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Abstract: In this paper, an experimental study on the sulphate attack resistance of high-performance concrete (HPC) with two
different water-to-binder ratios (w/b) under compressive loading is presented. The sulphate concentration, compressive strength,
and the mass change in the HPC specimens were determined for immersion in a Na,SO, solution over different durations under
external compressive loading by self-regulating loading equipment. The effects of the compressive stress, the w/b ratio, and the
Na,SO, solution concentration on the HPC sulphate attack resistance under compressive loading were analysed. The results
showed that the HPC sulphate attack resistance under compressive loading was closely related to the stress level, the w/b ratio, and
the Na,SO, solution concentration. Applying a 0.3 stress ratio for the compressive loading or reducing the w/b ratio clearly im-
proved the HPC sulphate attack resistance, whereas applying a 0.6 stress ratio for the compressive loading or exposing the HPC to

a more concentrated Na,SO, solution accelerated the sulphate attack and HPC deterioration.
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1 Introduction

Concrete structures in an underground environ-
ment are usually exposed to various chemical sub-
stances, including sulphate and chloride, which are
ubiquitous in soil, groundwater and seawater and are
damaging (Leemann and Loser, 2011). It has long been
recognised that sulphate attack usually results in the
formation of expansive products, such as ettringite,
gypsum and thaumasite, which are produced by sul-
phate ions reacting with hydration products in cement,
resulting in expansion, cracking, spalling, and concrete
strength loss (Gonzéles and Irassar, 1997; Tian and
Cohen, 2000; Baghabra Al-Amoudi, 2002; Collepardi,
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2003; Neville, 2004; Idiart et al., 2011). To improve
concrete resistance to sulphate attack, many research-
ers have been developing high-performance concrete
(HPC), which contains materials such as fly ash, silica
fume, volcanic ash, natural pozzolan, fibers, and other
materials, either separately or in various combinations
(Park et al., 1999; Mbessa and Péra, 2001; Shannag
and Shaia, 2003; Dawood and Ramli, 2012). The use
of fly ash or silica fume has been reported as a highly
effective treatment for reducing sulphate-induced
damage or enhancing the sulphate resistance of ce-
ments (Torii et al., 1995; Lee et al., 2005; Sezer et al.,
2008; Bonakdar and Mobasher, 2010). Reducing the
concrete w/b ratio or adopting a suitable type of cement
can also improve concrete resistance to sulphate attack
(Monteiro and Kurtis, 2003; Kockal and Turker, 2007;
Chen and Jiang, 2009).

Concrete structures in underground environments
not only suffer from attack by chemical substances but
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also from high stresses induced by underground water
in the overlaying soil and surrounding rock that can
lead to structural damage (Ahmad and Azhar, 2004;
Yao et al.,, 2007). This stress-induced damage can
accelerate sulphate diffusion in concrete leading to
concrete damage. Thus, the deterioration of concrete
components from sulphate attack and external loads
significantly affects the durability of underground
concrete structures. Jin et al. (2008), Chen and Jiang
(2009), and Gao et al. (2013) studied sulphate attack
coupled to flexural loading and showed that the flex-
ural load accelerated concrete deterioration; however,
using a low water-to-binder (w/b) ratio or mixing
approximately 20% fly ash into the concrete increased
the concrete resistance. Bassuoni and Nehdi (2009)
found that under the combined action of sulphate at-
tack, cyclic environments and flexural stress, a high
stress level of 50% caused the concrete to fail sud-
denly. Yang and Luo (2012) conducted an experi-
mental study on the interaction between sulphate and
chloride attack and mechanical loading on HPC using
an ultrasonic technic: the flexural loading accelerated
the HPC damage, whereas sulphate attack damage was
mitigated in the presence of chlorides. However, few
studies to date have considered the process of concrete
damage from sulphate attack under compressive
loading, which simulates the effects of the overlaying
soil and surrounding rock on the underground con-
crete structure.

Therefore, this study probes the effect of cou-
pling between sulphate and compressive loading on
HPC sulphate attack resistance. To achieve this ob-
jective, 185 cubic HPC specimens with w/b ratios of
0.30 and 0.35 were cast and exposed to a sulphate
solution; the specimens were also subjected to dif-
ferent external compressive loadings applied by
self-regulating loading equipment. The sulphate ion
concentrations in the specimens were measured using
the chemical method of barium chloride titration. The
HPC resistance to sulphate attack under compressive
loading was determined in this study.
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2 Experimental
2.1 Materials

A Chinese standard 52.5 R (II) Portland cement,
which was supplied by the Xuzhou Cement Co.,
China, and was similar to the ASTM type I ordinary
Portland cement, was used in this study. The Class F
and Grade II fly ash used in this research was pro-
vided by the Tongshan Electricity Plant; the fly ash
was in compliance with ASTM C618. The silica fume
was manufactured by Shandong Minglan Ganister
Sand Material Co., Ltd., China. River sand with a
fineness modulus of 2.7 and limestone with a maxi-
mum size of 10 mm were used as aggregates. A
polycarboxylic-acid-type superplasticiser was dosed
to maintain the fresh concrete slump in the 150 to
200 mm range. The performance index of the cement
and the chemical composition of the fly ash are shown
in Tables 1 and 2, respectively.

2.2 Specimens

Five groups consisting of 37 concrete specimens
each were produced. Of the five groups of concrete
specimens, a relatively high w/b of 0.35 was used in
four groups, and w/b=0.30 was used for the speci-
mens in the fifth group. The proportions of the con-
crete mix are given in Table 3. All of the HPC
specimens were cast as cubes with dimensions of
100 mmx100 mmx100 mm; the specimens were
demoulded after 24 h and cured in a laboratory with a
relative humidity of 95% and a temperature of
(2043) °C for 28 d. Each specimen was then sealed on
five sides, leaving one side open for diffusion.

The 37 specimens in group 1 were immersed in a
0.1 g/ml sodium sulphate (Na,SO4) solution with no
external applied load. All of the specimens in groups
2 and 5 were immersed in a 0.1 g/ml Na,SO, solution,
under compressive loading at a stress ratio of 0.3
applied on the surface (i.e., the 28-d compressive
strength ratio for the applied load). The 37 specimens

Table 1 Cement performance

Specific surface Setting time (h)

Compressive strength (MPa) Flexural strength (MPa)

Sound
Oundness - area (m¥kg)  Imitial | Final setting time 3d 28d 3d 28d
Criteria >300 >0.75 <6.5 >27.0 >56.0 >5.5 >8.0
Table 2 Chemical composition of fly ash
Chemical composition . .
L ASTM classificat
SiO, AlLO; Fe,0; CaO MgO S0, 0S8 classification
37% 23% 14% 23% 1.2% 0.07% 29% Class F, Grade II
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Table 3 Proportions of concrete mixture prepared

wib  Water Binder Fine aggre}- Coarse aggr}e- Superplast}icizer Cubic compressive
Cement Fly ash Silicon powder gate (kg/m”)  gate (kg/m”) (kg/m’) strength (MPa)

0.35 187 383 115 35 8.0 45 1057 45

0.30 172 412 124 37 8.6 62 1021 62

in group 3 were immersed in a 0.1 g/ml Na,SO4 so-
lution, under compressive loading at a stress ratio of
0.6 applied on the surface. The 37 specimens in
group 4 were immersed in a 5% (0.05 g/ml) Na,SO4
solution, under compressive loading at a stress ratio
of 0.3 applied on the surface. Table 4 details the test
conditions for the individual cases and the notations
used to describe the tests. All of the tests were carried
out at a room temperature of (20+3) °C. To ensure
that the pH and the Na,SO, solution concentration
remained constant during the diffusion process, the
solution in the tank was tested and adjusted once
every month.

Table 4 Specific combinations and groups

Group w/b Na,SO, (g/ml) Stress ratio
1 0.35 0.1 0.0
2 0.35 0.1 0.3
3 0.35 0.1 0.6
4 0.35 0.05 0.3
5 0.30 0.1 0.3

Compressive loading was applied on the cubic
specimens using self-regulating loading equipment to
ensure that the sulphate attack was simultaneous with
the mechanical loading on the specimen. The loading
equipment primarily consisted of a 50-t screw jack, a
counterforce frame, and a stress sensor. To ensure that
the concrete specimen stress was uniform, two stiff-
ness bearers were placed on the two surfaces in con-
tact with the counterforce frame and pressure sensor

(Fig. 1).
2.3 Testing method

Three parameters were investigated in this study:
the sulphate concentration, the compressive strength,
and the mass. Of the 37 specimens in each group, the
sulphate concentrations were measured in 10 speci-
mens for immersion times of 30 d, 90 d, 150d, 210d,
and 270 d; the compressive strengths and masses were

Stiffness bearer

Sodium sulphate solution

HPC specimen
Stiffness bearer

Pressure sensor

Screw jack

— Counterforce frame

Fig. 1 Loading device

determined for the remaining 27 specimens for im-
mersion times of 30d, 60d,90d, 120d, 150d, 180 d,
210 d, 240 d, and 270 d. All of the specimens in each
group were air-dried for 30 min after immersion was
completed, and the exposed surface of the dried
specimens was cleaned with a steel wire brusher to
completely remove salt crystals from the immersion
test.

Concrete powder was collected from ten speci-
mens in each group by drilling a 4-mm thick superfi-
cial zone. The powder from the concrete specimens
was dried in an oven at 120 °C for 1 h and passed
through a 0.63-mm sieve: the resulting powder sam-
ples were stored in airtight plastic bags (Sun et al.,
2013). Two specimens of the same immersion age
were drilled to collect sufficient powder samples. The
sulphate ion content of the powder samples was
analysed using the barium sulphate gravimetric
method (Detwiler et al., 2000).

Of the 27 specimens in each group, one group of
three specimens was weighed using an electronic
mass balance. The compressive strengths of the same
specimens were then measured using an electrohy-
draulic servo tester: the average values of three
measurements are presented in this study.



462 Xu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2013 14(7):459-468

3 Results and discussion
3.1 Effect of compressive stress
3.1.1 Sulphate concentration

Fig. 2 shows the variation in the sulphate con-
centration with time for HPC specimens with a w/b
ratio of 0.35, which were immersed in a 0.1 g/ml

Na,SOy solution for three different compressive loads.

The results showed that the sulphate concentration of
the specimens in all of the environments increased
with the immersion time. Thus, sulphate diffused
freely into the concrete from the external sulphate
solution. For less than 90 d of immersion, the differ-
ences in the specimen sulphate concentrations among
the three stress ratios for the compressive loading
were small. This result can be explained by the si-
multaneity of calcium hydroxide dissolution and
C-S-H decalcification with sulphate diffusion in
concrete (Marchand et al., 2002), where the dissolu-
tion and decalcification dominated at early immersion
times. However, after 270 d of corrosion, the highest
sulphate concentration was observed for specimens
under compressive loading with a stress ratio of 0.6,
whereas the specimens under compressive loading at
a 0.3 stress ratio exhibited the lowest sulphate con-
centrations. Thus, compressive loading at a 0.3 stress
ratio prevented the ingress of sulphate into the con-
crete, whereas the sulphate diffusion rate increased
after the stress ratio reached 0.6. This behaviour can
be attributed to micro-cracks that are only generated
and propagated beyond 0.6 stress levels. These results
are in good agreement with the observations of Yu et
al. (2012). A small external compressive loading
caused extrusion of the HPC, which became denser,
and thus the micro-structure was positively modified.
However, cracks have been observed when a
sustained load is applied to specimens, because the
enlargement of the channels for sulphate diffusion
into concrete increases the sulphate diffusion rate.

3.1.2 Compressive strength

Fig. 3 shows the variations in the cubic com-
pressive strength with time for HPC specimens with a
w/b ratio of 0.35, which were immersed in a 0.1 g/ml
NaSO4 solution and subjected to three different
compressive loads. Table 5 presents the correspond-
ing strength loss of the concrete for each immersion
time. The strength loss was calculated as follows

(Al-Dulaijan et al., 2003):
Strength loss (%)=[(4—B)/A]*100%, (1

where 4 is the compressive strength (in MPa) of the
three specimens before exposure to the sulphate so-
lution, and B is the average compressive strength (in
MPa) of the three specimens after exposure to the
sulphate solution.
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Fig. 2 Relationship between sulphate concentration and
immersion time of HPC under different stress ratios
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Fig. 3 Relationship between compressive strength and
immersion time of HPC under different stress ratios

Fig. 3 clearly shows that the development of
strength in HPC exposed to sulphate under compres-
sive loading consisted of two stages, i.e., an initial
increasing stage and a declining stage. This behaviour
can be attributed to the transport of sulphate ions into
the concrete pores where they reacted with hydration
products to form expansive materials that blocked the
pores, resulting in the development of micro-cracks
and an interfacial transition zone at early immersion
times; consequently, the HPC became more close-
grained and the strength of the HPC specimens
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Table 5 Strength loss of HPC with different stress ratios

Immersion condition

Strength loss (%)

30d 60d 90d 120d  150d 180d 210d 240d 270d
Group 1 (0.35,0.1 g/ml, 0.0) —8.9 —-15.6 —22.2 -6.7 22 6.7 11.1 15.6 17.8
Group 2 (0.35,0.1 g/ml, 0.3) —8.9 -17.8 —22.2 -6.7 22 8.9 11.1 133 15.6
Group 3 (0.35, 0.1 g/ml, 0.6) —13.3 —20.0 -17.8 —2.2 2.2 11.1 20.0 26.7 31.1

increased. However, when the concrete pores cannot
accommodate the material expansion, the concrete
properties are negatively impacted. In particular, if
the volume of the expansive material produced by the
sulphate ions is much greater than the pore volume,
internal expansion stresses can create both micro- and
macro-cracks. Thus, the strength decreased in the late
stages of the specimen immersion in the Na,SO4 so-
lution. These results agreed with those of Wang ef al.
(2012).

The results for the specimens that were exposed
to sulphate solutions under compressive loading with
0.3 stress ratios did not differ significantly from those
for specimens exposed to Na,SO, solutions only at
early immersion times. The applied load was not very
large and therefore did not have a significant effect on
the compressive strength at the early immersion times.
However, the specimens exposed to sulphate solu-
tions under compressive loading at 0.3 stress ratios
exhibited a lower strength loss (relative to the com-
pressive strength for initial corrosion) after 270 d of
immersion (15.6%), whereas the specimens that were
only exposed to a sulphate solution exhibited a 17.8%
strength loss. This result could be attributed to the
small external compressive loading that made the
HPC specimen more close-grained, thereby improv-
ing the long-term resistance of the HPC to sulphate
attack. Note that at 180 d of immersion, the HPC
specimens exposed to sulphate attack under compres-
sive loading at a 0.3 stress ratio exhibited lower
strengths than those exposed to a Na,SO,4 solution
only. This result may have been caused by experi-
mental error and requires further validation.

The specimens exposed to Na,SO, attack under
compressive loading at a 0.6 stress ratio exhibited the
highest compressive strengths during the early im-
mersion times but the strengths decreased rapidly
after 90 d of immersion. The largest strength loss of
31.1% was observed for 270 d of immersion. This
result was attributed to the higher compressive stress
that caused specimen extrusion, thereby enhancing

the initial HPC pore structure; however, micro-cracks
were generated and propagated through the speci-
mens after a certain exposure period to sulphate, and
combined with the sulphate attack action to rapidly
deteriorate the concrete.

3.1.3 Concrete mass

Fig. 4 shows the variation in mass with time for
HPC specimens with a w/b ratio of 0.35 immersed in a
0.1 g/ml Na,SOy solution at three different compres-
sive loads. The time-dependent mass curves consisted
of two stages: an initial decreasing stage and an in-
creasing stage. This behaviour implied that the calcium
hydroxide dissolution rate exceeded the sulphate dif-
fusion rate in the early immersion period, resulting in a
decrease in the total mass. The sustained diffusion of
Na,S0Oy, into the concrete weakened the calcium hy-
droxide dissolution; however, the sulphate ions reacted
with the hydration products to form expansive products
that filled the concrete pores, increasing the concrete
mass density. Thus, the total specimen mass increased
again during the late immersion stages.

Note that the largest masses of the HPC speci-
mens exposed to sulphate attack under compressive
loading at a 0.6 stress ratio were observed during the
initial immersion period, whereas the next largest
masses were exhibited by specimens exposed to sul-
phate attack under compressive loading at a 0.3 stress
ratio and the smallest masses were exhibited by the
specimens exposed to Na,SO4 only. However, fol-
lowing a period of immersion, the masses of the HPC
specimens exposed to sulphate attack under compres-
sive loading at a 0.6 stress ratio remained the largest,
whereas the masses of the specimens exposed to sul-
phate under compressive loading at a 0.3 stress ratio
were smaller than the masses of the specimens exposed
to sulphate only. The effect of the stress ratios on the
masses at the initial decreasing stage was probably
caused by calcium hydroxide dissolution. The higher
the stress ratio, the lower were the rates of calcium
hydroxide and sulphate attack, and consequently, the
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higher were the concrete masses. Calcium hydroxide
dissolution decreased at later immersion times; how-
ever, crystallisation occurred in the interior and at the
surface of the concrete exposed to these highly con-
centrated sulphate solutions, increasing the concrete
mass. However, crystals dissolve as the environmental
humidity changes (Rodriguez-Navarro et al., 2000).
Thus, the change in the mass was low and the test re-
sults were indeterminate for the specimens under sus-
tained loading at a 0.6 stress ratio. Loading at a 0.3
stress ratio was not sufficiently large to cause the HPC
specimen to crack but enhanced the concrete pore
structure. Thus, the HPC specimens exposed to sul-
phate under compressive loading at a 0.3 stress ratio
exhibited the smallest masses in the increasing stage.

2380
2375
2370
2365
2360

Mass (g)

2355 —=—Group 1 (0.35, 0.1 g/ml, 0.0)

(
2350 | —e— Group 2 (0.35, 0.1 g/ml, 0.3)
—a— Group 3 (0.35, 0.1 g/ml, 0.6)

2345

0 30 60 90 120 150 180 210 240 270
Immersion time (d)

Fig. 4 Relationship between concrete mass and immersion

time of HPC under different stress ratios

3.2 Effect of water-to-binder ratio
3.2.1 Sulphate concentration

Fig. 5 shows the variation in the sulphate con-
centration with time for HPC specimens with two w/b
ratios, which were exposed to a 0.1 g/ml Na,SO4
solution under compressive loading at a 0.3 stress
ratio. Fig. 5 clearly shows higher sulphate concentra-
tions for HPC specimens with 0.35 w/b ratios than for
those with 0.30 w/b ratios. Decreasing the w/b ratio
reduced the concrete pore size, which is the key factor
in determining the microstructure and penetrability of
concrete. For HPC specimens exposed to sulphate
under external compressive loading, the sulfate dif-
fusion rate was sensitive to the water-binder ratio: the
higher the water-to-cement ratio, the more rapidly
could sulphate ions penetrate into the concrete. This
behaviour can be explained in terms of the penetra-
bility of the concrete depending mainly on the char-
acteristics of the microstructure of the concrete. It was

approved by the experimental results of Liang and
Yuan (2004). The combined action of sulphate attack
and an external load intensified the damage both in
the initial and late stages under sustained loading;
thus, the diffusion of sulphate ions from the Na;SO4
solution became more difficult.

50
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4.0F
3.5
3.0F
2.5

2.0 —=— Group 5 (0.30, 0.1 g/ml, 0.3)
1.5k —e— Group 2 (0.35, 0.1 g/ml, 0.3)

1.0F
0.5
0.0

Sulphate concentration (x1072 g/ml)

0 30 60 90 120 150 180 210 240 27
Immersion time (d)

Fig. 5 Relationship between sulphate concentration and
immersion time of HPC under different water-binder
ratios

3.2.2 Compressive strength

Fig. 6 shows the variation in the compressive
strength with time for HPC specimens at two w/b
ratios, which were exposed to a 0.1 g/ml Na,SO,
solution under a compressive loading at a 0.3 stress
ratio. Table 6 provides the corresponding strength
losses for the concrete at each immersion time.

Fig. 6 shows that the w/b ratio affected the
compressive strength of the specimens: the lower the
w/b ratio of the concrete, the higher was the com-
pressive strength, because reducing the concrete pore
size made the microstructure denser (Lee et al.,
2005). However, Table 6 clearly shows that although
the actual strength of the low w/b specimens was
higher than that of the high w/b specimens, the
strength loss was higher for the high w/b specimens
than the low w/b specimens. For example, for 270 d
of immersion, the strength loss for the specimens with
a w/b of 0.30 exposed to a 0.1 g/ml Na,SO, solution
under compressive loading at a 0.3 stress ratio was
31.1%, which was larger than the strength loss of
17.8% for specimens with a w/b ratio of 0.35. This
result can be attributed to the higher cement content
of specimens with lower w/b ratios, which resulted in
the formation of more hydration products, thereby
increasing the quantities of the reaction products
ettringite and gypsum: therefore, the expansion
pressure was observed earlier. Longer exposure times
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are required to verify whether a similar trend is exhib-
ited in the strength loss in the late stages of immersion.

3.2.3 Concrete mass

Fig. 7 shows the variations in the concrete mass
with time for specimens with two w/b ratio exposed to
a 0.1 g/ml Na,SO, solution under compressive load-
ing at a 0.3 stress ratio. Fig. 7 shows that the masses of
the specimens with w/b ratios of 0.30 were larger than
for those with w/b ratios of 0.35. This result can be
explained by specimens with higher w/b ratios having
larger mass densities and therefore higher masses.
However, under combined sulphate immersion and
external compressive loading, the increasing mass
rate (relative to the mass from initial corrosion) of the
specimens with 0.30 w/b ratios was higher than those
with 0.35 w/b ratios. This result was obtained because
the specimens with lower w/b ratios had higher ce-
ment contents, resulting in the formation of more
hydration products and consequently higher quanti-
ties of sulphate ions and the reaction products, et-
tringite, and gypsum. Thus, the increasing mass rate
of HPC specimens with lower w/b ratios was a little
higher than for specimens with higher w/b ratios.

3.3 Effect of the immersion solution concentration
3.3.1 Sulphate concentration

Fig. 8 shows the variation in the sulphate con-
centration with time for HPC specimens with a w/b

80
—e— Group 5 (0.30, 0.1 g/ml, 0.3)

70l —=— Group 3 (0.35, 0.1 g/ml, 0.6)

60[
50}
40}

30F

Compressive strength (MPa)

20

0 30 60 90 120 150 180 210 240 270
Immersion time (d)
Fig. 6 Relationship between compressive strength and

immersion time of HPC under different water-binder
ratios

ratio of 0.35, which were exposed to Na,SO4 solutions
(of 0.05 g/ml and 0.1 g/ml, respectively) under com-
pressive loading at a 0.3 stress ratio. The curves in
Fig. 8 show that under the same load conditions, the
sulphate concentrations were much higher for HPC
specimens exposed to a 0.1 g/ml Na,SO, solution than
those exposed to a 0.05 g/ml Na,SO;, solution. This
result explains why the sulphate ion concentration in
the HPC specimens exposed to sulphate under com-
pressive loading was directly related to the concen-
tration of the immersion sulphate solution: the higher
the sulphate solution concentration, the more sulphate
ions penetrated into the concrete. It is because sulphate
ions enter concrete and diffuse through the pores from
high concentration zone to low concentration. The
high environmental sulphate concentration produced
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23551
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Fig. 7 Relationship between concrete mass and immersion

time of HPC under different water-binder ratios
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Fig. 8 Relationship between sulphate concentration and

immersion time of HPC under different solution concen-

trations

Table 6 Strength loss of HPC with different water-binder ratios

Immersion condition Strength loss (%)
30d 60d 90 d 120d 150 d 180d 210d 240d 270d
Group 5 (0.30, 0.1 g/ml, 0.3) —6.6 -8.2 -11.5 6.6 16.4 24.5 27.8 29.5 31.1
Group 2 (0.35,0.1 g/ml,0.3) -89 -17.8 -22.2 -6.7 -2.2 8.9 11.1 13.3 15.6
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the requisite concentration difference between the
immersion solution and the concrete to increase the
diffusion gradient, thereby accelerating sulphate dif-
fusion into the HPC (Lorente et al., 2011). Further-
more, the ratio between the sulphate concentrations in
the HPC specimens exposed to the 0.1 g/ml and
0.05 g/ml Na,SO, solutions were between 1.70 and
2.00, which was similar to the ratio between the im-
mersion sulphate concentrations.

3.3.2 Compressive strength

Fig. 9 shows the variation in the compressive
strength with time for HPC specimens with a w/b
ratio of 0.35 exposed to 0.1 g/ml and 0.05 g/ml
Na,SOy4 solutions under compressive loading at a 0.3
stress ratio. Table 7 provides the corresponding con-
crete strength losses at each immersion time.

Fig. 9 shows that under the same load condition,
the compressive strength of the specimens exposed to
a 0.1 g/ml Na,SOj4 solution was higher than for those
exposed to a 0.05 g/ml Na,SOy4 solution at early im-
mersion times; however, Table 7 shows a severe
strength loss after 90 d of immersion. For instance,
the strength loss for 270 d of immersion for speci-
mens subjected to a 0.1 g/ml Na,SO4 solution under
compressive loading at a 0.3 stress ratio was 17.8%,
whereas the strength loss for specimens exposed to
0.05 g/ml Na,;SOg solution was only 4.4%. This ob-
servation can be explained by the positive effect of
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Fig. 9 Relationship between compressive strength and
immersion time of HPC under different solution concen-
trations

the sulphate attack on the compressive strength of the
HPC specimens at early immersion times, as dis-
cussed in Section 3.1.2. At late immersion times, the
sulphate attack negatively affected the compressive
strength of the HPC specimens, because a higher
Na,SO4 concentration in the solution produced more
rapid expansion of the specimens, as has been re-
ported by Santhanam et al. (2003); thus, an increase
in the damage and the strength loss of the specimens
was observed.

3.3.3 Concrete mass

Fig. 10 shows the variation in the concrete mass
with time for HPC specimens with a w/b ratio of 0.35,
which were exposed to 0.05 g/ml and 0.1 g/ml
Na,SOy4 solutions under compressive loading at a 0.3
stress ratio. Fig. 10 clearly shows that under the same
load conditions, the specimen mass was higher for
exposure to the 0.1 g/ml Na,SOs solution than the
0.05 g/ml solution. This result was obtained because
exposing concrete to higher sulphate concentrations
formed more expansive products, which in turn in-
creased the concrete mass. The mass curve of the
specimens exposed to the 0.1 g/ml Na,SO4 solution
was also steeper than that of the specimens exposed to
the 0.05 g/ml Na,SOy solution after 90-d immersion.
This result showed that under the combined actions of
sulphate attack and an external load, the concrete
quality corresponding to the increasing rates was
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Fig. 10 Relationship between concrete mass and immer-
sion time of HPC under different solution concentrations

Table 7 Strength loss of HPC with different immersion solution concentrations

. -, Strength loss (%)
Immersion condition
30d 60d 90 d 120d 150 d 180 d 210d 240d 270d
Group 4 (0.35,0.05 g/ml,0.3)  —6.7 -8.9 13.3 -11.1 —4.4 0.0 2.2 4.4 4.4
Group 2 (0.35, 0.1 g/ml, 0.3) -89 178 222 -6.7 2.2 8.9 11.1 13.3 156
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higher for HPC specimens exposed to higher Na,;SO4
concentrations than for those exposed to lower
Na,SO4 concentrations. It is because that the sus-
tained load can increase the ion diffusion rate which
was approved earlier by Francois et al. (1988).
Longer exposure times are required to verify whether
this trend persists at late immersion times.

4 Conclusions

In this paper, concrete specimens with two dif-
ferent w/b ratios that deteriorated under the combined
action of sulphate immersion and compressive loading
for 270 d were investigated. The sulphate concentra-
tion, the compressive strength, and the mass change in
the HPC specimens were determined to evaluate the
effects of the compressive stress, the w/b ratio, and
the immersion solution concentration on the HPC
resistance to sulphate attack. The conclusions drawn
from this study are given below.

1. Exposing HPC to sulphate attack under com-
pressive loading densified the concrete, thereby im-
proving its initial resistance to sulphate attack.

2. The effect of external compressive loading on
the resistance of HPC exposed to sulphate depended
on the stress level: applying compressive loading at a
0.3 stress ratio clearly improved the sulphate attack
resistance, whereas compressive loading at a 0.6
stress ratio accelerated the sulphate attack and the
deterioration of the concrete.

3. Decreasing the w/b ratio improved the HPC
resistance to sulphate attack under compressive
loading, which could be explained in terms of the
concrete pore size reduction, which filled up and
densified the microstructure.

4. Increasing the environmental sulphate con-
centration accelerated the sulphate attack and HPC
deterioration under the combined actions of sulphate
attack and compressive loading.
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