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School of Civil Engineering, Beijing Jiaotong University, Bejjing, China

The tensile strength, crack behavior, and strain-hardening properties of ultra-high-
performance concrete (UHPC) are mainly affected by the steel fibers distributed in the
matrix. In this study, a mesoscopic model of UHPC was established using a numerical
simulation method to study the effects of steel fibers on the crack propagation and tensile
properties of UHPC. First, the exponential cohesive model was used to simulate the pull-
out of a fiber embedded in a UHPC matrix. Then, the distribution and variation of the
interfacial shear stress during the fiber pull-out process were obtained, and the UHPC
fiber-pull-out load—displacement curve was obtained. Using the Monte Carlo method, a
meso-scale finite element model of UHPC was established by modeling randomly
distributed steel fibers in the UHPC matrix. After verification, the model was used to
study the effects of fiber characteristics, interface strength, and matrix strength on the
crack propagation path and tensile properties of UHPC. The results showed that the
exponential cohesive constitutive model with a softening coefficient of =1 can effectively
characterize the mechanical behavior of the interface between the steel fibers and matrix in
UHPC. Affected by the random distribution of fibers, the main propagation mode of cracks
in UHPC was that the cracks bypassed the fiber-dense area and extended to the fiber-
sparse area, and the crack propagation path was mainly affected by the fiber distribution.
The distribution of fibers significantly affected the tensile strength and peak strain of UHPC.
When the fiber inclination angle was in the range of 15°-30°, the comprehensive tensile
properties of UHPC were the best. With increasing fiber volume fraction and fiber length,
UHPC gradually began to exhibit multi-cracking and strain hardening (when the fiber
volume fraction was more than 2.5% or fiber length was more than 15.5 mm). The interface
strength and matrix strength had little effect on the crack propagation path, but had
significant effects on the tensile strength and toughness of the UHPC. The higher the
strength of the UHPC matrix, the more fully the anti-cracking effect of the steel fiber that
can be achieved.

Keywords: crack propagation, numerical simulation, steel fibers, tensile properties, ultra-high-performance
concrete
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1 INTRODUCTION

Ultra-high-performance concrete (UHPC) is a new type of
reinforced cementitious composite material with an optimized
gradation of ultrafine particles mixed with fibers (Shi et al,,
2015). The tensile and compressive strengths, toughness, and
energy dissipation capacity of UHPC are significantly higher
than those of ordinary concrete (Yoo and Banthia, 2017). The
excellent mechanical properties of UHPC can be attributed to
the addition of ultra-high-strength steel fibers, because the
fibers effectively restrict the crack width, extend the crack
propagation path, and reduce the stress concentration at the
crack tips. The adhesion, friction, and mechanical anchoring
force improve the toughness of the matrix, and these must be
overcome when the fibers are pulled out. (Zhao et al., 2015; Pyo
et al., 2016). However, the tensile performance of UHPC is
relatively worse than its supercompressive performance,
mainly because the bonding surface of the steel fiber and
the UHPC matrix is weak. When the distribution or
geometric characteristics of the fiber or the strength of the
fiber-matrix interface changes, the friction and mechanical
anchoring force between the fiber and matrix will change,
which affects the mechanical properties of UHPC. Therefore,
the strengthening and toughening mechanism of steel fibers in
UHPC, as well as the effects of the steel fiber and matrix
properties on the crack propagation and mechanical properties
of UHPC, need to be investigated further.

In general, previous studies (Yin, 2014; Deng and Feng,
20165 Peng et al., 2016) on the effects of fibers on UHPC,
macroscopically, have considered that the role of fibers is to
increase the tensile strength and toughness of the matrix. The
mechanism behind the effects of fibers has not been studied
separately, and the effects of the fiber distribution and
geometric characteristics on the mechanical properties of
UHPC have not been elucidated. Therefore, using a
mesoscopic method to study the behaviors of fibers in
UHPC would be more appropriate. The most commonly
used mesoscopic method is similar to that of Qi et al. (Qi
etal.,2018) and Xuetal. (Xuetal., 2016), who used a fiber pull-
out test to understand the properties of interface between the
fiber and the matrix. However, because the fiber diameter is
very small (typically ~0.2mm), a high-precision test
instrument is required; thus, the test data are largely
dispersed, and this method cannot reflect the synergistic
effects of multiple randomly distributed fibers in UHPC.
Abrishambaf et al. (Abrishambaf et al., 2019) used the
mechanics of composite materials to analyze the crack
resistance mechanism of multiple fibers and deduced the
softening curve of UHPC, which can reflect the crack
resistance effect of the fibers. However, the softening curve
is complex and exhibits difficulty in converging in numerical
simulations. Furthermore, methods based on fiber spacing
theory and mechanics of composite materials (Malena et al.,
2016) typically assume that the stress distribution at the
fiber-matrix interface is uniform; thus, they cannot reflect
the effects of the fiber distribution or geometric characteristics
on UHPC crack propagation or other mechanical properties.

UHPC Crack Propagation Model

Therefore, when using numerical simulation methods to
establish a mesoscopic model of UHPC, the meso-
characterized fibers in UHPC can more accurately represent
the behavior of the fiber-matrix interface. To a certain extent,
this approach can compensate for the shortcomings of physical
experiments and theories, as well as clarify the effects of the
fiber and matrix characteristics on the crack propagation and
mechanical properties of UHPC.

In the mesoscopic method of directly modeling steel fibers,
fibers are generally represented by discrete rod, beam, or truss
elements. The main idea of this method is to select an
appropriate constitutive relationship to characterize the
interaction between the fiber and matrix. Leung et al.
(Leung and Li, 1992) used a beam element and spring
element to simulate the fiber and matrix, respectively. The
damage to the matrix was represented by the stiffness
degradation of the spring element, but the bonding effect
between the fiber and matrix was not considered. Tsai et al.
(Tsai et al., 2015) used two types of contact elements to
represent interfacial bonding and interfacial friction, and
simulated the pull-out process of straight fibers and
tapered-end fibers; however, they did not consider the fiber
or matrix damage. Ellis et al. (Ellis et al., 2014) established an
interfacial transition zone (ITZ) to characterize the interaction
between the fiber and matrix, but the ITZ model requires a very
small mesh size to ensure the accuracy of the simulation.
Montero et al. (Montero-Chacén et al., 2017) proposed a
grid-particle model to characterize the interface, in which
the fiber node and the nearest matrix node are connected
by spring elements—this model considered the bridging effect
between coarse aggregates as well. The accuracy of this model
depends on the grid size of the matrix; if the grid is very large,
the interaction between the fiber and the matrix cannot be
characterized correctly. Cunha et al. (Cunha et al., 2012) used
the embedded binding method to simulate a concrete matrix
with a smeared crack model and the slip between the fiber and
matrix equivalent to fiber deformation. The simulation
accuracy of this method strongly depends on the results of
the fiber pull-out test. Shafieifar et al. (Shafieifar et al., 2017)
used plastic damage in ABAQUS to simulate UHPC failure,
and found that this method produces good results in UHPC
compression, bending, and tension simulations. However, this
method is not ideal for simulating the effect of fibers on the
development and distribution of cracks.

In this study, a UHPC meso-model with random fiber
distribution characteristics was established by combining
the advantages of the above methods. In this model, the
damage to the UHPC matrix is simulated in ABAQUS with
plastic damage and the steel fiber is modeled independently. In
Section 2, by simulating fiber pull-out from the UHPC matrix,
the debonding mechanism and pulling load-displacement
curve (P-6 curve) of the steel fiber are obtained. A meso-
finite element model of UHPC is established in Section 3 by
modeling randomly distributed steel fibers in the UHPC
matrix. Using this model, the effects of the distribution and
orientation of steel fibers, fiber volume, fiber length, interface
strength, and matrix strength on the UHPC crack
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characteristics and tensile mechanical properties are studied in
Section 4.

2 FIBER PULL-OUT MODEL OF UHPC AND
CORRESPONDING P-5 CURVE

To simulate the entire process of pulling out the steel fiber from
the UHPC matrix and to obtain the fiber-pull-out P-§ curve, a
fiber pull-out model of UHPC was established in ABAQUS.

2.1 Steel Fiber-UHPC Matrix Interface
Model

Lee et al. (Lee et al., 2010) showed that the interface shear stress is
related to the relative slip between the steel fiber and UHPC matrix.
Therefore, a two-dimensional cohesive element was selected to
simulate the interface between the steel fiber and UHPC matrix
(Figure 1A). The interface element consisted of four nodes; the
element was composed of a top surface, bottom surface, and
intermediate layer. When failure occurred, the element cracked
from the intermediate layer. The cohesive model has a concise
form, and can be used to simulate the damage and failure of
heterogeneous materials. Among the available constitutive
relations of the cohesive model, the exponential constitutive
relation proposed by Xu and Needleman (Xu and Needleman,
1994) represents the softening of the material as an exponential
function; therefore, it is very suitable for simulating the damage of
UHPC materials containing steel fibers. Thus, the exponential
cohesive constitutive model was selected to characterize the
interface characteristics (Figure 1B): when there was no
debonding, the interface stress increased linearly with increasing
relative displacement of the interface; when the stress reached t?, the
element cracked from the intermediate layer. Subsequently, the
stress began to decrease, and the element stiffness degraded
irreversibly owing to material damage. In ABAQUS, the
coefficient D in the range of (0, 1) (D = 0 means no damage,
D =1 means complete damage) was used to describe the degree of
damage. The exponential softening relationship is given by

; (1)

oy o] -a(52)]
oo 4 o

5, T exp(-4)

where u is the softening coefficient, which is a dimensionless
parameter describing the rate of damage evolution (y was
determined experimentally); & is the displacement when initial
damage occurs; and 8{ is the displacement when the shear stress
is zero.

Then, the actual element stiffness ks could be expressed as

ks = (1- D)k, )

where k? is the initial stiffness of the element.
The second nominal strain criterion was used as the damage
initiation criterion:

2 2 2
e

Here, &, €, and ¢ are the normal and two tangential strain
values of the cohesive element, respectively, and €2, €, and ¢? are
the normal and two tangential maximum allowable strain values
of the cohesive element, respectively. The operator in the formula
is the MacAuley operator:

<x>={0 x<0 @

x x>0

2.2 Constitutive Relationship of Steel Fibers
and UHPC Matrix

The plastic strengthening constitutive model was used to
characterize the constitutive relationship of steel fiber:

E.e, &<E,
05 = f),+k(£s—sy) £, <&<¢g, (5)
0 &> &,
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TABLE 1 | Plastic damage parameters of UHPC matrix (Kueres et al., 2015).

Parameter Expansion angle Eccentric ratio

0

Value 30 0.1

UHPC Crack Propagation Model

Viscous coefficient

fbol fc N

1.16 0.6667 1x107°

foo/Te is the ratio of biaxial compressive strength fug to uniaxial compressive strength f., and y is the ratio of the second invariant stress on the tensile meridian plane to the compression

meridian plane.

where oy, &, Es, f, k, €, and &, denote the stress, strain, elastic
modulus, yield strength, slope of the hardened curve, yield strain,
and the ultimate strain, respectively, of the steel fiber.

A concrete plastic damage model was used to simulate the
damage to the UHPC matrix. To facilitate convergence in the
calculations, the GFI in ABAQUS was used to define the tension
behavior of the UHPC matrix, which means that the tensile
softening curve was determined by the tensile strength and
fracture energy. The following equation (Zhou, 2017) was used
as the constitutive relationship of the UHPC matrix under
compression:

ax+ (5-4a)x* + Ba-4)0<x<1
Y|l X 51 (6)
b(x-1)+x

Here, y is the ratio of the UHPC stress to peak stress, and x is
the ratio of the UHPC strain to peak strain. a and b are material
parameters obtained from the test. When the volume content
of steel fiber is 0%, 1%, 2%, and 3%, the material parameters are
a=1.01,1.05,1.1,and 1.2, and b = 57.47, 11.56, 3.76, and 1.45
(Zhou, 2017). When simulating the pull-out of steel fiber from
the UHPC matrix, the coefficients a and b in the stress—strain
relationship of the UHPC matrix should be selected as the
parameters when the steel fiber content is 0%, i.e., a = 1.01 and
b =57.47.

Based on the plastic damage model, after determining the
uniaxial tension and compression behavior of the material, the
uniaxial constitutive relation needs to be extended to the triaxial
stress state. Table 1 shows the plastic damage material parameters
required for extending the uniaxial constitutive relation to the
triaxial stress state. The parameters commonly used in ordinary
concrete (Lubliner et al., 1989) were used here; these parameters
have been shown to simulate the plastic damage of UHPC well
(Kueres et al., 2015).

2.3 Pull-Out Model of Steel Fiber

The model shown in Figure 2 was used to simulate the pull-out
of a fiber from the UHPC matrix. In this model, the UHPC
matrix is a cylinder with a diameter of 40 mm and height of
30 mm. The diameter of the fibers was 0.3 mm, fiber length was
13 mm, and the fiber embedded length was 6.5 mm. The matrix
and fiber element type was CAX4R (a four-node bilinear
axisymmetric quadrilateral element), and the cohesive
element described above with no thickness was inserted at
the fiber-matrix interface (the element type was COH2D4).

The cohesive element shared a node with the matrix and fiber
elements (Figure 2). The shear stress distribution along the
fiber at a certain loading time could be obtained by extracting
the shear stress at the middle layer of the cohesive element.
Displacement constraints were applied to the UHPC matrix,
and a pulling load p was applied to the center of the fiber. The
ABAQUS implicit solver was used to solve this problem.
The material parameters in the model were selected based
on the work of Lee et al. (Lee et al., 2010) (Table 2). Lee et al.
(Lee et al., 2010) conducted very comprehensive steel fiber
pull-out tests, and the material characteristics of the UHPC
matrix and fibers used in the tests were consistent with those
of the UHPC material commonly used in engineering.
Therefore, Lee et al.’s tests were used to verify our model.
In the exponential softening relationship, the value of the
coefficient y affects the shape of the softening curve. When y = 0,
the softening curve is a straight line, and when u < 0, the softening
curve is slightly convex, which closely reflects the material
characteristics of UHPC. Therefore, an exponential softening
curve with 4 = 0, -1, and -2 was separately selected to represent
the interface characteristics for the simulation. The simulated fiber
pull-out P-§ curve is shown in Figure 3, and was compared with the
results of Lee et al. (Lee et al., 2010). As shown in Figure 3, in the
ascending section, the slope and peak value of the simulation curve
agree well with the test results. The values of the peak load obtained
from the test and simulation are respectively 27.75 N and 27.79 N—a
difference of only 0.14%. In the descending section, the simulation
result is closest to the test result when y = -1. In this case, the
simulated pull-out energy consumption is 105.1 N mm and the test
pull-out energy consumption is 107.4 N mm (Lee et al, 2010)—a
difference of only 2.2%. These results indicate that the pull-out energy
consumption of the steel fiber in UHPC matrix can be simulated
more appropriately when y = —1. Therefore, it is recommended to
choose the exponential cohesive model with y = -1 as the constitutive
model of the interface between the UHPC matrix and steel fiber.

2.4 Debonding Mechanism of Fiber Matrix
and Pull-Out P-§ Curve

Figure 4 shows a partially enlarged P-§ curve for pulling out the
steel fiber. To determine the change in shear stress in the steel
fiber during the pull-out process and analyze the debonding
mechanism of the steel fiber, point A (non-debonding), point
B (partial debonding), point C (two-way debonding), and point D
(full debonding) were selected (Figure 4), and the shear stress
distribution on the steel fiber at these four points was extracted.
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FIGURE 2 | Pull-out model of steel fiber in UHPC.

The pull-out displacements corresponding to points A, B, C,and 3,1 Random Fiber Distribution Model Based
D are 0.0003, 0.0036, 0.029, and 0.036 mm, respectively. Figure 5 5 Monte Carlo Method

Sh.OWS the distr.ibu.tion. alor.lg the burie(.l part of the fiber and the .0y establishing the UHPC model with a random distribution of
Mises Stres_s d1str1bu't10n in the matrix, at the four moments steel fibers, it was considered that UHPC is composed of fibers and a
corresponding to points A, B, C, and D. matrix, and the randomly distributed steel fibers were modeled in

It can be seen that when the interface stress is in the elastic the matrix based on the Monte Carlo method. In this model. the steel
stage (point A), the fiber does not debond, and the shear stressat  gpo o were simulated as truss elements with a certain length, the

the interface is exponentially distributed along the embedded positions and directions of the fibers were random, and the fiber

fiber. As the load increases, debonding begins (point B), the  gicihution function was uniform. The number of fibers N in the
interfacial shear stress at the pull-out end of the fiber reaches the (41 0 o 1o d from the fiber 1 ength [, fiber diameter d

interface strength, and the fiber starts to debond from the matrix g/ o v and matrix volume V using the following
from the pull-out end. At this time, the interfacial shear stress at equation: F

the embedded end of the fiber is still very small, and the interface
that is not debonded is still in the elastic stress stage. With
increasing pulling force, the shear stress is gradually transmitted
to the embedded end, the fibers are debonded from the pull-out
end to the embedded end, and the shear stresses on most of the
interface and the embedded end reach the interface strength
(point C). At this time, the fiber exhibits a two-way debonding
phenomenon in which both the pull-out and embedded ends are
debonded. Finally, the fibers are all debonded (point D), and the
P-§ curve reaches a peak. At this time, the shear stress at almost
the entire interface reaches the interface strength, and the fibers
are gradually pulled out.

_ 4 x V2>< Vs @)

mxdy xly

The positions of the fibers in the matrix were determined using
the coordinates of the ends of the fibers (Figure 6). First, the
coordinates (x;, ¥1, z1) of point A were randomly generated in
the matrix space using the Monte Carlo method. Assuming that the
angle between the fiber and the z-axis was «, and the angle between
A;B; (which is the projection of the fiber on the xy plane) and the
x-axis was 3 (both a and § were randomly generated within 0-360°),
the coordinates of point B (x2, y2, z2) could be determined using
the following equation:

Xy = x1 +Igsinacos B

) = Y1 +1gsi i
3 UHPC MODEL WITH RANDOMLY 2zl snasing ®)

DISTRIBUTED STEEL FIBERS
When point B was generated, it was additionally necessary

A UHPC model with multiple randomly distributed steel fibers ~ to determine whether point B exceeded the boundary
was established based on the pull-out simulation of a single ~ described by the boundary function; if it exceeds the
steel fiber. boundary, it must be generated again. Finally, it was

TABLE 2 | Material parameters used in the fiber pull-out model (Lee et al., 2010).

E G/GPa v p/Kg/m® f./MPa f./MPa di/mm I/mm f,/MPa f,/MPa
/GPa
Matrix 45 — 0.2 2,700 5 120 — - - -
Fiber 200 — 0.3 7,900 — — 0.3 6.5 2,600 2,900
Interface 15 15 — — — — — — — —

E—elastic modulus, G—shear modulus, v—Poisson’s ratio, p—density, fy— matrix tensile strength, f.—matrix compressive strength, ds—fiber diameter, |—fiber embedding length,
fy —yield strength of the fiber, f, —failure strength of the fiber.
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FIGURE 3 | Comparison of the simulated pull-out curves and Lee et al.,s
testing (Lee et al., 2010) curves.

necessary to determine whether there was an overlap conflict
between the two fibers in space. For this purpose, the
minimum distance between the two fibers in the space was
calculated and compared with the fiber diameter. If the former
was greater, there were no conflicts. Figure 7 shows the
flowchart of the algorithm applied to generate randomly
distributed fibers.

3.2 Transformation of Interface Constitutive

Relations

In the UHPC model with randomly distributed fibers, the slip
characteristics of the steel fiber-matrix interface were represented
by the material properties of the steel fibers. By using the
following equation, the P-§ relationship obtained in Figure 4
can be converted to the stress—strain relationship of the steel fiber:
4P

nd*

s ©)

Iy
where ¢ and ¢ are the equivalent stress and equivalent strain,
respectively; P is the pull-out load; d is the interface displacement;
and Iy is the fiber length.

The stress-strain relationship of steel fiber obtained by this
transformation includes the interface characteristics, which
can reflect the characteristics of the steel fiber pull-out
and debonding from the UHPC matrix during the loading
process.

3.3 Tensile Constitutive Relation and
Related Parameters of UHPC Matrix
The GFI provided by ABAQUS was used to set the tensile
constitutive of the UHPC matrix, the softening behavior of the
matrix was characterized by defining the fracture energy Gy,

UHPC Crack Propagation Model

and the interface strength was characterized by the equivalent
interface strength 7,,.. Therefore, the values of G, and Ty
determined the form of the softening curve of the matrix after
crack formation. According to the method described in this
section, a model was established to simulate a UHPC uniaxial
tensile test (Yuan et al., 2009) conducted by our research
group (Figure 8). Fixed constraints were applied to the left
end of the model, and horizontal displacement was applied to
the right end of the model. The material parameters were the
same as those listed in Table 2.

The parameters Gg,, = 0.06, 0.08,and 0.1 N/mm and 1, =
24 f,,2.8 fy,and 3.2 f, were selected for the simulation. Because
the random distribution of fibers influences the tensile behavior
significantly, five simulations were performed with each
parameter combination. The results show that the softening
section of the curve agrees best with the test results when
Tave = 2.8 f;. In this case, the stress descending stage (after the
peak) agrees most closely with the test results when Gg,,, = 0.08 N/
mm. Therefore, the value of Gg, in the model is
recommended to be 0.08 N/mm, and the value of 7,, was
selected as 2.8 f;.

3.4 Model Verification

Using this model, the UHPC uniaxial compression test
reported in the literature (Zhou, 2017) was simulated, and
the simulation parameters were selected according to the test
results. Figure 9 compares the simulated and tested
stress—strain curves, demonstrating that they agree well.
The elastic moduli of the ascending phases of the two
curves are very similar, and the trends of the descending
phases of the curves are the same. The difference in
compressive strength between the simulation results and
the test results is 0.5%-4.4%, and the difference in peak
strain is 0.03%-2.7%. These results indicate that the
proposed mesoscopic model can simulate the mechanical
behavior and failure process of UHPC well.

30+ D
254 C

204

P(N)

15
/
104

000 002 004 006 008 0.10
0 (mm)

FIGURE 4 | Steel fiber pull-out P-§ curve.
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FIGURE 6 | Spatial coordinates of the random fiber.
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4 EFFECTS OF FIBER AND MATRIX
PROPERTIES ON CRACK PROPAGATION
AND TENSILE PROPERTIES OF UHPC

To study the effects of the fiber distribution and the fiber and matrix
properties on the crack propagation path and UHPC tensile behavior,
randomly distributed steel fibers were generated in the notched
specimen (Figure 10). The displacement was restrained on the left
side of the specimen, and horizontal displacement was applied on the
right side. The effects of the fiber orientation, fiber content, fiber
length, interface strength, and matrix strength on the tensile behavior
of UHPC were studied. Because the random distribution of steel
fibers may affect the crack propagation path, five models were
randomly generated for each set of conditions for the simulation.

4.1 Effect of Fiber Distribution on Crack
Propagation

For UHPC with a fiber volume content of 2.5%, a tensile
simulation of the notched specimens was conducted.

Input fiber length /a, number of fibers N
and matrix boundary coordinates

Generate a random fiber

-]

<
|‘

o,

exceed the boundary

Determine if all fibers
are produced

FIGURE 7 | Algorithm flow for generating randomly distributed fibers.

€termine whether the fibg

remove the fiber
1
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FIGURE 8 | Simulation of UHPC uniaxial tensile specimens (A) dimensions of the UHPC uniaxial tensile model and (B) simulation and test results (Yuan et al., 2009)
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FIGURE 9 | Comparison of the simulated stress-strain curve and the test
curve (Zhou, 2017) of UHPC uniaxial compression.

Figure 11, which shows the crack distributions of the five UHPC
specimens with different random fiber distributions, indicates
that cracks in UHPC tend to pass by the fibers as the cracks
propagate. When the crack enters the fiber-dense area, it tends to
bypass this area and expands to the fiber-sparse area (the area
inside the white circle in Figure 11). Therefore, if the fiber
distribution is relatively even, the crack is relatively straight,
such as in specimen one; if the fiber distribution is uneven,
the crack is rugged, such as in specimen 4. It can also be seen
that at 2.5% fiber volume content, multiple cracks tend to occur
on the specimen. Because the fiber density is relatively large in
this case, the fiber in front of the crack has a strong crack
resistance effect, and it is difficult for the crack to propagate
directly forward until specimen failure. New cracks are created,
which propagate at other interfaces, causing multi-crack
failure mode.

The stress—strain curves for each specimen are shown in
Figure 12. The specimens exhibit obvious strain-hardening

behavior, and the average tensile strength (8.88 MPa) and peak
strain (1,560 x 107°) are significantly higher than the average
initial crack strength (5.87 MPa) and initial crack strain (150 X
107°), respectively. Figure 12 further shows that the random
distribution of fibers has little effect on the initial cracking
strength and initial cracking strain of UHPC, but has greater
effects on the tensile strength and peak strain. This finding
indicates that the bridging effect of the fibers occurs only after
the appearance of macroscopic cracks.

Figure 13 shows the stress cloud of the fibers of specimen 2
after the matrix cracks. Not only the fibers between the main
cracks but also those in the tension zone are subjected to large
stress. Thus, most of the steel fibers in the tension zone are
involved in resisting tensile stress, which is the reason UHPC
exhibits strain-hardening properties and high toughness.
Figure 13 further shows that the fibers whose length direction
is close to the tensile stress direction bear significantly more stress
(the red fibers are shown in the figure), indicating that the steel
fiber orientation affects the mechanical properties of UHPC
significantly.

4.2 Effect of Fiber Orientation

To study the effect of fiber orientation on the tensile behavior of
UHPC, the tensions of UHPC specimens with different fiber
inclination angles (the other parameters were the same) were
simulated. The fiber inclination angle was defined as the angle
between the fiber and tensile direction of the specimen. In the
simulation, four fiber inclination angle regions were considered:
0°-15° 15°-30°, 30°-45°, and 45°-60".

The crack propagation of the specimens under different fiber
inclination angles is shown in Figure 14A. It can be seen that the
smaller the fiber inclination angle, the more difficult it is for the
crack to bypass the fiber, and the more effective the crack
resistance effect of the fiber, resulting in sinuous cracks and
more fibers on the fracture surface. When the fiber inclination
angle is 0°-15°, there are multiple cracks in the UHPC; when the

Frontiers in Materials | www.frontiersin.org

March 2022 | Volume 9 | Article 857874


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Yu et al.

4
= > U —
| Nl
| ——
> —
100

—
A DA ﬂ —

le N

[* i

100
FIGURE 10 | Notched tensile specimen model of UHPC.

fiber inclination angle is 15°-30°, the crack propagation in the
UHPC is still sinuous and complicated, but is relatively gentle
compared with the cracking of specimens with fiber inclination
angles of 0°-15". Further, when the fiber inclination angle is
30°-45", the crack propagation is relatively gentle, and the number
of fibers on the fracture surface decreases. When the fiber
inclination angle is 45°-60°, the cracks develop almost
perpendicular to the direction of the tensile stress.

Figure 15 shows the tensile stress—strain curves of UHPC with
different parameters, and Table 3 summarizes the tensile
mechanical properties of UHPC with different parameters.
Figure 15A shows that when the fiber inclination angle is
smaller than 45°, the stress-strain curves have an obvious
plastic stage, and the smaller the fiber inclination angle, the
greater the slope of the plastic stage. As shown in Table 3,
with increasing fiber inclination angle, the initial crack
strength and elastic modulus decrease gradually, and when the
fiber inclination angle exceeds 30°, the tensile strength of the
UHPC decreases significantly.

In general, upon comparing the specimens with fiber
inclination angles of 15°-30" with the specimens with fiber

UHPC Crack Propagation Model

inclination angles of 0°-15°, although the tensile and initial
crack strengths of the former are slightly lower than those of
the latter, the toughness and ductility of the former are obviously
larger than those of the latter. Therefore, it is believed that UHPC
can obtain the best tensile properties when the fiber inclination is
in the range of 15°-30".

4.3 Effect of Fiber Volume Content

Figure 14B shows the tensile crack modes of UHPC specimens
with five different fiber volume contents (1%, 1.5%, 2%, 2.5%, and
3%). It can be seen that the crack propagation is relatively smooth
in the specimen with a fiber content of 1%. When the fiber volume
content exceeds 2%, the cracks in the specimen become sinuous.
When the fiber content is greater than 2.5%, the specimens begin
to exhibit multiple obvious cracks. When the fiber volume
content is 3%, many cracks are discretely distributed in the
weak interface area.

Figure 15B and Table 3 show that when the fiber volume
content is greater than 2%, especially when the fiber content is
greater than 2.5%, the stress—strain curve of the specimen
exhibits strain-hardening behavior. In addition, the tensile
strength and peak strain are obviously improved, the
descending stages of the curves become gentle, and the
toughness of the matrix is enhanced. Table 3 shows that
the increase in fiber volume content has obvious effects on
the tensile strength and peak strain of UHPC, but has little
effect on the initial crack strength. The initial crack strength
only increased by a small degree (5.33-6.04 MPa) with
increasing fiber volume content.

4.4 Effect of Fiber Length

The fiber volume content was set to 2%, and the fiber length
was set to 8,10.5, 13, 15.5, and 18 mm to study the effects of the
fiber length on the tensile properties of UHPC. As shown in
Figure 14C, when the fiber length is 8 mm, the anti-cracking
effect of the fiber is not sufficiently strong, and most specimens
crack along intermediate cracks. The peak load is reached soon
after the initial crack occurs, and the bearing capacity begins to
decrease (Figure 15C). As the fiber length increases, the crack
propagation becomes sinuous, and correspondingly, the
tensile strength and peak strain of the specimens increase
significantly (Table 3). When the fiber length is greater
than 15.5 mm, the stress-strain curve shows obvious strain-

FIGURE 11 | Crack distribution of UHPC tensile specimens (A) 1, (B) 2, (C) 3, (D) 4, and (E) 5 (fiber volume content of 2.5%).
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hardening characteristics, and multiple cracks develop in the
specimens simultaneously (Figure 14C). This finding indicates
that as the fibers in the matrix become longer, it becomes more
difficult for the cracks to bypass the fibers, increasing the
tensile energy consumption. When the fiber is sufficiently long
(I > 15.5mm in this study), it is difficult for the cracks to
bypass the fiber. Therefore, new cracks must be generated at
other weak interfaces of the matrix; thus, the specimen failure
mode is multi-crack failure. Nevertheless, Table 3 shows that
with the same fiber volume content, the change in fiber length
has little effect on the initial crack strength and elastic modulus
of UHPC.

4.5 Effect of Interface Strength

With the same fiber distribution and other parameters, the
equivalent interface strength 7,,. of the specimens was set to
10, 12, 14, 16, and 18 MPa in the tensile simulation to study the
effects of the interface strength. Figure 14D shows that the
change in the interface strength has little effect on the crack
propagation of UHPC, which mainly depends on the fiber
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FIGURE 13 | Fiber stress cloud of UHPC after cracking.
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distribution. Figure 15D shows that with increasing interface
strength, the descending stage of the stress-strain curve
becomes smoother and the matrix toughness increases. The
results in Table 3 indicate that the tensile strength and peak
strain of the UHPC also increase with increasing interface
strength.

4.6 Effect of Matrix Strength

To study the effect of matrix strength on the tensile behavior of
UHPC, the matrix strength f; of the specimens was set to 3, 5, 7,
and 9MPa to conduct tensile simulations, and the fiber
distribution and other parameters of the specimens were
the same.

Frontiers in Materials | www.frontiersin.org

12

March 2022 | Volume 9 | Article 857874


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Yu et al.

UHPC Crack Propagation Model

A B
124 104
104 8
£ gl &
z 61
2° 2]
%4 £
0158 ] — 0 % fib 2% fibers
24 'fM‘: 2 ( 1% ﬁrlm:s 2.5 % fibers
0 45-60° 0 1.5 % fibers 3% fibers
O 10002000 3000 4000 5000 70O 1000 2000 3000 4000 5000
strainx 10 strain x10°
c fiber inclination angles D fiber volume contents
8
& 7
61
27 &)
> | =4
~ 4| et _
27 I8 23] Toe 10
= ; l// =105 gz ‘ Tave =12
2 24 -3 | ° Tave 7:2
| [ =155 1 Lo
0 l[—18 0 Tae ~18
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
strainx 107 strainx10
fiber lengths interface strengths
E F
10+ 8
8 E 6!
£ 64 )
\2/ g4_
54 s3 3
= 1 s 5
2 //‘_7 / 57
Ji / 9
0 : : : ' 0 ; ; ; ;
0 1000 2000 3000 4000 5000 O 1000 2000 3000 4000 5000
strainx10° strainx 107
matrix strengths stre.ss dlfference. curves for
different matrix strengths
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and (E) matrix strengths, and (F) stress difference curves for different matrix strengths.

As shown in Figure 14E, when the strength of the matrix is
low (3 MPa), once the crack development is resisted by the fibers,
the cracks begin developing from other weak parts of the matrix
instead of splitting the fiber-matrix interface. At this time, it is
difficult for the fiber to exert the crack resistance effect. Therefore,
although the specimens exhibit strain-hardening characteristics
in this case, the tensile strength of the UHPC specimen is very low
to exploit its material advantages. With increasing matrix
strength, the initial crack strength and tensile strength of
UHPC increase gradually (Table 3), but the crack propagation
path is hardly affected by the matrix strength. When the

matrix strength and interface strength are well matched
(matrix strength >7 MPa), the crack resistance effect of the
fibers can be fully exerted (Figure 15E). To further illustrate
the effects of matrix strength on the crack resistance of fibers,
the stress difference 0 — 0y curve was drawn (Figure 15F),
where 0 represents the tensile stress of the pure UHPC matrix
(without fibers) specimens with various matrix strengths. It
can be seen that the stress difference o — oy increases with
increasing matrix strength, indicating that for the same fiber
parameters, the higher the matrix strength, the more effective
the fiber crack resistance.
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TABLE 3 | Tensile mechanical properties of UHPC specimens with various

parameters.
r 0-15 15-30 30-45 45-60 -
Fiber inclination angle  f..,/MPa 6.66 6.17 5.76 5.31 —
fi/MPa 11.56  11.562 8.43 5.44 -
E/GPas 51.85 51.39 4966 47.6 —
£/x107® 900 1,400 1750 400 -
Fiber volume content  V;/% 1 1.5 2 2.5 3
for/MPa 5.33 5.52 5.68 5.87 6.04
f/MPa 5.35 5.88 715 8.87 10.34
E/GPa 47.86 48.47  49.06 50.2 52
£0/x107® 200 600 1,050 1,560 1,600
Fiber length Is/mm 8 10.5 13 15.5 18
fer/MPa 5.64 5.7 5.68 5.72 5.72
fi/MPa 6.06 6.57 7.15 7.89 8.72
E/GPa 4928  49.28 49.06 49.36 49.28
£/x107® 400 750 1,060 2,400 3,000
Interface strength Tave/MPa 10 12 14 16 18
for/MPa 5.68 5.68 5.68 5.68 5.68
f/MPa 6.76 6.96 715 7.3 7.5
E/GPa 49.06 49.06 49.06 49.06 49.06
e/x10°  750.04 900 1,050 1,200 1,450
Matrix strength fi/MPa 3 5 7 9 —
o./MPa 3.42 5.68 7.88 10.08 —
ar/MPa 5.83 7.13 8.89 10.82 -
e/x10° 3,700 1,050 800 600 —

fer —initial crack strength, f;—tensile strength, E—elastic modulus, and ey —peak strain.

5 CONCLUSION

In this study, fiber pull-out from a UHPC matrix was simulated, and
the characteristics of the interfacial shear stress and P-¢ curve during
the pull-out process were obtained. On this basis, a UHPC
mesoscopic finite element model considering the random
distribution of steel fibers was established, and the effects of the
fiber and matrix characteristics on the crack development
characteristics and tensile properties of UHPC were determined.
The main conclusions are as follows.

1) The exponential cohesive model with a softening coefficient of -1
could characterize the interface behavior between the steel fiber
and UHPC matrix. The UHPC meso-finite element model
containing randomly distributed steel fibers established by the
Monte Carlo method could simulate the crack development in the
UHPC specimens and obtain the mechanical properties of the
specimens.

Fiber debonding in UHPC is a gradually developing process,
and the process is as follows: non-debonding, partial
debonding, two-way debonding, and full debonding. In the

2)

UHPC Crack Propagation Model

fiber segment without debonding, the interfacial shear stress
was distributed exponentially. When the debonding was fully
developed, two-way debonding occurred in the fiber.

With randomly distributed fibers, the main propagation mode
of cracks in UHPC was that the cracks bypassed the fiber-
dense area and extended to the fiber-sparse area, and the crack
propagation path was mainly affected by the fiber distribution.
The distribution of fibers had significant effects on the tensile
strength and peak strain of UHPC; most fibers in the tensile
zone were involved in resisting tensile stress.

When the fiber inclination angle was in the range of 15°-30°,
the UHPC had the best comprehensive tensile properties.
When the fiber volume content was greater than 2.5%, the
UHPC exhibited multi-cracking and strain-hardening
characteristics. When the fiber length was greater than 15.5
mm, the energy consumption of crack development was large,
and the UHPC also exhibited the characteristics of multi-
cracking and strain hardening.

As the interface strength increased, the tensile strength, peak
strain, and toughness of the specimen increased accordingly.
However, the interface strength had no effect on the crack
propagation path of the UHPC. The higher the strength of the
UHPC matrix, the greater the cracking resistance of the steel
fibers that can be achieved. The UHPC matrix with a strength
greater than or equal to 7 MPa was more suitable for use with
ultra-high-strength steel fibers.

3)

4)

5)
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