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Abstract

This paper deals with numerical analysis on the mechanical behavior of ultra-

high performance concrete (UHPC) under uniaxial compression. For the

modeling of the mechanical behavior of UHPC, the mesh-free discrete element

method was applied. To calibrate the model parameters and validate the

numerical simulation results, a set of experimental investigations including

mechanical tests, microscopy and tomography analysis, were performed. The

scanning electron microscopy and polarized light microscopy were used to

examine cross sections of UHPC as well as to characterize interfacial transition

zone and aggregate in detail. X-ray microtomography analysis was used to

obtain information about the nonspherical shape of aggregate and to generate

a realistic structural model. Simulation results have shown that the developed

model predict stiffness reliably, strength, and breakage pattern of UHPC and

shows good agreement with experimental results. Finally, the model has been

applied to analyze the main crack initiation in static failure and to investigate

the influence of different parameters such as aggregate content as well as

aggregate and binder stiffness on the mechanical behavior of UHPC.
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1 | INTRODUCTION

Due to the growing demand for sustainable and light-
weight concrete structures, the use of ultrahigh perfor-
mance concrete (UHPC) is becoming increasingly
important. UHPC is an almost ideally brittle material with
outstanding mechanical properties. It is an acknowledged
fact that the superior properties of UHPC stem from an
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optimization on the basis of the maximum packing density
theory.1,2 Generally, UHPC is manufactured containing a
low water to cement ratio (w/c) from 0.14 to 0.24, a high
amount of cementitious material, fillers (e.g., quartz pow-
der or fly ash), as well as pozzolanic powders such as silica
fume.3 The optimized particle size distribution, combined
with the pozzolanic reactivity of silica (formation of addi-
tional calcium silicate-hydrate) leads to a lower porosity
within the binder and high strength of the interfacial tran-
sition zone (ITZ).4,5 Furthermore, cement hydration
degree in UHPC is as low as 30%, so most of the
unhydrated cement also acts as physical filler. Addition-
ally, due to the optimized packing, the strength of UHPC
is more strongly influenced by the aggregate than in plain
concrete. As a result of this, crack propagation from pores
or a weaker ITZ cannot necessarily be assumed as it is the
case for plain concrete. Due to this, crack initiation within
the UHPC and the localization of possible inhomogenei-
ties is in the focus of current research.

For numerical investigations, the bonded-particle
model (BPM) has been used. The BPM is an extension of
the discrete element method (DEM), where each pair of
particles can be connected with solid bonds.6,7 By defin-
ing a constitutive law for the bonds, different macro-
scopic effects can be captured such as material hardening
or softening. In recent years, BPM has been increasingly
used by research groups for the numerical analysis of
concrete in 2D and 3D simulations,8–14 but none of them
has been applied the BPM to UHPC. The main disadvan-
tage of 2D simulations is the missing reproducibility of
interlocking effects within the structure,12,13,15 which
plays a significant role in concrete structures. The inter-
locking between aggregate and binder can be reproduced
by 3D simulations and even more effectively through the
usage of μCT data of single grains. Different techniques
including 3D laserscanning16 and X-ray tomography
(μCT)17–19 have been used in recent years to characterize
and analyze the shapes of aggregate in concrete.

Due to the background of the mentioned research,
the main purpose of this paper is the illustration of the
beneficial usage of DEM for breakage simulations of a

special concrete like UHPC. Different microscopy tech-
niques like X-ray tomography, polarized light microscopy
(PLM) and scanning electron microscopy (SEM) were
used in this context. Furthermore, this paper reports the
results of a numerical study, conducted to investigate
main crack initiating areas and the potential influence of
inhomogeneities (aggregate content and stiffness, binder
stiffness) on the mechanical properties of UHPC.

2 | EXPERIMENTAL
CHARACTERIZATION

2.1 | Mechanical experiments

Uniaxial compression tests were carried out on cylindrical
UHPC and pure binder (concrete composition without
coarse aggregate/quartz sand) specimens. All specimens
were unmoulded after 24 hr and stored in water for at
least 56 days. Afterwards, samples were sawn and ground
to the required dimension of h/d = 180/60 mm. An over-
view of the used concrete composition and the variation
for binder specimens is given Table 1.

Finally, mechanical experiments were carried out
strain-controlled with a load speed of 0.2 mm/min, while
the longitudinal strain was measured by three high-
precision inductive displacement transducers. Three
specimens of each material were tested, respectively, the
experimental results and mechanical properties are
shown in Table 2.

2.2 | X-ray microtomography and
microscopy for aggregate characterization

To gather statistically robust information on the breakage
behavior inside the UHPC structure, automated large-area
SEM was used. From the large cylindrical specimens sub-
jected to uniaxial-load testing, a sample block of about
10 × 10 × 3 mm3 size was sawn. Afterwards, the sample
was ground to a sufficiently planar surface, which was

TABLE 1 UHPC composition and

single components
Component Content in kg/m3 Vol % UHPC Binder

Cement (CEM I, 52.5) 795.4 26.16 ✓ ✓

Silica fume 168.6 7.80 ✓ ✓

Quartz powder 198.4 7.65 ✓ ✓

Quartz sand (0.125/0.5) 971 36.58 ✓ –

Plasticizer (PCE–3.5 wt% of cem) 27.8 2.70 ✓ ✓

Water 187.9 19.11 ✓ ✓

Abbreviation: UHPC, ultrahigh performance concrete.
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then coated with a 10 nm layer of gold. Numerous
individual images are acquired automatically using a
custom-made routine and then stitched together using an
algorithm20 in ImageJ software package to create a com-
posite large-area image surveying a large portion of the
sample surface. To clearly differentiate the constituent
components by their respective image contrasts, imaging
of backscattered electrons is applied. Figure 1a contains
a single image covering ca. 1.18 × 0.79 mm2 of the sur-
face of a fractured sample (pixel size ca. 768 nm). Dark-
gray, irregularly shaped areas indicate quartz sand
(diameter 250 μm) and quartz powder (diameter
ca. 20 μm). The cement paste matrix encasing the aggre-
gate grains appears lighter due to its higher content of
heavier elements, with unhydrated cement clinker
grains appearing very light. The paste is permeated with
numerous cracks (due to uniaxial loading and shrinkage
cracks caused by the evaporation of water contained in
hydrated binder in vacuum). However, cracks directly
penetrating the aggregate are not observed. Note that
silica fume particles are not visible in the image due to
their small size (diameter up to 200 nm).

In addition, PLM analysis of UHPC thin sections was
used for further characterization of aggregate. PLM with
crossed polarizers showed that no phase boundaries are
visible within the quartz grains, see Figure 1b, proving
that each aggregate grain is a single crystal. Due to this
property and its anisotropic nature, a stiffness of around
90 GPa (parallel to [001]) and 70 GPa (parallel to [100])
could be assumed.21,22 In order to gather information on
the nonspherical shape of aggregate grains, X-ray
microtomography (μCT) analysis with a nominal resolu-
tion of 3.5 μm has been used and reconstructed to 3D
models, see Figure 2a–c.

2.3 | SEM–EDX analysis of ITZ

A potential weaker ITZ would be distinguished from the
rest of the binder matrix by an increased concentration of
Ca(OH)2 and thus, calcium, which can easily be measured
using SEM–EDX analyses. We acquired large-area EDX
elemental distribution maps of Si and Ca (Figure 3a),
among other elements, and extracted intensity line profiles

TABLE 2 Mechanical properties of

UHPC and binder obtained from

experimental measurements

Specimen Strength (MPa) Young's modulus (GPa) Breakage strain (%)

UHPC I 196 48 4.5

UHPC II
UHPC III

188
196

46
46

4.6
5.1

Binder I 170 38 5

Binder II
Binder III

174
172

34
36

5.7
5.3

Abbreviation: UHPC, ultrahigh performance concrete.

FIGURE 1 (a) SEM image of UHPC cross section, no cracks through aggregate, (b) Light microscopic image of UHPC thin section,

crossed polarizers, no phase boundaries within the quartz grains are visible. SEM, scanning electron microscopy; UHPC, ultrahigh

performance concrete
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from these maps, see Figure 3b. The profiles were selected
to cross the boundary between the binder matrix and a
large aggregate grain as well as to cover enough distance
(≈ 50 μm) in order to fully contain a potential ITZ.

However, no gradual or abrupt increase in Ca concen-
tration is observed as the profile approaches the aggre-
gate. The only drastic change in concentration occurs as
the profile reaches the large aggregate grain, with Ca con-
centration dropping to nearly zero. Slight fluctuations in
the concentration of Ca and Si can arise from small
grains of aggregate or unhydrated cement clinker embed-
ded in the binder matrix, either on or just below the sam-
ple surface, being covered by the profile. Thus, we
conclude that the optimized packing density of the

components and the usage of an additional hydraulic
component in silica fume contribute to an ITZ with prop-
erties identical to the overall binder matrix.

3 | NUMERICAL BACKGROUND

3.1 | The DEM

The DEM is a mesh-free simulation approach to model
the mechanical behavior of granular materials. Initially,
DEM was developed for the modeling of systems con-
sisting of ideally spherical particles.23 The motion of parti-
cles during simulation is described by Newton's second

FIGURE 3 (a) SEM–EDX overview of the interface between aggregate and binder and (b) Line scans of Si and Ca concentration with a

length of 50 μm

FIGURE 2 X-ray microtomography analysis: (a) Single binary μCT image of measurement, (b) 3D reconstruction of μCT image

sequence, (c) 3D model of segmented single aggregate grain
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law. By this, acceleration for each particle is computed
and time-integrated to find its new velocity and position.
In addition, contacts between particles and walls (over-
laps) are detected and virtual forces are calculated. How-
ever, nowadays various extensions of DEM are developed
for the modeling of nonspherical particles as multiphase
flows or chemical reactions.

All simulations presented in this contribution have
been performed in the DEM simulation framework
MUSEN.24 Depending on hardware configuration,
MUSEN allows to perform effective simulation for scenes
consisting of up to 20 million of discrete objects. The cal-
culations in this system are parallelized for the hybrid
CPU–graphic processor unit (GPU) architecture. The
contact detection algorithm is executed on the CPU using
a multigrid approach25 combined with linked-cell algo-
rithm and Verlet lists. The calculation of forces and inte-
gration of motion is performed on GPU. This strategy
reduces computation time significantly and allows
numerous simulation studies consisting of large number
of discrete objects. The averaged computational time for
uniaxial compression test of UHPC sample consisting of
3,965,706 discrete objects was 22 hr for hardware config-
uration equipped with Intel Xeon Gold 5,118 CPU and
NVIDIA Quadro GV100 GPU.

3.2 | Bonded-particle approach

One of the extensions of DEM proposed for modeling of
fracture phenomena is the BPM.7 In BPM, each pair of
primary particles can additionally be connected with one
or multiple solid bonds. Each particle and each single
bond can possess unique geometrical and material
parameters that allow to reproduce complex-structured
heterogeneous materials. In the present work, a soft-
sphere DEM formulation has been used where occurring
interparticle or particle-wall overlaps can be interpreted
as local material deformations. Overall, three different
types of interaction models have been applied:

• particle–particle—interaction between primary parti-
cles. This model is applied between all primary parti-
cles even if they are connected with solid bonds;

• particle-wall—interaction between particles and com-
pression walls;

• solid bonds—describes forces, moments and torques
acting in single solid bond.

Due to the almost ideal elastic properties of UHPC, a
linear elastic contact model was used for the particle–
particle contact, while the Hertz-Mindlin model26 was
used for the particle-wall contact.

With respect to the interparticle interaction, force vec-
tor is decomposed in a normal and tangential part,
respectively. In normal direction, the total force F

!
n,total is

calculated by:

F
!

n,total = F
!

n−F
!

n,damping, ð1Þ

F
!
n = kn �un � r!n , ð2Þ

F
!
n,damping = 1:8257 �α � v

!
rel,n

���
��� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kn �M*

p
� r!n, ð3Þ
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π2 + ln2 eð Þ
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m1m2

m1 +m2
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!=
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!
-P
!
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!
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!

2

���
���
, ð4Þ

where kn denotes the particle stiffness in normal direc-
tion, e is the restitution coefficient between two particles
and r

!
n the normalized contact vector between their cen-

ters P
!
1 and P

!
2, un the overlap, v

!
rel,n the relative velocity

and M* the equivalent mass of the corresponding parti-
cles with the masses m1 and m2. The total force F

!
t,total in

tangential direction is further calculated by:

F
!

t,total = F
!

t−F
!

t,damping, ð5Þ

F
!
t = F

!
t,prev + kt � u!t , ð6Þ

F
!

t,damping = 1:8257 �α � v!rel,t �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kt �M*

p
, ð7Þ

where kt denotes the particle stiffness in tangential direc-
tion, F

!
t,prev the tangential force from the previous itera-

tion, u
!

t the increment of the tangential overlap in the
current time step and v

!
rel,t the relative velocity of the

interacting particles. In addition, F
!

t is limited by an inter-
particle friction linked with the sliding friction μsl:

Ft
!���
���≤ μsl � Fn

!���
���: ð8Þ

If Equation (8) is not fulfilled, than F
!

t from
Equation (6) is corrected to F

!
t,cor according to

Equation (9):

F
!

t,cor = μsl � Fn
!���
��� � F

!
t

Ft
!���
���
: ð9Þ

Solid bonds between primary particles are modeled as
ideally cylindrical objects with an initial length Linit and
radius Rb, while latter cannot exceed the minimal radius
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of contact partners. Here the elastic bond formulation6,27

has been extended with additional damping forces in the
normal and tangential direction. One of the challenges
related to the usage of elastic bond model is almost non-
damped oscillations during simulations. To reduce this
effect artificial damper was added.

Generally, the stress acting on a bond is a result of
the interaction between the corresponding particles. In
order to simulate material breakage, stresses acting in
each individual bond are analyzed and compared with
the specified material properties for tension/compres-
sion strength σmax, as well as tangential strength τmax.
If one of the conditions in Equations (10) or (11) is
fulfilled, the bond breaks and is removed from the
simulation:

Ft,b

Ab
+Mt,b � Rb

IT,b
> τmax, ð10Þ

Fn,b

Ab
+Mn,b �Rb

Jb
> σmax, ð11Þ

where Ft,b and Fn,b is the resulting force in normal and
tangential direction, respectively. Mt,b and Mn,b is the tor-
sional and bending moment acting on the bond, Ab and
Rb the crosscut surface and radius, Jb the moment of iner-
tia and IT,b the torsional moment of inertia.

3.3 | Basics of algorithms for model
generation

In order to generate a coherent material structure of
bonded particles, various algorithms and steps are
required and will be described in the following. The
application of the algorithms to generate the UHPC
model is described in Section 4.

Particle generation algorithm
In the first step, a homogeneous packing of primary parti-
cles is generated. For this purpose, a force-biased algo-
rithm was applied.28 Initially, particles are randomly
placed into a specified volume. After this, contacts
between particles are detected and virtual forces in normal
direction are calculated. Using the calculated forces, parti-
cles are moved while overlaps are reduced. The artificial
stiffness which is used for calculating the interparticle
forces is not related to the material properties, but calcu-
lated automatically from the maximum particle velocity in
the generated system. In order to ensure that all particles
are contained in the specified volume, virtual walls are
generated. The packing algorithm stops when a specified
overlap or a maximum number of iterations is reached.

Bond generation algorithm
In a next step, bonds can be generated between primary
particles. For this purpose, a distance-based algorithm is
used. A bond is generated if there is an interparticle over-
lap or if the distance between particle surfaces is smaller
than a specified threshold. For cementitious materials,
threshold distance was specified as 75% of particle diame-
ter, in order to reach good connectivity of primary parti-
cles and capture the effect of interlocking.15

Agglomerate generation and placing
Using the described algorithms for particle and bond gen-
eration, it is possible to create agglomerates (particle clus-
ters connected with bonds) which can be saved
separately into the database of the MUSEN framework.
Agglomerates can for instance be used to represent an
additional material of a multiphase material system. The
placing of these agglomerates into a specified volume fol-
lows an overlap-based algorithm, where a defined
amount of agglomerates is randomly generated one by
one. Afterwards, possible overlaps with already existing
agglomerates are analyzed. If overlaps are detected, then
the last agglomerate is removed from the domain and the
iteration is repeated.

Material allocation algorithm
The material allocation algorithm is an approach for
comparing particle positions using their coordinates.
With respect to this contribution, particles of two sepa-
rate volumes with different materials need to be com-
pared and merged to a resulting volume. If the distance
between the centers of two compared particles is within a
specified limit RLimit, corresponding particles are identi-
fied and the material is changed. In Figure 4, a particle
allocation and the corresponding final particle arrange-
ment with changed materials are shown schematically.

4 | GENERATION OF
STRUCTURAL MODELS AND
CALIBRATION OF PARAMETERS

4.1 | Binder and ITZ

Using the described approach for generation of structural
models, cylindrical binder specimens with the dimen-
sions of h/d = 72/24 mm were modeled. Keeping the
h/d-ratio from experiments constant plays a major role,
since effects like the obstruction of transverse strain may
affect simulation results. Binder particles and bonds have
a diameter of 0.48 mm, respectively. The chosen particle
diameter leads to a total number of nearly 322,000 parti-
cles, while a threshold of −0.1 to +0.36 mm for bond

6 RYBCZYŃSKI ET AL.



generation results in almost 3.63 million bonds. Two
cylindrical plates were generated at the top and the bot-
tom of the modeled specimen and set to loading velocities
of zero and 100 mm/s, respectively. To speed up numeri-
cal simulations, compression velocity has been increased
compared to the experimental results. By a velocity varia-
tion was ensured, that the increased value has no effect
on simulation results. With respect to the calibration of
model parameters, static compression tests on binder
from Section 2 have been used. To reproduce the stiffness
scattering of experimental data and to investigate the
influence of a lower binder stiffness on the mechanical
behavior of UHPC, a second parameter set was calibrated
(by reducing the bond stiffness only). The calibrated
parameters of set (A) correspond to the upper value of
experimental data (38 GPa), while the parameter set
(B) was calibrated to represent the experimental stiffness
of 34 GPa, see Figure 5. Note that parameters of set
(A) were further used as default values for simulations.
An overview of final parameters is given in Table 3.

After the calibration of parameters, fracture patterns
from simulations were compared with experiments. Gen-
erally, strongly pronounced vertical cracks and a forma-
tion of large fragments can be noticed. Several main fault
zones have been formed and almost all of them are
approximately perpendicular to the loading direction.
Even if the mesoscopic simulation represents a small
section of the macroscopic binder specimen, good agree-
ments of the characteristic crack propagation and frac-
ture patterns could be reached, see Figure 6a,b.

4.2 | Aggregate

All components of the concrete composition with small
diameters, such as silica fume (200 nm) or quartz powder
(20 μm), were incorporated into the binder. Only quartz

aggregates (diameter 250 μm) which are large enough for
meso scale modeling has been described separately. To
consider the realistic nonspherical shape of aggregate in
UHPC simulations, reconstructed 3D models from Sec-
tion 2 were used and scaled to a diameter of around
4 mm. This μCT reconstruction can be used effectively
for generation of BPM.6,17,18,29,30 Primary particles with a
diameter of 0.48 mm were placed into five segmented vol-
umes, afterwards connected with bonds and saved into
the MUSEN database, see Figure 7. To reproduce shape
of aggregates and to ensure resulted force rearrangement
between aggregate and binder in simulations, 500 to
1,000 particles were used for each agglomerate.

For the sake of simplicity, numerical calibration of
aggregate parameters was carried out on cylindrical spec-
imens under uniaxial compression. Two different

FIGURE 4 Schematic illustration of the particle allocation algorithm for two different materials

FIGURE 5 Comparison of binder experiments and six

different binder simulations, red: Parameter set (a) for an

experimental stiffness of 38 GPa, blue: Parameter set (b) for an

experimental stiffness of 34 GPa
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parameter sets were calibrated. Parameters of set
(A) correspond to a macroscopic stiffness of 90 GPa,
while parameter set (B) refers to 70 GPa (see Section 2.2).
Note that parameters of set (A) were further used as
default values for simulations. As cracks were not

penetrating the single grains in experiments, tangential
and normal bond strength for aggregates was set to ∞.
The infinite strength leads to a decrease of needed parti-
cle and bond stiffness in simulations, since broken bonds
also affect the macroscopic stiffness (stiffness of modeled

TABLE 3 Main simulation and material parameters from the calibration

Main simulation parameters Binder ITZ Aggregate

Diameter of particles and bonds (mm) 0.48 0.48 0.48

Number of primary particles (−) 208,125 – 118,687

Number of solid bonds (−) 2,053,425 554,082 1,031,387

Simulation time step (s) 4e–10 4e–10 4e–10

Particle Young's modulus (GPa) 87.26 – 30

Bonds Young's modulus (GPa)
Bond Young's modulus set (B) (GPa)

10
8

10
8

40
25

Normal and tangential stiffness
kn/kt (N/m)

8.47e + 06 – 8.47e + 06

Bond normal strength (MPa) 6.72 6.72 ∞

Bond tangential strength (MPa) 17.92 17.92 ∞

Poisson number (−) 0.19 0.19 0.135

Interparticle sliding friction μsl (−) 0.45 – 0.45

Abbreviation: ITZ, interfacial transition zone.

FIGURE 6 Comparison of fracture patterns for pure binder specimens: (a) Experiments and (b) simulations
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cylinder). An overview of the calibrated parameters is
given in Table 3.

4.3 | Structural three-phase UHPC
model

The structural three-phase UHPC model consists of two
types of particles (binder and aggregate) and three types
of bonds (binder–binder, binder-aggregate and aggregate-
aggregate). This three types of bonds represent the main
three phases of concrete (binder, ITZ and aggregate) and
allow to distinguish and analyze different sections of the
modeled UHPC. Note, that due to the optimized packing
density of the used UHPC, a potentially weaker ITZ was
not observed in SEM investigations. For this reason,
parameters of ITZ and binder bonds were assumed to be
equal. The generation of the three-phase UHPC structure
can be split into three main steps and corresponds to the
algorithms mentioned in Section 3.3.

In the first step, binder particles and aggregate
agglomerates are placed in two separate cylindrical vol-
umes with the same dimensions (h/d = 72/24 mm).
Based on the aggregate scaling, these dimensions repre-
sent a real concrete volume of around h/d = 6/2 mm.
The particle number N was 326,812 for binder and
118,687 for aggregate particles by using the same particle
diameter of dbinder/aggregate = 0.48 mm.

Afterwards, all positions of aggregate particles were
allocated within the set of binder particles. After alloca-
tion the structure consists of 208,125 binder and 118,687
aggregate particles. The volumetric proportions of binder
and aggregate are in accordance with the experimental
UHPC composition from Table 1. Due to the identical
particle diameter, particle numbers can be used for volu-
metric calculations, see Equations (12) and (13).

Nbinder

Nparticle,all
=
208,125
326,812

= 63:68Vol%: ð12Þ

Naggregate

Nparticle,all
=
118,687
326,812

= 36:32Vol%: ð13Þ

In the last step, all three types of bonds were gener-
ated. Note that all calibrated models had the same particle
and bond diameter as well as the same coordination num-
ber. Due to this, the same threshold distance could be used
for all materials during bond generation. Finally, two
cylindrical plates were generated at the top and the bottom
of the modeled specimen and set to loading velocities of
100 mm/s and zero, respectively. The stepwise generation
is illustrated in Figure 8, as Table 3 contains a summary of
the calibrated material parameters. Note, that these
parameters are model parameters and thusly not equal to
macroscopic data. The parameters of interparticle friction
μsl were not included into the model calibration strategy
and were assumed to be equal between all particles.

5 | UHPC SIMULATIONS

5.1 | Uniaxial compression

In the first stage the model parameters for binder, ITZ
and aggregate have been calibrated using gradient-based
trial and error principle. The calculations were iteratively
repeated using different parameters to minimize discrep-
ancy between experimental and numerical results. To
estimate initial parameter set and to reduce number of
iterations the linearization-based technique31 has been
used additionally.

Afterwards, using the calibrated parameters for sin-
gle components such as binder, ITZ and aggregate,

FIGURE 7 Usage of μCT data for agglomerate generation: (a) Polygon mesh of aggregate surface obtained from μCT measurements,

(b) grain volume filled with aggregate particles, (c) BPM of single aggregate grain (aggregate agglomerate). BPM, bonded-particle model
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uniaxial compression of UHPC was simulated and vali-
dated with experimental data. Three separately gener-
ated samples with an aggregate content of around 36%
were calculated. As it can be observed from comparison
of stress–strain diagrams (Figure 9), good agreement
between experimentally and numerically results could
be reached.

Similarly to the binder samples, fracture patterns of
concrete samples showed significant vertical cracks. In
addition, more horizontal cracks could be noticed. This
interaction during crack propagation affects a higher
branching and forming of fragments. The formation of
these fragments seems to be caused by additional aggre-
gate, as cracks do not penetrate the single grains and are
deflected around the grain. Even if the mesoscopic simula-
tion represents a small section of the macroscopic concrete
specimen from the experiments, good agreements of the
characteristic crack propagation and fracture patterns
could be reached. Note, that due to an explosive and
abrupt failure of UHPC during experiments, specimens
were additionally wrapped into a thin foil to keep the frac-
ture fragments together as can be seen in Figure 10.

In order to localize the main crack initiation of the
investigated UHPC, the particle stress distribution in
loading direction was analyzed. The stress tensor acting
on primary particles was calculated as32

σi,j =
1

2Vp

X
K

li �F j, ð14Þ

where Vp is the particle volume, K is the total number of
contacts for this particle including particle–particle

interactions and solid bonds, Fj is the force acting in spe-
cific contact, and li is the contact vector (connecting the
particle centers) in the spatial directions i and j.

Particle stresses within the binder for UHPC sample
(UHPC-Binder) were compared with the stress distribu-
tion acting in pure binder sample (binder–binder).
Figure 11 displays distributions of the stress exerted
under loads of I = 50, II = 100, and III = 150 MPa,
respectively. All distributions take the shape of symmetri-
cal bell curves. At higher macroscopic loads, the distribu-
tions become increasingly broad and shift toward higher
individual particle stress.

In the case of the pure binder samples, these distri-
butions are centered around the macroscopic load, but

FIGURE 8 Stepwise

generation of the three-phase

concrete model. ITZ, interfacial

transition zone

FIGURE 9 Comparison of UHPC experiments and three

different UHPC simulations using calibrated parameters. UHPC,

ultrahigh performance concrete

10 RYBCZYŃSKI ET AL.



in the case of UHPC samples, the majority of particles is
subjected to lower individual stress. In addition, UHPC
generally exhibits broader and flatter distributions

compared to the aggregate-free binder. As displayed in
Figure 12c, particles subjected to a high-individual stress
are mostly located between close-knit grains. Con-
versely, the stress exerted on particles is much lower in
regions of binder containing no aggregate grains, see
Figure 12b. Both effects can be explained by the addi-
tional presence of aggregate. On the one hand, grains
absorb inner stresses and contribute to an increase of
macroscopic strength as well as affect the shifted distri-
bution of UHPC. On the other hand, discontinuities
caused by the high difference of stiffness induce stress
peaks, which can also lead to a higher local degradation
of material.

Furthermore, evaluation of average bond stresses
shows that the aforementioned stress peaks result in
higher stresses within the ITZ bonds (Figure 13a) and
lead to a higher amount of defects. This number of
defects is the quantity of broken bonds to its initial num-
ber. Bond breakage at the meso level can be seen as a
microcrack which is induced by mechanical load. It can
be clearly noticed that the number of broken bonds has
an exponential growth after passing a strain of 1.5%.
From this point up to the average breakage strain of
≈ 4.5‰, cracks are clearly dominated by the failure of
ITZ bonds, see Figure 13b.

FIGURE 10 Comparison of the fracture patterns for UHPC: (a) Experimental specimens wrapped into a thin layer of foil and

(b) resulting fracture patterns from DEM simulations. DEM, discrete element method; UHPC, ultrahigh performance concrete

FIGURE 11 Stress distribution in loading direction for

different loading stages [I = 50 MPa, II = 100 MPa, III = 150 MPa]:

(red) pure binder simulation (binder–binder) from Section 4; (blue)

binder particles for UHPC sample (UHPC-binder). UHPC,

ultrahigh performance concrete
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5.2 | Uniaxial compression with varied
aggregate content

By a variation of aggregate content, changes in the
mechanical behavior of UHPC were investigated. This
can be used for an optimization of the particle distribu-
tion of the concrete composition or to point out the influ-
ence of local inhomogeneities caused by an insufficient
mixing procedure. An optimization of concrete composi-
tion usually affects the entire distribution and influences
the processability as well as the optimized packing den-
sity. For this reason, the increase of aggregate content
was limited to 50%, as otherwise potentially unrealistic
scenarios would be reproduced. The simulation results
under uniaxial compression with varied aggregate con-
tent are shown in Table 4 and plotted in Figure 14.

It can be clearly noticed that an increase of aggregate
content leads to a significant increase of stiffness and
strength, respectively. Simulations with an aggregate con-
tent between 30% and 40% correspond well with the
experimental data (see Table 2). An aggregate content of
30% results in an average strength of 187 MPa and stiff-
ness of 44 GPa (lower value of experiments:
188 MPa/46 GPa), while a content of 40% increases the
strength to 196 MPa and the stiffness to 47 GPa (higher
value of experiments: 196 MPa/48 GPa). These results
reflect well the strong influence of aggregate concentra-
tion in UHPC, which was for example, mentioned by
Jang et al., and Zhang et al.33,34 In contrast to plain con-
crete, the optimized packing density as well as the high-
strength ITZ of UHPC lead to a homogeneous structure
where stresses can be borne by both, binder and

FIGURE 12 Stresses of

primary binder particles in loading

direction at strain level of 2%:

(a) Main visualization of stress peaks

in the simulated specimen, (b) lower

stresses in aggregate-free areas, and

(c) higher stresses in regions of

close-knit grains

FIGURE 13 Comparison between ITZ and binder bonds: (a) Higher degradation of ITZ bonds caused by higher stresses and (b) defect

propagation within the simulated UHPC structure. ITZ, interfacial transition zone; UHPC, ultrahigh performance concrete
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aggregate. Furthermore, simulations showed a linear cor-
relation between aggregate content and Young's modu-
lus, while a quadratic relation between aggregate and
strength was found. The dependency can be described
with the following functions:

Ec = 0:25 �ac +EB, ð15Þ

f c = 0:8 �a2c + 0:18 �ac + f B, ð16Þ

where ac is the aggregate content in Vol-%, EB and Ec the
modulus of elasticity of binder and concrete and fc as well
as fb the strength of concrete and binder. Similar trends
for a linear correlation between aggregate content and
the modulus of elasticity have been observed in experi-
mental investigations of Cho et al.35 for different concrete
compositions and varied w/c ratios. Moreover, the qua-
dratic correlation is in accordance with experimental
conclusions of Stock et al.36 in which effects of aggregate
concentration on the mechanical properties of concrete
were investigated.

5.3 | Uniaxial compression with varied
aggregate and binder stiffness

In order to determine the influence of binder and aggre-
gate stiffness on the mechanical properties of UHPC,
material parameters were changed to the parameter set
(B). These parameters were calibrated to investigate the
influence of aggregate anisotropy and scattering of binder
stiffness within experimental data, as mentioned in Sec-
tions 4.1 and 4.2. Three simulations were performed with
each combination of parameter set. Table 5 contains the
used combinations and obtained results from simula-
tions, where parameter set (B) represents the lower stiff-
ness value.

While a 22% decrease in aggregate stiffness (from
90 to 70 GPa) causes a drop in concrete stiffness of only
7% (from 45 to 42 GPa), a smaller decrease in binder stiff-
ness of only 11% (from 38 to 34 GPa) brings about a simi-
lar drop in concrete stiffness. At the same time, concrete
strength is not noticeably influenced by a decrease in
stiffness of either component. Similar trends have been
observed by experimental investigations of Aïtcin et al.
and Zhou et.al. 37,38 for high-performance concrete,
where different aggregate types were used for stiffness
variation. In addition Zhou et.al,38 observed a discontinu-
ous influence of aggregate stiffness, where concrete
strength is constant within certain intervals of aggregate
stiffness and only varies significantly upon drastic varia-
tions in aggregate stiffness. From these results, we con-
clude that the main contributing factor in the high

TABLE 4 Simulation results for varied aggregate content

Volumetric
aggregate
content (%)

Young's
modulus of
UHPC (GPa)

Compressive
strength of
UHPC (MPa)

0 36.87 ± 0.14 175.48 ± 1.64

10 38.94 ± 0.39 176.90 ± 0.94

20 41.73 ± 0.32 180.27 ± 0.81

30 44.26 ± 0.38 187.27 ± 0.97

36 45.78 ± 0.29 192.15 ± 2.09

40 46.62 ± 0.17 196.15 ± 1.34

45 48.04 ± 0.17 199.32 ± 1.09

50 49.05 ± 0.14 202.25 ± 0.43

Abbreviation: UHPC, ultrahigh performance concrete.

FIGURE 14 Influence of aggregate content on Young's

modulus and compressive strength

TABLE 5 Combination of parameter sets and the corresponding simulation results

Combination
Parameter set of
binder/ITZ

Parameter set of
aggregate

Young's modulus of
UHPC (GPa)

Strength of
UHPC (MPa)

I (default) (A) (A) 45.78 ± 0.53 192.15 ± 2.09

II (A) (B) 42.15 ± 0.13 192.70 ± 3.43

III (B) (A) 42.10 ± 0.54 191.06 ± 2.84

Abbreviations: ITZ, interfacial transition zone; UHPC, ultrahigh performance concrete.
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strength of UHPC is the binder and the optimized pack-
ing, while the aggregate stiffness plays a secondary role.

6 | CONCLUSION

This paper presented a numerical study of the mechani-
cal behavior of UHPC based on DEM, X-ray μCT, SEM as
well as PLM. It was shown that the characteristic attri-
butes of UHPC may be accurately modeled using the
BPM approach. The mesoscopic three-phase BPM proved
to be a beneficial approach that gives insight into the
mechanical processes within the UHPC structure and to
localize main crack initiation factor. Even though no
weaker ITZ was identified by SEM–EDX line-scans, it is
advisable to use transition bonds for a clear distinction of
different material sections. Based on our numerical ana-
lyses of the investigated UHPC composition, which we
directly compared to corresponding experiments, the fol-
lowing main conclusions may be drawn:

• The main contributing factor in the high strength of
the investigated UHPC is the binder with its optimized
ITZ and an appropriate packing density. Only for this
it is possible, that stresses can be relieved by both
binder and aggregate.

• Local discontinuities in stiffness (caused by the high
stiffness of aggregate and especially in case of grains
close to each other) lead to stress peaks around the
grains and thusly to a higher degradation of the
directly surrounding binder.

• Crack initiation and propagation have an exponential
growth and the failure is dominated by ITZ bonds,
even though the transition zone has the same proper-
ties as the overall binder matrix. This is a consequence
of the stress concentrations around the aggregate
which are induced into ITZ bonds.

• Different volumetric contents of aggregate lead to a
change in strength and stiffness, respectively. These
kind of inhomogeneities could further lead to an early
local failure and influence the macroscopic behavior of
experimental investigation, which shows the impor-
tance of a sufficient mixing procedure for UHPC.

• A decrease of aggregate or binder stiffness causes a
decrease of concrete stiffness only. It is further conceiv-
able that this effect overlaps with the influence from
different aggregate contents and might lead to a higher
scattering in experimental investigations.
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