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important for high strain rates [12–14]. The cracks propa-
gate through coarse aggregate instead of moving along the 
weaker zones (mortar or interfacial transition zones (ITZs)) 
due to high-speed stress waves traveling fast through the 
specimen. Thus, the aggregate fragmentation process (typi-
cally more resilient than the mortar in standard concrete) 
might enhance concrete strength. There exist different types 
of aggregate particles for concrete in engineering practice 
(that make 60–80% of the volume of concrete) composed 
of e.g. basalt, granite, gabbro, amphibolite, dolomite, lime-
stone, sandstone, etc. with a compressive strength ranging 
between 30 and 350 MPa.

The dry concrete behavior at the mesoscopic level under 
2D dynamic uniaxial compression is the subject of the cur-
rent numerical study. The goal of this study, which is new 
research, is to ascertain how strain rate and aggregate break-
age into fine particles affect the dynamic concrete behav-
ior at the mesoscopic scale compared to its quasi-static 
response. In our previous papers, the effect of viscous free 
water movement on the concrete response in compression 
and tension was investigated by ignoring the aggregate 
crushing [15, 16]. In the current paper, a 2D DEM-based 
breakage model was used wherein the impact of free water 

1  Introduction

The strain rate affects concrete. It is commonly reported that 
strain rate increases the tensile and compressive strength, 
elastic modulus, and peak strain (e.g [1–5]). The strengths 
increase more quickly at a threshold strain rate, roughly 
50 1/s for compression and 1 1/s for tension. The failure 
mechanism also changes as the loading rate increases. The 
density of cracking increases with increasing strain rate. 
Two main processes are responsible for the rise in compres-
sive strength: structural inertial forces [6, 7] and movement 
of viscous free water in micro-defects [8–11]. The first one 
generates radial inertial forces similar to lateral confin-
ing pressure. The second one generates fluid confinement 
in pores and cracks that slows the fracture process and 
increases strength. Furthermore, aggregate fragmentation is 
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This study looked at how breakable aggregates affected the mesoscopic dynamic behavior of concrete in the uniaxial 
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was neglected. A so-called clump breakage algorithm [17] 
was applied. Clumps composed of spheres were used to 
describe the aggregate particles of different diameters and 
shapes. The benefits of this method are that each initial 
clump of particles can be arranged to take a non-spherical 
shape and the fracture preserves mass. It provides a fair solu-
tion that approximates complex shapes well and maintains a 
simple contact detection algorithm. Concrete was assumed 
in simulations to be a four-phase material, including aggre-
gate, mortar, ITZs adjacent to aggregates, and macro-pores 
[18–20]. The concrete mesostructure chosen in simulations 
was obtained from laboratory micro-CT tests (the aggre-
gates with real shapes were imported into DEM).

The 2D model was used in the initial research stage to cut 
down on computation time. Through a series of 2D DEM 
simulations, the qualitative impacts of strain rate and aggre-
gate strength were carefully examined for the same concrete 
specimen. The strain rate varied between 0.1/s and 1000 1/s. 
The aggregate strength was always stronger than the mortar 
(2, 5, or 10 times). The study focused on the strength and 
fracture pattern changes during dynamic concrete compres-
sion. The dynamic increase factor (DIF) was ascertained. 
A comparison was also made between the DEM results 
using breakable and unbreakable aggregates. Additionally, 
the damping coefficient’s impact was looked into. The cur-
rent 2D simulations were carried out for the future coupled 
2D DEM-CFD computations [15, 16]. The 3D DEM/CFD 
model is ready, however, it requires huge computation time 
because it was parallelized on threads only. To shorten the 
computation time, it needs a distributed parallelization on 
cluster computer nodes, that is well underway. The 2D 
modeling does not provide quantitatively precise model-
ing of real 3D behavior; rather, it is an intermediary step 
toward understanding the physical model. The effects of 
inertia, fracture, fluid pressure, and velocities are quanti-
tatively different in 3D than 2D conditions especially for 
very high strain rates, due to the various volume of pores/
cracks and confining pressure. The 2D analyses instead of 
3D ones have no qualitative impact on the nature of a purely 
mechanical problem [20].

The novel points of the paper are (a) the mesoscopic 
calculations of the effect of aggregate fragmentation on 
the compressive concrete-like materials’ behavior under a 
wide range of strain rates, (b) the use of the real concrete 
mesostructure in mesoscopic dynamic computations, and 
(c) comparative calculations with breakable and unbreak-
able aggregate particles. Additionally, the impact of the 
damping coefficient on DEM outcomes was examined. The 
calculations were only for one concrete specimen (without 
material parametric studies). The DEM uniaxial compres-
sion outcomes were solely qualitatively compared with the 
experimental literature data from split Hopkinson pressure 

bar (SHPB) tests due to evident differences in both loading 
systems.

At present, SHPB has become a common laboratory tool 
to study the mechanical properties of materials under the 
high-speed impacts (ε̇>10 1/s) like rock/ceramic/mortar/
concrete (e.g [21–28]) by ensuring the dynamic force bal-
ance. Below this strain rate, a hydraulic servo testing system 
or drop-weight impactor may be used [29, 30]. In the SHPB 
test, the assumptions of one-dimensional stress waves and 
uniformity are crucial to the data analysis. The assump-
tion of 1D stress wave propagation is ensured by very 
long metal bars (incident bar and transmitted bar) [22]. A 
relatively large specimen size for the bar diameters contrib-
utes to the material’s uniformity [22]. The laboratory tests 
revealed that the increment of compressive strength of con-
crete was mainly caused by the confinement caused by the 
inertia effect [21–25]. As the strain rate increased, the peak 
stress and strain of concrete and elastic modulus gradually 
raised, confirming its strengthening effect. The rate depen-
dence was stronger for high strain rates [24]. The dynamic 
compressive strength also raised with water saturation grade 
[31–33], static hydrostatic pressure [34], and wall friction 
[22]. The dynamic strength of concretes was higher than 
mortars due to the presence of aggregate particles [24] in 
contrast to quasi-static conditions. With an increasing strain 
rate, the softening rate rose [25] or was comparable [24]. 
The stress-strain curves were smooth even for very high 
strain rates [24, 25]. The dynamic compressive strengths of 
cylinders were higher than those of cubes [35]. For large 
strain rates, the impact of specimen sizes was determined to 
be negligible [35]. The higher the compressive strength, the 
lower the increase in the specimen strength under high load-
ing rates [36, 37]. There was less result spread created by 
shorter specimens [37]. The dynamic response was a tran-
sient brittle failure process. The cracks propagated through-
out the entire specimen including stronger aggregates. The 
degree of concrete fragmentation increased with the rise in 
the strain rate and the failure pattern progressed from crack-
ing (but not fragmentation) for low strain rates to complete 
pulverization for very high strain rates [25, 35]. Regarding 
the strain rate ranges, the damage modes were divided into 
three categories: (a) numerous small cracks leading to fail-
ure, (b) major cracks or broken parts inside the specimens 
contributing to failure, and (c) total destruction of the speci-
mens [35].

The literature created several mesoscopic discrete mod-
els for concrete mechanical behavior, including discrete ele-
ment approaches, rigid-body-spring models, lattice discrete 
particle models, and classical lattice models [38]. We used 
DEM because it proved to be a realistic representation of 
a fracture process in concrete [18–20, 39–42], reinforced 
concrete [43], and rock [44]. Moreover, it more precisely 
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represents the material mesostructure and contact forces 
using simple dynamic equations. Grain fragmentation using 
DEM was extensively studied in the literature, mostly in the 
fields of mining and geotechnical engineering (e.g [45–57]). 
There are fewer DEM studies on the impact of aggregate 
breakage in concrete [17, 58]. In the paper [17], the effect 
of aggregate crushing on the propagation of a single crack 
in a notched beam during bending was investigated under 
various strain rates. The impact of the various strain rates 
was not considered during uniaxial compression in the 
paper [58]. However, those DEM results showed that coarse 
aggregate crushing had a noticeable influence on concrete 
deformation and failure characteristics.

The structure of the current paper is as follows. Section 2 
provides a brief description of DEM following the introduc-
tory Sect.  1. The input data for the DEM simulations are 
explained in Sect. 3. Section 4 provides a detailed descrip-
tion of the findings from the dynamic numerical simulations 
regarding the impact of aggregate strength and strain rate on 
the behavior of concrete under uniaxial compression. A few 
conclusions are offered in Sect. 5.

2  DEM for cohesive-frictional materials

Numerical analyses were performed using YADE [59, 60], 
a 3D open-source DEM program that takes advantage of the 
so-called soft-particle approach (i.e. the DEM model allows 
for particle deformation that is simulated as an overlap of 
particles). Particles in DEM interact with one another dur-
ing translational and rotational motions with the application 
of an explicit time-stepping technique and Newton’s sec-
ond law of motion [61]. An overlap between two contacted 
bodies is allowed. Due to the particle overlap, any micro-
porosity may be reached. Because DEM takes into account 
inertial forces, it is a dynamic technique. The model predicts 
a cohesive bond at the grain contact with a brittle failure 
below the critical normal tensile force. Shear cohesion fail-
ure under typical compression results in contact stick and 
slip being governed by the Coulomb friction law. Regular-
ization is not needed in DEM which does not use partial 
differential equations. Thus, DEM provides a well-posed 
discrete equation system. Figure  1 shows the mechanical 
response of DEM for particles. The following is a list of 
DEM formulas [59, 60]:

�Fn = KnU �N, � (1)

�Fs = �Fs,prev + Ks∆ �Xs, � (2)

Fig. 1  Mechanical response of 
DEM: (a) tangential contact model, 
(b) normal contact model, (c) load-
ing and unloading path in tangen-
tial contact model and (d) modified 
Mohr-Coulomb model [59, 60]

 

1 3

Page 3 of 19      8 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


M. Nitka, J. Tejchman

concrete [43], and rocks [44, 67, 68]. Due to calculating 
time constraints, DEM cannot be recommended as a numer-
ical tool for large concrete or reinforced concrete elements. 
There exist some up-scaling techniques used in DEM, such 
as mass/density/gravity scaling or grain up-scaling (pre-
cise scaling of grains and coarse-graining). However, when 
strain localization occurs in concrete, those up-scaling tech-
niques fail since the size of the localized zone cannot be 
scaled (because it depends on the initial and boundary con-
ditions of the entire system).

3  Input data for DEM simulations

A square concrete specimen 50 × 50 mm2 geometry was 
assumed in 2D analyses. The depth of the specimen was 
equal to the grains’ diameter. The bottom boundary was 
vertically fixed. Vertical boundaries were free and horizon-
tal boundaries were smooth to eliminate a size effect due 
to wall friction. The dynamic compressive strength rises 
with increasing wall friction and decreasing specimen size 
[22, 69]. A constant vertical velocity v was applied along 
the upper horizontal boundary to deform the specimen (as 
during a standard uniaxial compression test). A single verti-
cal displacement increment was equal to 5− 10 m (based on 
preliminary simulations).

Concrete was modeled as a four-phase material com-
posed of mortar, aggregate, ITZs, and macro-pores. The 
porous ITZs surrounding aggregate particles were char-
acterized as weaker contacts that lacked a defined physi-
cal width [18–20]. The macropores in the mortar (only 
with a diameter ≥ 1  mm) were modeled as empty regions 
of circular shape [18, 20]. The effect of macropores on the 
shape of macro-cracks is not as important as that of ITZs 
since it rarely happens that the macro-cracks propagate 
through macropores [18]. The aggregate’s range in con-
crete was d = 1–16  mm. Based on micro-CT images, the 
mesostructure was presumed to be from the actual concrete 
specimen [18, 70]. The aggregate’s range on the micro-CT 
image d = 1–8 mm. The clusters of 0.25–0.50 mm diameter 
spheres were always used to create the aggregate particles 
(independently of their size) for faithfully reproducing their 
real shapes. The spheres with diameters of 0.25–0.50 mm 
were also used to simulate the mortar particles. The effect 
of dmin in the mortar on the stress-strain curve in quasi-static 
DEM simulations was negligible if dmin was small enough, 
i.e. dmin≤0.25–0.50 mm [40]. The specimen’s initial poros-
ity was p = 5% [18, 70]. The material disorder existed in the 
specimen since the forces Fmax

s and Fmin
n depended on the 

particle radius to the power 2 (Eq. 6). The shrinkage and the 
subsequent pre-damage were neglected.

Kn = Ec
2RARB

RA + RB
and Ks = vcEc

2RARB

RA + RB
, � (3)

∥∥∥�Fs

∥∥∥ − Fs
max −

∥∥∥�Fn

∥∥∥ × tan µc � 0 (before contact breakage) ,� (4)

∥∥∥�Fs

∥∥∥ −
∥∥∥�Fn

∥∥∥ × tan µc � 0 (after contact breakage) , � (5)

Fs
max = CR2 and Fn

min = TR2,� (6)

�Fk
damp = �Fk − αd · sgn

(
�vk

p

)
�Fk � (7)

where �Fn - the normal contact force, U - the overlap between 
discrete elements, �N  - the unit normal vector at the contact 
point, �Fs  - the tangential contact force, �Fs,prev  - the tangen-
tial contact force in the previous iteration, �Xs  - the relative 
tangential displacement increment, Kn  - the normal contact 
stiffness, Ks  - the tangential contact stiffness, Ec- the elas-
tic modulus of the particle contact, υc - the Poisson’s ratio 
of particle contact, R - the particle radius, RA and RB con-
tacting particle radii, µc - the Coulomb inter-particle fric-
tion angle, Fs

max  - the critical cohesive contact force, Fn
min  

- the minimum tensile force, C - the cohesion at the contact 
(maximum shear stress at zero pressure), and T - the tensile 
strength of the contact, �F

k
damp - the dampened contact force, 

�Fk  and �vk
p  - kth components of the residual force and trans-

lational particle velocity vp and αd - the positive damping 
coefficient smaller than 1 (sgn(•) that returns the sign of the 
kth component of velocity).
The following material constants are required for DEM 
simulations: Ec, υc, µc, C, and T. Non-viscous damping was 
assumed [62] (Eq. 7) in simulations. Additionally necessary 
are the parameters R, ρ (mass density), and αd. To accurately 
replicate the distribution of shear and tensile cracks, the 
relationship between the uniaxial compressive and tensile 
strength, and the failure mode of specimens (brittle or quasi-
brittle, shear or tensile), the particle contact ratio C/T must 
be carefully considered [44]. As the C/T ratio grows, a more 
brittle and tensile failure mode dominates, and more tensile 
cracks appear. Typically, the material constants in DEM are 
determined by running several simulations and comparing 
the outcomes to experimental data from simple tests, such 
as uniaxial compression, triaxial compression, and simple 
shear.

If a cohesive joint (Eq. 6) between two elements vanished 
after crossing a critical threshold, damage was presumed. If 
any contacts between spheres were restored following fail-
ure, there was no cohesion (Eq. 6). The DEM model did not 
account for material softening. The model was successfully 
used by the authors to represent the behavior of numerous 
engineering materials having a particulate structure, such 
as granulates [63–66], concrete [18–20, 39–42], reinforced 
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4  DEM simulation results

Figures 2, 3, 4, 5, 6, 8 and 10, 11, 12 and 13 demonstrate the 
2D DEM results with breakable aggregate for a dry concrete 
specimen with varying strain rates (0.1/s ≤ε̇  ≤ 1000 1/s) 
and aggregate properties of Table  1. The dynamic stress-
strain curves are shown in Fig. 2 (σ = f(εy), where σ - vertical 
normal stress and εy - vertical normal strain). Figure 2a, c, 
and d includes the stress-strain curves for ε̇  ≤ 100 1/s, and 
Fig. 2b for ε̇  ≤ 1000 1/s. The static/dynamic compressive 
strength was calculated as the mean maximum vertical nor-
mal force calculated along the top and the bottom divided 
by the specimen area (width times depth). The vertical nor-
mal strain was calculated as the displacement increment 
related to the initial specimen height (engineering strain). 
A relationship between the compressive strength of con-
crete fc and aggregate strength for different strain rates is 
shown in Fig. 3. Figures 4, 5 and 6 present the fracture pat-
terns (based on displacements) in the deformed specimens 
at the failure and at the stress peak (the displacements were 
magnified by a factor of 2). The maps of broken contacts 
(equivalent to cracks) in three concrete phases (mortar, 
ITZs, and aggregate) for four different strain rates are dem-
onstrated in Fig. 8. The evolution of the relative damaged 
contact number N [%] in three concrete phases versus the 
specimen strain is depicted in Figs. 10, 11, 12 and 13. For 
comparison, the stress-strain curves (Fig. 2d), fracture pat-
terns (Fig. 7), maps of broken contacts (Fig. 9), and the evo-
lutions of the relative damaged contact number (Fig. 14) are 
also provided for the concrete specimen with unbreakable 
and non-deformable aggregate particles.

4.1  Stress-strain curves

The concrete compressive strength, elastic modulus, ver-
tical strain corresponding to the strength, and post-peak 
toughness strongly raised with increasing strain rate as 
in the experiments (e.g. [13, 22, 24, 32, 34] (Fig. 2). The 
material softening rate slightly raised for ε̇<0.10 1/s and 
later for ε̇≥0.10 1/s remained similar independently of the 
aggregate strength in agreement with the experiments [22, 
24, 32], but in discord with the experiments [13] (where 
it was rising for high strain rates). With a vertical normal 
strain of between εy = 0.18% and εy = 0.28%, the predicted 
dynamic compressive strength was fc≅44-47 MPa and the 
global elastic modulus was E = 20–30 GPa for the strain rate 
ε̇=0.1 1/s (Fig. 2). For ε̇=100 1/s, the predicted dynamic 
compressive strength was estimated as fc=130–150  MPa 
with a vertical normal strain of roughly εy = 1% and the elas-
tic modulus was E = 50–100 GPa (Fig. 2). The mean com-
pressive strength’s growth (based on DEM simulations with 
three different aggregate strengths) was, thus, about 3. The 

In DEM simulations, we assumed the material constants 
in the mortar similar to the previous analyses of concrete 
fracture [18–20, 39–42]. They are listed in Table  1 (with 
the C/T ratio equal to 2 [44]). In the case of ITZs, the ratio 
Ec, ITZ/Ec, cm=0.70 was chosen [18–20, 39–42], based on 
the nanoindentation experiments [71]. The remaining two 
ratios in ITZs, CITZ/Ccm and TITZ/Tcm, were also assumed to 
be equal to 0.70 due to a lack of experimental data for mor-
tars of different initial porosity. Other calculations showed 
a significant impact of ITZ properties on the strength, 
brittleness, and fracture process of concrete [18]. Based 
on triaxial compression tests with clumped granulates, the 
inter-particle friction angle of µc = 18o was postulated [72]. 
The damping factor was mainly set to αd = 0.05 (approxi-
mately equal to the material damping of concrete [73]). The 
time step was chosen as Δt = 1 × 10− 8/ε̇ . A total of 30,000 
spherical elements were used, with 18,000 elements model-
ing mortar and 12,000 elements modeling aggregate. The 
initial coordination number was 4.6. About 1–2 days were 
needed to perform the DEM calculations on a computer 
with a 3.30 GHz CPU (1 day for the low strain rate and 2 
days for the very high strain rate).

The DEM calculations were also carried out with the 
unbreakable aggregate. To avoid aggregate cracking, the 
material parameters were prescribed to the mortar and ITZs 
only, but not to the aggregate particles composed of clus-
ters of spheres connected as rigid bodies [20–22]. Thus, the 
aggregate particles were also non-deformable. As the con-
tact elasticity and strength of the aggregate increased, the 
number of aggregate cracks diminished (Fig. 12 in Sect. 4).

Table 1  Main DEM parameters for different phases in concrete 
assumed in dynamic simulations
Material 
parameters

Aggregate Mortar ITZs 
around 
aggregates

T [MPa] 48 (200% of mortar), 
120 (500% of mortar), 
240 (1000% of mortar), 
non-deformable

24 16.8 
(70% of 
mortar)

C [MPa] 96 (200% of mortar), 
240 (500% of mortar), 
480 (1000% of mortar), 
non-deformable

48 33.6 
(70% of 
mortar)

Ec [GPa] 22.4 (200% of mortar), 
56 (500% of mortar), 
112 (1000% of mortar), 
non-deformable

11.2 7.8 
(70% of 
mortar)

υc [-] 0.2 0.2 0.2
µc [◦] 18 18 18

1 3

Page 5 of 19      8 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


M. Nitka, J. Tejchman

analyses with ε̇=100 1/s (strong aggregate) (Fig.  2). As 
the strain rate rose, the dynamic stress oscillation became 
more noticeable. The average normal contact force at the 
peak stress was 0.94 N (ε̇=1 1/s), 1.23 N (ε̇=10 1/s), 3.21 N 
(ε̇=100 1/s), and 19.5 N (ε̇=1000 1/s). Since cracks were 
only produced in the mortar, which was weaker than the 
aggregate, the unbreakable and non-deformable aggregate 
particles (Fig.  2d) produced the lowest concrete strength, 
which was on average 20–30% less than that of the break-
able aggregate.

4.2  Fracture

The crack patterns in the concrete specimen were com-
posed mainly of variously inclined cracks (Figs. 4 and 5). 
The cracks occurred in the entire specimen. Their number 
increased with the growing strain rate. For ε̇≤10 1/s, they 

stress oscillations in the pre-peak regime due to the wave 
dispersion and reflection raised with increasing strain rate 
in contrast to SHPB tests where they were negligible. For ε̇
=1000 1/s, the mean strength’s growth was already about 18 
(Fig. 2b), i.e. too high as compared with SHPB experiments. 
The vertical normal strain corresponding to the strength was 
also too high. The differences between the dynamic vertical 
forces calculated along the specimen top and bottom at the 
peak stress were ε̇≤3% (ε̇≤10 1/s) and ε̇≤11% (ε̇≤1000 
1/s). The sound speed in concrete, based on the elastic mod-
ulus E and density of concrete ρ was about 3000 m/s (ε̇=1 
1/s) and 5000 m/s (ε̇=100 1/s), i.e. significantly higher than 
the sound velocity in the air (340 m/s).

The effect of the aggregate strength on the concrete 
strength was slight; it raised with the increase in the strength 
of the breakable aggregate. This increase was negligible 
(0.5%) in quasi-static simulations and 15% in dynamic 

Fig. 2  DEM results: relationship between vertical normal stress σ and 
vertical normal strain εy for different strain rates (0.1/s ≤ε̇  ≤ 1000 
1/s) with various breakable aggregate properties (Table 1): (a) mortar 

parameters multiplied by factor 2, (b) mortar parameters multiplied by 
factor 5, (c) mortar parameters multiplied by factor 10 and (d) non-
breakable aggregate
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aggregate from 0 to 10% (ε̇=0.1 1/s) to 15–50% (ε̇=100 
1/s) (Figs. 10, 11 and 12). For ε̇=1000 1/s, the damage rate 
was the greatest in both ITZs and mortar and slightly less in 
the aggregate (Fig. 13). The final relative number of broken 
contacts in the mortar increased to 80% in the mortar and 
ITZs, and to 70–80% in the aggregate (Fig. 13) confirming 
the almost total specimen fracturing. In summary, the exper-
imental damage modes were similar to those in the experi-
ments [35]. Only the mortar and ITZs developed cracks 
when unbreakable and non-deformable aggregate particles 
were chosen. Figure 9 shows a significant difference in frac-
ture patterns compared to Fig. 8 since the cracks could not 
propagate through aggregate particles. The fraction of bro-
ken contacts in the mortar and ITZs (Fig. 14) was margin-
ally different from that of the breakable and non-deformable 
aggregate (Figs. 10, 11 and 13).

The aggregate size distribution curves (1–8 mm) caused 
by aggregate fragmentation for various strain rates ε̇  rang-
ing from 0.1 1/s to 100 1/s with the mortar parameters mul-
tiplied by factor 2 is demonstrated in Fig. 15 (for ε̇=1000 
1/s, the specimens were destroyed). The aggregate fragmen-
tation caused the growth of the smaller aggregate particles 
as indicated by the lift of the curves N = f(D) with a ris-
ing strain rate. The aggregate size distribution curves after 
fragmentation showed small changes in shape due to sev-
eral cracks running through shorter aggregate sizes (thus, 
the broken particles had the same diameter as the original 
particle).

Usually, the higher the damping coefficient, the higher 
the strength is obtained [39, 74]. The DEM calculation 
results (not shown here) demonstrated that the assumption 
of lower damping coefficients than αd = 0.05 (Eq. 6) insigni-
ficantly affected the results in Fig. 2.

4.3  Dynamic increase factor (DIF)

The dynamic increase factor (DIF) is the ratio of dynamic 
strength to quasi-static strength. This is widely used to 
explain how strain rate affects cement-based materials’ 
dynamic mechanical properties [20–28]. Usually, a loga-
rithmic scale of ε̇  is used to illustrate it.

In Fig. 16, the numerical and experimental values of DIF 
are shown for uniaxial compression on a logarithmic scale 
(between − 1 and 3) against the strain rate. The calculated 
curve DIF = f(log(ε̇ )) from DEM analyses resembled the one 
assumed in CEB-FIP [75], based on laboratory test results. 
DIF non-linearly increased with the growing strain rate in 
DEM analyses. The increase started to be pronounced for ε̇
>10 1/s. The DIF values in the DEM simulations were equal 
to 1.05 (ε̇=1 1/s), 1.15 (ε̇=10 1/s), 1.80 (ε̇=50 1/s), 2.40 (ε̇
=100 1/s), and 18 (ε̇=1000 1/s) (Fig. 16). The experimental 
DIF values in [75] were slightly lower than the numerical 

were successively created in the weak ITZs (εy = 0.1%), 
mortar (εy = 0.15%), and breakable aggregate (εy = 0.25–
0.5%) (Figs. 10, 11, 12 and 13). For ε̇=100 1/s and ε̇≤1000 
1/s, the cracks started to co-occur in ITZs, mortar and aggre-
gate. For very high strain rates (ε̇=1000 1/s), the specimens 
were almost totally fractured (Figs. 4 and 5, and 8) as in the 
experiments [25, 33]. The fracture patterns were similar for 
the strain rates ε̇=0.1 1/s and ε̇=1 1/s (Fig. 4). At the stress 
peak, several cracks were already created for ε̇≥10 1/s only 
(Fig.  6). However, many cracks already occurred at this 
moment for ε̇=1000 1/s. Cracks in the aggregate appeared 
even in a quasi-static regime when the aggregate was twice 
as strong as the mortar (Figs.  4a and 8a with ε̇=0.1 1/s). 
Such a phenomenon also occurs in quasi-static laboratory 
experiments with the usual aggregate [19, 39, 40]. For the 
aggregate ten times stronger than the mortar, macro-cracks 
started to form in the aggregate from ε̇=50 1/s (Figs. 5c and 
12c). When the huge contact elasticity and strength of aggre-
gate particles were assumed, the aggregate cracks vanished 
for all strain rates. With an increasing strain rate, the dam-
age rate (expressed by the number of broken contacts) non-
linearly increased (approximately parabolically) (Figs. 10, 
11, 12 and 13). The initial number of contacts was 47 622 
(mortar), 4 838 (ITZs), and 31 776 (aggregate). As the strain 
rate increased and the aggregate strength decreased, there 
was a significant rise in the number of broken contacts in 
the mortar, ITZs, and aggregate (Figs. 10, 11 and 12). For 
the range ε̇≤100 1/s, the damage rate was the greatest in 
ITZs, next in the mortar, and finally in the aggregate. The 
final relative number of broken contacts in the mortar raised 
from 20% (ε̇=0.1 1/s) to 60% (ε̇=100 1/s), in ITZs from 
40 to 50% (ε̇=0.1 1/s) to 75–85% (ε̇=100 1/s), and in the 

Fig. 3  DEM results with aggregate breakage: relationship between 
compressive strength fc and aggregate strength for different strain rates 
ε̇ =0.1-1000 1/s (a) mortar parameters multiplied by factor 2, b) mor-
tar parameters multiplied by factor 5, c) mortar parameters multiplied 
by factor 10)
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of the DIF disparities mentioned above. The specimen 
deformation in SHPB testing, where 1D stress wave propa-
gation is guaranteed by long metal bars, is significantly 
more uniform than in 2D DEM simulations, especially at 
high strain rates, which contributes to the variations in DIF 
results. Different concrete mesostructures and specimen 
geometries and shapes are further factors influencing the 

ones for ε̇  ≤100 1/s: 1.05 (ε̇=1 1/s), 1.10 (ε̇=10 1/s), 1.40 
(ε̇=50 1/s) and 1.80 (ε̇=100 1/s). However, they were sig-
nificantly too low for the higher strain rates ε̇>100 1/s (e.g. 
DIF=6.2 < < 18 for ε̇=1000 1/s) (Fig. 16).

Different loading systems considered in dynamic experi-
ments (compressive SHPB tests) and DEM dynamic analy-
ses (standard uniaxial compression) are the primary causes 

Fig. 4  DEM displacement results with aggregate breakage: evolution 
of fracture at failure for different strain rates (0.1 1/s≤ ε̇  ≤10 1/s) 
with various aggregate parameters  (Table  1): (a) mortar parameters 

multiplied by factor 2, (b) factor 5 and (c) factor 10 (displacements are 
magnified by factor 2, macropores are marked as white spots)
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More cracks are formed at high aggregate fragmentation, 
which could reduce the amount of free water confinement 
in pores and cracks and weaken the concrete. This will lead 
to a reduced computed DIF during standard uniaxial com-
pression (Fig. 16). In the following research step, coupled 
dynamic 2D DEM-CFD calculations for both uniaxial and 
SHPB compression within a broad strain rate range will take 
into account the combined impacts of strain rate, aggregate 
breakage, and free water flow [76].

discrepancies between the experimental and numerical DIF 
results (in SHPB tests, cylindrical specimens with a slen-
derness ratio of 0.5-1.0 are usually employed). The numeri-
cal DIF value may also be affected by the quantity of fine 
particles that make up the aggregate, the material param-
eters (such as the C/T ratio and ITZ properties in relation 
to the mortar, Table 1), and mortar porosity. Furthermore, 
the existing calculations did not account for the migration 
of viscous free water in the pores and cracks of concrete 
specimens, which affects the behavior of concrete [15, 16]. 

Fig. 5  DEM displacement results with aggregate breakage: evolution 
of fracture at failure for different strain rates (50 1/s≤ ε̇  ≤1000 1/s) 
with various aggregate parameters (Table  1): (a) mortar parameters 

multiplied by factor 2, (b) factor 5 and (c) factor 10 (displacements are 
magnified by factor 2, macropores are marked as white spots)
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including aggregate, mortar, ITZs, and macro-pores. The 
width of ITZs was equal to zero. The ITZ stiffness and 
strength were 30% weaker than in the mortar. The DEM 
simulations assumed different strain rates between 0.1 1/s 
and 1000 1/s and three different aggregate strengths which 
were always higher than the mortar ones (two, five, or ten 
times). The impact of the strain rate and aggregate strength 

5  Summary and conclusions

This computational study examined how concrete behaved 
under dynamic uniaxial compression in simplified 2D 
dynamic settings regarding a stress-strain curve and frac-
ture process. A DEM-based breakage model was established 
for concrete that was simulated using a four-phase material 

Fig. 7  DEM displacement results 
with unbreakable and non-
deformable aggregate: evolution 
of fracture at failure for different 
strain rates (0.1 1/s≤ ε̇  ≤1000 1/s) 
(displacements are magnified by 
factor 2, macropores are marked as 
white spots)

 

Fig. 6  DEM displacement results 
with aggregate breakage: evolution 
of fracture at stress peak for dif-
ferent strain rates (0.1/s≤ε̇  ≤1000 
1/s) with mortar parameters mul-
tiplied by factor 10 in aggregate 
(displacements are magnified by 
factor 2, macropores are marked as 
white spots)
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Fig. 8  DEM results with aggregate breakage: 
fracture patterns in non-deformed specimens 
for different strain rates (0.1 1/s≤ ε̇  ≤1000 
1/s) with two various aggregate parameters 
(Table 1): (a) mortar parameters multiplied by 
factor 2 and (b) factor 10 (red color – broken 
aggregate, blue color – broken ITZs and green 
color – broken mortar)

 

1 3

Page 11 of 19      8 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


M. Nitka, J. Tejchman

increased (approximately parabolically). The ITZs, 
mortar, and breakable aggregate all developed cracks 
one after the other for ε̇≤10 1/s. For huge strain rates, 
they started to co-occur from the beginning of deforma-
tion. Even in the quasi-static tests, cracks were seen in 
the breakable aggregate. The crack patterns on concrete 
with unbreakable and non-deformable aggregate par-
ticles strongly differed from those for breakable ones.

	● For the strain rate ε̇≤100 1/s, the damage rate was the 
greatest in ITZs, next in the mortar, and finally in the ag-
gregate. The final relative number of broken contacts in 
the mortar raised from 20% (ε̇=0.1 1/s) to 60% (ε̇=100 
1/s), in ITZs from 40 to 50% (ε̇=0.1 1/s) to 75–85% (ε̇
=100 1/s), and in the aggregate from 0 to 10% (ε̇=0.1 
1/s) to 15–50% (ε̇=100 1/s). For =1000 1/s, the dam-
age rate was the greatest in both ITZs and mortar and 
slightly less in the aggregate. The final relative number 
of broken contacts in the mortar increased to 80% in the 
mortar and ITZs, and to 70–80% in the aggregate. It was 
also higher in ITZs than in the mortar in concrete speci-
mens including unbreakable and non-deformable aggre-
gate particles. The differences in the number of broken 
contacts in the mortar and ITZs between breakable and 
unbreakable aggregate particles were marginal.

	● The dynamic compressive SHPB laboratory tests and 
the DEM results (fracture patterns, stress-strain curves, 
and failure modes) agreed qualitatively. The calculated 
strength and corresponding strain, however, were exces-
sively high. Furthermore, in DEM simulations, pre-peak 

on a fracture process proved to be noticeable. The following 
findings of the 2D mesoscopic dynamic simulations of con-
crete specimens under standard uniaxial compression can 
be offered: 

	● The strain rate significantly impacted the concrete’s 
mechanical response following the existing literature 
research outcomes. The concrete compressive strength, 
elastic modulus, peak strain corresponding to the 
strength, and post-peak toughness strongly increased 
with increasing strain rate, exhibiting a notable strain 
rate strengthening effect as in experiments. The material 
softening rate initially rose with the strain rate (up to ε̇
=10 1/s) and later remained similar.

	● The concrete strength dropped with the fall of the 
strength of the breakable aggregate in the considered 
strength range. The drop was only 0.5% in quasi-static 
calculations and increased in dynamic calculations, up 
to 15% with ε̇=1000 1/s. The concrete strength for the 
unbreakable and non-deformable aggregate was lower 
on average by 20–30% than for the breakable aggregate.

	● The patterns of cracks consisted of many inclined cracks. 
The cracks propagated throughout the entire specimen 
including aggregate particles. For low strain rates, the 
fracture process varied between cracks (but not frag-
mentation), and for huge strain rates (ε̇=1000 1/s), it 
underwent complete pulverization. As the strain rate in-
creased, the specimen cracking grew. The damage rate, 
based on the evolution of broken contacts, non-linearly 

Fig. 9  DEM results with unbreak-
able and non-deformable aggre-
gate particles: fracture patterns in 
undeformed specimens for differ-
ent strain rates (0.1 1/s≤ ε̇  ≤1000 
1/s (blue color – broken ITZs and 
green color – broken mortar)
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stress oscillations were observed. For the strain rate 
≤100 1/s, the numerical DIF values were marginally 
greater than the experimental CEB-FIP values from 
compressive SHPB tests. The higher deformation non-
uniformity in a standard dynamic uniaxial compression, 
which resulted from a different loading system than in 
a dynamic compressive SHPB test, caused them to be 
noticeably too high for >100 1/s.

Fig. 10  DEM results with aggregate breakage: relative number of bro-
ken contacts at failure in ITZs for different strain rates (0.1 1/s≤ ε̇  
≤100 1/s) with various aggregate parameters: (a) mortar parameters 

multiplied by factor 2, (b) mortar parameters multiplied by factor 5 
and (c) mortar parameters multiplied by factor 10
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Fig. 11  DEM results with aggregate breakage: relative number of 
broken contacts at failure in mortar versus vertical normal strain εy 
for different strain rates (0.1 1/s≤ ε̇  ≤100 1/s) with various aggregate 

parameters: (a) mortar parameters multiplied by factor 2, (b) mortar 
parameters multiplied by factor 5 and (c) mortar parameters multiplied 
by factor 10
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Fig. 12  DEM results with aggregate breakage: relative number of bro-
ken contacts at failure in aggregate for different strain rates (0.1 1/s≤ 
ε̇  ≤100 1/s) with various aggregate parameters: (a) mortar parameters 

multiplied by factor 2, (b) mortar parameters multiplied by factor 5 
and (c) mortar parameters multiplied by factor 10
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Fig. 14  DEM results with unbreak-
able and non-deformable aggre-
gate: relative number of broken 
contacts for different strain rates 
(0.1 1/s≤ε̇  ≤100 1/s): (a) mortar 
and (b) ITZs

 

Fig. 13  DEM results with aggregate breakage: relative number of broken contacts N versus vertical normal strain at failure for strain rate ε̇ =1000 
1/s (mortar parameters multiplied by: A) factor 2, B) factor 5 and C) factor 10): (a) mortar, (b) ITZs and (c) aggregate
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Fig. 15  Relative aggregate number N [%] versus minimum breakable 
aggregate diameter D for strain rate ε̇  between 0.1 1/s and 100 1/s

 

Fig. 16  DEM results: dynamic impact factor DIF during compression 
against logarithmic strain rate (logε̇ ) with various aggregate param-
eters as compared to CEM-FIP [75]: (a) mortar parameters multiplied 
by factor 2, (b) mortar parameters multiplied by factor 5, (c) mortar 
parameters multiplied by factor 10, and (d) unbreakable and non-
deformable aggregate
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