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ABSTRACT To study the damage evolution behavior of polypropylene fiber reinforced concrete (PFRC) subjected to
sulfate attack, a uniaxial compression test was carried out based on acoustic emission (AE). The effect of sulfate attack
relative to time and fiber hybridization were analyzed and the compression damage factor was calculated using a
mathematical model. The changes to AE ringing counts during the compression could be divided into compaction,
elastic, and AE signal hyperactivity stages. In the initial stage of sulfate attack, the concrete micropores and microcracks
were compacted gradually under external load and a corrosion products filling effect, and this corresponded with
detection of few AE signals and with concrete compression strength enhancement. With increasing sulfate attack time,
AE activity decreased. The cumulative AE ringing counts of PFRC at all corrosion ages were much higher than those for
plain concrete. PFRC could still produce AE signals after peak load due to drawing effect of polypropylene fiber. After
150 d of sulfate attack, the cumulative AE ringing counts of plain concrete went down by about an order of magnitude,
while that for PFRC remained at a high level. The initial damage factor of hybrid PFRC was —0.042 and —0.056
respectively after 150 d of corrosion, indicating that the advantage of hybrid polypropylene fiber was more obvious than
plain concrete and single-doped PFRC. Based on a deterioration equation, the corrosion resistance coefficient of hybrid
PFRC would be less than 0.75 after 42 drying—wetting sulfate attack cycles, which was 40% longer than that of plain
concrete.

KEYWORDS polypropylene fiber reinforced concrete, sulfate attack, damage evolution behavior, acoustic emission,
damage factor

1 Introduction incorporation of fibers can enhance the concrete strength

[5-8] and durability [9,10]. In recent years, polypropy-

Many concrete structures fail to reach their predetermined
service life due to various non-mechanical failures [1,2],
among which sulfate attack is one of the main ones.
Expansion stress caused by chemical action and crystal-
lization pressure caused by physical action are the main
reasons for concrete cracking and destruction. The
occurrence of microcracks also accelerates the deteriora-
tion of concrete structure performance [3,4]. The
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lene fiber (PF) has been widely used due to its advantages
of light weight, low cost, good corrosion resistance and
compatibility with concrete. Many scholars have studied
the characteristics of polypropylene fiber reinforced
concrete (PFRC), with fruitful results. The mixing of PF
can significantly improve the tensile strength [11], impact
resistance [12], crack resistance [13], fracture toughness
[14], impermeability [15], and other properties of
concrete.

Understanding concrete properties under load is
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essential for assessing the stability and serviceability of
buildings [16]. Determining the occurrence and develop-
ment behavior of cracks is a primary task. Rabczuk and
Belytschko [17,18] described a new approach for
modelling discrete cracks using meshfree methods, which
could be applied to 2D and the optimized model could be
applied to 3D problems. The corresponding 2D and 3D
computation agrees very well with the experimental data.
Moreover, Rabczuk et al. [19] modeled the crack by
separating particles located on opposite sides of the
associated crack segments, thus developing a model that
could be used in two- and three-dimensional problems in
applied mathematics. Ren et al. [20] proposed an explicit
phase field model for dynamic brittle fracture, which
avoided the numerical difficulty in convergence and the
calculation of anisotropic stiffness tensor in the implicit
phase field model. Ren et al. [21] also proposed a higher
order nonlocal operator method for the solution of
boundary value problems, the method was used in the
solution of phase field modeling of fracture. It can be
seen that the research on computational studies capable of
explaining the underlying physics has achieved fruitful
results.

Acoustic emission is the technique capable of detecting,
classifying, and locating damage in concrete by capturing
and analyzing acoustic emission (AE) signals generated
during the compression, splitting or other mechanical
process [22]. This AE technique has been applied to study
the damage of engineering materials [23]. Tetsuya et al.
[24] found the relation between AE energy rate and
physical properties and was correlated, thus the damage
of concrete was qualitatively estimated in terms of AE
parameters. Tetsuya et al. [25] also applied AE technique
and damage mechanisms to quantitatively assess the
damage to concrete structures. Wang et al. [26] studied
the acoustic emission characteristics and damage process
of polypropylene reinforced fiber mortars and steel fiber
reinforced concrete at different strain rates. Their study
has important value for the understanding of the
characteristics of the damage evolution behavior of fiber
reinforced concrete. Through comparing AE parameter
characteristics of cementitious materials under bending
and shear load, Alireza et al. [27] realized the fracture
mode identification of tensile and shear cracking. Yuma
et al. [28] applied continuous acoustic emission moni-
toring to the study of corrosion defects of reinforced
concrete beams with wet—dry cycles, and determined the
occurrence of corrosion and the nucleation of cracks
caused by corrosion. The results show that AE technique
has great prospects for quantitative evaluation of concrete
corrosion caused by early corrosion expansion. It can be
concluded that the AE signal is sensitive to the subtle
damage inside materials and is suitable for composite
materials damage analysis.

Regarding the damage evolution of PFRC, Qi et al. [29]
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derived a preliminary damage evolution equation based
on the Moelands—Reinhardt single parameter power
exponent constitutive equation and equivalent strain
hypothesis. Xu et al. [30] identified the damage evolution
behavior of HFRC using uniaxial cyclic compression and
tension tests. Yang et al. [31] investigated the effects of
mixing PF of different lengths or diameters and the effect
of fiber size on the impact characteristics of concrete. The
statistical damage model was used to obtain the damage
degree D by fitting and analyzing their variation rules
based on the statistical damage constitutive model and the
particle swarm optimization algorithm. It can be seen that
the research on damage evolution of PFRC has achieved
fruitful results, but there are few reports on the damage
evolution behavior of PFRC subjected to sulfate attack.

In this paper, the uniaxial compression test of PFRC
subjected to sulfate attack was carried out based on AE
technique, to study the damage evolution behavior inside
concrete and reveal the effect of sulfate attack time and
the effect of fiber hybridization. The damage factor
evolution curve of PFRC subjected to sulfate attack was
obtained using a mathematical model. The strength
prediction model of PFRC subjected to sulfate attack was
investigated by curve fitting based on compressive
strength test results. It serves as an important guidance for
the application of PFRC in sulfate attack environment.

2 Experiment

2.1 Materials and mixture design

The produced concrete was of strength grade C30. The
structures of standard composite concrete and its control
group consisted of the following materials: ordinary
Portland cement as a binder; natural river sand as the fine
aggregate (mud content is less than 2.1%, fineness
modulus is 2.89); artificial gravel with two kinds of
particle size (5—10 mm and 10—20 mm) as the main
aggregate; polycarboxylate superplasticizer as water
reducing agent; water for the mixing and curing of
concrete; other additives including three different scales
of PFs, two kinds of fine PFs (FPF1 and FPF2) and one
kind of coarse polypropylene fiber (CPF). The physical
and mechanical properties of FPF1, FPF2 and CPF are
shown in Table 1, and Fig. 1 shows their appearance.

The preliminary experimental data [11-13,15] showed
that the optimum single amount of FPF was 0.9 kg'm >,
and that of CPF was 6 kg'm>. There are many factors
affecting the performance of concrete and high variation
in concrete compressive properties can be expected due to
small changes in these parameters [32]. In order to reflect
the function of fiber, the proportion of concrete mix was
fixed, and only the content or mixing combination of PF
was changed. 3 specimens were prepared for each sulfate
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attack ages and a total of 162 cubic specimens were cast.
The mix proportion of C30 PFRC is shown in Table 2.

The size of each concrete specimen was 100 mm X
100 mm x 100 mm. Figure 2 shows the fabrication and
sulfate attack process of concrete specimens. Specimens
were left in molds for 24 h, and finally cured in the curing
room at (20 + 2) °C and > 95% relative humidity for 28 d
until tested. The dry—wet cycle was set as 7 d with a dry—
wet ratio of 4:3. In wet cycle, concrete specimens were
soaked in sodium sulfate solution with 10% mass fraction
for 3 d continuously, and in dry cycle, all specimens were
naturally dried for 4 d.

2.2 Acoustic emission method

2.2.1 Working principle of acoustic emission

In general, AE signals are stress waves caused by sudden
strain releases due to internal fracture such as concrete
cracking. When a material is overstressed, bursts of
energy are released in the form of high-frequency sound

(b)
Fig.1 Appearance of PF. (a) FPF1; (b) FPF2; (c) CPF.
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waves originating in cracks or from plastic deformation
[33]; strain energy is released and spread through the
material in the form of elastic waves, which causes
vibration on the monitored specimen surface. This kind of
vibration on a concrete surface can be converted into
voltage signals [16]. The signals are amplified and
processed with equipment and displayed in the form of
waveforms or AE ringing counts and other parameters, so
that the characterization parameter information of the AE
signal can be obtained. In this way, information about
internal structure change of concrete can be obtained and
the damage mechanism of material can be obtained by
inversion method. Its working principle is shown in
Fig. 3.

2.2.2 AE tests

The loading mode of the compressive test was by stress
control first and then by displacement control. Initially,
the loading rate was 0.3 MPa-s . When the uniaxial load

Table 1 Physical and mechanical properties of PF

fiber diameter length tensile strength elastic modulus breaking density recommended
(um) (mm) (MPa) (GPa) elongation (grem®) admixture (kg'm )

FPF1 26.1 19 641 10.6 26.0% 0.91 0.9

FPF2 100 19 472 5.8 19.9% 0.91 0.9

CPF 800 50 706 7.4 10.0% 0.95 6.0

Table 2 The mix proportion of C30 PFRC (kg'm )

group No. PF content cement sand coarse aggregate water fiber content water-reducer

A0 - 380 701 1144 175 0 1%

Al FPF1 380 701 1144 175 0.9 1%

A2 FPF2 380 701 1144 175 0.9 1%

A3 CPF 380 701 1144 175 6.0 1%

A4 FPF1 + CPF 380 701 1144 175 0.6+54 1%

AS FPF1 + CPF 380 701 1144 175 09+5.1 1%

A6 FPF1 + CPF 380 701 1144 175 1.2+4.8 1%

A7 FPF1 + FPF2 + CPF 380 701 1144 175 0.45+0.45+5.1 1%

A8 FPF1 + FPF2 + CPF 380 701 1144 175 0.6 +0.6 +4.8 1%
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Fig. 2 The fabrication and sulfate attack process of concrete specimens: (a) fabrication of specimen; (b) dry—wet cycle (4:3).
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Fig. 3 Working principle of acoustic emission.

exceeded 40% of the estimated concrete compressive
strength, the loading mode was changed to displacement
control, and the loading rate was 0.5 mm-min ' until the
specimen failed. The DS2-8B AE testing system (Beijing
Soft-land Times Scientific and Technology Co., Ltd) was
adopted. The frequency range was set from 50 to 400 kHz.
AE ringing counts were detected and recorded at the
threshold level of 45 dB with a 40 dB gain in a pre-
amplifier, and the sampling rate was 3 MHz. The system
default settings were kept the same for other parameters.
The AE signal acquisition process is shown in Fig. 4.

In order to avoid external interference and improve the
quality of the AE signal, the contact surface between
concrete specimens and AE sensors was polished and the
center was cleaned with anhydrous ethanol. Petroleum
jelly was applied as a coupling agent for the installation
of sensors. Four AE sensors were attached on the four
sides of each specimen, as shown in Fig. 5(a). In the
initial stage of loading, no obvious cracks were found on
the concrete surface, but after that, fine cracks paralleled
to the load direction appeared. With increasing uniaxial
load, the crack width increased and finally propagated
throughout the specimen. When the uniaxial load reached

the peak value, parts of the aggregates and mortar fell off,
the bearing capacity decreased rapidly and the concrete
failed completely, as shown in Fig. 5(b).

3 Result and discussion
3.1 Compressive strength

The relationship between compressive strength and
sulfate attack ages is shown in Fig. 6, which shows that
the compressive strength of plain concrete and PFRC can
be divided into rising stage and falling stage during the
corrosion time. The strength of plain concrete (AO)
specimens increased within 0—60 d, while the increase in
strength of PFRC continued for about 90 d. Then, the
compressive strength of all specimens began to decrease.

Without sulfate attack, the compressive strength of
group A0 was 32.49 MPa and the compressive strength of
PFRC in each group was higher than that. The order was:
hybrid PFRC > single doped PFRC > plain concrete. The
strength of group A7 was the highest, which was 37.41
MPa. Compared with the compressive strength of A0, A7
increased by 15.1% and A8 increased by 13.5%. After 20
dry—wet cycle sulfate attack, the compressive strength of
all PFRC specimens was higher than that of plain
concrete, and the compressive strength of A8 was 40.21
MPa, which was the highest.

3.2 Variations of AE parameters

The acoustic emission characteristics of plain concrete
(group A0) and PFRC (group Al, A2, A3, A6, and AR)
subjected to sulfate attack for 0 and 150 d were
investigated. The cumulative AE ringing count—time—load
relationship is shown in Fig. 7. The load—time curve can
reflect the change of the concrete bearing capacity in the
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Fig. 5 Acoustic emission test. (a) Arrangement of AE sensors;
(b) end of AE test.
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Fig. 6 Compressive strength of concrete at different corrosion
ages.

compression test, and the AE ringing counts can reflect
the change of AE activity during the process.

From above figures, the change of AE ringing counts
could be divided into three stages in the loading process
of plain concrete and PFRC.

In the initial stage of uniaxial compression test, all
specimens showed similar behaviors. The load was
initially low, approximately at a stress increment of
0%—15% f, (here f,, denotes the compressive strength of
the specimen), corresponding to low rate of detection of
AE signals. This is because concrete inevitably contains a
large number of micropores and micro-cracks. On one
hand, the cement hydration reaction and bleeding of
freshly mixed concrete may cause the bonding surface

failure [34,35], then forming a large number of randomly
distributed micro-cracks. On the other hand, concrete
forms a large number of pore structures in the process of
concrete hardening. Neither the presence of free water in
the concrete matrix nor the air have been excluded
completely as the main reasons for pore formation [36].
In this initial period, the original micropores and
microcracks inside concrete were compacted gradually
under uniaxial load, which changed the internal
microstructure. The generated AE ringing counts were
caused by the closure of original micro-cracks or
micropores.

As uniaxial load increased, the concrete showed elastic
behavior. The randomly distributed micro-cracks in the
concrete matrix developed gradually with increasing
stress. The cement particles inside concrete became
dislocated, and new micro-cracks were generated. In this
stage, AE activity was weak and the cumulative AE
ringing counts increased slowly, which indicated that the
micro-cracks were in a relatively stable stage. Because
the strength of hardened cement is far less than that of
aggregate, so that the propagation of cracks developed
along the interfacial transition zone (ITZ) without large
energy release. The micro-cracks propagation among
cement and aggregate interface and the interconnectivity
of large pores inside concrete were the main sources of
AE signals.

The third stage was AE signal hyperactivity stage. The
elastic behavior of the concrete changed to plastic
behavior. At the beginning of the stage, AE activity and
AE ringing counts increased suddenly. As the ultimate
load approached, plenty of new cracks generated and the
concrete deformation became increasingly larger,
corresponded to the significant increase of AE signals and
AE ringing counts, all of which were warning of the
impending concrete failure. The residual strength enabled
the specimen to continue loading. The macro cracks and
deformation on the concrete surface were becoming
increasingly larger. When the uniaxial load reduced to a
certain level, AE activity decreased obviously. In this
stage, AE signals were mainly derived from the formation
and development of a large number of cracks.
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3.3 Effect of sulfate attack time

When specimens were subjected to sulfate attack for 30
and 60 d, the cumulative AE ringing counts fluctuated,
but the change range was small. During the whole loading
process, the cumulative value of AE ringing counts was
maintained about 10000 times, and the overall change
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trend was similar to that without sulfate attack. In the
early stage of sulfate attack, the generation and propaga-
tion rate of cracks inside concrete decreased, correspon-
ding to decrease in AE activity during the compaction
stage. After 150 d sulfate attack, the cumulative AE
ringing counts decreased significantly, especially for
plain concrete, which decreased to about 1400 times or
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Fig. 7 AE ringing counts during uniaxial compression test at different sulfate attack ages. (a) corroded for 0 and 150 d of AO; (b) corroded
for 0 and 150 d of Al; (c) corroded for 0 and 150 d of A2; (d) corroded for 0 and 150 d of A3; (e) corroded for 0 and 150 d of A6; (f)

corroded for 0 and 150 d of AS.

about one order of magnitude. Additionally, the sharp
increase point of cumulative AE ringing counts was also
advanced. When compression load reached about 65%
Jew AE activity increased sharply, corresponding to the
appearance of macro cracks on concrete surface.

Under dry—wet cycles, sulfate ions diffuse into the
concrete matrix through water pressure and capillary
adsorption force [37]. Some of the sulfate ions react with
dissolved calcium hydroxide (CH) in concrete to produce
secondary gypsum (CSH,), as shown in chemical reac-
tion equation (1). And the secondary gypsum, reacts with
some calcium aluminate phases, such as tetracalcium
aluminate (C,AH,;), monosulfate (C,ASH,,) and
tricalcium aluminate (C;A), to form ettringite (C4AS;Hy,),
as revealed in chemical reaction equation (2) [38].

CH(Ca*" +20H")+S0; — CSH, +20H" (1)
C,AH,; + 3CSH, + 14H — C4AS;H;, + CH
C,ASH,, + 2CSH, + 16H — C4AS;H;, ()

C;A + 3CSH, + 26H — C4AS;H;,

Corrosion products and sulfate crystallization filled
pores inside concrete, so that concrete compacted gradua-
lly and the porosity decreased. Therefore, AE activity in
the compaction stage was weak and the concrete com-
pressive strength improved. With sulfate attack time
increasing, the micro-cracks developed when the

expansion stress of corrosion products or sulfate crystal-
lization stress was greater than the concrete tensile
strength. In addition, the hardened cement paste was
consumed and the bonding between cement and
aggregate reduced so that the number of internal cracks
increased, resulting in the decline of concrete strength.
Therefore, the longer the sulfate attack time became, the
faster the generation and expansion of internal cracks
was. Eventually, interconnected macro cracks formed and
the concrete matrix loosened, corresponding that the
longer sulfate attack the concrete suffered, the lower AE
activity would be obtained in the whole loading process.

3.4 Effect of fiber hybridization

Figure 7 suggests that the cumulative AE ringing counts
of PFRC also showed an attenuation tendency with
increase in the sulfate attack time. But compared with
plain concrete, the attenuation of PFRC cumulative AE
ringing counts was delayed. AE activity of PFRC was
higher than that of plain concrete at all sulfate attack
ages. After 150 d sulfate attack, the cumulative AE
ringing counts of PFRC remained at a high level.
Comparing the cumulative AE ringing count-time
relationship curves of specimens without sulfate attack,
one can see that AE activity of PFRC was lower in the
early stage of the compressive test. This was due to the
crack resistance of PF, which made the formation and
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expansion of micro-cracks inside concrete slower [13].
The incorporation of PF delayed the growth mutation
point of PFRC cumulative AE ringing counts and the
point occurred at about 75%f_,, meaning that PFRC could
carry more load before it entered the plastic stage. The
porosity of PFRC was slightly higher than that of plain
concrete due to the addition of PF [15]. However, the
incorporation of PF optimized the concrete pore structure,
reducing the connectivity of the concrete internal pores
and increasing the tortuosity of permeability path. This
reduced the rate of SO; invasion into concrete. PFRC
retained better mechanical properties than plain concrete
under the action of sulfate attack. Additionally, PF was
dispersed evenly inside concrete [12], which greatly
improved the concrete integrity. The interfacial bond
strength between fiber and concrete was significantly
affected by the embedded lengths and angles from a
concrete matrix [39]. In the loading process, FPF
alleviated the effects of grown-in microcracks to a certain
extent, while CPF was more effective in inhibiting the
development of macro cracks [14] indicating that the
hybridization of different scales of PF optimized concrete
properties during the entire crack propagation process.
After the concrete specimen was destroyed, multiple
fibers between cracks could be seen, the fibers pulled
together the concrete matrix, as shown in Fig. 8(a).
Usually, the FPF was broken due to its lower bearing
capacity, while one end of the CPF was pulled out and the
other end was firmly embedded in the concrete matrix
indicating that the adhesive capacity between PF and
concrete matrix was good. The bridging effect of PF
optimized the brittleness and improved the toughness of
concrete specimens. AE sensors received the signals of
PF being stretched and pulled out in the compression
process, as shown in Fig. 8(b). Therefore, the AE signals
from PFRC were dense and abundant, which was one of
the main reasons why the cumulative AE ringing counts
of PFRC was much higher than that of plain concrete.

4 Damage factor

Taking cumulative AE ringing counts as the variable
indicating extent of damage, and combining corrosion

P L)
| coarse PF

: ..(a) R o

Fig. 8 Function of PF. (a) Pulling effect of PF; (b) fibers
pulled out.
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damage and load damage with the mathematical model it
was possible to study the damage evoluation behavior of
PFRC subjected to sulfate attack. In the loading process,
the internal flaws of the material generated and
developed. Kachanov defined the damage variable as
follows [40]:

p="-¢ (1)

where A is the total area of damage zone and A4 is the
cross-sectional area of concrete in the undamaged state.

When concrete is undamaged, D = 0. When concrete
loses its bearing capacity completely, D = 1. It is assumed
that the cumulative AE ringing counts is N, when the
whole section 4 is destroyed completely under undama-
ged condition. The cumulative AE ringing counts of per
unit area is N,

N,= -2, @)

When the damage area takes an area of A, the
cumulative AE ringing counts N, is given by:
N,

Nd = NcAd = ImAd (3)

According to Egs. (2) and (3), it can be found that:

D H
Nin

4
when the loading of the specimen stops, the cumulative
AE ringing counts is recorded as N,,,.

The state after sulfate attack is taken as the first damage
state and the second damage state is caused by loading
after corrosion. According to the extended Lemaitre strain
equivalence principle [41], the damage -constitutive
relation under load of PFRC subjected to sulfate attack
can be shown by Eq. (5):

o =E(1-D)e, )

where D is damage factor and £, is the elastic modulus of
PFRC after sulfate attack. Taking the total damage
variable as Dy, the stress-strain relationship of PFRC
under corrosion and loading is shown by Egs. (6) and (7):

o = Ey(1 =Dy, (6)

Dy =D+D-DD, @)

where D, is concrete damage caused by sulfate attack, D
is concrete damage caused by load, DD is concrete
damage caused by corrosion-load coupling.

From the compressive test results, we could see that the
cubic compressive strength of PFRC specimens decreased
with corrosion time increasing. In order to reflect the
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deterioration degree of concrete better, the elastic

modulus of each group of specimens was selected as

damage variable. Therefore, the concrete damage caused

by sulfate attack was:
E,

D=1-—. 8

=l ®)

According to Egs. (4), (7), and (8), the damage

evolution equation of PFRC subjected to sulfate attack
can be shown by Eq. (9):

)

When only corrosion damage is considered, the
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Fig. 9 Damage evolution curves of concrete under sulfate attack and uniaxial loading. (a) AO; (b) Al; (c) A2; (d) A3; (e) A6; (f) AS.
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cumulative AE ringing counts N; = 0 and D = D;; When
only load damage is considered, £, = E, and D, = D.
Figure 9 shows the damage evolution curve of plain
concrete and PFRC under different corrosion ages (0, 90,
120, and 150 d), which can be calculated by Eq. (9).
Figure 9 suggests that concrete is damaged due to
sulfate attack. At the initial stage of corrosion, the
compressive strength of concrete specimens improves to
a certain extent (the damage factor in Fig. 9 is negative),
which is consistent with the compressive testing results.
The concrete initial damage develops with sulfate attack
time increasing. The initial damage factor of plain
concrete (A0) was 0.025 at 120 d sulfate attack, and
increased to 0.107 with corrosion at 150 d. Obviously, the
initial damage of PFRC occurred later than that of plain
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concrete. For the single doped PFRC, Al, A2, and A3,
the damage factors were greater than 0 when at about
150 d of sulfur attack, at 0.017, 0.067, and 0.008,
respectively. While hybrid PFRC (A6 and AS8) was still
less than 0 after 150 d sulfate attack, the initial damage
factor was —0.042 and —0.056, respectively, which was
much lower than plain concrete and single-doped PFRC.
It was observed that the incorporation of PF delayed the
concrete damage rate caused by sulfate attack effectively
and the advantage of hybrid PF was more obvious than
single-doped PF, which was consistent with the AE
testing results. This indicated that this mathematical
model can reflect the damage evolution behavior of plain
concrete and PFRC subjected to sulfate attack well.

5 The deterioration equation of PFRC
compressive strength

Based on the results of the compressive strength test, the
strength prediction model of PFRC subjected to sulfate
attack was investigated by curve fitting. It is assumed that
S, is the compressive strength of concrete subjected to
standard curing for 28 d without sulfate attack, S, is the
compressive strength of concrete compressive strength
after n cycles (30 d is considered as 4 cycles) of drying
and wetting, and A, is the deterioration constant. The
deterioration equation of PFRC compressive strength can
be shown by Eq. (10) [42]:

ds,
o =SS0 (10)
According to Eq. (10), it can be found that:
S,
—=e¢ " +C. 11
= (an

When n = 0, §,/S, = 1, corresponding to C = 0. The
final solution of the deterioration equation can be
obtained as:

(12)

where K is the corrosion resistance coefficient of com-
pressive strength.

The compressive strength of plain concrete and PFRC
can be divided into rising stage and falling stage with
corrosion time increasing. Assuming that A(n) = A1, A(n)
varies with sulfate attack time. Any function can be
expressed by a polynomial, so it can be assumed that:

An)=A+Bn+Cn*+Dn’ +---. (13)

where B, C, D,..., are undetermined coefficient. Equation
(13) should satisfy the following boundary conditions:
1) whenn=0,K=1, and K — 0 when n — oo;
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2) in the interval [0,n], K = 0;

3) there is only one point where the first derivative of
the deterioration equation is equal to 0;

4) in the interval [0,n], the second derivative of the
deterioration equation is less than 0.

According to the above boundary conditions, the
fundamental form of the deterioration equation is shown
as Eq. (14):

K= eBn+Cn3‘ (14)

Equation (14) is used to fit the compressive strength
test result of PFRC subjected to drying—wetting cycle
sulfate attack. The test data and deterioration fitting curve
were shown in Fig. 10.

The fitting results show that the correlation coefficient
R? is always greater than 0.9 except for A2, indicating
that the deterioration equation can fit the compressive
strength of PFRC subjected to sulfate attack well, which
could be used to predict the strength of PFRC after sulfate
attack. The concrete durability specification [43] rules the
concrete has suffered severe sulfate attack when the
concrete corrosion resistance coefficient is lower than
0.75. According to the deterioration equation, the corro-
sion resistance coefficient of A0 would be less than 0.75
after 30 drying—wetting cycles. That period of PFRC is
longer than that of A0, especially hybrid PFRC A6 and
A8, the corrosion resistance coefficient of A6 and A8
would be less than 0.75 after 42 drying—wetting cycles. In
terms of corrosion resistance coefficient, it could be seen
that the addition of PF makes the service life of PFRC
about 40% longer than that of plain concrete under sulfate
attack conditions.

6 Conclusions

This paper studied the AE activity characteristics during
the uniaxial compression of PFRC subjected to sulfate
attack and analyzed the effect of sulfate attack time and
fiber hybridization. The concrete damage factor evolution
curve was obtained with a mathematical model and the
deterioration equation of PFRC subjected to sulfate attack
was investigated by a fitting curve. The main conclusions
were as follows.

1) The observed AE ringing counts could be divided
into three stages. The first stage was compaction stage,
during which there were few AE signals, with a stress
level of 0%—15%f,,. The second stage was an elastic
stage, during which micro-cracks in concrete matrix
generated and developed gradually. The third stage was
AE signal hyperactivity stage, during which cracks inside
concrete developed rapidly and intensively when the
stress reached about 75%f,.

2) In the early stage of sulfate attack, micropores inside
concrete were filled by corrosion products and sulfate
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Fig. 10 The compressive strength deterioration fitting curve of PFRC subjected to sulfate attack. (a) A0; (b) Al; (c) A2; (d) A3; (e) A6; (f)

A8.

crystallization, and the concrete compressive strength
improved. With sulfate attack time increasing, the cohe-
siveness between cement and aggregate decreased, the
matrix structure became loose and concrete strength
decreased, corresponded the lower AE activity in the
whole loading process.

3) The incorporation of PF could improve the
toughness of concrete and AE activity of PFRC at all
sulfate attack ages was much higher than that of plain
concrete. Compared with plain concrete, the attenuation
of PFRC cumulative AE ringing counts was delayed.
Before peak loading, the anti-cracking mechanism of
fibers made the formation and expansion of micro-cracks
slower. Due to the drawing effect of PF, PFRC still had a

long period of AE activity after peak loading.

4) The initial damage factor D; was negative in all
groups at 90 d sulfate attack. A0 increased to 0.025 after
120 d corrosion. After 150 d sulfate attack, the initial
damage factor of Al, A2, and A3 was greater than O,
while A6 and A8 was still less than 0. This showed that
the incorporation of PF, especially hybrid PF could
improve the sulfate resistance of concrete. The deteriora-
tion equation can fit the compressive strength of PFRC
subjected to sulfate attack. According to the equation, the
addition of PF makes the service life of PFRC about 40%
longer than that of AO under sulfate attack conditions.

Future research should focus on the two- [17] and
three-dimensional [18,19] stress states of specimens,
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which is more consistent with common stress states of
concrete structures.
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