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Abstract The benefits of including fibers in ultra-
high performance concrete (UHPC) are attributed to
their good bond with the matrix and, hence, an optimal
utilization of their properties. At the same time,
though, fiber reinforcement may contribute to aniso-
tropy in the composite material and induce weak areas.
The influence of the fibers’ orientation on the material
properties is a matter of current scientific discourse
and it is known to play a vital role in structural design.
In the case studies presented herein, mechanical
laboratory tests using pulsating load regimes on
UHPC with a strength of more than 200 MPa were
simulated by use of finite element models. The
orientations of the fibers were measured for each test
sample prior to failure using an X-ray computed
tomography (CT) scanner, and these orientations are
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explicitly implemented into the model. The paper
discusses the methodology of merging data retrieved
by CT image processing and state-of-the-art FE
simulation techniques Moreover, the CT scanning
was carried out throughout the testing procedure,
which further enables the comparison of the mechan-
ical tests and the FE models in terms of damage
propagation and failure patterns. The results indicate
that the overall fiber configuration and behavior of the
samples can be realistically modelled and validated by
the proposed CT-FE coupling, which can enhance the
structural analysis and design process of elements
produced with steel fiber reinforced and UHPC
materials.

Keywords Ultra-high performance concrete - Steel
fiber reinforced concrete - Fiber orientation - X-ray
computed tomography - Non-linear finite element
modelling

1 Introduction

With concrete being currently the most consumed
material by humanity after water [1], but also one with
a significant carbon footprint and one of the most
demanding in terms of energy resources [2, 3], it is
becoming obvious that an increase in its performance
is vital. A significant improvement is the production of
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concrete materials with very high compressive
strength (e.g. higher than 120 MPa), which is referred
to as ultra-high performance concrete (UHPC) or
reactive powder concrete and finds application where
challenging construction material characteristics are
required, for example in high-rise, industrial, and
infrastructure projects. This type of compressive
strength can be achieved through the use of generally
finer aggregates and lower water/cement ratios than
normal concrete, and the addition of appropriate
cementitious and additive constituents [4]. The addi-
tion of dispersed short steel fibers in UHPC — but also
in normal concrete — is a commonplace engineering
decision (hereafter UHPC is assumed de facto to be
steel fiber reinforced), since it leads to constrained
concrete crack formation and propagation, which is
then associated with various design and performance
advancements: ductility and toughness, freeze—thaw
and shrinkage resistance, sustained load and flexural
creep resistance, as well as improved dynamic fatigue
and impact response [5, 6].

However, the addition of fiber reinforcement can
have critical disadvantages and even hinder the
performance of concrete, since it can contribute to
the anisotropy of the mixture and induce weak areas.
The fiber distribution strongly depends on the casting
conditions of the fresh mix as well as geometric
constraints, and it has been shown that different
casting methods for the same mix, and hence different
prevailing fiber orientations, can lead to significant
differences in structural performance [7-9]. The
review by [10] of a broad range of research attempts
to predict the fiber distribution and orientation
confirms that this has been possible in individual
areas of applicability, but there is no unanimously
accepted model capable of considering all the possible
variations such as type of fiber, fiber geometry,
concrete rheology, fiber stiffness, fiber dosage and
the compacting method, but as a general consensus,
the alignment of fibers in a flowing medium tend to
adopt the flow lines. Some concepts have also been
proposed regarding control of the fiber alignment in
fresh concrete by use of mechanical means [11], flow
techniques [12], as well as magnetic fields [13, 14].

Beyond the attempts to control the fiber alignment
quality, a variety of methods is available in order to
implicitly evaluate the distribution and orientation of
steel fiber reinforcement in hardened concrete. A
straightforward method is by observation and

recording the fibers visually in a fractured or cut plane
of a sample [15]. This method can be automatized by
use of image analysis tools and software, which can
provide an estimate of the number and orientation of
fibers in cut fiber reinforced concrete specimens by
analyzing the cross section shapes of the fibers
[16, 17]. A range of further non-intrusive methods
are proposed by various researchers. Inductive meth-
ods make use of the magnetic resistivity of steel fibers
and concrete by subjecting a concrete specimen to an
electromagnetic field and measuring the magnetic
flow [18, 19]. The attribute of electrical resistivity of
the fibers has been utilized in order to assess the fibers’
orientation, their density, and their degree of segrega-
tion, e.g. by use of impedance measurements [20-22].
The possibility of microwave permittivity measure-
ments of steel fiber reinforced elements has been
shown in [23].

Unlike the methods mentioned above, which
implicitly address the issue of fiber orientation,
X-ray computed tomography (CT) can be used to
achieve an imaging and full record of the fibers in their
exact location and distribution within a cast or cut
concrete specimen. X-ray computed tomography has
been applied to concrete research problems for several
decades [24], and it is particularly well suited for
investigations on fiber reinforced material, especially
when combined with measured mechanical response
data that can be related to individual fiber spatial
distribution and directional orientation [25]. Espe-
cially for applications with UHPC, [25] demonstrates
a procedure to record the orientations of fibers in the
matrix and transform them to a probability distribution
by means of CT. Previous research has also achieved
CT scanning at different deformation increments
during unconfined compression, cylinder splitting,
and triaxial tests [26-30], which facilitated the mea-
surement of cracking initiation and propagation in a
single specimen as a function of the load and
deformation state.

Simultaneously, non-linear structural modelling of
fiber reinforced concrete is vital for the efficient design
of structures, since it allows for realistic prediction of
the damage and fracture behavior of the construction
material. Several attempts have been made to model
the performance of fiber reinforced concrete and there
is a plethora of tools available to predict the responses
of such materials under various loading conditions.
Most approaches are based on the cohesive crack
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model [31] which makes use of a ¢ — w or stress-
CMOD (Crack Mouth Opening Displacement)
response of the material at the mesoscale. In this case,
the fiber orientation and distribution are not taken
directly into consideration and the ¢ — w response is
obtained experimentally based on mechanical testing
on specimens. Despite these simplifications, the
cohesive crack model currently remains the standard
way to characterize materials and design concrete
structures in practice [32].

In finite element (FE) simulations, the varying
effect of the fiber orientations has been accounted for
by non-isotropic material laws [33] and spatial vari-
ations of the fiber volume fraction [34]. An approach
of explicitly modelling fibers in cementitious materi-
als based on discrete inclusion of fibers and to account
for the contribution of each single fiber based on its
location and alignment has been proposed in [35], and
since then extensively studied. In [36], a method for
replacing the explicit fibers with discrete forces
integrated with a background mesh was proposed
and validated. In [37], a two-phase model, where fibers
and the concrete are modelled separately, was pro-
posed. The individual fibers’ load—displacement per-
formance was evaluated based on fiber pull-out tests
and simulated by a multi-linear, axial load—displace-
ment law, while the concrete matrix performance was
simulated with a smeared crack constitutive law. The
fiber dispersion was then generated randomly by a
Monte Carlo algorithm with theoretical distribution
functions without test-based information [38], but the
FE analyses compared well with actual monotonic
quasi-static material tests. Using this modelling phi-
losophy, [39] shows the sensitivity of the simulations
to the variations of the fiber orientations and success-
fully validates an envelope of multiple model results
against an envelope of bending tests with normal
strength fiber reinforced concrete. A similar approach
is used in [40], where prisms are modelled using non-
elastic constitutive laws for the fiber and the concrete
matrix, and a cohesive interface function is validated
against beam bending and direct tensile tests for
concrete with a compressive strength of up to
110 MPa with random fiber distributions. A meso-
scopic modelling approach for cement composites,
combining models for discrete cracks using the strong
discontinuity approach, explicit fibers as axial truss
elements and individualized fiber bond spring-models
is also proposed in [41]. A further mesoscopic FE

simulation technique with explicit description of the
concrete, randomly distributed fibers, and a fiber-
matrix bond is demonstrated in [42].

A multi-level model capturing the single fiber, the
crack plane, and the continuum/component has been
proposed by [43]. This study accounted, at the first
level, for an analytical pull-out model and a casting-
induced anisotropic fiber distribution. At the second
level, it accounted for a stress transfer across a crack
(through integrating the crack-bridging contribution of
randomly aligned fibers) and material cohesion (de-
pendent on the tensile strength of plain concrete). The
analysis at continuum level provided very good
agreement not only with quasi-static tests at the level
of material and simple components testing [43], but
also with preliminary results of non-reinforced cyclic
3-point bending tests as part of an ongoing model
validation for cyclic/dynamic testing [44].

As dictated by the current research background
discussed above, CT methods can accurately record
steel fibers in concrete materials and state-of-the-art
FE simulation techniques allow for a discrete repre-
sentation of the fibers and their mechanical contribu-
tion in non-linear models of small concrete
components. To the knowledge of the authors, a
merging of these two possibilities has not been
presented in the past, and it is attempted here for the
first time in international literature, in terms of a case
study. A further novelty of this investigation is that
focuses on FE modelling of UHPC with a strength of
more than 200 MPa, and on behavior under pulsating
loading. The study demonstrates a methodology for
the FE modelling of UHPC components by imple-
menting actual fiber orientation information based on
CT measurements and image analyses of actual
samples. The mechanical tests and FE simulations
follow the same pulsating loading regime, where the
simulated tests are compressive and double-punch
tests. The CT imaging takes place incrementally,
before and after each load step and it, hence, captures
not only the exact location and orientation of the
fibers, but also the material damage propagation. The
discussed FE modelling is then validated in terms of
fiber configuration (geometrical validation) and in
terms of compressive and double-punch pulsating
load—displacement response and failure pattern (me-
chanical validation). The described methodology of
coupling CT scanning with FE modelling can then
enhance the structural analysis and design process for
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large-scale structures and structural components made
of UHPC.

Following this introduction, the UHPC material
“Cor-Tuf” that is implemented in the present study is
described. Then, the experimental investigations in
combination with CT scans are discussed. The mod-
elling procedure, including the techniques of incorpo-
rating the fibers discretely in the model and carrying
out the FE simulations, is presented in detail. The
results and a comparative assessment of the speci-
mens’ mechanical response in the experimental and
numerical investigations lead to the main conclusions
of this paper.

2 Material

The material used in study is designated as Cor-Tuf,
which is the name of a family of UHPC mixes
developed at the U.S. Army Engineer Research and
Development Center (ERDC). Cor-Tuf is distin-
guished by a high compressive strength, which
generally ranges from around 190 MPa to 250 MPa
and with mixture proportions depending on desired
fresh and hardened properties required for individual
projects [45]. The version of Cor-Tuf used herein is the
standard mix design (also known as Cor-Tufl),
because it has had a good track record of performance
and has been extensively characterized [45, 46]. The
material has a maximum particle size of approxi-
mately 0.6 mm, which is governed by the maximum
size of the foundry-grade Ottawa sand used in the mix.
The mixture proportions for Cor-Tuf are given in
Table 1, and further details of the steel fibers used are
provided in [47]. The fibers were hook-ended and had
alength of 30 mm and a diameter of 0.55 mm. Table 2
provides representative mechanical values. All values
are based on studies reported in [45], except for values

resulting from four-point bending or splitting tensile
tests, which were taken from [46]. In should be noted
that although the direct tension tests and flexural/
splitting tests are different, the resulting values agree
well with the general assumptions for the derivation of
the direct tensile [48] and the flexural/splitting
strength of concrete from its compressive strength
[49] for typical normal and high-strength concrete.
Moreover, [46] observes that during flexure tests of
Cor-Tuf, little or no fiber rupture or straightening of
the hooked fiber ends tended to occur during the
failure process, which indicates that the matrix
material of Cor-Tuf tends to fail around the fibers,
leaving the hooked ends intact. Investigations com-
prising pull-out tests of fibers with the same strength
and hook-ended anchorage (3D Dramix©) but with
much larger cross sectional areas have been carried out
for high-strength concrete [S0] and UHPC [51] with
compressive strengths of 68 and 158 MPa, respec-
tively. During these pull-out tests, fibers in both
materials showed a strong tendency for the failure to
occur as fiber rupture and hence full utilization of the
fiber strength.

3 Experimental investigations
3.1 Experimental set-up

A series of factors related to the X-ray CT system and
the mechanical testing apparatus available for use
during these experiments dictated the specimen size.
Given the high strength of the material, the load limit
of the testing equipment for compression tests is
reached with cylinders of approximately 70 mm in
diameter. The choice of this specimen size also
considered the requirement for incremental loading
up to failure with CT scans collected after each

Table 1 Cor-Tuf mixture

- ; Material Product Proportion by weight
composition according to
[45] Cement Lafarge, Class H, Joppa, MO 1.00
Sand US Silica, F55, Ottawa, IL 0.967
Silica Flour US Silica, Sil-co-Sil 75, Berkeley Springs, WV 0.277
Silica Fume Elkem, ES 900 W 0.389
Superplasticizer W.R. Grace, ADVA 190* 0.0171
Water (Tap) Vicksburg, MS Municipal Water 0.208
Steel Fibers N.V. Bekaert S.A., Dramix 3D-55/30 BG 0.310
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Table 2 Cor-Tuf mechanical properties according to [45] and [46]

Property

Unreinforced Cor-Tuf Fiber-reinforced Cor-Tuf

Initial Elastic Bulk Modulus (K)

Unconfined Compression Strength

Initial Constrained Modulus (M)

Initial Shear Modulus

Poisson’s Ratio

Specific Gravity

Young’s Modulus per Uniaxial Strain Test

Young’s Modulus per Four-Point Bending Test (Avg.)
Tensile Strength per Direct-Pull Test

Tensile Strength per Splitting Tensile Test

Flexural Strength per Four-Point Bending Test (Avg.)

22.7 GPa 25.2 GPa
210 MPa 237 MPa
43.1 GPa 47.4 GPa
15.3 GPa 16.7 GPa
0.22 0.23

2.77 293

37.5 GPa 40.9 GPa
36.4 GPa 33.7 GPa
8.88 MPa 5.58 MPa
10.4 MPa 25 MPa
16 MPa 24.0 MPa

loading step to capture damage propagation. Further-
more, the quality of the CT images was found to
significantly deteriorate for specimens with diameters
exceeding approximately 76 mm. Due to these limi-
tations, the nominal specimen diameter was selected
to be 70 mm. The cylindrical specimens of Cor-Tuf
were cut from cores drilled out of the middle of a thick
concrete block in order to avoid constraints on fiber
orientation caused by the boundaries of small casting
molds and to obtain a concrete performance as closely
as possible representative of actual structural mem-
bers. The original block had a size of 914 by 914 by
556 mm and was cast directly from a concrete mixing
truck. Two cylindrical test specimens were used in this
investigation, namely one for unconfined compression
and one for double punch testing. The specimens used
in this study are marked as UC-EXPfor uniaxial
compression and DP-EXP for the double punch test
and they had the following dimensions:

e UC-EXP diameter and height: 70.3 mm and
141.3 mm, respectively

e DP-EXP diameter and height: 70.4 mm and
70.5 mm, respectively

The unconfined compression (UC) tests were
carried out using geometric characteristics and testing
procedures similar to those recommended by the
procedures in [52]. The double punch (DP) testing
method (also referred to as the Barcelona test) is an
option for obtaining tension characteristics of concrete
materials. Although much less common than direct

tension, cylinder splitting, or flexural beam tests, it
offers a number of significant benefits related to the
demands of both X-ray CT scanning and incremental
load application. The test geometry followed the
methodology provided in [53]: the concrete cylinder
was placed between two cylindrical steel punches
centered on its top and bottom surfaces (Fig. 1). Each
punch had a diameter equal to ¥4 the concrete cylinder
diameter and the two punches were compressed
towards one another during the experiments. This is
intended to create a failure mechanism that includes a
shear cone under each steel punch and a series of radial
cracks that protrude from the center of the concrete
specimen out to its circumference. The tests were
displacement controlled, conducted using a 979-kN
capacity MTS testing machine. Load was recorded
using the load cell incorporated into the MTS testing
machine and displacement was recorded using exter-
nal linear variable differential transducers (LVDTs). A
photograph of this testing configuration can be seen in
Fig. 2. The recording rate for all data was 20 Hz. The
load history of both tests included a series of
progressively increasing pre-damaging loading
cycles, which were only halted once the effective
failure of the specimen had occurred. For the DP
specimen, additional loading cycles following peak
load were also completed to investigate its post-peak
ductile behavior. The loading rate was representative
of quasi-static loading situations and after most
loading cycles, the unloaded specimens were scanned

using X-ray CT.
nilem
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Fig.1 Double punch test layout and ideal failure mechanism of
3 radial cracks and perfect shear cones for homogeneous
material: isometric view of failed specimen (left), isometric

3
&
¥
4

Load

- Steel Punch

~— Shear Cone

| ~— Tensile Crack

Load

view of failure surface (center), and center cross section of failed
specimen (right), reproduced from [58]

Fig. 2 LVDT mounting configuration for loading of an unconfined compression specimen, reproduced from [58]

For the X-ray CT scanning, the specimens were
placed on a rotating table between an X-ray source and
an X-ray detector, projecting an X-ray attenuation
image of the specimen upon the detector. Once the
projected images were recorded during the 360
rotation of the specimen, mathematically-based recon-
struction algorithms were used to produce a three-
dimensional representation of X-ray attenuation
within the specimen. The recorded material density,
and hence the individual component materials and
voids in the specimens, could then be correlated with
the recorded X-ray attenuation. This led to the

identification of the specimen material structures and
a separation and analysis of the individual components
with the same order of density (voids, matrix, steel
fibers). The scanning system that was used during all
X-ray CT experiments was located at the University of
Florida. A 225-kV microfocus X-ray tube manufac-
tured by Comet GmbH was used to generate the X-ray
beam. The flat panel detector was manufactured by
Thales Electron Devices and had an active image
sensor area of 285 by 406 mm with an array of 2240 by
3200 pixels and a pixel size of 127 um. The 3D-CT
images were reconstructed using the program efX CT
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and all subsequent image analysis was completed in a
self-programmed code in MATLAB.

3.2 Results of CT scans and mechanical tests

An X-ray CT-based rendering of the fiber character-
istics in the immediate vicinity (£ 25 image slices) of
a series of cross sections are provided in Fig. 3 for
each of the specimens along with the definition of the
corresponding cross section locations. Figure 4 pro-
vides a series of X-ray CT image cross sections
showing the internal crack structures following the
final loading cycle for each specimen. The entire set of
load—displacement curves for each specimen will be
shown in Fig. 10, in combination with the numerical
simulation results.

Using the X-ray CT data, it was possible to extract
detailed information about fiber orientation character-
istics using a Hessian-based approach [25], which
analyzes fiber orientation at each fiber voxel (i.e. 3D

i
1§
]
I

pixel) point. By combining each of these orientation
measurements, it is possible to obtain an estimate of the
global distribution of fiber orientation within each
specimen. The results of these fiber orientation analyses
for each sample will be presented in Sect. 4.1.3 along
with a comparison to the fiber orientations generated in
the numerical models. These results will be presented
using a spherical coordinate system, in which orienta-
tions are characterized by angles 6 and ® (see Fig. 5-
left). The angle 0 represents the azimuthal angle in the
x-y plane from the x-axis (in this context, the
cylindrical axis of the sample is denoted as the z-axis),
with —180° < 0 < 180°. The angle ® represents the
polar angle from the positive z-axis. Note that since the
fibers are assumed to be symmetric about their lengths,
a corresponding symmetry condition can be imposed on
@, with 0 < ® < 90°. For more details about the fiber
orientation analysis, see [25].

The failure of the specimen under UC was charac-
terized by many small vertical cracks and columnar

Fig. 3 X-ray CT imaging of fibers and fracture patterns after the final load cycle for the scanned specimen UC-EXP: definition of
shown sections (left), fibers rendering (center), and cracking rendering (right), reproduced from [58]
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Fig. 4 X-ray CT imaging of fibers and fracture patterns after the final load cycle for the scanned specimen DP-EXP: fibers rendering
(left) and cracking rendering (right).The section planes are indicated in Fig. 3, reproduced from [58]
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Fig.5 Spherical coordinate system for the definition of the fiber Global coordinate system showing the generation of a single

orientations from CT scans, reproduced from [25] under the fiber in the model and the fiber coordinates relative to the x—y
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formations through both ends (see Fig. 3). This is
largely coincident with the anticipated failure pattern
of well-performing homogeneous fiber reinforced
concrete, since these many small cracks correspond
to high energy absorption, as compared to the failure
patterns of unreinforced concrete, which are typically
characterized by large diagonal fractures. However,
the fiber orientation range was not entirely uniform in
the specimen, which partially explains some relatively
wide diagonal cracking from the bottom left to the top
right in the plan view images. The developed fracture
plane has approximately the same direction as the
primary orientation of the fibers, which can be
qualitatively observed in the CT scans and indicates
the presence of weak zones created by parallel fibers.
The failure macro-crack was able to propagate through
these weak zones both because the parallel fibers did
not tend to span the crack and adequately restrict its
growth and because crack growth parallel to the fibers
may have been exacerbated by weak fiber-matrix
bonding. The maximum load reached in the UC test
was 823.32 kN, which was noted in the final load
cycle.

The failure pattern of the DP tests (Fig. 4) exhibits
half cones beneath each punch, with the half cone on
the bottom of the specimen developing on the opposite
side of the half cone on the top of the specimen. In
addition, the two sides of the specimen in the plan
view exhibit a shear differential displacement in the
vertical direction, unlike what is expected for a
homogenous material behavior (Fig. 1). Another dis-
crepancy from the theoretical DP crack structure was
the development of only two major radial macro-
cracks. These cracks can also be understood as a single
diagonal crack, but they are herein technically clas-
sified as two radial cracks in keeping with traditional
DP test definitions. A comparison of these diagonal
crack structures with the fiber layout within the
specimens provides insight into the intimate relation-
ship between DP test performance and fiber orienta-
tion. From Fig. 4, it appears that the orientation of
both the diagonal crack and the fibers in the plan view
images of the DP-EXP test is largely vertical, with any
horizontal component of the fiber orientations gener-
ally also running parallel to the primary failure crack.
This provides further evidence that, given the similar
fiber orientation layout seen in the two experiments,
the DP reacted similar to the UC specimen, indicating
some diagonal shear failure in a direction parallel to

the prevailing fiber orientation. The maximum load
reached in the DP test was 93.03 kN, which was noted
in the first load cycle, and the peak load reached in the
third load cycle (prior to what was taken as effective
failure) was 77.78 kN, which indicates that the
preceding load cycles substantially damaged and
reduced the strength of the specimens.

4 Numerical modelling
4.1 Fiber arrangement generation
4.1.1 Input

A customized algorithm (depicted in Fig. 6) was
created in order to generate the distribution and
orientation of fibers within a fiber-reinforced concrete
specimen, based on given arrangements retrieved from
the X-ray CT scanning process. Furthermore, the
generated fibers that intersect the element’s boundary
are trimmed or removed depending on the concrete
specimen production method (cored or cast, respec-
tively). This code can accommodate any basic
geometric shape for the specimens, and in this case a
cylindrical specimen is assumed as per the laboratory
tests. The necessary input for the program is separated
in four basic parts. The first part defines the specimen
dimensions. These are the diameter and the height of
the matrix specimen, as well as the diameter and the
length of the fiber implemented in the matrix. The
second category of input is the fiber material density,
for which a typical overall value for steel fibers of
7850 kg/m® was used. The third input value is the fiber
dosage, which is expressed, again, in kg/m>. This input
defines how heavily reinforced a specimen is, and for
the cases presented herein a 177 kg/m® fiber content
was applied. The final input determines the orientation
of the fibers with respect to the spherical coordinate
system, where orientations are characterized by angles
0 and @. The angle 0 represents the azimuthal angle in
the x—y plane from the x-axis. The angle ® represents
the polar angle from the positive z-axis (cylinder axis)
(see Figs. 5 and 7). As input, two distributions were
imported that were fitted by appropriate distribution
functions and then were used for sampling the angles
of the fibers. To construct these distributions, mea-
surements of the actual fiber orientations in the
specimens were obtained from image processing of
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Calculation of
specimen volume

Fit ®,8 distributions

Sample orientations
@', © from fitted PDF

Calculation of single
fiber mass

Calculation of fiber
amount

Generation of first
point A;(x;,y1,2;)

Generation of end
point 4;(x;,;,2;)

Boundary

Outside

check

Fiber geometry

Fig. 6 Flowchart of fiber geometry generator algorithm

X-ray CT reconstruction images from scans prior to
mechanical testing of the specimens (see Sect. 3.2 for
further details). Then, this quantitative measurement
data was fitted using a best-fit kernel distribution,
which is a nonparametric smoothing curve represent-
ing an arbitrary probability density function, used
when a continuous parametric distribution function
(e.g. normal, log-normal, extreme value, etc.) cannot
properly describe the data.

4.1.2 Generator of fiber geometry and arrangement

Based on the input noted above, the first step of the
solution is to calculate the exact amount of fibers. The
volume and weight of a single fiber and the volume of
the entire specimen are calculated, and according to the
given fiber dosage, the amount of fibers is calculated
and rounded up to the closest integer. The probability
density functions of the fiber orientation are derived by
curve fitting the histograms of the CT investigation
results. The reference axes that define the orientations
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fiber set to the target (CT-scanned) distribution (left), and
are shown in Fig. 5-right. Initially, the first point, A;, of
each fiber is randomly generated inside the boundaries
of the cylinder by generating a set of random coordi-
nates (X;, ¥;, zj) by means of a uniform rectangular
distribution function. For the calculation of the end
point, A;, of each fiber, more intermediate steps are
required in order to capture the biased orientation of the
fibers. The first step is to sample the angles of the fiber
to be generated from the @ and 0 orientation distribu-
tions derived from the CT investigation. The coordi-
nates of the end point are then calculated using the
sampled @’ and 0’ angles and the predefined fiber
length, which must be transformed into three dimen-
sional cartesian coordinates (x;, y;, z;). The result of this
step of the code is the generation of preliminary fibers
with input-defined length, and controlled orientation.
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comparison of generated 6’ orientations of fiber set to the target
(CT-scanned) distribution (right)

Following this process, the algorithm investigates
whether the end-point coordinates lie outside the
predefined material specimen boundaries. If the bound-
aries are exceeded, the fiber is rejected and a new fiber
is generated by iterating the procedure defined above,
starting with a new set of random coordinates for A; (x;,
¥j» Z;), until the conditions are met and the intended fiber
dosage is maintained. This procedure mimics the
rational boundary effects for a given cast sample.

4.1.3 Validation of generated fiber set and import
to FE software

The resulting geometry was validated before import-
ing to the FE model, based on existing data from fiber
reinforced specimens that were scanned with an X-ray
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CT apparatus. Two validations were carried out,
namely based on the statistical distribution of the
fibers” angles (@, 0°) and based on fiber density. The
results of these validations presented in Fig. 8. For
validation of the fiber orientation, the same reference
system is used as that from the experimental data
extracted during image processing of the X-ray CT
images. Orientation angles were measured from the
vertical (z) axis and one of the horizontal (x) axes, and
fibers have angles of 0° or 180° when they are oriented
parallel to the reference axes z and x and an angle of
90° when they are oriented perpendicular to these axes
(see also Fig. 5). To calculate the angle @’ of each
fiber, a respective vector was generated with the origin
(X, Vi» ;) and direction parallel to the cylinder axis (z),
and then the angle between the fiber and the vector was
calculated. For the calculation of 6’, the x and y
cartesian coordinates of each fiber were transformed in
polar coordinates and the angular coordinate 6’ was
measured. For the density based validation, the
generated field of fibers was transferred to a design-
ing/CAD program, where it was sliced in 32 pieces
with equal volume. The total length and, subsequently,
the total volume of fibers in each piece is used to
calculate the average fiber density in the specimen.
In order to validate the accuracy of the resulting
geometry, the angle distributions of the generated
fibers are compared with the angle distributions
obtained from the experimental data, i.e. the target
distribution. This validation is conducted by

8
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s
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w
o

-150 -100 50 ] 50 100 150
Theta Angle in Degrees

overlaying the output histograms of the angles of the
generated fibers on top of the angle distribution plots
from the experimental results (Fig. 7). Additionally,
bivariate scatters of the output and target orientation
distributions are plotted, providing an overall under-
standing of the similarities between the experimental
and numerical geometry (Fig. 8). Besides a visual
comparison, which confirmed the validity of the
algorithm, the Kolmogorov Smirnov test was con-
ducted, which also confirms that the output orientation
data fit with the experimentally obtained distributions.
As regards the density of the fibers estimated from the
CT testing results, only the mean density of fibers is
compared with the experimental results in terms of
overall material volume ratio. A very good agreement
was also achieved between the X-ray CT measured
and algorithmically generated mean fiber densities. As
an overall comparison, the average fiber densities in
the specimens were as follows, which shows a good
agreement between the experiments and the
simulations:

e Unconfined compression (UC):
3.19%; Model: 3.06%

e Double punch (DP): Experiment: 3.09%; Model
3.07%

Experiment:

After the resulting geometry is validated and
representativeness of the fiber orientation in the test
specimens is confirmed, the final step of the code is to
export the entire geometry in the form of an IGES file

Phi Angle in Degrees

Target | . R :
° r LIPS (PP PP, (XN R

-150 -100 -50 0 50 100 150
Theta Angle in Degrees

Fig. 8 Fiber generator validation: comparison of generated ®’ and 0’ orientations of fiber set to the target (CT-scanned) distribution for

unconfined compression (left) and double punch (right)



Materials and Structures (2022) 55:1

Page 13 of 20 1

containing all fibers as a linear spline element, which
is imported to the FEM software. For FE modelling
convenience, an intermediate step is taken to modify
the spline element to individual lines (representing the
fibers) by use of, for example, a commercial drawing/
CAD software. Fibers with nominal length less than
ten millimeters were automatically selected and
eliminated at this work-step before importing the
fibers into the FE program, because such geometries
can cause convergence issues and make the solution
more computationally demanding without offering
any additional model efficiency.

4.2 FE analyses
4.2.1 Model set-up and assumptions

For the FE simulations, the commercial software
package ANSYS was used. The geometry of the
models was based on the specimen geometries, and
they are different in both fiber arrangement and matrix
geometry. Besides the UHPC specimens, two support
plates were simulated for each model, used to
uniformly transfer the load via a frictional contact
interface. The size of the simulated steel punches in
the DP-FEM model have great importance, since the
reaction force derived from the test is calculated based
on the punch diameter, and because it strongly
correlates with the generated fracture cone planes.
The punches are simulated as plates with diameter and
height of 17.5 mm. For the compression test, loading
plates with diameter sufficiently greater than the
cylinder diameter were simulated, i.e. with 90 mm
diameter and 20 mm height. The boundary conditions
are the same in both models. The bottom plate acts like
a support, with its bottom face completely fixed, and
the top plate acts like an actuator in both scenarios. A
controlled displacement is applied on the top (i.e.
external) face of the top plate along the axis of the
cylinder, and the other two directions of the plate are
constrained. The analyzed bodies are supported at
each end by implementation of an interface with a
friction coefficient of m = 0.2, which is assumed to
realistically represent the experimental setup. The
modelled specimens were tested under pulsating
loading in line with the experiments described above.
Loading of the simulated specimens included three
load cycles. In the third cycle, the models were loaded
beyond failure, until a clear descending load—

displacement curve developed. The simulated testing
protocol, which was found to most accurately repro-
duce the experimental behavior, is given below:

e For the UC-FEM, the displacements for the 1st,
2nd, and 3rd analysis step were 0.65 mm,
0.75 mm, and up to collapse, respectively.

e For the DP-FEM, the displacements for the 1st,
2nd, and 3rd analysis step were 0.40 mm,
0.41 mm, and up to collapse, respectively.

For the non-linear 3D FE analyses, the explicit
analysis system of ANSYS software was used. The
element used for the solid blocks was (SOLID 164),
which is defined by eight nodes and has nine degrees
of freedom (DOF) in each node (these comprise the
kinematic definition of three dimensional nodal
displacement, velocity and acceleration for explicit
dynamic solvers). For the simulation of the steel fibers,
a linear element (BEAM 188) was implemented,
which is a linear 2-node beam with six degrees of
freedom to each node based on Timoshenko theory,
and the end nodes kinematically constrained with the
solid elements, thus bearing both axial and transverse
loads. Hence, this fiber simulation can function in
bridging both tensile/flexural and shear damaged
regions in the model. The reinforcement elements
are simulated as fully bonded to the solid elements, on
the assumption that good bonding without sliding and
full utilization of the fiber is achieved, based on the
literature findings discussed above in Sect. 2. This is
technically achieved by constraining the nodes of the
discretized fibers at their relative locations within the
solid elements, and maintaining their compatibility
with the solid element shape functions. Deboning is
then effected for nodes in damaged solid elements,
proportionally to the stiffness reduction (described in
the next paragraph). Special consideration was given
in the quality and the dimension of the FE mesh in the
models. After a preliminary investigation, a hexahe-
dron brick element with 8 nodes, and a maximum
element size of 3 mm was selected for both models.
An additional detailing of the mesh was necessary for
the DP-FEM in the region of the punches, since they
cause a greater stress and damage concentration
toward the center of the cylinder. The refined mesh
region has a diameter of 20 mm, i.e. slightly broader
than the punch diameter, and an element size of 2 mm.
The implemented material model maintains the same
stress—strain relation independently of the mesh size



1 Page 14 of 20

Materials and Structures (2022) 55:1

and does not require a regularization algorithm when
varying element sizes. With this approach, the accu-
racy in the main area of interest, where the cracking
and failure occurs, is substantially increased. For the
meshing of the fiber reinforcement, a maximum
element dimension of 3 mm was chosen. The finite
element meshes are shown in Fig. 9.

Damaged plasticity is currently commonly consid-
ered as an overall acceptable approach for concrete
constitutive laws, and various plausible material
models are available in commercial and research
software. Main differentiations relate to their soften-
ing evolution equations and the degradation of the
elastic stiffness. Without excluding the possibility to
achieve a good representation of the tested phenomena
with other modelling approaches, the Riedel-Hier-
maier-Thoma (RHT) model [54] was applied for the
simulation of the concrete in this study. This is an
advanced plasticity model specifically for concrete
and it is capable of capturing strain hardening and

Fig. 9 Overview of finite element model meshing: separated
solid and beam elements of the UC-FEM model (above), and of
the DP-FEM model (below)

strain softening concrete behavior. The model
assumes that damage accumulates due to inelastic
deviatoric straining, which can result in stain softening
and reduction in shear stiffness. The RHT model
accounts for the mesh size influence by assuming a
linear softening law and a proportional relationship
between the element characteristic length (cube root of
element volume) and the fracture energy. This can
lead to some mesh dependency [55], therefore a mesh
density sensitivity study was carried out prior to the
analyses. The input constitutive parameters have been
taken from the unreinforced material characterization
tests, as shown in Table 2. All further RHT constitu-
tive properties are calibrated by default software
formulations based on the compressive strength of
unconfined cubes and respective benchmarking tests
[56]. It is noted herein, that for the characterization of
the compressive strength of Cor-Tuf, cylinders with
diameter of 75 mm were used [45], and, therefore, an
additional factoring of the compressive strength by 1.1
was applied to account for the shape and size effect
influence [57]. The steel fiber reinforcement was
simulated as having a perfect plastic, bilinear behavior
ending at plastic stain failure. The punches and the
supports were simulated with a linear elastic steel
material. The input material properties are listed in
Table 3.

4.2.2 FE analyses results and comparison with CT
scans and mechanical tests

The load displacement curves obtained from the FE
analyses (noted as -FEM) and the laboratory tests (-
EXP) are provided in Fig. 10. In the case of uncon-
fined compression, it can be seen that the load—
displacement curves UC-EXP and UC-FEM remain
virtually linear until a load level very close to the
failure load, without residual deformations or signif-
icant damage. The inclination of the load—displace-
ment development remains essentially constant up to
this point and it is virtually the same in both UC-FEM
and UC-EXP. UC-FEM appears to have a more abrupt
drop after the peak load as compared to UC-EXP and,
hence, it appears to exhibit a smaller post-peak
ductility, although it still regains a plastic behavior
once it drops to 70% of the peak load. The peak loads
and corresponding displacements for the UC-FEM and
the UC-EXP are 767 kN/0.83 mm and 823kN/
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Table 3 Material properties used in the FE analyses

Component Young’s Shear Poisson’s  Compressive Tensile Shear Yield Failure
Modulus Modulus Ratio Strength Strength Strength Strain Strain
Units (GPa) (GPa) (-) (MPa) (MPa) (MPa) (=)107 (=)107
Concrete 37.5 153 0.22 231 16 41.6 2.0 35
Steel fibers  200.0 - 0.3 1345.0 1345.0 - 25 25.0
Supports 200.0 - 0.3 - - - - -
Unconfined Compression Tests Double Punch Tests
—UC_FEM DP_EXP

——UC-EXP

Force Reac

0 0.2 0.4 06 08 1 12 14

Displacement (mm)

—DP_FEM

Force Reaction (kN)

Displacement (mm)

Fig. 10 Overlaid force—displacement diagrams from experimental tests and finite element analyses: unconfined compression (left);

double punch test (right)

0.92 mm respectively, which shows a difference of
nearly 10% between both values.

The double punch test response at the final loading
level is influenced by the preceding loads more
evidently. Although residual deformations after the
first two loading loops in both DP-EXP and DP-FEM
are minimal, the load reached in the initial load cycles
cannot be reached in the ultimate (third) load cycle.
The load—displacement response of DP-FEM is
somewhat stiffer than DP-EXP, and the maximum
loads reached for the same displacement are higher by
approximately 15% for the DP-FEM curve. In partic-
ular, the maximum load and corresponding displace-
ment are at 93 kN/0.45 mm and 108kN/0.4 mm for the
DP-EXP and the DP-FEM, respectively.

Similarities of the numerical modelling with the
experimental results are evident in the damage
patterns within the specimens, as this is demonstrated
through CT imaging in Fig. 4 and cross-sections from
the FE models in Figs. 11 and 12. As seen in Fig. 11
(left), the UC-FEM model develops damage (highest
plastic strains, in red) in a diagonal arrangement from
top right to bottom left, moreover with a vertical

extension toward the core of the specimen. This
damage pattern is similar to the vertical cracking and
columnar damage formations witnessed in the CT
scans of UC-EXP in Fig. 4 (left). The stresses in the
fibers in Fig. 11 (right), indicate a significant post-
damage load bearing of the fibers within the core of the
loaded element, and activation close to the damaged
zones in the perimeter. Some fibers appear to yield
within the specimen, specifically in the damaged
zones. Also, most of the fibers in contact with the
loading plates at the ends of the cylinder reach their
yield limit locally, which is due to the fact that they
initially absorb the majority of the compressive load in
this region, as the stiffest material in the composite
section (possibly a fictive phenomenon).

The DP-FEM also exhibits a similar damage pattern
to the CT-scanned DP-EXP. In this case, the principal
cracking coincides in the scanned and modelled
specimen, in that its origin is located on the one side
of the punch (localized load area), it propagates
diagonally and it ends at the other side of the opposite
punch, as seen in Fig. 12 (top). Subsequently, the
model represents a rather sharp shear failure
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C: Explicit Dynamics
Equivalent Plastic Strain
Type: Equivalent Plastic Strain
Unit: mm/mm

Time: 5.1334e-003

Cycle Number: 65841
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Min: 0
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C: Explicit Dynamics
BEAM_MISES_STR
Expression: BEAM_MISES_STR
Lnit: MPa
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Fig. 11 Unconfined compression simulation results, planar section at the ultimate loading cycle (immediately after reaching peak

load): plastic strain (left), and fiber Von Mises stresses (right)

corresponding to the one presented in Fig. 4 (right).
Another significant similarity is that, instead of the
typical three or four radial cracks of homogeneous
materials, DP-FEM exhibits the development of two
radial cracks (or, alternately, a nearly-continuous
single diagonal crack), which is also the case is in
DP-EXP, shown in Fig. 4 (right). As seen in Fig. 12
(bottom), the stresses in the fibers follow the damaged
zones, which indicates that they contribute in the
damaged regions of the specimen due to high tension
concentrations. The absence of stresses in the fibers
toward the periphery of the specimen (blue colored
elements in Fig. 12 (bottom)), also add evidence that
the fibers are inactive in non-stressed regions of the
specimen, as reasonably expected.

It is noted, that the deformations of the experiments
presented in Fig. 10 were measured using externally
mounted LVDTs (see Fig. 2). This measured dis-
placement data could include the effects of some
secondary phenomena, such as settling of the loading
platens, which is also a possible underlying cause of
any deviations in the modelled and measured
deformations.

5 Conclusions

This study offers a series of insights in testing and
modelling fiber reinforced high-performance materi-
als, in this case an UHPC with a compressive strength
of 237 MPa. The laboratory experiments presented
demonstrate the value of X-ray CT for evaluating the
internal structure of UHPC specimens, moreover in
parallel to load and damaging progress. Through the
use of X-ray CT, a precise visual observation of the
crack patterns as well as fiber distribution and
orientations is made possible. Furthermore, based on
appropriate post processing of the scans, it has been
made possible to obtain quantitative statistical infor-
mation on the fiber orientations distribution. These
data have served as an input for a high-fidelity
modelling of the scanned specimens and realistic FE
analyses with a discrete simulation of the fibers. The
fibers were explicitly modelled as linear reinforcement
elements within the concrete matrix, which was in turn
simulated by three-dimensional solid elements. In
order to replicate the actual orientation of the fibers in
the test specimens, a customized probabilistic algo-
rithm has been developed that samples the fiber
locations and orientations derived from the CT scans.
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Fig. 12 Double punch test simulation results, cross and planar sections at the ultimate loading cycle (immediately after reaching peak

load): plastic strain (top), and fiber Von Mises stresses (bottom)

The three-dimensional nonlinear FE models have
proven to adequately capture the structural response of
the specimens under two complex testing configura-
tions, i.e. pulsating compressive and double punch
testing. These investigations allow for the following
conclusions of the study:

X-ray CT imaging can provide not only qualitative
but also quantitative fiber distribution and orien-
tation metrics with high precision. This informa-
tion can be conveyed to structural analysis models
for purposes of quality assurance (regarding the
material production and casting), and can be used
for the creation of predictive models.

The same imaging technique, if applied with an
appropriate testing configuration, can also provide
a high-resolution visual representation of internal
cracking processes and damage propagation inside
the sample. This is valuable information for the

understanding of the relationship between the
material’s failure performance and the fibers’
orientation with respect to different failure planes.
The developed code can efficiently generate dis-
crete fiber elements based on CT scans as a CAD
file with good precision as regards the fibers’
asymmetrical alignment and spatial distribution.
This is verified from the generated geometry
statistical validation against the input, but also
based on the damage patterns obtained from FE
models, once these fibers are imported to the model
as structural elements.

Although certain deviations between the experi-
mental and the numerical results are shown, given
the complexity of the pulsating loading conditions
and some simplifying modelling assumptions, the
FE models using the explicit simulation of fibers
are deemed to present a realistic load—displace-
ment response of the tested specimens at pre- and



1 Page 18 of 20

Materials and Structures (2022) 55:1

post-damage conditions. This can enhance the
understanding of the material’s performance with
regards to the fibers’ alignment, and it can serve as
a basis for inverse confirmation of material prop-
erties. This can, for example, be applied in the
assessment of existing UHPC structures by use of
core sampling, mechanical testing, CT imaging
and identification by use of FE models. Moreover,
the model can identify the stresses developed in the
fibers as a reinforcement component, which can, in
turn, serve as a basis for an optimization of the fiber
alignment in advanced UHPC production
techniques.

Besides the advantages of the material investigation
approach demonstrated herein, limitations apply, and
further research potential exists. As regards the model
configuration, it has to be established whether and to
which extend the implemented assumptions about the
fibers’ bond-slip characteristics and about solid matrix
constitutive properties can influence the efficiency of
the model, e.g. by extended laboratory testing and
parametric numerical analyses. The concrete fracture
performance in the vicinity of fibers and between
individual fibers should be tested in a way that
accounts for the size effect and complex fiber stress
situations in materials with significant fiber density.
Parametric analyses on the implemented fiber align-
ment statistical input can also disclose the model’s
sensitivities on this randomized input. At a further
step, the proposed modelling technique may prove
useful in understanding how nonhomogeneous fiber
orientations, for example due to various casting
methods, or due to material characterization in cast
instead of cored specimens, can cause quality vari-
abilities. Conversely, the identification of stresses in
the simulated fibers can form a basis for design
optimization with biased alignments for specific
structural components and loading situations. In future
studies, it will also be of interest to assess the effect
that sources of experimental scatter (including inher-
ent variations in mixing conditions, casting proce-
dures, and loading configurations) have on the
accuracy of the model.

Acknowledgements The laboratory (CT and material testing)
investigations were funded by the US Army Military
Engineering Basic Research (6.1) program under the Material
Modeling for Force Protection work package. This work
package was directly managed by the US Army Engineer

Research and Development Center (ERDC) in Vicksburg, MS,
USA. Programming of the CAD file export has used the code
“Igesout” programmed by D. Claxton and made freely and
publicly available at the MATLAB libraries under www.
mathworks.com/matlabcentral/fileexchange/14470-igesout.

Funding Open Access funding enabled and organized by
Projekt DEAL.

Declarations

Conflict of interest The laboratory (CT and material testing)
investigations were funded by the US Army Military Engi-
neering Basic Research (6.1) program under the Material
Modeling for Force Protection work package. The authors
declare that they have no conflict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any med-
ium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Gagg CR (2014) Cement and concrete as an engineering
material: an historic appraisal and case study analysis. Eng
Fail Anal 1(40):114-140

2. Purnell P (2013) The carbon footprint of reinforced con-
crete. Adv Cem Res 25(6):362-368

3. Naik TR (2008) Sustainability of concrete construction.
Pract Period Struct Des Constr 13(2):98-103

4. Sbia LA, Peyvandi A, Lu J, Abideen S, Weerasiri RR,
Balachandra AM, Soroushian P (2017) Production methods
for reliable construction of ultra-high-performance concrete
(UHPC) structures. Mater Struct 50(1):7

5. Holschemacher K, Dehn F, Miiller T, Lobisch F (2016)
Grundlagen des Faserbetons Beton Kalender 2017: Spann-
beton Spezialbetone 106: 381-472

6. Fehling E, Schmidt M, Walraven J, Leutbecher T, Frohlich
S (2015) Ultra-high performance concrete UHPC: funda-
mentals, design, examples. Wiley, Hoboken

7. Vitek JL, Citek D, Coufal R (2017) Experiments on fibre
orientation in UHPC. In: IOP conference series: materials
science and engineering, vol 236(1). IOP publishing,
p 012054. https://doi.org/10.1088/1757-899x/236/1/012054

8. Barnett SJ, Lataste JF, Parry T, Millard SG, Soutsos MN
(2010) Assessment of fibre orientation in ultra high


http://www.mathworks.com/matlabcentral/fileexchange/14470-igesout
http://www.mathworks.com/matlabcentral/fileexchange/14470-igesout
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1757-899x/236/1/012054

Materials and Structures (2022) 55:1

Page 19 of 20 1

10.

11.

12

13.

14.

15.

16.

17.

19.

20.

21.

22

performance fibre reinforced concrete and its effect on
flexural strength. Mater Struct 43(7):1009-1023

. Kang ST, Kim JK (2011) The relation between fiber ori-

entation and tensile behavior in an ultra high performance
fiber reinforced cementitious composites (UHPFRCC).
Cem Concr Res 41(10):1001-1014

Alberti MG, Enfedaque A, Galvez JC (2018) A review on
the assessment and prediction of the orientation and distri-
bution of fibres for concrete. Compos B Eng
15(151):274-290

Lusis V, Krasnikovs A, Kononova O, Lapsa VA, Stonys R,
Macanovskis A, Lukasenoks A (2017) Effect of short fibers
orientation on mechanical properties of composite material—
fiber reinforced concrete. J Civ Eng Manag
23(8):1091-1099

. Ferrara L, Tregger N, Shah SP (2010) Flow-induced fiber

orientation in SCSFRC: monitoring and prediction In:
Khayat K, Feys D (eds) Design, production and placement
of self-consolidating concrete. RILEM Bookseries, vol 1.
Springer, Dordrecht. https://doi.org/10.1007/978-90-481-
9664-7_35

Villar VP, Medina NF (2018) Alignment of hooked-end
fibres in matrices with similar rheological behaviour to
cementitious composites through homogeneous magnetic
fields. Constr Build Mater 28(163):256-266

Ledderose L, Lehmberg S, Budelmann H, Kloft H (2019)
Robotergestiitzte, magnetische Ausrichtung von Mikro-
Stahldrahtfasern in diinnwandigen UHPFRC-Bauteilen.
Beton-und Stahlbetonbau 114(1):33-42

Stéhli P, Custer R, van Mier JG (2008) On flow properties,
fibre distribution, fibre orientation and flexural behaviour of
FRC. Mater Struct 41(1):189-196. https://doi.org/10.1617/
s11527-007-9229-x

Groger J, Nehls N, Silbereisen R, Tue NV (2011) Einfluss
der Einbau-und der Betontechnologie auf die Faservertei-
lung und-orientierung in Winden aus Stahlfaserbeton.
Beton-und Stahlbetonbau 106(1):45-49

Gettu R, Gardner DR, Saldivar H, Barragan BE (2005)
Study of the distribution and orientation of fibers in SFRC
specimens. Mater Struct 38(1):31-37

. Cavalaro SH, Loépez R, Torrents JM, Aguado A (2015)

Improved assessment of fibre content and orientation with
inductive method in SFRC. Mater Struct 48(6):1859-1873
Wichmann HJ, Holst A, Budelmann H (2013) Ein praxis-
gerechtes Messverfahren zur Bestimmung der Fasermenge
und-orientierung im  Stahlfaserbeton: FEinsatz des
Stahlfasermessgerites “BSM100” fiir Frisch-und Festbe-
tonuntersuchungen. Beton-und Stahlbetonbau
108(12):822-834

Torrents JM, Blanco A, Pujadas P, Aguado A, Juan-Garcia
P, Sanchez-Moragues MA (2012) Inductive method for
assessing the amount and orientation of steel fibers in con-
crete. Mater Struct 45(10):1577-1592

Ferrara L, Park YD, Shah SP (2008) Correlation among
fresh state behavior, fiber dispersion, and toughness prop-
erties of SFRCs. J Mater Civ Eng 20(7):493-501

. Lataste JF, Behloul M, Breysse D (2008) Characterisation

of fibres distribution in a steel fibre reinforced concrete with
electrical ~ resistivity —measurements. NDT E Int
41(8):638-647

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Franchois A, Taerwe L, Van Damme S (2004) A microwave
specimen for the non-destructive determination of the steel
fiber content in concrete slabs In 6th International RILEM
Symposium on Fibre Reinforced Concretes RILEM Publi-
cations SARL pp 249-256

Morgan IL, Ellinger H, Klinksiek R, Thompson JN (1980)
Examination of concrete by computerized tomography.
J Proc 77(1):23-27

Oesch T, Landis E, Kuchma D (2018) A methodology for
quantifying the impact of casting procedure on anisotropy in
fiber-reinforced concrete using X-ray CT. Mater Struct
513):73

Oesch TS, Landis EN, Kuchma DA (2016) Conventional
concrete and UHPC performance—damage relationships
identified using computed tomography. J Eng Mech
142(12):04016101

Landis EN, Nagy EN, Keane DT (1997) Microtomographic
measurements of internal damage in portland-cement-based
composites. J Aerosp Eng 10(1):2-6

Asahina D, Landis EN, Bolander JE (2011) Modeling of
phase interfaces during pre-critical crack growth in con-
crete. Cement Concr Compos 33(9):966-977

Poinard C, Piotrowska E, Malecot Y, Daudeville L, Landis
EN (2012) Compression triaxial behavior of concrete: the
role of the mesostructure by analysis of X-ray tomographic
images. Eur J Environ Civ Eng 16(supl):s115-s136

Oesch TS, Landis EN, Kuchma DA (2015) Evaluation of
fiber characteristics and crack structures in conventional and
high-performance concretes using x-ray computed tomog-
raphy In: Proceedings of the 2nd International Conference
on Tomography of Materials and Structures (ICTMS) held
June 2015

Hillerborg A, Modéer M, Petersson PE (1976) Analysis of
crack formation and crack growth in concrete by means of
fracture mechanics and finite elements. Cem Concr Res
6(6):773-781

di Prisco M, Colombo M, Dozio D (2013) Fibre-reinforced
concrete in fib Model Code 2010: principles, models and
test validation. Struct Concr 14(4):342-361

Buljak V, Oesch T, Bruno G (2019) Simulating fiber-rein-
forced concrete mechanical performance using CT-based
fiber orientation data. Materials 12(5):717

Kabele P, Sajdlova T, Rydval M, Kolisko J (2015) Modeling
of high-strength FRC structural elements with spatially non-
uniform fiber volume fraction. J Adv Concr Technol
13(6):311-324

Bolander JE Jr, Saito S (1997) Discrete modeling of short-
fiber reinforcement in cementitious composites. Adv Cem
Based Mater 6(3—4):76-86

Radtke FK, Simone A, Sluys LJ (2010) A computational
model for failure analysis of fibre reinforced concrete with
discrete treatment of fibres. Eng Fract Mech 77(4):597-620
Cunha VM, Barros JA, Sena-Cruz JM (2012) A finite ele-
ment model with discrete embedded elements for fibre
reinforced composites. Comput Struct 1(94):22-33

Cunha VM (2010) Steel fibre reinforced self-compacting
concrete (from micromechanics to composite behavior
Doctoral dissertation, University of Minho

Carvalho MR, Barros JA, Zhang Y, Dias-da-Costa D (2020)
A computational model for simulation of steel fibre


https://doi.org/10.1007/978-90-481-9664-7_35
https://doi.org/10.1007/978-90-481-9664-7_35
https://doi.org/10.1617/s11527-007-9229-x
https://doi.org/10.1617/s11527-007-9229-x

Page 20 of 20

Materials and Structures (2022) 55:1

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

reinforced concrete with explicit fibres and cracks. Com-
puter Methods Appl Mech Eng 363:112879

Zhang H, Huang YJ, Yang ZJ, Xu SL, Chen XW (2018) A
discrete-continuum coupled finite element modelling
approach for fibre reinforced concrete. Cem Concr Res
1(106):130-143

Héussler-Combe U, Shehni A, Chihadeh A (2020) Finite
element modeling of fiber reinforced cement composites
using strong discontinuity approach with explicit represen-
tation of fibers. Int J Solids Struct 1(200):213-230
Bitencourt LA Jr, Manzoli OL, Bittencourt TN, Vecchio FJ
(2019) Numerical modeling of steel fiber reinforced con-
crete with a discrete and explicit representation of steel
fibers. Int J Solids Struct 1(159):171-190

Zhan Y, Meschke G (2016) Multilevel computational model
for failure analysis of steel-fiber-reinforced concrete struc-
tures. J] Eng Mech 142(11):04016090

Gudzulic V, Neu GE, Gebuhr G, Anders S, Meschke G
(2020) Numerisches Mehrebenen-Modell fiir Stahlfaserbe-
ton: Von der Faser-zur Bauteilebene: Mehrstufige Vali-
dierung anhand einer experimentellen Studie an hochfestem
Faserbeton. Beton-und Stahlbetonbau 115(2):146-157
Williams EM, Graham SS, Reed PA, Rushing TS (2009)
Laboratory characterization of Cor-Tuf concrete with and
without steel fibers Engineer Research and Development
Center, Vicksburg MS geotechnical and structures lab
Roth MJ, Rushing TS, Flores OG, Sham DK, Stevens JW
(2010) Laboratory investigation of the characterization of
Cor-Tuf flexural and splitting tensile properties Engineer
Research and Development Center, Vicksburg MS
geotechnical and structures lab

NV Bekaert SA. EC Declaration of Performance DRA-
MIX® 3D 55/30BG. Available online: www.bekaert.com/
en/product-catalog/content/dop/dramix-3d-technical-
documents (accessed on 18 September 2020)

Fédération internationale du béton / International Federa-
tion for Structural Concrete (fib), fib Bulletin 65: Model
Code 2010, Final draft, Volume 1 Berlin: Wilhelm Ernst &
Sohn Verlag, 2013

American Concrete Institute (ACI). Building code require-
ments for structural concrete (ACI 318-19) and

50.

51.

52.

53.

54.

55.

56.

57.

58.

commentary (ACI 318R-19). Farmington Hills, MI:
American Concrete Institute (ACI), 2019.

Abdallah S, Rees DW, Ghaffar SH, Fan M (2018) Under-
standing the effects of hooked-end steel fibre geometry on
the uniaxial tensile behaviour of self-compacting concrete.
Constr Build Mater 30(178):484-494

Gebuhr G, Pise M, Sarhil M, Anders S, Brands D, Schréder J
(2019) Analysis and evaluation of the pull-out behavior of
hooked steel fibers embedded in high and ultra-high per-
formance concrete for calibration of numerical models.
Struct Concer 20(4):1254-1264

American Society for Testing and Materials (ASTM) C39/
C39M - Standard test method for compressive strength of
cylindrical concrete specimens American Society of Testing
and Materials International, West Conshohocken, PA, 2014
Molins C, Aguado A, Saludes S (2009) Double Punch Test
to control the energy dissipation in tension of FRC (Bar-
celona test). Mater Struct 42(4):415-425

Riedel W (2009) 10 years RHT: a review of concrete
modelling and hydrocode applications. In: Predictive
modeling of dynamic processes Springer, Boston, MA
pp 143-165

Brannon RM, Seubpong L (2009) Survey of four damage
models for concrete. Sandia Natl Lab 32(1):1-80
Grunwald C, Schaufelberger B, Stolz A, Riedel W, Borrvall
T (2017) A general concrete model in hydrocodes: verifi-
cation and validation of the Riedel-Hiermaier—Thoma
model in LS-DYNA. Int J Protect Struct 8(1):58-85

del Viso JR, Carmona JR, Ruiz G (2008) Shape and size
effects on the compressive strength of high-strength con-
crete. Cem Concr Res 38(3):386-395

Oesch T (2015) Investigation of fiber and cracking behavior
for conventional and ultra-high performance concretes
using x-ray computed tomography. (Doctor of Philosophy).
University of Illinois, Urbana, Illinois, USA. https://hdl.
handle.net/2142/78353

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps

and

institutional affiliations.


http://www.bekaert.com/en/product-catalog/content/dop/dramix-3d-technical-documents
http://www.bekaert.com/en/product-catalog/content/dop/dramix-3d-technical-documents
http://www.bekaert.com/en/product-catalog/content/dop/dramix-3d-technical-documents
https://hdl.handle.net/2142/78353
https://hdl.handle.net/2142/78353

	Finite element modelling of UHPC under pulsating load using X-ray computed tomography based fiber distributions
	Abstract
	Introduction
	Material
	Experimental investigations
	Experimental set-up
	Results of CT scans and mechanical tests

	Numerical modelling
	Fiber arrangement generation
	Input
	Generator of fiber geometry and arrangement
	Validation of generated fiber set and import to FE software

	FE analyses
	Model set-up and assumptions
	FE analyses results and comparison with CT scans and mechanical tests


	Conclusions
	Funding
	References




