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ABSTRACT

Concrete detenioration in the Persian Gulf region has become a major problem in the last decade,
requiring the use of special maintenance, repair materials and technigques, The unique aggressive
environmental conditions in the region cause concrete deterioration, mainly by corrosion of
reinfarcing bars. An evaluation of durability of repair materials under the specific environmental
conditions s necessary Lo ensure a successful repair.

Silica fume has proven to be a highly efficient supplementary cementitious material,
improving both the physical and durability characteristics of mortar and concrete.

This research paper assesses the use of silica fume in a cementitious repair mortar, under
laboratory and simulated Persian Gulf conditions, to evaluate its durability performance in a hot
and humid environment,

Keywords: concrete deterioration, repair mortar, durability, silica fume, cementitious repair
maortars, hot and humid environment.

1. INTRODUCTION

The severe environment of the Persian Gulf region causes rapid concrete deterioration, mainly to
marine and off-shore structures, such as ports and marine decks, This region is mostly
characterized by adverse geomorphic and climatic conditions such as clevated ambient
temperatures with wide daily and seasonal fluctuations of heat and humidity, causing
progressive ticro-cracking, unusual high concentrations of ageressive salts which attack both
reinforcement  and the cement matrix respectively and also inadequate specifications, poor
materials and conerete practices [1]. The sum of these aggressive conditions and their interactive
relations affeet the durability of concrete structurcs in the Persian Gulf region and can cause
significant conerete  deterioration, namely corrosion of reinforcement. corrosion caured by
chloride and sulfate attack, salt weathering and environmental non-structural cracking, ina
relatively short period of time [2].
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Also, when the severity of the environmental conditions are compounded with poor quality
conerete, e.g. madequate design specifications, contaminated raw materizls and defective toov
construction practices, the deterioration processes increase interactively and become very rapid
31

Compatibility in a repair system is the combination of propertics between the repair material
and the existing concrete substrate which ensures that the combined svstern withstands the
applied stresses and maintains its stuctural integrity and protective properties in a certain
exposure  environmennt over a designated service life [4]. Dimensional stability, chemical,
electrochemical and permeability properties of the repair material and the repair substrate are the
main aspects of compatibility,

The dimensional stability is probably the most important factor which controls the volume
changes due to shrinkage, thermal expansion. the effects of creep and modulus of elasticity [5].
The chemical and electrochemical properties include attack due to alkali-silica reaction, sulphate
content, pH, electrical resistivity, chloride and carbonation induced corrosion, whercas the
permeability and diffusion characteristics of both materials and at the interface between them are
the main consideration for a durable combined system.

The strength-associated characteristics of a repair martar largely allow it to match the
concrete substrate. Cementitious repair mortars generally have similar characteristics in terms of
" modulus of elasticity, coefficient of thermal expansion and creep. Adhesion of the two materials
relates to the integrity of the repair and bonding primers also ensure good adhesion to the
concrete substrate,

The shrinkage of repair mortars are of the most important properties of a repair system, as
high shrinkage leads to cracking, de-bonding and indeed can cause total failure of the repair
materizl,

Permeability characteristics of repair mortars reduce the ingress of chloride jons and carbon
dioxide, which are the main cause of damage in reinforced concrete structures.

Various research show that silica fume has proven to be a highly efficient supplementary
cementitions material, improving concrete durability, Extensive research has also shown that by
using silica fume, the permeability of concrete is reduced, resulting in very durable conerete,
even sultable in very aggressive environments |[6].

Permeability of concrete is one of the most critical parameters in the determination of
concrete durability to aggressive substances. As the permeability of the conerete is lowered, its
resistance to the ingress of harmful chemicals increases, Extensive investigations have shown
that by using silica fume in concrete, the water permeability is reduced significantly [7], This is
primarily due to the refined pore structure both in the cement paste as well as the interfacial zone
between  paste and aggregate. Research also shows that the effect of silica fume is more
pronounced for low dosage of silica fume and low cement content [8].

Also, intensive laboratory imvestigations confirm the beneficial effect of silica fume on the
resistance  of concrete against sulphate, acid and chloride attacks, due to the improved durability
of the pore structure and reduced permeability and also the reduced content of caleium
hydroxide and increased incorporation of aluminum in the reaction process; silica fume concrete
has a reduced amount of aluminum available for ettringite production [9].

In the presence of silica fume, the capacity of the cement paste to bind chlorides is reduced
[10], thus concrete containing silica fume has a lower threshold value for the critical chloride
content compared to that of ordinary portland cement.

While the compressive strength of a repair mortar may be a useful guide for indicating
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compatibility between the concrete substrate and repair material; now it has been comprehended
that guite a number of other propertics are important for a durable repair. These propertics
include low shrinkage and low permeability of the repair material [8]. Due to movements caused
tw loading or changes in temperature and humidity, it is necessary that the repair morlar has
similar modulus of elasticity values o the concrete substrare, which in turn tends to indicate
similar compressive strength values. A great difference in these properties may result in failure
ol the repair duc to differential movement. The thermal compatibility of the two materials s
inportant and changes o temperature sich as thermal cveles may cause de-bonding ol the two
materialks.

The durability of a repaiced strocmure 15 much more than the durability of the repair material
The composite structure, consisting of the old concrete structure and the new repair mortar must
be able o withstand mechantcal and thermal stresses, wetting and drying cyeles and most
unportantly the effect of shrinkage of the new material pasted on the old. alrcady shrunk
concrete, without any significant deterioration. In fact, the most significant deterioration likely to
ocecur for repaired structures is the de-bonding of the new repair material, at or near the bonding
plane, that often is the weakest point of the composite structure, This inlerfacial wone s not only
the preforential zone of rupture, but it is also the most stressed zong of the composite structure
and 1t has a composition dittferent from that of the two materials that are inked. The dorability of
the bonding of the two matertuls s thus very different [rom the durabiliny of both the old and
now Conereles.

A common approach 1o the selection of repair materials s based on assessment of individual
properties against delined criteria; which has limited value as the relationship between different
propertics of the repair, between the repair and substrate and also exposure conditions normatly
determine fleld performance [9]. The mix design, including selection of appropriate materials
significantly influences the performance of the repair, To achieve a good, compatibla and
durable repair, 1L 15 noeessary W sludy and understand the perfirmance charaeleristics and also
limitations of the application of repair materials. [n order o evaluate the suitabilicy of using
repair materials, itois essential to assess their properties, interaction of these propertics and alsa
their avtual behavior in service conditions, prior to use,

In this rescarch study the durability performance of a repair system containing silica fume is
compared 1o & control mortar, under simulated hot and normal laboratory environments, in order
1o evaluate the behavior of these maortars in actual service conditions in the souh of Tran,

2. EXPERIMENTAL WORKS

The experimental study  carried out meludes  determining  the  properties, simulation of
mechanical and durability characteristics of the two repair mortars in two different curing
enviromments {laboratory and Persian Gulf environment),

The repair mortars studied i this project were as follows |

- LClomtrol mortar, referred to as “SH” mix

- Muodilied cementitious mortar containing silica fume, refemed to as “MS™ mix

21 Materials
Chemical analysis of the type 11 Portland cement and silica fumc used in this study is shown in
Tahle 1,
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Table 1 Chemical analysis of Portland cement and silica fume

Chemical analvsis Portland cement % Silica fume %
S0, 20.52 91.1
Al0s 5.5 1.55
Fea0; 4.3 2.00
Cal 6278 2.24
MgO 1.6 0,60
Mald 0.5 -
ELO (.4 -

lenition Loss [.74 210
Free lime .54 -
SOy 1.44 1.45

Natural siliceous sand was uwsed in all mixes, with a maximum size of dmm. A
superplasticizer based on melamine sulphonate naphthalene was also  used where needed, 1o
adjust the flow of the mixes.

2.2 Mix desien
Details of the mix design of the repair mortars considered in this study are shown in Table 2,
The water-cement (w/c) and cement-aggregate (c/a) ratios were kept constant in all the mixes,

Table 2 Mix proportions and properties of mortars

) | 8P Silica " Flow Density
Mix CIA W/C _
2. Fume % om kg
SH Ll 0.35 0.5 - 13 2205
M5 1:1.25 0.35 I 7 14 2153
* by weight of cement *# Melcret superplasticizer

After casting and demolding, the specimens were fog cured at 20°C for seven days, then
transferred to the two curing conditions:
iA) - Laboratory conditions (20°C, 45% RH)
i(B) - Simulated Persian Gulf environment (33°C, 65%RH)

2.3 Test procedures
The tests performed on the repair mortars in this study included the following:
- Compressive and flexural strengths, in accordance with ASTM and British Standards
Drying shrinkage, in accordance with the ASTM Standard
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- Capillary water absorption, In accordance with the RILEM Srandard

- Initial surface water absorption (ISAT) test in accordance with the ASTM Standard

- Chloride penetration, inaccordance with ASSHTO specifications: | Scm cubes were
unmersed inoa 13.7% NaCl solation at the age of 28 davs, and rested al various ages.

- Permeability and porosity tests iy accordance with the DIN Standards

- DBonding strength: Substrate concrete specimens (30w40:20em’ blocks) were sund
blasted and repaired with each mix, using suitable primers and bonding strength was
tested after 28 days by drilling core samples and using the pull-off test method.

3. TEST RESULTS AND DISCUSSION

34 Compressive andd flexural strenoih

The compressive strength development of the nuxes  for both curing conditions are shown in
Figure 1. As it can be seen, the samples cured in the hot simulated covironment had lower values
than those cured in the laboratory.

Repair mortars

and repair material,

20

Compressive Strength Nomm

10

with high tonital compressive strengths will also have a high dynamic
modulus of elasticity, resulting in the increase of stress at the substrate-repair inlerface, therefors
this parameter is not a suitable guide for indicating compathility between the concrete substrate
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Figure 1 Compressive strength test results

The fexural strength for the two mixes (cured in both A and B conditions) is shown in Figure

a

2 respectively. In both tests the silica fume modified samples had the higher strengths. The

simulated Persian Gult environment caused loss of strength  in all mixes, this effect was less
noticeable for the maortar eontaining silica fume. compared Lo the control mix,
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Figure 2 Flexural strength test results

Tahle 4 shows flexural/compressive strength ratios for the two mixes. This ratio s an
important indicator of improving the repair mortar characteristics, specifically ductility, thal
indicates increased siress capacity in these mortars. These results indicate that silica fume
addition to the repair mortar increases this ratio,

Table 4  Flexural/comprassive strength ratios for mixes

Flexural/Compressive Strength Ratio (%)
Mortar
28 days o0 days 180 days | 360 days
A 11 11.6 1.6 11.7
SH |
B 11 11.3 11.6 [1.8
M& A 2.6 2 1.5 2.5
B 2.6 2.6 l:2 | 1.2

3.7 Dirving shrinkage

The drying shrinkage curves for the mixes conmsidersd in this investigation are presented in
Figure 3. The MSA mix had the lowest and the SHB mix showed the highest drying shrinkage.
All mixes cured in the simulated hot environment had higher amounts of drying shrinkage.

3.3 Capillary water absorption

The capillary water absorption (at 72 hours) test results is shown in Figure 4. The results indicate
that addition of silica fume significantly decreases the absorption characteristics of the repair
mortars. The SHB and MSA mixes had the highest and lowest amounts of absorptivity. The test
results show that by using silica fume in the mixes, the capillary water zbsorption decreases
dramatically.
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These  resulls may be attributed to the pore-filling characteristics of silicn fume, when
incorporated nto conercle or morlar mixes, inside the cement matrix, blocking off paths that
water may permeate through, thus decreasing the penetration of water into the mortar,
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Figure 3 Drying shrinkage test results
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Figure 4 Capillary water absorption rest results

A4 Initial surface water absorption
The nital surface waler absorption test results are shewn in F igure 5. The results indicate that
addiion of silica fume significantly decreases the absorption characteristics of the repair
mortars. The SH B and MSA mixes had the highest and lowest amounts of ahsarption.

These results may also be attributed to the pore-filling characteristies of silica fume, when
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incorporated into concrete or martar mixes, The fine silica fome particles Al in the vords i the
cement matrix, thus the paths that water mav permeate become limited, decreasing the
penctration of water

0.4 T - —-

; : ; —_H A
pEgss pred S A e e e P SHE
: ; : —ar-MS A

=
[}

+ M50

.25

=
-
(4]

(=]
Y

0.05

Initial Surface Water Absorption - mlfmises
o
ha

a a0 ton 150 200 250 0w 350 400

Time - days

Figure 5 Tnitial surfuce water absorption test results

3.5 Chiowide penetration

The chlorde penctration test results (obtained atter 60 days immersion in chloride solution) for
the mixes are shown in Figure 6. It can be scen that addition of silica fume increases the chloride
penctration resistance of the repair mortar, This reduction in permeability can be attributed to the
fact that sihea fume particles, being much smaller thao the sand and cement particles, fill the
smaller pores, therebhy improving impermeability characteristics of the repair mortar,
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Figure 6 Chloride profile for all mixes
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A0 Permeabidity and povasity
The permeability and porosity lest results for all mixes are shown in Figure 7 and Table 4
respectively. 1t can be scen that the simulated hot environment (3) causes an increase in the
permeability in most of the mixes. The porosity of all the repair mortars also increases in the hot
environment, The results show that silica fume rednees the permeability and porosity ol the
repuir mortars. This can be the addition of artributed o pore-modilying characleristics of silica
fume, reducing the penctration of water (and therefore harmful sustances) into the mortars,
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Figure 7 Permeability of repair mortars
Table 4 Porosity of repair mortars
Porosity - %
MORTAR Laboratory Simulated Hot
Conditions (A) Environment (B)
sH 13 14
i nMS 6.9 9.3

3 7. Bowclisg strenath

The bond strength results obtzined from the pull-off test for the mixes in this study are shown in
Figure 8. Tt can be seen that the hot environment (B) causes lower bonding strength in the mixes.
The results also show that using silica fume in the bonding primer enhances bonding strength of
the repair mortar to the concrete substrate. This can be attributed to improved bonding and
adhesion between the modified repair mortar and o the old concrete,

4. CONCLUSIONS

From the test results in this study the following conclusions may be drawn:
The addition of silica fume enhances the physical properties and durability of repair mortars,
in comparison o the control mix,
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The hot simulated Persian Gulf environment has a negative effect on the characteristics of
all the mixes, which is mainly due to accelerated hydration, resulting in non-uniform
distribution of hydration products in samples cured in the hot environment, increasing the
porosity of these mixes. It is essential to reduce the permeability of repair mortars in such
a detrimental environment, to decrease the penetration of harmful substances into the
concrefe,

Addition of silica fume to the samples tested in this study caused areduction in the
porosity and permeability of the repair mortars, thereby limiting the penetration of
corrosive subsiances into the concrete.
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