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and fly ash for recycling gangue and partially replacing cement

Jiangyu Wu'-*#, Hong S. Wong?, Hao Zhang?, Qian Yin', Hongwen Jing', Dan Ma>*
1. State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou, Jiangsu 221116, China
2. Department of Civil and Environmental Engineering, Faculty of Engineering, Imperial College London, London SW7 247, UK
3. State Key Laboratory of High Performance Civil Engineering Materials, Jiangsu Research Institute of Building Science Co., Ltd., Nanjing 210008, Jiangsu,
China
4. Department of Materials, University of Oxford, Parks Rd, Oxford, OX1 3PH, UK
5. School of Mines, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China
Mail: wujiangyu@cumt.edu.cn (J.Y. Wu), hong.wong@imperial.ac.uk (H.S. Wong)
* Corresponding Authors: dan.ma@cumt.edu.cn (D. Ma)
Abstract: Recycling mining wastes such as gangue for cemented rockfill is a key approach for sustainable
development while ensuring the safety of underground structures in the mining industry. However, achieving
sufficient strength for this low-cost material remains a fundamental challenge. This study explores an approach to
strengthen cemented rockfill by using well-graded gangue, and by partially replacing Portland cement with fly ash
and a premixed low-alkalinity activator. The effects of activator dosage and curing time on mechanical properties,
composition and microstructure of cemented rockfill were investigated through uniaxial compression, XRD, FTIR,
TG/DTG, MIP and SEM-EDS analyses. Results show overall improvements in the performance of cemented rockfill
despite its low cement content, and the use of a low-cost low-alkaline activator. The 28-d compressive strength
improved by over 30% to reach 8 MPa with only 7.7% wt. Portland cement and incorporating more than 60% wt.
of waste gangue in its mix composition. The main source of strength is calcium silicate hydrate and calcium
aluminate silicate hydrate, the latter playing an increasing contribution with longer curing due to fly ash activation.
Addition of premixed activator to fly ash enhanced the formation of Ca6Si6017(OH)2, and
Ca0-A1203-xSi02-yH20. Activator causes densification of the microstructure and this occurs predominantly on
pores smaller than 1 [Jm. The optimum mix having the highest performance-cost ratio contains between 10% and
15% activator. This work reveals an effective and low-cost method of premixing fly ash with a low-alkalinity

activator for recycling mining wastes and reducing cement.

Keywords: Cemented rockfill; Fly ash; Alkali activation; Microstructure; Calcium aluminate silicate hydrate

1. Introduction

Cemented rockfill that contains waste materials such as gangue and fly ash is an important approach to reduce
environmental pollution, preserve natural resources, and achieve sustainable development [1-3], while ensuring the
safety and stability of underground structures in the mining sector [4-5]. Its application as a structural material is
playing an increasingly important role, especially in the drive towards mitigating man-made climate change impacts
[6-7]. Greater demands in terms of higher performance requirements in particular strength and durability are being
placed on cemented rockfill, but its low-cost and high waste content pose practical limitations in meeting these

expectations. Unfortunately, incorrect or inappropriate application of this low-strength material can bring new
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hazards to the mining industry [8-10].

Since cemented rockfill is similar to concrete, its design and optimization have mostly followed existing

concrete technology [11-12]. Currently, the main approaches for improving cemented rockfill [13] include

densifying the pore structure [14-19] and reinforcing the matrices by strengthening the cement paste matrix and

paste-aggregate interfacial transition zone [20-24]. Optimization of the aggregate size distribution is an

economically viable solution for on-site cemented rockfill [25-26], however its limited strength improvement is

insufficient to match the requirements of some structural applications that demand high load bearing capacities [27-

28]. Almost all other approaches are prohibitively expensive for practical application, for example those that require

high-temperature curing, pickling and energy-intensive pretreatments [29-31]. Consequently, there is an urgent need

to develop new and more cost-effective approaches for strengthening cemented rockfill containing waste gangue.

The desire to recycle massive volumes of mining waste in cemented rockfill yet achieve a structural backfill

material that is low-cost and having superior mechanical properties is inherently contradictory and challenging [32-

36]. Although researchers have attempted to optimize the cements used, the achievable strengthening effect is

limited because cemented rockfill systems contain very low cement contents (< 15% wt.) [37-40]. Interestingly, the

use of fly ash has not attracted much research attention in cemented rockfill, despite its potential reactivity, abundant

availability (in certain regions) and low-cost [41-42]. It is worth noting that fly ash (from coal power plants) is

usually found near locations where gangue from mining activities is also abundantly available. A key challenge is

to fully activate the fly ash in order to maximize its binding performance and cement replacement. Existing studies

on alkali-activated fly ash focus on cement substitution in low-carbon concrete [43-45]. The polymerization of

dissolved Si, Al and other ions in fly ash in an alkaline environment forms a zeolitic binding material that gives its

strength [46-47]. Strong alkalis such as sodium salts have been used to accelerate the activation of fly ash [48-49],

which although effective, are not practical for cemented rockfill applications due to the high pH toxicity, alkali-

aggregate hazards and associated costs [50-51].
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Low-alkalinity activator containing calcium salts with high mass fraction is potentially a more viable activator

for fly ash in cemented rockfill due to its low cost. The additional source of calcium may enhance the polymerization

of dissolved Si and Al, but this remains to be established. Considering the lower alkalinity of such activator, its

effectiveness for fly ash to promote good strength development is not well established. Therefore, the effects of

low-alkalinity activator on the strength and microstructure development of blended cement systems containing fly

ash need to be evaluated to confirm its applicability as a low pH and low-cost alkaline activator for cemented rockfill.

This is the focus of the study reported in this paper.

2. Materials and Methods
2.1. Materials

Composite Portland Cement (CPC 32.5) and fly ash were used as binder for producing cemented rockfill. CPC

32.5 is a low-cost cement with the lowest strength grade in China, and so it is widely used in many mines as a binder

for cemented rockfill to reduce the cost of backfill engineering. Fly ash obtained from Lu’an coal power plant in

Shanxi was recycled as a supplementary cementitious material. The X-ray diffraction (XRD) and particle size

distribution (PSD) of the Portland cement and fly ash are presented in Fig. 1. A composite low-alkalinity activator

containing about 95% calcium hydroxide (CH), 2% Na,SiO3 and 2% Na>CO3 was used as a low-cost and practical

solid alkaline activator for fly ash to improve the performance of the cemented rockfill. Gangue (< 10 mm) obtained

from Lu’an coal mine in Shanxi was reused as the aggregate in cemented rockfill (Fig. 2). Its mineral composition

is mainly quartz and feldspar. Oxide composition of the cement, fly ash and gangue from X-ray fluorescence (XRF)

are shown in Table 1.
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Fig. 1. XRD and PSD of cement and fly ash

The gangue was sieved to six particle size ranges (Fig. 2 ¢) and then blended to achieve a well-graded aggregate
according to the mass fraction and PSD shown in Fig. 2 (b). This was based on particle fractal theory (Egs. 1-3) and
results from previous studies showing that the optimal aggregate PSD for packing and mechanical performance of
cemented rockfill has fractal dimension in the range of 2.4-2.6 [8]. Eq. (1) describes the PSD based on particle

fractal theory:

MI d: ﬂ_d'i--ﬂ
T @

Where 41 is the fractal dimension, o is the particle size, &, is the minimum particle diameter, d, is the
maximum particle diameter, Af, is the mass of particles smaller than o, M, is the total mass of particles, B is

the cumulative mass fraction of particles smaller than . Eq. (2) is used to obtain the particle mass fraction in size

range of {df,ﬂ:}, d=d, .

M, M M c{:—ﬂ 2
CoM M dD-dT

Where af is the mass of particles in size range of {d_', ﬂ:}, R, is the interval mass fraction of particles in size
range of {d_', - } Eq. (1) shows that the PSD fractal dimension is negatively correlated with the mass fraction of
coarse particles, but positively correlated with that of fine particles, and it is regulated by the minimum and

maximum particle sizes. J:] -0 holds when i, = d , Eq. (1) is further simplified to Eq. (3), to obtain the

PSD fractal dimension under different PSD forms.



97 lg[if]ac{s—n}lg[ G ] 3

L d—.
LN .-‘._|_'|_qif¢ ] i as {sr Tinl
0y 2 Calkdts = W
=5 F Lo l=ldsur ap T
2 Ko R i - o,
i M M
= L L = Bl : i
= R i /,;"" i
= ‘_-F:- - h“’-
£ =L y 2
= i -
."J " ( i ____.-'f'f
Mol St S Ralou o o
Jl A H 1
I 2 e 4 S0 il el 1 = AL
InrTrachom Acel: 171 A immy)
(a) XRD (b) PSD
(c) Gangue of different sizes
98 Fig. 2. XRD and PSD of gangue
99
100 Table 1. Chemical composition of Portland cement, fly ash and gangue
Densi Compound (%)
Type LOI v
(g/cm?) Na2O MgO ALO;  SiO2 SOs K20 CaO TiO2 Fex0s  BaO
Cement 6.19 3.11 0.47 2.11 13.9 32.69 3.29 1.23  38.04 0.62 6.73 -
Fly ash 4.05 1.62 0.42 1.33 3048  43.07 1.99 1.43 8.19 1.37 4.18 0.08
Gangue - 2.53 1.47 0.95 24.08 56.69 0.26 3.32 2.03 0.83 5.17 0.07
101
102 2.2. Mix design and specimen preparation
103 Cemented rockfill were prepared according to the 4 mix proportions shown in Table 2. The binder consists of

104  40% wt. Portland cement and 60% wt. fly ash. Alkali activator ranged from 0% wt. (control) to 15% wt. of total
105  binder, at 5% increment. To ensure the fluidity of cemented rockfill, according to [8, 11, 20], all mixes had a constant

106  water-to-binder (W/B) ratio of 0.8 and gangue content. Fig. 3 shows the detailed preparation process for cemented
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rockfill summarized as follows. Activator was first dissolved in deionized water by mixing for 3 mins at 300 rpm
to ensure uniform dispersion. Then fly ash was stirred with this solution at 300 rpm for 10 mins, followed by addition
of cement and graded gangue for another 10 mins. Finally, the freshly mixed cemented rockfill was cast in standard
cylindrical steel molds of $50x100 mm and compacted by 10s vibration, which complied with ASTM C192 [53].
After 24 hours, the specimens were demolded and cured at 95% relative humidity and 20°C for 3, 7, 14 and 28 days,
respectively. The requirements for strength and curing time of backfill materials vary in different mines, which are

usually linked to costs. However, early age (3-day) compressive strengths higher than 2MPa and 28-day strengths

~ 5MPa are typically the minimum specifications.

Table 2. Mix proportion for cemented rockfill (W/B=0.8, FA/C=1.5)

Activator
Cement Fly ash Gangue Water Activator Composite
Mix ID dosage (wt. %
(kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?) . (kg/m?)
of binder)
CR-0 158.02 237.04 1333.33 316.05 0 0 2044.44
CR-5 156.86 235.29 1323.53 313.73 5 2049.02
CR-10 155.72 233.58 1313.87 311.44 10 2053.53
CR-15 154.59 231.88 1304.35 309.18 15 2057.97
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Fig. 3. Preparation of cemented rockfill specimens

2.3. Experimental procedures

Specimens were tested according to the experimental program detailed in Table 3, and the corresponding test
methods are shown in Fig. 4. A total of 110 cylindrical specimens were prepared for this study, including 80

specimens for uniaxial compressive strength (UCS) test and 30 specimens to supply 150 subsamples for

Curing; bux

Iz




123 Thermogravimetry (TG), Fourier transform infrared (FTIR), XRD, Mercury intrusion porosimetry (MIP) and

124 Scanning electron microscope — Energy dispersive spectroscopy (SEM-EDS). Average compressive strength was

125  determined on five replicate specimens per mix and curing age, using the MTS816 mechanical test system (MTS

126 Corporation, USA) at a quasi-static loading rate of 0.005 mm/s. The axial control module and circumferential

127 extensometer of MTS system were used to measure the axial and circumferential deformations of the specimen.

128  Powdered sub-samples (~ 1 g, smaller than 0.04 mm) were extracted after curing for TG, FTIR and XRD. TG was

129  conducted with a STA449F3 thermal analyzer (NETZSCH, Germany) at heating rate of 10 °C/min from 50 to 1000 °C

130  in anitrogen atmosphere. FTIR was conducted with a VERTEX80V spectrometer (Bruker, Germany) from 4000 to

131 400 cm, at a resolution of 2 cm™!'. XRD was performed with a D8 diffractometer (Bruker, Germany) from 5° to 70°

132 26 (Cu) with a step size of 0.0195.

133 Bulk sub-samples of the paste fraction (~1 g) were also extracted after curing for MIP and SEM-EDS. MIP

134 was performed on an AutoPoreV9600 porosimeter (Micromeritics, USA) at a pressure rate of 0.1 psia to achieve a

135  smallest intruded pore size of 3.29 nm. SEM-EDS was carried out using a Quanta250 SEM (FEI, USA) and Quantax

136 EDS (Bruker, Germany) at magnifications ranging from 1000 to 6000x under 25kV to characterize the reaction

137  products and element atomic ratios. At least five locations per sub-sample were analyzed to obtain an overview of

138 the microstructure.

139 Table 3. Experimental program
Specimen  Activator dosage Curing SEM-
number (wt. % of binder) time (d) ues 16 PR XRD MIP EDS
CR-0-3 0 3 v N N N N N
CR-0-7 0 7 v - - - - -
CR-0-14 0 14 v - - : - .
CR-0-28 0 28 v N N N N N
CR-5-3 5 3 v N N N N N
CR-5-7 5 7 V - - - - -
CR-5-14 5 14 v - - : - .
CR-5-28 5 28 v N N N N N
CR-10-3 10 3 v N N N N N
CR-10-7 10 7 v - - - - .
CR-10-14 10 14 v - - - - -
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Fig. 4. Test methods used for characterizing cemented rockfill

3. Results and discussions
3.1. Compressive strength

Fig. 5 shows the effect of activator dosage and curing age on the UCS of cemented rockfill. As expected,
compressive strength increased with curing age and ranged from 1.5 to 8 Mpa. The addition of activator has a
significant positive effect on compressive strength, especially at later ages, see Fig. 5 (b). For example, the 28-day
compressive strength increased by over 30%, from about 6 Mpa (control, 0% activator) to 8 Mpa (15% activator).
It is worth noting that the mass fraction of cement in conventional coal mine filling materials is generally 15%, and
the corresponding 28-day strength is typically less than 5 Mpa. The cement mass fraction of the cemented rockfill
in this study is only 7.7% (less than 160 kg/m?), yet they achieve superior strengths much higher than conventional
rockfill due to modifications such as alkali activation and graded gangue.

However, the 3-day compressive strength varies only from 2 Mpa to 2.5 Mpa (Fig. 5 (a)), indicating that the

alkali activation is strongly dependent on curing time. Nevertheless, mixes containing activator showed continued
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strength increase beyond 14 days. This is in contrast to the decrease in rate of strength growth for the control mix
without activator. The strength enhancement increases with curing time and activator dosage, as shown in Fig. 5 (b).
This may be attributed to the gradual dissolution of the glassy phases in fly ash and active substances, which
subsequently accelerate the polycondensation reaction [54].

The gain in strength with increasing activator in alkali-activated fly ash systems has also been reported by
Chindaprasirt et al. [55], and this was attributed to matrix densification caused by the formation of calcium silicate
hydrate (C-S-H) and calcium alumininate silicate hydrate (C-A-S-H) [56]. In contrast, Jiang et al. [57] claimed that
excess CH can disrupt strength development due to the presence of hydration products that coats the surface of
active minerals and retards subsequent hydration reactions. We believe that the root cause of this difference is that
the water-to-binder ratio affects depolymerization, diffusion and reaction of active silica-alumina phases. The very
low water-to-binder ratio of 0.24 used in Jiang et al. [57] is more likely to induce the disruptive effects described
earlier, while higher water-to-binder ratios (such as the one used in this study) will promote dissolution, alkali-

activation and good strength gain.
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Fig. 5. Effects of activator dosage and curing age on compressive strength

3.2. Stress-strain behavior

Fig. 6 presents the effect of activator dosage on stress-strain behavior of cemented rockfill at 3-day and 28-day.
An increase in elastic modulus is evident, based on the initial slope of the stress-strain curve that becomes steeper

with increase in age and activator dosage. Similar to the strength gain discussed earlier, the effect of activator on
9
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elastic modulus is initially weak at 3d and this increased substantially at later age. The slow stress growth in this
stage is due to pore compaction within the material [26], confirming that the fly ash activation densifies the pore
structure over time. The data also shows that alkali activation strengthens the resistance of cemented rockfill to
dilatancy. The volumetric strain begins to expand long before peak stress is reached. The stress and strain
corresponding to the dilatancy onset given in Fig. 6 show that the axial strain corresponding to dilatancy onset of
the control (0% activator) is always smaller than others, which means that it is the first to expand under axial loading.
Furthermore, the lateral strain and volumetric strain corresponding to the peak stress for activated specimen are
always lower than the control. For example, the volume dilatancy deformation of the 15% activator specimen at 28-
day is only 0.36 X 1073, compared to 3.33 X 1073 for the control, which is a difference of nearly 10 times. This
improvement in dilatancy resistance is clearly related to matrix densification [58]. This is a positive effect induced

by alkali activation on the deformation performance of cemented rockfill, which was not found in previous studies.
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Fig. 6. Effect of activator dosage on stress-strain behavior

w

Fig. 7 shows the effect of curing time on stress-strain behavior of cemented rockfill with 15% activator. It can
be seen that the initial compaction stage is longest at 3-day, and this shortens with increase in curing age due to the
formation of hydration products. The early porous structure prolongs the initial compaction, resulting in a higher
axial strain corresponding to the dilatancy onset. The elastic modulus is also found to increase with curing time,

proving that the deformation resistance of cemented rockfill is positively correlated with age. This is consistent with

10



192

193
194

195
196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

microstructure densification and matrix reinforcement [59].

T, F, - L
1 . - a ,.)_.).\_ LA
A 3 .i“f
4 - i “‘\\
=
. : A
= ;
= g
£ r
a- §d 5
e E
TrmrmEske T R » e e
= e E . III (_,-r'
— 284 //”

i
-i:'fi]' 2 - g dund WL A2

o

Fig. 7. Effect of curing time on stress-strain behavior

3.3. X-ray diffraction

Fig. 8 presents the XRD spectra of cemented rockfill at various activator dosage and curing time. Qualitative
assessment of the main crystalline phases was performed by comparing against the ICDD reference spectra. Quartz
(Si02, 01-089-8936) has the highest diffraction intensity due to strong presence in gangue and fly ash. All specimens
showed CH [Ca(OH),, 01-081-2040] peaks derived from the addition of alkaline activator and/or Portland cement
hydration. Calcium carbonate is also evident in smaller quantities, which comes from the raw cement, gangue and
natural carbonation of the specimen when exposed to air. It is noteworthy that precipitation of calcium carbonate
can densify the microstructure and enhance the mechanical property of cementitious materials [83]. The diffraction
intensity of calcium carbonate (CaCOs3, 01-086-2340) increases with curing age and is positively correlated with
activator dosage at 28-day. Rietveld analysis indicates that cemented rockfill with 15% activator at 3-day has 10.9%
of CaCQOs, which is higher than the cemented rockfill with 0% activator at 3-day (5.8% CaCQ3), but lower than that
with 15% activator at 28-day (34.4% CaCOs3). This suggests that the densification caused by carbonation of
excessive CH partially contribute to the late strength gain of cemented specimen as indicated by Wang et al. [60].

C-S-H and C-A-S-H are amorphous and difficult to be characterized in XRD, but some crystalline forms may
be identifiable from their vestiges [83, 88]. Examples such as CasSisO17(OH)2 (00-023-0125) and Ca;.5-Si03.5xH,0

(00-033-0306) for C-S-H, and Cag(AlISiO4)12-:30H,0 (00-011-0589), CaO-ALO3-xSi02-yH,O (00-020-0212) and

11
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CaAlL>Si205-4H>0 (00-020-0452) for C-A-S-H are detectable. The major hydration product at 3-day is C-S-H rather

than C-A-S-H. At this age, CaO-A1,03xSi02'yH20 (00-020-0212) at 30-31° is not formed. While CaAl,Si,Os-4H.O

(00-020-0452) at 36-37° has a positive correlation to activator dosage since its formation relies on premixing fly

ash with activator. Indeed, Rietveld analysis shows cemented rockfill with 0, 5%, 10%, 15% activators at 3-day

have 11.7%, 42.2%, 42.9%, 54.7% of CaAl,Si,0s-4H,0, respectively (Fig. 8 (e)). This suggests that premixing is

beneficial to the formation of alkali activation products. It can also be seen that CagSisO17(OH)> (00-023-0125) at

12-13° and Ca; 5:Si03.5xH>0 (00-033-0306) at 50-51° have high diffraction intensities and are likely the source of

early-age strength. Interestingly, activator dosage has little effects on Cai.5-SiO35xH20 at 50-51° but enhances

CagSis017(OH), at 12-13°. The diffraction intensity of CaisSiO35xH20 is higher than CasSicO17(OH); in the

control, but the latter is enhanced by activator to the point that its diffraction intensity becomes greater than

Ca;.5'Si03.5xH20 in cemented rockfill with 15% activator (Fig. 8 (f)). Shaw et al. [61] showed that xonotlite

CasSis017(OH), forms by periodic increase of CaO layers and silicate chains on C-S-H gel structure. Activators

with a high content of CaO layers is beneficial to this process. Therefore, the strength increase shown in activated

specimens at early ages may be induced by the formations of CaAl>Si,Os'4H>0 and CasSicO17(OH),.

The results suggest that the main source of strength in cemented rockfill is C-S-H, while C-A-S-H plays an

increasing contribution with curing and alkali-activation of fly ash. For example, Fig. 8 (f) shows increases in

diffraction intensities with curing age, in particular CaO-AlLO3xSiO2-yH2O (00-020-0212) at 30-31° and

CaAlSi,Og-4H,0 (00-020-0452) at 36-37°. CaAlSi,05-4H,0 appears at 3-day and can form without activator

addition, via the exposed anorthite-based active components in fly ash [62]. Yun-Ming et al. [63] indicated that this

product is zeolitic and reinforces the polymeric network. In contrast, very little CaO-Al,O3xSi0,-yH2O forms at

28-day in cemented rockfill without activator addition (Fig. 8 (e)). This indicates that the CH from Portland cement

hydration alone is insufficient to activate fly ash and that the formation of CaO-AlO3xSiO2'yH>O requires

additional alkali activation and curing time. It is also worth noting that the alkalinity of activator used in this study

12
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is weaker than that of NaOH used in previous studies [44, 51]. Nevertheless, good activation was achieved by

premixing fly ash and dissolved activator in the mix water (see Fig. 3), thereby ensuring that the diluted fly ash is

exposed to OH".

ol

Wiy

Ta MTeaclivn inbcn=ity

1 .|.....-..J_-
ali 5 _i. &l ..j..u.ll.

L J

AR

e AT TR LG

EEE RN L L NI L

I ChunL. g e B
PR PR A TP e A AT 11
B SR TR G

LT B O E R T

AL | iy
LS

0 T R PR e f ] 1 R

g Pagne e deng ap |- 0EESCHIT

b

n 0

An ik Al Rl 0

Wiy

(a) ICDD XRD reference

il
= sTE WSS CFE S TO§ 8

Il raslion inznsils g

7

----"—.-.-L......a:—.-ul.—-—ll-r h _n..i...-- A
E —F, - %
E II‘I. T .".'"i'l
: £, Lty
: Moo
e B el e
1 el ) An i i i

i

i
il
= e

1

T2 Mleaslinm illl\_‘ll'ii'.}' Sy

b

IR il 1

3 h
i A iy, o . PP ~.-\.{I Lo
1l

1l 1
Bl ' 1"'.-_W.a,,\,_ -_u’q"l

!\ i Y e L i
| Tl e SO LT A L

1 4

A ;

L

! i | i a
; : "._5

v ' n
e el Yo

L

W ..'-'h'ﬂ.'.»-' -,.’*\. i ] fi, N
Jeorh e ALEITE P o ! el A (S

oy ——

l-ﬂr"J..".-'\.l A I‘\.‘v\-’.‘\llu
1 IL L L

12 TEs ihiW

(e) Effect of activator dosage on C-S-H and C-A-S-H

3.4. Fourier transform infrared spectroscopy
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Fig. 8. XRD of cemented rockfill

Fig. 9 illustrates the effects of activator dosage and curing time on FTIR spectra of cemented rockfill. The
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absorption peak at 476 cm! is caused by Si-O-Si in-plane bending vibration [64], while 540 cm™ is induced by Al-
O-Si in-plane bending vibration [65]. The absorption peak at 694 cm™' corresponds to bending vibration of the Si-
O-Si bond and 798 cm! corresponds to the stretching vibration of the Si-O bond due to the quartz from fly ash and
gangue [66-67]. The absorption peak at 1032 cm! corresponds to the Si(Al)-O-Si asymmetric stretching vibration,
and this is accompanied by asymmetric stretching vibration of AlO4- group in the generated Al-O-Si bond at the
shoulder of 875 cm’! [68-69], corroborating the aluminosilicate dissolution that enhances the strength of cemented
rockfill. The absorption peak at 1425 cm™ (C-O stretching vibration) indicates the existence of CO3* [70]. While
the source of calcite is difficult to identify in XRD, the FTIR spectra shows that it originates from gangue, fly ash
and CH carbonation, the latter results in a sharper peak at 1425 cm™'.

The shift in the peak for bending vibration of water in sulphates at 1690 cm™ to 1682 ¢cm™! with increasing
activator dosage at 3-day (Fig. 9 (a)) may be due to ettringite (Aft) formation [71]. Also, the shift of the peak at
1682 cm™! to 1657 cm™! with increasing curing for 15% activator (Fig. 9 (c)) may be related to the conversion of Aft
to monosulfate (Afm) [72]. The same of absorption peak at 1659 ¢cm™! moving to 1657 cm’! is attributed to Afm
polymerization caused by activator addition (Fig. 9 (b)). The spectra caused by O-H stretching vibration have been
observed to move to the lower wavenumbers during geopolymerization [73]. For example, the shift from 3643 cm
't0 3640 cm™! and from 3545 cm™ to 3531 cm™! in Fig. 9 (c) can be attributed to the consumption of CH. It is also
interesting to note that addition of activator caused the absorption peak to shift from 3632 cm™! to 3630 cm™ at 28-
day (Fig. 9 (b)), while this remained relatively constant at 3-day (Fig. 9 (a)). This proves that the activator addition
has a weak effect in the early ages, but is beneficial for long-term fly ash alkali activation, which is consistent with

the XRD results.
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Fig. 9. FTIR spectra of cemented rockfill

3.5. Thermogravimetric analysis

Fig. 10 shows the results from TG/DTG. The initial weight loss between 65 and 115 °C to 200 °C comes from

the evaporable water in capillary pores and bound water from certain hydration products such as the Aft, Afm, C-

S-H and C-A-S-H phases [74]. The second peak occurring between 380 and 435 °C corresponds to dehydroxylation

of CH while the third peak between 635 and 740 °C is the result of decomposition of calcium carbonate. These

observations are consistent with other studies on thermal decomposition of hydration products [75].

The initial weight losses between 65 and 115 °C are difficult to decouple due to the complex/combined

dehydrations of several hydration products. However, the shoulder visible on the DTG between 128 and 138 °C is

positively correlated to activator dosage, as shown in Fig. 10 (b). The increase in curing time increases the weight

loss at this shoulder (Fig. 10 (c¢)), which suggests that this is related to the amount/dehydration of C-S-H and C-A-

S-H. Unfortunately, the thermal decomposition of C-S-H and C-A-S-H are indistinguishable via DTG. Chen et al.
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[76] believed that the dehydration of C-A-S-H occurs at temperatures below 220 °C, which is coincident with C-S-

H. Interestingly, the 3-day specimens (Fig. 10 (a)) and the 28-day control specimen (Fig. 10 (b)) do not show this

particular shoulder (between 128 and 138 °C), which suggests that its occurrence is related to the C-A-S-H generated

by activation of fly ash.

As expected, the weight loss and DTG peak between 380 and 435 °C correspond to the dehydroxylation of CH

and these are found to increase with activator dosage, especially at 3-day (Fig. 10 (a)). As curing increases, the DTG

peak disappears

and weight loss decreases (Fig. 10 (b) and (c)) due to the consumption of CH via geopolymerization

and carbonation. This is consistent with the weight loss and DTG peak between 635 and 740 °C corresponding to

the decomposition of calcium carbonate that increase with activator dosage and curing time, shown in Fig. 10.
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284 Fig. 10. TG/DTG of cemented rockfill

285
286  3.6. Pore structure from MIP

287 The data from MIP plotted in Fig. 11 shows that cumulative mercury intrusion volume decreases with increase
288  in activator dosage, showing pore densification. The densification occurs predominantly on pores smaller than 1
289  um and this is caused by formation of hydration products, such as C-S-H and C-A-S-H, and precipitation of calcium
290  carbonate. It indicates the beneficial effect of activator on microstructure densification, and the pore-filling effect
291  of the precipitates in alkali-activated system. The results indicate that premixing activator and fly ash induces
292 different mechanisms on cemented rockfill. The mercury intrusion volume decreases with increasing curing time,
293 which is attributed to densification caused by the hydration products [77-78]. However, prolonged curing results in
294 a reduction of pores in larger size range, as shown in Fig. 11 (c). Meanwhile, the densification of C-A-S-H and
295  calcium carbonate precipitation induced by activator addition is found to reduce the pores below 1 um.
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Fig. 11. Cumulative intruded volume and pore size distribution from MIP

3.7. Microstructure from SEM-EDS

Fig. 12 shows example SEM micrographs and EDS spectra on selected regions to provide a general overview
on microstructure of cemented rockfill. Hydration products such as Aft, CH and C-S-H and unreacted cement and
fly ash are detectable. In the control specimen (0% activator) shown in Fig. 12 (a), a smaller amount of gel is
evidently attached to glassy phases, and the EDS (Fig. 12 (c)) indicates some Al is replaced by Fe due to mixing
between Aft and C-S-H. As expected, specimens containing admixed activator show greater amount of CH crystals,
and a general increase in Ca/Si ratio in the EDS spectra of C-S-H due to saturation of CH in the system. The
microstructure appears to densify with increasing activator dosage, which is consistent with the MIP results.
However, the effect of curing time on the microstructure is more significant than activator dosage. Densification of
the microstructure with curing can be attributed to cement hydration, alkali activation and carbonation. Significant

amount of C-A-S-H gel forming on glassy phases is found on 28-day specimen. It is evident that the increase in
18
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curing time induces more stable hydration products and C-A-S-H to fill the pores.
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Fig. 12. Example SEM micrographs and EDS spectra of cemented rockfill

3.8. Cost-benefit analysis

At present, the primary goal of alkali activation is to produce high-performing low-carbon cementitious
materials to reduce carbon emission associated with the construction industry. The majority of previous studies have
used strong alkalis to activate precursors such as fly ash and slag in order to achieve good performance that is at
least equivalent to conventional Portland cement systems. However, this approach is not suitable for cemented
rockfill mainly due to the associated high costs and construction challenges [79-80]. Cemented rockfill is a low-
cost material with allowable mass fraction of cement no higher than 15%, and usually lower than 10% in practical

engineering. Therefore, the use of strong alkali activators is even more unfeasible in rockfill applications.
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In this section, we evaluated the cost-performance ratio of the cemented rockfill specimens tested in this study
based on the mix proportions shown in Table 2 and compressive strength data presented in Fig. 5. Cost of cemented
rockfill per cubic meter was calculated according to the following on-site material prices: 400 CNY/t Portland
cement, 100 CNY/t fly ash, 5 CNY/t water and 250 CNY/t composite low-alkalinity activator. We assume that the
price of gangue is 0 CNY/t due to the fact this is a waste material sourced from same mine that the cemented rockfill
will be used. On this basis, the costs of cemented rockfill corresponding to activator dosages of 0%, 5%, 10% and
15% are approximately 89, 93, 97 and 101 CNY/m?, respectively. These cemented rockfill with premixed activator
are nearly 50% to 80% cheaper than the conventional rockfill materials of the same grade about 7-8 MPa.

Fig. 13 shows the costs normalized to compressive strength, i.e., cost of cemented rockfill per cubic meter and
per megapascal strength. The data show that normalized cost decrease significantly with increase in curing age and
with addition of activator due to strength enhancement. The maximum cost is incurred between the control (0%
activator) and the mix with 5% activator, while the minimum cost varies between mixes with 10% and 15% activator.
This means that the performance-cost ratio of cemented rockfill without activator gradually decreases with strength,
while the optimal activator dosage having the highest performance-cost ratio is between 10% and 15%. This shows

that premixing fly ash with an optimal activator dosage has great potential for cemented rockfill applications.
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Fig. 13. Cost-performance analysis

4. Conclusions

This study reports on the improvement of cemented rockfill containing well-graded gangue and fly ash by
20
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alkali activation with premixed activator. The effects of activator dosage (0, 5, 10, 15 wt. % of binder) and curing
time (3, 7, 14, 28 d) on strength, composition and microstructure of cemented rockfill were studied via uniaxial
compression, XRD, FTIR, TG/DTG, MIP and SEM-EDS testing. The main findings are summarized below:

(1) Premixing activator induced fly ash activation, which increases compressive strength with increasing
activator dosage. The alkali activation increases with curing time, with strength increasing by ~10% at 7 d and ~30%
at 28 d compared to the control. An 8 MPa compressive strength was achieved at 28-d for mixes containing only
7.7% wt. of cement, which is a superior performance compared to conventional cemented rockfill (generally less
than SMPa), attributed to the alkali activation and specially graded gangue.

(2) Volumetric deformation of the improved cemented rockfill is substantially lower than the control. For
example, the volume dilatancy for the 28-d mix containing 15% activator is only 0.36 X 10 compared to the control
at 3.33 X 1073, a difference of nearly 10 times. The deformation resistance of cemented rockfill is positively
correlated with curing time, and the increases in hydration products shortens the initial compaction stage of
cemented rockfill.

(3) Microstructural analyses (XRD, FTIR, TG/DTG, SEM-EDS) suggest that the main source of strength is C-
S-H and C-A-S-H, the latter playing an increasing contribution with longer curing due to fly ash activation.
Precipitation of calcium carbonate from natural carbonation of excess CH is also beneficial for late strength gain.
Addition of premixed activator of fly ash enhanced the formation of CasSisO17(OH), and CaO-Al,03xSi02yH,0.

(4) TG/ DTG shows that the weight loss between 128 and 138 °C is positively correlated to activator dosage
and curing time, and suggests that this shoulder is related to C-A-S-H generated by alkali activation of fly ash. As
curing increases, the DTG peak corresponding to dehydroxylation of CH disappears due to the consumption of CH
via geopolymerization and carbonation.

(5) MIP and SEM-EDS show that addition of activator causes densification of the microstructure and this

occurs predominantly on pores smaller than 1 pm, while prolonged curing results in a reduction of pores over a
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larger size range. The difference is likely due to formation of additional C-A-S-H and calcium carbonate precipitates
from the activator.

(6) Cost-benefit analysis based on material cost for each mix normalized to compressive strength shows that
the optimum mix having the highest performance-cost ratio is between 10% and 15% activator. These cemented
rockfill with premixed activator are nearly 50% to 80% cheaper than the conventional rockfill materials of the same
strength grade. This shows that premixing fly ash with a low-alkalinity activator has great potential for cemented
rockfill applications.

Achieving sufficient strength for low-cost cemented rockfill remains a fundamental challenge. Many studies
have focused on reinforcing the cementing materials to overcome the strength limitation and to enhance the
recycling of mining wastes. This paper has demonstrated the effectiveness of premixing alkali activator as a means
to strengthen cemented rockfill. This demonstrates the effectiveness of utilizing potentially active substances
contained in cemented rockfill. Consequently, to develop improved methods for utilizing the potentially active
substance with high mass fraction and to optimize its interaction with cement hydration may further promote the
development of cemented rockfill.
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