 3D (e.g. [8,29,34]). Previous studies have indicated that, 25 

as far as dynamic tensile strength increase is concerned, the use of a 2D mesoscale 26 
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concrete model would generally suffice [12,22,46]. Therefore, in the present study, a 1 

2D mesoscale model is employed for simulating the dynamic response of concrete in 2 

spalling tests.  3 

In the present mesoscale framework, concrete is modeled explicitly as a three-phases 4 

of composites composed of coarse aggregates, mortar matrix, and the interface 5 

transitional zone (ITZ). The aggregate particles are modeled by random convex 6 

polygons, and their shapes, sizes, and locations can be controlled by specifying 7 

pseudorandom functions. The packing density of aggregate particles is controlled by 8 

specifying a volume ratio, while the aggregate particle size distribution follows a 9 

standard Fuller grading curve. The whole procedure is programmed using an in-house 10 

developed MATLAB code. The detailed algorithm and procedures for developing 11 

such a mesostructure can be found in [47]. It is worth mentioning that the aggregate 12 

shape in an actual concrete specimen may be mixed with rounded, angular and 13 

polyhedral. Highly irregular particles such as flaky and elongated shapes are not 14 

uncommon either. In the present 2D mesoscale model, polygon-shaped aggregates are 15 

mainly adopted in the present simulations with the consideration that the round and 16 

elliptic shapes can be approximated by polygons with specially chosen shape 17 

parameters. The procedure itself has no restriction on the aggregate shape, size and its 18 

distributions. From the generated mesostructure in Fig. 2(a), it can be clearly observed 19 

that both regular aggregates and un-regular aggregates are approximated in the 20 

present study.  21 

To better capture the fracture process, a zero-thickness cohesive element is inserted 22 

between all bulk elements in the mesostructure after the FE-meshing. According to 23 

the mesostructure of the concrete, three groups of interface elements, namely the 24 

aggregate-mortar (ITZ) interface elements, the aggregate-aggregate (intra-aggregate) 25 

interface elements, and the mortar-mortar (intra-mortar) interface elements, as shown 26 

in Fig. 2(b), are identified in the present study. The general algorithm and steps for 27 

inserting zero-thickness cohesive elements and identifying their properties in such a 28 
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mesostructure can be referred to in [12]. With such a scheme, the developing fracture 1 

process in concrete can be modeled as a continuous loss of the cohesive resistance 2 

with increasing displacement discontinuous along the mesh lines, representing rather 3 

explicitly the development of macro cracks.  4 

 5 

Fig. 2. “Numerical experiment” set-up and typical mesoscale concrete fracture model: 6 

(a) simplified spalling test; (b) bulk elements and cohesive elements 7 

Intrinsic cohesive elements in the present study are used for modeling the potential 8 

fracture process and they are embedded in the discretized structure at the beginning of 9 

simulations. Although this kind of cohesive element may introduce some problems in 10 

some cases such as the formation of unexpected crack paths and violation of the 11 

Cauchy theorem [46], previous studies have revealed several advantages of such a 12 

scheme in modeling the dynamic fracture of concrete. Compared with extrinsic 13 

cohesive elements, it allows easier implementation without constant mesh topology 14 

updating and it is more convenient for modeling crack propagations in concrete with a 15 

strain rate-dependent fracture criterion [10,12]. In addition, our previous studies have 16 

also demonstrated that potential issues with the intrinsic approach mentioned above 17 
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can largely be diminished provided that sufficiently large values are set for the initial 1 

stiffnesses [22,30]. Therefore, the intrinsic cohesive model approach is adopted in the 2 

present study to avoid further complexity in updating the mesoscale mesh topology 3 

during dynamic response analysis. The detailed information regarding the constitutive 4 

law used for the cohesive elements and the corresponding parameter calibrations are 5 

given in the following sections.  6 

3.2 Material models 7 

In the present study, a simple linear elastic material model is adopted for brick 8 

elements while a bilinear cohesive constitutive law is employed for cohesive elements. 9 

Thus, the cracking process and macro non-linear behaviour of concrete in simulations 10 

are described by the gradual loss of cohesive strength with increasing separation 11 

distance in the cohesive elements. For the constitutive description of intrinsic 12 

cohesive elements, only some key parameters such as the peak traction P  and its 13 

corresponding separation distance P  and the ultimate displacement F  need to be 14 

specified. Other important physical parameters such as the initial stiffness K and the 15 

fracture energy release rate G can then be deduced from these key parameters (e.g. 16 

/P PK   , / 2P FG    ).  17 

The cohesive constitutive model adopted in the present study is capable of modeling 18 

the interface failure under mode-I, mode-II, and the interaction behavior between 19 

these two fracture modes, i.e. mixed mode fracture. For simplicity, but without loss of 20 

generality, the same bilinear cohesive constitutive law with different parameter values 21 

is adopted for the shear fracture mode (i.e. mode-II). Then, the mixed mode fracture 22 

behavior is then modelled by the interaction of the two independent fracture modes. A 23 

coupling law proposed by Gerlach et al. [48] is used in the present study for 24 

describing the interaction behavior. In this coupling law, the damage initiation 25 

distance P
M  and the ultimate displacement F

M , for the mixed mode fracture are 26 
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determined by:  1 

   
2

2 2

1P P P
M I II

P P
I II

  
 





                            (4) 2 

and 3 
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              (5) 4 

respectively. In the above equations,     and 
I II

 denote the corresponding 5 

parameters in the respective single modes, e.g.  and IC IICG G  are the fracture energy 6 

release rate for pure mode-I and mode-II, and   is defined as the ratio of mode 7 

mixity, i.e. /II I   . A detailed description of this cohesive constitutive law is 8 

referred to [24,48]. 9 

A strain rate-dependent tensile strength is incorporated into the cohesive constitutive 10 

description to include the possible effects of rate-dependent material behaviour in the 11 

dynamic response of concrete. In reality, the rate-dependent material behaviour may 12 

be caused by the moisture inside concrete pore systems and the limited crack 13 

propagation speed [20,32,41,43]. Explicitly modelling these effects require a 14 

representation of free water content and reflection of complex physical interaction 15 

between moisture and micro-structural solid skeleton [33,49], which are not within 16 

the remit of current mesoscale concrete fracture model. In addition, the inverse 17 

identification of several parameters in these visco-elasticity or plasticity models is 18 

also an extremely challenge task. Therefore, without loss of generality, but focused on 19 

its simplicity and robustness, a phenomenological approach which formulated the 20 

strain rate dependent material behaviour in term of rate-dependence of the parameters 21 

of a bi-linear traction–separation relation is adopted in the present simulations. The 22 

strain rate-sensitive tractions,  p   for both tension (Mode-I) and shear (Mode-II) 23 

fracture modes, are described by a linear logarithmic function: [10,12]: 24 
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                                     (6) 1 

where ref  is the reference strain rate, 0
p  the peak traction at the reference strain rate, 2 

  the imposed strain rate at the material point, and k is the model constant. Angle 3 

bracket  denotes the Dirac delta function which has the definition as f f  if 4 

0f   and 0 otherwise.  5 

It is also possible to consider a strain rate-dependent fracture energy in the material 6 

model. However, from the authors’ perspective, the experimental measured fracture 7 

energy enhancement should be attributed, at least in part, to multiple cracks and wider 8 

region of damage zone. The number of cracks and the regions of damage zone 9 

increase with the increase of loading rates. The diffuse micro-cracking in a wider 10 

regions of damage zone at higher strain rates could make contributions to the increase 11 

of measured fracture energy. Our previous studies [12,45] also demonstrate that the 12 

macroscopic fracture energy within a fracture process zone increases significantly 13 

with the increase of imposed strain rate even local fracture energy at material level is 14 

considered as rate-independent. In addition, Lukic et al [42] directly measured the 15 

specific fracture energy of one single dynamic fracture by reconstructing the local 16 

stress-displacement curve using a virtual full field method. Results demonstrated that 17 

the fracture energy obtained from traditional processing approach in the literature may 18 

be overestimated.  19 

Therefore, in the present simulations, the fracture energy is set to be rate-independent 20 

in the material description with the expectation that the increase of the fracture energy 21 

in the fracture zone at high rate tension comes from the occurrence of multiple cracks. 22 

3.3 Material parameters and mesh size 23 

As mentioned earlier, we chose to reproduce the spalling tests performed by Erzar and 24 

Forquin [32] for model verification. The experimental results from the wet R30A7 25 
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concrete sample are used for material parameter calibration and further study of the 1 

strain rate effects of the spalling strength of concrete. The material compositions and 2 

mechanical properties of R30A7 are very close to those of standard concrete with a 3 

compressive strength of about 30 MPa and a maximum aggregate size of up to 8 mm 4 

[32,50]. In the present study, the material parameters are first determined by 5 

calibrating the predicted stress-strain curves with the experimentally measured results 6 

in uniaxial compression and tension for wet R30A7 concrete [50] under quasi-static 7 

loading conditions.  8 

The bulk elements in the present model do not involve any damage or fracture in all 9 

simulations. Therefore, only elastic response is concerned for these elements, and the 10 

material parameters required to be defined are elastic modulus E, mass density  , 11 

and Poisson’s ratio v only. The present study does not consider the strain rate effect on 12 

Young’s modulus, and it is determined from relevant experimental tests (e.g. [32,40]) 13 

to ensure consistent wave propagation velocities with experiment tests during 14 

dynamic loadings. Table 1 summarizes the material parameter values for bulk 15 

elements. 16 

Table 1 Material properties for bulk elements 17 

Component Density (kg/m3) 
Young’s modulus 

E (GPa) 
Poisson’s ratio v (--) 

Aggregate 2600 70 0.2 

Mortar 2300 30 0.2 

 18 

The cohesive elements in the model control the damage or fracture evolution in the 19 

concrete sample, so the macroscopic mechanical behavior of concrete is mainly 20 

dependent on their constitutive description. As mentioned earlier, determining or 21 
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calibration of material properties of these cohesive elements is generally 1 

straightforward. Only some key parameters such as the peak tractions P
I , P

II  and 2 

the fracture energy release rate ICG , IICG  for pure fracture mode-I and mode-II (i.e. 3 

tension and shear) need to be specified. Generally, it is not difficult to determine the 4 

tensile properties such as P
I  and ICG  for intra-aggregate and intra-mortar cohesive 5 

elements. Many researchers have conducted relevant research work and achieved 6 

good results. For example, Rossello and Elices [51,52] measured the tensile strength 7 

and fracture energy of aggregate and matrix in a normal concrete with a compressive 8 

strength of around 30 MPa, and the reported P
I  and ICG  are 16 2  MPa, 4.7 2  9 

MPa, and 80 J/m2, 52 6  J/m2 for aggregate and matrix, respectively. These 10 

parameter values have been widely applied in the mesoscale simulations of concrete 11 

and have been verified by corresponding experimental results (e.g. [30,53]).  12 

On the other hand, the shear properties including the strength P
II  and fracture 13 

energy IICG  for aggregate and matrix are not precisely known in the literature. 14 

Experimental evidence (e.g. [54–57]) suggests that the peak strength and fracture 15 

energy are significantly larger in pure mode-II than in pure mode-I. The 16 

recommended shear strength and shear fracture energy in the literature are 17 

respectively 3-10 times and 8-25 times of tensile strength and tensile fracture energy. 18 

Within these references values, the shear properties of the intra-aggregate and 19 

intra-mortar cohesive elements in the present study are then determined by calibrating 20 

of the macroscopic stress-strain curves and final fracture patterns with relevant 21 

experimental evidences [58]. Through a series of parameters calibration, the shear 22 

peak traction P
II  and the shear fracture energy release rate IICG  are ultimately 23 

taken as 10 times the values of the corresponding ones in pure fracture mode-I.  24 

The properties of the ITZ layer are difficult to determine precisely but it is generally 25 

known to be weaker and is about 50% of the strength of the mortar matrix [29,37,59] 26 
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in quasi-static loading condition. Therefore, in the present simulations, all properties 1 

of the aggregate-mortar (ITZ) interface elements in quasi-static loading conditions are 2 

taken as half of the corresponding properties of intra-mortar interface elements. Table 3 

2 summarize the material parameter values for three different cohesive interface 4 

elements. The material properties listed in Table 1 and 2 are assigned to represent a 5 

class of concrete with a static compressive strength on the order of 30 MPa (R30A7 in 6 

[32]). To avoid artificial compliance, the initial stiffnesses for the three groups of 7 

intrinsic cohesive elements are selected following the rule given in [30] where the 8 

value is determined as 50 times the ratio of Young’s modulus of the constituent 9 

materials to the element size.  10 

Table 2 Material properties for cohesive elements 11 

Component 

Tensile 
strength 

P
I  (MPa) 

Fracture 
energy 

ICG (N/mm) 

Shear 
strength 

P
II  (MPa) 

Fracture 

energy IICG (N/mm) 

Intra-Aggregate 16 0.08 160 0.8 

Intra-Mortar 4.7 0.06 47 0.6 

ITZ 2.3 0.03 23 0.3 

 12 

The rate-sensitive dynamic tensile strength is described by Eq. (6) with the reference 13 

strain rate corresponding to a quasi-static loading condition, i.e. ref  = 10-3 s-1. The 14 

material constant k in Eq. (6) is then determined by calibrating the simulated pull-back 15 

velocities with corresponding experimental data under various strain rates. The 16 

calibrated rate-sensitive parameters ( ref = 10-3 s-1, k =2.45) have been applied 17 
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identically for the three groups of interface elements (aggregate-aggregate, 1 

mortar-mortar, and aggregate-mortar) in all simulations in the present study.  2 

To obtain mesh convergence results, four different average element lengths namely 2 3 

mm, 1.5 mm, 1 mm, and 0.5 mm have been employed respectively to discretize the 4 

same mesostructure as shown in Fig. 3. Fig. 4(a) shows the average velocities at the 5 

free end as obtained from the numerical simulation with the above four mesh sizes, 6 

and the corresponding final crack patterns are present in Fig. 4(b). There is a 7 

convergence for both the free end velocity and the final crack pattern when the mesh 8 

size is not greater than approximately 1 mm. Therefore, an average mesh size of 1 mm 9 

is adopted in the following numerical simulations of this paper.  10 

 11 

Fig. 3. Different mesh sizes on the same mesostructure (partial region) 12 
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 1 

Fig. 4. Mesh convergence study: (a) pullback velocity at the free end; (b) final crack 2 

patterns.  3 

3.4 Model verification 4 

Two compressive loading pulses which are denoted as load cases 1 and 2 as shown in 5 

Fig. 5 have been reconstructed in the experiments at the bar-sample interface through 6 

strain gauges and laser extensometer data. In the present numerical simulations, these 7 

two experimental loading pulses are equivalently applied on the left boundary of the 8 

concrete specimen for the sake of simplification.  9 

Fig. 6 presents the simulated free end velocities for load cases 1 and 2 with 10 

corresponding experimental measurements for comparison. The free-end velocity in 11 

all numerical simulations in the present study is measured as the average velocity 12 

across all nodes on the rear surface. It can be observed from Fig. 6 that the overall 13 

trajectories of the simulated velocity histories agree well with the experimental data. 14 
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Fig. 7 further compares the predicted crack patterns with the experimental observations. 1 

Good agreement between the numerical results and experimental evidence can be 2 

observed.  3 

 4 

Fig. 5. Typical loading waves reconstructed from the experiment [32] 5 

 6 

Fig. 6. Model verification against experimental measurements [32]: free end 7 

velocities. 8 
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 1 

Fig. 7. Model verification against experimental evidence [32]: crack patterns. 2 

It should be noted that the mesoscale structure of concrete in the present simulations 3 

is modeled by a stochastic distribution of random polygon particles embedded in the 4 

mortar matrix. One may argue that the local spatial arrangement of aggregates could 5 

have some influence on the dynamic response of concrete in spalling tests. To clarify 6 

this issue, four numerical concrete specimens have been generated following the same 7 

grading curve i.e. with the same target aggregate volume ratio and the same aggregate 8 

size distribution. An impulsive load resulting in a nominal strain rate of around 100 s-1 9 

is applied to the four numerical concrete samples. Fig. 8 (a) presents the 10 

corresponding responses from the four samples in terms of free-end velocities (Fig. 11 

8(a)) and final crack patterns (Fig. 8(b)). It can be observed that the overall results, 12 

including the free-end velocity history as well as the crack patterns, are almost 13 

unaffected by local particle arrangements. Therefore, it is reasonable to conclude that 14 

the concrete response in spalling tests can be well represented by one randomly 15 

sampled mesoscale structure of the concrete following a given grading curve.  16 
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 1 

Fig. 8. Effect of the mesostructure: (a) pullback velocity of the free end; (b) final 2 

crack pattern. 3 

To verify the general capacity of the present mode in capturing the mechanical 4 

behavior of concrete under varying loading rates, a series of simulations are 5 

performed under various loading pulses by scaling up or down the peak amplitudes of 6 

compressive pressures in Fig. 5 while keeping the duration constant. The resulting 7 

strain rates inside the sample on the fracture planes generated by these loading pulses 8 

are in the range of 20 to 200 s-1. The strain rate is inferred from the stress evolution 9 

history at the location of the macro tensile crack by the following equation [8]: 10 

spalling
crack location

1
 .t

E t

     
                                 (7) 11 

t

t




 in Eq. (7) denotes the evolution rate of tensile stress at the crack location, which 12 

can be extracted from the corresponding stress history curve. The dynamic tensile 13 

strengths vs. different strain rates are then extracted and presented in Fig. 9. As 14 

mentioned earlier, to keep a consistent description, the spalling strength for 15 
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experimental comparison is calculated based on the Novikov approximation, i.e. Eq. 1 

(1). As shown in Fig.9, the numerically predicted spalling strengths agree well with 2 

experimental measurements within the whole range of strain rates observed in 3 

experiments.  4 

 5 

Fig. 9. Spalling strength comparison between numerical prediction and experimental 6 

measurements [32]. 7 

The above comparison and verification results demonstrate that the developed 8 

“numerical experiments” can well capture the mechanical behavior of concrete in 9 

spalling tests. Therefore, the model is ready to be applied in the exploration of 10 

intrinsic mechanisms of dynamic tensile strength enhancement in spalling tests, which 11 

will be given in Section 5. 12 

4 Discussion on the validity of the spalling strength based on the 13 

Novikov approximation 14 

The proposed mesoscale concrete model adopted for spalling simulations have been 15 

verified in both fracture modes and pull-back velocities as well as the spalling 16 

strengths under various loading rates. However, as mentioned earlier, the spalling 17 

strengths obtained currently from both experiments and simulations are evaluated 18 

through the so-called Novikov processing approach (Eq. (1)) which is an indirect 19 

measurement of the spalling strength of concrete. Such an indirect processing 20 
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approach relies on several strong assumptions of the material behavior [10,15]. Firstly, 1 

it requires a linear-elastic material behavior before the peak tensile strength in spalling 2 

tests. In addition, a linear acoustic approximation is assumed in Eq. (1) to deduce the 3 

ultimate spalling strength of concrete. Furthermore, it assumes that the rapture of 4 

concrete in spalling tests is instant and is associated with a sudden disruption to the 5 

wave propagation. Previous studies [10,15] have demonstrate that these assumption 6 

may not be valid for concrete-like materials and the spalling strength so obtained may 7 

become questioned.  8 

The accuracy and validity of the obtained spalling strengths based on the pullback 9 

velocity information are firstly examined against the direct “measurement” from 10 

section stresses on fracture planes (i.e. Eq. (3)). It should be noted that it may be 11 

difficult to precisely define a specific fracture plane in spalling test, especially under 12 

high imposed strain rates, since multiple macro-cracks occur within the specimen. In 13 

addition, the macroscopic fracture surfaces are usually observed to be in a curved 14 

shape instead of flat planes due to random distributions of aggregates. Zhou et al [10] 15 

examined the stress state within a damaged region where cracks are mainly distributed 16 

and results demonstrate that almost uniform tensile stress states can be achieved 17 

within this damaged region which is usually defined in the central part of the 18 

specimen with boundaries 35 mm and 105 mm from the free end. Therefore, the 19 

tensile stress histories at any cross-section within the damaged region can be extracted 20 

to evaluate the spalling strength of concrete. In the present simulations, without loss 21 

of generality, the spalling strength and the corresponding strain rate are calculated 22 

based on the cross-section closest to the macroscopic crack within the damaged 23 

region.  24 

The corresponding results under various imposed strain rates are also presented in Fig. 25 

9 for comparison. It is clear that the spalling strength obtained from the traditional 26 

indirect approach (i.e. Novikov approximation) is generally higher than the directly 27 

measured strength within the imposed strain rates up to 100 s-1. However, with further 28 
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increasing of the imposed strain rate, the results predicted by the two approaches are 1 

getting closer. This may indicate that the imposed strain rates can affect the accuracy 2 

of the Novikov acoustic approximation for deducing the spalling strength. Under 3 

relatively low strain rates, this indirect method could overestimate the spalling 4 

strength of concrete, while the predicted results tend to be more accurate with 5 

increasing the imposed strain rate (on the order of 100 s-1 and beyond).  6 

 7 

Fig. 10. Damage patterns before the peak stress: (a) strain rate around 20 s-1; (b) strain 8 

rate around 160 s-1 9 

Fig. 10 presents the damage patterns of concrete samples before the peak strength 10 

point under two different strain rates. In the numerical simulations, the effective 11 

plastic strain is used to represent the micro-cracks in the concrete with the capped 12 

value 0.05 (red color) roughly corresponding to about a 0.05 mm crack width. It can 13 

be found that multiple micro-cracks have already occurred in concrete under a 14 

relatively low imposed strain rate of 20 s-1, while only very few micro-cracks are 15 

observed under a higher strain rate of 160 s-1. This may indicate that different imposed 16 

strain rates will lead to different levels of damage states in concrete before the final 17 

rupture. The reason can be attributed to the heterogeneity that exists in concrete. 18 

Under relatively low strain rates, the cracks or damage usually start from weak points, 19 
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e.g., ITZ and then propagate to other region, which means the rupture of the concrete 1 

is not occurred instantaneously, and the specimens cannot be in a completely linear 2 

elastic and non-destructive state before the final rupture. This runs counter to the basic 3 

assumptions of the Novikov acoustic processing approach. Thus, the inferred spalling 4 

strengths at low imposed strain rates may be overestimated and invalid. In contrast, 5 

under high strain rate loading, damage or microcracks can hardly develop in a wilder 6 

area, leaving the concrete material behavior close to a linear elastic state before the 7 

final rupture. Thus, the spalling strength data obtained at high strain rates are more 8 

reliable. However, it is worth mentioning here that the allowable strain rate for normal 9 

concrete in a spalling test is generally limited to 200 s-1 [10,13], beyond which the 10 

concrete sample could be directly crushed by the incident compressive wave.  11 

It is worth mentioning that the validity of the data obtained from the Novikov 12 

processing approach in concrete spalling test may be also affected by the asymmetric 13 

elastic response in tension and compression. Forquin et al. [15] reconstructed 14 

stress-strain curves of concrete for both tension and compression stages in spalling 15 

test using a virtual fields method and found that the tensile stiffness is markedly lower 16 

than the initial compressive stiffness. However, the elastic modulus (or wave speed) 17 

used in calculation of the spalling strength of concrete in Novikov approximation (Eq. 18 

(1)) is usually collected from the compressive stage. The asymmetric elastic response 19 

of concrete in tension and compression may thus indicate that the spalling strength of 20 

concrete from the Novikov processing approach is mistakenly evaluated. In addition, 21 

the measured free-end velocity also reflects the mechanical response of concrete. If 22 

the asymmetric elastic response in tension and compression truly exists, but is not 23 

considered in the data processing, the spalling strength criterion based on the linear 24 

acoustic approximation and the pull-back velocity is questionable and may not be 25 

valid for concrete. Studying this effect on the spalling strength of concrete is beyond 26 

the scope of the present study and may be considered for future research.  27 
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5 Mechanisms accounting for dynamic tensile strength enhancement 1 

The potential mechanisms resulting in the strain rate effect on tensile strength in 2 

spalling tests are discussed in this section. The individual contributions from the inner 3 

mesostructure of concrete, rate-dependent material behaviour, structural inertia, and 4 

micro-crack inertia, are discussed by purposely constructed comparative models.    5 

5.1 Effect of mesostructure 6 

The effect of the mesostructure in concrete on the dynamic tensile strength 7 

enhancement is quantitatively evaluated by comparing the results from a pair of 8 

comparative models, one is the current mesoscale & cohesive model (MC model), and 9 

another a homogenous cohesive element model (i.e. HC model) in which the bulk 10 

elements outside the cohesive zone are “homogenized” to have uniform material 11 

properties. The zero-thickness interface elements which are inserted between bulk 12 

elements are still present as in the MC model but they are assumed to also have 13 

uniform properties. Similarly, the cohesive element uses a bilinear cohesive material 14 

model while the bulk element outside the cohesive zone uses a linear elastic material 15 

model. To facilitate a clear comparison, the HC model is calibrated and homogenized 16 

so that the specimen exhibits essentially the overall tensile properties as the MC 17 

model under quasi-static loadings. The detailed calibration and homogenization 18 

procedure can be found in [12,60,61]. The homogenized Young’s modulus and 19 

Poisson’s ratio for the bulk element are 43.5 GPa and 0.2 respectively. And for the 20 

homogeneous cohesive elements, the peak traction and fracture energy release rates 21 

for pure mode-I, and pure mode-II are 3.2 MPa, 12.8 MPa, 0.05 N/mm, and 0.5 N/mm, 22 

respectively. The same linear logarithmic function in Section 3.2 is employed to 23 

describe the strain rate-dependent dynamic strengths for the HC model but with 24 

corresponding homogenous quasi-static values, i.e. 3.2P
I   MPa, and 12.8P

II   25 

MPa.  26 
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 1 

Fig. 11. Effect of material heterogeneity: (a) comparison of spalling strength between 2 

MC and HC model; (b) final crack patterns of MC model under various strain rates. 3 

The effects of imposed strain rates on the general spalling behavior of concrete for 4 

both MC and HC models are then examined. Fig. 11(a) presents the spalling strengths 5 

for both MC and HC models, which are calculated based on Novikov approximation 6 

(i.e. Eq. (1)). It can be observed that the spalling strengths from the MC model are 7 

generally higher than the ones from HC model, which demonstrates that the inner 8 

mesostructure of concrete has an important effect on the dynamic tensile strength 9 

enhancement in spalling tests. By comparing the spalling strength differences between 10 
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MC and HC models under various imposed strain rates, it is interesting to find that 1 

this contribution is more prominent at a high strain rate. Fig. 11(b) presents the final 2 

crack patterns of MC models in spalling tests under various imposed strain rates. The 3 

distribution and evolution paths of micro-cracks are strongly affected by the 4 

mesostructure in concrete and the imposed strain rates. Specifically, crack evolution 5 

paths generally follow the interface between the mortar and aggregates at lower strain 6 

rate loading (below 100 s-1); however, when the imposed loading rate increases 7 

(beyond 100 s-1) several cracks can directly penetrate through the aggregates (see Fig. 8 

11(b)). An increasing number of aggregate particles are involving in cracking, and 9 

thus enhance the spalling strength.  10 

 11 

Fig. 12. Comparison of spalling strengths between direct and indirect measurements 12 

from the HC model  13 

It is worth noting that the material heterogeneity may also affect the spalling strength 14 

as evaluated by using the so-called Novikov acoustic processing approximation. Fig. 15 

12 presents the discrepancy of spalling strengths between direct and indirect 16 

measurements from the HC model. Compared with the results of the MC model in Fig. 17 

9, the discrepancies appear to be generally smaller than those from the MC model 18 

under the same imposed strain rates, suggesting that the pullback velocity-based 19 

processing approach for deducing spalling strength would be more reliable in tests 20 

with HC-type of materials, such as mortar with fine aggregates, than with normal 21 
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concrete as represented by the MC model. Possible reasons can be traced back to the 1 

relatively lower tensile strength of ITZ in the MC model, which may incur more 2 

serious damage before the rupture of the specimen as compared with the HC model.   3 

5.2 Effect of rate dependent material behavior (true material response) 4 

There has been a debate among researchers about the necessity of incorporating a 5 

strain rate-dependent material model in simulating the dynamic tensile response of 6 

concrete [5,11,23]. To clarify this issue using the present mesoscale cohesive element 7 

framework, a rate-independent model is employed to simulate the dynamic responses 8 

in spalling tests for comparison. The cohesive strength in this control model is set as a 9 

constant and it does not vary with the strain rate. Other aspects of this control model, 10 

including the mesostructure, the boundary and loading conditions as well as the mesh 11 

size, remain the same as the model in Section 3.4.  12 

Fig. 13(a) compares free end velocities in one spalling test for the two models. As can 13 

be observed, the velocity history of the free end is not well predicted in the 14 

rate-independent model and this may suggest that the rate-independent model cannot 15 

reproduce the complex mechanical behavior of the concrete in spalling tests. Fig. 13(b) 16 

presents the spalling strength under various imposed strain rates from the 17 

rate-independent model. Both the direct measurement from the section stress and the 18 

indirect calculation based on Novikov acoustic approximation are presented for 19 

comparison. The spalling strengths obtained from two different approaches are both 20 

nearly independent of the imposed strain rates, which are inconsistent with the 21 

experimental evidence.  22 

The above observations tend to suggest that the experimentally observed 23 

rate-dependent spalling strength is largely related to the true material response. From 24 

this point of view, it is deemed necessary to incorporate the strain rate-dependent 25 

material behavior in the cohesive constitutive law, herein through the cohesive 26 

strength, to include the rate-dependent material response in simulating the dynamic 27 
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tensile response of concrete.  1 

 2 

Fig. 13. Performance of the strain rate-independent model: (a) free end velocities in 3 

one spalling test ( 100  s-1); (b) dynamic tensile strengths under various imposed 4 

strain rates 5 

The micro-mechanisms of the true rate-dependent material response in concrete is 6 

well interpreted in the DFH (Denoual-Forquin-Hild) model [20,32,41,43] which 7 

related this behaviour to the free water content and limited crack speed. Implementing 8 

such model in a numerical framework requires knowledge of the size and distribution 9 
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of the initial flaws or microcracks, representation of free water content and their 1 

interactions. This is beyond the scope of the present study and will be considered for 2 

future study.  3 

Further comparison of the predicted spalling strengths between indirect measurement 4 

(i.e. Eq. (1)) and direct measurement (i.e. Eq. (3)) demonstrates that the spalling 5 

strengths deduced using Novikov approximation are generally much higher than the 6 

ones obtained from the direct section stresses, a phenomenon that is generally in line 7 

with the observations made in Section 4. However, it is interesting to note that the 8 

discrepancy between the two approaches, when applied in the rate-independent model 9 

here, seems not to vary with the imposed strain rates, which is different from the trend 10 

observed with the rate-dependent model (see Fig. 9).  11 

5.3 Effect of structural inertia  12 

As stated earlier, the global dynamic response of concrete under spalling test may 13 

involve a structural inertial effect in addition to the intrinsic material effect [5,11,25]. 14 

Therefore, it will be of interest to examine such effects more quantitatively based on 15 

the current modeling framework.  16 

 17 

Fig. 14. Special loading method for removing the possible structural inertial effect 18 
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In this section, the above issue is clarified through numerical spalling tests with a 1 

specific loading method. This method is adopted to intentionally remove the possible 2 

structural inertial effect of concrete under high strain rate tensile loading [8,12,35]. As 3 

shown in Fig. 14, all the nodes in this special loading are given an initial velocity, 4 

 v x  following a prescribed linear distribution along the loading direction. The 5 

amplitude of the initial velocity for a node with the horizontal coordinate x depends 6 

on the target strain rate   imposed on the sample: 7 

   .v x x                                            (8) 8 

It is worth noting here that the coordinate origin (x = 0) is taken at the center of the 9 

sample in the present simulations. Therefore, the initial velocity applied on the left and 10 

right boundary of the sample is given by: 11 

0 ,
2

L
v                                                 (9) 12 

where L is the length of the sample. Zhou et al. [12] examined the stress distribution 13 

within concrete specimens under dynamic tension with such a special loading scheme. 14 

It was found that the stress state within the concrete specimen is nearly uniform, 15 

indicating that the possible structural inertial effect has been ruled out from numerical 16 

analysis. 17 

For the simulation using the above loading scheme, the strain rates around the fracture 18 

planes are firstly extracted from the mesoscale concrete model at the fracture planes 19 

according to Eq. (7). Then the corresponding velocities imposed on all the nodes can 20 

be calculated using Eq. (8) and Eq. (9).  21 
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 1 

Fig. 15. Dynamic tensile strength from simulation with the special loading scheme  2 

The dynamic tensile strengths obtained for different strain rates from this special 3 

loading scheme are compared with the section stress-based results from a standard 4 

spalling test in Fig. 15. It can be seen that the two approaches produce nearly the same 5 

results over the whole range of the imposed strain rates. Since the structural inertial 6 

effect has been purposefully removed in simulations with the special loading scheme 7 

[8,12], the nearly identical results suggest that there is little structural inertial effect in 8 

the standard spalling test. This argument can also be confirmed from the stress 9 

histories of different section planes under two selected strain rates, as shown in Fig. 10 

16. The peak stresses for all the section planes are nearly the same in each loading rate 11 

scenario. This tends to further confirm that there is no structure inertial effect in 12 

concrete under spalling tests. Meanwhile，the experimental measurements are also 13 

presented in Figure 15 for comparison. As shown, the experimental measurements 14 

which are based on Novikov approximation overestimated the spalling strength of 15 

concrete, and this discrepancy should be attributed to the fact that the mechanical 16 

behaviour of concrete specimen violate the basic assumption of Novikov 17 

approximation, as discussed already in Section 4.  18 

 19 



35 

 

 1 

Fig. 16. Stress histories of section planes: (a) under imposed strain rate 40 s-1; (b) 2 

under imposed strain rate 130 s-1. 3 

5.4 Effect of micro-crack inertia 4 

Micro crack inertia refers to the phenomenon that with increasing of strain rate, the 5 

inertia forces at crack tips will tend to prevent crack opening, which consequently 6 

increases the dynamic tensile strength of concrete [10,12,19,22]. Therefore, it is 7 

necessary to clarify whether the experimentally measured spalling strength in concrete 8 

spalling tests includes the micro-crack inertial effect; and if so, to what extent does 9 

the micro-crack inertia effect enhance the spalling strength of concrete?  10 

The special loading case used in the last section is adopted to investigate the 11 

micro-crack inertial effect on the increase of dynamic tensile strength of concrete. The 12 
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great advantage of this special loading method is that it can effectively exclude the 1 

effect of structural inertia. It is also very convenient to apply dynamic tensile loading 2 

without any limitation on the imposed strain rate. To further focus on the observation 3 

of possible micro-crack inertial effect, the influences of material heterogeneity and 4 

rate-dependent material response are also eliminated by using a homogeneous model 5 

with a strain rate insensitive cohesive description. Thus, the only possible mechanism 6 

for the dynamic strength increase in the model would be the cohesive elements with 7 

opening displacement-traction constitutive law. When the fracture criterion is reached 8 

during the loading process, these cohesive elements can develop opening 9 

cracks/microcracks which may result in microcrack inertial effect if it exists. The 10 

parameters related to the crack inception and crack propagation would change due to 11 

the microcrack inertial effect, which then contribute the macroscopic strength 12 

enhancement in concrete. Similar processing has been implemented and discussed in 13 

the DFH model, which can be referred in [20,32,41,43].  14 

Fig. 17 presents the dynamic responses under various imposed strain rates from the 15 

rate-independent homogeneous model with the specified direct tension loading, with 16 

the nominal stress-strain curves shown in Fig. 17(a), and a comparison of the dynamic 17 

tensile strength with experimental observations in Fig. 17(b). The stress is obtained 18 

using the direct approach as the section force divided by the fractured section area 19 

around the damaged region in the specimen, while the strain is calculated from the 20 

displacement at the right boundary divided by the half length of the sample (i.e. 70 21 

mm) due to a symmetric loading condition.  22 

 23 

 24 
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 1 

Fig. 17. Effect of micro-crack inertia: (a) nominal stress-strain curves; (b) comparison 2 

of dynamic tensile strength with experimental measurements. 3 

Only a slight increase in the tensile strength can be observed when the imposed strain 4 

rate increases from the quasi-static to 200 s-1. However, when the imposed strain rate 5 

further increases (beyond 200 s-1), the tensile strength grows rapidly. Considering that 6 

the strain rate range provided by spalling tests is 10-200 s-1, it is reasonable to 7 

conclude that the micro-crack inertial has little effect on the strength increase of 8 

concrete in spalling tests and its influence can thus be negligible. This conclusion is 9 

highly consistent with previous qualitative research [41] which demonstrates that the 10 

micro-crack inertial effect is not observed in the dynamic tensile analysis of concrete 11 
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until the imposed strain rate reached 150 s-1. It is worth noting that the weaker ITZs 1 

with the mesh size of 1 mm which can be considered as the initial defects in the 2 

present MC model are generally consistent with those described in the theoretical 3 

model [41].  4 

This conclusion can be also supported by the crack patterns of concrete spalling test 5 

under various strain rates. As shown in Fig. 18, for cases where the imposed strain 6 

rate below 200 s-1, although the observed cracks exhibit a curved shape due to random 7 

distribution of strong aggregates, and the crack density generally increases with the 8 

increases of strain rate, it is difficult to observe the crack bifurcation and branching 9 

phenomenon for one single crack; however, when the imposed strain rate increases to 10 

200 s-1 which is upper limited value that concrete spalling test can provide, as the 11 

crack density increases, crack bifurcation and branching can be also clearly observed 12 

in this case. It is generally accepted that the inertia at the crack tip can slow down the 13 

crack propagation speed and retard fracture evolution [26,41,62] leading to the crack 14 

bifurcation and branching, which modifies the local stress state around microcracks 15 

by a stress-relief wave propagating. The rapid release of microscopic tensile stress in 16 

the vicinity of the existing microcracks acts to delay the coalescence of the cracks in 17 

the interaction zone, resulting in a nonlocal effect on the stress and strain states at the 18 

crack tips. The interaction between crack bifurcation and branching with nonlocal 19 

effects then increases the tensile strength of concrete. However, as already 20 

demonstrated in Fig. 17 and 18, such microcrack inertial effects may not be activated 21 

yet in most concrete spalling tests and thus makes no contribution to the 22 

experimentally measured spalling strength.  23 
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1 

Fig. 18. Crack patterns of concrete spalling tests under various strain rates. 2 

6 Concluding remarks  3 

This paper presented mesoscopic modeling of the dynamic response of concrete in 4 

spalling tests with an emphasis on exploring mechanisms of dynamic tensile strength 5 

enhancement. The individual contribution of the aggregate, matrix, and ITZ to the 6 

dynamic strength enhancement is well discussed under various loading rates. In 7 

addition, the possible effects from structural inertia and micro-crack inertia are also 8 

examined and discussed. Based on the simulations, the main conclusions are as 9 

follows:  10 

1. The experimental measured spalling strength utilizing the Novikov approximation 11 

processing approach has been overestimated, especially under relatively low 12 

imposed strain rates (e.g. 10 - 100 s-1).  13 

2. The rate-dependent material behaviour plays a leading role, while the structural 14 

inertial and micro-crack inertial have little effect on the strength increase of 15 

concrete within the normal range of strain rate covered by spalling tests (10-200 16 

s-1. Thus, the experimental measured spalling strength can be considered as true 17 

material response and it is necessary to employ a strain rate-dependent 18 

constitutive law at the material level in the concrete dynamic tensile simulations to 19 

accurately capture its dynamic response. 20 

3. The mesostructure has an important effect on the strength increase of concrete in 21 
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spalling tests and this effect is more prominent at higher imposed strain rates (e.g. 1 

beyond 100 s-1). Developing a robust mesoscale concrete framework that can best 2 

approximate the mesostructure of concrete is of great importance for realistically 3 

modeling the dynamic response of concrete under impact loadings.  4 

4. At relative low strain rate, ITZs play a significant role in enhancing the dynamic 5 

strength of concrete, while aggregates have little effect. However, the trend has 6 

reversed as the loading rate increased. Aggregates play an increasingly important 7 

role in enhancing strength at high strain rates, while the contribution from ITZ is 8 

decreasing. In contrast, the mortar matrix always has a high contribution to the 9 

DIF at any strain rate within the range of loading. 10 
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