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Abstract 

In the past, the salt freezing test does not often accord with the actual service environment of engineering, thus, we 
designed a test method of single-side salt-freezing–drying–wetting cycles. The mechanical properties and micro-
structure of ordinary concrete and basalt fiber reinforced concrete were studied. The mechanical property test is 
aimed at the splitting tensile strength and compressive strength of concrete after different cycles. The microstructure 
test is to study the hydration products by scanning electron microscope (SEM) and the pore structure of concrete 
by mercury intrusion porosimetry (MIP) test. The results indicate that the addition of basalt fiber can improve the 
compactness and pore structure of concrete. It is beneficial to enhance the durability of concrete under single-side 
salt-freezing–drying–wetting cycles. The improving effect of basalt fiber is better on the splitting tensile strength of 
concrete than the compressive strength. Basalt fiber exerts the best effect on reducing harmful holes in concrete. 
However, there is an optimal range of basalt fiber content, the performance of concrete will deteriorate with excessive 
fiber content. The cycles will destroy the hydration products of concrete and the synergistic effect between hydra-
tion products and fibers, but has little effect on the three-dimensional network constructed by basalt fibers. The pore 
structure of concrete is correlated with the mechanical properties of it under cyclic conditions, which is worth further 
study.

Highlights 

1. Through the design of this single-side salt-freezing–drying–wetting cycle test method more truly reflects the 
impact of the service environment on concrete (ordinary concrete, basalt fiber reinforced concrete).

2. Through the comparative study of macroscopic mechanical properties and microstructure, the failure mecha-
nism of concrete (ordinary concrete, basalt fiber reinforced concrete) and the main strengthening mechanism of 
basalt fiber under single-side salt-freezing–drying–wetting cycle were revealed.
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1 Introduction
In recent years, with the construction of large-scale infra-
structure in various complicated service environments, 
higher demands are put forward for the mechanical and 
durability properties of concrete. At present, the applica-
tion of fiber-reinforced technology to improve the per-
formance of concrete has become one of the research 
hot spots in the field of building materials (Dhand et al., 
2015; Khaled et  al., 2011; Sukontasukkul et  al., 2010). 
As a kind of high brittle material, ordinary concrete has 
disadvantages such as low splitting tensile strength and 
poor cracking resistance (Kayali et  al., 2003; Rashidda-
dash et  al., 2014), which brings some troubles to many 
engineering applications. Adding fiber to concrete can 
improve the brittleness of concrete and to improve the 
strength and durability of concrete (Afroughsabet & 
Ozbakkaloglu, 2015; Kuder & Shah, 2010; Lau & Anson, 
2006; Yang et al., 2019; Yao et al., 2019). Made of natural 
basalt ore as raw material through hot melting and wire 
drawing at high temperature (Gzigany et  al., 2005; Sim 
et al., 2005), basalt fiber is a new type of inorganic fiber 
possessing a series of advantages of high strength, excel-
lent size stability, insulation and heat insulation, strong 
corrosion resistance, easy processing, low price and high 
compatibility (Flore et  al., 2015; Wang et  al., 2013; Yew 
et  al., 2015). Compared with those of metal fiber, the 
insulation performance and corrosion resistance of basalt 
fiber make it more suitable for road and high-speed rail-
way engineering. Basalt fiber is also an environmental-
friendly material (Krasnovskih et  al., 2014; Ludovico 
et  al., 2012), the application of which in the field of 
concrete will meet the two requirements of green and 
sustainable development of concrete and concrete modi-
fication at the same time, which has great research value.

After studying the basic properties of carbon fiber, 
glass fiber and basalt fiber based on concrete, Sim and 
Park (2005) found that basalt fiber concrete had better 
performance than carbon fiber concrete and glass fiber 
concrete. Basalt fiber can improve engineering mechan-
ics and durability. The experimental results of Kizilkanat 
et al. (2015) showed that the splitting tensile strength of 

basalt fiber concrete would increase with the increase of 
fiber content. The mechanical test results of Afroz et al. 
(2017) also showed that even after 56  days, the modi-
fied basalt fiber could still significantly improve the split-
ting tensile strength and flexural strength of concrete. 
Zeynep and Mustafa (2018) studied the influence of 
basalt fiber of different lengths on the mechanical prop-
erties of self-compacting concrete, and the results indi-
cated that the compressive strength of concrete would be 
the highest when the volume content of basalt fiber was 
0.1% and the length was 12 mm. When the volume con-
tent is 0.5% and the length is 24 mm, the splitting tensile 
strength will be the highest. Branston et al. (2016) stud-
ied the application of short-cut basalt fiber in concrete. 
Among the basalt fiber with the same quality content, the 
compressive strength of 50-mm basalt fiber concrete is 
higher than that of 36-mm basalt fiber concrete. Basalt 
fiber content over 12  kg/m3 will lead to fiber aggrega-
tion. Dias and Thaumaturgo (2005) believe that basalt 
fiber can substantially enhance the mechanical proper-
ties of concrete when the fiber volume content is of 0.5%, 
and it can also significantly reduce the early shrinkage 
of concrete and improve the early performance of con-
crete. Khan et  al. (2018) studied the influence of differ-
ent content of basalt fiber on the mechanical properties 
of concrete, through the stress–strain curve and load–
deflection curve of which, it is found that the mechanical 
properties of basalt fiber concrete decreased significantly 
when the content of basalt fiber exceeded 0.68%. By add-
ing chopped basalt fiber into concrete, High et al. (2015) 
studied the change of bending resistance and found 
that the bending resistance of concrete could be signifi-
cantly promoted. In research of Li and Wu (2009), basalt 
fiber has a certain improvement in deformation abil-
ity of geopolymer concrete. Sadrmomtazi et  al. (2018) 
studied the influence of silica fume on the mechanical 
properties of basalt fiber reinforced cement-based com-
posites, and the results showed that the working per-
formance of concrete would decrease with the increase 
of fiber content. When the fiber content was 1.5% and 
silica fume content was 15%, the fiber in concrete would 

3. The correlation calculation proves that the mechanical properties of concrete (ordinary concrete, basalt fiber 
reinforced concrete) are highly correlated with porosity, pore size distribution and critical pore size under sin-
gle-side salt-freezing–drying–wetting cycle.

4. The sensitive aperture of compressive strength and splitting tensile strength of concrete (ordinary concrete, 
basalt fiber reinforced concrete) under single-side salt-freezing–drying–wetting cycle is calculated, which pro-
vides a reference for further comprehensive analysis and calculation.

Keywords: basalt fiber reinforced concrete, single-side salt-freezing–drying–wetting cycle, compressive strength, 
splitting tensile strength, pore structure
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appear agglomeration. The flexural strength of concrete 
increased while the compressive strength decreased with 
the addition of fiber, while the flexural strength increased 
twice with the addition of fiber and silica fume. The study 
of Zhang et al. (2017) shows that the interface adhesion 
between basalt fiber and concrete is high, but the adhe-
sion between cement base and aggregate cannot be 
improved, and basalt fiber has a good crack resistance 
effect on concrete. Adding basalt fiber into shotcrete 
can significantly augment the mechanical properties and 
working performance of basalt fiber shotcrete (BFRS) as 
well as the microstructure of shotcrete, and effectively 
suppress the deformation of roadway surrounding rock 
(Bernard, 2015; Dong et  al., 2017; Khooshechin & Tan-
zadeh, 2018). The basalt fiber mixing in concrete formed 
irregular three-dimensional network, which is closely 
connected with cement paste and aggregate. Doped fiber 
can decrease the porosity to a certain extent, delay the 
development of the internal microscopic cracks, and con-
crete more compact structure (Monaldo et al., 2019). Jiao 
et al. (2019) showed that basalt fiber reduced the number 
of macropores through NMR studies. To explore basalt 
fiber concrete’s ability to resist impact load, Elmahay and 
Verleysen (2019) studied the basalt fiber reinforced con-
crete under high strain rate effect of tensile properties, 
finding that basalt fiber reinforced concrete in the filling 
direction and bending direction are sensitive to strain 
rate, whose material stiffness, Poisson’s ratio and ultimate 
tensile strength and ultimate tensile strain increases with 
the increase of strain rate. With the application of SEM, 
it was found that the fracture morphology was independ-
ent of strain rate, and there were stratification phenom-
ena at all strain rates. Compared with ordinary concrete, 
basalt fiber concrete exhibited excellent energy absorp-
tion capacity at high strain rate, which makes it a good 
candidate material for impact resistance construction. 
Through the investigation of the dynamic characteristics 
of basalt fiber reinforced concrete under high tempera-
ture, Ren et  al. (2016) found that the dynamic strength, 
critical strain and impact toughness of basalt fiber rein-
forced concrete at different temperatures achieved an 
positive correlation with dynamic load rate, showing 
obvious rate sensitivity. Zhao et  al. (2018) observed the 
internal loss process of concrete under freezing–thawing 
conditions, whose results showed that basalt fiber could 
inhibit the internal damage and failure of concrete, how-
ever, it had little relation with the content of fiber. Shengji 
et  al. (2015) has conducted an experimental study on 
the durability of basalt fiber reinforced concrete in engi-
neering application. It is concluded that basalt fiber has 
a significant effect on enhancing the freezing–thawing 
damage resistance of concrete under corrosion condi-
tions. Aybu et  al. (2014) believed that basalt fiber could 

significantly improve the chloride ion permeability resist-
ance of concrete, whereas some scholars held opposing 
views (Huang et al., 2015). Taha et al. (2020) found that 
basalt fiber reinforced concrete (BFRC) has higher bond-
ing strength with steel bar in saline–alkali environment 
and higher reliability in bonding slip test. Lee et al., (2014) 
studied the chemical stability of basalt fiber in alkaline 
solution, finding that basalt fiber soaked in weak alkaline 
solution will be very stable, the mass loss rate of which 
is low after soaking in Ca(OH)2 solution for 3  months. 
The compressive strength of early-age concrete in corro-
sion solution is negatively correlated with the content of 
basalt fiber (Lu et al., 2017). Gao et al. (2013) studied the 
corrosion process of sulfate on concrete under bending 
load and dry–wet cycle, indicating that stress level has 
greatly influenced the concrete durability. Bassuoni and 
Nehdi (2009) studied the sulfate resistance of concrete 
under dry–wet cycles and bending loads. It is denoted 
by the results that the mechanism of concrete erosion is 
different from that of a single failure mechanism (sulfate 
erosion) under combined action. Sahmaran et al. (2007) 
carried out an experimental study on the long-term 
properties of concrete under the dry–wet cycle sulfate 
erosion, the results of which showed that, compared with 
the total sulfate immersion environment, the damage 
degradation rate of mechanical properties of concrete 
under the dry–wet cycle erosion increased significantly.

At present, studies on the influence of basalt fiber on 
concrete properties are mainly focused on the influence 
of basalt fiber on concrete mechanical properties, or 
the durability of concrete in a single environment, but 
durability studies under the coupling effect of multiple 
environments relatively in deficiency. In northeast and 
northwest China, many construction projects are geo-
graphically faced with the cold environment for a long 
time, during which concrete structures will be dam-
aged by freezing–thawing under the condition of low 
temperature and high cold, which seriously threatens 
the long-term safe use of building structures and brings 
huge economic and property losses along with huge 
repair costs. The structures in service in some specific 
environments, such as roads in industrial factories and 
sewage pipeline systems, face the coupling effects of 
freezing–thawing cycle (mostly frozen on single side), 
sulfate erosion, drying–wetting cycle and so on. The 
drying–wetting cycle accelerates sulfate erosion, caus-
ing more obvious durability loss of concrete (Bassuoni 
& Nehdi, 2009; Gao et al., 2013). Therefore, the study of 
the mechanics and durability of basalt fiber reinforced 
concrete under the complex coupling action of single-
side salt-freezing–drying–wetting cycle is of positive 
practical significance for improving the service stability 
of such structures, yet currently, this kind of research 
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has not been reported. According to the actual service 
environment of this kind of structure, we designed an 
experimental method of single-side salt-freezing–dry-
ing–wetting cycle, and carried out the research on the 
mechanical properties and mesostructure of basalt 
fiber reinforced concrete with different volume con-
tent under the single-side salt-freezing–drying–wetting 
cycle. This paper mainly studied the influence of single-
side salt-freezing–drying–wetting cycle on compressive 

strength and splitting strength of basalt fiber reinforce 
concrete, exploring the pore structure, basalt fiber 
morphology and hydration product changes by MIP 
(mercury intrusion porosimetry) test and SEM (scan-
ning electron mircroscopy) test, and explored the dam-
age reason from the microscopic structure.

2  Experimental
2.1  Raw Materials
Cement: PO42.5 Portland cement produced by Wuhan 
Huaxin Cement Company, possessing a specific sur-
face area of 360  m2/kg and a density of 3.15 g/cm3. (See 
Table 1 for the main chemical composition of cement.) 
Basalt fiber (Fig. 1): produced by a company in Guang-
dong (see Table  2 for basic performance and size of 
basalt fiber). Coarse aggregate: continuous graded 
granite gravel, particle size 5–20  mm. Fine aggregate: 
native river sand, particle size 0–4.75  mm. Water: 
laboratory tap water. Water reducing agent: naphtha-
lene series efficient water reducing agent, whose water 
reduction rate is of more than 20%. A total of four 
experimental groups were set, with 30 specimens in 
each group. Group C was pure cement concrete, and 
BFRC1, BFRC2, BFRC3 was basalt fiber reinforced con-
crete (basalt fiber content by volume was 0.1%, 0.2%, 
0.3%, respectively). Concrete design strength grade is 
C40 (see Table 3 for specific mix ratio).

Table 1 Main chemical composition of cement (%).

Materials CaO SiO2 Al2O3 Fe2O3 MgO SO3 MnO Other

Cement 65.37 21.22 2.53 3.09 2.39 1.91 – 3.49

Fig. 1 Basalt fiber.

Table 2 Physical and mechanical properties of basalt fibers.

Length (mm) Diameter (μm) Density (kg/m3) Fracture ductility 
rate (%)

Elastic modulus (GPs) Tensile strength 
(MPa)

Moisture content (%)

28 14 2750 2.5–3.1 90–110 3000–4500 0.060

Table 3 Mix proportions.

W water, C cement, BF basalt fiber, S fine aggregate, A coarse aggregate, Ads water reducing agent.

Symbol W (C) W (kg/m3) C (kg/m3) BF (vol%) S (kg/m3) A (kg/m3) Ads (kg/m3)

C 0.4 185 462 0.00 635 1178 3

BFRC1 0.4 185 462 0.01 635 1178 3

BFRC2 0.4 185 462 0.02 635 1178 3

BFRC3 0.4 185 462 0.03 635 1178 3
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2.2  Experimental Scheme

(1) Single-side salt-freezing–drying–wetting cycle 
test: For single-side freezing–thawing test, refer to 
the “single-side freezing–thawing method” speci-
fied in GB/T 50081-2009. The cube specimen of 
100  mm  ×  100  mm  ×  100  mm after 28  days of 
standard curing was used, the top surface opposite 
to the frozen surface was reserved, and the remain-
ing four sides were sealed with epoxy resin (10-mm 
blank space was reserved from the frozen surface). 
After the epoxy resin glue is dried, the treated spec-
imen is placed in a plastic container, the bottom of 
which is supported with 5-mm-thick gasket. Then 
5% sodium sulfate solution is injected into the spec-
imen and the distance from the frozen surface to the 
liquid surface should be 5  mm. The pretreatment 
soaking time is 3  days. Single-side salt-freezing–
drying–wetting cycle test consists of single-side salt 
freezing–thawing cycle of 16 h (a freezing–thawing 
cycle of 4  h, total of 4 times of freezing–thawing 

cycles), soaking for 8 h, and drying at 65 °C oven for 
8 h, making the total cycle time 32 h. The freezing–
thawing and soaking medium was 5% sodium sul-
fate solution, and the depth of the solution was kept 
5 mm from the frozen surface to the liquid surface 
of the specimen. To ensure the stability of the solu-
tion concentration, the solution was replaced every 
10 times. A total of 5, 10, 15, 20 times of single-side 
salt-freezing–drying–wetting cycle tests were set 
up. Schematic diagram of specimen and device is 
shown in Figs. 2, 3).

(2) Mechanical properties test (Fig. 4): the compressive 
strength and splitting tensile strength were tested, 
respectively, after standard curing for 28 days; after 
5, 10, 15 and 20 times of single-side salt-freezing–
drying–wetting cycle, the compressive strength 
and splitting tensile strength of the specimens were 

Fig. 2 The single-side salt-freezing–drying–wetting cycle tests.

Fig. 3 Specimens sealing treatment (a). Specimens were soaked and pretreated (b). Specimens freeze–thaw device (c).

Fig. 4 Mechanical testing machine.
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tested, respectively (the frozen surface was taken as 
the bearing surface). The value of three specimens 
in each group was taken on average.

(3) SEM test: the mortar blocks were broken on the 
concrete surface after standard curing for 28 days. 
The mortar blocks were broken on the frozen sur-
face after single-side salt-freezing–dry–wet cycle 
(20 times), which were dried for 24  h in a 65  °C 
oven for SEM test.

(4) MIP test: the mortar blocks were broken on the 
concrete surface after standard curing for 28 days, 
and the mortar blocks were broken on the frozen 
surface after single-side salt-freezing–dry–wet 
cycle (5 times, 10 times, 15 times, 20 times), and the 
hydration was suspended with anhydrous ethanol, 
and the MIP test was carried out after dried for 48 h 
in the oven at 65 °C.

3  Results and Discussion
3.1  Mechanical Properties
As can be seen from Fig.  5, the addition of basalt fiber 
improves the initial compressive strength of concrete, 
and the initial compressive strength of BFRC1, BRFC2 
and BFRC3 groups increases by 8.2%, 11.8% and 3.9%, 
respectively, compared with group C. The incorpora-
tion of basalt fiber elevates the compactness and cohe-
siveness of hydration products of concrete, reduces the 
defects caused by early shrinkage of concrete, and con-
tributes to the improvement of concrete strength (Dias 
& Thaumaturgo, 2005; Monaldo et  al., 2019). Excessive 
incorporation of basalt fiber, however, will increase the 

disorderly distribution of fiber on the one hand, result-
ing in fiber agglomeration (Branston et al., 2016), where 
the defect rate of concrete will be increased as well. The 
excessive incorporation of basalt fiber reduces the con-
tent of concrete cementitious material per unit volume, 
as a result, the positive effect of BFRC3 group is inferior 
to those of BFRC1 and BFRC2 groups. It can also be seen 
(Fig. 6) from the mechanical experiment of 0 cycles that 
the addition of basalt fiber improves the failure mode of 
concrete specimens, meanwhile, the cracks of basalt fiber 
concrete specimens are reduced compared with ordi-
nary concrete. Even under stress, the integrity of basalt 
fiber concrete specimens is still higher. Under single-
side salt-freezing–drying–wetting cycle, the compressive 
strength of concrete begins to decrease with the increase 
of cycle times. After 5 cycles, the loss rate of compres-
sive strength in group C, BFRC1, BFRC2 and BFRC3 
were 2.4%, 1.2%, 0.6% and 1.1%, respectively. After 10 
cycles, the loss rates of compressive strength in group 
C, BFRC1, BFRC2 and BFRC3 were 8.0%, 4.1%, 3.6% and 
7.5%, respectively. After 15 cycles, the loss rates of com-
pressive strength in group C, BFRC1, BFRC2 and BFRC3 
were 21.3%, 11.3%, 6.9% and 15.4%, respectively. After 
20 cycles, the loss rates of compressive strength in group 
C, BFRC1, BFRC2 and BFRC3 were 33.9%, 24.6%, 15.5% 
and 27.3%, respectively. The compressive strength loss 
rate of basalt fiber reinforced concrete in each group is 
lower than that of ordinary concrete under single-side 
salt-freezing–drying–wetting cycle. On the one hand, 
the addition of basalt fiber improves the compactness 
of concrete and reduces the erosion content and depth 
of sulfate ion; on the other hand, the three-dimensional 
network constructed by basalt fibers and the high elastic 
modulus of it can offset part of the tensile stress caused 
by icing pressure (Musa & Yang, 2006), capillary osmotic 
pressure (Powers, 1954) and the expansion stress caused 
by sulfate crystallization in the single-side salt-freezing–
drying–wetting cycle.

In terms of splitting tensile strength (Fig.  7), com-
pared with that of group C, the initial strength of BFRC1, 
BFRC2 and BFRC3 groups increased by 11.5%, 17.3% 
and 28.8%, respectively. The improvement rate of BFRC3 
group was the highest, which was different from the fac-
tor of compressive strength. The addition of basalt fiber 
played its reinforcing and toughening role, and the higher 
the fiber content, the more obvious the effect. After 5 
cycles, the loss rates of splitting tensile strength in group 
C, BFRC1, BFRC2 and BFRC3 were 7.8%, 3.4%, 1.6% 
and 1.5%, respectively. After 10 cycles, the loss rates of 
splitting tensile strength in group C, BFRC1, BFRC2 and 
BFRC3 were 17.3%, 8.6%, 3.3% and 9.0%, respectively. 
After 15 cycles, the loss rates of splitting tensile strength 
in group C, BFRC1, BFRC2 and BFRC3 were 23.1%, 

Fig. 5 The compressive strength at different single-side 
salt-freezing–drying–wetting cycles.
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15.5%, 8.2% and 19.7%, respectively. After 20 cycles, the 
loss rates of splitting tensile strength in group C, BFRC1, 
BFRC2 and BFRC3 were 30.8%, 22.4%, 14.8% and 22.4%, 
respectively. It can be concluded that basalt fiber under 
single-side salt-freezing–drying–wetting cycle environ-
ment also has a positive effect of reducing the concrete 
splitting tensile strength loss rate. And the single-side 
salt-freezing–drying–wetting cycle has little effect on 
basalt fiber and its three-dimensional network, so after 
20 cycles, basalt fiber reinforced concrete splitting tensile 
strength loss rate is lower than the compressive strength 
loss rate. Although the splitting tensile loss rate of BFRC3 
group was greater than that of BFRC1 and BFRC2 groups, 

the splitting tensile strength of BFRC3 group and BFRC2 
group were 5.2  MPa after 20 cycles, which was better 
than that of BFRC1 group.

3.2  Microstructure
Hydration process of Portland cement is a complex 
chemical reaction, the hydration products of which 
include calcium hydroxide crystal, C–S–H gel, ettringite 
and so on. Among them, C–S–H gel is the main prod-
uct of hydration of Portland cement. In the fully hydrated 
cement slurry, C–S–H gel accounts for about 70%, which 
is principally due to the strength of cement. Various 
hydration products are related to each other to form a 

Fig. 6 Concrete compression failure pattern.
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spatial network, and the shape of the spatial network has 
an important role to play in the performance of concrete. 
ITZ area refers to the interface transition area between 
coarse and fine aggregate and cement slurry in concrete. 
With the high porosity and the low hardness, ITZ area 
contains a lot of hydration product CH (calcium hydrox-
ide crystal) of low density, consequently, the mechanical 
properties of ITZ are worse than the physical properties 
of cement mortar, making it the weak link of cement-
based composites (Ollivier et al., 1995).

As can be seen from Fig.  8-C(0), hydration products 
of ordinary concrete are randomly distributed. Pores, 
micro-cracks and other defects can be clearly observed 
in the interface, where some hydration products are not 
closely connected. In the two marked ITZ areas, we can 
see that there are obvious cracks at the bond between 
hydration products and aggregate, which are not closely 
connected. Compared with ordinary concrete, it can 
be seen in Fig.  8-BFRC1(0) and Fig.  8-BFRC2(0) that 
after the addition of basalt fiber, the interface pores of 
hydration products become smaller and no obvious 
micro-cracks are observed, which is beneficial to the 

Fig. 7 The splitting tensile strength at different single-side 
salt-freezing–drying–wetting cycles.

Fig. 8 The SEM of concrete subjected to 28-day standard curing.
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improvement of mechanical properties and durabil-
ity of concrete. The natural compatibility of basalt fibers 
and cement-based composites are the main reasons for 
basalt fibers to blend and wrap with hydration products. 
However, due to the small fiber content, the ITZ area of 
BFRC1(0) is lower than that of BFRC2(0), yet still bet-
ter than that of BFRC3(0). In BFRC2(0) region I, basalt 
fibers can be observed to cross the pores; in region II 
and III, basalt fibers can be observed to bridge the two 
ends of the ITZ areas, which greatly improves the tight-
ness and stability of the ITZ area. In BFRC3(0), the evi-
dent disorder distribution of basalt fibers was observed, 
and the large agglomeration of basalt fibers increased 
the possibility of defects. A large number of basalt fib-
ers passed through the pores and ITZ area, denoting its 
importance in cracking resistance and toughening. How-
ever, the content of hydration products at the interface 
is low (which is related to the decrease of cementitious 
materials per unit volume caused by the increase of the 
content of basalt fibers), the basalt fibers cannot be fully 
wrapped, and larger pores can be observed. According to 
the above analysis, it can be concluded that the proper 

incorporation of basalt fiber is beneficial to the improve-
ment of mechanical properties and durability of concrete, 
and the microstructure of initial hydration product inter-
face of each group of concrete is consistent with its initial 
macro-mechanical properties index.

After 20 cycles of salt-freezing–drying–wetting (Fig. 9), 
the obvious point-like and short columnar gypsum crys-
tals were observed at the interface of hydration prod-
ucts of concrete in each group. This is because at low 
temperature, the TSA-type destruction (Musa & Yang, 
2006) is the major type of sulfate erosion, and the main 
erosion product is the expansive gypsum crystal. Under 
the action of frost heaving force and expansion stress, the 
pores on the interface of hydration products of concrete 
begin to increase, and the pores of group C are the obvi-
ously presented. Basalt fiber reinforced concrete has the 
phenomenon of increasing pores and porosity, but we 
could see the partition in the fiber through pores, bridg-
ing, basalt fiber formation of the three-dimensional net-
work and good elastic modulus part. It can be made to 
slow down the freeze pressure (Powers, 1954) and cap-
illary osmosis (Powers & Helmuth, 1953) the expansion 

Fig. 9 The SEM of concrete subjected to 20 times of single-side salt-freezing–drying–wetting cycles.
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stress of tensile stress, sulfate crystallization. BFRC2 
group has the highest compactness and integrity. Due to 
the small amount of basalt fiber in BFRC1 group, basalt 
fiber in pores and cracks become less, in which case 
basalt fiber cannot exert the partition and bridge func-
tion. In BFRC3 group, a large amount of basalt fibers can 
be observed exposed at interface. Lacking of adequate 
hydration products with coordination, there are a lot of 
basalt fibers between the pores. Despite that the frame-
work of the basalt fiber network is obvious, the compact-
ness and integrity of it are still poor. On comparing the 
initial state with three groups of basalt fiber reinforced 
concrete interface we observed, the basalt fiber surface 
parcel of hydration products marginally reduce [TSA 
damage will cause C–S–H gel decomposition (Liu et al., 
2015)], basalt fibers and bondability of hydration prod-
ucts began to reduce, more directly exposed in the inter-
face of basalt fiber.

After 20 times of single-side salt-freezing–drying–wet-
ting cycles (Fig. 10), we can observe basalt fibers with a 
little micro-cracks and crystal surface, but the overall 
form is still intact, indicating that single-side salt-freez-
ing–drying–wetting cycle has less effect on the basalt fib-
ers, thus, basalt fibers in this kind of work environment 
can still keep the excellent toughness and crack resist-
ance performance.

3.3  Pore Structure
MIP test was used to study the influence of different 
cycles on the pore structure of concrete in single-side 
salt-freezing–drying–wetting cycle. The research on 
pore structure mainly focuses on porosity (Fig.  11), 
pore size distribution (Figs.  12, 13, 14, 15) and criti-
cal pore size (Fig.  16). Porosity is closely related to 
the compressive strength of concrete, the lower the 

porosity of concrete, the denser the structure, the 
higher of the compressive strength; pore size distribu-
tion and critical pore size are closely related to concrete 
permeability and durability. It can be implied from 
Fig. 11 that the addition of basalt fiber will reduce the 
original porosity of concrete, which is consistent with 
the studies of some scholars (Jiao et al., 2019). However, 
it was found that the BFRC2 group had the lowest orig-
inal porosity, and that of BFRC3 group was higher than 
that of BFRC1 and BFRC2 groups, which was related 
to excessive fiber incorporation and large amount of 
fiber disordered agglomeration, increasing the possibil-
ity of defects. The porosity of concrete in each group 
began to increase with the development of single-side 
salt-freezing–drying–wetting cycle. The tensile stress 

Fig. 10 The SEM of basalt fiber subjected to 20 times of single-side salt-freezing–drying–wetting cycles.

Fig. 11 The porosity of concrete at different single-side 
salt-freezing–drying–wetting cycles.
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caused by freezing pressure (Powers, 1954) and capil-
lary osmotic pressure(Powers & Helmuth, 1953), along 
with the expansion stress caused by sulfate crystalliza-
tion, increased the porosity of concrete. After 20 cycles, 
the porosity of concrete in group C, BFRC1, BFRC2 
and BFRC3 increased by 9.8%, 4.1%, 4.7% and 7.5%, 
respectively. It can be seen that the addition of basalt 
fiber reduces the increase of concrete porosity under 
single-side salt-freezing–drying–wetting cycle. That is 
because, on the one hand, the incorporation of basalt 
fiber improves the compactness of concrete, improves 
the content and depth of concrete resistance to sulfate 
ion erosion; on the other hand, the toughness and crack 

resistance of basalt fiber reduces the stress concentra-
tion and the damage caused by it.

Some scholars (Wu, 1979) divided the pores into 
harmless pore (< 20  nm), less harmful pore (20–
100 nm), harmful pore (100–200 nm) and multi-harm-
ful pore (> 200 nm) in accordance with the pore size. In 
the initial state, the pore size of concrete is mainly con-
centrated in the two ranges of harmless pore and less 
harmful pore. The total proportion of harmless pore 
and less harmful pore in group C, BFRC1, BFRC2 and 
BFRC3 were 88.1%, 93.4%, 94.6% and 89.7%, respec-
tively (Figs.  12, 13, 14,15). The increase of small pores 
will exert a positive effect on the compressive strength 

Fig. 12 The pore size distribution of concrete at different single-side 
salt-freezing–drying–wetting cycles (C).

Fig. 13 The pore size distribution of concrete at different single-side 
salt-freezing–drying–wetting cycles (BFRC1).

Fig. 14 The pore size distribution of concrete at different single-side 
salt-freezing–drying–wetting cycles (BFRC2).

Fig. 15 The pore size distribution of concrete at different single-side 
salt-freezing–drying–wetting cycles (BFRC3).
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of concrete. Because large pores affect the fluidity 
of concrete, basalt fiber is difficult to function as the 
way it should be. The percentages of harmful pore and 
multi-harmful pore in group C, BFRC1, BFRC2 and 
BFRC3 were 3.0%, 2.5%, 2.2% and 3.4%, respectively. 
The percentages of harmful pore in group C, BFRC1, 
BFRC2 and BFRC3 were 8.9%, 4.1%, 3.2% and 6.9%, 
respectively. The addition of basalt fiber reduces the 
proportion of more damage pore and less damage pore 
of concrete and effectively improves the durability of 
concrete. With the advance of single-side salt-freez-
ing–drying–wetting cycle, the concrete pore diameter 
gradually becomes larger, and the proportion of harm-
ful pore and multi-harmful pore begin to increase. On 
the one hand, the increase of the proportion of harmful 
pore and multi-harmful pore accelerates the invasion of 
sulfate ions, and the erosion content and depth begin 
to increase. On the other hand, more unfrozen water 
moves to the frozen region and transforms itself into 
ice crystals, increasing the frost heaving force. After 
20 cycles, the percentages of harmful pores in group 
C, BFRC1, BFRC2 and BFRC3 increased by 4.7%, 2.9%, 
2.7% and 2.7%, respectively, while the percentages of 
multi-harmful pores in group C, BFRC1, BFRC2 and 
BFRC3 increased by 8.5%, 4%, 3.4% and 5.8%, respec-
tively. The increase of harmful pores and multi-harmful 
pores directly reduce the durability of concrete. Basalt 
fiber mixed with effective in reducing the concrete 
under the environment of single-side salt-freezing–dry-
ing–wetting cycle aperture coarsening, the increase of 
harmful pores and multi-harmful pores were decreased 
significantly than those of normal concrete (the effect 
on multi-harmful pore is more obvious). Hence, it is 

beneficial to improve the concrete under the environ-
ment of single-side salt-freezing–drying–wetting cycle 
durability performance.

The pore in concrete is a connected and randomly dis-
tributed pore structure system. The critical pore diam-
eter (Fig. 16) is the largest pore diameter to connect the 
larger pores, which can reflect the connectivity of pores. 
The physical meaning is: if the pore diameter is greater 
than the critical aperture, it cannot be connected to each 
other; if the pore diameter is equal to or less than the 
critical aperture, it can be connected other pores. There-
fore, in cement-based material pore structure system, the 
smaller the critical pore size, the better the impermeabil-
ity and durability. The critical pore diameter of concrete 
in each group under different cycles is shown in Fig. 16. 
Under 0 cycles, the critical pore diameter of group C, 
BFRC1, BFRC2 and BFRC3 are 116.7  nm, 79.1  nm, 
60.4 nm and 82.6 nm, respectively. The addition of basalt 
fiber effectively reduces the critical pore diameter of 
concrete. As the cycle went on, the critical pore size of 
concrete in each group increased continuously. After 20 
cycles, the critical pore sizes of group C, BFRC1, BFRC2 
and BFRC3 were 205.5  nm, 133.3  nm, 115.4  nm and 
165.6 nm, respectively. The increase of critical pore size 
weakens the permeability resistance of concrete, which is 
not conducive to the stability of concrete in service under 
the condition of single-side salt-freezing–drying–wetting 
cycle. The growth rate of each major cycle of concrete in 
group C increased steadily. The growth rate of concrete 
in group BFRC1 and BFRC2 increased significantly after 
10 cycles, while that in group BFRC3 increased signifi-
cantly after 5 cycles. It is shown that although basalt fiber 
has the effect of toughening and cracking resistance, it 
still needs the synergistic effect of cementing material 
and appropriate amount of basalt fiber for the best effect. 
In each cycle, the critical pore diameter corresponding to 
impermeability and durability of concrete is consistent 
with its macroscopic performance index.

3.4  Relationship Between Pore Structure and Mechanical 
Properties

Figs.  17 and 18 demonstrate the relationship between 
porosity and mechanical properties of concrete. With 
the increase of porosity, groups of concrete compres-
sive strength, splitting tensile strength decreases, 
indicating that under the single-side salt-freezing–dry-
ing–wetting cycle concrete porosity and the concrete 
compressive strength, splitting tensile strength has 
certain relevance. The correlation coefficients between 
porosity and compressive strength and splitting tensile 
strength of concrete in group C, BFRC1, BFRC2 and 
BFRC3 are all above 0.9, indicating that the correlation 

Fig. 16 The critical pore diameter of concrete at different single-side 
salt-freezing–drying–wetting cycles.



Page 13 of 17Zeng et al. Int J Concr Struct Mater           (2022) 16:44  

between porosity and compressive strength and split-
ting tensile strength is significant. The correlation coef-
ficient between porosity and splitting tensile strength 
of concrete in each group is lower than that between 
porosity and compressive strength, indicating that 
the influence of porosity on splitting tensile strength 
of concrete is slightly lower than that of compressive 
strength under single-side salt-freezing–drying–wet-
ting cycle. In terms of pore size distribution (Figs.  19, 
20, 21, 22, 23, 24, 25, 26), the compressive strength 
and splitting tensile strength of concrete in each group 
increase with the increase of harmless pores and less 
harmful pores, while the compressive strength and 
splitting tensile strength decrease with the increase 
of harmful pores and multi-harmful pores, which is 
consistent with the findings of previous studies. The 
pore size range with the highest correlation of the 

compressive strength of concrete in each group is 
multi-harmful pore (> 200  nm), which also indicates 
that multi-harmful pore has the greatest influence on 
the compressive strength of concrete. The pore size 
range of C, BFRC1, BFRC2 and BFRC3 concrete with 
the highest correlation of splitting tensile strength is 
20–100  nm, > 200  nm, < 20  nm and < 20  nm, respec-
tively, displaying a disorder state, which may be related 
to the three-dimensional network constructed by basalt 
fiber, however, the specific reasons need further study. 
The correlation coefficients between critical pore diam-
eter and compressive strength and splitting tensile 
strength of concrete in group C, BFRC1, BFRC2 and 
BFRC3 are all above 0.9 (Figs.  27, 28), indicating that 

Fig. 17 Relationship between porosity and compressive strength.

Fig. 18 Relationship between porosity and splitting tensile strength.

Fig. 19 Relationship between pore size distribution and compressive 
strength (C).

Fig. 20 Relationship between pore size distribution and compressive 
strength (BFRC1).



Page 14 of 17Zeng et al. Int J Concr Struct Mater           (2022) 16:44 

the correlation between critical size diameter and com-
pressive strength and splitting tensile strength is also 
very significant.

4  Conclusion

(1) Single-side salt-freezing–drying–wetting cycle has 
obvious damage effect on concrete. The addition 
of basalt fiber can effectively delay and alleviate the 
deterioration of mechanical properties of concrete. 
The positive effect is most obvious when the basalt 
fiber is 0.2 Vol%, the compressive strength loss rate 
of basalt fiber concrete is 45.7% and tensile strength 
loss rate is 48.1% of ordinary concrete after 20 times 

under single-side salt-freezing–drying–wetting 
cycles.

(2) Single-side salt-freezing–drying–wetting cycle may 
cause decomposition and destruction of concrete 
hydration products, the influence of gelled mate-
rial and the synergy of basalt fiber. However, it has 
little influence on basalt fiber and its constructed 
three-dimensional network, and the positive effect 
of basalt fiber on the splitting tensile strength of 
concrete is less affected than that of compressive 
strength in the same environment.

(3) The addition of basalt fiber would reduce the poros-
ity and critical pore size of concrete, and change the 
pore size distribution of concrete: the number of 
harmless and less harmful pores will increase, and 

Fig. 21 Relationship between pore size distribution and compressive 
strength (BFRC2).

Fig. 22 Relationship between pore size distribution and compressive 
strength (BFRC3).

Fig. 23 Relationship between pore size distribution and splitting 
tensile strength (C).

Fig. 24 Relationship between pore size distribution and splitting 
tensile strength (BFRC1).
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the number of harmful and multi-harmful pores 
will decrease. The addition has positive effect on 
mechanical properties and durability of concrete, 
which is most obvious when the basalt fiber vol-
ume content is 0.2%, however, too much basalt fiber 
will weaken the positive effect, even bring reverse 
effects.

(4) Single-side salt-freezing–drying–wetting cycle 
can result in the coarsening of concrete pore size 
diameter. The addition of basalt fiber can effectively 
reduce the coarsening of concrete pore size diame-
ter under the single-side salt-freezing–drying–wet-
ting cycle, and the effect on multi-harmful pores is 
most evident.

(5) The porosity and critical pore size of concrete have 
strong correlation with compressive strength and 
splitting tensile strength under the single-side salt-
freezing–drying–wetting cycle. The pore size diam-
eter with the highest correlation between the com-
pressive strength of ordinary concrete and basalt 
fiber reinforced concrete is multi-harmful pore 
(> 200  nm). The pore sizes of ordinary concrete, 
0.1  vol% basalt fiber reinforced concrete, 0.2  vol% 
basalt fiber reinforced concrete and 0.3  vol% basalt 
fiber reinforced concrete with the highest correlation 
of split tensile strength are 20–100  nm, > 200  nm, 
< 20 nm and < 20 nm, respectively, showing a disor-
der state. This may be related to the three-dimen-

Fig. 25 Relationship between pore size distribution and splitting 
tensile strength (BFRC2).

Fig. 26 Relationship between pore size distribution and splitting 
tensile strength (BFRC3).

Fig. 27 Relationship between critical pore diameter and 
compressive strength.

Fig. 28 Relationship between critical pore diameter and splitting 
tensile strength.
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sional network constructed by basalt fiber, whereas 
the specific reasons need to be further studied.
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