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» Geopolymers can be used as sealers for concrete structures.
» Geopolymers could replace epoxy adhesives in FRP retrofitting.
» Geopolymers are potential low toxicity, cost-efficient lining materials.
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Infrastructure rehabilitation represents a multitrillion dollar opportunity for the construction industry. In
USA alone the rehabilitation needs are estimated to exceed 1.6 trillion dollars over the next 5 years. Since
the majority of the existent infrastructures are concrete based this means that concrete infrastructure

rehabilitation is a hot issue to be dealt with. Besides the sooner concrete deterioration is tackled the
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lower are the rehabilitation costs. This paper provides a literature review on concrete repair materials,
highlighting the current problems face by them. It covers concrete surface treatments, patch repair
and FRP strengthening. The case of trenchless rehabilitation of concrete sewage pipelines is also dis-
cussed. The potential of geopolymers to overcome those limitations is analyzed.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Worldwide infrastructure rehabilitation costs are staggering.
For example in the USA the needs are estimated to be over 1.6 tril-
lion dollars over the next 5 years, where about 27% of all highway
bridges are in need of repair or replacement, and the corrosion
deterioration cost due to deicing and sea salt effects is estimated
at over 150 billion dollars [1]. In the USA alone, it is estimated that
annual investments of up to $21 billion is required to provide
adequate infrastructure wastewater. It is also estimated that the
annual operation and maintenance costs associated with wastewa-
ter infrastructure to be in excess of $25 billion [2].

In the European Union nearly 84,000 reinforced and prestressed
concrete bridges require maintenance, repair and strengthening
with an annual budget of £215M, and that estimate does not
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include traffic management cost [3]. Many of the degraded con-
crete structures were built decades ago when little attention was
given to durability issues [4]. The importance of durability in the
context of eco-efficiency of construction and building materials
has been rightly put by Mora [5], when he stated that increasing
concrete durability from 50 to 500 years would mean a reduction
of its environmental impact by a factor of 10. Materials with low
durability require frequent maintenance and conservation opera-
tions or even its integral replacement, being associated with the
consumption of raw materials and energy. The “Law of Fives” cited
by Delatte [6] states that $1 spent on design and construction is
equivalent to $5 spent as damage initiates and before it propagates,
$25 once deterioration has begun to propagate, and $125 after
extensive damage has occurred. This concept highlight the impor-
tance acting the sooner the possible to prevent concrete structures
to reach that level when extensive damage has occurred and the
rehabilitation costs grew exponentially. In that context to assess
if current repair materials are effective in addressing concrete
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infrastructure rehabilitation needs is of paramount importance. R4
Investigations in the field of geopolymers had an exponential in-
crease after the research results of Davidovits [7] who developed
and patented binders obtained from the alkali-activation of
metakaolin, having named it after the term “geopolymer” in
1978. For the chemical designation of the geopolymer Davidovits
suggests the name “polysialates”, in which Sialate is an abbrevia-
tion for aluminosilicate oxide. The sialate network is composed
of tetrahedral anions [SiO4]*~ and [AlO4]°>~ sharing the oxygen,
which need positive ions such as (Na* K* Li* Ca*™ Na* Ba™"
NH," Hs0") to compensate the electric charge of Al * in tetrahe-
dral coordination (after dehydroxilation the aluminum changes
from coordination 6 (octahedral) to coordination 4 (tetrahedral).
The Polysialate has the following empiric formulae:

M, {—(Si0,), — AlO,},, wH,0

in which n is the degree of polymerization, zis 1, 2 or 3, and M is an
alkali cation, such as potassium or sodium, generating different
types of Poly(sialates) (Fig. 1). According to Davidovits, geopoly-
mers are polymers because they transform, polymerize and harden
at low temperature. But they are also Geo-polymers, because they
are inorganic, hard and stable at high temperature and also non-
inflammable. Over the last years several authors have reported re-
search in a large number of aspects related to geopolymers such
as: dependence of the nature of source materials (alkali-activated
binders synthesised from calcined sources show a higher compres-
sive strength than from raw materials) [9,10], immobilization of
toxic metals [11-13], reaction mechanisms and hydration products
[14-18], the role of calcium in geopolymerization [19-21], the
development of lightweight building materials [22], durability is-
sues [23-25] and even LCA [26,27]. However, very few studies in
the geopolymer field have addressed the rehabilitation of deterio-
rated concrete structures. One possible explanation for the afore-
mentioned gap relates to the fact that most geopolymer research
groups belong to the field of materials science and not to the field
of civil engineering. This shows the importance of a review paper
that could highlight the importance of this area.

2. Concrete structures
2.1. Surface treatments

Concrete durability means above all minimizing the possibility
of aggressive elements to enter the concrete, under certain
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Fig. 1. Poly(sialates) structures [8].

environmental conditions for any of the following transport mech-
anisms: permeability, diffusion or capillarity (Fig. 2). The use of
concrete surface treatments with waterproofing materials (also
known as sealers) to prevent the access of aggressive substances
is an important way of contributing to concrete durability. The
most common surface treatments use polymeric resins based on
epoxy, silicone (siloxane), acrylics, polyurethanes or polymethac-
rylate. Bijen [29] mentioned that the epoxy resins have low resis-
tance to ultraviolet radiation and polyurethanes are sensitive to
high alkalinity environments. On the other hand although some
waterproof materials are effective for a particular transport mech-
anism (diffusion, capillarity, permeability) cannot be for another.
Medeiros & Helene [30] used a water repellent material based on
silane-siloxane noticing that although it is effective to reduce the
water absorption by capillarity of concrete (reduced from 2 to 7
times), it only managed to achieve a reduction of the chloride dif-
fusion from 11% to 17% and also failed to prevent the access of
water by permeability. Balaguru [31] study the use of geopolymer
as a protective coating material for transportation infrastructures.
Those authors mentioned that geopolymeric matrix cures to a
glassy texture and hence organic paints do not adhere to geopoly-
mer coated surfaces making them also graffiti resistant. Unlike or-
ganic coatings geopolymer coatings are permeable to vapor
pressure and thus do not delaminate from the parent surface
[32]. Other investigations [33] showed that geopolymer coatings
are durable (Fig. 3) even in field conditions, given an example of
a geopolymeric coating application under saltwater exposure con-
ditions in Rhode Island with 9 years old. More recently, Zhang et al.
[34,35] mentioned that the use of geopolymers for sealing the con-
crete surface can be a more effective technique than the organic
polymers used so far. Nevertheless, they mention a shrinkage prob-
lem that could be solved by appropriate addition of PP fiber and
MgO as expansion agent as well as careful curing at an early age.

2.2. Patch repair

The patch repair method is widely used to restore the original
conditions of the concrete structures [36,37]. In order to ensure
structural compatibility and also compatibility with the concrete
substrate patch repair mortars must meet certain requirements
(Table 1, Fig. 4). The application of the patch repair mortar is pre-
ceded by cleaning the concrete surface to remove pieces of de-
graded concrete. Moreover, as the roughness of the concrete
substrate affects the performance of most patch repair mortars, it
becomes necessary to artificially increase its roughness, regardless
of the cleaning operation. A rapid adhesion to the concrete sub-
strate is therefore a fundamental property of patch repair mortars,
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Fig. 2. Concrete durability [28].
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Fig. 3. Concrete prisms coated with geopolymer and exposed to running water [33].

Table 1
Structural compatibility - general requisites for repair mortars [38].

Properties Relation between the repair mortar (Rp)
and the concrete substrate (Cs)
Strength in compression, Rp > Cs
tension and flexure
Modulus in compression, Rp ~Cs

tension and flexure

Poissoiis ratio Dependent on modulus an type of repair

Coefficient of thermal Rp ~ Cs
expansion
Adhesion in tension and in Rp = Cs
shear
Curing and long term Rp > Cs
shrinkage
Strain capacity Rp > Cs
Creep Dependent on whether creep causes
desirable or undesirable effects
Fatigue performance Rp > Cs

Durability of concrete repair

I |

Production of durable
repairs

1

Dimensional
compatibility

| Selection of compatible materials |

. |

Chemical
compatibility

Electrochemical
compatibility

Permeability
compatibility

| ! } ' !

Modulus of
elasticity

Drying
shrinkage

Thermal Creep
expansion

Geometry of
sections

Fig. 4. Factors that influence of the durability of repair mortars [38].

allowing that the structure is back into service. Most patch repair
mortars fall into two categories, the mortars based on organic
binders (epoxy resin or polyester) or those based on inorganic
binders like Portland cement. Murray [39] mentioned that latex-
modified patch repair mortars are used widely and successfully.
However, the latter are more cost effective and less toxic, being
commercially as a pre-pack mixture of Portland cement, aggre-
gates, silica fume, fibers and other additives. Recent investigations
in the field of geopolymers reveal a third category of mortars with
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Fig. 5. Adhesion strength using the “slant-shear” test [40].

high potential to be used in the field of concrete patch repair [19].
Since the adhesion to the concrete substrate is a crucial property of
the repair mortars, some results related to the comparison be-
tween geopolymer mortars and commercial products for the repair
of concrete structures are presented. The adhesion strength was
evaluated using the slant shear test. The slant shear test uses
square prisms made of two halves, one of the concrete substrate
and one of the repair material, tested under axial compression.
The adopted geometry for the slant shear specimens was a
50 x 50 x 125 mm° prism with an interface line at 30° to the ver-
tical. Bond strength was calculated by dividing the maximum load
at failure by the bond area and was obtained from an average of
four specimens determined at the ages of 1, 3, 7, and 28 days of
curing. In order to increase the specific surface of the concrete sub-
strate an etching procedure was carried out. The concrete surface
was immersed in a 5% hydrochloric acid solution for 5 min and
then carefully washed to ensure the removal of CaCl, which results
from the reaction between HCl and Ca(OH),. The specimens were
named after the repair materials and concrete substrate surface
treatments. Specimens using concrete substrate repaired with
commercial product R1 with and with no surface treatment were
named respectively, R1-ES (Etched surface) and R1-NTS (No treat-
ment surface). Similarly, when the geopolymer based binder was
used to bond the two halves they were named GP - ES and GP -
NTS respectively. Slant specimens with substrate surface treatment
as cast against metallic formwork, and as cast against wood form-
work were also used repaired with geopolymeric binder and were
named, GP-MF and GP-WF respectively. The results of the effect of
the several repair solutions on average adhesion strength are
shown in Fig. 5. It can be seen that the specimens repaired with
the geopolymeric mortar present the high adhesion strengths even
at early ages. Specimens repaired with geopolymeric mortar with
1 day curing have higher bond strength than specimens repaired
with current commercial products after 28 days curing. Specimens
repaired with the geopolymeric mortar appear to be influenced not
by the chemical treatment in sawn concrete surface substrates, but
by the use of concrete surfaces as cast against formwork. Those
kinds of surfaces are rich in calcium hydroxide but lack exposed
coarse aggregates which could contribute to improve bond
strength due to silica dissolution from the aggregate surface. The
strength performance of commercial repair products is very depen-
dent on curing time and this constitutes a serious setback when
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Fig. 6. Cost to strength ratio after 28 days curing according to repair solution [40].

early bond strength is required. The results show that bond
strength using repair product R2 is clear influenced by the surface
treatment. Even if the current commercial repair materials had the
same mechanical performance of the geopolymeric binder, the cost
of the cheapest one (R1) is still 6, 9 times higher than the geopoly-
meric binder. When comparing the cost to bond strength ratio the
differences are even higher, with the cost of the cheapest solution
with current commercial repair products (R1-ES) being 13, 8 times
higher than the geopolymer repair mortar (see Fig. 6).

2.3. Structural retrofitting using FRP

Different techniques can be used in rehabilitation works of con-
crete structures. The most used are the strengthening with fiber
reinforced polymer-FRP developed first in Japan [41-43] and the in-
crease of elements sections with new concrete [44]. The bond be-
tween the concretes, steel and FRP is usually made with epoxy
adhesives. An important property of the epoxy adhesives is the
glass transition temperature (Tg). It is the temperature above which
polymers change from relatively hard and elastic to viscous, rub-
bery-like behavior. Due to this, some recommendations have sug-
gested that epoxy resins should not be used at temperatures
above their Tg and further that the selected materials should have
a Tg of at least 20 °C above the maximum expected service temper-
ature. According to Gamage et al [45] both experimental results and
finite elements calculations show that epoxy adhesives should not
be exposed at temperatures above 70 °C, in order to maintain the
integrity of the strengthened elements. Past investigations [46]
confirm that epoxy adhesives exhibit poor behavior when subjected
to increased temperatures, causing important bond deterioration.
This means that adhesive materials like geopolymers known to pos-
sess high stability at high temperature, can be an alternative to
epoxy resins. Balaguru et al. [33] showed that concrete samples
coated with carbon reinforced geopolymer did not degrade after
100 cycles of wetting and drying. Recent investigations [47] related
to geopolymeric mortars used as adhesive for CFRP revealed that
the adhesion strength between CFRP and geopolymer mortars
was lower than expected. This could be due to the fact that the com-
position of the geopolymeric mortars was not optimized and also to
the fact that the CFRP used was not prone to this kind of application.

3. Trenchless rehabilitation of concrete sewage pipelines

Concrete sewage pipes are prone to sulfuric acid attack pro-
duced by sulfur oxidizing bacteria [48] thus requiring replacement
or rehabilitation actions. Since the 1980s that several trenchless
technologies allows for pipeline rehabilitation without surface
excavation and traffic disruption. Trenchless technologies use dif-
ferent types of liners, such as slip liners, cured-in-place liners,
and formed-in-place pipe liners [49]. Current lining materials are
based on Portland cement, epoxy, polyurethane, polyurea and

Fig. 7. Rehabilitation of a reinforced concrete pipeline sewer with a PVC liner.

polyurea/polyurethane hybrids [50]. Polyurethane is obtained
from the isocyanates, known worldwide for its tragic association
with the Bhopal disaster. The production of polyurethane also in-
volves the production of toxic substances such as phenol and chlo-
rofluorocarbons. Burtner et al. [51] described the rehabilitation of a
4632 m long large concrete sewer with a polyvinyl chloride (PVC)
liner (Fig. 7). PVC is a thermoplastic polymer, obtained from the
polymerization of vinyl chloride monomer, which in turn is ob-
tained from petroleum and chlorine. Chlorine is associated to the
production of dioxins and furans that are extremely toxic and also
bio-cumulative. Several scientist groups already suggest that chlo-
rine industrial based products should be prohibited [52]. Besides
recently the European Union recently approved the Regulation
(EU) 305/2011 related to the Construction Products Regulation
(CPR) that will replace the current Directive 89/106/CEE, already
amended by Directive 1993/68/EEC, known as the Construction
Products Directive (CPD). A crucial aspect of the new regulation re-
lates to the information regarding hazardous substances [53]. Since
geopolymer performance [54-56], concerning the resistance to
acid attack, is far better than that of Portland cement, this means
that this materials could be an alternative low toxicity, cost-effi-
cient lining material. Some investigations have already been con-
ducted in this field, however, so far it covered only the mixture
development phase and the resistance to acid attack [57,58].

4. Conclusions

Worldwide infrastructure rehabilitation costs are staggering.
Since the majority of the existent infrastructures are concrete



F. Pacheco-Torgal et al./Construction and Building Materials 36 (2012) 1053-1058 1057

based this means that concrete infrastructure rehabilitation is a
hot issue to be dealt with. The use of sealers to prevent the access
of aggressive substances is an important way of contributing to
concrete durability. Sealers based on epoxy resins have low resis-
tance to ultraviolet radiation and polyurethanes are sensitive to
high alkalinity environments. Although some sealers are effective
for a particular transport mechanism cannot be for another. Unlike
organic based sealers geopolymer are permeable to vapor pressure
and thus do not delaminate from the parent surface, however, they
may present shrinkage problems. The patch repair method is
widely used to restore the original conditions of the concrete struc-
tures. Most patch repair mortars fall into two categories, the mor-
tars based on organic binders or those based on inorganic binders
like Portland cement. The former allow for a rapid repair and has
no shrinkage problems, as to the latter they are more cost effective
and less toxic. Geopolymers are even more cost effective and due
to its stability at high temperature, they can be an alternative to
epoxy resins for structural retrofitting using FRP. They can also
be used as low toxicity, cost-efficient lining material for trenchless
rehabilitation of concrete sewage pipelines. New investigations are
needed related to the use of geopolymers on the field of concrete
infrastructure rehabilitation.
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