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ABSTRACT 

The durability of high strength concrete (HSC) was experimentally investigated in terms of 
compressive, tensile and bond strengths. The effect of curing media, (air and tap water) and the 
effect of emersion in sea- water were taken into consideration. The silica fume (SF) concrete 
specimens were exposed directly to two types of environmental attack (sodium sulphate and 
sodium chloride). The specimens were submerged in two different solutions of sodium sulphate 
having concentrations of 5% and 7% and sodium chloride of 2% and 4% concentrations. The 
specimens were tested after 28, 360, 540 and 720 days. The SF addition was 10% by weight of 
cement. Test results showed that the compressive, tensile and bond strengths generally increase, 
with higher early age strength and higher early rate of strength gain, with time up to about two 
years. High strength concrete, incorporating silica fume, when exposed to sulphate and chloride 
solutions, exhibits highest values, higher rates o f  increase and the lowest rates of decrease of 
compressive strength up to 24 months. X-ray diffraction (XRD) patterns of the hardened 
specimens were plotted for all cured conditions, which explain the chemical compounds formed 
aRer hardening. 
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1. INTRODUCTION 

Chemical attack by aggressive water is one of the 
factors responsible for damage of concrete. The 
presence of sulphate and chloride ions in water 
accounts for its aggressive behaviour to concrete 
because certain constituents of the cement paste can 
enter into deleterious chemical reactions with 
sulphates. Sea- water, ground water containing 
soluble alkali sulphates and also many industrial 
water containing enough sulphate are to be 
potentially damaging Portland cement concrete 
[1,2,3,4,5,61. 

Deterioration of concrete in contact with sulphate or 
chloride bearing water has been studied for 
sometime. Concrete corrosion can be classified into 
three types i- Leaching of free lime. ii- Exchange 

corrosion of readily soluble substances. iii- Corrosion 
by expansion accompanying chemical reaction [7,8]. 
The deterioration of concrete structural components 
exposed to marine environments or placed in soils 
and ground water contaminated with sulphate salts is 
common. The sulphate ions react with the hydration 
products of cement, namely C3A and Ca(OH),, to 
produce expansive andlor softening types of 
deterioration. The increase in the C,SIC,S ratio 
results in an increased calcium hydroxide content in 
the hardened cement concrete, thereby enhancing the 
susceptibility of such cements to the softening type 
deterioration of sulphate attack [9]. 
The durability of concrete in sulphate environment 
depends on several factors, such as the permeability 
of the concrete, the type of structure, the 
concentration and type of sulphate, the water table 
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and the mobility of the ground water. The reduced 
permeability of silica fume concrete would be 
expected to reduce the transportation of sulphate ions 
into concrete. Since silica fume replacement levels 
are generally 15 percent or less, the dilution effect on 
CIA would be small. In this case, the performance of 
concrete with a conventional Portland cement and a 
15 percent silica fume addition with a water to 
cementitious materials ratio of 0.62 was equal to that 
of a sulphate resistance Portland cement concrete 
with a water cement ratio of 0.50 [10,1 I]. 
On the other hand, the sulphate anack on concrete is 
a complex phenomenon, where chemical and 
physical aspects should be considered. Sulphate of 
various bases attack harderled cements very 
markedly. Magnesium, sodium, potassium, 
ammonium and various other sufphates react both 
with the free calcium hydroxide in a set cement to 
form a calcium sulphate, and with the hydrated 
calcium aluminates to form the more insoluble 
calcium sulphoaluminate hydrates [12,13]. The 
reactions with sodium sulphate, for example, can be 
formulated as: 
Ca(OH), + Na2S04.10H20 + CaS04.2H20 + 
2NaOH + 8H20 
3Ca0.A1201.12H20 + 3(CaS0,.2H20) + 13H20 

--+ 3Ca0.A120,. 3CaS0,.3 1H20 
Gypsum and ettringite are produced by chemical 
reactions of sulphate and Ca (OH)2, CIA. Formation 
of gypsum results in softening and damaging of 
material. There is close relationship between the 
Ca(OH)2 content and gypsum formation. Ettringite 
formation results in cracking and expansion of the 
material, as a result of the water absorption of 
crystalline enringite [14,15,16]. 
In this investigation, the long term behavior of high 
strength concrete (HSC) subjected to different 
aggressive anack was experimentally investigated. 
The evaluation was based on the measurements of 
the mechanical properties (compressive, tensile and 
bond strengths). Also X-ray diffraction (XRD) 
technique was used to identify the hydrated products 
and correlate both the microstructure and mechanical 
properties. 

2. EXPERIMENTAL PROGRAM 
About 327 specimens were cast and tested at 
different ages (28, 360, 540, and 720 days) to study 
the long-term behavior of silica fume concrete cured 
in different media (air, tap water and sea water) and 
exposed to different aggressive media (sodium 
chloride and sodium sulphate). The behavior of SF 
concrete was studied in terms of compressive, tensile 
and bond strength as reported in Table 1. 

Type I ordinary Portland cement (Egyptian cement 
company, Suez) meeting the requirements of E.S. 
37311991 was used. The cement content was 
constant for all mixes and equal to 500 kg/m3. 

Crushed dolomite with nominal maximum size of 14 
mm was used as coarse aggregate. The crushed stone 
particles had different colors that varied between 
cream and deep cream. The particles were irregular 
in shape and had a granular-porous texture. Natural 
fine clean sand free from any impurities such as silt, 
clay and organic compounds were used as fine 
aggregate. Tap water has been used for mixing and 
curing works. The water cementitious ratio was 
0.295. The aggressive media were sodium chloride 
with concentrations of 2 and 4% and sodium sulphate 
with concentrations of 5 and 7%. 

One type of admixtures was used in concrete mixes, 
which is classified as high range water reducer 
(HRWR) meeting the requirements of ASTM C494- 
81 type F. Silica fume used in concrete mixes have 
specific surface area of 16.8 m2/gm and specific 
gravity of 2.20. Silica fume has been used in concrete 
mixes as an addition. Silica fume was added with 
dosage of 10 % by weight of cement. High tensile 
steel (deformed bars) o f  3600 kg/cm2 yield stress and 
6100 kg/crn2 tensile strength was used in pullout 
specimens. Many trials had been made to find out the 
most suitable mix proportions taking into 
consideration the previous results in the literature. 
Cubes with 150 mm side length were used as 
compression test specimens, cylinders 150 mm 
diameter and 300 mm height were used as indirect 
tension and pull-out test specimens. Hydraulic testing 
machine of 300 tons capacity was used to determine 
the compressive strength while hydraulic testing 
machine of 100 tons capacity was used to determine 
the tensile and bond strengths. For XRD analysis, 
different samples representing all mixes were 
collected and sieved through a 75 pm sieve (No. 200) 
to remove the bulk of sand grains. Finally, the 
samples were ground to pass through 45 pm sieve 
(No. 325) and stored in desiccators to prevent 
carbonation before X-ray diffraction (XRD) analysis. 

3. RESULTS AND DISCUSSIONS 
The behavior of SF concrete was studied up to 720 
days in terms of compressive, tensile and bond 
strengths as follows: 
Compressive Strength 
The compressive strength results of SF concrete, with 
silica fume addition of 10% by weight of cement, 
cured in tap water, atmospheric air, sea water and 2% 
cK, 4% c(, 5% SO, and 7% SO,- solutions for 28, 
360, 540, and 720 days, are graphically represented 
in Fig. 1. It can be noticed that the concrete 
compressive strength increases with time for all 
samples by different rates and net at the early ages. 
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Table 1: Experimental Program 

I Curing media 

I Aggressive media ( CI- ) 

The rate of compressive strength gain with time as a 
ratio of the strength at 28 days curing age (fc/fc>r~%) 
increased with time up to 720 days, after 360 days 
these rates gradually reduced for all media, but the 
reduction was lower in case of reference media (tap 
water and air) compared to the aggressive ones, as 
plotted in Fig. 2. 
The ratio of compressive strength gain with time as a 
ratio of the strength at 28 days curing age (fc/fc,,,%) 
decreased as the aggressive ion intensity increased, 
and increased with time in chloride media up to 540 
days then decreased, Fig. 3. The ratio of (fc/fc,,,.%) 
decreased with increasing curing age in air and 
sulphate media but increased with curing age in sea- 
water up to 360 days then decreased. These ratios 
Uc/fc,,%) reached about 9.3, 14.8, 18.1 and 19.8 in 
air, 4% cL, 7% SO," solutions, and sea-water, 
respectively. The resistance of silica fume blended 
cement to sulphate attack was attributed to the 
formation of fine pore structure, reducing of lime 
content with a parallel decrease of the CdSi  ratio of 
the CSH. Also when SF concrete is exposed to 
sodium chloride solutions, durability of concrete is 
enhanced due to the reaction of liberated lime with 
silica fume forming CSH, which deposited in the 
pores of the cement pastes, therefore, the penetration 

of the chloride ions through the concrete is delayed 
and the compressive strength increases. 
Indirect Tensile Strength 
Test results of splitting tensile strength for HSC, with 
10% silica fume addition cured in tap water, - 
atmospheric air, and 2% Cf,  4% cC, 5% SO, , 7% 
SO,- solutions, and sea-water for 28, 360, 540, and 
720 days, are graphically represented in Fig. 4. The 
figure explained that the splitting tensile strength of 
concrete increases upon increasing curing age for all 
samples with different rates. 
The rate of enhancement in the tensile strength with 
time as a ratio of the strength at 28 days curing age 
V?fils%) increased with time up to 540 days. Above 
540 days, the tensile strength ratio for specimens 
exposed to 4% CI, sea-water and 7% SO, decreased. 
For specimens submerged in other media (tap water, 
air, 2% C1 and 5% SO,), the tensile strength ratio still 
increased but with a lower rate compared to those 
measured before 540 days as shown in Fig. 5. 
The ratio of tensile strength v/fr,,.%) decreased as the 
aggressive ion intensity increased, and also decreased 
with increasing curing age, as represented in Fig. 6. 
This ratio (fat,,.%) reached about 9.4, 13.3, 14.1 and 
15.6 in air, 4% cC, 7% SO,- solutions, and sea- 
water, respectively. 
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Bond Strength 
Pull-out test results for HSC, with the addition of 
10% silica fume cured in tap water, atmospheric air, 
2% Cl ,  and 4% CI solutions, for 28, 360, 540, and 
720 days, are graphically represented in Fig. 7. It can 
be noticed from the figure that the concrete bond 
strength increases with increasing curing age for all 
samples by different rates. The rate of increase in 
bond strength with time as a ratio of the strength at 
28 days curing age increased with time up 
to 720 days, with a decreasing rate depending on the 
storage media as shown Fig. 8. The presence of SF 
improves the bond especially at early ages because 
Ca(OH)2 and CaCO, decreases with the addition of 
silica fume due to the higher pozzolanic activity of 
silica fume, which reacts with Ca(OH)2 and forms 
CSH. The presence of SF affected the morphology 
and microstructure of the steel-cement paste 
transition zone, the compressive strength, which 
plays a major role in the pullout strength. The pullout 
strength for the deformed bars was also affected by 
the tensile strength of concrete. 
The bond strength ratio @/fa,,%) decreases, as the 
aggressive ion intensity increases. Also it decreases 
with increasing curing age, Fig. 9. This ratio 
@/fa,%) reached about 3.5, 4,l and 10.5, 
respectively, in air, 2% CI , and 4% CI solutions. 
XRD 
The X-rav difkaction oatterns (XRD) of the hardened 
specimen; cured in' sulphatk solbtions for long 
duration are given in Figs. 10 and 11. It is found that 
the peaks of Ca(OH)2 decrease with time, due to the 
chemical reactions of sodium sulphate and Ca(OH)2, 
where ettringite are produced. The peaks of CSH and 
ettringite are detected; its peak intensities are slightly 
increased with time. Also, it is found that the peaks 
of CaCO, decrease with time. 
The X-ray dimaction patterns of the hardened 
specimens cured in chloride solutions for long 
duration are given in Figs. 12 and 13. It is found that 
the peaks of Ca(OH)2 decrease with time, due to the 
chemical reactions of sodium chloride and Ca(OH)2, 
where calcium chloroaluminate hydrate are 
produced. The peaks of CSH and calcium 
chloroaluminate hydrate are detected; these peak 
intensities are slightly increased with time. Also, it is 
found that the peaks of CaC03 decrease with time. 
The X-ray diffraction patterns of the hardened 
specimens cured in sea-water for long duration are 
given in Fig. 14. It is found that the peaks of 
Ca(OH)> decrease with time, due to the chemical 
reactions of sulphates and chlorides with Ca(OH)2, 
where ettringite and calcium chloroaluminate hydrate 
are produced. The peaks of CSH, ettringite, and 
calcium chloroaluminate hydrate are detected; these 
peak intensities are slightly increased with time. 
Also, it is found that the peaks of CaCO, decrease 
with time. 
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Curing age, days 
Fig. 1 Compressive strength of HSC samples, with 

10% SF addition cured in different media 
for long duration. 

Curing age, days 

Fig. 2 Rate of change in compressive strength of 
HSC (fc/fccw%) samples, cured in 
different media for long duration. 

Curing age, days 

Fig. 3 Rate of change in compressive strength of 
HSC (rc/fc,,,%) samples, with 10% SF 
addition cured in different media for 
long duration. 
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T.W. WAir N 2 %  C I  m 4 %  C1 
5% s o 4  B 7 %  s o 4  B S . W .  

Curing age, days 

Fig. 4 Tensile strength of HSC samples, with 
10% SF addition cured in different 
media for long duration. 

Curing age, days 

Fig. 5 Rate of change in tensile strength of HSC 
(f?/f8%) samples, with 10% SF 
addition cured in different media for 
long duration. 

28 360 540 720 

Curing age, days 
Fig. 6 Rate of change in tensile strength of HSC 

(/I&%) samples, with 10% SF addition 
cured in different media for long 
duration. 

Curing age, days 

Fig. 7 Bond strength of HSC samples, with 10% 
SF addition cured in different media for 
long duration. 

110 4 

28 360 540 720 

Curing age, days 

Fig. 8 Rate of change in bond strength of HSC 
(tb/&.%) samples, with 10% SF 
addition cured in different media for 
long duration. 

fflAir a 2 %  C I  M 4 %  C I  

Curing age, days 

Fig. 9 Rate of change in bond strength of HSC 
(tb/p,,%) samples, with 10% SF addition 
cured in different media for long 
duration. 
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CH : Caicium hydroxide. CC :Calcium 
carbonate. 
Q : Quam. CSH : Calcium silicate hydrate. 
M :Calcium chloroaluminate. E : Enringite. 

CSH CH J 

720 Days 0 

CSH 
CC 

Fig. 10 X-Ray diffraction patterns of hardened HSC 
conta in ing  10% sil ica fume cu red  in 

solution wi th  5% SO4 up to 540 and 720 
days 

CH : Caicium hydroxide. CC : Calcium carbonate. 
Q : Quartz. CSH : Calcium silicate hydrate. 
M :Calcium chloroaluminate. E : Enringite. 

CH : Caicium hydroxide. CC :Calcium carbonate. 
Q : Quartz. CSH : Calcium silicate hydrale. 
M :Calcium chloroaluminate. E : Enringile. 1 D: Dolomite. , 1 

CSH 
CH 

. . 
4 8 12 16 20 24 28 32 36 40 44 48 

2 0 
Fig. 12 X-Ray diffraction patterns of hardened HSC 

conta in ing  10% si l ica  fume cured  in 

so lu t ion  wi th  2% CI up to 540 and 720 
days 

CH : Caicium hydroxide. CC : Calcium carbonate. 
Q :Quartz. CSH :Calcium silicate hydrate. 
M :Calcium chloroaluminate. E : Ettringite. 
n . nolnmite 

0 Q 

Fig. 11 X-Ray diffraction patterns of hardened HSC Fig. 13 X-Ray diffraction patterns o f  hardened H S C  

conta in ing  10% si l ica  fume cured in conta in ing  10% sil ica fume cured in 

so lu t ion  w i th  7% SO4 u p  to 540 a n d  720 solu t ion  wi th  4% CI u p  to  540 and 720 
days days 
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Finally, from the analysis of the test results 
represented in Figs. 1 to 9 and X-ray diffraction 
analysis it can be stated that the presence of chloride 
and sulphate ions in seawater together with 
magnesium and sodium ions would appear to 
constitute a major corrosion problem. High strength 
concrete has been observed to be severely damage by 
calcium chloride. Magnesium sulphate attacks most 
of the constituents of hvdrated cement oastes and 

rete. 

CH : Caicium hydroxide. CC:  Calcium carbonate. 
Q : Quartz CSH : Calcium silicate hydrate. 
M : Calcium chloroalurniaate. E : Ettringitc. 
D : Dolomite. 

n 

E M CSH CHM 

720 Days El 

Fig. 14 X-Ray diffraction patterns of hardened 
HSC containing 10% silica fume 
cured in sea-water up to 540 and 720 
days 

It reacts with calcium aluminates ferrite hydrates to 
give calcium sulphoalurninate ferrite hydrates and 
Mg (OH),. It also attacks calcium silicate hydrate to 
form gypsum, Mg(OH), and silica gel. Moreover, the 
resulting silica gel reacts very slowly with Mg(OH)2 
to form hydrated magnesium silicate of an 
approximate composition of 4MgO.SiO2.8.5H20. 
The concrete strength is thereby decreased because 
magnesium silicate hydrate possesses no binding 
properties. MgS04 of seawater dissolves more 
Ca(OH), in concrete than Na2S04, resulting in an 
increase of porosity and, therefore, increase the 
attack. The presence of NaCl in seawater leads to 
dissolving both Ca(OH)2 and Mg(OH), more readily 
and this would justify the assumption of a more 
violent corrosion in seawater. 

4. CONCLUSIONS 

Based on the results of the study, the following 
conclusions were deduced: 

0 High strength concrete, (HSC) incorporating silica 
fume, when cured in air, exhibited some loss in 
strength, equal to about 10% from that cured in 
water. 

Q HSC concrete recorded the highest values, higher 
rates of increase in the compressive strength up 
to 24 months compared with that of ordinary 
concrete for all aggressive media, and gives the 
best results especially at higher degrees of 
aggressiveness of the environment. 

€3 The durability of SF concrete is enhanced against 
sodium chloride and sodium sulphate. The 
resistance of silica fume blended cement to 
sulphate attack was attributed to the formation of 
fine pore structure, reducing lime content and a 
parallel decrease of the CaISi ratio of the CSH. 

0 The rate of attack on concrete by sulphate and 
chloride solutions depends on the solution 
concentration (degree of aggressiveness of the 
environment). 

O The XRD results indicated that the Ca(OH), and 
CaCO, decreases with the addition of silica fume 
due to the higher pozzolanic activity of silica 
fume, which reacts with Ca(OH), and forms 
CSH. 

O The XRD results indicated that CSH peak 
intensities gradually decreased with chloride ion 
concentration. At the same time, the intensities 
of calcium chloroaluminate hydrate peaks are 
detected which is characteristic of the chemical 
reactions of sodium chloride and Ca(OH)2. 
These peaks are gradually decreased with silica 
t ime addition and gradually increased with 
chloride ion concentration. 
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