
Research Article
Mechanical Performance and Numerical Simulation of Basalt
Fiber Reinforced Concrete (BFRC) Using Double-K Fracture
Model and Virtual Crack Closure Technique (VCCT)

Yawei Zhao ,1 Xinjian Sun ,1 Peng Cao,1,2 Yifeng Ling ,3 Zhen Gao,1 Qibing Zhan ,1

Xinjie Zhou ,1 and Mushuang Diao 1

1State Key Laboratory of Plateau Ecology and Agriculture, School of Water Resources and Electric Power, Qinghai University,
Xining, Qinghai Province 810016, China
2College of Architecture and Civil Engineering, Beijing University of Technology, Beijing 100124, China
3National Concrete Pavement Technology Center, Institute for Transportation, Ames, IA 50014, USA

Correspondence should be addressed to Xinjian Sun; sunxj@qhu.edu.cn and Yifeng Ling; yling@iastate.edu

Received 23 April 2019; Revised 2 September 2019; Accepted 26 September 2019; Published 11 November 2019

Academic Editor: Luı́s C. Neves

Copyright © 2019 Yawei Zhao et al. 0is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

0is paper mainly investigates the fracture parameters of Basalt Fiber Reinforced Concrete (BFRC) with various fiber lengths and
dosages using Double-K fracture model. 0e model was developed by fracture criterion using ABAQUS Virtual Crack Closure
Technique (VCCT), and the results of themodel and experiments were compared.0e basalt fiber with length of 6mm and 12mmwas
added into concrete in the dosage of 0.0%, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% by volume of concrete, respectively. Concrete specimens
were cast into three dimensions, i.e., 60mm× 180mm× 480mm, 80mm× 240mm× 640mm, and 100mm× 300mm× 800mm.
0en, three-point bending test was conducted on precast-notched beams. 0e load versus cracking mouth opening displacement (P-
CMOD curve) was developed in order to evaluate cracking and breaking load. 0e initial fracture toughness and unstable fracture
toughness were derived from the Double-K fracture model aimed to optimize the fiber length and dosage.0e results showed that the
initial fracture toughness and unstable fracture toughness increased first and then decreased with the increase in fiber dosage, and
basalt fiber with length of 6mm and dosage of 0.2% performed the best toughening effect on concrete.0e comparison results showed
that numerical simulation can better simulate the initiation and propagation of BFRC fractures and achieve the dynamic propagation
process of fractures.

1. Introduction

0e concrete panel rock-fill dam is extensively developed
due to its low cost, short construction period, and strong
adaptability, but concrete panel is vulnerable to cracks,
which restricted its application. As a quasibrittle material,
concrete has low tensile strength (tensile strength is 1/10 to
1/20 of compressive strength). In the process of casting, the
concrete panel is in high risk to yield cracks due to uneven
settlement, hydration reaction, and dry shrinkage de-
formation [1–3]. 0ese cracks can cause seepage and remove
fine particles in the panel, which seriously impacts the
structural stability, reduces the antiseepage performance and

durability of the concrete panel, and becomes a great threat
to the safety of the dam [4–7].

According to previous research, adding fibers, such as
steel fiber, carbon fiber, and polypropylene fiber into con-
crete, can improve the basic mechanical properties, ductility,
toughness, crack resistance, and durability of concrete
structures [8–10]. Steel fiber was a commonly used fiber type
to enhance the basic mechanical properties of concrete. Pan
et al. found that appropriate addition of steel fiber reduced
the fragility of the concrete, improved the shape of the major
crack, and increased the toughness and ductility of the
concrete matrix [11–13]. However, addition of steel fiber
raises the weight of concrete itself, which can result in

Hindawi
Advances in Civil Engineering
Volume 2019, Article ID 5630805, 15 pages
https://doi.org/10.1155/2019/5630805

mailto:sunxj@qhu.edu.cn
mailto:yling@iastate.edu
https://orcid.org/0000-0001-9870-2438
https://orcid.org/0000-0003-2588-9419
https://orcid.org/0000-0002-8846-0524
https://orcid.org/0000-0002-0215-3743
https://orcid.org/0000-0001-7618-4887
https://orcid.org/0000-0001-7791-4108
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/5630805


difficulty of construction and differential settlement in terms
of mass concrete panels. Moreover, as a water retaining
structure, concrete panel perennially contacts with water
which makes steel fiber rust easily. 0us, it induces
microcracks in the panel, causes the panel seepage, and
further reduces its durability. Consequently, steel fiber is not
suitable in concrete panel [14–16].

Carbon fiber has the advantages of high tensile strength,
low density, large elastic modulus and strong toughness, so it
was believed as a good fiber for improving concrete per-
formance. Tong et al. put forward that proper amount of
short-cut carbon fiber can enhance the tensile splitting
strength, compressive strength, and flexural strength of
concrete [17, 18]. Deng and Wang et al. studied the fracture
parameters of carbon fiber concrete and concluded that
carbon fiber could greatly improve the fracture energy,
fracture toughness, and critical crack mouth opening dis-
placement of concrete [19, 20]. However, carbon fiber is too
expensive for a large amount of concrete panel pouring.
0erefore, carbon fiber concrete has not been widely
adopted in water conservancy construction.

Polypropylene fiber has been widely used in recent years.
Liang et al. found that polypropylene fiber enhanced the
bending performance of concrete and greatly improved the
initiation toughness [21]. Nevertheless, the addition of
polypropylene fiber declined the strength of concrete, and
polypropylene fiber concrete was less effective in reducing
dry shrinkage cracks [22]. It is not feasible for Qinghai area
along with strong radiation and large temperature differ-
ence. 0erefore, looking for a more suitable fiber to improve
the crack resistance and durability of concrete in Qinghai
province is necessary.

In recent years, both domestic and foreign scholars have
found that basalt fiber can better improve the performance
of concrete. Basalt fiber is formed by melting and drawing of
basalt ore at high temperature. It has advantages such as
high-temperature resistance, chemical resistance, good
mechanical properties, and natural compatibility with
concrete [23–27]. Research studies on BFRC have been
carried out.Wang et al. found that basalt fiber could improve
the splitting tensile and flexural strength of concrete, but it
had a delayed effect on the early compressive strength of
concrete [28]. Basalt fiber significantly enhanced the freeze-
thaw resistance and durability of concrete under corrosion
conditions [29]. Yu et al. claimed that basalt fiber was able to
improve the impact resistance number and performance of
BFRC [30]. Branston et al. pointed out that basalt fiber did
not significantly improve the compressive strength and
elastic modulus of high-strength concrete, but the tensile
strength, ductility and crack resistance were improved [31].
High et al. addressed that basalt fiber had little effect on the
compressive strength of concrete, but could enhance the
flexural modulus [32]. According to Wang et al.’s study, at
0.2% basalt fiber dosage, no visible cracks were observed in
concrete [33]. Xue et al. investigated the fracture parameters
of BFRC using the calculation model provided by ASTM.
0eir results showed that, same as plain concrete, the
fracture process of BFRC could also be divided into three
stages, i.e., crack nonpropagation, crack stable propagation,

and crack unstable propagation. Moreover, basalt fiber
greatly improved the fracture parameters [34–36]. Wang
et al. found that adding basalt fiber had effects on com-
pressive strength, tensile splitting strength, flexural tensile
strength and size effect, among which compressive strength
had the greatest effect [37]. Based on previous studies, basalt
fiber had great improvement on the durability and crack
resistance of plain concrete.

Up to date, most of relevant research programs focused
on the basic mechanical properties of BFRC. However, it is
rarely employed to analyze fracture performance with
Double-K fracture model. In this paper, the BFRC fracture
parameters were analyzed by the Double-K fracture model.
Double-K fracture model was put forward by Xu and
Reinhardt, which described the fracture process of concrete
by two stress intensity factors: initiation toughness and
unstable fracture toughness. It introduced the unstable
fracture toughness parameters and believed that the ag-
gregate and mortar in concrete caused the increase of
unstable fracture toughness. And the fracture of concrete
could be divided into three stages: crack nonpropagation,
crack stable propagation, and crack unstable propagation
[34, 38–44]. Ruiz et al. investigated the effects of crack size
and bond on Double-K fracture parameters of concrete
[45]. 0e feasibility of using peak loads to determine
Double-K parameters was demonstrated by Kumar et al.
[46]. Wang et al. studied the Double-K fracture parameters
of steel fiber reinforced concrete [47]. 0e Double-K
fracture parameters of carbon fiber reinforced concrete
were evaluated by Zhang et al. [48]. However, few re-
searchers have applied Double-K fracture parameters to
investigate the fracture performance of BFRC. 0us, it is
significant to study the Double-K fracture parameters of
BFRC.

For the constitutive model study of fracture, Bernardi
et al. used nonlinear finite element on double-parameter
simulation for polypropylene fiber concrete. 0eir results
showed that the simulated results were highly coherent with
the experimental results [49]. Chi et al. evaluated the value of
damage constitutive model on steel and polypropylene fiber
concrete by ABAQUS [50]. Hu et al. found that the de-
viations of the whole-process simulation on crack initiation,
stable propagation, and unstable failure were less than 10%
for three-point bending beam using extended finite element
method (XFEM) [51]. Roth et al. utilized XFEM and distress
to study concrete crack propagation [52]. Lu and Liu et al.
studied the release rate of strain energy for composites using
virtual crack closure technique (VCCT). 0e results in-
dicated that the variations of the strain energy release rate
from test and simulation were between 0.4% and 11.4% for
type I and type II fracture, respectively [53]. Valvo accessed
energy release rate of type I, II, and III compound cracks
using VCCT [54]. 0e constitutive model has been widely
studied in concrete materials, but VCCT has hardly been
used to study the fracture behavior of BFRC. Comparing
with XFEM, VCCT can better simulate the crack initiation
and crack propagation of concrete and reduce time on
calculations. 0erefore, VCCT was selected to simulate and
analyze fracture performance of BFRC.
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2. Background

2.1. Double-K Fracture Parameters and Calculation. As a
quasibrittle material, BFRC can be composed of base phase
and dispersed phase. Base phase is a mixture of cement,
water, fly ash, water-reducing agent, air entraining agent,
and basalt fiber, while dispersed phase is the aggregate. 0e
fracture failure of BFRC can be divided into three levels, the
first level: the bonding surface of mortar and aggregate is a
weak surface, and cracks are generated on the bonding
surface of mortar and aggregate firstly; the second level:
with the development of cracks between mortar and ag-
gregate binding surfaces, cracks spread into mortar and the
interface of sand and hardened cement slurry begins to
crack; third level: as cracks between sand and hardened
cement slurry develop, hardened cement slurry starts to
crack, accompanied by the pulling-out failure of fibers. Xu
and Reinhardt put forward the Double-K fracture model to
evaluate the fracture properties of concrete more accu-
rately. In Double-K fracture model, the fracture of concrete
consists of three processes, namely, the nonpropagation
crack, the stable-propagation crack, and the unstable-
propagation crack. In order to better describe the fracture
process, the initiation toughness (KQ

IC) and unstable frac-
ture toughness (KS

IC) were introduced. When K<KQ
IC,

crack will not propagate; when KQ
IC � K, crack starts stable

propagation; when K
Q
IC <K<KS

IC, crack is in stable prop-
agation; and when KS

IC <K, crack is in unstable propaga-
tion. In this paper, Double-K fracture parameters were
determined according to P-CMOD curve.

2.2. Initiation Toughness. As a quasibrittle material, the
crack propagation starts with linear elastic propagation,
where crack has not yet appeared. Next stage is elastoplastic
propagation, where the crack is stably propagating until the
fracture load. Specimen is damaged in this stage. In
P-CMOD curve, the load at turning point from the linear
part to the nonlinear part is called the crack initiation load
(FQ). According to DL/T 5332-2005 [55], the initiation
toughness can be expressed as

K
Q
IC �

1.5 × FQ +(mg/2) × 10− 2  × 10− 3 × S ×
��
a0

√

th2 × f(α),

(1)

f(α) �
1.99 − α(1 − α) 2.15 − 3.93α + 2.7α2( 

(1 + 2α)(1 − α)3/2
, (2)

where K
Q
IC is initiation toughness, MPa·m1/2; FQ is crack

initiation load, kN; a0 is length of precast crack, m; t is
thickness of specimen, m; h is height of specimen, m; S is
midspan distance, m; m is mass of midspan specimen, kg;
and g is acceleration of gravity, 9.81m/s2.

2.3. Critical Effective Crack Length. 0e fracture process of
BFRC specimen is not all linear due to the bond strength
between aggregates and binder and the bridging effect of
basalt fiber after matrix cracking. 0erefore, the

nonlinear characteristic is equivalent to elastic fracture
when fracture occurs for calculation of unstable fracture
toughness. Hereby, the critical effective crack length can
be calculated following equation (3) as per DL/T 5332-
2005 [55]:

ac �
2
π

h + h0( arctan
tEVC

32.6Fmax
− 0.1135 

1/2

− h0, (3)

where h0 is the thickness of the edge sheet of the clip ex-
tensometer, m; VC is the critical value of crack opening
displacement, μm; and E is the elasticity (GPa) as expressed
by

E �
1

tci

3.70 + 32.60 tan2
π
2

a0 + h0

h + h0
  , (4)

where a0 is the length of precast crack, m, and ci is the ratio
of displacement to load in the linear stage of load dis-
placement, μm/kN.

2.4.Unstable Fracture Toughness. When the load reaches the
maximum, the specimen is in unstable state. 0e corre-
sponding fracture toughness at this moment is the unstable
fracture toughness. Based on DL/T 5332-2005 [55], unstable
fracture toughness can be determined by equations (2) and
(5):

K
Q
IC �

1.5 × Fmax +(mg/2) × 10− 2(  × 10− 3 × S ×
��
a0

√

th2 × f(α),

(5)

where KS
IC is unstable fracture toughness, MPa·m1/2; Fmax is

maximum load, kN; ac is critical effective crack length, m; t is
thickness of specimen, m; h is height of specimen, m; S is
midspan distance, m; m is mass of midspan specimen, kg;
and g is acceleration of gravity, 9.81m/s2.

In this paper, three-point bending tests were carried
out for precast notched BFRC beams with different
lengths, admixtures, and specimen sizes. 0e load versus
cracking mouth opening displacement curves (P-CMOD
curves) were developed in order to evaluate cracking and
fracture load. 0e initiation toughness and unstable
toughness parameters of BFRC were calculated by using
the Double-K fracture model. 0e effects of basalt fiber
length and content on fracture properties of BFRC were
analyzed as well. Due to the limited test conditions, the
entire process of BFRC fracture is difficult to determine.
0erefore, VCCT technique was used to simulate the
fracture performance of BFRC and analyze the entire
process of BFRC fracture.

3. Experimental Work

3.1. Materials. 0e properties of used ordinary Portland
cement were tested according to GB/T17671-1999 [56], GB/
T 1346-2011 [57], GB/T 1345-2005 [58], and GB175-2007
[59], as shown in Table 1.

II grade fly ash was used in this paper, and its properties
are listed in Table 2 as per DL/T 5055-2007 [60].
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0e properties of used water-reducing admixture and air
entraining admixture are shown in Tables 3 and 4 based on
DL/T 5100-2014 [61].

Coarse aggregate and fine aggregate are natural aggre-
gates (containing artificial crushed pebbles) from the right
bank of Yangqu Hydropower Station. 0eir properties are
summarized in Tables 5 and 6 according to DL/T 5144-2015
[62] and DL/T 5151-2014 [63].

0e properties of basalt fibers used in the test are shown
in Table 7, and the samples are shown in Figure 1.

0e proportion of BFRC is presented in Table 8
according to JGJ/T 22l-2010 [64] and DL/T 5330-2015 [65].

3.2. Specimen Preparation. In this study, a forced mixer
was used to mix BFRC. Coarse aggregate and fine ag-
gregate were mixed for 30 s first. In order to ensure a
uniform distribution of the basalt fibers in concrete, a dry
fiber mixing method was used to improve the uniformity
of fiber distribution based on [66]. Cement, fly ash, and
superplasticizers were poured to mix for another 30 s.
0en, basalt fibers were spread uniformly into mixer
followed by 60 s mixing. After water and AEA adding, all
materials were mixed for 60 s at last. Next, the mixed
BFRC was cast and then consolidated using a table vi-
brator, followed by surface finishing. After 24 h, speci-
mens were demolded and cured in standard curing room
for 28 days. Before three-point bending test, specimens
were cut to preform crack as required using cutting
machine. In order to avoid error caused during specimen
preparation, all specimens were prepared once.

0ree different dimensions of specimens used for three-
point bending test were 60mm × 180mm × 480.6mm,
80mm × 240mm× 640.8mm, and 100mm × 300mm×

801mm, respectively. Basalt fibers of 6mm length were
added to the mixture in accordance with the dosage of 0%,
0.1%, 0.2%, 0.3%, 0.4%, and 0.5%, respectively, the same for
the basalt fiber of 12mm length. 0e detailed information
of specimens is listed in Table 9.

3.3. Test Equipment. 0ree-point bending test was carried
out at continuous loading rate of 0.4 MPa/min using

Kaiwen universal hydraulic machine. A linear variable
differential transformer (LVDT) sensor was installed
vertically at the bottom of beam two centimeters from
the midspan to measure vertical displacement. An ex-
tensometer was mounted at precast crack incision to
determine CMOD. Resistance strain gauges (model:
S2150-150AA, resistance: 149.5 ± 0.2%, sensitivity co-
efficient: 2.032 ± 0.32%, grid width: 5 mm, grid length:
150 mm) were pasted every 2 cm at the top of the precast
crack. 0e specimen under loading is illustrated in
Figure 2.

4. Experiment Results and Discussion

4.1. P-CMOD Curves. 0e effects of various basalt fiber
dosage on P-CMOD curve were obtained from the tests as
shown in Figures 3 and 4 for 6mm fiber and 12mm fiber,
respectively.

According to the P-CMOD curve analysis, in general, the
expansion of concrete cracks can be divided into three stages
(stage I, stage II, and stage III). Stage I: at the beginning of
load application, the load and displacement were in linear
relationship. At this moment, BFRC had not started to crack.
In this stage, BFRC elastically expanded. Stage II: with load
continuing, the microcracks occurred under steady propa-
gation until the ultimate load was reached. BFRC displayed a
nonlinear expansion, with the growth of microcracks. It
stepped into matrix fracture Stage III: After ultimate load,
unstable fracture took over in crack propagation until the
cracks produced over the whole specimen. In this stage, the
specimen was completely fractured along with the fibers
pulling out. In this test, the fracture process of most tested
specimens was exhibited these three stages, while some type
A and B specimens only had stage I and stage III. 0e
nonlinear rising stage is not apparent enough. 0is might be
due two reasons: (1) the yield process is relatively short and
lose a lot of yield values during force load; (2) the sizes of
type A and B specimens are relatively small, and the existed
size effect leads to small yield strength for type A and B
specimens and the relatively short yield process. In the
future tests, displacement loading should be selected to
better collect BFRC fracture data and analyze BFRC fracture

Table 1: Properties of Portland cement.

Test Cement type Strength grade

Rupture
strength
(MPa)

Compressive
strength
(MPa)

Setting time (min) Standard
consistency (%)

Soundness
(mm)

3 d 28 d 3 d 28 d Initial setting Final setting
Result P.O 42.5 5.20 7.8 20.1 45.2 155 255 28.0 1.5
Specification P.O 42.5 ≥3.5 ≥6.5 ≥17.0 ≥42.5 ≥45 ≤600 — ≤5.0

Table 2: Properties of fly ash.

Test Fineness (45 μm) (%) Water demand ratio (%) Ignition loss (%) Moisture content (%) Stability (mm)
Result 14.7 96 2.6 0.2 1.5
Specification/II ≤25 ≤105 ≤8 ≤1.0 ≤5.0
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performance. For a given specimen size, the incorporation of
basalt fiber improved the ultimate load and CMOD of
concrete because the high tensile strength of basalt fiber
inhibited the crack propagation of concrete during pull-out
process of fibers.

4.2. Double-K Fracture Parameters Calculation and
Discussion

4.2.1. Double-K Fracture Parameters Calculation. Using the
Double-K fracture model, the BFRC fracture parameters
were calculated according to the measured load, displace-
ment, and their corresponding parameters, as shown in
Table 10.

According to Table 10, the initiation toughness and
unstable toughness showed irregular growth. However,
compared with PC, the growth rates of the initiation
toughness and unstable toughness are 1.023–1.736 and
1.015–1.541, respectively. Because concrete will shrink
during the forming process, the shrinkage will cause relative
displacement of the concrete matrix. 0e scattered distri-
bution of basalt fibers could prevent the movement of the
matrix aggregate and withstand the tensile stress caused by
shrinkage, reducing the stress concentration, preventing the

expansion of the crack, and enhancing the fracture tough-
ness of concrete. In the process of fracture failure of basalt
fiber concrete, the fiber will be pulled out from the matrix,
prolonging the stable expansion stage of the basalt fiber
concrete specimen and enhancing the fracture toughness of
the concrete.

4.2.2. Initiation Toughness Discussion. BFRC fracture
propagation is a complex process. 0e defects such as
microcracks, voids, and weak contact surface between
mortar and aggregates exist in BFRC matrix among which
most of them are interfacial cracks and very few are mortar
cracks. At the beginning of loading, it exhibits the elastic
stage because these defects are stable. In the process of
increasing the load until it reaches the critical load, these
microcracks, voids, and weak surfaces between mortar and
aggregate begin to extend or expand, which shows the linear
stage for BFRC fracture. 0e development process of these
defects depends on themagnitude of the crack initiation load
and initiation toughness. 0us, crack initiation load and
initiation toughness play an important role in evaluating
crack resistance of concrete materials.

Figure 4 shows that with the increase in dosage for 6mm
long basalt fiber from 0.0% to 0.5%, the initiation toughness

Table 3: Properties of water-reducing admixture.

Test Dosage
(%)

Water educing rate
(%)

Air content
(%)

Ratio of bleeding rate
(%)

Setting time difference
(min)

Compressive
strength ratio 9%)

Initial
setting

Final
setting 3 d 7 d 28 d

Result 1.0 17.0 1.3 82 28 32 141 138 129
Specification 0.8∼1.2 ≥15 <3.0 ≤90 − 60∼+90 − 60∼+90 ≥130 ≥125 ≥120

Table 4: Properties of air entraining admixture.

Test Dosage
(%)

Water reducing
rate (%)

Air
content
(%)

Ratio of bleeding
rate (%)

1 h change in air
content (mm)

Setting time difference
(min)

Compressive
strength ratio

(%)
Initial
setting

Final
setting 3 d 7 d 28 d

Result 0.04 6.0 5.2 53 1.2 35 26 116 102 96
Specification 0.02∼0.05 ≥6 4.5∼5.5 ≤70 − 1.5∼+1.5 − 90∼+120 − 90∼+120 ≥90 ≥90 ≥85

Table 5: Fine aggregate particle gradation.
Aggregate size (mm) 4.75 2.36 1.18 0.60 0.300 0.15 ≤0.15
Accumulated sieve residue (%) 2.5 27.3 45.3 60.7 82.4 93.5 99.6

Table 6: Coarse aggregate particle gradation.
Aggregate size (mm) 2.36 4.75 9.5 16 19 26 31.5 37.5
Accumulated sieve residue (%) 100 98.9 82.4 54.6 50.2 33.9 11.8 0

Table 7: Properties of basalt fibers.

Length (mm) Diameter (μm) Tensile strength (MPa) Elasticity (GPa) Elongation (%) Density (kg/m3)
6/12 17.4 ≥2000 ≥85 2.5 2699
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increased first and decreased after 0.2% dosage. 0e initi-
ation toughness of BFRC was greater than that of plain
concrete. Regardless of specimen dimension, initiation
toughness was maximum at 0.2% dosage. However, initia-
tion toughness of specimens A increased most which is up to
61.55%. When the basalt fiber content was 0.4%, the initi-
ation toughness was relatively small. 0e reason might be
that the fiber agglomeration caused defects such as micro-
cracks and voids in the concrete.

As the raise of dosage for 12mm long basalt fiber,
initiation toughness increased first and then decreased as
well. Compared with the plain concrete, the addition of
basalt fiber increased initiation toughness. For different
dimensions of specimen, the maximum initiation
toughness appeared at different fiber dosage. For instance,
the peak values of initiation toughness for A and B
specimens are at 0.2% fiber dosage, but it was 0.3% for C
specimens. 0e initiation toughness of A specimens was
improved most up to 73.6% among the three dimensions
of specimen.

Generally, considering the time of crack development,
the optimal dosage of basalt fiber was 0.2%. Regarding the
increment of initiation toughness, the BFRC with 6mm
basalt fiber displayed relatively stable increase in initiation
toughness. Among the BFRC specimens with 12mm

basalt fiber, only one specimen performed a large raise in
initiation toughness probably due to randomness. Overall,
the optimal combination of basalt fiber was 6mm in
length and 0.2% in dosage. Basalt fiber could increase the
initiation toughness because it had higher strength and
ductility than the plain concrete. Basalt fibers scattered
and connected with each other in concrete matrix, which
could inhibit the development of microcracks, voids, and
the weak interface of mortar and aggregate, prolong the
linear propagation and increase the initiation toughness.
However, it should be noted that if the basalt fibers are
distributed inhomogeneously and clustered together, they
cannot well restrain the development of microcracks,
voids, and weak interface in concrete and even lead to the
decline of initiation toughness. 0is is associated with the
voids among the fibers and the very low friction among
the fibers.

4.2.3. Unstable Fracture Toughness Discussion. After linear
propagation, BFRC started unstable failure until it reached
the ultimate load and failed. Figure 5 presents the trends of
unstable fracture toughness with various basalt fiber dosages.

As the load increases, the crack in BFRC ends linear
stage and steps into the nonlinear stage. In this stage, the

(a) (b)

Figure 1: Basalt fiber of different lengths. (a) 6mm basalt fibers. (b) 12mm basalt fibers.

Table 8: BFRC proportion (kg).

Fly ash Cement Water Sand Small stone Medium stone AEA Superplasticizer
57 226 130 688 638 638 1.13 2.83

Table 9: Detailed information of specimens.

Specimen Dimension (mm) Span length (mm) Span-depth ratio Precast crack length (mm) Seam height ratio
A 60×180× 480 450 2.5 36 0.2
B 80× 240× 640 600 2.5 48 0.2
C 100× 300× 800 750 2.5 60 0.2
Note. All specimens are not listed here due to tremendous quantity. 0e specimen is identified by X-Y-Z, where X represents size of specimen, Y is length of
basalt fiber, and Z stands for fiber content. A is the specimen in dimension of 60mm× 180mm× 480mm, B is the specimen in dimension of
80mm× 240mm× 640mm, and C is the specimen in dimension of 100mm× 300mm× 800mm.
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Figure 2: 0ree-point bending test. (a) Loading diagram. (b) Under test. Note: P is the applied load, L is length of specimen, h is height of
specimen, t is thickness of specimen, S is span interval, and a0 is height of prefabricated crack.
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Figure 3: Continued.
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defects such as the microcracks, voids, and weak contact
surface between substrate and aggregate continue to
develop. Cracks and other defects occurred in the mortar,
meanwhile sand and interface of hardened cement slurry
were damaged, resulting in crack propagation into the
slurry. When the slurry damaged, the specimen failed.
0e fracture failure limit of BFRC depends upon the
unstable load and unstable fracture toughness, which
plays an important role in the evaluation of fracture
performance.

Based on Figure 5, similar trends of unstable fracture
toughness for both 6mm and 12mm fibers can be obtained
comparing with Figure 5. It can be observed that the
maximum unstable fracture toughness was at 0.3% fiber
dosage for A specimens and at 0.2% for B, C specimens when
introducing 6mm fibers. While for the specimens with
12mm fibers, the peak value of unstable fracture toughness
was achieved at 0.2% fiber dosage for A, B specimens and at
0.3% for C specimens. Specimens of A dimension had the
most increment up to 62.5% at 0.2% dosage.
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Figure 3: P-CMOD curves for 6mm and 12mm basalt fiber with various dosages. (a) Specimen A and fiber length 6mm. (b) Specimen A
and fiber length 12mm. (c) Specimen B and fiber length 6mm. (d) Specimen B and fiber length 12mm. (e) Specimen C and fiber length
6mm. (f) Specimen C and fiber length 12mm.
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Figure 4: Initiation toughness vs. basalt fiber dosage. (a) 0e fiber length is 6mm. (b) 0e fiber length is 12mm.
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According to Figure 5, the optimal content of basalt
fiber is 0.2% for 12mm considering the failure of the
specimen. However, the long fiber will wrap a large
amount of water during mixing process, which will ad-
versely affect slump of concrete and construction.
0erefore, 6 mm basalt fiber is recommended in practical
project. Basalt fiber can increase unstable fracture
toughness of concrete. Its mechanism is that basalt fiber
can be scattered in the concrete, connecting with each
other. When crack propagates to cement slurry and ce-
ment damages, accompanied by tensile failure of basalt
fiber (>2000MPa), basalt fiber delays the crack propa-
gation and the slurry destruction owing to large con-
sumption of energy during crack propagation which
explains that the fracture process of BFRC presents a
certain plastic zone.

5. Numerical Simulation and Analysis

BFRC is a quasibrittle material with complex fracture
mechanism. 0e three-point bending fracture test in the

laboratory is difficult to keep tracking the fracture be-
haviors during the loading process beyond the ultimate
load. With the development of computer technology, the
macromechanical properties can be characterized using
mesh division, finite element calculation, and fracture
behavior simulation for concrete. It is very helpful to
access fracture performance of BFRC under the correct
numerical simulation by ABAQUS, a commercial soft-
ware, which was used for the finite element modeling.
Virtual crack closure technique (VCCT) was first pro-
posed by Rybicki and Kanninen when they studied linear
crack problems [67]. Shivakumar et al. applied VCCT to
investigate surface crack of concrete [68]. 0e accuracy
and applicability of VCCT in nonlinear materials have
been verified by Cao et al. [69]. Additionally, in finite
element analysis, VCCT is almost unaffected by mesh size
in the calculation process, and shorten the finite element
analysis steps, which greatly improves the calculation
efficiency [70]. 0erefore, VCCT was used to numerically
simulate the fracture performance of basalt fiber reinforce
concrete.

Table 10: BFRC fracture parameters with various basalt fiber content and dosage.

Group Specimen ID Pini (kN) CMODini (μm) Pmax (kN) CMODmax (μm) E (GPa) ac (μm) Kini
Ic (MPa · m1/2) Kun

Ic E(MPa · m1/2)

A

A-PC 5.73 18 8.1 58 39.66 64 0.72 1.48
A-6-0.1 5.97 20 9.47 66 37.14 61 0.75 1.64
A-6-0.2 9.57 42 12.35 76 28.36 46 1.16 1.75
A-6-0.3 8.67 32 11.22 72 33.72 55 1.06 1.77
A-6-0.4 7.47 30 10.52 70 30.99 53 0.92 1.63
A-6-0.5 7.55 30 9.58 66 31.33 55 0.93 1.52
A-PC 5.73 18 8.1 58 39.66 64 0.72 1.48
A12-0.1 7.47 23 9.67 68 40.42 64 0.92 1.76
A12-0.2 10.28 34 13.22 92 37.66 61 1.25 2.28
A12-0.3 7.98 27 11.05 73 36.81 59 0.98 1.85
A12-0.4 7.42 29 10.58 72 31.84 55 0.91 1.68
A12-0.5 6.60 31 8.48 65 26.51 53 0.82 1.32

B

B-PC 8.5 29 11.35 57 32.06 73 0.84 1.23
B-6-0.1 13.28 42 15.20 65 29.20 62 1.08 1.42
B-6-0.2 15.28 46 17.45 68 30.68 60 1.23 1.59
B-6-0.3 12.53 44 14.89 60 26.30 54 1.03 1.29
B-6-0.4 10.05 31 13.37 60 29.93 65 0.84 1.31
B-6-0.5 11.07 36 12.75 63 28.38 67 0.92 1.28
B-PC 8.5 29 11.35 57 32.06 73 0.84 1.23

B-12-0.1 10.60 34 13.40 72 28.78 71 0.88 1.40
B-12-0.2 12.60 29 17.03 68 40.11 73 1.03 1.78
B-12-0.3 11.73 36 14.62 63 30.09 64 0.97 1.40
B-12-0.4 10.53 33 13.37 63 29.47 67 0.88 1.33
B-12-0.5 10.07 31 12.75 63 29.98 70 0.84 1.32

C

C-PC 13.8 31 17.48 64 32.66 88 0.86 1.35
C-6-0.1 14.65 30 17.98 68 35.82 95 0.91 1.47
C-6-0.2 19.77 46 24.62 82 31.52 80 1.18 1.72
C-6-0.3 17.63 36 19.57 75 35.93 96 1.06 1.59
C-6-0.4 15.18 32 18.67 73 34.81 95 0.94 1.52
C-6-0.5 15.78 39 18.42 70 29.69 85 0.97 1.37
C-PC 13.8 31 17.48 64 32.66 88 0.86 1.35

C-12-0.1 14.95 34.5 19.07 79 31.79 93 0.92 1.52
C-12-0.2 16.68 40 21.55 85 30.60 88 1.02 1.63
C-12-0.3 17.38 41 20.17 92 31.10 97 1.06 1.66
C-12-0.4 16.42 42 19.40 81 28.67 88 1.01 1.48
C-12-0.5 14.08 40 17.57 69 25.83 79 0.88 1.25

Advances in Civil Engineering 9



5.1.VirtualCrackClosureTechnique (VCCT). VCCTis based
on Irwin energy theory, and its core idea is to assume that the
energy released from crack propagation equates to the en-
ergy for crack closure.

When the crack develops from Figure 6(a) to 6(b), as-
suming the front shape of the crack is constant, the opening
size of the crack after propagation is the same as before.
During crack propagation, assume that the energy release
rate is GI, and the critical energy release rate required for
crack propagation is GIC. When GI >GIC, crack propagates.
Equation (6) can be used to assess if crack starts to initiates:

f �
GI

GIC
�
1
2

v1.2Fv,3,4

b d
 

1
GIC
≥ 1. (6)

If f> 1, crack starts to propagate, where b and d represent
the width and length of the unit crack tip. As shown in Figure 7,

FV,3,4 is the normal force between nodes 3 and 4; v1,2 represents
the normal displacement between nodes 1 and 2.

However, this rule of propagation is only suitable for
type I fracture. 0e equivalent strain energy release rate Ge

has to be introduced. 0en, the criterion of crack propa-
gation is f � (Ge/GeC)≥ 1. ABAQUS provides BK criterion,
POWER criterion, and Reeder criterion to calculate Ge.

BK criterion is the best criterion in this case that critical
strain energy release rates on two shear directions are the
same. 0erefore, BK criterion was adopted in the simulation
as shown in the following equation:

GeC � GIC + GIIC − GIC( 
GII + GIII

GI + GII + GIII
 η, (7)

where GeC is equivalent strain energy release rate; GI, GII, and
GIII are crack strain energy release rates of type I, II, and III
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Figure 5: Unstable fracture toughness vs. basalt fiber dosage. (a) 0e fiber length is 6mm. (b) 0e fiber length is 12mm.
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Figure 6: Process of crack propagation. (a) Before crack propagation. (b) After crack propagation.
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crack, respectively; and GIC, GIIC, and GIIIC are critical crack
strain energy release rates of type I, II, and III crack, re-
spectively. η is usually between 0.5 and 2.5 for damage factor.

5.2. Comparison between Experimental and Numerical
Results. 0e finite element method was used to simulate the

experiment in ABAQUS software. Units are mm, N, tonne,
MPa, tonne/mm3, and MPa·mm1/2. Hexahedral mesh was
selected. 0e dimension of model and experiment was ex-
actly the same. In order to better simulate the BFRC fracture
process, enhanced VCCT was selected because it can sim-
ulate the crack initiation, which is more consistent with the
real process. 0e parameters used in this simulation include

4

Fv, 3, 4

3

6

5

2

1
V1, 2

dx, u

y, v

Figure 7: Crack propagation diagram.

Table 11: BFRC model parameters.

Specimen ID Density Elastic modulus Poisson’s ratio Crack initiation energy release rate Fracture energy release rate η
A-6-0.2 2.38×10− 9 3.00×104 0.190 0.034 0.054 1.75
B-6-0.2 2.38×10− 9 3.07×104 0.200 0.035 0.048 1.75
C-6-0.2 2.38×10− 9 3.15×104 0.200 0.037 0.054 1.75
A-12-0.2 2.38×10− 9 3.03×104 0.193 0.040 0.072 1.75
B-12-0.2 2.38×10− 9 3.00×104 0.190 0.030 0.060 1.75
C-12-0.2 2.38×10− 9 3.14×104 0.205 0..032 0.052 1.75

(a) (b)

Figure 8: Numerical analysis of mesh division and stress map. (a) Mesh division. (b) Stress pattern.
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density, elastic modulus, Poisson’s ratio, crack initiation
energy release rate, fracture energy release rate, and damage
factor η. 0e density was measured by the experiments, and
the elastic modulus, the crack initiation energy release rate,
and the fracture energy release rate were calculated
according to the DL/T5332-2005 [55]. Poisson’s ratio was
obtained based on the GB 50010-2010 [71]. 0e damage
factor η is 1.75 according to empirical research. 0e specific
parameters are shown in Table 11.

0emesh division and stress pattern are shown in Figure 9.
It can be seen from Figure 8 that the cracks initiated

using VCCT to simulate the three-point bending and the
stress were completely symmetrical, which is coherent with
the real condition, and stress is concentrated in the three
supports. 0e anticipated result was relatively acceptable as
well. 0e three-point bending test on the specimens with
0.2% dosage of basalt fiber in 6 and 12mmwas selected to be
simulated. 0e comparison results from simulation and
experiments are presented in Figure 9.

Based on Figure 9, it indicates that under loading, the
curves first rise linearly and then go up nonlinearly until
reaching the peak value. 0e softening phenomenon occurred
at some point in the descending stage. Regarding the coherence
of the results from experiments and numerical simulation, it is
relatively high before the peak value but it becomes low for B-6-
20 after peak value. Nevertheless, the length of crack can be
obtained up to 0.7mm for numerical simulation but only about
0.4mm for experiments. 0e agreement of critical displace-
ment is not good due to displacement load. In other words, the
loading rate is relatively high for displacement load. It is
difficult to collect data after peak value.

6. Conclusion

In this paper, three-point bending tests were conducted on
BFRC with two lengths (6mm and 12mm) and five dosages

(0.1%, 0.2%, 0.3%, 0.4%, and 0.5%) and plain concrete as
well. 0e optimum dosage of basalt fiber, initiation
toughness, and unstable fracture toughness were evaluated.
0e conclusions are as follows:

(1) Basalt fiber can enhance the initiation toughness and
unstable fracture toughness of concrete. Moreover, it
can be uniformly distributed in the concrete matrix,
preventing the development of microcracks, voids,
weak interface due to basalt fiber bridging effect and
enhancing the crack resistance of concrete.

(2) 0e P-CMOD curves were established by experiments,
and the initial crack load was obtained based on the
state of crack propagation. 0e initiation toughness
was calculated by initial crack load. Basalt fiber in-
creased initiation toughness. 0e optimal dosage of
basalt fiber was 0.2%, and the toughening effect of
6mm basalt fiber was better than that of 12mm basalt
fiber. Meanwhile, the slump of BFRC was also good to
meet the requirement of engineering construction.

(3) Based on P-CMOD curves, when the load reached
the maximum, the specimens failure. 0e buck-
ling load and unstable fracture toughness were
determined. Basalt fiber enhanced unstable
fracture toughness. 0e optimal dosage of basalt
fiber was 0.2%, while the toughening effect of
12 mm basalt fiber was better compared to 6mm
basalt fiber.

(4) 0e results of three-point bending test for the BFRC
were analyzed using VCCT. 0e overall trend from
numerical simulation results and the experiment
results showed a high degree in coherence. Nu-
merical simulation can better present the whole
process of BFRC fracture. However, the numerical
simulation and experimental results have some er-
rors in the critical displacement fitting.
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Figure 9: Comparison of results from numerical simulations and experiments. (a) 6mm BFRC. (b) 12mm BFRC.
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