kT buildings

Article

Experimental and Numerical Analysis of Flexural Properties and
Mesoscopic Failure Mechanism of Single-Shell Lining Concrete

Jian Wu 1, Haijun Zou !, Nengfang He 1, Haiyan Xu 2, Zhijie Wang ® and Xiaohao Rui 3*

check for
updates

Citation: Wu, J.; Zou, H.; He, N.; Xu,
H.; Wang, Z.; Rui, X. Experimental
and Numerical Analysis of Flexural
Properties and Mesoscopic Failure
Mechanism of Single-Shell Lining
Concrete. Buildings 2024, 14, 2620.
https://doi.org/10.3390/
buildings14092620

Academic Editor: Mizan Ahmed

Received: 26 July 2024
Revised: 14 August 2024
Accepted: 15 August 2024
Published: 24 August 2024

Correction Statement: This article
has been republished with a minor
change. The change does not affect
the scientific content of the article and
further details are available within the
backmatter of the website version of

this article.

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Road & Bridge South China Engineering Co., Ltd., Zhongshan 528405, China; wujian0404@163.com (J.W.);
henengfang0722@163.com (N.H.)

School of Civil Engineering, Sichuan Agricultural University, Chengdu 611830, China;
zouhaijun1288@163.com (H.Z.); haiyanxu@sicau.edu.cn (H.X.)

School of Civil Engineering, Southwest Jiaotong University, Chengdu 610031, China;
zhjwang@home.swjtu.edu.cn

Correspondence: xiaohao97@my.swjtu.edu.cn

Abstract: Despite ongoing research efforts aimed at understanding the structural response of steel
fiber reinforced concrete (SFRC), there is very limited research on the failure characteristics and
mesoscopic damage mechanism of SFRC, specifically when under flexure. In this study, a four-point
bending test of plain concrete (PC) and SFRC with different fiber contents is carried out to investigate
the flexural performance of SFRC. The crack propagation process, cracking load, ultimate load,
and load-deflection curves of PC and SFRC beams are obtained. Additionally, the discrete element
method (DEM), using PFC2D 6.0 software, is adopted to explore the mesoscopic properties of PC and
SFRC. The test and simulation results of PC and SFRC beams are compared and analyzed, and some
conclusions are drawn. The results show that steel fiber can efficiently improve the compressive
strength of concrete when the fiber content is 30 kg/ m3, and significantly improve the deformation
resistance, crack resistance, and flexural capacity of concrete. The refined numerical models of PC and
SFRC beams are established based on compressive strength and aggregate screening results. Through
the numerical four-point bending test, the mesoscopic mechanical behaviors of models reveal the
damage mechanism of SFRC. The horizontally distributed steel fibers bridge both sides of the cracks
to resist crack development, and the vertically distributed steel fibers guide the cracks to the place
with strong contact, thus resisting crack height development. The test results show that, for flexural
properties, the optimal steel fiber content of SFRC is 31 kg/m?.

Keywords: steel fiber reinforced concrete; discrete element modeling; failure mechanism; flexural
properties; mesoscopic mechanical behaviors

1. Introduction

Concrete is a widely used traditional building material, but the mechanical properties
of ordinary concrete gradually begin to fail to meet the needs of some areas. Fibers can
effectively improve the tensile strength, crack resistance, energy absorption capacity, and the
flexural toughness of the structure [1-4]. The reinforcing effect of fibers on the mechanical
properties of concrete is generally related to the shape, size, content, and physicochemical
properties of the fibers used [5]. The fibers used in concrete, with regard to their materials,
are divided into four basic groups: steel, glass, synthetic, and natural fibers [6]. A review of
past studies indicated that the addition of steel fibers into concrete can effectively improve
the modulus of rupture and the splitting tensile strength [7], the energy absorption and
load-carrying capability [8,9], shear capacities, deformation capacities and stiffnesses [10],
and the compressive strength [11].

Some research has been carried out by previous researchers on the properties of
steel fiber reinforced concrete. Doyon-Barbant and Charron [12] investigated the effects
of fiber distribution direction and density on the tensile, bending, and shear properties
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of concrete, and the results showed that the tensile and bending properties of concrete
are mainly influenced by the fiber distribution direction, while the shear properties are
mainly influenced by the fiber density. Varona et al. [13] conducted a study on the bond
strength of steel reinforcement of concrete in high-temperature environments, and tested
the bond strength of concrete at high and ambient temperatures by performing pull-out
tests on fiber reinforced concrete, which showed that steel fibers with a high aspect ratio are
beneficial to the bond strength of concrete in high-temperature environments. Furthermore,
Chu and Kwan developed a new bond model of SFRC by modifying the existing one for
plain concrete in Model Code 2010 with a finite initial bond stiffness. They found that
concrete strength and steel fibers have a synergistic effect on the bond performance of
SFRC [14]. Meanwhile, the addition of steel fibers can enhance the mechanical and thermal
behavior of concrete at high temperatures [15]. Awolusi et al. [16] found that the fresh and
hardened properties of SFRC can be predicted using response surface methodology (RSM),
which uses aspect ratio, water cement ratio, and cement content as independent variables.
They finally obtained prediction equations for the water absorption, compressive strength,
flexural strength, splitting tensile strength, and slump of SERC.

Among the mechanical properties of concrete, the flexural properties are crucial [17].
The flexural mechanical behavior of SFRC has recently attracted the attention of a large
number of researchers. Magureanu et al. [18] conducted an experimental study on the
flexural properties of SFRC beams and showed that steel fibers have a significant effect on
the tensile strength of concrete beams, and that the ductility and load-carrying capacity
of the beams are increased significantly compared to plain concrete (PC) beams. Similar
conclusions have been reached by other researchers [19-21]. Khalil and Tayfur [22] con-
ducted some studies on the flexural load-carrying capacity of SFRC beams. They tested
11 SFRC beams with different fiber contents and shapes. The results showed that the steel
fibers had a significant effect on the flexural load-carrying capacity of the specimens, with
a 27% and 23% increase in flexural load-carrying capacity for wave-shaped steel fibers and
curved hook-shaped steel fibers, respectively, when the fiber volume fraction was 1%. Yang
et al. [23] conducted a comparative analysis of the flexural performance and reasonable
design specifications of SFRC. It was found that the distribution and direction of fibers
were influenced by the method of concrete placement.

To date, a number of studies have been carried out to explore the flexural performance
of SFRC by conducting an indoor bending test. However, more and more researchers
have started to investigate the bending behavior of SFRC through numerical simulation.
Numerical simulation has a higher loading accuracy compared with the indoor test, and
can save a lot of labor and material resources with good economic applicability. The test is
repeatable so that the test phenomenon can be repeatedly explored in depth, and the time
spent is shorter than on the indoor test. In order to study the effect of steel fiber admixture
and length on the load-bearing capacity of concrete beams, Kan et al. [24] simulated the
crack expansion process of concrete beams through a four-point bending test, and numerical
simulation analysis was performed using the extended finite element method (XFEM) of
ABAQUS 2019. The results showed that the flexural performance of concrete improved with
the increase in length and the content of fiber, but that the strengthening effect produced
by different contents and lengths of steel fiber was different. Kusumaningrum et al. [25]
also performed three-point bending test simulations with reactive powder concrete (RPC)
containing steel fibers, using the extended finite element method, and then analyzed
the tensile stress, CMOD, and fracture energy; the simulation results obtained were in
good agreement with the experimental results. Soetens et al. [26] proposed a method to
characterize the nonlinear bending properties of steel fiber concrete by performing the
finite element (FE) analysis on a prism model, and the model obtained correlated well with
the experimental results. This literature review reveals that there are available numerical
models for SFRC, which are mostly based on continuum theory. However, the micro and
meso structure of concrete is hard to represent as a continuum, since there are a large
number of voids, varyingly sized aggregates, and other heterogeneities [27-29]. Due to the
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non-uniformity of concrete structures, loads are transferred through discrete load paths.
Therefore, the use of a discrete element numerical simulation can better reflect the load
transfer and deformation process of concrete, and especially its microscopic mechanical
properties, compared to a finite element analysis [30].

In this paper, the influence of steel fiber on the crack resistance and flexural perfor-
mance of single-shell lining concrete is investigated. With the same curing conditions, the
mechanical properties of single-shell lining concrete are evaluated through measurement
of its compressive strength, cracking load, ultimate load, and flexibility. To the authors’
knowledge, few research studies have been performed which use the discrete element
method to explore the mesoscopic flexural properties of SFRC. A new method for the
discrete modelling of SFRC is presented, which provides a possibility for investigating the
failure properties and mesoscopic damage mechanism of concrete. In the section regarding
numerical investigations, the numerical four-point bending test is compared with the ex-
perimental results. In addition, the compressive strength, cracking load, ultimate load, and
flexibility of SFRC with different fiber contents are predicted.

2. Experimental Programs
2.1. Materials and Proportions

The SFRC in the experiment was made from the following components: fly ash, fine
aggregate, coarse aggregate, water reducer, water, PO42.5 grade ordinary Portland cement,
and steel fiber. Coarse aggregate here refers to aggregate with a nominal particle size of
5~20 mm and good gradation, while fine aggregate refers to river sand with a fine modulus
of 2.5 and good gradation. The steel fiber used in this study was Dramix 4D 80/60 BG, with
a diameter of 0.75 mm and a length of 60 mm (see Figure 1a). Twenty-four concrete beam
specimens were made, including six PC beam specimens without steel fiber (PC0-1~6) and
eighteen SFRC beam specimens with 20 kg/m3 (SFRC20-1~6), 30 kg/m3 (SFRC30-1~6),
and 40 kg/m3 (SFRC40-1~6), respectively (see Table 1). For a better explanation, the mix
proportions of the concrete are shown in Table 1.

(c)"Moling . (d) Water curing

Figure 1. The casting and curing process of a specimen.
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Table 1. The mix proportions of PC and SFRC with different fiber contents.
Coarse Aggregate/kg
Specimens Steel Fiber/ Fly Ash/ Fine Aggregate/ Water Reducer/ Water/ Cement/
p kg kg kg 5.0~10.0/ 10.0~20.0/ kg kg kg
mm mm
PC0-1~6 0 60 796 100 1095 3.96 135 380
SFRC20-1~6 20 60 796 100 1095 4.26 135 380
SFRC30-1~6 30 60 796 100 1095 4.56 135 380
SFRC40-1~6 40 60 796 100 1095 4.86 135 380

2.2. Fabrication of Specimens and Loading Method

Under actual stress conditions, single-shell lining concrete can be analyzed using beam
structures. The fibers, gravel, and sand were firstly put into the blender at the same time
and stirred for 20 s, then they were mixed with water and stirred for 20 s, then they were
mixed with cement and admixtures for 90~100 s, and finally the water reducer was added
and stirred for 30 s. The stirring time of SFRC was 20~30 s longer than that of PC, and the
agglomeration of steel fiber was avoided during stirring. According to the Chinese code
CECS 13:2009 Standard test methods for fiber reinforced concrete, the mixed concrete was
loaded into the mold in one go and to a level slightly higher than the top of the mold. Then,
it was placed on the vibration table to vibrate for 60 s (see Figure 1b). Excess concrete was
scraped off, and the specimens were finally flattened (see Figure 1c). The specimens were
numbered and left in the laboratory for one day, after which the molds were removed, and
the specimens were placed in a standard curing pond for 28 curing days (see Figure 1d).

2.2.1. Rebound Strength Test

In order to obtain the compressive strength of straight beam members, rebound
strength tests were conducted on PC and SFRC beams with different fiber contents. Ac-
cording to the requirement of the Chinese code JGJ /T 23-2011 Technical specification for
inspection of concrete compressive strength by rebound method, four straight beams were
randomly selected from the same batch of specimens for inspection. For each specimen, the
number of rebound measurement areas cannot be fewer than 10. In each measurement area,
16 rebound values were read, 3 maximum values and 3 minimum values were excluded
from the 16 values, and the remaining 10 rebound values were calculated according to
Equation (1).

10
Y R;

R = = 1
m =L )

where Ry, is the average rebound value (MPa) in the survey area, and R; is the rebound value
(MPa) of the ith measuring point. The rebound strength Ry, is converted to the concrete
conversion strength f, (MPa) in the measurement area according to the conversion table,
which is used as the compressive strength of the specimen.

2.2.2. Pure Bending Test

To explore the bending performance of steel fiber reinforced concrete, the four-point
bending test was carried out. The size of the bending test specimen was 2400 x 400 x 350 mm.
The specimens were divided into four groups, corresponding to PC and SFRC beams with
different fiber contents. The loading devices of the test are shown in Figure 2.
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Figure 2. Loading equipment for the four-point bending test.

The loading devices were two hydraulic jacks with a maximum loading capacity of
400 kN (see Figure 2). The force provided by the jack is transferred to two points of the
specimen through the distribution beam, whose capacity is 1200 kN. The measure devices
include the pressure transducer, which measures the force produced by the hydraulic jack,
the strain gauge attached to the specimen with its automatic data acquisition system, and
the displacement sensor placed at the bottom of the specimen, which records the deflection
(see Table 2).

Table 2. Technical requirements for instruments for the bearing capacity performance test.

Technical Indicators

Name Unit
Range Graduation Value Accuracy
Pressure sensor kN 1000 and 2000 0.1 Level 1
Crack microscope mm 10 0.01 0.01
Displacement gauge mm 30 0.01 Level 1
Electronic stopwatch s >2h 1s
Hydraulic jack KN 400 Ensure continuous or staged pressurization

Loading system control box
Receiving system of load
and displacement

or decompression
Connect all pressure sensors and displacement gauges

Manually or automatically record the pressure, displacement, and other data of each loading stage

During the test, the load increment of each level should be small. Record the load
when the crack width of the PC specimen reaches 0.2 mm, and then continue to load until
the crack width of the PC specimen reaches 2.5 mm. Then, the test shall be terminated
after loading 1-2 levels, or immediately terminated according to the situation. After that,
the four-point bending test of the SFRC specimen should be carried out. Based on the
load, when the crack width of the PC specimen reaches 0.2 mm and 2.5 mm, it is loaded by
stages. When it is close to the load before, reduce the speed of loading, and record the crack
width of the SFRC in each stage. The test should be terminated under one of the following
circumstances:

(1) The concrete reaches the ultimate compressive strain (crushing) (strain gauges are
arranged on the compression zone).
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(2) The maximum crack width at the tension zone reaches or exceeds 2.5 mm.
(3) The load cannot continue to increase.

3. Results
3.1. The Rebound Strength

According to the method in Section 2.2.1, the converted compressive strengths of PC
and SFRC specimens with different fiber contents and the compressive strength enhance-
ment factors of SFRC specimens were calculated (see Figure 3). As shown in Figure 3, the
compressive strength of the 20 kg/m?> and 40 kg/m> SFRC specimens were almost at the
same level as PC, and the maximum and minimum compressive strengths in the 20 kg/m?
SFRC specimens were 45.7 MPa and 43.7 MPa, respectively, with an average strength
enhancement coefficient of 0.013. The maximum and minimum compressive strengths of
the 30 kg/m? SFRC specimens were 61.0 MPa and 57.0 MPa, respectively, with an average
strength enhancement factor of 0.343. The maximum and minimum compressive strengths
of 40 kg/m3 SFRC were 45.7 MPa and 42.0 MPa, respectively, with an average strength
enhancement coefficient of —0.013. When the fiber content is 20 kg/ m3, the effect of steel
fiber on the compressive strength of concrete is not significant and, even when the fiber
content is 40 kg/m3, the average strength enhancement coefficient is —0.013, indicating that
too much steel fiber may have a reducing effect on the compressive strength of concrete.
When the fiber content is 30 kg/m?3, the compressive strength of SFRC is significantly
greater than that of PC and other SFRC specimens, with a maximum strength enhancement
coefficient of 0.377, and an average strength enhancement coefficient reaching 0.343.
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(a) Conversion strength. (b) Coefficient of enhancement.

Figure 3. Conversion strength and coefficient of enhancement. (Coefficient of enhancement = [Strength
of SFRC (MPa) — Strength of PC (MPa)]/Strength of PC (MPa)).

Further analysis of the converted compressive strengths of the SFRC specimens shows
that the SFRC20 and SFRC40 specimens had similar compressive performance, with av-
erage compressive strengths of 44.9 MPa and 43.8 MPa, respectively, while the average
compressive strength of the SFRC30 specimens reached 59.5 MPa, which is 32.5% and 35.8%
higher than that of SFRC20 and SFRC40, respectively. The SFRC40 specimens show the
worst performance, and more bubbles also appeared on the surface of the SFRC specimens
after vibrating during the casting process. The reason for this may be that, under the low
water—cement ratio, the increased amount of steel fiber makes even distribution difficult,
and the excessive steel fiber content could cause a greater air content inside the concrete
during mixing and forming, resulting in lower compressive strength. The right amount of
steel fiber can significantly improve the compressive strength of concrete. Zhang et al. [11]
also obtained similar conclusions in their research. Their tests obtained the compressive
strength of SFRC with fiber volume fractions of 0%, 0.5%, 0.75%, 1.0%, and 1.5%, and found
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that the compressive strength of SFRC reached its maximum at a volume fraction of 0.75%,
which was 15.5% higher than that of PC.

3.2. Results of Four-Point Bending Test
3.2.1. Failure Mode of Specimens

Figure 4 shows pictures of the cracks on the specimens with different fiber contents at
the failure stage. Due to the limitation of space, and for the convenience of analysis, PC0-7,
SFRC20-1, SFRC30-3, and SFRC40-5, which are representative at each group of specimens,
were selected for the investigation of crack development. As is seen in Figure 4a, the cracks
on the middle of the PC specimen developed vertically at the beginning, and began to
develop diagonally in the later stage of the test. Some of the cracks showed the ‘bifurcation’
phenomenon when they were about to extend to the top of the beam. When the load was
66.03 kN, the initial crack appeared near the loading point (crack No. 7), with a crack width
of 0.02 mm and a height of 4 cm. When the load reached 86.08 kN, the maximum crack
width was 0.20 mm, reaching the serviceability limit states. At this time, there were two
cracks on the surface of the specimen, with the height of 17.0 cm and 22.5 cm, respectively.
When the load reached 179.27 kN, the maximum crack width of the specimen reached
2.50 mm, at which time there were 11 cracks on the specimen (see Figure 4a), and the cracks
near the two loading points were beginning to extend toward the top of the beam and
develop mostly along the oblique direction due to the excessive shear force. In general,
there is uniform horizontal spacing between adjacent cracks.

(a) PC

(b) 20 kg/m3 SFRC

(c) 30 kg/m> SERC

(d) 40 kg/m’ SERC

Figure 4. The failure patterns of specimens with different fiber contents.
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Figure 4b shows the crack development of the 20 kg/m? SFRC specimens. The number
of cracks is higher than in PC, and the spacing between cracks has no obvious regularity.
The initial crack appeared at a load of 83.34 kN near the loading point (crack No. 1), with
a crack width of 0.03 mm and a crack height of 8 cm. When the load reached 135.65 kN,
the maximum crack width was 0.20 mm, reaching the serviceability limit states. At this
time, there were five cracks with a maximum height of 28 cm (crack No. 1). When the
load reached 228.54 kN, the maximum crack width reached 2.50 mm, and there were
13 cracks at this time (see Figure 4b). Cracks No. 1 and No. 10, near the two loading points,
were about to extend to the top of the beam, and cracks No. 1 and No. 12 had penetrated
and developed horizontally along the oblique direction. In general, the development of
the cracks was more curved, since steel fiber limits and changes the development path
of cracks.

Figure 4c shows the crack development of the 30 kg/m3 SFRC specimens. It can be
seen that the number of cracks is also slightly higher than that of PC, but the crack density
is higher than that of the 20 kg/m> SFRC specimen. The initial crack appeared at a load of
96.48 kN near the loading point (crack No. 1), with a crack width of 0.02 mm and an initial
height of 1 cm. When the load reached 172.11 kN, the maximum crack width was 0.20 mm,
reaching the serviceability limit states. At this time, there were five cracks on the specimen,
and the maximum height was 21.5 cm (crack No. 4). When the load reached 267.90 kN,
since the vertical deformation speed of the specimen had exceeded the loading speed of the
jack, the load was difficult to stabilize and could not continue to increase; the maximum
crack width of the specimen reached 2.50 mm, and there were 13 cracks on the specimen
(see Figure 4c). The height of crack No. 1 near the loading point extended to 31 cm, and
the top of the crack began to develop and bifurcate horizontally. In general, most of the
cracks did not extend to the top of the beam and, eventually, the degree of development
was lower than that of PC.

Figure 4d shows the crack development of the 40 kg/m3 SFRC specimens. It can be
seen that the number of cracks is significantly higher than in plain concrete, and the crack
density is also higher than that of PC and the other SFRC specimens. The initial crack
appeared at a load of 64.15 kN near the right loading point (crack No.1), with a crack width
of 0.01 mm and an initial crack height of 1.5 cm. When the load reached 130.27 kN, the
maximum crack width was 0.20 mm, which reached serviceability limit states. At this time,
there were five cracks on the specimen, with a maximum height of 25.8 cm (crack No. 2).
When the load reached 247.72 kN, the maximum crack width of the specimen was 2.50 mm,
there were 21 cracks on the specimen at that time (see Figure 4d), and the height of crack
No. 2 near the loading point extended to 29.7 cm; most of the cracks were about to extend
toward the top of the beam, and some of the cracks had penetrated. In general, the path of
crack development is tortuous and is obviously influenced by steel fibers.

In summary, the cracking load of PC is generally lower than that of SFRC, indicating
that steel fibers have a resistant effect on the cracking of concrete, and that the effect varies
with the fiber content (see Figure 5). As shown in Figure 5, the cracking and ultimate loads
of PC are generally lower than those of SFRC. For the cracking load, the SFRC20, SFRC30,
and SFRC40 specimens increased by 34.57%, 90.48%, and 24.87%, respectively, compared
with PC. While the ultimate load of the SFRC20, SFRC30, and SFRC40 specimens increased
by 28.12%, 47.22%, and 40.59%, respectively. The cracks on the SFRC specimens are subtler,
more numerous, and widely distributed. Since the ultimate load of an SFRC specimen is
generally higher than that of PC, the surface of an SFRC specimen thus produces more
cracks after most of the tension zone of the concrete matrix has ceased working, and the
steel fibers near the cracks continue to bear the load. The sound of fiber fragmentation can
be heard in the later stage, the surface of the specimen features flaky fragments falling off,
and the exposed steel fibers have been deformed, resisting well the development of cracks
in the later stages of test. After the end of the test, a certain amount of exposed steel fiber
connected both sides of the crack (see Figure 6). It can be seen that steel fiber plays a key
role in the crack resistance and toughening of concrete.
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Figure 5. The cracking load and ultimate load of PC and SFRC specimens.

Figure 6. A partial enlarged image of cracks on an SFRC specimen.

3.2.2. The Deflection of Concrete

Five sensors were arranged equidistantly at the bottom of the specimen to monitor
the deflection of the concrete during the test. The deflection of each specimen and its
development law during the test is shown in Figure 7. It can be seen that the PC specimens
had the largest deflection during the test, and the SFRC specimens had a higher ultimate
load and smaller deflection. After the end of the test, the deflection of the SFRC30-3
specimen did not exceed 9 mm, and the deflection of each measuring point was 34.6%,
47.6%, 52.03%, 55.0%, and 37.3% of that of the PC specimen, respectively (see Figure 7).
The average deflections of the SFRC20-7 and SFRC40-5 specimens were 76.9% and 57.2%,
respectively, of those of the PC specimen at the final loading stage. It is important to
note that steel fiber can significantly improve the ductility of concrete, so that it has less
deflection when it reaches the ultimate limit state, and effectively reduces brittle damage.
Among the specimens, the ductility of SFRC was highest when the fiber content was
30 kg/m?, while the improvement in the ductility of SFRC40 was better than that of
SFRC20, which is mainly due to the difference in content.
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18.0

Displacement/mm
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(b) SFRC20-6
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(c) SFRC30-3

(d) SFRC40-5

Figure 7. The displacement of PC and SFRC specimens.

By taking the displacement at measurement point 3 as the deflection of the specimen
under a specific load, the change in deflection of the concrete before cracking was further
investigated. The load—deflection curves before cracking were analyzed for PC specimens
and SFRC with different fiber contents, and show that there is a highly linear relationship
between them; the load-deflection curves of each specimen before cracking were fitted,
and the results are shown in Figure 8. The fitting coefficient of each specimen is above 0.99,
and the fitting effect is good. Slope F of the fitting curve represents the deflection of the
specimen under the unit load, that is, the flexibility of the specimen. As shown in Figure 8,
the flexibility of SFRC30-4 was the smallest, indicating that it has the strongest ability to
resist deformation. The flexibility of SFRC20-6 was 0.0361, while that of SFRC40-5 was
0.0172, which is 2.56 and 1.22 times that of the PC specimens, respectively. That is, when
the content of steel fiber is too high or too low, it may weaken the ability of concrete to resist
deformation before cracking, and the weakening effect of low content is more obvious.
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Figure 8. Fitting curves of the displacement of PC and SFRC specimens with the load.

3.3. The Prediction of Flexural Strength
3.3.1. The Cracking Load

Cracking load characterizes the crack resistance of concrete. According to the results in
Section 3.2.1, the curve fitting for cracking load and the content of steel fiber was carried out.
The fitting results are shown in Figure 9. Considering the steel fiber content commonly used
in practical engineering, the fitting results mainly apply to the content range investigated in
this study (20~40 kg/m?). When the steel fiber content is too high or too low, the cracking load
of concrete may exhibit irregular variation. According to the derivation of Equation (2) (see
Equation (3)), the optimal content of steel fiber for the cracking load is 31.19 kg/m?3, and
the corresponding maximum cracking load is 100.22 kN, which is 2.25 times that of PC. The
most unfavorable content is 4.03 kg/m?, and the corresponding minimum cracking load
is 40.11 kN, which is 0.90 times that of PC. As shown in Equation (2), when the steel fiber
content is 0-8.51 kg/m?> and 44.32 kg/m? or more, the cracking load of SFRC is lower than
that of PC, and the steel fiber shows a negative effect on the crack resistance of the concrete.
When the fiber content is 8.51-44.32 kg /m?, the cracking load of SFRC is higher than that
of PC. At this time, steel fiber has a positive effect on crack resistance and toughening.
This means that, in order to improve the crack resistance of concrete, the content of steel
fiber should not be too low or too high. The addition of steel fiber can improve the crack
resistance of concrete in most cases, and the crack resistance ability of concrete can be
doubled by using the appropriate fiber content.

y =44.472 — 2.263x + 0.317x* — 0.006x° @

y=—2263 + 0.634x — 0.018x° (3)
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Figure 9. Fitting curves of the cracking load with the fiber content.

3.3.2. The Ultimate Load

The ultimate load characterizes the flexural capacity of the structure. In this test, the
load corresponding to the crack width of 2.5 mm was taken as the ultimate load of SFRC.
According to the results in Section 3.2.1, the ultimate load was fitted with fiber content. The
fitting results are shown in Figure 10. Considering the steel fiber content commonly used in
practical engineering, the fitting results mainly apply to the content range investigated in
this study (20~40 kg/m3). When the steel fiber content is too high or too low, the ultimate
load of concrete may exhibit irregular variation. According to the derivation of Equation (4)
(see Equation (5)), the optimal fiber content of the ultimate load is 31.06 kg/ m3, and the
corresponding maximum flexural capacity of the structure is 253.25 kN, which is 1.39 times
that of PC. The most unfavorable content is 4.86 kg/m?>, and the corresponding minimum
flexural capacity of the structure is 172.30 kN, which is 0.95 times that of PC. As shown in
Equation 8, when the fiber content is 0-10.43 kg/m? and above 43.46 kg/m?, the flexural
capacity of SFRC is lower than that of PC, and the steel fiber has a negative effect on the
flexural capacity of the concrete. When the fiber content is 10.43-43.46 kg/m?3, the flexural
capacity of SFRC is higher than that of PC, and the steel fiber can effectively improve the
flexural performance of the structure. This means that, in order to improve the flexural
performance of concrete, the steel fiber content should not be too low or too high. The
addition of steel fiber can improve the flexural capacity of concrete in most cases, and the
use of the appropriate fiber content can effectively improve the flexural performance of
concrete.

y =181.7 — 4.078x + 0.485x> — 0.009x° 4)

y = —4.078 + 0.970x — 0.027x> (5)
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Figure 10. Fitting curves of the ultimate load with the fiber content.
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3.4. The Optimum Content of Steel Fiber

For different mixture proportions and fiber materials, the mechanical properties of
fiber reinforced concrete will also be different. In view of the mixture proportions (see
Table 1) and steel fiber type used in this test, it has been concluded that the optimal steel
fiber content, corresponding to the crack resistance and flexural capacity of concrete, is
31.19 kg/m? and 31.06 kg/m?3. It is not difficult to see that the optimal content of steel fiber
for flexural properties is 31 kg/m?, the corresponding cracking load is 100.21 kN, while
the ultimate load is 253.25 kN, which is 125.34% and 39.38% higher than that of PC. At the
same time, it is important to note that steel fiber has the most significant effect on the crack
resistance of the structure. The flexural strength of SFRC is highly dependent on the change
of steel fiber content.

4. The Discrete Element Simulation of SFRC

Through the experimental four-point bending test, the loading capacity and failure
mode of SFRC were investigated. However, the enhancement mechanism and mesoscopic
failure behaviors cannot be observed clearly. The failure mechanism of steel fiber is of
great significance to the investigation of SFRC, and the finite element analysis cannot
well reflect the enhancement process of steel fiber. Therefore, a refined model of SFRC is
established in this paper, using the discrete element method, which shows high relevance
to the experimental bending test. The mesoscopic mechanical properties of SFRC are
investigated below.

4.1. Establishment of the Refined Model for SFRC
4.1.1. The Steel Fiber

The type of steel fiber used in this experiment was Dramix 4D 80/60 BG, and the
structure diagram is shown in Figure 11a. In PFC2D, which is a discrete element particle
flow piece of software, the shape of various objects can be created using a ‘clump template’,
and the template constructed according to the actual shape and size of steel fiber. The
template is used to generate a specified content of steel fiber, and the fibers are converted
from clumps to balls. The simulation adopts the parallel bond contact model, which
can well reflect the contact relationship between steel fiber and the concrete matrix. The
mesoscopic parameters of the steel fiber balls are determined by calibrating the tensile
strength of the steel fiber.

1200

BEKAERT §
e 1000 - £ Steel fiber
£ 800
b
g 600
!,_'g
ﬁ 400
b
ULt 200
GO = '
002 0!3 0!4 0?5 0!6 OJ.T 0.8
Displacement/mm
(a) The pattern of steel fiber. (b) Results of the tensile test.

Figure 11. The numerical model of steel fiber.

The calibration results are shown in Figure 11b, where the tensile strength of the steel
fiber model has reached more than 1000 MPa, consistent with the actual situation. The
mesoscopic parameters of the steel fiber model are shown in Table 3.
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49.3

(a) Before the compression test.

Table 3. The mesoscopic parameters of steel fiber.

Parameters Value
Contact bond modulus/GPa 300
Parallel bond modulus/GPa 10
Kratio 15

Parallel bond tensile strength/MPa 10,000
Parallel bond cohesion/MPa 1.3
Parallel bond friction angle/° 45
Friction coefficient 0.6

4.1.2. The Compressive Strength

In Section 3.1 of this paper, the rebound strengths of PC and SFRC were obtained via
the rebound strength test, and the corresponding converted compressive strengths were
obtained. Based on this, a numerical simulation of the cube compressive strength test was
carried out via PFC2D (see Figure 12). As shown in Figure 12, the little red balls are steel
fibers, and grey balls are the concrete matrix. Python was used to automatically adjust the
mesoscopic parameters during calibration, and the fiber content was adjusted by changing
the porosity of the steel fiber balls. The compressive strengths of the SFRC cube model
with different fiber contents are shown in Figure 13 and Table 4, and its corresponding
mesoscopic parameters are shown in Table 5.

Figure 12. Process of numerical compression test on SFRC cube model.
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Figure 13. Stress-strain curves of PC and SFRC models.



Buildings 2024, 14, 2620 15 of 22
Table 4. The calibration results for compressive strength.
Fiber Content Experlmer}tal Numerlc?l .
(kg/m3) Compressive Compressive Error Rate/%
& Strength/MPa Strength/MPa
0 44.3 44.5 0.45
20 44.9 45.3 0.89
30 59.5 58.9 1.01
40 43.8 43.8 0.00
Table 5. The mesoscopic parameters of PC and SFRC with different fiber contents.
Value
Parameters
PC SFRC20 SFRC30 SFRC40
Contact bond modulus/GPa 2.0
Parallel bond modulus/GPa 0.1
Kratio 2.0
Parallel bond tensile strength/MPa 16.1
Parallel bond cohesion/MPa 48.3
Parallel bond friction angle/° 56
Friction coefficient 0.6
Porosity of concrete 0.1
Porosity of SF 0 0.99744 0.99615 0.99487

4.1.3. The Results of the Screening Test

For the refined numerical analysis, it is important to establish the model according
to the actual gradation of the concrete aggregate. The screening test was carried out to
obtain the particle gradation of PC and SFRC beams. The screening results are shown in
Tables 6 and 7, which provide a basis for establishing a refined numerical model with real
particle gradation. As shown in Table 7, the smaller stones in the coarse aggregate (diam-
eter: 5~10 mm) are named ‘Aggregate 1’, while the bigger stones (diameter: 10~20 mm)
are named ‘Aggregate 2’. While casting specimens, the mixing rate of Aggregate 1 and
Aggregate 2 was 3:7.

Table 6. The screening results of fine aggregate.

Aperture 475 2.36 1.18 0.6 03 0.15 <0.15
(mm)
Results (g) 10 93 70 110 102 42 73
2.0% 18.6% 14.0% 22.0% 20.4% 8.4% 14.6%
Table 7. The screening results of coarse aggregate (Aggregate 1-Aggregate 2 = 3:7).
Aperture 265 19.0 16.0 9.5 475 2.36 <2.36
(mm)
Results (g) 0 88 208 2374 2663 905 254
0.0% 1.4% 3.2% 36.5% 41.0% 13.9% 3.9%

Note: The smaller stones in the coarse aggregate (diameter: 5~10 mm) are named “Aggregate 1’, while the bigger
stones (diameter: 10~20 mm) are named ‘Aggregate 2’.

4.2. The Meso-Mechanical Properties of SFRC
4.2.1. The Development of Microcracks
For the PC model, the initial crack appears at a load of 60 kN, under the loading point,

which is consistent with the test results. After a period of time, no new cracks appear, and
the main crack does not develop significantly. When the load reaches 80 kN, the crack
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(a) Major crack on SFRC specimen.
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begins to develop. When the load reaches 100 kN, the main crack develops faster, but it
is still not highly developed. New cracks appear under the middle of the span and right
loading points, and the spacing between adjacent cracks is almost equal. When the load
reaches 120 kN, the main crack under the left loading point suddenly develops violently,
and the deflection of the model increases sharply. When the load reaches 130 kN, the crack
width under the left loading point reaches 5.00 mm. At the same time, the load decreases
sharply, the deflection continues to increase, and the model is damaged.

When steel fibers are added, such as in the SFRC40 model, the initial crack appears
at a load of 70 kN, under the loading point, which is consistent with the experimental
results. After a period of time, no new cracks appear, and the main cracks do not develop
significantly. When the load reaches 80 kN, the cracks begin to develop. When the load
reaches 100 kNN, the development speed of cracks is accelerated. When the load reaches
220 kN, the crack width under the loading point reaches 1.80 mm, and new cracks appear
under the left loading point and the middle of the span. When the load reaches 250 kN, the
crack width under the right loading point reaches 5.00 mm, and the model is damaged.

In the process of loading, the change in crack width can well reflect the evolution
law of cracks in the indoor bending test, but the number of cracks in the model is fewer
than that of the indoor test. The main reason is that the transmission of load in the model
requires a long balance time. Due to the limitation of computing power, the local force that
may produce microcracks is not fully balanced and the next level of the load is started,
which accelerates the development of main cracks and leads to stress redistribution, which
suppresses the generation of new cracks.

When compared with the indoor four-point bending test, the cracking load of the
PC model is 0.91 times that of the indoor test, and the ultimate load is 0.73 times. The
indoor test specimens and numerical models of PC have cracks with uniform spacing,
and the number of cracks is smaller than that of SFRC specimens and models. It can be
seen from the numerical model that, when coarse aggregate particles appear in the crack
development path of concrete, the path often changes, develops along the edge of coarse
aggregate particles, and even bifurcates in the later stage of loading. There is only one
highly developed crack in the PC model, and the development of the remaining cracks
is not obvious, while the SFRC model has two highly developed cracks, but the height
of crack development is lower than that of the PC model, which shows cracks about to
develop at the top of the beam (see Figure 14). The cracks in the PC model develop rapidly
and in a short time at a later stage, with a sudden increase in deflection and a sharp decrease
in load, which belongs to brittle failure. The SFRC model has stable crack development,
and there is no sudden increase in deflection when it is damaged, reflecting better ductility.
The main crack in the PC model almost develops straight, while the crack development
path in the SFRC model is tortuous. These results are highly consistent with the indoor test
results, indicating that the numerical model can well reflect the crack development law of
PC and SFRC.

(b) Major crack on SFRC model.

Figure 14. Major crack patterns on the surfaces of SFRC specimen and model.
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(e) PC at later stage. (f) SFRC at later stage.

4.2.2. The Force Chain Network

The analysis of the research results shows that the granular materials of concrete are
usually densely distributed, and the contact between adjacent particles forms a path to
transmit loads. The propagation path of force is called the force chain. Several force chains
are connected to each other to form a network throughout the structure, transmitting the
weight of the structure and bearing loads. The complex dynamic response of the force
chain network determines the macroscopic mechanical properties of the system, which is
the basic force form of the structure. In order to quantify the strength of the force chain,
relevant researchers have proposed several methods. In this paper, according to the average
value of contact force F [31], the strong force chain is defined as F > F, the middle force
chain is defined as F > F > 0.5F, and the weak force chain is defined as F < 0.5F. There is
a great correlation between the dynamic stress characteristics and the static accumulation
properties of particles and the development law of the meso-scale force chain. There is
a great correlation between the macroscopic mechanical properties of structure and the
development law of the mesoscopic force chain.

Figure 15a,c,e show the force chain network of PC specimens in each stage of the test.
The thicker the force chain, the greater the contact force between the particles. In Figure 15,
the red line represents the compressive force chain, and the yellow line represents the
tensile force chain. It can be seen that, in the initial loading stage of the test, the force chain
first spreads from the loading points and the supports, and then spreads to all parts of
the structure. At this time, the height of the compressive force chain is about 1/4 of the
height of the specimen (&), the height of the tensile force chain is about 1/2 h, and there is
a weak area of the force chain in the middle of the model. In the middle stage of loading,
the force chain near the loading points mainly propagates in the horizontal direction, and
more strong horizontal force chains are generated in the compression zone and the tension
zone. The force chain network is gradually dense and tends to be stable, and the height of
the weak force chain zone in the middle of the model is reduced (see Figure 16). The load
transfer on both sides of the model is mainly completed by the contact and compression of
particles at the top of the middle span.

(b) SFRC at early stage.

Figure 15. The force chain network of PC and SFRC models at different loading stages.

The force chain network of the PC model at the later stage of loading is shown in
Figure 17e. The force chains at the top of the model continue to develop, and the force
chain network has stabilized. The force chain network at the bottom of the model is also
gradually dense. At this time, a crack appears under the left loading point. The tensile
force chains there have been broken, while the compressive force chains are mainly near
the edge of the crack. The directions of these compressive force chains are mainly along
the direction of crack development. This is due to the continuous deformation of the crack
during the development, which leads to the mutual extrusion of the edge particles. There
are strong tensile force chains at the top of crack, which shows stress concentration. When
the stress continues to increase until it exceeds the ultimate strength of the material, the
crack will expand sharply, eventually leading to structure instability.
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Figure 16. The local force chain network diagrams of PC and SFRC models at different loading stages.
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(f) SFRC at later stage.

Figure 17. The displacement (x10~3 m) nephogram of PC and SFRC models at different loading

stages.

Figure 15b,d,f show the force chain distribution of the SFRC model at each stage. The
development process of the force chains is basically the same as that of the PC model.
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When cracks occur, both sides of the crack are compressive force chains, and there are
concentrated strong tensile force chains at the top of cracks. Different from the PC model,
strong force chains not only appear between the coarse aggregate particles, but also exist
near most of the steel fibers. When the height of a crack develops at the later stage, the
tensile force chains between concrete particles in the SFRC model are significantly weaker
than in the PC model, as the steel fiber bears most of the tensile stress, thus significantly
improving the bearing capacity of the model.

In this sense, the development of the force chain network allows for analysis of the
macroscopic test results from the microscopic point of view, thus providing a certain
analytical basis for the study of the flexural mechanical properties of SFRC.

4.2.3. The Displacement Nephogram

In all mechanical properties, the displacement of the structure is very important when
studying the failure mode and microscopic mechanism of specimens. As the test progresses,
the displacement of each part of the specimen continues to develop [32,33]. Figure 17 shows
the displacement nephograms of the PC and SFRC40 models at each stage of the test.

At the beginning of the test, the displacement first appears under the two loading
points, and diffuses to the lower part of the specimen in a trapezoid shape. Then, the
displacement at loading points increases continuously and diffuses along the path. After
the first loading stage, the displacement of the model is balanced and, finally, two ringed
low displacement zones appear outside the two loading points. The displacement near the
center of the zone is the smallest, and the displacement at the edges of both sides of the
model is the largest. The ringed low displacement zone of the PC model is smaller than
that of the SFRC model, and the displacement of the SFRC model is smaller. In the middle
stage of the test, the center of the ringed low displacement zone on both sides shifts to the
inside of the model, and the top of the left main crack on the SFRC model is close to the low
displacement zone. Obviously, the displacement inside the two loading points of the SFRC
model is more uniform and stable than that of the PC model, while the displacement of the
PC model shows gradient distribution, which may lead to stress and strain concentration.
When the crack develops higher, the center of the low displacement zone begins to shift
upward. The range of the zone on the PC model is significantly smaller than that on the
SFRC model. The displacement distribution of the SFRC model begins to change. The crack
blocks the transmission of displacement on both sides. The displacement of the particles
near the middle-span side of the two cracks decreases. At the same time, the particles
near both sides of the model continue to move outward. These changes further promote
the development of cracks, so that the displacement difference on both sides of the cracks
increases.

4.3. The Crack Resistance Mechanism of Steel Fiber

The abovementioned simulation results explain why, when a new crack appears near
the outside of the main crack in the experimental bending test, the smaller the distance
between the two cracks, the more the new crack inhibits the development of the main
crack. Combined with the results of the displacement nephograms and the distribution of
the force chain network, these results can be analyzed to understand that the generation
of new cracks dissipates the strain energy on one side of the main crack, which blocks
the transmission of force and displacement, thus inhibiting the development of the main
crack. SFRC produces more small cracks than ordinary plain concrete, which accelerates
the energy dissipation near the main crack, reflecting the crack resistance of steel fiber.

From the development of the force chain network, it can be seen that the steel fibers
in the tension zone are mostly near the strong force chains, which bear most of the tensile
stress. It can be seen from Figure 17 that the cracks mainly appear in the tensile weak area
where the steel fiber is vertically distributed. At this time, the vertical steel fibers inhibit
the extrusion effect between the particles on both sides, that is, inhibit the transmission
of force and displacement, thus changing the development direction of the cracks. At the
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same time, the bridging effect of horizontal fibers can effectively inhibit the development
of cracks. When the crack develops, both sides of the crack are compressive force chains,
and there are strong tensile force chains on the top of crack. When the structure cracks,
the tensile capacity of the concrete matrix fails, and the load is all borne by the nearby
steel fibers and transferred to the other end where new cracks form. This leads to stress
redistribution, and then a series of cracks appear.

5. Conclusions and Future Work

Based on our investigations, the following conclusions can be drawn.

(1) The steel fiber in question (Dramix 4D 80/60 BG) can improve the compressive
strength of concrete. The compressive strength of SFRC20 and SFRC30 was increased
by 1.3% and 34.3%, respectively, while that of SFRC40 decreased by 1.3%, indicating
that too much steel fiber has a negative effect on the compressive strength of concrete.

(2) The cracks on SFRC are subtler, more numerous, and widely distributed under
the bending load, but the cracks on PC are highly developed. The cracking loads
of SFRC20, SFRC30, and SFRC40 were increased by 34.57%, 90.48%, and 24.87%,
respectively, which shows the significant effect of steel fibers on the crack resis-
tance of concrete. The optimal fiber content for the cracking capacity of SFRC was
31.19 kg/ m3. The ultimate load of SFRC20, SFRC30, and SFRC40 was increased
by 28.12%, 47.22%, and 40.59%, respectively, suggesting that steel fiber effectively
improves the flexural capacity of concrete. The optimal fiber content for the flexural
performance of SFRC was 31.06 kg/ m3.

(3) The refined discrete element numerical model for SFRC beams was obtained. The
numerical results were compared with the experimental results, showing good agree-
ment. The DEM models established using PFC2D could simulate the failure process
of the beams. The crack first appears at the place where the contact is weak, the
edge of the crack is full of compressive force chains, and the tensile force chains are
concentrated at the top of the crack. With the development of the crack, the horizontal
displacement difference between the left and right sides of the crack becomes larger
and larger, which accelerates the development of the crack width.

(4) The crack resistance mechanism of steel fiber is that the horizontally distributed steel
fiber bridges both sides of the crack to inhibit crack development. In addition, the
vertically distributed steel fiber guides the crack to the large particles with strong
contact force by changing the development direction of the crack, thus inhibiting
crack height development in the later stage. The numerical results explained the
phenomenon of the macroscopic test from a microscopic scale.

Finally, the integrated experimental and discrete element numerical methodology
was demonstrated as being able to translate the results obtained from the experimental
four-point bending tests to DEM models. For future research, the application of this
methodology is suggested for predicting the behavior of SFRC structural members. The
bonding force between the steel fibers and the matrix is the key factor for preventing matrix
crack propagation. For these cases, it is extremely important to better reflect the bonding
effect of steel fiber and the concrete matrix.
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