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ABSTRACT

Rehabilitation of historic buildings is a priority since their structural elements suffered from various
levels of damage that took place during their service life. Recently, geopolymer is gaining acceptance
as an emerging material in the construction industry due to its added advantages. It has shown excellent
bond strength to concrete substrate, lower creep and shrinkage, greater durability in severe
environments and higher temperature and fire resistance. Geopolymer is relatively new in the
rehabilitation system of building structures, although it had been used for new construction applications.
Therefore, an effort was made to gather information on the use of geopolymer as repair and
strengthening material. This paper reviewed the structural performance of geopolymer-strengthened
concrete elements and the field applications of geopolymer as strengthening material for historical
buildings. Information from the literature revealed that the load capacity of the non-damaged and fully
damaged reinforced concrete (RC) beam can be increased by 12% and 100%, respectively, when
strengthened using plain geopolymer. It was found that short fiber-reinforced geopolymer (SFRG)
strengthening system enhanced the peak load of RC beam by 15% while 370% if using continuous
fiber-reinforced geopolymer (CFRG). To date, field applications of geopolymer strengthening system
on historical buildings were limited, nevertheless this technique provided good structural performance
making it suitable in the rehabilitation process.
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1 INTRODUCTION
Historical buildings mirror the changes of the societies and cultural development, thus is
important to be preserved for future generations. These buildings, whose structural elements
are usually made of concrete or masonry, suffered various levels of damage that took place
during their service life. Example of reinforced concrete (RC) modern cultural heritage with
deteriorated structural members was documented in one of the studies [1]. Consequently,
there is a need to rehabilitate them in maintaining their serviceability or accommodate
the proposed increase of design loads. Recently, geopolymer started to gain popularity in the
civil infrastructure industry as an emerging construction material due to its inherent
advantages. Geopolymer is an inorganic alumino-silicate compound and synthesized through
the process of geopolymerization [2]. It is considered an environmentally friendly alternative
for cement since their production do not necessarily emit CO2. In addition, it has excellent
bond strength to concrete substrate [3], lower creep and shrinkage, greater durability in severe
environments and higher temperature and fire resistance [4]-[6] making it suitable as repair
material for concrete and masonry structures. Due to its stability at high temperature, they
can be a substitute to epoxy resins for structural retrofitting using externally bonded
fiber-reinforced polymer (FRP) composites [7]. The precursor material in producing
geopolymer is fly ash (FA), metakaolin (MK) and ground granulated blast-furnace slag
(GGBS). Among these binding materials, MK-based geopolymer shown to have less
impurities, exhibited good mechanical properties [8], easier control on the Si/Al ratio and
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having a white color [9]. However, MK is relatively expensive since this material requires
manufacturing through the process of calcination [10], as compared to FA and GGBS which
are abundantly available in landfill sites [4], [9]. The most common alkaline solution that is
suitable to activate FA, MK or GGBS is a combination of sodium silicate (Na,SiOs3) and
sodium hydroxide (NaOH). The combination of potassium silicate (K>SiO3) and potassium
hydroxide (KOH) can also be used for MK [11] or for combined precursor material [12].

Geopolymer is relatively new in the rehabilitation system of building structures, although
it had been applied in new construction in the infrastructures, nuclear waste disposal and
aerospace industries [13]. In addition, its material properties had been thoroughly
investigated but little research had been done on its performance as repair material at the
structural level. Therefore, an effort was made to gather relevant information on the use of
geopolymer as repair and strengthening material. This paper aimed to present the structural
performance of concrete elements repaired or strengthened by geopolymer materials. The
recent application of geopolymer in rehabilitating historical buildings or other civil
infrastructures is also presented. It is hoped that the information obtained in this paper
contributes in the development of guidelines of geopolymer as rehabilitation material for
historical buildings.

2 PERFORMANCE OF GEOPOLYMER-STRENGTHENED CONCRETE BEAM
Several researches were conducted to characterize the behavior of concrete beams
strengthened by geopolymer (i.e., plain and fiber-reinforced geopolymer). Table 1
summarizes the studies and their corresponding results on non-damage to totally damaged
RC beams strengthened by plain geopolymer (PG).

Table 1: Summary of studies on plain geopolymer (PG)-strengthened RC beam.
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The comparison on the peak load performance of the strengthened beams investigated in
these studies is also shown on Fig. 1. It can be observed from Fig. 1 that the strengthening
system was able to improve the load performance of the RC beam at varying levels. For
instance, in the study of Geraldo et al. [14], an increase of 12% in the peak load was reported
on an undamaged RC beam strengthened by PG. Likewise, PG repair system increased the
peak load of a partially damaged RC beam by 11% [15]. On the other hand, the peak load of
fully damaged RC beam strengthened by PG can be restored between 75-100% of load
attained by the non-damaged RC beam [15], [16]. By looking on these findings, it can be
inferred that the effectiveness of PG rehabilitation system and load capacity of the
strengthened RC beam has dependency on the initial damage level induced on the member.
Therefore, in order to restore the existing RC beam to its functional use, it is recommended
that the rehabilitation using PG material should be done at the initial stage of damage, as
emphasized in the study [15]. With regard to the ductility and rigidity of the PG-repaired RC
beams, it was reported that they exhibited better performance compared to that of the control
specimens [14]. One common observation highlighted from these studies is that the failure
type of PG-strengthened RC beam is similar to that of the control RC beam whereby the
first crack usually occurred at the tensile side (i.e. flexural cracks) followed by inclined
crack due to shear.
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Figure 1: Peak load performance of plain geopolymer-strengthened beam.

Table 2 and Table 3 display different studies on RC beams strengthened by short
fiber-reinforced geopolymer (SFRG) or continuous fiber-reinforced geopolymer (CFRG)
composites. Figs 2—4 are provided to compare the cracking load, peak load and ductility
performance of the two geopolymer-based strengthening systems. Fig. 2 indicates that SFRG
system significantly improved the initial cracking load response of the strengthened beam.
The reported increase of the SFRG-strengthened RC beam compared to the control beam is
in the range of 8-83% [17]-[19]. This significant increase is due mainly to the fiber bridging
effect provided by the short fiber-reinforcement that deter or avoid the formation of cracks
on the RC beam. The cracking load capacity of the repaired material is considerably
important since it controls or avoid the propagation of cracks in the concrete structure,
thereby mitigating the occurrence of re-deterioration of the repaired structural member. The
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effectiveness of this strengthening system to shield further corrosion of the RC beam had
been demonstrated in the study of Al-Majidi et al. [17] in which a 50 mm thick SFRG overlay
increased the cracking load by 63% compared to non-strengthened RC beam. Similarly,
CFRG strengthening system also enhanced the cracking load performance of the RC beam
as shown in Fig. 2. The cracking load value is in between 3—34% of load attained by the
non-strengthened RC beam using this strengthening system [20]-[22]. Comparing with the
steel and carbon chord-based CFRG-strengthened RC beam, it was found that the former
provided a higher cracking load value than the latter because of a better bonding between
steel/geopolymer than carbon/geopolymer [20]. It is worth noting that the cracking load
performance of SFRG-strengthened beams is much better than the CFRG-strengthened
counterparts, indicating the effectiveness of the SFRG especially in protecting the repaired

structures from re-deterioration.

Table 2: Summary of studies on SFRG-strengthened RC beam.
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Table 3: Summary of studies on CFRG-strengthened RC beam.
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Figure 2: First cracking load performance of FRG-strengthened beam.

Just like the results for cracking load performance, FRG strengthening systems increased
the peak load response of the repaired RC beam (Fig. 3). The peak load value of the RC
beam strengthened by 25-90 mm thickness SFRG is 1-15% of the load achieved by its
non-strengthened counterpart. This load increment is attributed due to the enhanced stress
strain characteristics of the FRG composites that was positioned on the tensile side of the
repaired beams leading to the increase in its tensile strength.

However, the increase of thickness of the repair material does not significantly change the
value of the peak load since theoretically it does not affect the stress strain distribution at
the tensile side of the specimens [17]. This phenomenon had been observed in some of the
studies on the flexural behavior of SFRG-strengthened RC beams [17], [19]. On the other
hand, the beam strengthened by CFRG system demonstrated a higher peak load value ranging
from 20-200% than the control beam. This excellent peak load performance is credited to
the better bond response between the CFRG composites and the concrete substrate as
evidenced by the composite rupture-type failure instead of delamination, as was observed on
the strengthened RC beam.

This rupture-type failure mechanism is attributed due to the brittleness of the inorganic
matrix (i.e., geopolymer) that results in local crack formation in the composites and a
minimum build-up of strain along the interface of the composite and concrete [23]. Literature
showed that adhesion between CFRG and the surface of the repaired RC beam can still be
effective even up to five layers of geopolymer-immersed fabric is used [24]. Comparing
with different fiber materials in CFRG strengthening system, [20] reported that using steel
chords could increase the peak load value of the repaired RC beam by 100% than when
using carbon fiber chords.

The relatively lower performance of the carbon-based CFRG material is owed to the poor
adhesion between carbon and geopolymer brought by the sizing of the used carbon fibers
[20]. Nevertheless, geopolymer shown to have better performance to bond carbon fabrics to
concrete substrate compared to organic polymers such as epoxy [24], [25]. One can observe
in Fig. 3 that SFRG-strengthened beam has relatively smaller peak load value than those
strengthened by CFRG system, nonetheless it can still be considered as an effective method
to enhance the load carrying capacity of the existing RC beam.
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Figure 3: Peak load performance of FRG-strengthened beam.

Fig. 4 compares the ductility performance of SFRG and CFRG-strengthened RC beam
with reference to the control specimen. Note that the ductility values reflected in the figure
were taken as the ratio of mid-span displacement or deflection at failure and yield points,
respectively, of the tested strengthened beams. Fig. 4 shows that SFRG strengthening system
enhanced the ductility of the RC at varying intensity. Applying a 25 mm thick SFRG repair
material improved the ductility value of the RC beam by at least 7% [17]. On the other hand,
using 30 mm thick SFRG repair layer increased the ductility of the strengthened RC beam
by 360% [18]. Generally, the increase in ductility would also result to higher toughness or
energy absorption capacity of the strengthened beams. Toughness of the composites as repair
material is very important especially if the structure is under dynamic loadings (i.e., seismic,
impact or blast). SFRG composites are known to have excellent toughness properties and
therefore they are suitable as strengthening material in this specific application.
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Figure 4: Ductility performance of FRG-strengthened beam.
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In contrast, the CFRG strengthening system generally exhibited a negative effect to
enhance the ductility of the repaired RC beam as can be seen in Fig. 4. However, the
result obtained by Papakonstantinou and Katakalos [21], is different on the majority of
the CFRG-strengthened beams studies on ductility whereby using 3 mm thick steel
cord-based CFRG composites is 9% higher than the non-strengthened RC beam. Although
CFRG strengthening system commonly does not enhance the ductility, it can improve
the stiffness of the repaired RC beam. For instance, the stiffness of the beam strengthened
by carbon and steel cord-based FRG is 5% and 18%, respectively, higher than the
non-strengthened beam [20]. The failure type of SFRG-strengthened RC beam is mostly
dominated by formation of finer and multiple cracks (diffused cracks) resulting from fiber
bridging effect as compared to conventional RC beam exhibiting a fewer number of cracks
but with larger crack width. On the other hand, CFRG-strengthened RC beams mostly failed
by composite ruptures. They also showed to have closely spaced, multiple cracks but smaller
crack width compared to their non-strengthened counterparts.

3 PERFORMANCE OF GEOPOLYMER-STRENGTHENED CONCRETE COLUMN
The studies on geopolymer-strengthened-concrete column with their corresponding findings
are listed in Table 4.

Table 4: Summary of studies on geopolymer-strengthened concrete column.
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In addition, Fig. 5 is shown to compare the effect of the SFRG and CFRG strengthening
systems on the peak compressive strength of the column. It can be observed from Fig. 5 that
both systems enhanced the compressive strength of the member, more significantly when
using SFRG-strengthening method. In the study of Donnini and Corinaldesi [26], it was
reported that using 30 mm thickness of glass-based or steel-based SFRG jacket increased the
compressive strength of the specimen by 230 and 290%, respectively. It was also revealed
that the compressive strength of SFRG-repaired specimen is 63—86% higher than those
specimens strengthened by continuous FRP-epoxy system [26]. Also, SFRG-strengthened
specimen outperformed FRP-cement mortar (FRCM)-wrapped specimen in terms of
compressive strength by 61-69%. Comparing with the ductility behavior of the three
different systems, concrete columns strengthened by SFRG composite system is less ductile
than when using FRP and FRCM systems. The failure mode of SFRG-strengthened columns
is characterized by complete breakage of the external mortar detaching from the internal
concrete element. Fig. 5 also shows that steel CFRG-strengthening system increased the peak
compressive load of specimen by 19-31% [27] or 16-72% if using carbon material [28]. This
enhancement is resulted from a combination of the confinement effect and compressive load
resistance provided by the CFRG strengthening system transferred to the concrete core
through bonding. The common failure mode of the CFRG-strengthened column is crushing
of concrete core and fiber rupture indicating a strong adhesion between the geopolymer and
the concrete core [27], although slippage failure between geopolymer and carbon fiber sheet
may have occurred in the lap joint [28]. To date, studies characterizing the structural behavior
of FRG-strengthened are only limited to RC beams with few on small-size columns. It would
be more worthy to investigate the structural behavior of other components in building
structures such as slabs or wall strengthened by geopolymer material.
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Figure 5: Compressive strength performance of SFRG and CFRG-strengthened column.

4 FIELD APPLICATIONS OF GEOPOLYMER STRENGTHENING SYSTEM TO
HISTORICAL STRUCTURES
Investigations on the application of geopolymer as strengthening material for historical
landmarks had been reported. Bencardino et al. [1] conducted a study on the performance of

WIT Transactions on The Built Environment, Vol 191, © 2019 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



378 structura Studies, Repairs and Maintenance of Heritage Architecture XV

stainless steel strands embedded in a geopolymer matrix to strengthen modern heritage
buildings located in Cosenza, Italy. These RC structures shown to have structural deficiencies
on their elements as characterized by massive concrete cracking. The result of the study
showed that the geopolymer strengthening system could improve the loading capacity of the
beam element by 30%. Meanwhile, carbon-based SFRG was used as an innovative cathodic
protection (CP) system on historical steel framed buildings. This system was first applied at
Leeds Civic Hall, a magnificent steel-framed, Portland stone clad Grade Il-listed building
that was built in 1933 [29]. The installation, comprising both the conductive geopolymer and
a conventional rod anode CP system, was placed at the rear fagade. Monitoring of the system
showed that the geopolymer CP system achieved effective protection to the steel frame as
the conventional CP system. Likewise, SFRG CP system was installed at the main entrance
in a historic Kansas City building, Missouri, USA that was built in 1906 [29]. Although the
facade remained in good condition, by the start of the new millennium it was showing signs
of corrosion to the steel frame and cracking of the granite at the grand main entrance. The
result of the study demonstrated that the installation of the geopolymer CP system shown
satisfactory protection results to the steel frame and continue to operate effectively. In other
applications, SFRG composites were recently used as strengthening system for deteriorated
concrete pipes and culverts. For instance, FRG mortar was spray-applied to repair a fully
deteriorated reinforced concrete pipe (RCP) main sewer in Texas, USA [30]. The pipe for
repair is 49 m. long with 1.5 m diameter and located at a depth of 7.6 m from the natural
ground. In addition, SFRG strengthening technique was used to rehabilitate large diameter
concrete pipe, concrete sewerage manholes, rectangular concrete box culverts and storm
water corrugated culvert [31]. All of these structures were repaired using spraying-technique
of SFRG mortar having a thickness in the range of 25-50 mm. SFRG composites was also
used to rehabilitate a water dam in Thiiringen, Germany [32]. The repair mortar contained
2% by volume of PVA fiber (12 mm long and a diameter of 40 um in diameter) with fly ash
as the geopolymer precursor.

5 CONCLUSIONS

This paper reviewed the structural performance of geopolymer-strengthened concrete and the
recent field applications of geopolymer as strengthening material. Literature revealed that
the load capacity of the non-damaged and fully damaged RC beam can be increased by 12%
and 100%, respectively, when strengthened using plain geopolymer. It was found that SFRG
strengthening system could enhanced the peak load of RC beam by 15% while 370% if using
CFRG system. SFRG-strengthened beams exhibited higher ductility performance than
CFRG-strengthened and control beams. It was also revealed that using SFRG and CFRG
strengthening systems improved the compressive strength of concrete column by up to 290%
and 72%. Geopolymer strengthening system had been already applied in historical buildings
and other civil structures such as concrete culverts and dam improvement.
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