¢!

www.ceramics-silikaty.cz

Ceramics-Silikaty 63 (2), 164-173 (2019)

doi: 10.13168/cs.2019.0008

PROPERTIES OF FRESH AND HARDENED
GEOPOLYMER-BASED GROUTS

JIAN ZHANG, SHUCAI LI, *ZHAOFENG LI, QINGSONG ZHANG, HENGTIAN LI, JUNQI DU, YANHAI QI

Geotechnical and Structural Engineering Research Center, Shandong University,
Jinan, Shandong, 250061, China

“E-mail: lizf@sdu.edu.cn

Submitted November 17, 2018; accepted February 15, 2019

Keywords: Fly ash, Ground granulated blast-furnace slag, Fresh-state properties, Compressive strength, Microstructure

A geopolymer blended with fly ash (FA) and ground granulated blast-furnace slag (GGBS) was designed to investigate the
properties of geopolymer (GP) — based grouting materials from different aspects. The workability, i.e. flowability, bleeding
capacity, setting time and change of viscosity with time, as well as the compressive strength and microstructure of the
GP-based grouts were investigated. The ratios of GGBS to FA and the concentration of sodium hydroxide were 0.2 - 1.0
and 0.5 - 4.0 M, respectively. The results show that GGBS enhances the flowability, while FA and sodium hydroxide enhance
the stability of fresh grouts. The setting time reduces as the ratios of GGBS to FA and sodium hydroxide concentration
increase. Sodium hydroxide concentration has a greater effect on the change of viscosity with time compared to the ratios
of GGBS to FA. FA and sodium hydroxide reduce the compressive strength of hardened grouts, while GGBS improves their
compressive strength. By adjusting the ratios of GGBS to FA and the concentration of sodium hydroxide, the setting time of
GP-based grouts could be tailored from 0.5 to 5.5 h, the compressive strength after 28 days was up to 7.48 MPa, and the
bleeding capacity is less than 2.5 %. The optimum GGBS to FA ratio and sodium hydroxide concentration is 0.8 and 2.0 M,

respectively, which can meet the performance requirements for grouting reinforcements in grouting engineering.

INTRODUCTION

Grouting is a rock and soil stabilization technique
that is widely adopted in the treatment of underground
engineering disasters [1]. Cement-based grouts are
currently the most widely used grouting types. However,
the cement industry accounts for approximately 7 % of
total carbon dioxide emission per year [2-3]. For this
reason, substitutes of cement-based grouts need to be
sought.

Geopolymers are materials competitive with Port-
land cement that reuse industrial solid wastes of alu-
minosilicate composition in combination with an alkali-
ne activator. They possess high mechanical strength,
short setting time and durability [4-5]. What is more,
they are of low cost, exhibit negligible carbon dioxide
emission during synthesis and thus have a much lower
impact on global warming [6]. In consideration of these
advantages, geopolymers are considered as potential
alternative materials which can be applied in many fields
like grouting engineering despite their higher brittleness
and fragility [7].

Fly ash is widely used to prepare geopolymers due
to its suitable aluminosilicate composition [8]. Many

works reported that fly-ash-based geopolymers show
animproved compressive strength with ground granulated
blast-furnace slag [9-11]. The most widely used
alkaline activators for the preparation of geopolymers
are hydroxides and silicates of sodium and potassium
[12]. Sodium-based activators are usually better than
potassium-based activators, because most minerals are
more readily dissolved in sodium hydroxide than in
potassium hydroxide. What is more, considering the
durability of the final hardened body, sodium hydroxide
has a better acid-resistance than alkaline silicates [13].
Moreover, sodium hydroxide is cheaper than alkaline
silicates and potassium hydroxide, which makes it more
attractive in the field of geopolymers.

The majority of studies in the literature is focused
on the synthesis and characterization of geopolymers
blended with fly ash and blast-furnace slag. Puertas et
al. [8] concluded that the ratio of fly ash to slag and the
alkali activator concentration are the most significant
parameters. De Silva et al. [14] identified that the con-
centration of Si*" and AI’* ions determined the pro-
perties of the geopolymer. Chindaprasirt et al. [15-16]
investigated the effect of fineness of high calcium fly
ash on the properties of fly-ash-based geopolymers.
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Deb et al. [17] concluded that blended 20 % ground
granulated blast furnace slag in activated fly ash can
yield geopolymers with excellent mechanical properties.
Cihangir et al. [18] investigated the effect of slag content,
alkali type and concentration on the properties of alkali-
activated slag. Junaid et al. [19] analyzed the effect of the
alkaline liquid/fly ash ratio and the water/binder ratio on
the properties of fly-ash-based geopolymers.

Fly-ash- and slag-based geopolymers are considered
as promising binder materials due to their environmental
benefits, as they are by-products from industries and can
reduce the demand for Portland cement. The present
work focuses on the synthesis and characterization of
geopolymers prepared from fly ash and slag. While pre-
vious works by other authors have focused on alkali
concentration, slag content, dissolution mechanisms and
mechanical properties, the present work is mostly about
concrete and mortar. Nevertheless, high flowability and
stability of grouts are crucial to grouting reinforcement
engineering. In order to determine whether geopolymers
satisfy the workability and mechanical property re-
quire-ments for grouting engineering, it is essential to
investigate their basic properties under high water/
solid ratio. Therefore, the overall aim of this work is to
study the flowability, bleeding capacity, setting time,
viscosity change with time, mechanical properties and
microstructure in order to evaluate the performance of
geopolymer-based grouting materials. With respect to
grouting engineering applications, the most widely used
water/binder (W/B) ratio of 1.0 was selected. The ratios
of fly ash to ground granulated blast-furnace slag are
0.2, 0.4, 0.6, 0.8 and 1.0. The concentrations of sodium

Table 1. Chemical composition of raw materials.

hydroxide are 0.5, 1.0, 2.0, 3.0 and 4.0 M. The specimens
were cured for 3, 7, 14 and 28 days for mechanical
property tests. The optimum ratio of ground granulated
blast furnace slag to fly ash and concentration of sodium
hydroxide are determined and discussed.

EXPERIMENTAL
Materials and methodology

Raw materials characterization

Fly ash (FA) was supplied from Xinfa plant (Shan-
dong, China) and ground granulated blast-furnace slag
(GGBS) was bought from Luxin plant (Shandong,
China). The chemical composition of these raw mate-
rials was analyzed by X-ray fluorescence (XRF) analysis
(Table 1). Sodium hydroxide flakes with 96 % purity
(Tianjin Dengke Chemical Reagent Co. Ltd., Tianjin,
China) was used as the alkaline activator. The sodium
hydroxide solutions were used after cooling down to
room temperature.

The amounts of Al,0; + SiO, + Fe,0; and CaO in the
FA sample were 92.6 % and 2.87 %, respectively, which
indicates that the FA is a class-F type according to ASTM
C618-08a [20]. The major components of GGBS are
oxides of calcium (CaO), silicon (SiO,) and aluminum
(ALO;). The X-ray diffraction (XRD) patterns (Figure 1)
shows that FA contains quartz, mullite, corundum, he-
matite, and calcium oxide, while GGBS is found to be
a glassy phase with aluminosilicate compounds. The
grain size distributions of FA and GGBS have been de-
termined by laser diffraction (Figure 2).

Components (%) SiO, AL O, CaO Fe,O, K,O0 MgO Na,O LOI
FA 59.53 29.4 2.87 3.67 1.15 0.43 0.2 2.75
GGBS 20.5 12.1 57.2 0.55 0.58 5.05 0.36 3.66
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Figure 1. XRD patterns for FA and GGBS.
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Figure 2. Particle size distributions of FA and GGBS.
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Experimental design

A total of five different GGBS-FA mixtures were
prepared by varying the ratios of GGBS to FA. The
GGBS-FA mixes are denoted as S1, S2, S3, S4 and S5
for the ratios of 0.2, 0.4, 0.6, 0.8 and 1.0, respectively.
Sodium hydroxide solutions with different concentrations
0f0.5,1.0,2.0,3.0 and 4.0 M were designed to investigate
the effect of alkaline activator concentration on the
grouts properties. The mixture proportions are shown in
Table 2. Initially, a specific amount of sodium hydroxide
was added to the required water, taking into account the
mass of sodium hydroxide for calculating the amount
of required water. The fresh paste was stirred at a speed
of 240 rpm for 5 min. A water-to-solid (W/S) ratio of
1.0 has been selected for this study, because it is widely
used in grouting engineering. All the measurements were
conducted at a temperature of 21 + 1 °C.

Table 2. Mixture proportions of the GP-based grouts.

Number Ratios of GGBS NaOH concentration
to FA M)
S1 0.2 0.5-4
S2 0.4 0.5-4
S3 0.6 0.5-4
S4 0.8 0.5-4
S5 1.0 0.5-4

Mini-slump tests

Mini-slump tests were performed on a smooth
glass with a test mold [21] to characterize the fluidity of
FA-based geopolymer. The mold dimensions were:
height 60 mm, bottom diameter 36 mm and top diameter
60 mm.

Bleeding capacity tests

Bleeding capacity tests was conducted to show
the stability of GP-based grout. After fresh slurry pre-
paration, 1 1 of the slurry was placed in a graduated
cylinder with a diameter of 63 mm, and the volume of
sediment was recorded until initial coagulation of the
slurry [22].

Setting time tests

The initial and final setting time was recorded as the
time when the penetration height of the Vicat needle is
25 mm and less than 1 mm, respectively, according to the
ASTM Standard C191 [23].

Viscosity measurements

The viscosity of the grout is crucial to grouting
engineering. The viscosity test with time was conducted
using SV —10and SV — 100 sine wave vibration viscome-
ters (Aiande Co., Ltd., Japan). The viscosity ranges were
0.3 - 10 000 mPa-s and 1 - 100 Pa-s, respectively.

Compressive strength

The fresh GP-based grouts were rapidly poured into
cylindrical PVC molds, the specimens were demolded
after 24 hand cured in water immediately after demolding.
The unconfined compressive strength test was conducted
according to the relevant ASTM Standard C942-15. The
specimens were tested three times and the average of the
strength was recorded as the unconfined compressive
strength for each mix proportion. Compressive strength
was tested after 3, 7, 14 and 28 days.

Microstructural characterization

The microstructure of FA-based geopolymer was
analyzed by XRD, IR, and SEM. For this characterization
of geopolymers, the fragments of specimens after the
compressive strength test were collected and soaked in
ethanol to quenched the geopolymerization reaction.
The morphology of GP-based geopolymer was studied
by SEM using a ZEISS-55 scanning electron microscope
at an accelerating voltage of 20 kV and spot size of 6.0.
The XRD analysis was conducted on a Rigaku Miniflex
600 with Cu Ko, radiation at a scanning rate of 10° min™
from 10° to 80° (20). The IR analysis was conducted by
a Vertex 70 FTIR spectrophotometer (Bruker, Germany)
in the spectral range from 400 to 4000 cm™. Mercury
intrusion porosimetry (MIP) was performed to study
the pore structure of the hardened grout. The MIP
measurements were conducted with a Quantachrome
Poremaster-60 with a maximum intrusion pressure
of 410 MPa. The contact angle and surface tension of
mercury were assumed to be 140° and 480 mN-m™,
respectively.

RESULTS

Mini-slump of fresh grouts

Results of mini-slump tests, which characterize the
flowability of GP-based grouts, are shown in Figure 3.
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Figure 3. Mini-slump diameters (spreading diameters) of fresh
GP-based grouts.
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The mini-slump diameters (spreading diameters)
of GP-based grouts increased with increasing ratio of
GGBS to FA (S1 to S5) and decreased with increasing
concentration of sodium hydroxide (0.5 to 4 M). When the
ratios of GGBS to FA were 0.2, 0.4, 0.6, 0.8 and 1.0, the
mini-slump diameters of fresh grouts (0.5 - 4 M sodium
hydroxide) were 15.8 - 16.6, 17.6 - 18.7, 22.1 - 23.5,
23.5-24.6 and 25.9 - 27 cm, respectively. As illustrated
in Figure 3, FA and sodium hydroxide decreased the mini-
slump diameters of suspensions, FA has a positive effect
on the spreading ability when its admixture percentage
is below 40 % due to its “ball effects” and “filling effect”
[24]. However, as the admixture percentage is above
40 %, FA has a negative effect on the spreading of the
grout, because, apart from glassy phase, there are also
about 40 % of crystalline compounds and unburned
carbon in FA. With increasing FA content, the specific
surface area and water requirement are increased, and
the fluidity is reduced. With increasing concentration
of sodium hydroxide, the leaching time of Si*" and AI**
decreased and the leached amount increased, which is
inversely proportional to the spreading ability, though
the effect is weak. GGBS played a positive role in
increasing the spreading ability due to its “filling effect”
and “micro-aggregate effect”. Considering engineering
applications, the ratio of GGBS to FA can range from 0.6
to 1.0.

Bleeding capacity of fresh grouts

The results of bleeding capacity tests are displayed
in Figure 4. According to ASTM C940 the GP-based
grout is “stable”, if its bleeding capacity is < 5 % after
initial coagulation of the slurry [25].

In Figure 4 it is shown that the bleeding capacity
increased with the increasing ratio of GGBS to FA.
At the same time the bleeding capacity of suspensions
decreased as the sodium hydroxide concentration increa-
sed. When the ratios of GGBS to FA were 0.2, 0.4,
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Figure 4. Bleeding capacity (%) of fresh GP-based grouts.

0.6, 0.8 and 1.0, the bleeding capacity of grouts (0.5
- 4 M sodium hydroxide) were 0.5 - 0.74, 0.83 - 1.16,
1.2-1.49,1.65 -2 and 1.97 - 2.38 %, respectively.

FA can reduce the bleeding capacity of GP-based
grout, which is related to the surface area of FA, as the
specific surface area of FA is larger, and more water
is needed to cover the surface with a water film, thus
reducing free moisture and reducing the bleeding
capacity. By contrast, GGBS played a negative role in
decreasing the bleeding capacity due to its low water
demand and “filling effect”. As presented in Figure 4,
the sodium hydroxide concentration played a positive
role on the bleeding capacity, because as the sodium
hydroxide concentration increased, the leached amount
of Si*" and AI’* increased and more water was needed to
form geopolymer networks. Stable GP-based grouts are
recommended in practical grouting engineering, because
excessive bleeding capacity leads to a decrease of grout
fluidity, resulting in the blockage of pipes and the normal
construction process [26], thus the ratios of GGBS to FA
were suggested to not exceed 0.8.

Setting time of fresh grouts

Figure 5 illustrates the setting time of the GP-based
grouts with different ratios of GGBS to FA and sodium
hydroxide concentration.

Figure 5 demonstrates that the initial and final
setting time of GP-based grouts shortened as the ratios of
GGBS to FA increased. This is probably because GGBS
contains a substantially higher amount of amorphous
aluminosilicate phase than FA as evidenced by the diffuse
peak found from XRD analysis (Figure 1), and the degree
of Si*" and AI’" leaching is higher in the case of GGBS
compared to FA. In addition, GGBS contains a high
content of CaO, and Ca?" exhibits stronger electrostatic
attraction and charge neutralization compared to Na'.
The geopolymerization process is accelerated under the
condition of a larger amount of Ca®'. At the same time,
however, a large amount of calcium silicate gel was
generated, thus shortening the setting time.

Asseen in Figure 5, the initial and final setting times
of GP-based grouts have been significantly shortened
with the increment of sodium hydroxide concentration
(since the setting times for specimens with 0.5 M sodium
hydroxide were too long, they were not recorded in the
experiment). During the leaching reaction, the alkalinity
of the sodium hydroxide solution leads to the release
of Si*, AI* and Ca*" from GGBS and FA, which then
diffuse out of the geopolymerization products that
form rapidly around the unreacted particles. Alkaline
conditions accelerate the activation process, while the
presence of hydroxide enhances slag dissolution and
also improves the solubility of aluminosilicate [27].

It needs to be pointed out that GP-based grout
with different sodium hydroxide concentration will be
suitable for different grouting engineering applications.
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Figure 5. Setting times of the fresh GP-based grouts.

Change of viscosity with time

The viscosity of GP-based grouts with different
ratios of GGBS to FA and sodium hydroxide concentration
were measured as a function of time.

As shown in Figure 6, the viscosity change of the
fresh-state GP-based grouts has a low viscosity stage
and a solidifying stage. In the stage of low viscosity, the
leaching reaction took place, and the viscosity stayed
almost the same. As the leaching reaction proceeds, a
large number of Si** and AI** ions were leached out and
the polymerization process and hydration reaction began,
the viscosity increased rapidly, and then the solidifying
stage appeared.

In Figure 6a we can see that the curves of S1, S2
and S3 have a similar trend of viscosity change. As the
ratios of GGBS to FA increased to 0.8, the slope of curves
turned down, because the GGBS content increased
and FA content decreased as the ratios of GGBS to FA
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increased, and the “filling effect” and “micro-aggregate
effect” of GGBS played a positive role in the fresh-state
GP-based grout.

The effect of sodium hydroxide concentration on
the viscosity change with time is shown in Figure 6b. In
the solidifying stage, the viscosity value and its growth
rate are lower. This can be attributed to the slow leaching
reaction and the low amounts of Si*" and AI** under
conditions of lower sodium hydroxide concentration.
As the concentration increases, the low viscosity stage
is shorter and then the viscosity increases rapidly to the
initial coagulation, followed by rapid thickening. At this
time, GP-based grout presents a mixture of solid and
liquid, with flow and diffusion. GP-based grout loses its
fluidity after the final coagulation, and the viscosity stays
almost the same. This phenomenon can be attributed to
the rapid leaching reaction, while the concentration of
sodium hydroxide is high.
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Figure 6. Change of viscosity of fresh GP-grouts with time for (a) different ratios of GGBS to FA with 1 M NaOH, (b) different

sodium hydroxide concentration (GGBS to FA ratio of 0.8).
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Compressive strength

Figure 7 shows the 3, 7, 14, 28 days compressive
strength of hardened GP-based grouts with different ratios
of GGBS to FA and sodium hydroxide concentration.

As shown in Figure 7, compressive strength increa-
sed with increasing GGBS to FA ratio (for the same
concentration of sodium hydroxide). The phenomenon
can be attributed to the high reactivity of soluble alumi-
nosilicate components under alkaline conditions, the in-
creased GGBS to FA ratio causing an increase content
of Si*" and AI’" in the slurry. The silicon and aluminum
content accelerates the geopolymerization process, which
is beneficial for compressive strength. GGBS contains
mostly reactive aluminosilicates, and the activity of
GGBS is much higher than that of fly ash. Moreover,
the percentage of calcium oxide in the GGBS promoted
the hydration process. Thus, the compressive strength is
directly correlated with the ratio of GGBS to FA.

SEM observations were performed at the age of
28 days, and the effects of the ratios of GGBS to FA
and sodium hydroxide concentration were studied. The
results are shown in Figures 8 and 9. The SEM images
are indicative of the presence of geopolymeric products.
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As illustrated in Figure 8, the polymerization degree
is lower for a low ratio (S1) of GGBS to FA as compared
to the high ratio (S5). Unreacted FA can be found from
S1, which indicates that FA particles have a slow rate
of dissolution of aluminosilicates in sodium hydroxide
solution when the ratio of GGBS to FA is low. For a high
ratio of GGBS to FA, a large quantity of aluminosilicate
hydration products and C—S—H are seen, due to the high
calcium content in the slag, the microstructure is more
compact and the amorphous C—S—H and geopolymer gel
strengthen the final product, similar to findings reported
previously [28-29]. Also the compressive strength is
higher for high ratios of GGBS to FA than for low ratios,
which is consistent with the conclusion of Figure 7.

Figure 7 also illustrates the compressive strength
with different concentrations of sodium hydroxide solu-
tion. It can be observed that the alkali concentration
has a significant effect on the compressive strength.
The compressive strength increased when the sodium
hydroxide concentration increased from 0.5 M to 1.0 M,
but then decreased when the concentration increased from
1.0 M to 4.0 M. Sodium hydroxide acts as activator in
the leaching reaction, and Na' is important for the charge
balance in the paste [15]. At a lower sodium hydroxide
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Figure 7. Compressive strength of geopolymer-based grouts with different curing time: a) 3 d, b) 7d, ¢) 14 d, d) 28 d.
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Figure 8. SEM images of GP-based grouts with different GGBS to FA ratios.
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Figure 9. SEM images of GP-based grouts prepared with different NaOH concentration. (Continue on next page)
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Figure 9. SEM images of GP-based grouts prepared with different NaOH concentration.

concentration, less Si*" and AI’* dissolved, resulting in
a weak geopolymeric network. A proper compressive
strength is observed at 1.0 M sodium hydroxide con-
centration for all GP-grouts. The leached Si*" and AI*
concentrations are the maxima which enhance the geo-
polycondensation process at 1.0 M sodium hydroxide.
It indicated that equilibrium is maintained between
dissolved Si** and AP’ and Na' at 1.0 M sodium
hydroxide. Moreover, at higher concentration beyond
8.0 M, the amount of leached aluminosilicates stays
almost constant, and the concentration of free sodium
hydroxide increased. This results in a lower Si/Na ratio
in the hardened grout, which has a negative effect on the
geopolymerization process and results in a reduction of
strength [30].

GP-based grouts prepared with different sodium
hydroxide concentration are shown in Figure 9. FA
particles cannot be found in the specimens with higher
sodium hydroxide concentration, because the leaching
time becomes shorter and the amount of Si*" and AI*
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is increased with a higher amount of sodium hydroxide.
What is more, a high amount of pores can be found in the
specimens with lower sodium hydroxide as compared to
the other. This can be attributed to the shorter setting
time, which also explains the lower compressive strength
of specimens with higher concentration of sodium
hydroxide, see Figure 7.

Furthermore, the pore size distribution of the
specimens with different ratios of GGBS to FA and
sodium hydroxide concentrations were analyzed by
MIP (Figure 10).

Figure 10a shows the pore size distribution of
GP-grouts with different ratios of GGBS to FA. The
curve of S1 presents dominant pore diameters larger
than 200 nm. The modes of this distribution are around
300 and 2000 nm (diameters). This indicates that the
hardened grout has a large number of pores resulting
from unreacted FA. The curve of S4 shows that the
dominant pore diameter is 180 nm, and the maximum
of the distribution is in the range 70 - 300 nm. This is

0.018

0.015+

0.0124

o

o

S

©
1

-dv/dlog (D)

0.006

10 000

10 100 1000
Pore diameter (nm)

b)

Figure 10. Pore size distribution of GP-based grouts with: a) different ratios of GGBS to FA, b) different NaOH concentration.
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because the large capillary pores (around 100 - 1000 nm)
are space-filled by the aluminosilicate gels, and thus the
hardened grout shows only one mode when a denser pore
structure developed [31].

Figure 10b shows the pore size distribution of GP-
grouts with different sodium hydroxide concentration.
The curves for sodium hydroxide concentrations of 3 M
and 4 M show that the dominant diameters are about
3000 and 4000 nm, respectively. This can be attributed
to the short setting time and the high water/solid ratio.
For sodium hydroxide concentrations of 1 M and 2 M,
the dominant diameters go down to 90 and 180 nm with
the longer setting time.

It is interesting to note that the effect of alkali
activator concentration on the mechanical properties
of GP-based grout is different for grouting material as
compared to concrete and mortar. Most researchers used
activator solutions with molarity ranges between 8.0 and
14.0 M [30-34], but for grouting materials, as the W/S
ratio is much bigger than for concrete and mortar, the
content alkali activator, related to the solids, remains the
same as the concentration decreased. On the basis of this
fact, we may conclude that the concentration of alkali
activator and the amount of alkali activator related to the
solid both affect the mechanical properties.

CONCLUSIONS

According to the requirements for grouting mate-
rials in grouting reinforcement engineering, the setting
time, flowability, viscosity change with time, bleeding
capacity, compressive strength and microstructures of
GP-based grouts blended with FA, GGBS and sodium
hydroxide were investigated. The main conclusions may
be summarized as follows:

e The ratios of GGBS to FA and the concentration of
sodium hydroxide significantly affect the fresh-state
properties of GP-based grouts. GGBS can improve
the flowability of fresh grouts, while FA and sodium
hydroxide reduce the bleeding capacity of fresh grout.
The effects of sodium hydroxide on the flowability
and bleeding capacity are smaller than those of FA and
GGBS, but, compared to the ratios of GGBS to FA, the
sodium hydroxide concentration has a greater effect on
the change of the viscosity with time.

e The compressive strength of GP-based grouts increa-
ses with the increasing ratios of GGBS to FA, as long
as this ratio is below 0.8, but decreases for ratios
ranging from 0.8 to 1.0. Higher sodium hydroxide
concentration has a negative effect on the compressive
strength, when the amount of sodium hydroxide is
enough for the leaching reaction.

e According to the microstructures of hardened GP-ba-

sed grouts, the degree of hydration and the amount
of hydration products of the GP-based grouts are

relatively low, and unreacted FA can be found in the
specimens with low ratios of GGBS to FA, while
a dense hardened grout is obtained as these ratios
get higher. The pore diameters between hydration
products are large and the microstructures of the
hardened grouts are loose, when the concentration of
sodium hydroxide is high. The pore size distribution
of GP-based grout with different sodium hydroxide
concentration further explained the effect of sodium
hydroxide concentration on the compressive strength.

e The performance of the geopolymer-based cementi-
tious grout slurry with 50 - 60 % FA, 40 - 50 % GGBS
and 1.0 - 2.0 M sodium hydroxide studied in this paper
satisfies the properties of grouting engineering.
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