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Evaluation of Coal Ash—-Based CLSM Made with
Cementless Binder as a Thermal Grout for
Borehole Heat Exchangers

Tan Manh Do'; Gyeong-O Kang?; Gyu-Hyun Go3; and Young-Sang Kim*

Abstract: The primary goal of this study is to assess the characteristics of coal ash-based controlled low-strength material (CLSM) mixtures
made with a cementless binder for the feasible usage as a thermal grout in borehole heat exchangers. In the experimental program, a group of
CLSM mixtures made with cement or cementless binder through various ratios of water to binder (W:B) and water to solid (W:S). The general
properties (e.g., fresh density, flowability, initial setting time, bleeding, unconfined compressive strength, and microstructural analysis), and
environmental impacts (e.g., corrosivity and heavy metals) were carried out on CLSM mixtures. Afterward, thermal conductivity was de-
termined following a current specification for verification of the proposed CLSM, which is feasibly used as a thermal grout in geothermal
systems (borehole heat exchangers). According to the results, all of the engineering properties and environmental impacts satisfied the
specifications of CLSM. In addition, compared with the thermal conductivity values of conventional grouts, those of the proposed CLSM
mixtures were higher. In conclusion, owing to good flowability and higher thermal conductivity than conventional grouts, the CLSMs made
with cementless binder can be feasibly employed as a thermal grout for borehole heat exchangers. DOI: 10.1061/(ASCE)MT.1943-
5533.0002691. © 2019 American Society of Civil Engineers.

Author keywords: Controlled low-strength material (CLSM); Coal ash; Cementless binder; Thermal grout; Borehole heat exchangers.

Introduction

A significant amount of energy is generally required to maintain a
comfortable temperature inside a building. In general, electricity,
fossil fuels, or biomass are used for the maintenance of the required
energy in heating and cooling systems. As reported by the Korea
Energy Management Corporation (KEMCO 2006), about 97% of
fossil fuel used in Korea was imported from foreign countries.
Therefore, renewable energy is indispensable for Korea in the
near future. Based on the standpoint that ground-source heat pump
(GSHP) systems can transform a geothermal source into renewable
energy in the heating and cooling systems of residential homes, the
evolution of these systems has been forward-thinking in Korea. In
addition, using these systems can save huge amounts of energy
compared with conventional air-conditioning systems.

Vertical GSHP systems use the ground as the heat source for the
heat interchanger. Thermal grout in this system works as the heat-
transfer medium, which is a connection layer between the heat
exchanger and soil or rock surrounding the boreholes. In general,
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the heat exchange between ground and pipes fluid is significantly
affected by the thermal conductivity of the grout. Therefore, the key
parameter in this system is the thermal conductivity, which would
determine the efficiency of the installation. The schematic of ther-
mal grout in the geothermal system is shown in Fig. 1.

There have been a number of cementitious grouts developed for
this system. Initially, bentonite-based grouts were conventionally
used as a grout filled in boreholes of geothermal systems (Eckhart
1991). However, the thermal conductivity of these grouts was fairly
low (below 0.90 W/m - K) (Remund and Lund 1993), which leads
to high heat exchanger lengths. Increasing this thermal conductivity
permits an improvement in the heat transfer between soil ground and
borehole, thus reducing the heat exchanger length. Even though
thermal conductivity is improved by incorporation of filler materi-
als such as silica sand, Axilat, and graphite (Chantal 2016), these
bentonite-based grouts are still subject to shrinkage, cracking due to
moisture losses, and desiccation (Allan 1997; Philippacopoulos
and Berndt 2001).

For that reason, a new grout development for borehole heat
exchangers in GSHP systems was addressed in many studies.
Among these, Allan (1997) developed cement-sand grouts focusing
on thermal conductivity and pumpability requirements. The ther-
mal conductivity of these developed cement-sand grouts was
higher than that of neat cement or bentonite grouts. Subsequently,
Allan and Kavanaugh (1999) successively developed cementitious
grouts with different thermally conductive fillers such as alumina,
silica sand, steel grit, steel fibers, and silicon carbide. As their
obtained results using the aforementioned fillers, the thermal con-
ductivity boosted up to the range of 1.7-3.3 W/(m - K). Allan and
Kavanaugh (1999), Xu and Chung (2000), Park et al. (2011), and
Lee (2012) all mentioned the overall applicability of cement-based
grouts in GSHP systems. Besides, from the standpoint of sustain-
able development, industrial by-product-based grouts have also
been investigated recently.
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Fig. 1. Schematic of thermal grout in geothermal system.

In the study by Alrtimi et al. (2013), pulverized fuel ash (PFA),
owing to good flowability and low shrinkage, was employed to
make PFA-based grouts for borehole heat exchangers. The thermal
conductivity of their developed grouts was measured at both dry
and saturated states. They found that the PFA-based grouts that
used fluorspar or coarse sand at 20% of PFA showed the highest
thermal conductivity values. Another finding was that the thermal
conductivity of PFA-based grouts made with coarse ground glass
and fluorspar was acceptable, regardless of grout states (relatively
high in both dry and saturated states).

As reported by the American Concrete Institute (ACI) in ACI
229R (ACI 1999), controlled low-strength materials (CLSMs) also
have similar aspects (very good workability and low shrinkage)
as PFA-based grouts. Nevertheless, no previous research has men-
tioned the possible use of CLSM in geothermal systems (thermal
grout for borehole heat exchangers). Therefore, it is novel to em-
ploy CLSM as a backfill (thermal grout) in boreholes of geother-
mal systems to replace conventional grouts. As defined by the ACI,
CLSM is a cementitious material with self-leveling, self-compacting
characteristics. Owing to a low unconfined compressive strength,
CLSM is largely used to substitute the compacted fill or landfill (Du
et al. 2002) or backfill for pipeline alignment (Chittoori et al. 2013;
Puppala et al. 2014).

In the meantime, large amounts of coal ash (i.e., a common
by-product) are produced every year from thermal power plants
(combustion process) in Korea (Jeolla Province). In general, three
types of coal ash (fly ash, bottom ash, and ponded ash) are gen-
erated from thermal power plants (Bera et al. 2007). Bottom ash
is a collection of ash at the bottom of the boilers, and fly ash is
assembled by automatic depositors from flue gasses in the top of
power plants. Ponded ash is generated when bottom ash and fly ash
are mixed together and conveyed in the form of a slurry and finally
poured in ponds. Compared with the volume of fly ash or bottom
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ash, that of ponded ash is enormous. Problems associated with
waste products, such as disposal and leaching, will become serious
in the near future. Interestingly, it is possible to reuse coal ash as
the mixture components for the production of CLSM [ACI 229R
(ACI 1999)].

The present study aims to investigate the feasibility of using
CLSM as a thermal grout for borehole heat exchangers by assessing
its engineering properties, environmental impacts, and especially
thermal conductivity properties considered for a reduction in loop
installation costs and finally help to enhance the heat pump coef-
ficient of performance. In addition, the production of cement is
connected with the emission of greenhouse gasses such as CO,,
SOy, and NO,. Meanwhile, Korea ranks in the top 10 in the list
of countries by carbon dioxide emissions from the burning of fossil
fuels and cement manufacture (Do et al. 2018). For that reason, the
development of cementless binder using by-products is necessary
and encouraged. Using industrial by-products in cementless binder
could not only reduce the natural raw materials (coal, limestone,
and clay), and energy (electricity) but also eliminate the emission
of greenhouse gasses and other toxic pollutants. Therefore, this
study investigated the possibility of making CLSM without using
cement. CLSM was produced using coal ash (fly ash and ponded
ash) and a cementless binder (as a full replacement of cement).

Experimental Investigation

Materials

In general, CLSM mixture consists of fine aggregates, fly ash, port-
land cement, and water [ACI 229R (ACI 1999)]. Fine aggregate
used in the production of CLSM was ponded ash, which comes
from cogeneration plants in Jeolla-do Province, Korea. Ponded ash
used is a combined mixture of fly ash and bottom ash. These types
of ashes produced in the boiler and partially desulfurized are mixed
together without being recycled, then conveyed in the form of slurry,
and finally poured in ponds. Ponded ash was first subjected to the
temperature of 105°C to dry and then sieved through a 9.52-mm
sieve to get the particle size of natural fine aggregates (i.e., get
rid of unnecessary large particles). The chemical compositions
and physical characteristics of ponded ash are tabulated in Tables 1
and 2, respectively. Fig. 2 illustrates the grain-size distribution curve
of ponded ash. Based on ASTM D2487 (ASTM 2017a), ponded ash
having classification parameters of coefficient of curvature C,. (0.94)
and coefficient of uniformity C, (20.25) is classified as poorly
graded sand (Table 3).

Apart from fine aggregate, factors such as binders or cementi-
tious materials and water also play a key role in CLSM. They help
CLSM to harden and gain strength through the hydration process
(Do et al. 2015). In the present study, all properties of CLSM made
with a cementless binder (CB) were determined and evaluated
by comparison with those of CLSM made with cement. Portland
cement Type I, which conforms to ASTM C150 (ASTM 2004), was
first used in the production of CLSM. Afterwards, cement in CLSM
was fully replaced by a cementless binder. The cementless binder
used in the experimental program is a nonsintering cement derived
from waste lime, phosphogypsum, and granulated blast-furnace
slag. In this cementless binder, waste lime and phosphogypsum
work as alkali activators and sulfate, respectively (Mun et al. 2007).
Fly ash, owing to its spherical-shaped particles, can be used in
CLSM for an improvement in the fluidity or flowability of mix-
tures. In this study, fly ash originating from a thermal power plant
in Jeolla Province was used.
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Table 1. Chemical composition of ponded ash, fly ash, cement, and
cementless binder by weight

Ponded Fly Cementless

ash (PA) ash (FA) Cement binder (CB)
Compound (%) (%) (%) (%)
CaO 1.80 1.99 64.35 52.87
Si0, 62.53 56.88 17.16 23.57
AL 04 20.91 21.52 3.57 8.72
SO, — — 2.20 5.70
MgO 0.69 0.92 2.66 2.80
Fe, 05 8.70 6.34 4.03 0.56
TiO, 1.28 1.21 0.29 0.54
K,O 1.44 1.58 1.11 0.48
Na,O 0.39 0.49 — 0.27
MnO 0.09 0.06 0.20 0.23
P,05 — — 0.14 —
ZnO 0.01 0.03 0.17 —
Loss of ignition 1.85 8.73 3.93 3.87

Table 2. Physical properties of ponded ash

Property Value
Maximum dry density (kg/m?) 1,279
Optimum moisture content (OMC) (%) 17
Natural water content (%) 15.57
Specific gravity 2.15
Water absorption (%) 4.65
Fineness modulus 3.37
Particles <75 pm (%) 491
Color Black
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Fig. 2. Particle-size distribution of raw materials.

All particle-size distribution curves for raw materials (e.g., ce-
ment, cementless binder, ponded ash, and fly ash) are shown in
Fig. 2. It can be observed that the particle size of cement and fly
ash was rather smaller than that of cementless binder. The X-ray
diffraction (XRD) of cementless binder, cement, ponded ash, and fly
ash is displayed in Fig. 3. From the results obtained by the XRD
patterns, numerous peaks of quartz and mullite in both ponded ash
and fly ash (peaks of ponded ash and fly ash were fairly identical)
were found. Fig. 3 shows the XRD result of cement, which is well-
known. Finally, several components such as lime (free CaO), alite,
gypsum, calcite, and some amount of kaolinite were observed in
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Table 3. Soil classification parameters for ponded ash

Parameter Value
D;y (mm) 0.11
D30 (mm) 0.49
D¢y (mm) 2.30
C, 20.25
C, 0.94
Fineness modulus 3.37
USCS SP

Note: C. = coefficient of curvature; C, = coefficient of uniformity;
Dy, D3y, and Dg, = particle diameter such that 10%, 60%, and 30%,
respectively, of the soil grain are smaller than this size; SP = poorly
graded sand; and USCS = unified soil classification system.

the XRD (X-ray Diffraction) result of cementless binder. SEM
(Scanning Electron Microscope) images depicting the particle
surfaces of ponded ash and fly ash are given in Fig. 4. As can be
observed, many fly ash particles are in the porous structure
of ponded ash. In addition, many fly ash particles can be seen
(i.e., spherical shapes) from the particle surfaces of ponded ash
(SEM image) shown in Fig. 4.

Experimental Methods

In the experimental program, numerous CLSM mixtures were
made and are described in Table 4. In this work, four CLSM groups
were produced, named WB-C, WB-CB, WS-C, and WS-CB, cor-
responding to the ratios of water to binder (W:B) (i.e., changing
amount of binder content), water to solid (W:S) (i.e., changing
amount of water content), and two binder types including cement
and cementless binder. In order to be used as a grout in geothermal
systems, the flowability (ability of grout to flow easily into bore-
holes), bleeding (property that controls the loss of grout depth in
boreholes), compressive strength (reflecting the bearing capacity of
grout), environmental impacts (causing the potential risk of water
pollution), and thermal conductivity (reflecting the heat-transfer
capacity of grout) are the most important, and they were the focus
of this study. However, the durability properties (freeze-thaw) were
not evaluated. With regards to mixing sequence, the aggregates and
binders were first dry-mixed for 5 min to ensure that all mixtures
were in homogeneity. The designed amount of water was then
added and mixed for at least 10 min. The selection of mixing time
for the sample preparation was based on Chapter 6 (“Mixing, trans-
porting, and placing”) of ACI 229R (ACI 1999), which states that a
minimum of 15 min (in total) is required to produce homogeneous
CLSM slurry. In this study, CLSM consists of fine aggregate (not
including coarse aggregate), binders, and a very high amount of
water for controlling the flowability and low strength. Therefore,
after 5 min of dry-mixing and at least 10 min of being mixed
with water, the fresh mixture could be considered to be in homo-
geneity. Mixing of the mixture was performed by a 10-L mixer
in the laboratory. The properties of the mixture such as bleeding,
flowability, fresh density, setting time, and compressive strength
were tested in accordance with applicable ASTM standards,
namely ASTM C940 (ASTM 2016), ASTM D6103 (ASTM
2017b), ASTM D6023 (ASTM 2007), ASTM C403 (ASTM
2008), and ASTM D4832 (ASTM 2002), respectively.
Regarding the environmental impacts of the CLSM mixtures,
corrosivity evidenced by pH values and the concentration of heavy
metals were performed with the leachate of all CLSM specimens.
The pH value of leachate water from CLSM mixtures was measured
to use as an evidence of corrosivity. As reported by CFR (2003) and
Kim et al. (2016), a solid waste that has a pH value either below 2.0
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Fig. 3. XRD spectra of ponded ash, fly ash, cement, and CB. Q = quartz; M = mullite; H = hematite; L = lime (free CaO); K = kaolinite; C;S = alite;
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Fig. 4. SEM images of particle surfaces of (a) ponded ash; and (b) fly ash.
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Table 4. Total mix proportions of various CLSM mixtures

Unit weight (kg/m?)

Ratio Binders .
Fresh density
Mix code W:B W:S PA Cement CB Fly ash (kg/m?) Cement
WBIC 1.2 — 1,067.03 79.52 0.00 280.74 1,857.97 4.28
WB2C 1.15 — 1,070.63 93.91 0.00 281.74 1,878.29 5.00
WB3C 1.1 — 1,065.02 107.48 0.00 280.28 1,882.33 5.71
WBICB 1.2 — 1,066.56 0.00 79.49 280.62 1,857.15 0.00
WB2CB 1.15 — 1,069.85 0.00 93.85 281.54 1,876.93 0.00
WB3CB 1.1 — 1,063.00 0.00 107.28 279.75 1,878.76 0.00
WSI1C — 0.27 1,097.24 96.29 0.00 288.70 1,880.76 5.12
Wws2C — 0.3 1,070.63 93.91 0.00 281.74 1,878.29 5.00
WS3C — 0.33 1,044.02 91.62 0.00 274.68 1,873.70 4.89
WS1CB — 0.27 1,096.98 0.00 96.27 288.63 1,880.32 0.00
WS2CB — 0.3 1,069.85 0.00 93.85 281.54 1,876.93 0.00
WS3CB — 0.33 1,043.99 0.00 91.62 274.67 1,873.63 0.00

Note: WB-C = water to binder (CLSM made with cement); WB-CB = water to binder (CLSM made with cementless binder); WS-C = water to solid (CLSM
made with cement); WS-CB = water to solid (CLSM made with cementless binder); and PA = ponded ash.
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or above 12.5 can be corrosive. In general, corrosive materials can
release toxic metals and matter directly to the environment or even
harm human health. In order to evaluate heavy-metal existence in
the proposed CLSM, all of the prepared CLSM mixtures were tested
according to the toxicity characteristic leaching procedure of
USEPA 1311 (USEPA 1997). The CLSM specimens were crushed
to ensure every particle was smaller than 9.52 mm. An extraction
fluid following USEPA 1311 was prepared and then employed for
the test. After that, the specimen was stirred with the prepared ex-
traction fluid (20 times the weight of the crushed CLSM) for 18 h.
Vacuum filtration (0.6 m) was then used to filter and get leaching
fluid from the separation process. Finally, leaching fluid from the
vacuum filtration was ready for analysis of toxicity characteristic
leaching procedure (TCLP) metals by using inductively coupled
plasma-atomic emission spectrometry (ICPMS).

The final test in the experimental program was the thermal
conductivity test, which was carried out coincidentally with the un-
confined compressive strength (UCS) test conforming to ASTM
D5334 (ASTM 2014). At the curing age of 28 days, the thermal
conductivity tests were performed on the saturated CLSM speci-
mens. In general, high thermal conductivity is required for the
effective heat-transfer ability of CLSM. As stated in ASTM D5334,
a thermal needle probe was used in the thermal conductivity test.
It contains a temperature measuring element and a heating element.
During the test, this needle is penetrated into the specimen. Ther-
mal conductivity A can be obtained using Eq. (1)

Q

A=A, - 1)

In(t,/11) (1)
where \ = thermal conductivity [W/(m - K)]; Q = I?(R/L) is heat
input (W/m), where R is total resistance of heater wire of thermal
needle (€2), I is current of heater wire in thermal needle (A), and
L is thermal needle length (m); #; = Time 1 (s); #, = Time 2 (s); and
T, and T, = temperature (K) at times #; and 1.

Results and Analysis
General Properties of CLSM

Flowability
Flowability is one of the most important properties of CLSM be-
cause it controls the self-leveling ability. The total amount of water

40

CLSM made with cement
O CLSM made with CB

(%)
>

Acceptable flowability (>20 cm)

Flowability (cm)
)
=

—
=
1

1.1 1.15 1.2
(a) W/B ratio

in CLSM mixtures usually control the flowability. In general, good
flowability can be obtained in CLSM mixtures containing high
water content. However, adding a large amount of water to CLSM
can be a reason for an increase in bleeding, strength reduction, and
even aggregate segregation. Therefore, the optimum water content
should be well-designed for mixing proportion to acquire the best
engineering performance of CLSM. Fig. 5 shows all flowability test
results of CLSM mixtures. As a result, flowability values varied in
the range of 230-300 mm, which expectedly conformed to the
good flowability grade reported in ACI 229R (ACI 1999). More-
over, a relationship between flowability and both ratios (W:B and
W:S) was observed. The W:B values corresponding to Fig. 5(b) are
1.0 (W:S =0.27), 1.15 (W:S = 0.30), and 1.27 (W:S = 0.33).

Flowability increased with an increase of the W:S ratio. In par-
ticular, when the W:S was 0.27, the flowability reached the mini-
mum requirement of 200 mm specified for general CLSM. With an
increase in W:S to 0.3 or 0.33, the flowability increased corre-
spondingly, regardless of binders. An increase in water amount fur-
ther tended to diminish the viscosity of the CLSM mixtures and
finally led an increase in flowability. Similarly, flowability also in-
creased as W:B increased. Because CLSM mixtures were prepared
with fixed amounts of water and aggregate, increasing amounts of
binders caused a need for more mixing water for the hydration re-
action. However, the influence on flowability of the W:S ratio was
more slightly pronounced than that of the W:B ratio.

In this study, W:B represents the ratio of water to binder
(i.e., amount of binder content is changed and amount of water
is fixed) whereas W:S corresponds to the ratio of water to solid
(i.e., amount of water is varied and amount of binder is fixed).
Flowability of CLSM is mainly controlled by the water amount
in this mixture [ACI 229R (ACI 1999)]. Therefore, the influence
of W:S is higher than that of W:B on the flowability. In addition, it
was observed that regardless of the both ratios (W:B and W:S),
flowability values of CLSM mixtures incorporated with CB were
slightly higher than those incorporated with cement. This is due to
the presence of slag (a workability improver) in cementless binder
(Raghavendra and Udayashankar 2013; Lachemi et al. 2010; Sheen
et al. 2013).

Bleeding

Water, which is used for flowability of CLSM mixtures, is com-
monly released to the surface as bleed water or sometimes absorbed
by surrounding soil [ACI 229 (ACI 1999)]. Fig. 6 shows the
bleeding values of all CLSM mixtures in this study, ranging from

40

E CLSM made with cement
O CLSM made with CB

30 1 Acceptable flowability (>20 cm)

Flowability (cm)

0.3

(b) WIS ratio

Fig. 5. Flowability of the various CLSM mixtures with respect to (a) W:B; and (b) W:S.
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Fig. 7. Initial setting with respect to (a) W:B; and (b) W:S.

1.72% to 4.68%. These values were in the desirable range of CLSM
(less than 5% by volume at 2 h) (Gabr and Bowders 2000; Yan et al.
2014) and more stable than those of previous CLSM mixtures,
which were also produced using industrial wastes, as stated by
Razak et al. (2009) (1.2%-7.2%) and Tikalsky et al. (2004) (0%—
8.73%). In addition, bleeding is affected by W:S and W:B ratios, as
exhibited in Fig. 6. Bleeding increased with both W:S and W:B
ratios. When W:S increased, the amount of water added to CLSM
mixtures is more than that required for the hydration process in
mixtures. With an increase in W:B (i.e., amount of binder reduced),
bleeding increased due to a reduction of the absorption of excess
water by binders particles. Similarly, higher flowability values of
CLSM mixtures incorporated with CB were observed relative to
those incorporated with cement, regardless of W:B and W:S, due
to the high amount of slag in cementless binder.

Initial Setting Time

Fig. 7 shows all initial setting time values in the experimental pro-
gram. As is well-known, CLSM can be used in various applications
in the field such as backfills, void fills, structural fills, utility and
pipe bedding, or even bridge approach applications. For these ap-
plications, the setting time required for CLSM is considered to en-
sure that after that certain time, a person can walk on it or light
construction equipment is able to move across the surface of CLSM
without any apparent damage [ACI 229R (ACI 1999)]. As a result,
initial setting times varied in the range of 7.65-22.47 h. They were

© ASCE

04019072-6

all shorter than 36 hours, which is the maximum requirement time
for general CLSM (Kuo et al. 2013). In addition, an increase in
W:B and W:S ratios tended to prolong the initial setting times of
CLSM mixtures. The initial setting times of WB3C (W:B = 1.1),
WB3CB (W:B = 1.1), WS1C (W:S = 0.27), and WSICB (W:S =
0.27) were 7.82, 16.83, 7.65, and 16.79 h, respectively. These times
were delayed by 16.24% (9.09 h) and 7.37% (18.07 h) at a W:B
ratio of 1.2 and by 34.9% (10.32 h) and 33.83% (22.47 h) at a W:S
ratio of 0.33. Increasing amount of water and decreasing amount
of binder in of CLSM mixtures apparently caused a postponement
of the hydration process, which led to the longer initial setting
times. Furthermore, CLSM mixtures made with cement had shorter
setting times than those made with cementless binder, regardless of
W:B and W:S ratios. The longer setting time of CB compared with
cement is due to the presence of slag (a pozzolanic material with
weak hydraulic properties) (Muhmood et al. 2009). Overall, all of
CLSM mixtures in this study still met the setting time requirement
of CLSM.

Unconfined Compressive Strength of CLSM Mixtures

UCS (in average) of all proposed CLSM mixtures are shown in
Fig. 8. With the hydration process of the cementitious mixtures in
binders, compressive strengths of all prepared CLSM mixtures
increased with respect to curing ages. The 3-day and 7-day strengths
ranged from 0.15 to 1.0 MPa and 0.28 to 1.31 MPa, respectively.
The 28-day strengths of all CLSM mixtures varied in the range
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of 0.52-1.94 MPa, meeting the targeted strengths for future re-
excavation (less than 2.1 MPa) [ACI 229R (ACI 1999)]. It can be
observed that UCS of each CLSM mixtures varied as a function of
W:B and W:S ratios. The values of UCS decreased with increases in
both ratios (W:B and W:S). However, there was larger curing effect
on compressive strength (i.e., strength development) at smaller
W:B and W:S ratios, as shown in Fig. 8. The compressive strength
of CLSM, known as a very-high-water-content mixture, is signifi-
cantly affected by the total amount of cement or water used in this
mixture (i.e., the larger the cement or lower the water amount used
in this mixture, the more strength development is observed). In
this study, the smaller W:B ratio mixture represents for CLSM
containing the higher amount of cement, whereas the smaller W:S
ratio mixtures are representative of that incorporating lower water
amount. In this sense, it is reasonable to find that the more strength
development (larger curing effect on compressive strength) at the
smaller W:B and W:S ratios.

Fig. 8 represents the unconfined compressive strength of various
CLSM mixtures with respect to curing time. It can be seen clearly
that the compressive strength of all CLSM mixtures made with ce-
mentless binder showed slightly higher values than those of CLSM
made with cement in every curing age. The reaction of pozzolanic
material (fly ash), which is activated by lime in cementless binder,
is expected to generate calcium silicate hydrate gel (CSH). Lime
releases OH—ions in the presence of water to supply the high alka-
line environment in the mixture. Under this condition, the surface
of fly ash is hydrolyzed and finally, tSi, Al (from fly ash), and Ca
(from lime in CB) species react with each other to form CSH gel
(Lee et al. 2013). In addition, the mechanism of strength formation
of CLSM made with cementless binder is expected by the chemical
reactions of pozzolanic materials. In cementless binder, SO3‘2 ion
released from gypsum could react with AI** (from slag) or A’
(from fly ash), and calcium oxide in lime to form ettringites (Mun
et al. 2007). Eventually, the pores in the specimens are then filled
up by both CSH and ettringites, thereby hardening the specimens
(as depicted in the SEM results).

Microstructural Analysis

X-Ray Diffraction Analysis
The 28-day XRD patterns of CLSM mixtures made with cement
and cementless binder are displayed in Fig. 9. A series of chemical
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compounds or peaks such as quartz (Q), ettringite (E), calcium sil-
icate hydrate (CSH), calcium aluminate silicate hydrate (CASH),
portlandite (CH), calcite (C), and dehydrate gypsum (G) were ob-
served. In the CLSM mixture made with cement, one can observe
a strong peak of quartz (26°) 26 (i.e., existed as mineral itself,
probably originated from pond ash) and medium peaks of CSH
and CH (29°) 20 [i.e., in the presence of water, the compound
C5S in both cement formed products of hydration via the process
2C5S 4+ 6H — C5S,H; + 3Ca(OH),]. Besides, due to the pres-
ence of fly ash in CLSM mixtures, other weak peaks of CSH also
were found because the hump of silica-aluminous glass in fly ash
was dissolved under the alkaline environment to form CSH gels
(12°, 20°, 35°, and 48°) and CH (23°) through polymerization (Lee
etal. 2013; Yan et al. 1998). Similarly, due to the presence of com-
pound C3S in cementless binder (as shown in XRD spectra of the
original cementless binder), the identical hydration products of
CSH and CH were also observed in the CLSM mixture made with
cementless binder.

However, different from the CLSM mixture made with cement,
there were various ettringite peaks (9°, 16°, 23°, 35° and 42°)
observed in the XRD result of the CLSM mixture made with ce-
mentless binder. In addition, a low peak of gypsum (12°) existing as
the mineral itself was also observed from the XRD results of CLSM
mixture made with cementless binder. The presence of gypsum
and calcium oxide (i.e., in slag and lime) was believed to produce
ettringites in the CLSM mixture. It encouraged release of greater
amounts of sulfate ions, which reacted with alumina phase of fly
ash or slag (Plowman 1984; Min et al. 2008) to enhance more for-
mation of ettringite, as evidenced from SEM results.

Scanning Electron Micrograph Analysis

Figs. 10 and 11 show the 3-day and 28-day SEM results of CLSM
mixtures made with cement and cementless binder, respectively.
It can be observed that fly ash particles were wrapped by bonding
gels, which were results of the hydration process of fly ash. It was
completely different from the SEM result of raw material fly ash
with smooth surfaces [Fig. 11(a)]. However, the characteristics
of these bonding gels were different with respect to curing ages or
binders used. At the age of 3 days, apart from a small amount of
calcium silicate hydrate formed by cement or cementless binder,
the slight surface dissolution on fly ash particles can be observed
due to the hydration reaction of pozzolanic materials. As shown,
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Fig. 9. XRD spectra of the representative CLSM hardened mixtures made with cement and cementless binder. CSH = calcium silicate hydrate;
E = ettringite; CASH = calcium aluminum silicate hydrate; Q = quartz; C = calcite; and G = dehydrate gypsum.
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Fig. 11. SEM image of CLSM mixture made with cementless binder compared with original fly ash.

there were thin bonding gels wrapping around fly ash particles. rarely developed at the early ages of curing (Ranganath et al. 1998).
However, most of the fly ash particles still retained their spherical At the age of 28 days, there was evidence of further hydration with
shapes, and some fly ash particles retained even their smooth sur- the pronounced formation of CSH Type I (tobermorite) in amor-
faces, which indicated that the hydration reaction of fly ash had phous shape (CLSM mixture made with cement) and ettringite with
© ASCE 04019072-8 J. Mater. Civ. Eng.
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Table 5. pH values of various CLSM

Table 6. Results of leachable substances in leachate of various CLSMs

pH Concentration (mg/L)

Mix Bleeding Bleed Leachate water Mix identifier As Cd Pb Cr
identifier (%) water 7 days 14 days 28 days WBIC 0.21 0.03 0.28 0.54
WBIC 2.63 11.92 9.94 10.62 10.96 WB2C 0.17 0.03 0.2 0.5

WB3C 0.06 <0.01 0.01 0.34
WB2C 2.062 12.08 10.03 10.74 11.13

WBI1CB 0.08 <0.01 0.01 0.29
WB3C 2.08 12.24 10.11 10.81 11.28

WB2CB 0.09 <0.01 0.01 0.3
WBI1CB 3.684 11.82 9.08 10.0 10.28

‘WB3CB 0.08 0.01 0.01 0.16
WB2CB 3.271 11.96 9.22 10.09 10.4

WSIC 0.09 0.01 0.01 0.17
WB3CB 3.16 12.05 9.37 10.2 10.54

WS2C 0.17 0.03 0.2 0.5
WSIC 1.724 12.13 10.15 10.82 11.19

WS3C 0.07 0.01 0.01 0.18
WS2C 2.062 12.08 10.03 10.74 11.13

WSICB 0.06 0.01 0.01 0.19
WS3C 3.257 12.00 9.96 10.6 11.02

WS2CB 0.09 <0.01 0.01 0.3
WSICB 2914 12.00 9.36 10.17 10.51 WS3CB 0.06 001 0.02 0.18
WS2CB 3.271 11.96 9.22 10.09 10.40 CER 268.40 limi 5' l. 5' 5'
WS3CB 4.678 11.87 9.0 10.0 10.32 40 Timits

very dense and thick needle-shaped structures (CLSM mixture made
with cementless binder). These findings agreed well with those
from XRD analysis. The large enhancement ettringite in CLSM
made with cementless binder led to an increase in the unconfined
compressive strength, slightly larger than that of CLSM made
with cement, as experimentally observed. Voids in the specimen
were filled with hydrated products, both CSH and ettringite, to
significantly improve the strength of CSLM made with cementless
binder.

Environmental Impacts of All CLSM Mixtures in the
Experimental Program

Concerning the environmental impacts of CLSM, corrosivity as
evidenced by pH values and the concentration of heavy metals were
performed with the leachate of all CLSM specimens. The pH values
of the CLSM mixtures were measured from bleed and leachate
water collected from various CLSM specimens and are tabulated in
Table 5. The pH values of leachate water were measured at the age
of 7, 14, 21, and 28 days after sampling. The pH values of leachate
and bleed water were in the ranges of 9.0-11.28 and 11.82-12.24,
respectively. The bleed and leachate water were totally alkaline due
to the hydroxide released from the hydration process in CLSM mix-
tures. However, the range of pH values was still smaller than 12.5
(the limitation of corrosivity for the alkaline specimens). Therefore,
all CLSM mixtures possessed sufficient resistance to corrosivity
(CFR 2003; Razak et al. 2009; Tikalsky et al. 2004; Kim et al.
2016). In addition, it can be observed from all proposed CLSM
mixtures in Table 5 that bleed water has higher pH values than
leachate water. This agrees well with the results presented by Razak
et al. (2009) and Kim et al. (2016). Moreover, the pH values of
CLSM mixtures (bleed and leachate water) incorporated with ce-
mentless binder were fairly lower than those of mixtures that incor-
porated cement.

In addition to corrosivity, heavy metals in CLSM also should
be considered as an aspect of the environmental impacts because,
as reported in ACI 229R, CLSMs are usually applied as backfill,
structural fill, or void fill materials that contact directly with the
surface or groundwater. These conditions could be caused a poten-
tial risk of water pollution through leaching such heavy metals into
groundwater. The most common contaminants of heavy metals
are arsenic (As), cadmium (Cd), chromium (Cr), and lead (Pb) as
reported in Treatment Standard for Hazardous Wastes (CFR
2003). The test results collected from all CLSM specimens are
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Source: Data from USEPA (1997).

listed in Table 6. As a result, the concentrations of all elements in-
cluding As, Cd, Cr, and Pb satisfied the required specifications
stated in CFR (2003). Therefore, the hardened CLSM specimens
were classified as nonhazardous materials.

Thermal Conductivity

For every material, the thermal conductivity is defined as the quan-
tity of heat perpendicularly transmitted through a unit thickness to a
unit area surface (due to a unit temperature gradient under given
conditions) (Sengul et al. 2011). In this study, thermal conductivity
testing conforming to ASTM D5334 was performed to evaluate
the feasibility of coal ash-based CLSM used as a thermal grout
filled in boreholes of geothermal systems. Generally, high thermal
conductivity is required for the effective heat transfer ability of
CLSM. Fig. 12 shows the thermal conductivity (i.e., thermal needle
factor taken into account) with respect to W:S and W:B ratios for
the fully saturated CLSM specimens obtained in the present inves-
tigation, coupled with the data from M. L. Allan [US Patent No.
6,251,179 B1 (2001)]. As a result, the thermal conductivity values
of all proposed CLSM mixtures ranged from 1.04 to 1.47 W/mK,
sufficiently higher than those of conventional grouts (e.g., net
cement grout and high solids bentonite grout).

In addition, it can be observed that thermal conductivity
slightly decreased with an increase in both ratios of W:B and W:S.
‘When the ratios of W:B and W:S were 1.1 and 0.27, the maximum
thermal conductivity values were observed, similar to those of
thermally enhanced bentonite grout [M. L. Allan, US Patent No.
6,251,179 B1 (2001)]. When these ratios increased (i.e., water
amount increasing and binder amount decreasing), the thermal con-
ductivity values slightly reduced because the increasing amount of
water and decreasing amount of binder apparently left pores in the
hardened CLSM mixtures. In others words, CLSM mixtures with
high W:B and W:S ratios would have greater porosity and lower
thermal conductivity than those with low such ratios. However,
these thermal conductivity values are still likely higher than those
of conventional grouts (e.g., net cement grout and high solids
bentonite grout). In addition, the thermal conductivity of controlled
low-strength material made with cementless binder was satisfac-
tory in a comparison with that of conventional grouts. This finding
is important when the CLSMs made with cementless binder are
considered to be used for an alternative grout for borehole heat
exchangers.
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Fig. 12. Thermal conductivity of CLSM in comparison with conventional grouts with respect to (a) W:B; and (b) W:S.

Conclusions

Conventionally, CLSM consists of standard materials such as
cement, natural sand as an aggregate, and binder. In this study,
CLSM was newly designed for the feasible usage as a thermal grout
in borehole heat exchangers. In particular, pond ash, a by-product
from a thermal power plant, was recycled to replace natural sand.
In addition, a cementless binder, which is a cementitious mixture
composed of fly ash, lime, and gypsum, was employed for the pro-
duction of CLSM. As a result, all of the prepared CLSM mixtures
performed similarly well and met to the requirements of ACI 229R
regarding all engineering properties, environmental impacts, and
the key parameter, thermal conductivity. Furthermore, the use of
cementless binder could lead to improving the flowability, which
is a key aspect of the performance of CLSM in terms of workability
of thermal grout for borehole heat exchangers. Eventually, owing to
a good flowability and a higher thermal conductivity than conven-
tional grouts, the CLSMs made with cementless binder could be
used as a thermal grout for borehole heat exchangers.

However, the properties of the proposed CLSM would be af-
fected by various factors in the real field. Therefore, in order to
ensure the efficiency of the proposed CLSM grout for borehole heat
exchangers in the field, a large-scale field test is expected to be
performed in future work.
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