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Abstract: Fly ash/ground-granulated blast-furnace slag geopolymer (FGG) contains reaction products
with a high volume of Ca, hydrated CaSiO3, and hydrated AlCaSiO3. These compounds enable the
filling of large air voids in a structure, thus increasing compactness. Therefore, FGG is a more effective
repair material to stabilize structures and can function as a sealing and insulating layer. This study
used FGG as the repair material for concrete with ground-granulated blast-furnace slag (GGBES)
as the main cement material. The bond strength of the repair was discussed from different aspects,
including for fly-ash substitution rates of 0%, 10%, 20%, and 30% and for liquid-solid ratios of 0.4 and
0.5. The slant shear test, and the split tensile test were employed in this analysis. Moreover, acoustic
emission (AE) and scanning electron microscopy were used to confirm the damage modes and
microstructural characteristics of these repairs. The results revealed that when the liquid-solid ratio
increased from 0.4 to 0.5, the slant shear strength of the repaired material decreased from 36.9 MPa to
33.8 MPa, and the split tensile strength decreased from 1.97 MPa to 1.87 MPa. The slant shear test and
split tensile test demonstrated that the repair material exhibited the highest effectiveness when the
fly-ash substitution was 10%, and revealed that the repair angle directly affected the damage modes.
The AE technique revealed that the damage behavior pattern of the FGG repair material was similar
to that of Portland concrete. The microstructural analysis revealed that the FGG—concrete interphase
contained mostly hydration products, and based on energy-dispersive X-ray spectroscopy (EDX),
the compactness in the interphase and bond strength increased after the polymerization between the
geopolymer and concrete. This indicated that the geopolymer damage mode was highly related to
the level of polymerization.

Keywords: fly ash/ground-granulated blast-furnace slag geopolymer; repair material; bond strength;
repair mechanism

1. Introduction

Repair materials play a crucial role in extending the lifespan and durability of concrete structures
to ensure environmental protection, cost reduction, and enhanced safety. During use, repair materials
should be able to sustain the stress change induced by changes in volume in addition to chemical
and electrochemical factors, thereby preventing stress relaxation or deterioration and providing the
structure with longer durability [1]. The interface between repair materials and the existing concrete
structure is known as the interphase, which constitutes the weakest area between repair materials
and this structure. Repair materials are crucial to the effectiveness of a repair, as they affect the
performance of the interphase [2]. Such materials are commonly used in the engineering industry to
repair larger cracks and defective parts or holes and restore the damaged concrete surface to its original
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appearance. To ensure that the physical properties and colors of repair materials are similar to those
of the original concrete, concrete and concrete-like materials are commonly used as repair materials,
such as cement mortar, non-shrinkage cement, non-shrinkage grout, latex mortar, and lightweight
resin mortar. In Taiwan, concrete-like repair materials commonly used in construction projects have
high compatibility with the original concrete, but are ineffective in alleviating the high level of dry
shrinkage and poor anti-permeability of the original concrete. Consequently, cracks, carbonization,
corrosion of steel bars, and insufficient bond strength are frequently observed in repaired concrete
structures [3]. Moreover, repaired structures often exhibit distinct mechanical properties from those of
the original structures, thus leading to ineffective repairs and resource wastage. Li et al. [2,4] compared
cement-based repair materials with pure cement mortar, expanded adhesive, and fly-ash mortar,
and discovered that when fly ash/ground-granulated blast-furnace slag geopolymer (FGG) was used
as the repair material for pure cement mortar, the interphase had a porous structure, which contained
a rich amount of Ca(OH), and ettringite crystals and was detached from the structure after the pure
concrete mortar dried out and shrank. Scanning electron microscopy (SEM) results demonstrated
that repair using fly-ash mortar did not exhibit characteristics of calcium hydroxide or ettringite in
the interphase, suggesting that fly ashes alleviate unfavorable microstructural characteristics in the
interphase. The concrete-FGG interphase comprised compact C-5-H, and its strength increased slowly
in the early stage but significantly in the long term. When fly ash was added, the structure exhibited its
highest bond strength, and the decreased number of cracks and amount of carbonization caused dry
shrinkage [5-7]. Geopolymer concrete reduces the environmental damage that carbon dioxide, which is
abundantly produced in the manufacturing of Portland cement, causes to the environment. As a result,
it is the most environmentally friendly material available to replace concrete. Ground-granulated
blast-furnace slag (GGBFS) is an amorphous glass polymer. It is a hydraulic, cement material, and its
chemical components are similar to those of concrete. Kuo et al. [8] used GGBFS to produce cementless
concrete and discovered that its early strength was mainly provided by two sources: the main
hydration products (i.e., ettringite, calcium hydroxide, and tobermorite gel) and the unhydrated clinker
minerals. Adding fly ashes and concrete to geopolymers resulted in a similar reaction; it increased
the strength and durability of FGG in the later stage, thus decreasing dry shrinkage [9]. Studies
have suggested that fly ash-based geopolymers mixed with alkali excitation materials in an alkali
metal solution could harden at room temperature [10] and demonstrated properties of high strength,
bond strength, and durability to chloride [11]. The substantial dry shrinkage, cracks, and carbonization
of FGG [12] can be overcome to achieve a longer lifespan for structures. Kuo et al. [13] identified
that desulphurization slag powder (DS-P) and GGBFS can be used as new environmentally friendly
noncement-based binding materials. Fernando et al. [14] used tungsten mine-waste geopolymers to
repair concrete and revealed that geopolymers were the most economical of the studied repair materials
for concrete structures. Alanazi et al. [15] used a metakaolin-based geopolymer to repair a new type of
road surface and revealed that the metakaolin-based geopolymer exhibited favorable early strength,
with 80% of the strength across the first 28 days gained in the first three days, and the favorable
performance of this geopolymer was demonstrated in pull, split tensile, erosion, and comprehensive
tests. Tanakorn et al. [16] used a high-calcium fly ash geopolymer mortar containing Portland cement
as the repair material for concrete and discovered that it exhibited higher bond strength and bending
stress than that of commercial repair materials. Ding et al. [17] using blast furnace slag and fly ash as
raw materials, inorganic polymer was used as a repairing material for concrete structures, and the
basic high viscosity and good working ability of blast furnace slag and fly ash were utilized. Using a
molar ratio of SiO; /Na, base activator to find the optimum substitution ratio, the concrete substrate
bonded with the geopolymer slurry. Compressive strength tests have shown that repair rates of up to
120% can be achieved. By comparison with Portland cement, it can be proved that the slag/fly ash base
polymer slurry has a good potential for further engineering development in the future. To analyze the
damage differences between FGG-repaired concrete and common concrete, the acoustic emission (AE)
technique can be used as a monitoring tool in destructive tests. The AE technique is widely applied in
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nondestructive tests of metal materials, nonmetal materials, and engineering structures, in addition
to being used to monitor the crack propagation properties in the fracture process of concrete [18,19].
In the AE technique, piezoelectric sensors are used for stress-wave monitoring and the received
electromagnetic waves are converted into electrical signals. The fracture properties and brittleness
of concrete are influenced by the inner brittleness of the material itself and the specimen condition
settings [20]. The crack noise can be detected using the AE technique, which receives signals during
the cleavage process in material bonds [21]. Accordingly, the AE technique is a tool that facilitates the
monitoring and quantification of the damage to a specimen.

The results of the aforementioned studies have demonstrated the potential of geopolymers to be
used as repair materials. This study examined the effectiveness of FGG as a repair material, and various
fly-ash substitution rates were used in FGG for these tests. The different combinations were then tested
using slant shear and split tensile tests to establish a reference for using FGG as a repair material in
the future.

2. Test Design

The production process of the specimens comprised two stages: the concrete was first produced
and left to stand for 28 days and then repaired using FGG. The specimens were produced in molds
and cured in water the day after the molds were removed. For the first part of the concrete specimen
to be repaired, the model used in the pouring was the model that the institute built according to the
specifications, and the changes were made at different angles. In the second stage, the specimen to
be repaired was placed. The traditional model was carried out for repair. The compositions and
properties of the concrete are displayed in Table 1, and the compositions of FGG are displayed in
Table 2. In this study, the compositions of FGG were changed to achieve the required properties of
repair materials under numerous conditions by adjusting the fly-ash substitution rate, liquid-solid
ratio(L/S), and repair angle. Subsequently, the effectiveness and mechanisms of the various approaches
in which FGG was used as the repair material were examined.

Table 1. Concrete proportion and properties to be repaired.

3 .
Components PC (kg/m®) Aggregates (kg/m”>) (l‘:\’a:;g) Properties of PCC
Fine Coarse g/ fc’ (MPa) ft' (MPa)
Proportions 277 886 974 201 28.9 7.8

fc’ = 28 days compressive strength (\p = 10 cm, H = 20 cm);
ft’ = 28 days bending strength (10 cm X 10 cm X 35 cm);
PC = Portland cement; PCC = Portland cement concrete

Table 2. Fly ash/ground-granulated blast-furnace slag geopolymer (FGG) variable.

Alkali Alkali . FA Amount Repair
Modulus Equivalent NaOH M) Be (%) L/s Angle ()
1.0 8% 14 37° 0/10 or 20 or 30 040r0.5 45° or 60°

2.1. Material Properties

2.1.1. GGBFS

The GGBFS materials used in this study were provided by CHC Resources Corporation
(Kaohsiung, Taiwan). The material had a fineness of 4207 cm?/g and a specific gravity of 2.29 g/cm3,
meeting CNS 12549 of the Chinese National Standards.
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2.1.2. Fly Ash

The class F fly ashes used in this study were produced by a Taiwan Power Company thermal
power plant (Kaohsiung, Taiwan). The fly ashes exhibited a fineness of 3818 cm?/g and a specific
gravity of 2.16 g/cm?.

2.1.3. Cement

This study used the type 1 cement produced by the Southeast Cement Corporation
(Kaohsiung, Taiwan), and it met the ASTM C150 Portland cement type I quality standard.

2.1.4. NaOH

The solid NaOH used in this study was produced by the Zhong Ke company (New Taipei City,
Taiwan), and exhibited a specific gravity of 0.598 g/cm>. Before the experiment, the sheet-shaped
NaOH was mixed with deionized water to prepare a NaOH solution with a concentration of 14 M.

2.1.5. Sodium Silicate

This study used the number three sodium silicate solution (37 °Bé) provided by Rong Xiang
Industrial Co., Ltd. (Taoyuan, Taiwan).

2.1.6. Course Aggregate

The study used natural rubble collected from Ligang, Pingtung in Taiwan. The 3/4” (9.6 mm) rubble
exhibited a saturated-surface-dry (SSD) specific gravity of 2.71 g/cm® and a water absorption capacity
of 1.93%; moreover, the 3/8” rubble exhibited an SSD specific gravity of 2.65 g/cm3, water absorption
capacity of 1.76%, and maximum grain size of 19 mm.

2.1.7. Fine Aggregate

The study used natural sand collected from Ligang, Pingtung in Taiwan. The sand exhibited
a fineness modulus of 3.06, an SSD specific gravity of 2.65 g/cm3, and a water absorption capacity
of 1.93%.

2.2. Specimen Production

The FGG specimen production process was as follows. First, the GGBFS was dry-mixed with fine
aggregate for 30 s, and then the dry mixture was mixed with an alkali activator for 120 s. After the
mixture was left to stand for 15 s, the inner surface of the mixing container was scraped to move the
mixed material to the center of the mixing container, and the components were subsequently mixed
for 90 s. Next, the FGG was placed in the mold and then rammed and knocked to reduce air voids.
After this step, the specimen mold was covered with cling film to reduce water loss. The specimen was
demolded after it was air-hardened for 24 h, and then the specimen was cured in a water tank until the
desired age was reached.

3. Test Methods

3.1. Slant Shear Test

A cylindrical specimen with a respective diameter and height of ¢10 cm x 20 cm was produced
based on ASTM C882 [22], cured in water until it reached the age of 28 days, and tested after its
compressive surface was flat-lapped. The repair angle («) of the cylindrical specimen was set at 45° and
60° for the slant shear test. This enabled the testing of the shear failure strength of the FGG-repaired
concrete to assess the effectiveness of the repair. The calculation of the slant shear test was based on
Equation (1), as demonstrated in Figure 1.
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o+ 1)

where o = slant shear test (MPa), F = maximum load of specimen (N), A = test area (mm?).

lF

Geopolymer

PCC

Figure 1. FGG slant shear test repair schematic.

3.2. Split Tensile Test

A cylindrical specimen with a diameter and height of 10 cm X 20 cm was produced based on
Alanazi [15] and ASTM C496 [23]. The split tensile test employed was a standardized method for
testing the tensile strength of cylindrical specimens, and was used to assess the bond strength between
concrete and FGG. The split tensile test calculation was based on Equation (2), as demonstrated in

Figure 2.
2F
T= niLd @
where: T = split tensile test (MPa), F = maximum load of specimen (N), L = length of test body (mm),

d = specimen diameter (mm).

Geopolymer PCC

Figure 2. Split tensile test after repair.
3.3. Applying the AE Technique to the Split Tensile Test

The AE technique was incorporated in the split tensile test to monitor the loading process of
the FGG-repaired concrete specimen. The establishment of the relationship among the data of event,
energy, and indirect tension strength facilitated real-time monitoring of the energy release during the
fracture process. As a result, the fracture severity could be quantified.
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3.4. Microstructural Characteristics

The study used ESEM (FEI Quanta 200 Environmental Scanning Electron Microscope) to observe
the FGG—concrete interphase between the original and the new material, which could be used to
predict the different factors that influenced the test.

4. Results and Discussion

4.1. Slant Shear Test

The results of the slant shear test after the repair using FGG are presented in Figures 3 and 4.
When the repair angle of the specimen was 45°, the liquid—solid ratio was between 0.4 and 0.5, and the
shear strength was 36.9-33.8 MPa. When the repair angle of the specimen was 60° (Figures 5 and 6),
the liquid—solid ratio was between 0.4 and 0.5, and the shear strength was 27.3-22.6 MPa. These results
indicate that the shear strength increased with an increase in the liquid-solid ratio but was decreased
after repair. The main reason is that when the liquid-solid ratio increases, the use of water increases,
thus reducing the concentration of OH™ ions in the alkali solution, impeding the formation of C-5-H
gels, and decreasing the strength of the repaired material. A similar trend can be observed in Figures 3—6.
The fly-ash substitution rate of 10% exhibited a favorable repair effectiveness because an appropriate
amount of fly-ashes increased the compactness of a specimen and slowed down the dry shrinkage
caused by hot fissures. The repair strength of the studied fly-ash substitution rates was in the order of
(most advantageous to least) 10%, 20%, 0%, and 30%. With a 0% fly-ash substitution rate, the repair
strength decreased after 56 days, corresponding to the results presented in the study by Lee et al. [24],
in which the average pore size of FGG was smaller than that of the ordinary Portland cement specimen.
This indicates that an increase in small pores leads to high shrinkage, resulting in subtle cracks in FGG
as well as a decrease in the flexibility modulus and long-term compressive strength, thus demonstrating
an ineffective repair. Fly-ashes exhibited low activity with a 30% substitution rate, leading to this
fly-ash value achieving the lowest strength of the tested substitution rates.
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Figure 3. The effect of different fly-ash amounts on the slant shear test of FGG when L/S = 0.4 and
repair angle was 45°.
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Figure 4. The effect of different fly-ash amount on the slant shear test of FGG when L/S = 0.5 and repair

angle was 45°.
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Figure 5. The effect of different fly-ash amount on the slant shear test of FGG when L/S = 0.4 and repair

angle was 60°.
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Figure 6. The effect of different fly-ash amount on the slant shear test of FGG when L/S = 0.5 and repair

angle was 60°.
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Regarding the angles (Figures 3 and 5), the shear strength was 36.9-27.3 MPa when the slant shear
angle was 45° and 60°. According to the results, the confined compression strength at the repair angle
of 45° was superior to that at the repair angle of 60°. Lyu [25] conducted a slant shear test of concrete
repairs and discovered that the shear strength was slightly reduced when the repair angle was 55° and
60°, thus confirming 55° as the critical mezzanine of sliding damage. This is consistent with the results
of this present study, which posited that the difference in repair performance was caused by damage
modes. When the repair angle was 45°, the damage comprised mostly cracks; specifically, the cracking
interface ran through the repair material to the bottom concrete base, as demonstrated in Figure 7a.
When the repair angle was 60°, the damage was mostly sliding damage; specifically, the breaking point
was in the interphase, as demonstrated in Figure 7b.

PCC.

g Geopolymer

(

60°

/ T PCC

Figure 7. FGG repair angle when the damage pattern is different. (a) 45-degree angle cracked;
(b) 60-degree angle sliding damage.

4.2. Split Tensile Test

The results of the split tensile test after the repair using FGG are presented in Figures 8 and 9.
When the liquid—solid ratio was between 0.4 and 0.5, the split tensile test was 1.97-1.87 MPa, indicating
that the increase in the liquid—-solid ratio resulted in a decrease in tensile strength. Alanazi et al. [15]
suggested the same destruction mechanism, and noted that all adhesive failures caused by the
destruction mode occurred in the interphase. This team used the split tensile test to calculate the bond
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strength of a repair, and the results revealed that an increase in the liquid-solid ratio led to a decrease in
FGG strength. The split tensile test was used in the present study to analyze the repair of a weak surface
to obtain tensile strength data and then determine the compatibility. The results revealed that when
the liquid—solid ratio increased, the tensile strength decreased. This may be because the liquid—solid
ratio resulted in a decreased FGG strength, thus causing an imbalance between the strength of the two
materials and leading to failure of the repair materials and decreased repair effectiveness.

23
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Figure 8. The effect of different fly-ash amount on FGG split tensile test when L/S = 0.4.
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Figure 9. The effect of different fly-ash amount on FGG split tensile test when L/S = 0.5.

When the fly-ash substitution rate was 0%, the repair strength was favorable in the early stage,
whereas the rate of strength growth was decreased in the later stage. When the fly-ash substitution
rate was 10%, although the rate of strength growth in the first 7 days was slow, it exhibited a higher
strength in the later stage. This was because fly-ashes increase the compactness of a specimen and
alleviate the dry shrinkage caused by hot fissures. When the fly-ash substitution rate was above 20%,
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the strength growth of the repaired structure was slow and substantially decreased. This is because
fly-ashes exhibit low activity and slow developmental activity.

4.3. Application of AE in the Split Tensile Test to Monitor the Failure of the Specimen

This study incorporated AE in the split tensile strength test to analyze the process from loading to
damage, and the results were divided into three stages for analyses. The frontend stage ranged from
the beginning to the first noticeable energy peak, the middle stage ranged from the first energy peak
to 80% of the maximum load, and the backend stage was after the end of the middle stage. The test
was used to record the energy release during the damage and was one of the methods used to test
damage modes. The results are presented in Figure 10. The frontend stage contains considerable
sounds of friction among the specimen caused by cracks. At approximately 80% of the highest loading,
a noticeable large energy occurred, and these damages were all classified as no-warning damage.
Thus, the four-stage damage behavior could be identified as follows: before the development of crack,
microcrack generation, crack propagation distribution, and disruptive separation, as displayed in
Figure 11. The stage before the development of cracks is when the load is less than the maximum load,
which is classified as the stable condition; the microcrack generation stage is when the load reaches the
maximum level and microcracks start to grow but the main crack does not; and the crack propagation
distribution stage is when the external load reaches a critical level and the main crack starts to grow.
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Figure 10. Cont.
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Figure 10. Application of acoustic emission (AE) in the split tensile test to monitor the failure of the
specimen. (a) Fly-ash replacement 0%; (b) Fly-ash replacement 10%; (c) Fly-ash replacement 20%;
(d) Fly-ash replacement 30%.
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Figure 11. Application of AE in the split tensile test to monitor the destruction stage.

Using the same analysis methods applied by Geng et al. [26], the present study revealed that the
damage characteristics of a concrete specimen under loading conditions was based on event and energy
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because they revealed the frequency of activity and energy release using AE. Based on a comparison
between the present study and that conducted by Chen [27], the similarities between these studies
are as follows: (1) in the initial load stage, almost no energy release occurred; (2) when the loading
condition reached 80% of the maximum load, the AE energy became more active; and (3) when the
coexistence of the highest energy and disruptive separation was monitored using the AE technique,
the damage was classified as damage without warning.

4.4. Damage Mode

This study employed a repair angle of 45° and a slant shear test to determine the damage behavior
of FGG. The results of the study conducted by Lin [28] revealed that the compressive strength under a
liquid-solid ratio of 0.4 was higher that under a liquid-solid ratio of 0.5. The sheet-shaped FGG after
damage is illustrated in Figure 12. The 0-20% fly-ash substitution rates resulted in cracks in both the
FGG and concrete; a cracking interface running through the repair material to the bottom concrete base
was observed. The 30% fly-ash substitution rate produced sliding damage; that is, the breaking point
was solely in the interphase.

Figure 12. The slant shear test failure mode for different fly-ash amounts when L/S is 0.4. (a) Fly-ash
replacement 0%; (b) Fly-ash replacement 10%; (c) Fly-ash replacement 20%; (d) Fly-ash replacement 30%.

4.5. Microstructural Characteristics

This study used SEM to observe the interface between the concrete and the FGG, that is,
the FGG—concrete interphase, as shown in Figure 13. The shape of the microstructural FGG was
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irregular. When the fly-ash substitution rate was 0% (Figure 13a), through SEM, the FGG—concrete
interphase was revealed to be relatively clear, which might have been because the dry shrinkage of
GGBEFS resulted in poor bond strength. When the fly-ash substitution rate was 10% (Figure 13b),
the FGG—concrete transition zone contained more C-5-H like hydration products than the other fly-ash
conditions. When the fly-ash substitution rate was 20% (Figure 13c), there will be hydration products
in the interphase, and there was no obvious hydration. When the fly-ash substitution rate was 30%,
as displayed in Figure 13d, the cracks were larger in the FGG—concrete interphase, which may have
been caused by the incomplete reaction of fly-ashes. Additionally, the imbalance of stress led to poor
bond strength. The abundance of hydration products in the FGG—concrete interphase corresponds to
the results obtained by Li et al. [4], Arnaud and Stephen [29], Sadowskki et al. [30], Khedmati et al. [31],
Ivana and Tomas [32], Marjanovic et al. [33]. The slant shear strength and split tensile strength analyses
in this present study revealed that the fly-ash substitution rate of 10% led to a higher bond strength
than the other fly-ash conditions. Therefore, the study focused on the 10% fly-ash substitution rate and
employed energy-dispersive X-ray spectroscopy (EDX) to analyze the components of the FGG—concrete
interphase and the influence of bong strength. The use of EDX for analysis was in accordance with the
research conducted by Li et al. [2]. The results of this analysis in the present study are presented in
Figure 14. These results revealed that because geopolymers contain a substantial amount of Si** and
AI%*, the bond mechanism reacted with the Ca(OH), on the surface of the concrete. The increase in
Ca®* counterbalanced the negative charge of AI**, thus resulting in an increase in hydration products
in the FGG-concrete interphase and an increase in bond strength.

Rugged fracture surface

HV ag | W
kV| 1600 x| 6.1 mm

Figure 13. The microstructural characteristics of interphase when FGG was repaired with PCC.
(a) Fly-ash replacement 0%; (b) Fly-ash replacement 10%; (c) Fly-ash replacement 20%; (d) Fly-ash
replacement 30%.
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Counts

Element Wt % At %

b C K 14.34 24.75
. O K  28.47 36.89
NakK 3.95 3.56

i MgK 2.63 2.25
AlK 8.02 6.16

126 SiK 19.78 14.60
sik CakK 22.80 11.79

1050 g Total 100.00 100.00

Figure 14. The energy-dispersive X-ray spectroscopy (EDX) component analysis of interface interphase
when FGG was repaired with PCC.

5. Conclusion

1.

The slant shear strength and split tensile strength results indicated that the bond strength of the
FGG repair material decreased with an increase in the liquid—solid ratio, and a favorable repair
effectiveness could be achieved when the fly-ash substitution rate was 10%.

The damage modes revealed that greater cracking noise was produced when the geopolymers
were damaged, and these polymers became sheet-shaped after damage was inflicted; therefore,
FGG has low brittleness and fatigue resistance.

This study incorporated the AE technique into monitoring the damage behavior of the repaired
structure, and demonstrated that a higher bond strength produced a higher energy activity in the
middle stage, confirming that AE energy is correlated with bond strength.

Using SEM to observe the microstructural characteristics of this structure, this study revealed
that the hydration products in the interfacial interphase were more noticeable when the fly-ash
substitution rate was 10% compared with when it was 30%, revealing that the influence of bond
strength was highly related to the hydration products present in the interfacial interphase.

FGG through the slant shear test, split tensile test found that the L/S increased bond strength will
drop, and fly-ash amount of 10% can get better repair effect.

From the failure mode, it is known that there is a large burst of sound when the geopolymer is
destroyed, and the failure form is tile-like, so the FGG has the characteristics of low brittleness
and poor fatigue resistance.

We introduced AE to monitor the damage behavior. When the bond strength was better, the energy
of the middle part of the sound signal was obviously more active, and it was found that the
acoustic energy had a correlation with the bond strength.

It is found that the influence of bond strength is closely related to the product of the interface
interphase when the hydration product of the interfacial interphase is more obvious when the
fly-ash amount is 10%.

Author Contributions: Conceptualization, W.-T.K. and M.-Y.L.; Methodology, W.-T.K. and M.-Y.L.; Validation,
W.-TK. and C.-U J.; Formal Analysis, W.-T.K. and C.-U.J.; Investigation, W.-T.K.; Resources, W.-T.K.; Data Curation,
M.-Y.L. and C.-U.J.; Writing-Original Draft Preparation, M.-Y.L.; Writing-Review & Editing, W.-T.K. and C.-U J;
Visualization, M.-Y.L. and C.-U.J.; Supervision, W.-T.K; Project Administration, W.-T.K.

Funding: This research received no external funding.



Materials 2019, 12, 1697 15 of 16

Acknowledgments: The authors would like to thank the Ministry of Science and Technology of Taiwan for their
financial support of this research under contract No. MOST 106-2221-E-992-331-.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chen, Y.Y,; Huang, C.L.; Kuo, C.H.; Lin, C.Y. The Durability Study of Structural Repairing Materials after
Earthquake Damage. Proceedings of Research Results in the Development of Seismic Materials for Civil Structures;
The Engineering and Technology Promotion Center (ETPC, MOST): Taiwan, 2002; pp. 7-1-7-38. (In Chinese)
Li, G; Xie, H.; Xiong, G. Transition zone studies of new-to-old concrete with different binders. Cem. Concr.
Compos. 2001, 23, 381-387. [CrossRef]

Mehta, PX.; Monteiro, PJ.M. Concrete: Microstructure, Properties, and Materials; McGraw-Hill: New York, NY,
USA, 2006.

Li, G. A new way to increase the long-term bond strength of new-to-old concrete by the use of fly ash.
Cem. Concr. Res. 2003, 33, 799-806.

Nath, P; Sarker, P.K. Use of OPC to improve setting and early strength properties of low calcium fly ash
geopolymer concrete cured at room temperature. Cem. Concr. Compos. 2015, 55, 205-214. [CrossRef]

Kuo, W.-T.; Wang, H.-Y.; Shu, C.-Y. Engineering properties of cementless concrete produced from GGBFS
and recycled desulfurization slag. Constr. Mater. 2014, 63, 189-196. [CrossRef]

Jang, J.; Lee, H. Effect of fly ash characteristics on delayed high-strength development of geopolymers.
Constr. Mater. 2016, 102, 260-269. [CrossRef]

Okoye, E; Durgaprasad, J.; Singh, N. Fly ash/Kaolin based geopolymer green concretes and their mechanical
properties. Data Brief 2015, 5, 739-744. [CrossRef] [PubMed]

Idawati, I.; Susan, A.B.; John, L.P,; Rackel, S.N.; David, G.B.; Adam, R.K.; Sinin, H.; Jannie, S.J.; Van, D.
Influence of fly ash on the water and chloride permeability of alkali-activated slag mortars and concretes.
Constr. Build. Mater. 2013, 48, 1187-1201.

Li, C,; Sun, H.; Li, L. A review: The comparison between alkali-activated slag (Si + Ca) and metakaolin
(Si+Al) cements. Cem. Concr. Res. 2010, 40, 1341-1349. [CrossRef]

Zhuang, X.Y.; Chen, L.; Komarneni, S.; Zhou, C.H.; Tong, D.S.; Yang, H.M.; Yu, W.H.; Wang, H. Fly ash-based
geopolymer: clean production, properties and applications. J. Clean. Prod. 2016, 125, 253-267. [CrossRef]
Luukkonen, T.; Abdollahnejad, Z.; Yliniemi, ].; Kinnunen, P; Illikainen, M. One-part alkali-activated materials:
A review. Cem. Concr. Res. 2018, 103, 21-34. [CrossRef]

Kuo, W.-T; Hou, T.-C. Engineering properties of alkali-activated binders by use of desulfurization slag and
GGBFS. Constr. Mater. 2014, 66, 229-234. [CrossRef]

Pacheco-Torgal, F; Castro-Gomes, J.; Jalali, S.; Castro-Gomes, J. Adhesion characterization of tungsten mine
waste geopolymeric binder. Influence of OPC concrete substrate surface treatment. Constr. Mater. 2008, 22,
154-161. [CrossRef]

Alanazi, H.; Yang, M.; Zhang, D.; Gao, Z. (Jerry) Bond strength of PCC pavement repairs using
metakaolin-based geopolymer mortar. Cem. Concr. Compos. 2016, 65, 75-82. [CrossRef]

Tanakorn, PN.; Vanchai, S.; Sakonwan, H.; Charoenchai, R.; Shigemitsu, H.; Prinya, C. High calcium fly ash
geopolymer mortar containing Portland cement for use as repair material. Constr. Build. Mater. 2015, 98,
482-488.

Ding, Y.-C.; Cheng, T.-W.; Dai, Y.-S.; Ding, Y.; Cheng, T.; Dai, Y. Application of geopolymer paste for concrete
repair. Struct. Concr. 2017, 18, 561-570. [CrossRef]

Mihashi, H.; Nomura, N.; Niiseki, S. Influence of aggregate size on fracture process zone of concrete detected
with three dimensional acoustic emission technique. Cem. Concr. Res. 1991, 21, 737-744. [CrossRef]
Aldahdooh, M.; Bunnori, N.M.; Johari, M.M.; Johari, M.A.M. Damage evaluation of reinforced concrete
beams with varying thickness using the acoustic emission technique. Constr. Mater. 2013, 44, 812-821.
[CrossRef]

Chen, B.; Liu, J. Experimental study on AE characteristics of three-point-bending concrete beams. Cem. Concr.
Res. 2004, 34, 391-397. [CrossRef]

Carpinteri, A.; Lacidogna, G.; Corrado, M.; di Battista, E. Cracking and crackling in concrete-like materials:
A dynamic energy balance. Eng. Fract. Mech. 2016, 155, 130-144. [CrossRef]


http://dx.doi.org/10.1016/S0958-9465(01)00002-6
http://dx.doi.org/10.1016/j.cemconcomp.2014.08.008
http://dx.doi.org/10.1016/j.conbuildmat.2014.04.017
http://dx.doi.org/10.1016/j.conbuildmat.2015.10.172
http://dx.doi.org/10.1016/j.dib.2015.10.029
http://www.ncbi.nlm.nih.gov/pubmed/26693505
http://dx.doi.org/10.1016/j.cemconres.2010.03.020
http://dx.doi.org/10.1016/j.jclepro.2016.03.019
http://dx.doi.org/10.1016/j.cemconres.2017.10.001
http://dx.doi.org/10.1016/j.conbuildmat.2014.05.056
http://dx.doi.org/10.1016/j.conbuildmat.2006.10.005
http://dx.doi.org/10.1016/j.cemconcomp.2015.10.009
http://dx.doi.org/10.1002/suco.201600161
http://dx.doi.org/10.1016/0008-8846(91)90168-H
http://dx.doi.org/10.1016/j.conbuildmat.2012.11.099
http://dx.doi.org/10.1016/j.cemconres.2003.08.021
http://dx.doi.org/10.1016/j.engfracmech.2016.01.013

Materials 2019, 12, 1697 16 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

STM C882. Standard Test Method for Bond Strength of Epoxy-Resin Systems Used With Concrete By Slant Shear;
ASTM International: West Conshohocken, PA, USA. Available online: https://www.astm.org/search/fullsite-
search.html?query=C882&amp (accessed on 29 April 2019).

STM C496. Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens; Annual
Book of ASTM Standard; ASTM International: West Conshohocken, PA, USA. Available online: https:
/[www.astm.org/Standards/C496.htm (accessed on 29 April 2019).

Lee, N.; Lee, H. Setting and mechanical properties of alkali-activated fly ash/slag concrete manufactured at
room temperature. Constr. Mater. 2013, 47, 1201-1209. [CrossRef]

Lyu, S.J. A Study on Engineering Properties with Impact Factors of Geopolymer and its Application on
Repairing Concrete Defects. Ph.D. Thesis, National Taipei University of Technology, Taipei City, Taiwan,
2013.

Geng, J.; Sun, Q.; Zhang, Y.; Cao, L.; Zhang, W. Studying the dynamic damage failure of concrete based on
acoustic emission. Constr. Mater. 2017, 149, 9-16. [CrossRef]

Chen, G.Y. The Study of Microstructures of Concrete Subject to Elevated Temperatures in conjunction of
Ultrasonic Pulse Velocity and Acoustic Emission Tests. Master’s Thesis, National Kaohsiung University of
Applied Sciences, Kaohsiung City, Taiwan, 2016.

Lin, YYW. The Effects of Different Alkali Solution on Engineering Properties of Slag-and-Fly-Ash-Based
Geopolymer. Master’s Thesis, National Taiwan University of Science and Technology Building Engineering
Department, Taipei, Taiwan, 2012.

Arnaud, C.; Stephen, J.F. Bond strength between blended slag and Class F fly ash geopolymer concrete with
steel reinforcement. Cem. Concr. Res. 2015, 72, 48-53.

Sadowski, L.; Stefaniuk, D.; Zak, A.; Krakowiak, K. Micromechanical properties within the interphase
between heterogeneous layers made of cementitious composites. Constr. Build. Mater. 2019, 215, 1033-1043.
[CrossRef]

Khedmati, M.; Kim, Y.-R.; Turner, J.A. Investigation of the interphase between recycled aggregates and
cementitious binding materials using integrated microstructural-nanomechanical-chemical characterization.
Compos. Part B Eng. 2019, 158, 218-229. [CrossRef]

Ivana, P; Tomas, H. The setting time of a clay-slag geopolymer matrix: the influence of blast-furnace-slag
addition and the mixing method. . Clean. Prod. 2016, 112, 1150-1155.

Marjanovic, N.; Komljenovic, M.; Bascarevic, Z.; Nikoli¢, V. Comparison of Two Alkali-activated Systems:
Mechanically Activated Fly Ash and fly Ash-blast Furnace Slag Blends. Procedia Eng. 2015, 108, 231-238.
[CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


https://www.astm.org/search/fullsite-search.html?query=C882&amp
https://www.astm.org/search/fullsite-search.html?query=C882&amp
https://www.astm.org/Standards/C496.htm
https://www.astm.org/Standards/C496.htm
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.107
http://dx.doi.org/10.1016/j.conbuildmat.2017.05.054
http://dx.doi.org/10.1016/j.conbuildmat.2019.04.238
http://dx.doi.org/10.1016/j.compositesb.2018.09.041
http://dx.doi.org/10.1016/j.proeng.2015.06.142
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Test Design 
	Material Properties 
	GGBFS 
	Fly Ash 
	Cement 
	NaOH 
	Sodium Silicate 
	Course Aggregate 
	Fine Aggregate 

	Specimen Production 

	Test Methods 
	Slant Shear Test 
	Split Tensile Test 
	Applying the AE Technique to the Split Tensile Test 
	Microstructural Characteristics 

	Results and Discussion 
	Slant Shear Test 
	Split Tensile Test 
	Application of AE in the Split Tensile Test to Monitor the Failure of the Specimen 
	Damage Mode 
	Microstructural Characteristics 

	Conclusion 
	References

