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Abstract

The effect of silica fume on deterioration resistance to sulfate attack in seawater within tidal zone and simulated wetting—drying condition
has been studied in Portland cement concretes and pastes containing silica fume (SF) with/without ground granulated blast furnace slag
(GGBS). Changes in the compressive strength and capillary water absorption of specimens as a function of SF content have been investigated
combined with phases determination by means of scanning electron microscopy and X-ray energy dispersion analysis. The strength change
factors (SCFs) of specimens with SF (the more SF content, the higher strength loss) were greater than that of the mixes without SF or cured
under tap water. Mg?" ion originated attack found to be the dominating deterioration mechanism as confirmed by X-ray and chemical
analyses.

Further, the incorporation of GGBS with SF mixes in different exposure conditions led to the worst performance in all of the test
environments. Lower cement content and hydration rate accompanied with particular chemical composition of GGBS made concrete and

paste specimens to be more susceptible to deleterious seawater environment.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Silica fume has been used as high pozzolanic reactive
cementitious material to make high-performance concrete in
the severe conditions [1,2]. This mineral admixture has
highly been used in severe environmental conditions despite
its several mixing and curing problems, because of its
acceptable early age strength development [3,4,5]. The
hydration mechanism and properties of secondary C—S—-H
made by pozzolanic reaction have been studied by many
investigators [4]. However, pozzolanic C—S—H formed by
silica fume—calcium hydroxide reaction might be different
in respect of the amount of molecular water, C/S ratio and
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density [6]. Moreover, because of its rather different
characteristics, pozzolanic gel has high potential to contrib-
ute in reactions with other internal or external ions such as
Al, CI and alkalines [7,8].

Deterioration and durability of concrete structures which
are exposed to harmful ions or chemicals are subject of the
major discussions for service life of high cost or key
concrete structures. Sulfate attack has been reported to be a
cause of damage to concrete for over a century. Many of the
reinforced and unreinforced structures exposed to seawater
will suffer from deleterious chemical reactions between
hardened cement compositions and different sulfate ions in
cementitious matrix of the structures.At least six types of
reactions could be described by sulfate attack. The most
common reactions often used to explain the defined sulfate
attack are ettringite and gypsum formation [9]. It is generally
accepted that sodium and magnesium sulfate attacks of
hydrated cement matrix take place due to the reaction of
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Table 1
Chemical analysis for cement, silica fume (SF) and ground granulated blast
furnace slag (GGBS)

Cement SF GGBS
Chemical composition (%)
Si0, 21.7 91.7 33.03
Al,O4 49 1.27 10.87
Fe,04 32 1.45 0.25
CaO 62.4 1.69 38.45
MgO 3.58 0.6 10.26
SO; 1.84 0.45 <0.1
Na,O 0.35 - 0.65
K,0 0.95 - 0.78
Cl 0.017 0.08 0.007
Loss on ignition 1 2 0.25

Mineralogical components (%)

CsS 46.3 - -
G, 27.12 - -
A 7.58 - -
C4AF 9.73 - -

sulfate ions with calcium hydroxide and calcium aluminate
phases, forming gypsum and ettringite. Furthermore, in the
case of magnesium sulfate attack, brucite (Mg(OH),), which
has low solubility, is produced and is assumed to envelop the
remainder of the cement gel and protect it against further
deterioration [6,10,11]. However, Turker [12] reported that
this process is effective at early stages. At later stages, on the
other hand, deterioration processes due to brucite will
become dominant.

Another reaction which can take place by magnesium
sulfate is the degradation and disintegration of C—S—H gel to
M-S-H gel, which is non-cementitious product and leads to
softening of the cement matrix. [10,13,14]. From the
forgoing, it can be concluded that the amount of calcium
hydroxide should be limited to a minimum, to make
concrete durable and also prevent the C—S—-H gel from
softening and being in tacked by ingress ions. The concrete
mixtures containing silica fume are superior owing to the
fact that the pore structures are finer and the amount of
calcium hydroxide is less than the ordinary mixes [15].

In addition to chemical deterioration, the mechanism
sometimes called ‘salt crystallization’, which usually
involves repeated dissolution of the solid salts and
recrystalization, will occur in concrete pores. Slight varia-
tion in temperature and relative humidity causes the
reversible reactions to form Na,SO, - 10H,O, MgSO, - H,O
O and MgSO,-6H,0. This is accompanied with large
expansion which indeed is not salt crystallization. These
large expansions cause tension stress far greater than the
concrete bearing capacity and therefore lead to rupture of
cementitious matrix [9]. The enhanced pore structure of
silica fume concretes can contribute in the improvement of
concrete durability against the above phenomena [16].

In this paper, strength change factor (SCF) and pore
structure factor (PSF) of concrete and paste specimens
exposed to two different long-term deleterious environments

are compared. The test results are then discussed with the
particular attention to chemical, XRD and X-ray energy
dispersion analyses.

2. Experimental procedure

An experimental program was designed to produce a
high-performance concrete and paste for the best protection
in marine tidal zone by using optimum silica fume [17] and
ground granulated blast furnace slag (GGBS) percentage
mass replacement for the type I cement. The materials used
and the experimental procedures are described in the
following sections.

2.1. Materials used and specimens preparation

In this research (ASTM) C 150 type II cement was used.
Silica fume (SF), obtained from Iran Ferro Alloy Industry,
and GGBS produced by Isfahan iron factory were used for
partial replacement of cement in the concretes and pastes.
The mixes incorporating 7% and 10% SF as a cement
replacement were blended with and without 50% GGBS by
weight of cement. Complex oxides of cement were
calculated using Bogue’s equations. Complex oxides
together with chemical components of silica fume and
GGBS are given in Table 1. The specific gravity of the
cement used was 3.15 and its specific surface was 290.8 m?/
kg (Blaine). The nitrogen Brunauer—Emmett—Teller (BET)
fineness of the SF used was 14x10° m*/kg and its specific
gravity was 2.2. The Blaine fineness of the GGBS used was
200 m*/kg and its specific gravity was 2.5.

To reach acceptable workability in silica fume blended
concretes and pastes, Sikament NN naphthalene sulphunate-
based superplasticizer selected from several available
products, was added to mixes. For concrete and pastes
mixes water to cementitious material ratios (w/cm) were
kept constant to 0.4 and 0.2, respectively. Superplasticizer
was well stirred with the total mixing water before adding to
the concrete and paste mixes. The specific gravity, water
absorption (saturated surface dry) and fineness modulus of
the aggregates used in making concrete mixes were 2.6, 3%
and 3.72, respectively.

Mixture proportions used in making concretes and pastes
are listed in Tables 2 and 3, respectively. Flow table and

Table 2
Characteristics of the concrete mixes made

Concrete mix Cement/ W/C  Superplasticizer Slump
sand/gravel (%) approximate
(mm)
C-type 11 1:1.82:2.39 04 1.2 20
C-type II+7% SF 1:1.82:2.39 04 1.3 20
C-type 1I+10% SF ~ 1:1.82:2.39 0.4 1.5 20
C-type 1I+10% 1:1.82:2.39 0.4 1.5 20

SF+50% GGBS
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slump test conforming to ASTM C 230 and ASTM C 143
were carried out. All cubic concrete and paste specimens
were demoulded after 24 h and 7 days initial curing in tap
water was performed. Then, concrete and paste specimens
were divided into three groups. First group was moved to
simulation ponds which were subjected to artificial immer-
sion and drying cycles alternatively for 180 days, the second
group was directly carried to sea coast of Kish Island in the
southern Iran, and the third group was kept in tap water
tanks until the end of long-term curing (i.e. 180 days). Ionic
chemical analyses of pond solution and seawater were the
same and have been presented in Table 4 with the chemical
analysis of tap water used.

Tap water tank temperature was kept at 20+1 °C.
Simulation pond temperature was kept at about 42 and 37
°C according to dominant temperature and time intervals of
wetting and drying cycles within tidal zone of south coast of
Iran by using electric heater rods for drying and wetting
period, respectively. Owing to the fact that wetting and
drying cycles were set to occur at 6 hourly intervals and
temperature was kept higher than real site environment, the
simulation conditions were rather harsher than seacoast
environment. The solution in the simulation ponds was
refreshed every 2 weeks.

2.2. Test techniques

In this investigation, the deterioration of concrete and
pastes were measured by calculating strength change factor
(SCF) in percent as follows:

SCF =100 3(fow — fos)/fow

In the above equation, f, is the average compressive
strength of concrete or paste specimens cured in the tap
water tank in MPa and f. is the average compressive
strength of concrete and paste specimens cured in the
simulation pond or seacoast environment in MPa. The
compressive strength tests were carried out on three or
four (if necessary) samples cured in tap water tanks,
simulation ponds and seawater. In this study, compressive
tests were carried out at 3, 7, 28, 90 and 180 days of
exposure. After 180 days of exposure to simulation ponds
and seawater, samples were evaluated for durability
parameters by means of initial water absorption test,
chemical analysis, XRD and energy-dispersive X-ray
analysis (EDXA). The water absorption tests were carried
out on pastes and concrete cubes in accordance with the

Table 3

Characteristics of the pastes made

Paste mix w/C Superplasticizer (%) Flow (%)
P-type 11 0.2 1.5 6315
P-type 11+7% SF 0.2 1.8 64+5
P-type 11+10% SF 0.2 2 65+5
P-type 11+10% 0.2 2 65+5

SF+50% GGBS

Table 4
Concentration of major ions in water used for mixing, initial and control
curing together with Kish island seawater and simulation ponds solution

Major constituents Tap water (ppm) Seawater/simulation
pond (ppm)
Na 173 11,400
K 6 397
Ca 24 450
Mg 16 1600
Cl 372 22,330
SOy 23 3070

method specified by RILEM-CPC-11.2 [18] at 180 days
of age. Linear correlation between initial water absorption
and square root of time was obtained and tangent of the
line as pore structure factor (PSF) was projected to
evaluate the pore structure of concrete and paste samples.
Microstructural studies were conducted on the deteriorated
samples to assess the measurements obtained from
compressive strength tests. X-ray diffraction (XRD) was
performed by the Siemens diffractometer using Cu Ka
radiation with wavelength of 1.54 A and operating at 40
kV and 30 mA. Step scanning was used with a scan
speed 2°/min and sampling interval of 0.02°20. Samples
were examined through scanning electron microscopy and
microanalysis (SEM and EDXA) at 180 days curing age,
using JOEL 2000EX scanning electron microscope
equipped with EDXA analysis system to investigate the
microstructure of pastes. Sliced samples cut by diamond
wheel saw from the cylinders were epoxy-impregnated,
polished and carbon-coated for SEM analysis.

3. Results of the experiments

3.1. Concrete specimens subjected to simulated ponds and
seawater tidal zone

3.1.1. Strength change factor

Fig. 1 shows the data obtained on the SCFs of
concrete specimens containing silica fume (0%, 7% and
10% of the cement by weight) and silica fume-GGBS
(10% SF+50% GGBS) in simulation ponds. The negative
SCF values of concrete specimens without silica fume at
28 and 90 days of test signify an increase of
compressive strength in simulation ponds condition
(fes), which is most probably attributed to filling up of
pores by reaction product and crystallization salt. This
phenomenon has also been reported by several inves-
tigators [19,20].

Fig. 2 indicates the beneficial effects of partial replace-
ment of silica fume after an immersion period of 28 days in
the potable water. This trend continues until the end of test
period of 180 days.

The measured compressive strength for SF-10% was the
highest, whereas those of mixes with 0% and 7% silica fume
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Fig. 1. Variation of strength change factor (SCF) of concrete specimens exposed to simulation ponds.

and SF-GGBS were profoundly lower. This implies that the pozzolanic activity of silica fume used in this investigation

pozzolanic effect of GGBS was not strong enough to is found to be completely acceptable in the potable water.

compensate the replaced cement; therefore, the latter speci- Nevertheless, with increasing age, as shown in Fig. 1, the

mens showed the lowest strength among all the specimens. strength loss of SF concrete specimens exposed to the

However, due to increase in strength of SF specimens, the simulation pond during test period was more pronounced
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Fig. 2. Compressive strength development with age in concrete specimens immersed in tap water (control curing).
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Table 5
Results of absorption by capillary test for concretes (/=absorption percent,
x=square root of time)

Concrete mix Capillary Correlation Exposure
absorption coefficient condition
equation

C-type 11 1=0.1762x+0.908 0.97 Tap water

C-type [I+7% SF 1=0.1136x+1.1037 0.96 Tap water

C-type 11+10% SF 1=0.1303x+0.9177 0.96 Tap water

C-type 11+10% 1=0.1507x+0.5141 0.97 Tap water

SF+50% GGBS

C-type 1T 1=0.0399x+0.2396 0.91 Simulation

ponds

C-type 1I+7% SF 1=0.0292x+0.197 0.97 Simulation

ponds

C-type II+10% SF 1=.0489x+0.2802 0.99 Simulation

ponds

C-type 11+10% 1=0.0521x+0.2942 0.98 Simulation

SF+50% GGBS ponds

than that of concrete specimens without silica fume. A SCF of
23% was obtained for SF-10% concrete specimens at 180
days curing which was the highest strength change in this
group of specimens in the simulation pond. Fig. 1 indicates
that the more silica fume added to mixes, the more strength
loss obtained.

3.1.2. Initial water absorption

Water absorption measurements were taken at 3, 6, 24
and 72 h and the absorption equations for each mix are
given in Table 5 for concrete mixes. The calculated
absorption factors are shown in Fig. 3.

3.2. Paste specimens subjected to simulation ponds and
seawater tidal zone exposures

3.2.1. Strength change factor
Figs. 4 and 5 show the worse performance of silica fume
specimens in simulation ponds and tidal zone exposures. In

agreement with the work done by Cohen et al. [14], the
increase in the amount of silica fume leads to the higher
strength loss and correspondingly the greater SCF. Further-
more, comparing Figs. 4 and 5 shows that replacing 10% of
cement with silica fume results in significantly higher SCF
than those with 7% silica fume replacement, irrespective of
the long-term curing exposure.

Fig. 6 illustrates the beneficial effects of partial replace-
ment of silica fume in control curing condition. Moreover, the
compressive strengths of SF-10% paste specimens were
higher than that of SF-7%. The optimum percentage of the
silica fume replacement used in this research has been
reported by Ganjian et al. [21] and was signified by current
study as well.

The negative SCF values of some paste specimens in Fig.
4 and all types of pastes in Fig. 5 at 28 days of wetting and
drying cycles in sulfates and chloride bearing simulation
ponds and tidal zone are attributed to cement hydration
developments which are rather fast due to small dimension of
specimens. The SCF of paste with 10% silica fume was
considerably higher than those pastes with 7% silica fume
and without silica fume in simulation ponds exposure. In
addition, comparing Figs. 4 and 5 reveals that deterioration in
the simulation ponds was stronger than in seawater exposure.
Using shorter wetting and drying intervals and constantly
higher temperatures in simulation ponds exposure condition,
contribute to the above results.

3.2.2. Initial water absorption

Table 6 represents the initial absorption factors for paste
specimens. The initial water absorption was correlated
linearly to square root of time elapsed. Differences of paste
mixes in absorption tangent were plotted in Fig. 7.

3.2.3. X-ray diffraction analysis
The ground and washed with acetone specimens were
examined by X-ray machine. The XRD diffractograms of

A=C-type Il

Absorption Factor

A B C
TAP WATER

B=C-type II+7%SF

C=C-type MI+10%SF
D=C-type lI+10%SF+50%GGBS

A B C D
SIMULATION PONDS

Fig. 3. Absorption coefficient in concretes exposed in different conditions.
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Fig. 4. Variation of strength change factor (SCF) of pastes exposed to simulation ponds.

the powder of paste samples, drawn from two types of
mixes and exposure conditions, are presented in Figs. 8—
10. The XRD analysis was done on samples at 180 days
of exposure to the simulation ponds and the site tidal
zone.

Obviously, it can be seen that there were the relatively
large intensity peaks for portlandite in no replacement silica
fume paste samples cured in site tidal zone (Fig. 8)

compared with those with 10% silica fume in simulation
ponds and site tidal zone (Figs. 9 and 10). Furthermore, a
large quantity of portlandite was converted to gypsum or
brucite as seen in Fig. 8. The presence of calcite phase in the
examined pastes implies the carbonation effect on surface of
specimens which is less in those mixes with silica fume.
Ettringite phase was detected in pastes with and/or without
silica fume.
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Fig. 5. Variation of strength change factor (SCF) of pastes exposed to site tidal zone.
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Fig. 6. Compressive strength development with age in paste mixes immersed in tap water (control curing).

3.2.4. Scanning electron microscopy and energy-dispersive
X-ray analysis investigations

The microstructures of paste samples exposed to the two
long-term exposure conditions at 180 days were observed
using SEM. In addition, EDXA analysis was conducted on
samples to determine the existing compounds after reactions
with external ions. In this procedure, critical areas were
point out and energy-dispersive X-ray analysis was con-
ducted. Figs. 11 (area I) and 12 (area II) show EDXA
analysis of paste specimen without silica fume cured in the
site tidal zone for two different areas at polished surface. A
Si peak was easily observed which indicated the presence of
C—S-H in the paste; in addition, the formation of ettringite
and brucite was confirmed by Fig. 12. Figs. 13 and 14 show
EDXA patterns for cement pastes with 10% silica fume
replacement in the simulation ponds and site tidal zone at
180 days of exposure. Formation of ettringite together with

Table 6

lower peak of calcium due to pozzolanic reaction was
concluded from analysis. These EDXA analyses indicate the
absence of brucite in silica fume mixes which is attributed to
the lower calcium hydroxide resulting from pozzolanic
reaction.

3.2.5. Chemical analysis implications

Chemical analysis was carried out on selected paste
specimens to determine bearing compound like magnesium
silicate hydrate during the ions in the cementitious matrix
at 180 days curing in the tap water and exposure to site
tidal zone. The results in Table 7 present the quantitative
ions analysis as percent of mass. As expected, the silica
fume pastes have more SiO, content than those without
silica fume. Moreover, higher chloride concentration in the
paste specimens exposed to seawater at tidal zone indicates
co-existence of sulfates and chloride ions. The high

Results of absorption by capillary test for pastes (/=absorption percent, x=square root of time)

Paste mix Capillary absorption equation Correlation coefficient Exposure condition
P-type 11 1=0.3003x+0.881 0.92 Tap water

P-type 11+7% SF 1=0.1607x+0.492 0.90 Tap water

P-type 11+10% SF 1=0.131x+0.484 0.93 Tap water

P-type 11+10% SF+50% GGBS 1=0.1849x+0.0581 0.98 Tap water

P-type 11 1=0.0701x+0.0824 0.99 Simulation ponds
P-type 11+7% SF 1=0.1301x+0.1261 0.99 Simulation ponds
P-type 11+10% SF 1=0.1428x+0.228 0.99 Simulation ponds
P-type 11+10% SF+50% GGBS 1=0.1945x+0.2133 0.98 Simulation ponds
P-type II 1=0.1231x+0.4368 0.94 Sea water

P-type 11+7% SF 1=0.1275x+0.4791 0.94 Sea water

P-type 11+10% SF 1=0.1539x+0.4792 0.96 Sea water

P-type 11+10% SF+50% GGBS 1=0.2077x+0.4982 0.96 Sea water
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Fig. 7. Absorption coefficient in pastes exposed to different conditions.

magnesium content of different mixes justifies the for-
mation of brucite or any magnesium exposure period in the
paste mix P-type IL

4. Discussion

The data provided above indicate that the sulfate attack
on silica fume containing concrete and pastes can be
different from what is generally proposed. Broadly speak-
ing, replacement of cement ASTM type II, which is known
as the best cement to use in both sulfate and chloride bearing

2-Theta - Scale

environments [21], with silica fume, makes cement pastes
more susceptible to sulfate deterioration. Magnesium sulfate
is known as the most harmful ingredients in the seacoast of
the Persian Gulf [16]. In spite the fact that the concentration
of this chemical is not as high as other ions, the lower
concentration of the magnesium sulfate can still cause more
severe damage to cementitious matrix than other ions in
concrete structures [9,22,23].

The silica fume is assumed to be as the reactant to
produce secondary C—S—H by consuming calcium hydrox-
ide. The formation of pozzolanic gel begins with hydration
of elite and blite during hardening process. Decreased
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Fig. 8. X-ray diffractogram of the P-type II paste sample exposed to site tidal zone for 180 days. E, ettringite; G, gypsum; P, portlandite; B, brucite; C, calcite.
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Fig. 9. X-ray diffractogram of the P-type 1I+10% SF paste sample exposed to simulation ponds for 180 days. E, ettringite; G, gypsum; P, portlandite; B, brucite;

C, calcite.

calcium hydroxide content of the cement matrix and
increased amount of C—S—H gel together with filler effect
of SF contribute to safeguarding of the matrix against
external ingressive ions. However, the results from SCF of
concrete and paste specimens cured in the simulation ponds
and site tidal zone at 180 days of exposure show that the
above assumption does not hold; furthermore, the more
silica fume replacement leads to more strength loss [6,24].
Contrary to SF specimens, the specimens without silica
fume were found to be more resistant to corrosive ions in
both the simulation ponds and the site tidal zone. The paste
mixes cured in the simulation ponds undergo more

2-Theta - Scale

deterioration than those exposed to site tidal zone and
concrete mixes. These phenomena most probably are
attributed to the absence of magnesium hydroxide in silica
fume blended pastes and concretes. In particular, the cyclic
wetting and drying conditions make it much worse.
Magnesium hydroxide, which is relatively insoluble in
water, is known to encompass and block the pores, and
protects the C—S—H gel from further attack. Its absence in
Portland cement plus silica fume specimens, therefore,
makes the C—S—H gel more prone to magnesium sulfate
attack. The combined surface double layer of brucite and
gypsum protects the hardened cement matrix from magne-
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Fig. 10. X-ray diffractogram of the P-type 11+10% SF paste sample exposed to site tidal zone for 180 days. E, ettringite; G, gypsum; P, portlandite; B, brucite;

C, calcite.
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Fig. 11. EDXA profile of the P-type II paste sample exposed to site tidal
zone for 180 days. (area I). Si, silicon; Ca, calcium; Al, aluminium; S,
sulphur; Mg, magnesium; Fe, ferro.

sium sulfate attack [12,13]. The greater intensity of the
attack may also be the result of the formation of an
additional amount of C-S-H gel due to the pozzolanic
reaction. This is because the pozzolanic C-S—-H gel is
different in composition from the C—S—H gel produced by
the hydration of alite and belite of Portland cement—
‘Portland cement C—S—H gel’. This phenomenon was
proved by initial water absorption measurement and
examination of the microstructure of paste specimens by
X-ray diffractometry and EDXA. As shown in Table 6,

X-RAY: 0 — 40 KeV
Live: 50s Preset: 50s Remaining: Os
Real: 62s 19% Dead

]

5.366 keV 15.6 >
FS= 1K ch 144= 38 cts
MEM1: /MEM1

Fig. 12. EDXA profile of the P-type II paste sample exposed to site tidal
zone for 180 days. (area II). Si, silicon; Ca, calcium; Al, aluminium; S,
sulphur; Mg, magnesium; Fe, ferro.
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Fig. 13. EDXA profile of the P-type 1I+10% SF paste sample exposed to
simulation ponds for 180 days. Si, silicon; Ca, calcium; Al, aluminium; S,
sulphur; Mg, magnesium; Fe, ferro.

replacement of cement with silica fume in pastes exposed to
simulation ponds and site tidal zone has made tangent of
capillary equation to be increased by square root of elapsed
time. This increment depends on the amount of silica fume
replaced in the mix. The higher the amount of silica fume,
the higher the tangent increment (see Figs. 3 and 7). This
finding is in accordance with the research results and
mechanism developed by Kjellsen [25].

On the other hand, curing in simulation ponds was more
aggressive than site tidal zone exposure. This caused more

X-RAY: 0 — 40 KeV
Live: 40s Preset: 50s Remaining:
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Fig. 14. EDXA profile of the P-type 1I+10% SF paste sample exposed to
site tidal zone for 180 days. Si, silicon; Ca, calcium; Al, aluminium; S,
sulphur; Mg, magnesium; Fe, ferro.
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Table 7
Chemical analysis for cement pastes

Chemical Paste mix/curing condition
composition
(%) P-type 11 P-type P-type 11 P-type
1I+10% SF 1I+10% SF
Tap water Tap water Sea water Sea water
Si0, 18.97 22.93 17.97 23.86
Al,O4 4.02 3.68 3.95 3.18
Fe,04 2.88 2.84 2.88 2.86
CaO 52.39 50.24 52.86 48.08
MgO 3.41 3.26 3.82 2.90
SO; 1.62 1.58 2.20 1.97
Na,O 0.27 0.32 0.31 0.38
K,O 0.37 0.45 0.36 0.51
Cl 0.014 0.007 0.95 0.70
Loss on 16.4 15.71 15.51 16.06
ignition
Free CaO 6.56 2.12 3.8 1.19
Ins. Res. 0.49 0.91 0.35 0.92

strength loss and initial water absorption due to higher and
constant temperature of simulation ponds compared to the
actual site tidal zone. However, it is noteworthy that in this
investigation a considerable reduction in compressive
strength of concrete specimens is not observed due to above
mechanism. This is because of the size effect and less
cement matrix in these concrete specimens. Moreover,
longer exposure of these specimens will lead to greater
SCFs. In addition, the small accessible pore volume of these
concrete specimens due to salt crystallization can be another
explanation to the above observation.

In this investigation, the influence of GGBS on
durability of concretes and pastes containing silica fume
exposed to simulation ponds was also studied. Specimens
with dual material replacements have been found to be
prone to deterioration against wetting and drying in
sulfates. Moreover, the blended optimum GGBS plus SF
mix exhibit the lowest strength development in tap water.
This can be due to the lower Portland cement contents in
these mixes. Furthermore, using GGBS in the mix causes
the absorption factor to be profoundly increased in
simulation ponds and tidal zone exposure conditions.
Therefore it can be concluded that the pore structures of
GGBS plus SF mixes under wetting and drying condition
in deleterious solutions are more porous than others. The
deterioration of binder constitutes of pastes due to
magnesium sulfate and decomposition of C—S—H gel to
M-S-H, which is uncementitious, can be a probable
reason for this phenomenon. The formation of magnesium
silicate in different types of cement such as type V cement
mortar exposed to magnesium sulfate has been reported by
Gollup and Taylor [26]. Also, magnesium silicate for-
mation in concrete exposed to seawater was reported by
Cole [27] and by Roy et al. [28] who illustrated that the
formation of Mg-rich phases is normally associated with
the near surface regions of concrete exposed to Mg-
containing solutions, such as seawater. Also, Brown and

Doerr [29] established the mechanism by which Mg is
transported throughout the pore structures of field con-
cretes with breakthrough of this fact that magnesium
hydroxide is known to be highly insoluble in pore solution
of concrete. Consequently, the mechanism comprising the
effect of mineral admixtures like silica fume and GGBS on
M-S—H formation must be taken into account. In addition,
the performance of blended cement with silica fume and
GGBS has been investigated by several researchers
[24,30,31] and reported that different parameters contribute
to assessment of durability of these mixes. Further studies
are needed to determine the behavior and mechanism of
deterioration of dual blended mixes.

5. Conclusions

+ Addition of silica fume as the cement replacement, due to
pozzolanic reaction, showed enhanced strength develop-
ment in mixes cured in tap water with direct correlation to
amount of cement replacement. The mix with the optimum
amount of silica fume exhibited the highest strength
development in tap water compared to the blended mixes
with optimum GGBS plus silica fume content which
exhibited the lowest strength development.

The performance of pastes and concrete specimens with
silica fume exposed to simulation ponds and site tidal
zone were inferior to those without silica fume replace-
ment. At 180 days, the best performance was observed
for Portland cement type II which exhibited lower
strength loss than SF mixes or blended silica fume plus
GGBS mixes. The increased rate of SCF was found to be
related to silica fume content of concretes and pastes.
The more cement replacement with silica fume, the more
strength loss achievement.

From the results of water absorption test, it can be
concluded that the capillary absorption factors will be
affected considerably by the amount of silica fume. In
spite of the fact that SF-10% mixes placed in tap water
showed superior performance, those in the simulation
ponds revealed higher absorption factor. Furthermore,
using GGBS in the mix caused the absorption factor to be
profoundly increased in simulation ponds and tidal zone
exposure conditions.

The XRD results showed relatively large intensity peak
for the portlandite in the paste specimens with out silica
fume; however, ettringite and gypsum were found in all
examined pastes. Data gathered through EDXA and
chemical analysis confirmed the deterioration mechanism
through absence of magnesium hydroxide proposed by
other researchers.

This study indicates that the effect of silica fume in site
tidal zone has not been completely understood yet.
Different deterioration mechanisms make SF or GGBS
cement to be more vulnerable in the magnesium sulfate
bearing seawater particularly within tidal zone under
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wetting and drying cycles. There is a need for a thorough
understanding of influences of the different deterioration
mechanisms to assure silica fume potential for improving
the durability of concrete structures. With breakthrough
of these results, it is recommended that for the long-term
durability of concrete in marine and offshore structures,
silica fume or GGBS as the cement replacement should
be used at low magnesium sulfate concentration waters.
To enhance the deterioration resistance of concrete
against sulfate and/or salt crystallization, additional
protective measures, such as the application of a water-
resistant epoxy-based coating, may be considered.
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