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Steel fibers were delivered into the numerical concrete specimens using a mixed
congruence method. A coplanar projection method is proposed to solve the problem
of discriminating the crossing among steel fibers. Numerical models were built for reactive
powder concrete (RPC) cylindrical specimens with 1 and 2% steel fiber. Comparisons
between the numerical model and actual specimen slices show that the modified method
has a good simulation effect. An improved anchor cable unit was used to simulate the
bond–slip behavior between the steel fiber and concrete; the drawing of a single steel fiber
was simulated. Then, the uniaxial compression, triaxial compression, and three-point
bending of RPC specimens with 1% steel fiber were simulated, reproducing the concrete
cracking and steel fiber slipping behaviors of RPC specimens. The failure modes of the
numerical RPC specimen under various mechanical tests are consistent with the
experimental results, proving the practicability and accuracy of this established
numerical model. This study provides a foundation for the numerical simulation of RPC
properties.
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INTRODUCTION

Reactive powder concrete (RPC) is a class of cement-based composite reinforced with steel fibers;
RPC has a very low water-to-cement ratio and strong plasticity, first developed by [1]. Compared
with high-strength concrete (HPC), RPC has higher strength (including compressive strength and
tensile strength), durability, and environmental adaptability; RPC also has lower permeability.
Therefore, RPC has broad application prospects in civil engineering [2–5].

In the previous two decades, many studies have been conducted on RPC, mainly focusing on the
configuration, mechanical properties, component performance and design, and high-temperature
resistance. The configuration of RPC is mainly achieved by improving the RPC homogeneity [6–8],
increasing the matrix density [9], and improving the microstructure [10] and steel fiber content to
improve the material properties of RPC [11, 12]. For the mechanical properties of RPC, previous
studies mainly focused on the material size effect and mechanical performance index [2, 13, 14]
(compressive strength, tensile strength, elastic modulus, Poisson ratio, dynamic characteristics, and
stress–strain relationship). For component performance and design application of RPC, previous
studies mainly focused on the anchorage performance of steel bars [15, 16], bending and shear
performance of RPC beams [17], and compression performance of steel tube RPC columns [18, 19].
Studies on high-temperature resistance of RPC mainly focused on resistance to chloride ion
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penetration, resistance to carbonization [20], resistance to
freeze–thaw [21], and corrosion resistance [22].

In terms of numerical simulation, many studies have been
conducted on ordinary concrete [23–26], and few studies
explored the properties of the steel fiber RPC material due to
the difficulty of delivery of the steel fiber, discriminating the
mutual position of the steel fiber, and simulation of bond–slip
behavior between the steel fiber and concrete [27] uses a three-
dimensional meshing algorithm to generate a finite element
analysis model. Bonding and sliding contact algorithms were
used to simulate the interaction between the steel fibers and the
matrix. The mechanical behavior of the SFRC material was
simulated, and good agreement with the test data was
observed. The authors in ref [28] proposed to use a
outsourced hexahedron for discriminating the crossing among
steel fibers, but the specific separation method is not given. The
authors in ref [29] performed numerical simulations of steel fiber
concrete beams by ANSYS software. It was found that the
addition of steel fibers had a positive effect on reducing the
formation of cracks and controlling the deformation of the beams
[30]. The study in ref [31] presents a new numerical model based
on the use of coupled finite elements to simulate the behavior of
steel fiber–reinforced concrete using an implicit–explicit
integration scheme. Comparison with experimental results
shows that the numerical simulation method is very
promising. Because RPC does not contain coarse aggregates,
the diameter of the steel fiber is generally about 0.2 mm, the
length is about 13 mm, and the volume of a single steel fiber is
about 0.4 mm3, which is about 2 parts per million of the standard
concrete specimen (φ 50 mm × 100 mm). If steel fibers with a
volume content of 3%, that is, 14,726 steel fibers, are incorporated
into standard concrete specimens, it is necessary to consider the
positional relationship between steel fibers when the number of
steel fibers is large. Thus, it not only satisfies the condition of no
intersection between steel fibers but also overcomes the problem
of delivery efficiency of steel fibers in a fixed space. In addition, if
the contact method is used to simulate the bonding force between
the steel fiber and concrete, they are meshed separately, and the
final number of grids may reach millions, which is also difficult to
achieve using general computers. Therefore, other methods must
be used to simulate the bonding force.

To overcome the problem of steel fiber delivery so that the
numerical simulation of a steel fiber RPC can be carried out
smoothly, a mixed congruence method is proposed to achieve the
delivery of the steel fiber into a fixed space using Matlab software,
and the coplanar projection method was used to solve the
problem of discriminating the crossing of steel fibers during
delivery. The slice of the numerical model was compared with
that of actual RPC specimens to prove that the steel fiber delivery
method can truly simulate the mesostructural characteristics of
RPC. Moreover, the uniaxial compression test, triaxial
compression test, and three-point bending test of RPC
specimens were simulated. The cracking of concrete and
slipping of the steel fiber were evaluated, and finally, the
failure modes of RPC specimens with 1% steel fiber between
the numerical and experimental results were compared. The

effectiveness and feasibility of the proposed method for
simulating RPC are shown.

STEEL FIBER DELIVERY METHOD

Principle of Steel Fiber Delivery
In this study, we use the mixed congruence method for random
generation of spatial locations of steel fibers, which is one of the
methods for generating random numbers by congruence
operation, and the commonly used congruence methods also
include the additive congruence method, the multiplicative
congruence method, and the division congruence method. The
mixed congruence method was proposed by Lehmer in 1951,
which is a method of generating uniform random numbers by
making a recursive formula using the congruence formula of a
constant and the product of the generated pseudo-random
numbers. Compared with the other methods mentioned
before, the mixed congruence method has the advantages of
speed, memory saving, long cycle time, and good statistical
properties.

The geometry shows that the spatial position of a steel fiber
can be determined from the coordinates (x0, y0, z0) and
(x1, y1, z1) of its two end points, or from the coordinates
(x0, y0, z0) of a certain point and the angle (α, β, c) between
the steel fiber and the three coordinate axes in space.

In general, the random function methodXn+1 � R(X1, X2, X3)
can be used to generate the coordinates of any spatial position. R
is a random function, and it can be the translation or rotation
operation. When the spatial points are constrained in the
calculation area and satisfy a certain position relationship,
these points can be used to deliver steel fibers.

Supposing that the specimen has a diameter D and height h,
and the steel fiber is a straight cylinder with a length l and
diameter d, the positions of steel fibers can be randomly
distributed within a specimen. The number of steel fibers N
that need to be placed into specimens under different ratios Vf

can be calculated from the ratio of the RPC specimen and volume
of a single steel fiber. As shown in Eq. 1,

N � D2hVf

d2l
. (1)

The steps of delivering steel fibers are as follows:
Step 1: Use a random function to generate a steel fiber in the

calculation area and ensure that the entire steel fiber is in the
calculation domain. In this method, one end of the steel fiber is
randomly generated inside the area, and the other end of the steel
fiber is determined from the randomly generated steel fiber
direction angle(α0, β0, c0). Then, whether the entire steel fiber
is in the calculation domain is determined. If the steel fiber is in
the computational area, then proceed to step 2.

Step 2: The rotation angle (αi, βi, ci) generated by the random
function is used to rotate the steel fiber generated in the first step.
The direction angle of steel fiber after rotation can be calculated as
follows:
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⎡⎢⎢⎢⎢⎢⎣ αi+1βi+1
ci+1

⎤⎥⎥⎥⎥⎥⎦ � ⎡⎢⎢⎢⎢⎢⎣ cos βi cos ci cos βi sin ci −sin βi
sin αi sin βi cos ci − cos αi sin ci sin αi sin βi sin ci − cos αi cos ci sin αi cos βi
cos αi sin βi cos ci − sin αi sin ci cos αi sin βi sin ci − sin αi cos ci cos αi cos ci

⎤⎥⎥⎥⎥⎥⎦•⎡⎢⎢⎢⎢⎢⎣ α0β0
c0

⎤⎥⎥⎥⎥⎥⎦.
(2)

Step 3: Randomly generate a translation vector (xpi, ypi, zpi)
using a random function, and randomly translate the steel fiber
generated in step 2. Assuming that the coordinates of both ends of
the i-th steel fiber are (x1i, y1i, z1i) and (x2i, y2i, z2i), the midpoint
coordinate of the i-th steel fiber is (xm, ym, zm). Then, the
coordinate of the steel fiber after translation can be expressed
as follows:

⎧⎪⎪⎨⎪⎪⎩
x1(i+1) � x1i + (xpi − xm)
y1(i+1) � y1i + (ypi − ym)
z1(i+1) � z1i + (zpi − zm)

and

⎧⎪⎪⎨⎪⎪⎩
x2(i+1) � x2i + (xpi − xm)
y2(i+1) � y2i + (ypi − ym)
z2(i+1) � z2i + (zpi − zm)

.

(3)

Step 4: Perform the iteration of steel fiber delivery. Repeat the
second and third steps, and continuously generate new steel fibers
until the targeted number N is reached.

Method for Discriminating the Mutual
Position of Steel Fibers
Assuming that the end coordinates of two steel fibers are
(x11, y11, z11), (x12, y12, z12) and (x21, y21, z21), (x22, y22, z22),
the vectors of these two steel fibers can be expressed as follows:

{ r1
→ � [x12 − x11 y12 − y11 z12 − z11 ]
r2
→ � [x22 − x21 y22 − y21 z22 − z21 ] . (4)

It is difficult to discriminate the positional relationship
between two steel fibers in a three-dimensional (3D) space.
However, if both steel fibers are projected into a plane parallel
to them, the discrimination in 3D space can be converted into a
two-dimensional (2D) plane (Figure 1). Assuming that this plane
passes through point A(x0, y0, z0), this parallel plane can be
obtained according to the analytic geometry as follows:

r1
→× r2

→ · ( �r − r0)�→ � 0. (5)

In the previous formula, r0
→ represents the coordinate of point

A and �r represents the coordinates of any point in the plane.

FIGURE 1 |Discriminating the mutual position of steel fibers. (A) Spatial location of the steel fiber (type 1). (B) Steel fibers do not intersect in the projection plane. (C)
Spatial location of the steel fiber (type 2). (D) Steel fibers intersect in the projection plane.
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Because two steel fibers should be judged whether they are
parallel to the plane, according to the property of parallel
projection, the shape of the steel fiber on the projection
surface is rectangular. Its length is l, and the width is the steel
fiber diameter d. In this manner, the spatial position relationship
between the two steel fibers can be determined by determining the
positional relationship of two rectangles in the plane. If the two
rectangles have an intersection point, it indicates if the two steel
fibers intersect or are in different planes.

At this time, if the distance between the two steel fibers is
greater than 2d, no intersection is present between the two steel
fibers; otherwise, the two steel fibers intersect each other. If the
two rectangles have no intersection, the two steel fibers do not
intersect in space. Therefore, this method can solve the problem
of discriminating whether the spatial steel fibers cross and
overlap.

Distribution Comparisons of Steel Fibers in
Numerical and Actual Slices
Figure 2A shows the delivery result of the steel fiber when its
content is 1%. Figure 3A shows the delivery result of the steel

fiber when its content is 2%. The aforementioned placement
method can also be used for model construction for steel fiber
volume content of 3% and above. Experimentally, the higher
the volume content of steel fibers, the longer the delivery time
required. In this section, only the results for the 1 and 2%
contents are presented. The steel fiber randomly fills the
interior of the calculated cylinder, and its distribution is
relatively uniform. As shown in Figure 2A, the distances
of the three sliced positions A, B, and C from the bottom of
the specimen were 80, 50, and 20 mm, respectively. All
specimens undergoing slicing were intact and untested
specimens. Before cutting, the specimen positions were
calibrated so as to ensure that the spatial orientation of the
cut slices would not change.

Figures 2B–G and Figures 3B–G show that the distributions
of steel fiber points in the upper (A), middle (B), and lower (C)
slices are also random and uniform, also close to the actual slice of
the RPC specimen. This proves that the proposed method of steel
fiber delivery better reflects the random distribution
characteristics of the real steel fiber inside a concrete specimen
and has good application potential for establishing an RPC
numerical model.

FIGURE 2 | Slice comparisons between numerical and experimental RPC specimens with 1% steel fiber. (A)Numerical model of 1% steel fiber inside the specimen.
(B) Steel fiber distribution point in slice A. (C) Steel fiber distribution point in slice B. (D) Steel fiber distribution point in slice C. (E) Steel fiber distribution point of sample at
slice A position. (F) Steel fiber distribution point of sample at slice B position. (G) Steel fiber distribution point of sample at slice C position.
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ESTABLISHMENT OF REACTIVE POWDER
CONCRETE NUMERICAL MODEL

Selection of Concrete Model
In the numerical simulation of the RPC specimen, the RPCmatrix is
a concrete material, and the constitutive model selected for concrete
materials is the Mohr–Coulomb model. During calculation, the
concrete materials are divided into 4,859 small tetrahedrons, with a
side length of 7 mm; thus, the contact model between the blocks in
the model is the Coulomb slip model. The input parameters of these
models include density, bulk modulus, shear modulus, internal
friction angle, cohesion, dilatancy angle, and tensile strength, and
these parameters are obtained through experiments, as shown in
Table 1.

Selection of Steel Fiber Material Model
To consider the friction bond force between the steel fiber and
concrete, the model of the steel fiber used the anchor cable model in
3DEC software (Figure 4). The anchor cable model considers both
the axial force deformation of the anchor cable itself and the shear
slip between the anchor cable and the contact material, which is
more consistent with the force characteristics between steel fibers
and concrete, where the shear slip characterizes the frictional slip of
the steel fibers in the concrete matrix and the axial force
characterizes the mechanical process of the steel fibers being
stretched. In the model, the steel fiber was discretized into several
elements, and the mass of each element was concentrated on the
nodes at both ends. The axial deformation of the steel fiber can be
achieved by expansion and contraction between nodes. The contact

FIGURE 3 | Slice comparisons between numerical and experimental RPC specimenswith 2% steel fiber. (A)Numerical model of 2% steel fiber inside specimen. (B)
Steel fiber distribution point in slice A. (C) Steel fiber distribution point in slice B. (D) Steel fiber distribution point in slice C. (E) Steel fiber distribution point of sample at slice
A position. (F) Steel fiber distribution point of sample at slice B position. (G) Steel fiber distribution point of sample at slice C position.

TABLE 1 | Mechanical parameters of Mohr–Coulomb constitutive model.

Density (g/cm3) Bulk modulus (GPa) Shear modulus (GPa) Internal friction angle (°) Cohesion (MPa) Dilatancy angle (°) Tensile strength (MPa)

2.35 24.86 24.8 45 15 30 9.35

Frontiers in Physics | www.frontiersin.org September 2021 | Volume 9 | Article 7595135

Zhang et al. Failure of Concrete With Steel Fiber

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


between the steel fiber and the surrounding concrete is viscous.
Therefore, the concrete in the contacting part can withstand shear
and slip. This mechanical process can be achieved by a viscoelastic
connection of joints between the steel fiber and concrete. The
mechanical properties of the steel fiber are shown in Table 2.
This model is based on the premise that the concrete should be
meshed in advance; then, the steel fiber units are arranged on the
concrete grid. This method not only overcomes the problems that
cannot be solved by the finite element method but also achieves the
simulation of frictional grip force.

Although the 3DEC5.2 model is used in this study to
simulate and calculate the mechanical behavior of steel
fiber–activated powder concrete, the model still has its
shortcomings. First, the steel fiber is abstracted as an
anchor cable model, which can basically consider the
frictional slip and tensile processes, but it does not truly
reflect the real action between the steel fiber and the concrete
matrix. In addition, the steel fiber concrete specimens are
macroscopically continuous, and the simulations in this
study use the 3DEC5.2 model to perform calculations,
which can only simulate the slip action between the steel
fiber and the concrete matrix from a macroscopic point of
view, while the fine mechanical processes are not realized.

3DEC5.2 software is a three-dimensional discrete unit method
software exited by Itasca, United States, which uses a convex hull to
describe the spatial morphology of continuous object elements in a
medium. The biggest advantage of this software is that it can simulate

the process of slip, separation, and destruction among blocks and can
visualize the dynamic destruction process of objects. This is the main
reason for choosing 3DEC 5.2 in this study. The damage process of
steel fiber concrete is difficult to be simulated by using the finite
element method, and with the many advantages of this software, the
calculation of slip, cracking, and damage process between the steel
fiber and concrete can be better realized.

Drawing Process Simulation of Single Steel
Fiber
To verify the applicability of steel fiber model and concrete
model, Figure 5A shows the drawing simulation model of a
single steel fiber. In the model, a displacement loading rate of
0.002 mm/s is applied to the upper end of the steel fiber, and
the lower end face of the model is the displacement fixed
boundary. Figure 5B shows the relationship between drawing
force and displacement of the steel fiber. The numerical
simulation curve is consistent with the experimental curve
reported by [16], indicating that this model can be used to
simulate the mechanical behavior between the steel fiber and
concrete. Using the pull-out test, it can be determined that the
critical shear force of steel fibers slipping in the concrete
matrix is 75N, in addition to the test with steel fibers selected
from Liaoning Anshan Hongchang Steel Fiber Factory, with a
diameter of 0.22 mm, length of 13 mm, tensile strength of
2800 MPa, and modulus of elasticity of 210 GPa.

FIGURE 4 | Schematic diagram of interaction between steel fiber and concrete (Itasca Consulting Group [32]).

TABLE 2 | Mechanical properties of steel fiber.

Cross-sectional
area (mm2)

Elastic
modulus (GPa)

Normal anchorage stiffness
(MPa/cm−1)

Tangential anchorage stiffness
(MPa/cm−1)

Yield
strength (MPa)

0.038 210 34.6 11.9 2,800
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NUMERICAL SIMULATION OF REACTIVE
POWDER CONCRETE SPECIMENS UNDER
VARIOUS MECHANICAL TESTS

Numerical Simulation of Reactive Powder
Concrete Specimens Under Compression
Tests
To compare with the experimental results, the simulations of
standard RPC specimens with 1% steel fiber (φ � 50 mm, h �
100 mm) were carried out by performing uniaxial compression

and triaxial compression tests using the displacement control
method with a constant loading rate of 0.002 mm/s. In the model
shown in Figure 6A, the upper platen is fixedly displaced and the
lower platen moves upward at a constant speed of 0.002 mm/s
after applying a given constant pressure in the circumferential
direction of the specimen. To simulate the cracking
characteristics of concrete, 4,859 tetrahedral blocks with a side
length of 7 mmwere generated in the model using 3DEC software
(Figure 6A). Each block was meshed, and a total of 38,845
tetrahedral elements were obtained. In the numerical model, a
total of 3,973 steel fibers were calculated according to the volume

FIGURE 5 | Drawing process simulation of single steel fiber. (A) Numerical model of drawing of single steel fiber. (B) Relationship between drawing force and
displacement of steel fiber.

FIGURE 6 | Compression simulation of RPC specimens. (A) Numerical model of RPC specimens. (B) Comparison of simulation and experimental results of RPC
under compression tests.
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calculation. The spatial position of steel fibers was generated
using the mixed congruence method. In the model, the steel fiber
and tetrahedral block were connected and coupled together in
addition to joints, thus simultaneously determining the
mechanical behavior of RPC specimens. The concrete blocks
can open and close, or slip, providing the crack and failure
behaviors of concrete under compression. On the one hand, a
steel fiber restricts the relative motion of the concrete block,
increasing the maximum bearing capacity of the specimen; on the
other hand, the relative motion between the steel fiber and
concrete belongs to shear slip. The strength of the steel fiber is
far higher than the strength of concrete. Therefore, when the
shear force reaches the maximum friction between them, the steel
fiber shows a relative slip with the concrete, and the steel fiber
itself does not break. This effectively improves the plastic
behavior of the specimen. As shown in Figure 6B, the
simulation results of the stress–strain curves before reaching
the peak agree with the experimental results for both uniaxial
compression and triaxial compression. The simulation results
after the peak are slightly different from the experimental results.
After reaching the peak stress, the stress decrease rate of the
numerical model is larger than that of the experiment. This is
because the experimental process uses the servo control method,

while the simulation process uses the displacement control
method. Overall, the numerical simulation processes of steel
fiber RPC specimens under the uniaxial and triaxial
compression tests were successfully performed. The peak
strength and peak strain of numerical results are relatively
consistent with the experimental results.

Analysis of Uniaxial Compression Test
Figures 7A,B show the variation trends of shear force and shear
displacement of the steel fiber. At the initial stage of loading (the
key point A), the shear force between the steel fiber and concrete
is small and distributed relatively cluttered. Only a few steel fibers
reach the maximum shear stress and begin to slip, and most of the
steel fibers do not slip. At the key point B, more steel fibers reach
the maximum shear force, and they are in a local slip state. At the
key point C, a 45° slip band appears in the middle of the specimen,
starting from the upper left to the lower right (Figure 7B). The
lower part of the specimen shows the expansion, also leading to
the slippage of the steel fiber and cracking of concrete. At the key
point D, with the increase in displacement, the lower right part
and upper left part of the specimen show a relatively large
displacement, forming a large shear bond. This indicates an
obvious dislocation of concrete in this position. At the same

FIGURE 7 | Failure of steel fiber under uniaxial compression test. (A) The change of axial shear force of steel fibers. (B) Change in axial shear displacement vectors
of steel fibers.
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time, the upper right part also shows stress concentration.
Overall, a dominant failure mode of the 45° slip plane was
fully formed at this stage. When reaching the key point E, the
specimen showed shear movement along the 45° slip plane, and
the specimen is also shortened and widened. The cracks
perpendicular to the loading direction are widened, and the
bearing capacity of the specimen decreased constantly. The
failure mode is mainly shear failure, accompanied by splitting
failure, consistent with the experimental results.

Figures 8A–C show the equivalent stress change diagram,
displacement change diagram, and shear slip of joint change
diagram of concrete (i.e., RPC matrix). The change trend of
equivalent stress of concrete is consistent with the change trend of

axial shear force of steel fiber. At the key point A, the levels of
equivalent stress and absolute displacement in the concrete are
low, and the RPC specimen is in the compaction stage. The
deformation of concrete is mainly elastic deformation, and no
shear slip occurs. At the key point B, the concrete enters the
initiation stage of the internal crack and the level of equivalent
stress significantly increases. Combined with the axial shear force
of the steel fiber, staggered slip was observed inside the concrete.
Starting from the key point C, equivalent stress begins to show
local concentration. Because the specimen reaches the peak stress,
an equivalent stress band with 45° direction appears, and the
displacement diagram in Figure 8B shows several vertical cracks
in the specimen. At the same time, the sliding of the block also

FIGURE 8 | Failure characteristics of concrete under uniaxial compression. (A) Equivalent stress change of concrete material. (B)Displacement change of concrete
material. (C) Joint shear displacement vectors of concrete.
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gradually occurs toward 45°. Figure 8C shows the large slip vector
in 45° direction. At the key point D, due to the decrease in bearing
capacity and the formation of a shear surface in the 45° direction,
the equivalent stress level reduces slightly, and the crack in the
middle of the specimen is expanded further. The specimen is
divided into two pieces along the shear surface. The sliding of the
block is further accelerated, and the failure area is extended along
the shear surface toward the periphery. At the key point E, the
specimen is further compressed, and the equivalent stress in the
local extrusion part of the specimen is large. The other parts are
relatively small. Owing to the existence of friction shear stress
provided by the steel fiber, the specimen under 0.73% axial strain
still maintains the axial bearing capacity of more than 70 MPa.
The results show that the existence of a steel fiber can restrain the
movement of concrete and effectively improve the strength and
plastic performance of RPC.

Analysis of Triaxial Compression Test
Figures 9A,B show the variation trend of shear force and shear
displacement of the steel fiber. The specimen at the initial loading
stage is in the compaction state. The concrete and steel fiber have
elastic deformation, while most of the steel fibers do not slip. At
the key point B, with the axial compression and radial expansion
of concrete, the steel fibers attached to concrete move with the
concrete, and the steel fibers in radial distribution first reach the

maximum shear force. Although they are in a local slip state, they
also restrict the movement of concrete. Figure 9B shows that the
slippage of the steel fiber is still small. At the key point C, the
specimen reaches the peak stress. As the specimen is further
compressed, more steel fibers reach the slip state, and a 40° slip
band appears from the upper left 3/4 position to the lower right
corner (Figure 9B). At the same time, swelling occurs in the
middle and lower parts of the specimen. At the key point D, with
further increase in compression, the 40° shear slip band is further
connected, and the movement of the specimen changes from local
slip of each point to a movement mode dominated by the shear
slip band. The steel fibers have two 40° shear slip bands, indicating
that the 40° shear slip surface of the specimen is completely
formed. At the key point E, the specimen begins to clearly move
on the 40° slip surface. The specimen is also significantly
shortened and widened, and the bearing capacity of the
specimen continues to decrease. The failure mode belongs to
shear failure, consistent with the experimental results.

Figures 10A–C show the equivalent stress change diagram,
displacement change diagram, and shear slip of joints change
diagram of concrete (i.e., RPC matrix), respectively. At point A,
the specimen is in the compaction state, and the levels of
equivalent stress and absolute displacement in the specimen
are low. Thus, no slip occurs. At point B, the concrete enters
the initiation stage of internal cracks, and the equivalent stress

FIGURE 9 | Failure of steel fiber under the triaxial compression test. (A) The axial shear force change of steel fibers. (B) Change in axial shear displacement vectors
of steel fibers.
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level increases rapidly. At point C, the equivalent stress in the 40°

direction increases locally to the maximum value due to local
extrusion, and no obvious shear displacement of the specimen
occurs at this time. At key point D, because of the decrease in
bearing capacity force and the formation of 40° direction shear
slip surface, the equivalent stress level in the 40° direction
significantly decreases, and the specimen is divided into two
parts by the shear slip surface. The slip of the block is further
accelerated, and a low-stress band perpendicular to the 40°

direction also appears in the lower part of the specimen. At
the key point E, except for the local extrusion part of the
specimen, the equivalent stress of other parts is small, and the

specimen under 1.31% axial strain still has an axial bearing
capacity of more than 160 MPa. The results indicate that
under triaxial compression, the steel fibers restrict the
movement of concrete and effectively improve the strength
and plastic properties of RPC.

Numerical Simulation of Reactive Powder
Concrete Specimens Under Three-point
Bending Test
A three-point bending numerical specimen of RPC with 1% steel
fiber was built, as shown in Figure 11. The dimensions of the cube

FIGURE 10 | Failure of concrete under the triaxial compression test. (A) Equivalent stress change of concrete material. (B) Displacement variation of concrete
material. (C) Joint shear displacement vectors of concrete.
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are 160 mm in length, 40 mm in width, and 40 mm in height,
loaded in the same way as the experimental procedure. In the
middle of the upper surface of the numerical specimen, a steel
bar with a diameter of 10 mm is set as a displacement
restraint, while two steel bars with a diameter of 10 mm,
20 mm from the end of the specimen, are set as loading
supports on the lower surface of the numerical specimen. The
loading method is displacement control, and the loading rate
is 0.002 mm/s.

Figures 12A,B show the variation trend of shear stress and
shear displacement of the steel fiber under the three-point
bending test. In the initial loading stage, owing to the increase
in force on the lower surface of the specimen, the tensile force

applied to the neutral axis of specimen increases gradually, and
concrete and steel fiber begin to deform. Because the steel
fibers have a higher strength than concrete, their deformation
velocities are inconsistent, leading to a relative sliding between
steel fibers and concrete, and the stress of this part is mainly
the shear force. From the key point A to the key point B, the
shear force increases gradually, and the shear band expands
upward. At the key point C, the shear band expanded to the
upper edge of the specimen, and the specimen is disconnected.
With continuous loading, loading force shows a wavy decline
mainly because although the concrete has cracked, a part of
steel fibers connected with the concrete still provide the shear
force. This prevents further cracking of concrete. Thus, the
specimen still maintains a high residual strength for a period
after cracking. Figure 12B shows that the shear displacement
of steel fiber only occurs at the lower part of the middle part of
the specimen at the initial loading stage, and the displacement
is also small. With continuous loading, the displacement of the
neutral axis is gradually developed. From the key point C to the
key point D, the shear band penetrates through the middle area
of the specimen, and the shear displacement increases
gradually.

Figures 13A–C show the equivalent stress change diagram,
displacement change diagram, and shear slip of joints change
diagram of concrete (i.e., RPC matrix), respectively. At point A,
the levels of equivalent stress and displacement in the specimen
are relatively low. Figure 13C shows that the middle of the
specimen has a relatively small sliding displacement. At point B,
the lower edge of the middle of the concrete begins to show
cracks. Owing to loading on the specimen, the stress
concentration appears at the restraint part, and the equivalent

FIGURE 11 | Loading diagram of three-point bending test.

FIGURE 12 | Failure of steel fiber under the three-point bending test. (A) The axial shear force change of steel fiber. (B) Change in axial shear displacement vectors
of steel fibers.
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stress level significantly increases. It can also be seen from
Figure 12A above that most of the steel fibers exhibit
staggered sliding, but the amount of sliding is small. At point
C, the specimen reaches the maximum bearing capacity, and the
concrete has completely cracked. The equivalent stress figure
shows a dark blue low stress band in the middle of specimen.
Under the loading of both ends of the specimen, the upward
displacements of both ends increase and the shear displacement
of concrete further increases to 0.8 mm. At point D, the
maximum shear displacement reaches 1.5 mm. The three-point
bending test shows that even if the specimen reaches the
maximum bearing capacity and cracks appear because the
steel fiber provides enough shear force to resist further
cracking of concrete, the specimen still has a high residual
strength and high residual deformation after failure, extending
the warning time of specimen failure. This also proves that the

existence of steel fibers can effectively improve the strength and
plasticity performance of RPC.

Comparison of Failure Modes of Reactive
Powder Concrete Specimens Between
Numerical Results and Experimental
Results
Figure 14 shows a comparison of the failure modes of concrete
specimens reinforced with 1% steel fiber under the uniaxial
compression test, triaxial compression test, and three-point
bending test between the experiment and numerical results.
The specimens under the uniaxial compression test are mainly
shear failure, accompanied by splitting failure perpendicular to
the loading direction. The specimens under the triaxial
compression test with 25 MPa confining pressure mainly

FIGURE 13 | Failure of concrete under the three-point bending test. (A) Equivalent stress change of concrete material. (B) Displacement variation of concrete
material. (C) Joint shear displacement vectors of concrete.
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show pure shear failure. The specimens under the three-point
bending test show tensile failure at the middle of the specimen.
At the same time, as shown in the comparison figures, the
numerical results of failure characteristic of the specimens are
consistent with those of experimental results. This further
verifies the practicability and accuracy of this method.

As seen in Section Analysis of Uniaxial Compression Test
and Section Analysis of Triaxial Compression Test, the
presence of steel fibers resulted in residual stresses of 84.2
and 166.1 MPa in the specimens after the uniaxial and triaxial
compression processes, with deformations of 0.68 and 1.34%,
respectively. These values only decayed by 33.5% and 23.8
relative to the peak stresses of the specimens, and it can be
seen that the presence of steel fibers significantly increased
the peak and residual strengths of the activated powder. The
peak and residual strengths of the concrete were increased
considerably by the presence of steel fibers. The reason for
this improvement is the interaction force between the steel
fibers and the concrete, the frictional grip between them
improves the shear deformation of the concrete, while the
axial force of the steel fibers improves the tensile
displacement of the concrete matrix. Thus, steel fibers
improve the strength and plasticity of the steel
fiber–activated powder concrete from the aforementioned
two ways.

CONCLUSION

Research on the mechanical properties of RPC is popular. This
study carried out a numerical simulation of RPC under various
tests. The following conclusions are drawn.

1) The spatial delivery of steel fibers was achieved by using the
mixed congruencemethod, and the discriminatory problem of
crossover between steel fibers was solved by using the coplanar
projection method. Spatial generation was performed for
numerical RPC specimens of steel fibers with volume
contents of 1 and 2%, respectively. Comparison of slices of
numerical and experimental specimens showed that this
method provided good steel fiber delivery. The bond–slip
behavior between steel fibers and concrete was simulated
using a modified anchor cell, and the pull-out process of a
single steel fiber was simulated, and the results were in good
agreement with the actual experimental results.

2) The damage process of RPC with the steel fiber volume
content of 1% was simulated in uniaxial compression and
triaxial compression tests. The simulation results reproduce
the shear damage characteristics of the steel fiber–activated
powder concrete specimens, and the macroscopic damage of
steel fiber concrete is mainly shear damage as corroborated by
numerical simulation.

FIGURE 14 | Failure modes of concrete specimens reinforced with 1% steel fiber under various mechanical tests. (A) Failure mode of uniaxial compression test. (B)
Failure mode of simulated uniaxial compression test. (C) Failure mode of triaxial compression test. (D) Failure mode of simulated triaxial compression test. (E) Failure
mode of three point bending test. (F) Failure mode of simulated three point bending test.
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3) The three-point bending test process of steel fiber–activated powder
concrete at 1% volume content of steel fibers was simulated. The
tensile damage characteristics of the steel fiber–activated powder
concrete specimens are clearly reproduced, and the motion process
of frictional slip between the steel fiber and concrete is given.

4) The experimental and numerical simulation results show that the
addition of steel fibers to the RPCmatrix can effectively improve the
plastic behavior and strength of RPC specimens, so that the
specimens can maintain high mechanical strength even after
large deformation, which proves that the RPC material with the
addition of steel fibers has good application potential and provides a
new way for the numerical simulation study of RPC properties.
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