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Abstract

It is of great significance to overall evaluate the degree and process of sulfate erosion on concrete, especially for the fiber-
reinforced concrete (FRC). This paper investigated the effect of steel fiber (SF), polypropylene fiber (PPF), and basalt fiber
(BF) on the mechanical properties and microstructure of concrete exposed to sulfate erosion. The compressive strength, mass
change rate, and scanning electron microscope (SEM) images of the steel fiber-reinforced concrete (SFRC), polypropylene
fiber-reinforced concrete (PPFRC), and basalt fiber-reinforced concrete (BFRC) were obtained. The results revealed that the
sodium solution concentration affected the compressive strength and relative elasticity modulus of concrete, the compressive
strength and relative elasticity modulus diminished with the erosion concentration increased. Further, for the FRC, there
was an optimum fiber content for the compressive strength of concretes to resist sulfate erosion, whereby the optimum fiber
contents for the SFRC, PPFRC, and BFRC were 3.0%, 1.0%0 and 0.5%o, respectively. Moreover, the mass change rates for the
PPFRC were lower than those for the BFRC, while being higher than those for the SFRC. The mass change rate of PPFRC
exposed to sulfate erosion concentrations of 3%, 5% and 7% could be divided into three stages, i.e., decreasing stage with the
mass change rate below zero, increasing stage with the pores of concretes filling by some expansion products, and declining
stage with some mortar peeling out. Additionally, the number and shape of expansion products increased with the erosion
age and sulfate solution concentration, together with the depth and width of cracks in concrete.
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1 Introduction

Concrete is a multiphase compound bonded by water, fine
aggregate, coarse aggregate, and cement, which is widely
used in practical engineering applications, e.g., buildings,
dams, roads, and bridges. However, due to the low ten-
sile strength, poor impact toughness, high brittleness, and
poor ductility, the performance of concrete cannot meet the
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structure requirement and expected service life [1]. With the
development of civil engineering, more attention has been
paid to the durability of structure. At the same time, higher
strength of concrete is demanded. It has been confirmed
that the inherent deficiencies of concrete can be signifi-
cantly improved by added discontinuous chopped fibers into
concrete [2, 3]. Generally, fibers could be divided into two
categories according to the elastic modulus, namely, the rigid
fibers (e.g., glass fibers, basalt fibers, and steel fibers) and
flexible fibers (e.g., nylon fibers, polypropylene fibers, and
some natural fibers), in which steel fiber (SF) and polypropy-
lene fiber (PPF) are the two superior reinforced materials
because of low cost. Also, basalt fiber (BF) is another well-
behaved fiber due to high mechanical strength [4, 5], high
heat and chemical resistance [6], high temperature stability
[7], environmentally friendly and non-hazardous [7—10]. The
use of such fibers mixed concretes facilitate the construction
processes and is greatly beneficial when the concrete struc-
ture is exposed to complicated harsh environments.
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Many studies have been conducted on the improvement
effect of fiber on the mechanical properties. Typically, the
added fiber into concrete could bridge micro-cracks in
concrete matrix and lead stress distribution, thus reducing
stress concentration and preventing the stress continuation
to spread at the crack points [11, 12], especially in the crack
propagation stage. Many studies have shown that the addition
of fibers into concrete can significantly enhance the durabil-
ity and mechanical properties of concrete structure, thereby
obtaining high toughness, high strength, and high durability
in fiber-reinforced concrete (FRC) [4, 6, 13, 14]. All these can
contribute to promote the application field scopes of concrete.
Considering the mechanical properties of FRC, many stud-
ies have mainly focused on the compressive strength [15-18],
flexural strength [16, 18], tensile strength [15, 18], elasticity
modulus [16—-19], stress—strain behavior [20, 21], creep [22,
23], damping ratio [19], ultra-sonic pulse velocity [18], and
drying shrinkage of FRC [24, 25]. It has been verified that
the added SF has a positive influence on the compressive
strengths of SFRC. For example, the maximum compres-
sive strength of concrete with adding 1.5% SF was 15.3%
higher than that without SF addition [15], and the compres-
sive strength and splitting tensile strength of the concrete
with the addition of 1% SF and 15% silica fume increased
by 17.6% and 13.8% for aspect ratios of 80 and 65, respec-
tively [16]. Yuan et al. [26] investigated the PPF on the
mechanical and microstructure of concrete considering the
fiber water/cement ratio and found that the water/cement ratio
could influence the optimum fiber content. It was also demon-
strated that the added BF could also enhance the mechanical
strength, while the optimum BF content and the enhancement
effect were variable [6, 13, 27].

Further, some fiber parameters, such as volume of fiber
inclusion, fiber geometry, fiber type, fiber matric, and orienta-
tion of fiber, can also significantly influence the performances
of concretes [14]. The SEM observations revealed that the
added fibers can enhance the pore structure of concrete matrix
and accumulate on the attached mortar surface, especially
the interfacial transition zones, thus improving the strength
and ductility of the concrete [6, 27]. As indicated above,
it can be seen that the studies on the mechanical properties
and microstructure of steel fiber-reinforced concrete (SFRC),
polypropylene fiber-reinforced concrete (PPFRC), and basalt
fiber-reinforced concrete (BFRC) exposed to sulfate erosion
are insufficient. As such, to broaden the practical applica-
tion of FRC, the mechanical properties and microstructure
of FRC are important issues to be addressed.

Saline soils are widely distributed all over the world, with
the areas ranging from coastal to inland regions, and humid
to desert area [28, 29]. For example, in northwest China
(i.e., Qinghai, Gansu, Ningxia, and Xingjiang), there are
69.3% covered with saline soils [30]. Thus, the rich sulfate
in soils, ground water, and seawater could not be ignored.
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Typically, the damage progress of concrete caused by salt
erosion depends on concrete characteristics [31], and salt
erosion properties, e.g., composition and concentration of
chemical solution [32], temperature [33], moisture [34], and
loading conditions [35]. Salt was the main factor causing the
concrete erosion, with serious detrimental effects on the ser-
vice life of concrete structure [36]. The migration processes
of saline ions in concrete could be typically regarded as the
coupling between the capillary action and concentration gra-
dient [37]. Moreover, the salt erosion progress caused by
sodium solution occurs in stages, where the expansion of sur-
face of the sample leads to the formation of crack in the inner
part without chemically unaltered at first stage. With increas-
ing immersion, the surface of concrete sample disintegrates,
causing the sodium sulfate solution to directly flow into the
interior zone and react with hydration products. Simulta-
neously, the expansive products, e.g., salt crystals, gypsum
and ettringite, remain in the regions, and the interior zone
becomes the expanding zone. Eventually, further cracking of
the interior and penetration channel occurs [38—40]. Huang
et al. [41] studied the influential factors (e.g., strength grade,
basalt fiber content, fly ash content and aggregate type) on the
chloride diffusion process of coral aggregate concrete, and
concluded that the free chloride concentration of coral aggre-
gate concrete was far higher than that of ordinary aggregate
concrete. Considering the applicability of seawater sea-sand
concrete (SWSSC) in island and coastal regions, Han et al.
[38] explored the sulfate resistance of SWSSC with high-
ferrite Portland cement and verified that this eco-friendly
concrete had a good performance on the sulfate resistance.
Besides, some other properties of concrete after salt erosion,
such as relative dynamic elastic modulus [42], pore structures
[43, 44], thermal characteristics [42], and mass loss [43] have
also been studied. The above studies show that salt erosion
has a significant impact on the concrete durability. However,
the mechanism of salt erosion as well as the most unfavorable
concentration of the sulfate solution is not clear. Thus, the
influence of solution concentrations on the mechanical and
microstructure of FRC should be further studied.

Thus, this study investigated the effect of added steel fiber
(SF), polypropylene fiber (PPF), and basalt fiber (BF) on
the mechanical properties and microstructure of the concrete
exposed to sulfate erosion. The compressive strength, coeffi-
cient of residual mechanical strength, and relative elasticity
modulus of samples were quantitatively analyzed consider-
ing the fiber type, fiber content, and concentration of sodium
sulfate solution. Furthermore, the mass changes of samples
were measured to determine the optimal fiber content and
the most unfavorable sulfate solution concentration. Addi-
tionally, the microstructure of the samples after 150 days of
sulfate erosion was observed to further explore the variations
of strength and structure of concretes. These investigations
help us better understand the deterioration of mechanical
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Table 1 Chemical and mineral composition of cement
Composition Chemical composition Mineral composition
SiOQ Alz 03 F62 03 CaO MgO SO3 Na20 Kzo C3 S Czs C3 A C4 AF
Content (wt.%) 21.04 553 3.98 62.32 1.75 2.62 0.46 0.19 53.07 23.19 4.74 11
Table 2 Physical and mechanical properties of cement
Cement Specific surface area (m2/kg) ~ Soundness  Ignition loss (%)  Setting time Compressive Flexural
(min) strength (MPa) strength (MPa)
Initial  Finial 3 days 28 days 3 days 28 days
PO42.5R 366 Qualified 1.21 188 275 25.3 49.8 5.8 9.6

Fig. 1 Fibers used in the
experiment

(a) SF

properties and microstructure of FRC exposed to sulfate ero-
sion.

2 Experimental Procedure
2.1 Raw Materials

P.O42.5R ordinary Portland cement (C), produced by the
Lafarge Cement Co., Ltd. in Sichuan Province, was used
in the experiment. The chemical and mineral composition
of cement is listed in Table 1, and the physical property
is listed in Table 2. Natural river sand with a 2.58 fine-
ness modulus, mud content of 1.5%, and apparent density
of 2580 kg/m> was used as fine aggregate (FA). The coarse
aggregate (CA) was employed with a continuous gradation of
5-20 mm in diameter and an apparent density of 2660 kg/m>.
A polycarboxylate-based superplasticizer (PBS) with a water
reducing rate of 25% was also utilized. The tap water (W) in
Chengdu area was used in mixing.

aonlls
(b) PPF

(¢) BF

Three fibers (i.e., SF, PPF and BF) were used in the exper-
iment. The SF was the sheared wavy type with a diameter of
0.60 mm and a length of 35 mm, which is one of the widely
used steel fibers in SFRC. The PPF was a single fiber type
with a diameter of 60 pum and a length of 9 mm. The BF was
chopped type with 60 wm diameter and 18 mm length. The
shape and main properties of the used fibers are shown in
Fig. 1 and Table 3, respectively.

2.2 Mix Proportions

The detail of all 12 different mixtures are listed in Table
4. Five concentrations of sodium sulfate solution as 0%,
3%, 5%, 7% and 10% were designed, each concentration
immersed four group, and each group have three samples. For
all samples, the water/cement ratio was 0.4. The fiber con-
tent is the ratio of the volume of fiber to that of the concrete
matric. Here, OPC denotes the ordinary concrete without the
fiber. The SF1, SF2, and SF4 represent the SFRC with the
SF volume fractions of 1.0%, 2.0%, and 4.0%, respectively.

Table 3 Physical and mechanical

properties of the fibers Types Length Diameter Density Elastic modulus Tensile modulus
(mm) (Lm) (g/em?) (GPa) (GPa)
SF 35 600 7.8 200 1.0
PPF 9 60 0.91 4.1 0.4
BF 18 15 2.56 75 4.5
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Table 4 Mix proportions (kg/m>)

Sample w/C w C CA FA Fiber PBS Fiber volume fraction
OPC 0.4 161 403 606 1230 - 4 0.0
SF1 0.4 161 403 580 1178 78 4 1.0%
SE2 0.4 161 403 554 1125 156 4 2.0%
SF4 0.4 161 403 503 1021 312 4 4.0%
PP1 0.4 161 402.6 606 1230 0.4 4 1.0%0
PP2 0.4 161 402.2 606 1230 0.8 4 2.0%0
PP4 0.4 161 4014 606 1230 1.6 4 4.0%0
PP6 0.4 161 400.6 606 1230 2.4 4 6.0%0
BF0.5 0.4 161 401 606 1230 1.4 4 0.5%0
BF1.0 0.4 161 400 606 1230 2.7 4 1.0%0
BFL.5 0.4 161 398 606 1230 4.1 4 1.5%o
BF2.0 0.4 161 396 606 1230 5.4 4 2.0%0

Similarly, the PP1, PP2, PP4, and PP6 represent the PPFRC
with the PPF volume fractions of 1.0%o, 2.0%0, 4.0%0 and
6.0%o, respectively. Finally, the BF0.5, BF1.0, BF1.5, and
BF2.0 denote the BFRC with the BF volume fractions of
0.5%0, 1.0%0, 1.5%0 and 2.0%o, respectively.

2.3 Sample Preparation and Curing

To obtain uniform fiber-reinforced concretes, the schematic
diagram of the mixing procedure for fiber-reinforced con-
cretes is shown in Fig. 2. The order of placing raw materials
into the forced mixer and the applied stirring time were as
follows: (a) the coarse aggregate and fine aggregate were
poured into the forced mixer and stirred for around 30 s; (b)
the cement was added and stirred for another 30 s; (c) approx-
imately 30% water was added and stirred for around 90 s;
(d) fibers and 30% water were added and stirred for another
90 s; (e) a polycarboxylate-based superplasticizer and the
remaining water were added and stirred until the mixture
was uniform (Fig. 2). Then, a slump test was performed to
test the workability of the concrete, and the slump value was
82 mm, which accords with the design of the mixture.

The concrete mixture was casted into 100 mm x 100 mm
x 100 mm cubic molds and compacted on the vibration table.
Then, the samples were covered with an impervious plastic
film to prevent moisture from evaporating and cured in the
mold for 24 h. Subsequently, the samples were demolded and
placed in a standard curing room at the ambient temperature
of 20 &+ 2 °C and relative humidity over 95% for 28 days.

2.4 Sulfate Erosion Description

After curing for 28 days, the samples were immersed in 0%,
3%,5%, 7% and 10% sodium sulfate solutions at room ambi-
ent temperature, respectively. The solutions were replaced
every 20 days to ensure the relatively stable solution concen-
tration.

3 Test Procedures

3.1 Compressive Strength Test

The sulfate erosion could cause severe structural degradation
and reduce the strength of the concrete. Thus, a SHT4106

! Coarse aggregate Stirring ¢ Stirring  30%  Stirring Fiber Stirring Remaining water ~ Stirring ~ Uniform
: cemen ;
Fine aggregate S for30s, water 908, 3004 water X905, Superplasticizer or2min - pixture
. . i Demolded i Sealed Casted into 100
Fiber-reinforced Curzlgifor Curing for Vibrating Molding

concrete samples < Shndaoinng

room

24h

plastic mmx 100 mm

film x 100 mm molds
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Fig.3 Apparatus of compressive strength test

computer-controlling electro-hydraulic serve universal test-
ing machine was employed to test the compressive strengths
of the samples immersed for 0 day, 60 days, 120 days, and
150 days (Fig. 3). The compressive strength and elastic-
ity modulus test were conducted according to the standards
GB/T 50,081-2002 and ASTM C1116-02 [45, 46]. The
test was adopted force control, and the loading rate was
0.3 MPa/s. There were three samples in each group, calculat-
ing the errors between the compressive strength value of three
samples and the mean value of compressive strength. If one
error of them exceeded + 15%, the corresponding sample
will be eliminated and the mean value will be recalculated.
If two errors of them exceeded & 15%, this group of tests
were discarded and resampled for testing. In order to over-
all evaluate the effect of sulfate erosion on the compressive
strength, the coefficient of residual compressive strength for
fiber-reinforced concrete was defined as,

Ki =
=5

ey
where K is the coefficient of residual compressive strength,
F'¢ denotes the compressive strength of sample at the sulfate
erosion duration ¢, and F( is the compressive strength of
sample without sulfate erosion.

The relative elasticity modulus for FRC was defined as

Rpg = — (2)

where Rgq is the relative elasticity modulus, E; denotes the
elasticity modulus of sample at the sulfate erosion duration
t, and Ej is the elasticity modulus of sample without sulfate
erosion.

3.2 Mass Change Test

The mass change could quantitatively reflects the sulfate ero-
sion degree on concrete. The concrete samples were taken

from the solution and gently wiped the surfaces of sample
to remove water and crumbs, and then the samples were
weighed and recorded. The precision of the mass value is
0.01 g. The mass change was measured using the compres-
sive strength samples for 150 days, where the finial mass
change was the average value of the three samples. The mass
change of the group samples was tested at the intervals of
15 days. The mass change was calculated by the following:

Amy = M= mo 3)

mo

where Amy is the mass change rate of the sample, m; is
the mass of sample at the sulfate erosion duration ¢, and myg
denotes the mass of sample before sulfate erosion.

3.3 Scanning Electron Microscope (SEM) Analysis

Paste-aggregate interface of cement motors was collected
from the samples for compressive strength test at 150 days of
sulfate erosion, used for SEM analysis. Firstly, the collected
samples were dried in a vacuum drying oven at 60 °C for 24 h,
and then the samples were sprayed with gold. Finally, FEI
Inspect F50 (SEM) was used to observe its microstructure.

4 Results and Discussion
4.1 Compressive Strength Analysis

The compressive strength values of concrete samples
exposed to different sulfate solution concentrations (i.e., 3%,
5%, 7% and 10%) are shown in Fig. 4 and Table 5. It can
be seen that the overall performance of concrete samples
added polypropylene fiber (PP1, PP2, PP4 and PP6) has
been superior over those added steel fiber (SF1, SF2 and
SF4) and basalt fiber (BF0.5, BF1.0, BF1.5 and BF2.0), espe-
cially for the concrete samples named PP1 and PP2. For the
concrete samples PP1 and PP2, the compressive strengths
increase with the erosion time. For example, after the sul-
fate erosion of 150 days, the compressive strengths of PP1
exposed to the sodium sulfate solution concentrations of 3%,
5%, 7% and 10% are 61.9 MPa, 61.7 MPa, 57.5 MPa and
58.3 MPa, respectively. These are 25.1%, 41.5%, 50.5% and
25.1% higher than those for the controlled concrete sample
(OPC). Meanwhile, for the concrete sample PP2, the com-
pressive strengths after the 150 days of sulfate erosion are
59.5 MPa, 57.3 MPa, 58.5 MPa and 59.6 MPa, respectively,
being 20.2%, 31.4%, 53.1% and 27.9% higher than those
for the OPC (Fig. 4). Figure 4 also reveals that the addi-
tion of PPF and SF could improve the compressive strength
of concrete samples without the sulfate erosion (seen from
the black bar chart of 0 day in Fig. 4). On the other hand,
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Fig. 4 Compressive strength of concrete samples exposed to different
sulfate solution concentrations
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for the concrete samples added basalt fiber (i.e., BF0.5,
BF1.0, BF1.5 and BF2.0), the enhancement effect of com-
pressive strength is not obvious, which might be due to the
agglomeration phenomenon of BF in concrete, resulting in
the growth of internal pores and the decline of compressive
strength.

Generally, as the age increased, the compressive strength
would improve. So, the compressive strength of concrete
exposed to sulfate erosion is the synergistic influence of age
and sulfate erosion. Figure 4 indicates that the compressive
strengths of all concrete samples have improved within the
first 60 days erosion, and the compressive strengths of some
concrete samples (e.g., OPC) are still growing in the last
90 days erosion, though the ascending rate is obviously small
(Fig. 4). This is because in the later stage of erosion, the
expansion force generated by the internal reactants causes
the surface to fall off and the strength decreases. But at the
same time, the reactants in the interior increase, filling the
pores and making the internal structure denser. Addition-
ally, the concentration of sodium sulfate solution has also
affected the compressive strength of concrete samples, with
the compressive strength decreases with the increase in ero-
sion concentration (Fig. 4).

Figures 5, 6, 7 and 8 present the coefficients of resid-
ual compressive strength (Ky) of concrete samples exposed
to 3%, 5%, 7% and 10% sulfate solution concentrations,
respectively. The K¢ could directly determine whether the
added fiber have enhancement effect on concrete. In detail,
if K¢ > 1, the added fibers have a positive effect on concrete;
otherwise, the fiber would have a negative effect on con-
crete. Figures 5, 6, 7 and 8 reveal that the K firstly decreases
and then increases with the added SF for SFRC exposed to
3%, 5% and 10% sulfate solution concentrations, and always
increases for the SFRC exposed to 7% sulfate solution con-
centration. For the PPFRC and BFRC, the K¢ has quickly
increased and then gradually dropped with the added fibers
except for the concrete samples after 150 days of erosion
at a 10% sulfate solution concentration (Figs. 5, 6, 7 and
8). These findings suggest that, for the fiber-reinforced con-
crete, there is an optimum fiber content for the compressive
strength of concrete samples to resist loads. It can be deduced
that the optimum fiber contents for the SFRC, PPFRC, and
BFRC are 3% (SF3), 1.0%0 (PP1), and 0.5%0 (BFO.5), respec-
tively.

Generally, when the fiber content is within the appro-
priate range, the randomly distributed fiber bundles restrict
the transverse deformation of concrete under compression.
When the concrete samples are subject to load, and the fiber
are bound in the matrix, the stress expands along the aggre-
gate interface and transferred to the fiber positions, then
the fiber will bear parts of load. At this time, the fibers
are pulled out, the friction between the fiber and aggregate
would consume a certain amount of energy, which will delay
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Table 5 Compressive strength values of all samples (MPa)
Samples 3% concentration 5% concentration 7% concentration 10% concentration
0d 60d 120 150 0d 60d 120 150 0d 60d 120 150 0d 60d 120 150d
d d d d d d d
OPC 37.2 45 482 495 372 463 338 436 3719 41 31 382 3719 442 459 46.6
SF1 4211 473 443 492 421 5311 545 439 4211 473 505 551 4211 431 50.0 469
SF2 3858 577 464 39 386 45.1 495 39.7 3858 512 522 49 3858 47.0 466 453
SF4 4028 505 656 580 403 452 527 50 40.28 538 565 46.1 4028 575 534 542
PP1 4532 59 58.8 619 453 546 643 617 4532 572 568 575 4532 585 566 583
PP2 41.11 497 575 595 411 519 565 573 4111 53.6 576 585 41.11 556 55.6 59.6
PP4 42.69 542 541 573 427 535 499 513 4269 542 497 533 4269 515 519 36.1
PP6 41.06 521 499 50.6 41.1 53.6 536 503 4106 507 512 513 4106 557 519 309
BF0.5 32.13 447 433  46.6 321 46 38 424 3213 439 48.1 465 32,13 468 417 409
BF1.0 3423 459 49 39.7 342 488 47.6 409 3423 48.6 452 43.1 3423 428 432 367
BF1.5 32,12 418 454 369 321 385 465 397 3212 436 43 36.6 3212 416 422 316
BF2.0 3244 412 442 400 324 41.6 435 412 3244 453 395 413 3244 404 420 202

the destruction of concrete samples. Hence, the compressive
strength of concrete would increase [10]. Conversely, if the
fiber content exceeds the appropriate range, the surface area
of fiber will drastically rise, then the negative processes of
reinforcing effect could be divided into two aspects. Initially,
with the total surface area of fibers increasing, more cement is
required to wrap the fibers, which weakens the bonds between
the cement pastes and aggregates. On the other hand, the fiber
spacing in the matrix will significantly decrease due to the
excessive fibers. If the fiber spacing is below a certain value,
then the crossover and overlap of fibers occur, which would
impact the bonds between fibers and cement pastes. Thus,
some weak zones might be formed. As such, the compres-
sive strength of concrete would drop. It is concluded that
the appropriate range of fiber content should be absolutely
determined in the construction design.

Figures 5, 6, 7 and 8 also indicate that compared with
the SFRC, the PPFRC and BFRC have exhibited better resis-
tance to sodium sulfate solution erosion at the concentrations
of 3%, 5% and 7%, especially for the concrete samples PP1
with a polypropylene fiber content of 1.0%0 and BF0.5 with
a basalt fiber content of 0.5%0. However, for the sulfate ero-
sion at the concentration of 10%, the K¢ is lower than zero
for the concrete samples exposed to 150 days of sulfate ero-
sion, i.e., those with the polypropylene fiber contents of 4.0%o
(PP4) and 6.0%o (PP6), and with the basalt fiber contents of
3% (BF4) and 4% (BF4) (Fig. 8b and c). It means that the
compressive strengths have drastically decreased for the four
concrete samples after a 150 days of sodium sulfate solution
erosion at a 10%concentration. It also indicates that the high
fiber content (i.e., mainly PPF and BF) and the high sulfate

erosion concentration have a significantly negative effect on
the concrete exposed to sulfate erosion.

4.2 Resistance to Sulfate Erosion

Mass change and relative elasticity modulus could quan-
titatively reflect the evolution process of sulfate erosion.
Figures 9 and 10 are the mass change rate and relative elas-
tic modulus of concrete samples exposed to sulfate solution,
respectively. Generally, the mass change rates for the PPFRC
have been lower than those for the BFRC, while being higher
than those for the SFRC (Fig. 9). It also found that the change
rates of relative elasticity modulus for PPFRC are lower than
those for the BFRC (Fig. 10). For the PPFRC samples (i.e.,
PP1, PP2, PP4 and PP6) exposed to sulfate erosion concentra-
tions of 3%, 5% and 7%, the mass change rate can be divided
into three stages (Figs. 9 and 11). In the first stage (from O
to 15 d), the mass change rate diminished and was lower
than zero, suggesting that the PPFRC is mass losing. This
might be from the fact that the sodium sulfate solution cor-
roded the mortar on the concrete surface, and simultaneously
polypropylene fibers in concrete restrain the surface crack
propagation, leading to the reduction of mass, and some small
cracks occur on the surface of the samples (Fig. 11a). As the
erosion continued, the erosion process went into the second
stage (from 15 to 135 d), whereby the mass change rate con-
tinually increased, with the pores of samples being filled by
crystalline sulfate and some sulfate erosion products, leading
to the growth of mass. In this stage, some crystalline sulfates
and many cracks can be obviously observed on the surface of
the concrete samples (Fig. 11b). In the third stage (from 135
to 150 d), with further formation of expansive products due

@ Springer
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to the infiltration of more sulfate, resulting into the cracks in
concrete matrix and peeling of mortar (Fig. 11c¢), and thus the
mass of concrete samples is losing (Fig. 9a—c). However, for
the PPFRC exposed to sulfate erosion concentration of 10%,
the mass loss in the first stage is not obvious, indicating that
the high concentration of sodium sulfate solution has a strong
erosion on concrete (Fig. 9d). Further, the finial mass change
rate of concrete samples exposed to different concentrations
also shows that the high concentration has a greater impact
on the sulfate erosion of concrete samples (Fig. 9). These
findings are in line with the analysis of compressive strength
analysis (Figs. 5, 6,7, 8). Figure 9 also illustrates that the vari-
ation trends of mass change rates for the SFRC are closer than
those for the controlled group (OPC), and the electrochemi-
cal corrosion occurs during the sulfate erosion varying from
0 to 135 d, leading to steel corrosion and slight mass loss. At
the late erosion stage (from 135 to 150 d), the mass change
rates for the SFRC have drastically decreased, and it might
be from the fact that the expansion products in the interface
bond zone are easier to fall off due to the hydrophobicity of
SF, reducing the adhesion between the steel fibers and matrix
(Fig. 9). Additionally, for the BFRC, the mass change rate
has grown as the fiber contents increased, especially for the
BF2.0 (Fig. 9).

From Fig. 10, it can be seen that the relative elasticity
modulus decreases with the erosion time increased (Fig. 10).
The variation of relative elasticity modulus can be divided
into two stages. In detail, in the first stage (from 0 to 120
d), the relative elasticity modulus slowly decreases, because
the sulfate corrosion is not serious at this stage, and salt
crystals are mostly formed on the surface of concrete. In
the second stage (from 120 to 150 d), the relative elasticity
modulus rapidly decreases. In this stage, the sulfate enters
into the interior of concrete through the cracks generated
by salt crystallization and reacts with hydration products.
Thus, more cracks occurred and the relative elasticity mod-
ulus reduced. Besides, it also shows that the concentration
of sodium sulfate solution has a significant influence on the
relative elasticity modulus of concrete, and the relative elas-
ticity modulus decreases with the concentrations of sodium
sulfate solution for the same sulfate erosion period (Fig. 10).

4.3 SEM Analysis

To further explore the erosion process of sodium sulfate
solution on FRC, the microstructure of OPC, SFRC (SF1),
PPRFC (PP4), and BFRC (BF2.0) exposed to different
concentrations of sodium sulfate solution was obtained.
Figure 12 is the SEM images of OPC exposed to differ-
ent concentrations of sodium sulfate solution after 150 days.
It can be seen that the OPC structure without sulfate ero-
sion is complete, the cement matrix is compact, and there

are only a few initial micro-cracks on the surface of struc-
ture (Fig. 12a). After 150 days of sulfate erosion in a 5%
sodium sulfate solution, some prismatic crystals (gypsum)
and needle-like crystals (ettringite) could be observed in
the OPC, which might lead to the crystallization pressure
on the pore structure (Fig. 12a). Further, for the concentra-
tion of sodium sulfate solution (10%), the number and shape
of ettringite has increased and accumulated to form clus-
ters, whereby more cracks are clearly observed in the OPC
(Fig. 12). These observations indicate that the sulfate ero-
sions have a significant influence on the structure of OPC.
Figures 13, 14 and 15 are the SEM images of SFRC with
SF content of 1.0%, PPFRC with PPF content of 4.0%o,
and BFRC with BF content of 2.0%¢ exposed to different
concentrations of sodium sulfate solution after 150 days,
respectively. The path of SF can be clearly observed, indi-
cating that the SF was pulled out in SFRC and the bond
between the SF and concrete matrix was weak (Fig. 13a).
However, the PPF and the hardened cement matrix were
tightly bonded though there are some micro-pores in PPFRC,
indicating that the PPF has good fiber-matrix binding quality
in PPFRC compared to the SF (Fig. 14a). Besides, some ini-
tial cracks in BFRC without sulfate erosion were observed,
which might be caused by the calcium silicate hydrate gel (C-
S—H) due to the hydration reaction (Fig. 15a). The expansion
products, mainly salt crystallization, gypsum and ettringite,
are formed in the concrete exposed to sulfate erosion, and
the number and shape also increased with the erosion age
and sulfate solution concentration, along with the depth and
width of cracks in concrete (Figs. 12, 13, 14 and 15). Gener-
ally, sulfate erosion on the concrete matrix is characterized by
the reaction of sulfate ions with cement hydration products,
which would lead to expansion, cracking and even spalling,
as well as strength loss and mass change [47]. The sulfate
erosion on concrete has a dual effect on the performance of
concrete. This because the gypsum and ettringite, which are
the two main products in sulfate erosion, have positive and
negative influence on concrete. Both chemical sulfate erosion
and physical sulfate erosion simultaneously occur. With the
sulfate erosion duration, some expansion products, e.g., salt
crystallization, gypsum and ettringite would form, leading
to expand solid volume and higher crystallization pressure.
Thus, the microstructures in concrete surface are growing. On
the other hand, the sulfate solution infiltrates into the pores
in structure and react with the hydration products, then form-
ing more expansion products accompanied with expansion.
When the expansion occurs, because of the small diameter of
fiber and short distance between fibers, especially for the PPF,
the path of crack tips would be limited due to the existence of
fibers. Thus, the cracks could only move by passing the fiber,
pulling out the fiber, or even breaking the fiber. The fiber frac-
ture and fiber pullout must consume massive external energy.
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Fig. 11 Three stages of PPFRC
exposed to sulfate erosion
concentration of 5%

Fig. 12 SEM images of OPC
exposed to different
concentrations of sodium sulfate
solution after 150 days

Thus, the compressive strengths of fiber-reinforced concrete,
especially for the PPFRC, would increase.

5 Conclusions

This study investigated the mechanical properties and
microstructure of SFRC, PPFRC and BFRC exposed to
sulfate erosion based on a series of experiments. Some con-
clusions are obtained as follows.

(1) The addition of PPF and SF could improve the com-
pressive strength of concrete without sulfate erosion,
while for the concrete added BF, the enhancement effect
of compressive strength was not obvious, which might
be due to the agglomeration phenomenon of BF in
concrete, resulting in growth of internal pores and the
reduction of compressive strength.

7
5 L

4 @ Springer

Micro cracks

2

3)

A )
Ettringite ¢

(C) 10% concentration

The concentration of sodium sulfate solution affected
the compressive strength and relative elasticity modu-
lus of concrete, the compressive strength and relative
elasticity modulus diminished as the erosion concen-
tration increased. For the FRC, there was an optimum
fiber content for the compressive strength of concrete
samples to resist sulfate erosion, and the optimum fiber
contents for the SFRC, PPFRC and BFRC were 3.0%,
1.0%cand 0.5%o, respectively.

The mass change rates for the PPFRC were lower than
those for the BFRC, while being higher than those for
the SFRC. For the PPFRC exposed to sulfate erosion
concentrations of 3%, 5% and 7%, the mass change
rate could be divided into three stages, i.e., declining
stage with the mass change rate below zero, increas-
ing stage with the pores of concretes filling by some
expansion products and diminishing stage with some
mortar peeling out. For the BFRC, the mass change rate
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Fig. 13 SEM images of SFRC
with SF content of 1.0% exposed
to different concentrations of
sodium sulfate solution after

150 days

(a) Without sulfate erosion (b) 5% concentration

Cracks

W
41.4 ym u

(¢) 10% concentration

Fig. 14 SEM images of PPFRC
with PPF content of 4.0%o
exposed to different
concentrations of sodium sulfate
solution after 150 days
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Fig.
with BF content of 2.0%o
exposed to different
concentrations of sodium sulfate
solution after 150 days

“

15 SEM images of BFRC

increases with the fiber contents increased, especially
for the BF2.0.

Compared to the SF and BF, the PPF had a good fiber-
matrix binding quality in PPFRC. The number and shape
of expansion products, e.g., salt crystallization, gypsum
and ettringite, increased with the erosion age and sul-
fate solution concentration increased, together with the
depth and width of cracks in concrete.
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