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Abstract

Sulfate in soil and groundwater may cause damage to the concrete in underground structures. In this paper, laboratory tests were per-
formed to assess the damage of chemical attack by magnesium sulfate and sodium sulfate on normal and high strength concretes. The se-
lected solutions were pure water and 10% sulfate solutions (sodium and magnesium), which were determined by consideration of the soil
environment in Korea. The parameters in experimental programs were water-binder ratio, silica fume content, and the compressive
strength of concrete. Observed differences in the characteristics between normal and high strength concretes are discussed, and a scheme
for maximizing the resistance of high strength concrete against various kinds of sulfates is suggested. © 1999 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Durability of concrete in underground structures depends
on the chemical properties of the soil and groundwater. Sul-
fate-infested or acid environment caused by industria
wastes or chemical residues in reclaimed ground is one of
the severe conditions for durability of the concrete. Unfortu-
nately, underground or underwater concrete structures can
sometimes be exposed to sulfates and acids, because water-
soluble sulfate exists widely in soil, groundwater, streams,
and seawater. It has been recognized for along time that the
sulfate induces damage to concrete. Verbeck [1], Lea [2],
and Mehta [3] reported that the use of low water-cement ra-
tio or the use of admixture, such asair entraining admixture,
pozzolan, or blast furnace slag, would be the most effective
treatment for reducing the sulfate-induced damage. Mehta
[3] and Lawrence [4] pointed out that increasing the content
of C5A in the cement composition was very effective in de-
creasing steel corrosion, but resulted in the lower resistance
for sulfate attack. Mehta [5] aswell as Cohen and Bentur [6]
reported that ettringite was produced by the chemical reac-
tion of sulfate and cement, which leads to expansion, crack-
ing, and strength reduction of concrete. Recently, high
strength concrete or high performance concrete has come
into use for structura or durability purposes. Silica fume
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may be one of the major admixtures for high strength con-
crete. Cohen and Bentur [6] and Bentur et al. [7] studied the
effect of silicafume in pastes and concretes immersed in 20
and 25% of magnesium sulfate, magnesium chloride, and
sodium sulfate solutions. According to their test results and
those of Silva Filho and Agopyan [8], the use of Portland
cement with silica fume was highly effective for reducing
the deterioration by sodium sulfate solution, but did not seem
to be effective for the attack by magnesium sulfate solution.

In this paper, the resistance of high strength concrete to
sulfate attack was investigated. Laboratory tests and field
studies were performed to study the chemical attack by
magnesium sulfate and sodium sulfate on normal and high
strength concretes. The selected solutions were pure water
and 10% sulfate solutions, which were determined by con-
sideration of the soil environment in Korea The selected
parameters in this study were water-cement ratio, silica
fume content, and the compressive strength of concrete.
Differences observed between the characteristics of normal
and high strength concretes are discussed and a scheme for
maximizing the durability of high strength concrete in vari-
ous kinds of sulfatesis suggested.

2. Experimental programs

Two kinds of tests were performed during 270 days. In
the first one (test 1), the sulfate attack on normal and high
strength concretes was evaluated by the change in the com-
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Table 1
Mix proportions for test | and test 11
Fine Coarse Compressive
Cement Water aggregate aggregate  Superplasticizer Silicafume  Slump  strength at
Tests Specimen  W/B  (kglem®)  (kg/em®)  (kg/emd) (kg/lcmd) (kglcmd) (%) (cm) 28 days (MPa)
Test |, OPNSC 0.54 300 162 980 1,000 0 0 8 22.6
Test I OPHSC 0.36 450 162 730 1,100 1.0 0 13 49.0
SFHSC 0.36 400 158.4 730 1,150 1.0 10 11 61.8
HSC-S0 0.28 483 135.3 756 1,124 17 0 10 66.7
HSC-S5 0.28 463 1354 756 1,124 1.7 5 8 69.6
HSC-S10 0.28 430 131.9 756 1,124 17 10 6 83.6
HSC-S15 0.28 409 131.9 756 1,124 17 15 4 86.2

pressive strength. In the second test (test I1), the linear ex-
pansion and the change in weight of concrete were used asa
means for assessing the damage caused by the attack.

2.1. Effect of sulfate attack on compressive strength

Seven mixes (OPNSC, OPHSC, SFHSC, HSC-S0, HSC-
S5, HSC-S10, and HSC-S15; see Table 1) were prepared to
investigate the effect of sulfate attack on the compressive
strength. About 720 cylindrical specimens of $100 X 200
mm were produced. The OPNSC mix was anormal concrete
without superplasticizer or silica fume with 0.54 water-
binder (W/B) ratio, including silicafume, and had a 23-MPa
compressive strength at the age of 28 days. Superplasticizer
was added to the OPHSC and SFHSC mixes in order to ob-
tain high strength. Silica fume (10% by weight of cement)
was included in the SFHSC mix. The contents of cement
and water were controlled so that these two mixes would
have the same W/B ratio of 0.36. HSC-S0—HSC-S15 mixes
were high strength concrete specimens with silica fume
content in the range of O to 15%.

Fifty specimens for each mix were immersed in pure wa-
ter, 10% sodium sulfate solution, 10% magnesium sulfate
solution, and combined sulfate solution (mixed solution of

Table2
Physical properties of mixture

10% sodium sulfate and 10% magnesium sulfate). The cyl-
inders were fully immersed in water and solutions in stain-
less steel baths. The cylinder was kept apart at a distance of
5 cm. The stainless steel baths were covered in order to min-
imize the evaporation. The solutions were replaced once a
month with fresh ones and the pH was maintained at 7 dur-
ing 270 days test.

Compressive strength test was performed for each mix in
each solution at 60, 90, 120, 150, 210, and 270 days of im-
mersion.

2.2. Effect of sulfate attack on expansion and weight loss

Four mixes (HSC-SO, HSC-S5, HSC-S10, and HSC-
S15) were prepared to investigate the effect of sulfate attack
on the linear expansion and the weight variation. Over 200
cube specimens of 50 X 50 X 50 mm size were cast. These
mix designs are featured by variable content of silica fume
and superplasticizer. All the test specimens were immersed
in pure water and the three kinds of sulfate solutions de-
scribed in the preceding section.

The cube specimens were fully immersed in water and
the solutions in the same way as test |. The dimension and

Properties of Grading/Weight percentage passing (%) Percentage of
coarse aggregate 25 mm 20 mm 10 mm 5mm 2.5mm Finenessmodulus  solids (%)
100 98 28 1 1 6.72 56.0
Weight
passing Unit
No. 200 Specific gravity weight
seve(%) Abrasion(%) of S.S.D. Absorption (%)  (kg/m®) Soundness (%) Clay lumps (%)
05 139 273 1.18 1513 35 0.1
Fineness  Specific Clay Loss of Organic Salt
Properties of modulus  gravity Absorption lumps washing impurities contamination Soundness
fine aggregate 2.56 2.65 1.0 0.2 11 Good 0.0 Below 3
Properties of Fineness Setting time (min) Hydration heat (°C)
cement (cm?/kg) Soundness (%) Initial set  Final set 7 days 28 days
3523 0.162 220 310 72.46 81.85
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Fig. 1. Compressive strength of OPNSC.

the weight of the specimens were measured at the same im-
mersion times astest I.

2.3. Properties of mixture and mixing procedure

Ordinary Portland cement (ASTM Type |) was used for
all the specimens. The coarse aggregate was crushed mate-
rial with a maximum size of 19 mm, and the fine aggregate
was river sand. Powdered silica fume produced by Elkem
Co. (Norway) was used in these tests. The physical proper-
ties of materials are given in Table 2.

Several mixing procedures were tried before producing
the test specimens. The selected procedure was the one that
was the most effective in maximizing the dispersion of sil-
icafume particles and in minimizing the water absorption of
aggregates after contact with water. The specimens were
produced by ready-mixed concrete. All the materials were
mixed in a batch through an agitator of ready-mixed con-
crete truck.
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Fig. 2. Compressive strength of OPHSC.
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Fig. 3. Compressive strength of SFHSC.

3. Results and discussion
3.1. Compressive strength

Fig. 1 shows the compressive strength variation of the
normal strength concrete specimens without superplasti-
cizer or silica fume (OPNSC). While the strength of the
specimens in pure water increases with time, the strength of
the specimens in sodium sulfate solution tends to decrease
dightly (NS in Fig. 1). The strength of the specimens in
magnesium sulfate solution (MS in Fig. 1) and combined
sulfate solution (NS+MS in Fig. 1) shows a greater ten-
dency to decrease than that of sodium sulfate solution.

The compressive strength variation of the high strength
concrete specimens with superplasticizer (OPHSC in Fig. 2)
issimilar to that of OPNSC. However, the specimensin so-
dium sulfate solution tend to have a constant compressive
strength, regardless of the duration of immersion time. It
may be said that the increase in the compressive strength by
continued hydration is balanced with the decrease due to the
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Fig. 4. Compressive strength of HSC-S0-HSC-S15 in pure water.
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Fig. 5. Compressive strength of HSC-SO-HSC-S15 in sodium sulfate
solution.

sodium sulfate attack. The compressive strength variation of
the high strength concrete specimens with superplasticizer
and silica fume (SFHSC in Fig. 3) is similar to that of
OPHSC, except that the specimens in magnesium sulfate
solution and combined sulfate solution have a greater reduc-
tion in strength than that of OPHSC.

From the observation of the test results, it can be seen
that the compressive strength of the specimensin pure water
increases regardless of the mix proportions. However, asthe
immersion time is increased, the compressive strength of
the specimens under the sulfate solutions tends to decrease
and the rate of strength variation depends on the mix pro-
portion and the type of sulfate solution. The compressive
strength of the normal strength concrete specimens in so-
dium sulfate solution tends to decrease, while that of the
high strength concrete specimens tends to be stable or
slightly reduced. In magnesium sulfate solution and com-
bined sulfate solution, the compressive strength variation
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Fig. 6. Compressive strength of HSC-S0-HSC-S15 in magnesium sulfate
solution.
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Fig. 7. Compressive strength of HSC-SO0-HSC-S15 in combined sulfate
solution.

shows a greater tendency for decrease than that in sodium
sulfate solution.

Increase in silica fume is associated with higher strength
in water immersion (Fig. 4). In sodium sulfate solution, the
compressive strength of all the specimens has a tendency to
decrease dlightly (see Fig. 5). However, in magnesium sul-
fate solution the strength increases considerably, with aten-
dency for higher reduction for the higher silica fume con-
tents (Figs. 6 and 7).

Figs. 8, 9, and 10 show the strength of the specimens un-
der sulfate solutions, relative to the compressive strength of
the specimens in pure water. In sodium sulfate solution, the
relative strength of OPHSC and SFHSC (high strength con-
cretes) is higher than that of OPNSC (normal strength con-
crete, see Fig. 8). Among the high strength concrete speci-
mens, the relative strength of SFHSC, which contains silica
fume, is greater than that of OPHSC, which does not con-
tain silicafume. At 270 days of immersion in sodium sulfate
solution, the relative strength ratios of OPNSC, OPHSC,
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Fig. 8. Relative strength of concrete in sodium sulfate solution.
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Fig. 9. Relative strength of concrete in magnesium sulfate solution.

and SFHSC are 0.69, 0.76, and 0.82, respectively. In mag-
nesium sulfate solution and combined sulfate solution, the
relative strength shows the opposite trend with lower
strength for the high silica fume mixes (see Figs. 9 and 10).
The relative strength ratios of OPNSC, OPHSC, and SF-
HSC are 0.53, 0.49, and 0.23, respectively, after 270 days of
immersion in magnesium sulfate solution.

This data indicates that the compressive strength of SF-
HSC is reduced by about 77% after 270 days of immersion
compared with that of the concrete with the same mix pro-
portion immersed in pure water. In combined sulfate solu-
tion, the relative strength of each mix shows the same ten-
dency, as in the case of magnesium sulfate solution: At 270
days of immersion in combined sulfate solution, the relative
strength ratios of OPNSC, OPHSC, and SFHSC are 0.47,
0.41, and 0.19, respectively.

3.2. Linear expansion and weight loss

The dimension and the weight of the cube specimens
were measured at 150 days and at 270 days of immersion.
Linear expansion values are compared with respect to the
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Fig. 10. Relative strength of concrete in combined sulfate sol ution.
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Fig. 11. Linear expansion of concrete at 150 days.

silica fume content and the type of solution in which the
specimens were immersed.

Figs. 11 and 12 show that the linear expansion in water at
150 days decreases at higher silica fume contents, but no
significant differenceis seen at 270 days.

In sodium sulfate solution, the linear expansion is dou-
bled at 150 days in the mixes without silica fume and with
5% silica fume content compared with the mixes in pure
water. At 270 days, the linear expansion is greater than 1%,
and is more than five times that of the specimens in pure
water. The specimens with 10 and 15% silica fume content
have very low linear expansion compared with the speci-
mens of 5% silica fume content.

The specimens in magnesium sulfate solution show a dif-
ferent tendency in the linear expansion than the specimens
in sodium sulfate solution. The linear expansion values do
not show significant difference at 150 days; however, they
significantly increase at 270 days for the higher silica fume
content mixes. While the linear expansion of the specimens
with 5% silica fume content are 0.19% in pure water, 1.1%
in sodium sulfate solution, and 0.77% in magnesium sulfate
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Fig. 12. Linear expansion of concrete at 270 days.
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Fig. 13. Weight variations of high strength concrete specimens (without sil-
icafume).

solution, the linear expansion of the specimens with 10%
silicafume content are 0.15, 0.33, and 1.34%, respectively.

The weight variations of the specimens at an age of 90 days
are negligibly small in pure water and in sodium sulfate solu-
tion, regardless of the silica fume content. Thereisadight in-
crease at 210 days (see Figs. 13 and 14). However, the weight
of the specimens in magnesium sulfate solution decreases sig-
nificantly. It can be also observed that the specimens with
15% silica fume content are affected much more by the mag-
nesium sulfate solution: The weight of specimens without sil-
icafume isreduced by 2.5% at 90 days and 5.8% at 210 days,
while the weight of specimenswith 15% silicafume content is
reduced by 10.5% at 90 days and 20.7% at 210 days.

4. Conclusions

Laboratory tests were performed to determine the deteri-
oration induced by the chemical attack of magnesium sul-
fate and sodium sulfate on normal and high strength concretes.

90 days 210 days
5
0.1 "1 06
_ 0 | — T
32 -0A1
F
9 -5
5]
~
[&]
- —-10
e
o -10.5
2
= -15 OWATER
BNS
-20 aoms
—20.7

-25
Duration of immersion(days)

Fig. 14. Weight variations of high strength concrete specimens (15% silica
fume content).

The selected solutions were pure water and 10% sulfate so-
lutions, which were determined by consideration of the soil
environment in Korea. The selected parameters in this study
were water-binder ratio, silicafume content, and the compres-
sive strength of concrete. The results of the tests are asfollows:

1. Sodium sulfate and magnesium sulfate cause the dete-
rioration of concrete; however, the magnesum sulfate has
agreater effect on the reduction in compressive strength.

2. In sodium sulfate attack, the normal strength concrete
specimens without superplasticizer or silica fume
(OPNSC) have the poorest performance as seen by a
greater tendency to decrease in the compressive
strength. This may be due to the larger permeability
associated with the higher water-cement ratio.

3. In magnesium sulfate attack, the high strength con-
crete specimens with superplasticizer and silica fume
(SFHSC) show the poorest performance as seen by
the tendency to decrease in the compressive strength.
This means that although the high strength concrete
with silica fume is the most efficient against sodium
sulfate attack, its resistance to magnesium sulfate at-
tack decreases as the content of silica fume increases.
The specimens that contain at least 10% silica fume
(HSC-S10 and HSC-S15) have less strength than the
specimens that used less than 10% silica fume (HSC-
S0 and HSC-S5) after 270 days.

4. In higher silica fume mixes, less linear expansion oc-
curs in sodium sulfate solution, but more linear ex-
pansion occurs in magnesium sulfate solution.

5. The weight variation of the specimens at an age of 90
days is negligibly small in pure water and in sodium
sulfate solution regardless of the silica fume content.
However, the weight of the specimens in magnesium
sulfate solution is significantly decreased in particular
mixes with 15% silica fume content.
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