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Abstract: This study aimed to investigate the feasibility of using geopolymer paste (GP) as an adhesive
agent for (i) anchoring steel bars in concrete substrates, (ii) repairing concrete, and (iii) repairing
limestone and granite masonry blocks commonly found in historic buildings. In this investigation,
seven cement-free GP mixes were developed with different combinations of binder materials (slag,
silica fume, and metakaolin). The mechanical properties, adhesive performance, and production
cost of the developed GP mixes were compared to those of a commercially epoxy adhesive mortar
(EAM). The results obtained from this study indicated that the use of GPs enhanced the bonding
between steel bars and concrete substrates, achieving bonding strengths that were 19.7% to 49.2%
higher than those of control specimens with steel bars directly installed during casting. In concrete
repairs, the GPs were able to restore about 60.6% to 87.9% of the original capacity of the control beams.
Furthermore, GPs exhibited a promising performance in repairing limestone and granite masonry
blocks, highlighting their potential suitability for masonry structures. The best adhesive performance
was observed when a ternary binder material system consisting of 70% slag, 20% metakaolin and 10%
silica fume was used. This combination, compared to the investigated EAM, showed comparable
adhesive properties at a significantly low cost, indicating the viability of GPs as a cost-effective,
eco-friendly adhesive agent.

Keywords: adhesive performance; geopolymer paste; metakaolin; slag; silica fume; concrete;
masonry; repair applications

1. Introduction

Structures may suffer many serious damages during their service life due to overload-
ing and/or harsh environmental attacks [1]. This can result in significant local damages
such as cracking, spalling, material deterioration and reinforcing rebar corrosion [2,3].
Such damage may, under severe conditions, compromise the integrity and stability of the
structure, potentially leading to total collapse. Therefore, repairing the induced damage
is essential for extending the service life of structures and maintaining their design capac-
ity. Repairs can be carried out using various approaches, including (i) filling cracks and
cavities, (ii) replacing damaged material with either a new layer of the same type or a
higher-performance material, and (iii) installing additional reinforcing steel bars. However,
for the repair to be effective, it is crucial to achieve strong bonding at the interface (i.e., the
weakest zone) between the existing material and the new one. The bonding strength at this
interface is influenced by several factors. For instance, the mechanical properties of both
the repair and substrate materials affect their bonding; greater compatibility between these
properties generally leads to stronger bonding [4,5]. Increased roughness of the substrate
surface also improves bonding with the new material [6,7]. Additionally, applying an
adhesive agent at the interface can significantly enhance the interfacial bonding between
layers [5,8,9]. Thus, adhesive agents are often a valuable option for various repair tasks.

For various repair applications, many commercial adhesives are available, which
are generally classified into organic-based and inorganic-based types [10-12]. Organic
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adhesives, such as epoxy resin, are often quite expensive [13]. On the other hand, inorganic-
based adhesives, especially those that are cement-based, are not environmentally friendly
due to their inclusion of cement [9]. The production of cement consumes natural resources
and generates substantial CO, emissions, contributing approximately 7% of the total global
CO; emissions [14]. Additionally, the energy required for cement production accounts
for approximately 12-15% of total industrial energy use [15-17]. Consequently, there is a
growing demand for alternative adhesives that are both cost-effective and environmen-
tally friendly. Recently, there has been increasing interest in alkali-activated binders, or
geopolymer binders, as innovative construction materials that offer lower costs and re-
duced environmental impacts. Geopolymers are typically produced through the alkaline
activation of materials rich in silica and alumina, such as metakaolin (MK), fly ash (FA),
slag (SL), and silica fume (SF) [4,17]. Compared to cement, MK is produced at a lower cost,
with reduced energy consumption and significantly lower CO, emissions [4,18]. Other
binders like FA, SL, and SF are industrial by-products that are recycled without generating
additional CO, emissions [4], thereby mitigating environmental issues and conserving
natural resources [4,17,18].

Reviewing the existing literature, several studies have investigated the performance of
two-layer systems composed of a geopolymer layer (including concrete, mortar, and paste)
and a conventional concrete layer. These studies employed various tests, such as slant
shear, bi-surface shear, splitting tensile, pull-off, and direct tension tests [6,12,13,19-23].
The results demonstrated high bonding strength between the repair geopolymer layer
and the concrete substrate layer, highlighting the potential of geopolymers as an effective
repair material. Other limited studies have focused on using geopolymer paste (GP) or
geopolymer mortar (GM) as adhesive agents to strengthen concrete or anchor steel rebars in
concrete substrates. For example, Ding et al. [24] used an SL/FA-based GP to fill fractures
in concrete prism substrates. They varied the alkali activator with three different molar
ratios while keeping the binder composition constant at 30% FA and 70% SL. The repaired
prisms were tested for compression and flexural strength, demonstrating repair efficiencies
of up to 120% and 116%, respectively. Songpiriyakij et al. [9] investigated the bonding
performance of an FA-based GP modified with rice husk, bark ash, and SF for anchoring
steel rebar in concrete substrates. They found that incorporating SF with FA allowed
the GP to effectively bond rebar to the concrete substrate. The mechanical and bonding
characteristics of FA-based GP were also assessed by Zailani et al. [25] when varying
NaOH concentrations (8, 10, 12, and 14 M) were used, determining that 12 M was the
optimal concentration. Frangieh et al. [26] examined the performance of an MK-based
GP for binding cracked concrete. The repaired specimens were tested under compression
and compared to undamaged specimens cast with normal concrete, showing promising
results for GP in repairing damaged concrete. Chen et al. [27] also proposed MK-based
GM modified with SL, which demonstrated good performance for pavement repairs.
Furthermore, Maras [28] introduced GM made of lime, brick powder, and SL for the
repair of heritage masonry buildings. Hai et al. [29] employed thermal-activated red mud
along with SL to produce geopolymer repair mortar. Zheng et al. [30] utilized SL and
waste glass fiber-reinforced polymer powder in developing GMs with a short setting
time, high flowability, excellent early mechanical strength and bond properties, indicating
its potential for use as a rapid repair material for concrete or as a protective coating in
corrosive environments.

Contributing to further evaluating the feasibility of using geopolymer products for
repair applications, this study aimed to investigate SL-based GP modified with SF and/or
MK as an adhesive agent, with the goal of defining an optimal binder system. In total,
seven cement-free GP mixes were developed using various unary, binary and ternary
combinations of SL, SF and/or MK. The developed GP mixes were first evaluated using
slump, compressive strength, and splitting tensile strength (STS) tests. Then, the adhesive
performance of these GPs was assessed in several applications: anchoring steel rebar in
concrete substrate, and filling fractures in concrete and masonry blocks (limestone and
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granite commonly found in historic buildings). A commercial epoxy adhesive mortar (EAM)
was also included in the study for comparison. Finally, the outcomes of this investigation
can help clarify the potential of using GP as an eco-friendly and cost-effective alternative to
high-cost commercial adhesive agents.

2. Experimental Program
2.1. Material Properties and Mix Proportions

The materials used in this study were detailed as follows:

o  The GP mixes were developed using different binder materials, namely SL, SF and
MK, similarly to ASTM C989 [31], ASTM C1240 [32] and ASTM C618 (Class N) [33],
respectively. The chemical and physical properties of the binder materials are shown
in Table 1. Sodium silicate solution (Na;5iO3. H,O) and sodium hydroxide (NaOH)
flakes with 98% purity and specific gravity of 1.53 and 2.13, respectively, were used as
the alkaline activator. A polycarboxylate-based high-range water-reducer admixture
(HRWRA) similarly to ASTM C494 [34] was used to adjust the workability of the
developed GP mixes. Table 2 shows the mixture compositions of the developed
GP mixes.

e A commercially available epoxy adhesive mortar (EAM) (complies with ASTM C
881 [35]) was used as a bonding agent for comparison. The compressive strength, flex-
ural strength, and adhesive strength of the EAM were 80 MPa, 40 MPa and 10.3 MPa,
respectively.

e  Concrete substrate was developed with 350 kg/m? ordinary Portland cement Type I
(ASTM C150 [36]) as the binder material and a water-to-binder ratio of 0.4. Crushed
dolomite aggregates with a maximum size of 12 mm and specific gravity of 2.73 were
used as a coarse aggregate, while the fine aggregate was natural sand with a maximum
aggregate size of 4.75 mm and specific gravity of 2.5. The concrete substrate was
designed and cast to achieve a 28-day compressive strength of 30 MPa. This mix was
used to cast prisms for pull-out and flexural tests.

e  Granite and limestone blocks typically found in several historic buildings, were used
in this study in order to investigate the adhesive performance of GP mixes in repairing
damaged masonry structures.

e  Steel rebar: deformed steel reinforcing bars with a diameter of 16 mm, average yield
stress of 417 MPa and average ultimate tensile stress of 725 MPa, were used in steel-
concrete pull-out tests.

Table 1. Chemical and physical properties of binder materials used.

Chemical Properties (%) Cement SL SF MK
SiO, 20.1 354 92 54.5
Al,O3 5.32 174 1.1 375
Fe, O3 3.61 1.40 1.45 1.25
CaO 61.7 36.87 1.2 0.09
MgO 248 6.83 1.55 0.04
Na,O 0.37 - - <0.05
K,O 0.13 0.37 1.45 <0.40
LOI 2.05 1.0 0.57 0.95
Physical properties
Specific gravity 3.15 29 2.2 2.56

Blaine fineness (m?/ kg) 410 408 20,000 1390
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Table 2. Composition of GP mixes.

Mix

4 Mixture SL/BC SE/BC MK/BC W/BC Na,SiO3/BC NaOH/BC HRWRA/BC%
M1 100SL 1 - - 0.4 0.3 0.1 0.67
M2 90SL +10SF 0.9 0.1 - 0.4 0.3 0.1 0.76
M3 80SL + 20SF 0.8 0.2 - 0.4 0.3 0.1 0.82
M4 70SL + 30SF 0.7 0.3 - 0.4 0.3 0.1 0.92
M5 90SL + 10MK 0.9 - 0.1 0.4 0.3 0.1 1.01
Mé6 80SL + 20MK 0.8 - 0.2 0.4 0.3 0.1 1.27
M7 70SL + 10SF + 20MK 0.7 0.1 0.2 0.4 0.3 0.1 1.54

Note: BC = binder content; SL = slag; SF = silica fume; MK = metakaolin; W/BC = water-to-binder content;
Na,SiO3 = sodium silicate; NaOH = sodium hydroxide; HRWRA = high-range water-reducer admixture.

2.2. Details of GP Mixes and Mixing Procedures

In this study, seven cement-free GP mixes were developed with unary, binary, and
ternary binder materials (see Table 2), detailed as follows:

e  The first mix (M1) was developed using 100% SL as the binder material and did not
include any cement.

e  The second, third, and fourth mixes (M2, M3, and M4) were produced similarly to
M1, but the SL was partially replaced by SF at percentages of 10%, 20%, and 30%,
respectively.

e  The fifth and sixth mixes (M5-M6) were developed similarly to M1, but the SL was
partially replaced by MK at percentages of 10% and 20%, respectively.

e  The seventh mix (M7) was developed with a ternary binder material system consisting
of 70% SL + 20% MK + 10% SF. This mix was designed to incorporate the optimal
replacement levels of SF and MK based on the results obtained from M1 to M6.

For all mixes, the alkali activator solution was a mixture of sodium silicate (Na,SiO3)
and sodium hydroxide (NaOH) solutions (the Na;SiO3 to NaOH mass ratio was kept at
3.0). Since the NaOH was in a solid flake form, the distilled water was mixed with NaOH
flakes to prepare a solution with a molarity of 14M. Then, the solution was left to cool
down to around 30 °C. It should be noted that the Na,;SiO3; to NaOH mass ratio and the
molarity of NaOH solution, were chosen based on a trial mixes stage conducted by authors
to achieve the maximum compressive strength. These values are in agreement with what
has been recommended by other researchers [11,37,38].

The preparation of the GP mixes began with a 2-min dry mixing of the binder materials
(if more than one cementitious material was used). Next, the sodium silicate and sodium
hydroxide solutions were mixed together and added to the blended binder materials.
During mixing, the HRWRA was used to adjust the workability of each mix to achieve the
target slump flow of 220 + 20 mm diameter.

2.3. Specimen Design, Preparation, Curing and Testing
2.3.1. Fresh and Mechanical Properties

The flowability of the developed mixes was evaluated using the mini-slump test fol-
lowing the procedure given in EFNARC [39]. The compressive strength test was conducted
on 50 mm cubic specimens (as per ASTM C109 [40]), while the splitting tensile strength
(STS) test was carried out using 10 mm diameter x 50 mm high cylinders.

2.3.2. Specimens and Procedures of Pull-Out Test

To evaluate the adhesive performance of GP mixes for anchoring steel rebar in a
concrete substrate, prisms with a size of 150 mm X 150 mm x 200 mm were cast. Prior
to casting, a plastic tube with a 20 mm diameter was fixed at the center of each prism.
After 24 h, the formworks were demolded, and the plastic tubes were removed. Then,
all specimens were moist-cured for 28 days. After curing, the holes were cleaned and
the adhesive (i.e., GP mixes) was used to fill more than 50% of their volume. Then, steel
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bars with a 16 mm diameter were vertically embedded. It should be noted that the steel
bars were also coated with the adhesive before being inserted into the hole in order to
ensure that the gap between the steel rebar and the concrete substrate was fully filled. All
specimens underwent a pull-out test 28 days after the date of anchoring the bars in concrete.
The pull-out strengths of the specimens bonded with GP mixes were compared to those
of the control specimens that had steel bars embedded during casting. The specimens’
geometry, details, and test setup are shown in Figure 1.

Pull-out Test

Concrete Beam Granite Blocks Limestone Blocks

Three-Point Flexural Test
Figure 1. Test setup and specimens’ geometry.

2.3.3. Specimens and Procedures for Repairing Concrete

Small-scale beams of 100 mm x 100 mm x 700 mm were cast using the normal concrete
mix. Twenty-eight days after casting, the specimens were broken near their midspan using
a three-point flexural loading test. After testing, the fracture surface was cleaned to remove
any impurities or debris, and thereafter, a layer of GP was applied to bond the two parts of
the broken beams. The repaired specimens were covered with a plastic sheet for curing at
ambient temperature. After 28 days, the repaired specimens were subjected to a three-point
flexural test to assess the restored capacity from the repair in comparison to their original
strength. The geometric details of the specimens and the test setup are shown in Figure 1.

It should be noted that inducing cracks in a plain concrete beam proved challenging,
as the occurrence of the first crack often led to sudden failure. However, evaluating the
restoration of the beam’s capacity using GP as an adhesive agent can demonstrate its
potential for repairing existing concrete elements with severe cracks.

2.3.4. Specimens and Procedures for Repairing Granite and Limestone Blocks

Granite and limestone blocks (typically found in historic buildings) with a width of
100 mm, a height of 100 mm and a length of 200 mm were used. For each stone type,
two blocks were bonded face-to-face using the developed GPs. The bonded specimens
were subjected to a three-point flexural test after 28 days of curing, following the same
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procedures used for the repaired concrete beams. Details of the specimens and test setup
are shown in Figure 1.

It is worth noting that the results of GP mixes obtained from the pull-out and flexural
tests were compared with those of the commercially available EAM.

3. Results and Discussion
3.1. HRWRA Demand

The HRWRA-to-binder content (HRWRA /BC) ratios for all developed GP mixes are
presented in Table 2. As can be seen, the GP mix developed with only SL (M1) reached
the target flowability (slump diameter of 220 &+ 20 mm) at a HRWRA /BC ratio of 0.67.
The ratio was obviously increased when the SF was added. This could be attributed to
the much higher specific surface area and fineness of SF compared to SL, which in turn
negatively affected the workability of paste and required a higher HRWRA demand to
maintain the desirable fluidity. With the addition of 10%, 20%, and 30% SF (M2-M4), the
HRWRA /BC ratio increased by 13.4%, 22.4%, and 37.3%, respectively, compared to M1.
A more pronounced increase in the HRWRA /BC ratio was observed when the SL was
replaced by the MK due to the clay nature and the higher specific surface area of MK [41,42].
At 10% and 20% MK replacement levels (M5-M6), the HRWRA /BC ratio increased by 50.7%
and 89.6%, respectively, compared to M1, which contains only SL. It is important to note
that incorporating a higher dosage of MK was not feasible, as exceeding a 20% replacement
level led to a significant increase in HRWRA demand. This, in turn, resulted in a high
risk of segregation, excessive retardation, and ultimately a reduction in strength. Similar
workability reductions and high HRWRA demands were reported by other researchers
when SF and/or MK were introduced into concrete or cement-based mortar [41-44]. Mix
M7, which incorporates the optimal percentages of SF and MK (10% and 20%, respectively),
achieved the highest HRWRA /BC ratio, which was 2.3 times greater than that required for
the SL mix (M1).

3.2. Compressive Strength and STS

Figure 2 and Table 3 show the compressive strength and STS of the developed GP
mixes. From the figure, the SL mix (M1) showed a compressive strength and STS of
33.4 MPa and 2.29 MPa, respectively. Strengths were generally improved when the SF
was combined with the SL. Among the replacement levels of SF, the use of 10% SF (M2)
exhibited the highest improvement in compressive strength and STS, reaching an increase
of 25.5% and 12.2%, respectively, compared to the SL mix (M1). Further increasing the SF
content beyond 10% (as in M3-M4) resulted in fewer improvements in both compressive
strength and STS. Combining SL with MK also resulted in enhancing the compressive
strength and STS of GP. The inclusion of 10% and 20% MK (M5 and M6, respectively) led to
increasing the compressive strength by 14.1% and 36.3%, respectively, and the STS by 10%
and 15.3%, respectively, compared to the SL mix (M1). Replacing the SL with the optimal
percentages of both SF and MK (10% and 20%, respectively, as determined from M2 and
MB6) resulted in the highest increases in compressive strength and STS, with improvements
of approximately 42.8% and 24.5%, respectively, compared to the SL mix (M1).

The improvement in the mechanical properties due to the inclusion of SF and /or MK
was attributed to their higher silica (Si) and/or alumina (Al) contents (compared to the SL),
which dissolve in the alkaline solution and accelerate the polymerization process [45,46].
In addition, the much finer particle size of SF and MK (compared to the replaced SL, as
shown in Table 1) improves their filling effect, which in turn yields a better microstructure,
i.e., less porosity and denser microstructure. However, as seen in the results, increasing the
SF higher than 10% did not show further improvements in the strengths. This result could
be attributed to the high SiO, content in SF, as shown in Table 1. Consequently, excessive
amounts of SF lead to a high Si/ Al ratio, which results in a less effective geopolymerization
process [47]. Previous studies have also reported contradictory effects of SE. For instance,
Alanazi et al. [44] found that introducing SF at any dosage decreased the compressive
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strength of FA-based GP. Another study focusing on fly ash/SL blended geopolymer
mortar reported that SF had an optimal effect on enhancing mechanical properties at a
replacement level of 4% of the total binder content [47]. In contrast, Songpiriyakij et al. [9]
found that the maximum compressive strength in FA-based GP was achieved when 40%
of FA was replaced with SE. Unlike SF, MK is rich in both silica and alumina. Therefore,
even higher MK substitutions were expected to maintain a suitable Si/ Al ratio for the
polymerization process and yield higher compressive strength [46].
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Figure 2. Compressive strength and STS of all developed GP mixes.
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Table 3. Testing results.

. Concrete Granite Limestone
Compressive STS Pull-Out Beams Blocks Blocks
Mixture Strength Strength
(MPa) (MP2) " (vipa) p ™M P ™M P M
(kN) (kN) (kN)
100SL 33.4 2.29 7.3 2.06 C-GP 7.6 I 8.2 GP-B
90SL + 10SF 419 257 8.6 2.56 C 94 I 10.6 B
80SL + 20SF 39.7 2.50 8.1 244 C 9.2 I 10.2 B
70SL + 30SF 37.6 2.44 8.0 2.25 C-GP 8.6 I 10.5 B
90SL + 10MK 38.1 2.52 8.2 2.33 C-GP 8.2 I 9.3 B-I
80SL + 20MK 45.5 2.64 8.8 2.56 C 9.2 I 10.0 B
70SL + 10SF + 20MK 47.7 2.85 9.1 2.99 C 10.2 I 11.0 B

Note: P = capacity, FM = failure mode; C = failure occurred in concrete; GP = failure occurred in geopolymer layer;
I = failure occurred in interface, B = failure occurred in block.

3.3. Pull-Out Strength

Figure 3 and Table 3 exhibit the average pull-out strength of all tested specimens. It
can be observed that the pull-out strength of the control specimens (those with a steel bar
embedded during casting) was 6.1 MPa. Using the GP mixes developed in this study as
an adhesive agent at the concrete—steel interface obviously increased the load required
to pull out the steel bar from the concrete substrates. Among the investigated GPs, the
mix produced with only SL (M1) showed the lowest pull-out strength with a value of
7.3 MPa, which is 19.7% higher than that of the control specimens. Replacing SL with SF
yielded higher strengths, showing the maximum value at a replacement level of 10%. The
mix with 90% SL and 10% SF (M2) exhibited a pull-out strength of 8.6 MPa, which is 41%
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higher than that of the control specimens. Increasing the addition of SF by higher than 10%
showed less improvements. The improved bonding resulting from the use of SF was also
confirmed by Songpiriyakij et al. [9], who studied the incorporation of SF into FA-based GP.
The pull-out strength of mixes M3 and M4 (with 20% and 30% SF, respectively) were 8.1
and 8.0 MPa, respectively, which was about 32.8% to 31.1% higher than that of the control
specimens. For the mixes with 10% and 20% of MK (M5-M6), the pull-out strength was
8.2 MPa and 8.8 MPa, respectively, which were 34.4% and 44.3%, respectively, higher than
those of the control specimens. The highest pull-out strength was achieved with the mix
containing 70% SL, 20% MK, and 10% SF, reaching 9.1 MPa, which was 49.2% higher than
the control specimens. The improvements observed with the addition of SF and/or MK can
be attributed to the same factors that contributed to enhancing the compressive strength
and STS.
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Figure 3. Pull-out strengths.
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70SL + 30SF/M4
90SL + 10MK/MS5
80SL + 20MIK/M6

70SL + 10SF + 20MK/M7

3.4. Using GP Mixes for Repairing Concrete

Figure 4 and Table 3 show the ultimate loads sustained by all unrepaired and repaired
concrete beams. The control beams (unrepaired) sustained an average ultimate load of
3.40 kN. Using the SL mix (M1) for repairing beams, retrieved around 60.6% of the original
capacity of the control beams, in which the beams repaired with SL mix exhibited an
ultimate capacity of 2.06 kN. Better performance was observed when SF and/or MK were
combined with SL. Beams repaired with mixes containing SL and SF (M2-M4) failed
after reaching ultimate capacities in a range of 2.25~2.56 kN, which represented around
66.2~75.3% of the flexural capacity of control beams. Consistent with previous results, the
M2, M3, and M4 mixes showed that a 10% SF replacement level achieved the maximum
capacity restoration. Similar improved results were observed when GP mixes with SL
and MK were used for repair. The ultimate capacities achieved were 68.5% and 75.3% of
the control beams’ capacity with M5 (90% SL + 10% MK) and M6 (80% SL + 20% MK),
respectively. The greatest capacity restoration was reached with the GP mix composed of
70% SL, 20% MK, and 10% SF, which resulted in an ultimate capacity of 2.99 kN—87.9% of
the ultimate capacity of the control beams.
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Figure 4. Flexural test results of the control and repaired beams.

Table 3 displays the failure modes for all repaired beams, while Figure 5 depicts
the typical failure mode observed among the tested beams. As can be seen, the failure
surface either developed solely within the concrete or passed through both the concrete
and the GP layer, but without signs of complete debonding. This indicates strong adhesion
between the GP layer and the concrete. Although in some beams, failure occurred in the
concrete slightly away from the repaired section, they did not fully restore the capacity of
the control beams. This could be attributed to the fact that, prior to repair, the beams were
pre-loaded up to failure, which most likely developed micro-cracks at the concrete beam
itself, especially around the fracture zone, which may lead to early failure in the second
loading cycle after repair.

Repaired Section

| Fracture Surface

Failure in concrete and GP layer

II GP layer

Repaired Section

Fracture Surface |

Failure in concrete

Figure 5. Typical failure patterns of tested beams.
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3.5. Using GP for Repairing Granite and Limestone

Figure 6 and Table 3 present the ultimate capacity of all tested granite and limestone
blocks bonded by GP layers. With the SL mix (M1), the granite and limestone specimens
could carry a load of up to 7.6 kN and 8.2 kN, respectively. When SF was blended with
SL, a stronger bond between the blocks was achieved. For mixes with SL replaced by 10%,
20%, and 30% SF (M2-M4), the ultimate load carried by the bonded granite specimens
increased by 23.7%, 21.1%, and 13.2%, respectively, compared to those bonded with the
SL mix (M1). These increases reached up to 29.3%, 24.4%, and 28%, respectively, in the
limestone specimens. Replacing SL with MK also enhanced the adhesion of GP to granite
and limestone blocks. At replacement levels of 10% and 20% MK (M5-M6), the bonded
granite specimens sustained an ultimate load of 7.9% and 21.1% higher than those sustained
by specimens bonded with SL mix (M1). The improvements in the limestone specimens
were 13.4% and 22% when M5 (90% SL + 10% MK) and M6 (80% SL + 20% MK), respectively,
were used. The highest capacity was achieved in both granite and limestone specimens
when the GP mix consisting of 70% SL + 20% MK + 10% SF was used, achieving a capacity
of approximately 34% (in both block types) higher than those bonded with the SL mix
(M1). The results also indicated that for the same GP mix, the bonded limestone specimens
carried a relatively higher load than that carried by the bonded granite specimens. This
could be attributed to the porous surface of the limestone, which may have helped to form
a higher bonding with the GP layer, compared to the granite blocks that had a smoother
surface with low porosity.
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Figure 6. Flexural test results of the granite and limestone specimens.

By investigating the failure pattern, it was observed that in the granite specimens,
the failure typically occurred at the interface (see Table 3 and Figure 7), which was the
weakest zone relative to the high strength of both the granite and the GP layer. On the
other hand, since the bonding between the limestone and GP layer was stronger, failure
was not governed by interface debonding. Instead, different failure modes were observed,
including failure in both the GP layer and the block, failure within the block, and failure
that passed through both the block and the interface, as shown in Figure 7. The failure
types experienced by each specimen are presented in Table 3.
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Figure 7. Typical failure patterns of tested limestone and granite specimens.

3.6. Evaluation of the Developed GPs Compared to a Commercial Epoxy Adhesive Mortar (EAM)

As per the test results obtained in this study, the developed GP mixes appeared to
have a promising potential for being used as an adhesive agent in different applications,
particularly in installing steel bars into hardened concrete and repairing either concrete or
masonry structures. However, in order to evaluate the feasibility of the developed GPs
for practical use, it was important to assess their performance compared to commercial
adhesive agents in terms of mechanical properties and costs. For comparison, the M7 (70%
SL + 20% MK + 10% SF) was selected since it had the highest mechanical and adhesive
properties among the developed GP mixes. Looking at Table 4, it can be seen that in
pull-out results, M7 had a bonding strength of 82.7% of that shown by the EAM. In repaired
concrete beams, the capacity restored by M7 was around 90.6% of that restored by the
EAM. For granite and limestone blocks bonded with M7, the load-carrying capacities
were 87.9% and 91.7%, respectively, compared to the blocks bonded with the EAM. It is
worth noting that M7 achieved this performance, despite its significantly low compressive
strength and STS compared to the EAM (i.e., the EAM had a compressive strength and STS
of 1.49 and 2.46 times as much as those of M7). To account for differences in compressive
strength, all strength values were calculated and normalized by dividing by the square
root of each material’s compressive strength. Table 4 shows that the normalized values
reflect comparable adhesive performance for both M7 and the EAM. This implies that, at
comparable compressive strengths, the GP is likely provide superior adhesive performance
compared to the EAM.

Table 4 also presents the estimated unit costs for both M7 and EAM. It is evident
that M7 has a significantly lower cost, being produced at approximately 25% of the cost
of EAM. This highlights the potential for developing a high-performance, cost-effective
adhesive agent using geopolymers. Furthermore, the GP mix is environmentally friendly
as it is a free-cement product made using industrial by-products such as SL and SE. This
helps reduce carbon emissions associated with cement production and conserves natural
resources. By leveraging such materials, the construction industry can move towards more
sustainable practices while maintaining performance and functionality.
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Table 4. Comparison between M7 (best GP mix) and commercial EAM.
M7 EAM
Absolute Normalized Absolute Normalized
Values Values Values Values

Compressive strength (MPa) 47.7 - 71 -
STS (MPa) 2.85 - 7 -

Pull-out strength (MPa) 9.1 1.32 11 1.31

Concrete beams (MPa) 2.69 0.39 2.97 0.35

Granite blocks (MPa) 3.06 0.44 3.48 0.41

Limestone blocks (MPa) 3.30 0.48 3.60 0.43
Unit cost 1 - 3.9 -

4. Conclusions

This study investigated the mechanical and adhesive performance of different geopoly-
mer paste (GP) mixes developed with a unary, binary and ternary binder system. The
mechanical properties of the developed GPs and their adhesion to steel, concrete and
granite/limestone were tested. A commercial epoxy adhesive mortar (EAM) was included
for comparison. From the results described in this paper, the following conclusions can
be drawn:

1.  Using binder materials with high pozzolanic reactivity such as SF significantly im-
proved the mechanical and adhesive properties of SL-based GP paste. The SF showed
the optimal effect at a replacement level of 10%, while higher SF contents (20% and
30%) did not show further improvements.

2. Similar to SEF, MK had a positive impact on improving the mechanical and adhesive
properties of the SL-based GP paste. However, it was not possible to use replacements
higher than 20% due to the workability restrictions.

3. Among the developed GP mixes, the combination of 70% SL, 20% MK and 10% SF
showed the highest adhesive properties, which proved the high potential of using
geopolymers as a bonding agent, even when it was compared to a higher compressive
strength EAM.

4. In pull-out tests, using GP mixes improved the bonding between rebar and the
concrete substrate by 19.7% to 49.2% compared to pre-installed rebar (i.e., rebar
embedded in freshly poured concrete during casting).

5. Using GP mixes in the repair of concrete beams restored approximately 60.6% to 87.9%
of the original load-carrying capacity of the control specimens.

6.  The results for both granite and limestone indicate that GPs are a promising candidate
for repair applications in masonry structures, often found in historic buildings. How-
ever, all GP mixes exhibited better bond strength with limestone than with granite,
due to the porous texture of the limestone surface.

7. Compared to the commercial EAM investigated in this study, cost estimates indicate
that using SL, SE, and MK allows for the development of a novel, eco-friendly, and
cost-effective adhesive agent—approximately 25% of the cost of EAM—suitable for
various applications in the construction industry.
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