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Abstract Once cemented paste backfill (CPB) is

poured into a mine stope, it is subjected to strong

coupled thermal (T), hydraulic (H), mechanical

(M) and chemical (C) processes. A laboratory inves-

tigation is performed to understand the THMC

behavior of CPB at early ages. An experimental setup

is developed to study the THMC behavior of CPB. The

testing and monitoring are conducted in undrained

conditions, with and without pressure application, and

take into consideration two types of tailings (artificial

and natural). The evolutions of the total pressure, pore

pressure, suction, temperature and electrical conduc-

tivity are monitored for a period of 7 days. Also, the

CPB samples are tested or analyzed with regards to

their shear strength properties, hydraulic conductivity,

thermal conductivity, and physical and microstruc-

tural characteristics at 1, 3 and 7 days. The obtained

results show that the THMC properties of CPB are

strongly coupled due to several mechanisms, such as

curing stress, heat of hydration, self-desiccation and

pore fluid chemistry. The results presented in this

paper will provide a better understanding of the

THMC behavior of CPB at early ages and thus

contribute to the better designing of CPB structures.
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1 Introduction

During ore rock extraction, mining operations produce

huge quantities of tailings and waste rock (Ritcey

2005; Kesimal et al. 2005). The disposal of tailings on

the surface can cause serious geoenvironmental prob-

lems (Yilmaz et al. 2003; Huynh et al. 2006; Ercikdi

et al. 2009; Fall et al. 2010b; Mahlaba et al. 2011;

Farkish and Fall 2013, Wu et al. 2013). Additionally,

the creation of mined-out underground spaces (stopes)

results in surface subsidence and mining workplace

instability (Rankine et al. 2001; Li and Aubertin

2009). A common practice for rectifying this problem

is to utilize the waste tailings in filling mine stopes

with cemented paste backfill (CPB). CPB is a mixture

of dewatered mill tailings and binding agent, with

added water to achieve the required consistency for

transporting the CPB to the mine stope (Fall et al.

2005, 2010a; Kesimal et al. 2005; Huang et al. 2011;

Cihangir et al. 2012).

Once placed, the CPB structure is subjected to

strong coupled thermal (T), hydraulic (H), mechanical

(M) and chemical (C) (THMC) processes or factors

(Fig. 1). An understanding of the interplays between

these different processes demands a comprehensive

study of the fully coupled THMC behavior which is

crucial for a reliable and cost-effective design of the
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backfill structure. Although there have been many

studies that investigate each specific factor (e.g.,

Hassani and Archibald 1998; Yilmaz et al. 2004;

Kesimal et al. 2005; Klein and Simon 2006; Ercikdi

et al. 2010; Orejarena and Fall 2010, 2011; Nasir and

Fall 2009, 2010; Cihangir et al. 2012; Wu et al. 2012;

Yin et al. 2012), to date, no comprehensive study has

been conducted to address the coupled THMC behav-

ior of CPB cured under stresses comparable to those

generated by the CPB weight.

CPB filled stopes must have sufficient mechanical

stability (usually evaluated by the strength of the CPB)

in order to remain stable or self-supporting during the

recovery of the adjacent stopes (Fall et al. 2007). A

common practice that is used to assess the backfill

strength is to conduct unconfined compressive

strength (UCS) tests on small laboratory samples

(20 9 10 cm or 10 9 5 cm) of CPB cured in con-

ventional plastic molds at atmospheric pressure and

temperature conditions. The obtained information is

limited since the influence of various important

factors, such as self-weight pressure, filling rate,

drainage condition, and heat of cement hydration,

cannot be included in the strength assessment. This

can result in a conservative design approach, which in

turn, increases the cost in terms of cement consump-

tion, barricade construction and stope cycle times

(e.g., le Roux et al. 2005; Thompson et al. 2009).

Furthermore, backfill strength gain depends on the

suction development as a result of self-desiccation

and/or drainage, or sometimes desaturation (drying

out) (Helinski et al. 2006; Abdul-Hussain and Fall

2011). Suction can increase the effective stress, which

in turn, decreases the vertical stress in the backfill as

well as reduces the horizontal stress on a barricade as

observed through the in situ instrumentation of some

mine stopes (e.g., Thompson et al. 2009). Only a few

studies have been experimentally conducted to study

the effect of self-weight pressure (e.g., Belem et al.

2002; Yilmaz et al. 2009, 2014), suction development

as a result of self-desiccation (e.g., Helinski 2007); and

heat of hydration (e.g., Fall and Samb 2009; Fall et al.

2010a) on backfill strength assessment. However, no

studies have been performed to investigate the coupled

effect of the THMC processes on the strength of CPB

cured under different stresses. Furthermore, there are

no studies on the THMC behavior of CPB cured under

stress and the effect of these THMC processes on other

relevant design factors of CPB, such as thermal (e.g.,

thermal conductivity, heat of hydration), hydraulic

(e.g., pore water pressure (PWP), suction, perme-

ability), chemical (e.g., evolution of pore water

chemistry, binder hydration), mechanical (e.g., defor-

mation), and physical (microstructure, density) factors

(see Fig. 1).

Ghirian and Fall (2013, 2014) investigated the

THMC behavior of CPB by means of a high column

experiment to understand the governing coupled

processes in an almost stress free state. Since the tops

of the columns were open to the atmosphere, they

could also investigate the effect of evaporation and

associated surface shrinkage on the hydro-mechanical

behavior of CPB. However, the effect of mechanical

load as a result of self-weight pressure on THMC
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Fig. 1 Schematic diagram of different THMC coupled processes in a backfill structure (static condition)

1142 Geotech Geol Eng (2015) 33:1141–1166

123



behavior was not considered in their studies. In the

current study, a pressure cell apparatus is developed to

investigate the THMC coupled processes in CPB. The

new setup grants privileges to simulate curing condi-

tions relatively close to underground mine stope

conditions at a laboratory scale with controlled rate

of loading (i.e., stope filling). It also enables to cure

samples that are relatively large in size for testing

purposes.

The objective of the study was to investigate the

early age THMC behavior of CPB cured under various

stresses. The main coupled interactions between dif-

ferent processes were determined and the effect of the

curing stress on each individual factor was studied.

Furthermore, by conducting THMC studies on two

types of tailings (natural and artificial), the effect of

tailings type and its chemical composition on the

THMCperformance ofCPBmaterialwas investigated.

2 Materials and Methods

2.1 Materials

The materials used for the CPB preparation include

binder, tailings, and water.

2.1.1 Tailings

Two types of tailings, which include natural zinc

tailings (ZnT) and artificial silica tailings (ST), were

used to prepare the fresh CPB. The natural tailings

used in this study are fine-grained tailings from a mine

located north of Canada, one of the Canada’s largest

zinc mines. The artificial tailings contain ground silica

with 99.8 % SiO2. The main benefit of the use of non-

reactive ST is to accurately control the chemical and

mineralogical compositions. Natural tailings may

contain several reactive chemical elements and often,

sulphide minerals, which can interact with cement and

thus, affect the interpretation of the results and/or

introduce significant uncertainties in the results ob-

tained (Nasir and Fall 2008). The mineral composi-

tions of both types of tailings used for the CPB

preparation were obtained from an x-ray diffraction

(XRD) analysis, and presented in Table 1. More than

50 % of the silica particles are smaller than 25 lm
(D50) and 10 % are smaller than 2 lm (D10). Accord-

ing to the Unified Soil Classification System (USCS),

both the ST and ZnT are non-plastic silt (ML), as are

most of the tailings produced by hard rock mines

(Orejarena and Fall 2008, 2011). The grain size

distribution of the ST and the ZnT are presented in

Fig. 2, which are close to the average of nine Canadian

hard-rock metal mine tailings. The physical properties

of both types of tailings are tabulated in Table 2.

2.1.2 Cement and Water

The most popular cement used in backfill preparation

is ordinary Portland cement type I (PCI) which is used

in this study. The characteristics of the PCI are

presented in Table 3. Tap water was used to mix the

cement and tailings.

2.2 Specimen Preparation and Mix Proportions

The CPB mix design included PCI (4.5 % wt), and a

water to cement ratio (w/c) equal to 7.6. The tailings

material, cement and water were mixed and ho-

mogenized in a food mixer for about 7 min. In all of

the mixes, the w/c ratio and cement proportions were

kept constant. The slump or the consistency of the

paste mixtures was measured by a slump test in

accordance with ASTM C143. The slump values for

the CPB prepared with ST and ZnT were about 18 cm

and 22 cm, respectively, which belong to the most

frequent slump values used in CPB preparation and

transportation into mine stopes. The average values of

the initial physical characteristics of the fresh CPB

made of ST or ZnT are presented in Table 4. The CPB

mixtures were mixed and then loaded into a pressure

cell apparatus. In total, three test series were conduct-

ed: (i) C-ST test series (or control tests) were

conducted on samples prepared with ST and cured

without applying any vertical pressure, and the results

were considered as the reference values in order to

compare the effect of pressure application on THMC

evolution; (ii) CUS-ST test series, and (iii) CUS-ZnT

test series, which were conducted under curing stress,

and the CPB specimens were prepared with ST or ZnT,

respectively.

2.3 Developed Pressure Cell Apparatus

The main purpose of the developed experimental setup

is to simulate the mine stope filling sequence and

overburden pressure (self-weight stress) during the
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curing of CPB. Furthermore, the setup provides a

facility that monitors the evolution of the key THMC

factors, such as the evolution of pore water pressure,

suction, binder hydration, deformation and tem-

perature of the CPB with time for a mix design.

Furthermore, the setup allows the sampling of CPB

specimens cured under the above-mentioned mine

stope conditions for the purpose of conducting the

required geotechnical, microstructural and chemical

testing, such as uniaxial compressive strength (UCS),

shear strength, saturated hydraulic conductivity and

thermal property tests, and microstructural and

chemical analyses to investigate the THMC properties

of the CPB material. Figure 4 presents a schematic

diagram of the developed experimental setup (pres-

sure cell apparatus to measure THMC). A Perspex

(acrylic plastic) cylinder with the diameter of

101.6 mm (4 in.) and height of 304.8 mm (12 in.)

was employed as the main framework to hold the

samples at a one-dimensional vertical pressure. An

axial piston was mounted on the upper portion of the

cylinder to apply the required pressure up to 600 kPa,

which is equal to approximately 35 m on a mine stope.

Compressed air pressure was used as the driving force

on the piston. The pressure increment was controlled
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Fig. 2 Grain size distribution of studied tailings compared with

the average of 9 Canadian hard-rock metal mine tailings

Table 2 Physical properties of the tailings used

Tailings Gs D10 (lm) D30 (lm) D50 (lm) D60 (lm) Cu Cc

ST 2.70 1.9 9.0 22.5 31.5 16.6 1.3

ZnT 3.34 1.6 10.9 29.9 37.8 23.6 2.0

Table 3 Characteristics of Portland cement type I

Type of binder MgO (%) CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) SO3 (%) Relative density Specific surface (m2/g)

PCI 2.65 62.82 18.03 4.53 2.70 3.82 3.10 1.30

Table 4 Mean values of initial physical characteristics of CPB

prepared with ST and ZnT

Properties ST ZnT

Void ratio, e 1.15 1.92

Specific gravity, Gs 2.71 3.34

Degree of saturation, Sr (%) 100 100

Solid content by mass, CW (%) 74.4 74.8

Solid content by volume, CV (%) 39.7 33.1

Water content, x (%) 33.7 35.4

Water to solid ratio (w/s) 0.34 0.34

Slump (cm) 18 22

W/C 7.6 7.6

Table 1 Mineral composition of the tailings used

Element/tailings Quartz Dolomite Chlorite Magnetite Pyrite Talc Magnesite Actinolite Pyrrhotite Spinel Others

ZnT (wt %) 11.9 5.7 18.2 11.4 15.4 16.4 7.6 3.2 3.1 3.2 3.9

ST (wt %) 99.8 – – – – – – – – – –
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by a regulator and pressure gauge. A top and a bottom

plate with three tie rods were used to support the

Perspex mold against leakage and internal pressure.

Only 200 mm of the cylinder was filled with CPB and

the remaining space served as an air chamber to apply

pressure on the piston. In all of the experiments, the

length-to-diameter ratio of the CPB specimens was

kept in the order of two.

In total, five cells were engineered and manufac-

tured, including one cell for instrumentation and four

cells for curing CPB samples at different curing times

(1, 3 and 7 days). Studies have shown that undrained

backfill exhibits weaker mechanical properties than

drained backfill (e.g., le Roux et al. 2005). Therefore,

in consideration of this case scenario, an undrained

condition was adopted for all of the experiments. This

represents a conservative approach with regards to the

mechanical stability of field CPB structure.

In underground mine stopes, cement hydration is

usually the main source of temperature increase within

the backfill structure (Fall et al. 2010a). Thermal

factors, such as heat of hydration, can accelerate the

rate of the binder hydration, and thus the rate of the

strength gain in CPB materials (Fall et al. 2010a). This

can be considered as the coupled effect of temperature

and chemical reactions (thermo-chemical coupling).

Therefore, in this study, all of the cells were covered

with a 100 mm heat insulation glass wool blanket after

loading the CPB. This enables to restrict heat loss from

the CPB as well as maintain the heat of hydration

during the curing time to investigate its effect on the

THMC behavior of the CPB.

2.3.1 Applied Vertical Pressure

In this study, an average filling rate equal to 0.131 m/h

is chosen to find the corresponding increments of

applied pressure and equivalent mine backfill height.

Figure 3 presents the pressure application scheme that

simulates mine stope backfilling over a period of

7 days. The applied vertical pressure due to stope

filling and corresponding equivalent backfill height

(h = rv/c) were calculated based on the CPB bulk unit

weight which is equal to 17.2 kN/m3. It should be

noted that the arching effect is not included in this

study due to the mechanism of the pressure cell (one-

dimensional vertical pressure). The pressure was

gradually increased every 3 h for the first 12 h and

up to 150 kPa in order to simulate a more realistic self-

weight pressure on the specimen. Then, the pressure

was increased every 24 h up to 600 kPa, which is

equivalent to 34.9 m or an average filling rate of

0.31 m/h.

2.3.2 Pressure Cell Instrumentation and Monitoring

One of the five cellswas equippedwith various sensors,

including a pressure transducer, a vibrating wire

piezometer, a suction meter and an electrical conduc-

tivity (EC) sensor located at the lower portion of the

cell. A linear variable differential transformer (LVDT)

was also attached to the piston rod at the top of the cell

to record any deformations as a result of applied

pressure and/or binder hydration. The locations of all

the sensors are schematically illustrated in Fig. 4. The

THMC evolution of the CPB was continuously

monitored in terms of the heat of cement hydration,

total pressure, pore water pressure (PWP) response,

suction evolution, electrical conductivity evolution

and deformation for a period of 7 days. All of the

sensors were connected to the appropriate data loggers

to record the data with time. The monitoring of suction

development with time was conducted by using a

dielectric water potential sensor, model MPS-2. This

sensor is capable of measuring suction between -10

and -500 kPa. The pressure transducer and suction

meter were installed 40 mm above the cell bottom in

order to monitor the total pressure and suction evolu-

tion with time. A vibrating wire piezometer was

employed to monitor the consequences of sequential

pressure application on the pore pressure evolution.

For this purpose, a calibrated VW2100 standard

vibratingwire piezometer with a 1 MPa pressure range
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and ±0.1 % accuracy equipped with a standard air

entry value ceramic disk was used. The tip of sensor

was installed 30 mm above the bottom of the cell. The

piezometer was equipped with a thermistor to measure

the temperature as well. The ECH2O-5TE capacitance

sensor was installed in the cell tomeasure the electrical

conductivity with an accuracy of about ±10 %. EC is

the ability of a material to conduct electricity. The

sensor helped to monitor the setting time and rate of

chemical reactions with time.

2.4 Experimental Test Program

In addition to the monitoring program described

above, comprehensive laboratory tests were

performed on the CPB samples cured at different ages

to understand the THMC properties of the CPB

material, as outlined in Table 5. All of the CPB

samples were tested in terms of their thermal (i.e.,

thermal conductivity), hydraulic (i.e., saturated hy-

draulic conductivity), mechanical (UCS and shear

strength parameters) and chemical properties (pore

fluid chemistry). In addition, the physical properties

and microstructure were evaluated (i.e., by mercury

intrusion porosimetry (MIP) and scanning electron

microscopy (SEM)) to understand the evolution of the

index properties and pore structure of the CPB at early

ages. The gravimetric water content (x %) and bulk

density (c) of the samples were determined in

accordance with ASTM D2216-10 and D7263-09,

LVDT
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respectively. Then, the void ratio (e) and porosity

(n) were calculated at various curing times. The

obtained test results are presented in the coming

sections.

2.4.1 Mechanical Tests

Unconfined compression tests were performed on the

CPB specimens at 1, 3 and 7 days of curing. A

minimum of two samples (to ensure the repeatability

of the results) were tested at each curing age in

accordance with a standard test, ASTMC39, by means

of a computer-controlled mechanical press. The

compression tests were carried out at a constant

deformation rate of 0.8 mm/min. Direct shear tests

were carried out to determine the shear strength

behavior and parameters (internal frictional angle and

cohesion) of the CPB samples. This test is efficient and

fast enough to conduct the tests at specific curing

times. The test was performed in accordance with

ASTMD3080-04 at a controlled strain rate of 1.0 mm/

min. A minimum of four specimens were tested with

different normal loads of 50, 100, 150 and 200 kPa to

determine the failure envelopes.

2.4.2 Hydraulic Conductivity Tests

Saturated hydraulic conductivity tests were performed

by using a TRI-FLEX II on the CPB specimens at each

specific curing time. The flexible wall technique was

used to determine the saturated hydraulic conductivity

of the CPB. The procedure for this method is described

in ASTM D5084 and was conducted in the constant

head mode equal to 10 kPa. All of the samples were

backpressure saturated. The saturation was also

verified by determining the degree of the saturation

of the samples at the completion of the hydraulic

conductivity tests. The samples showed on average,

final degrees of saturation that are higher than 99 %.

Two samples were tested and at least three readings

were done, and the average value was the saturated

hydraulic conductivity of the sample tested.

2.4.3 Thermal Conductivity Tests

A KD2 thermal property analyzer was utilized to

measure the thermal conductivity of the CPB at

different ages. This device computes the values of

thermal conductivity by monitoring the dissipation in

heat from a line source given a known voltage with

±5–10 % accuracy. To measure the thermal conduc-

tivity, first, a pilot hole with a diameter of 2.80 mm

was drilled and then a thermal probe was inserted into

the hole. To maximize the contact between the needle

probe and the hole sidewall, a silver polysynthetic

compound with high thermal conductivity (k = 8

w/m.k) was used. Each test was performed at least

three times to verify the repeatability of the results.

2.4.4 Analysis of the Pore Fluid Chemistry

A pore fluid chemistry analysis was performed to

understand the evolution of the pore fluid chemical

composition of the CPB samples with time. In total,

six samples prepared with ST and ZnT were tested at

1, 3 and 7 days. Pore fluids were extracted from the

CPB samples by using a pore fluid extractor that is

especially engineered for this purpose based on the

steel die high pressure technique (Barneyback and

Diamond 1981) to investigate the evolution of the ion

concentration in the liquid phase within the pores of

the CPB. The concentration of various major cations

(Mg2?, K?, Al3?, Ca2?, Na?, Fe2?, Si4?) and anions

(SO4
2-), and the pH were determined for each sample.

The concentrations of the analyzed elements were

determined by inductively coupled plasma atomic

emission spectroscopy (ICP-AES). Sulphate ion

(SO4
2-) concentrations were measured using auto-

mated calorimetry.

Table 5 Summary of laboratory experimental testing and monitoring program

Test types Mechanical (M) Hydraulic (H) Thermal (T) Chemical (C) Physical–Microstructural

Testing/analysis UCS, shear strength,

modulus of elasticity

Hydraulic

conductivity

Thermal

conductivity

Pore fluid

chemistry

Porosity, density, moisture; by

using SEM/MIP

Monitoring Settlement Pore pressure,

suction

Heat of

hydration

Electrical

conductivity

–

Geotech Geol Eng (2015) 33:1141–1166 1147

123



2.4.5 Microstructural Tests

The microstructure of the studied CPB samples was

investigated by MIP and SEM. Although it has some

limitations, MIP has been used to evaluate the pore-

size distribution (PSD) of cementitious materials for

many years (e.g., Cook and Hover 1999; Diamond

2004; Fall and Samb 2008). SEM was carried out with

a Hitachi S4800 field emission microscope at different

magnifications to study the texture of the CPB and

morphology of the cement hydration products. MIP

was performed using PMI Mercury/Nonmercury

Intrusion Porosimeter instrument to evaluate the pore

size distribution and total porosity. Prior to the

conducting of MIP and SEM, all of the samples were

dried at 50 �C to a constant mass in a vacuum oven to

remove the free water. Drying at this temperature did

not appear to cause cracking.

3 Results and Discussion

3.1 Evolution of Physical Properties

The evolution of the physical properties including

void ratio (e), porosity (n), bulk density (c) and water

content (x) was measured with time, for the C-ST,

CUS-ZnT and CUS-ST samples and the test results are

presented in Fig. 5. It can be observed that there is a

relationship between the evolution of the bulk prop-

erties and curing conditions. From Fig. 5a, it is

observed that in all of the samples, the porosity

decreases as the curing time increases. This is due to

the ongoing cement hydration process and the asso-

ciated heat generation (Fig. 16) which produce larger

amounts of hydration products, which in turn, cause

the refinement of the pore structure with time (Fall and

Samb 2008). Moreover, the CUS-ST sample shows

lower porosity compared to the control sample (C-ST).

This is mainly due to the pore refinement as a result of

the pressure application. Applied pressure can lead to

a more compacted CPB matrix, which in turn,

decreases the physical properties, such as porosity.

This is experimentally supported by the results of the

MIP analyses presented in Sect. 3.6.2 (to be discussed

later). Also, the porosity evolution in the CUS-ZnT

sample shows the same behavior as that of the CUS-

ST. However, the porosity values of the CPB made

from Zn-tailings are considerably higher than those of

the silica samples, primarily due to the differences in

water content, tailings specific gravity and mineralogy

(see Tables 1, 2). Figure 5b shows that the gravimetric

water content of all the samples decreases with curing

time mainly due to the consumption of water as a

result of the cement hydration reactions. The water

content variation of the CUS-ST and C-ST samples is

almost the same. This means that pressure application

has no significant effect on water content variation in

undrained loading conditions. However, the water

content of the CUS-ZnT sample is considerably

reduced with curing time. The overall trend in Fig. 5c

shows that the dry bulk density (cdry) increases with
curing time. The dry bulk density at 7 days of curing

shows a higher value compared with 1 day of curing.

This is due to the refinement of the pore structure (Fall

et al. 2009) and reduction of the void ratio or porosity

(Fig. 5a) as the pore voids are filled with cement

hydration products in the cemented matrix, which

eventually produce a CPB material with a higher dry

density. Moreover, the dry bulk density of CUS-ZnT

shows a lower value compared to that of the CUS-ST.

This is attributed to the higher void ratio and porosity

of the CUS-ZnT (Table 4; Fig. 5a) and therefore,

lower dry bulk density. However, curing under stress

tests conducted on CPB made of both ST and ZnT

followed the same qualitative behavior. It can be

observed from Fig. 5d that there is a direct relationship

between water content and the void ratio for a degree

of saturation above 80 %. The void ratio decreases

with water content for all of the test series. In

considering that CPB with higher water content will

have a greater void volume that is filled with water and

therefore higher void ratio (Fall et al. 2008). This

behavior was observed for both types of tailings.

3.2 Evolution of the Mechanical Properties

3.2.1 Unconfined Compressive Strength

The UCS test results showed that the UCS values for

all of the samples increase with curing time (Fig. 6).

The reason for this behavior is an increase in the

degree of cement hydration with time and the asso-

ciated refinement of the pore structure of the CPB (due

to the precipitation of a larger amount of hydration

products), and self-desiccation induced suction in-

crease within the CPB (Figs. 7, 14). This time-

dependent increase in the degree of cement hydration
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and the associated refinement of the pore structure

have already been demonstrated by several previous

studies (e.g., Taylor 1997; Espinos and Franke 2006;

Fall and Samb 2008). When compared to the C-ST

samples (control), the CUS-ST samples exhibited

considerably higher compressive strength. This can be

explained by the effect of the pressure application on

the microstructure or pore structure changes. Curing

under stress increases the packing density of the

material through decrease in total porosity and void

ratio (Fig. 5), which results in denser pore structure

(Fig. 20). This decrease in porosity and a denser pore

structure leads to compressive strength gain (Fall et al.

2005). An additional factor could be suggested as a

contributor to the stress induced strength increase of

CPB at early ages. This factor is the curing stress

induced increase of cement hydration degree at early

ages (Zhou and Beaudoin 2003).

From Fig. 6, it can be also observed that the CUS-

ZnT samples exhibited a much lower mechanical

strength than that of the CUS-ST samples. This

observation confirms the importance of the physical

properties (e.g., specific gravity, strength of the

tailings particles) and mineralogical composi-

tion/chemistry of the tailings (see comparison in

Table 1), and the chemical composition of its pore

water (see comparison in Table 6) in the response of

the CPB. This strength difference is attributed to the
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combined effects of the aforementioned factors that

are related to the tailings and its pore water chemistry.

The specific gravity of ZnT (3.34) is higher than that of

ST (2.70) (Table 2). Thus, for a given w/c ratio (7.6 in

this study), CPBmade of ZnT will have a higher initial

void ratio (1.92) or porosity than the samples made of

ST (1.15; Table 4; Fig. 5a). It is well known that, for a

given type of CPB or porous medium, the strength

often decreases as the void ratio or porosity increases

(e.g., Kesimal et al. 2003; Fall et al. 2010a; Ercikdi

et al. 2013) as demonstrated in Fig. 7a (will be

discussed later). In fact, there is evidence which

confirms that the aggregate mineralogy and chemistry

influence Portland cement based materials due to

chemical interactions between the aggregates, and the

cement pore fluid and cementitious matrix as demon-

strated in previous studies (e.g., Pacheco-Torgal et al.

2007). However, it should be emphasized that this

subject still requires further extensive studies to

provide a complete understanding of the interactions

between tailings type and hydration of cement as well

as the importance of the mineralogical and chemical

properties of tailings on the strength development of

CPB. An additional factor that contributes to a lower

strength of the CUS-ZnT is attributed to the relatively

high concentration of sulphate present in the pore

water of the ZnT (Table 6). The presence of chemical

elements, especially sulphate, can significantly inhibit

binder hydration (e.g., Tzouvalas et al. 2004; Fall and

Pokharel 2010) and thereby slow down the strength

development inside the backfill (Fall and Benzaazoua

2005). Furthermore, sulphate induced inhibition of

cement hydration results in lower generation of heat

within the CUS-ZnT samples than within the CUS-ST

samples as shown by Fig. 16. It is well established that

the curing temperature can significantly increase the

rate of early age strength gain and strength of the CPB

(Fall et al. 2010a).

From Fig. 7a, it is seen that the UCS value increases

while the porosity decreases. A strong correlation

between the evolution of the UCS and porosity

reduction as the result of the refinement of pores is

noticeable. Due to the cement hydration process,

capillary pores in the CPB matrix are filled with

cement hydration products and hence the porosity

decreases with time (Fall et al. 2009). This process

leads to a denser matrix and increase in the UCS

values. The test results are supported by the SEM

images and MIP results which will be discussed later.

From Fig. 7b, it can be noticed that an increase in

suction leads to an increase in the UCS values in all of

the samples, or in other words, there are H–M coupled
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Table 6 Chemical composition of pore water of zinc tailings

Elements pH Sulphate (mg/l) Al (mg/l) Ca (mg/l) Fe (mg/l) Mg (mg/l) K (mg/l) Si (mg/l) Na (mg/l)

ZnT 5.3 2600 2.2 60,000 19 2300 200 15 53
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processes. Suction development as a result of self-

desiccation can lead to an increase in the backfill

strength (e.g., Abdul-Hussain and Fall 2011). Suction

development can decrease the pore pressure and thus

increase the effective stress inside the backfill. It is

seen that both effect of applied pressure and suction

are noticeable on strength growth. However, the

contribution of pressure application is higher than

that of suction (Fig. 7b).

3.2.2 Stress–Strain Behavior

The stress–strain properties of the CPB samples were

investigated for different curing times. As can be seen

from Fig. 8a, the shape of the stress–strain curves is

affected by the curing time. For example, the peak stress

is achieved for large strain values of the CPB samples at

1 day compared to 7 days for both the C-ST and CUS-

ST samples. The slope and shape of the stress–strain

curve of both C-ST and CUS-ST samples at 1 day

curing change with increases in the UCS values. Also,

the CPB samples at a very early age (1 day) for both

C-ST and CUS-ST show a plastic behavior, but

transitions into less ‘‘plastic’’ deformation at 7 days

which corresponds to the higher UCS values. The

aforementioned behavior is due to the fact that the CPB

sample at 7 days has a higher value in strength and

hence can absorb more energy up to the peak stress

compared to the 1 day sample. This could result in the

propagation of cracks and rapid deformation at the time

of failure, and therefore, a sharp reduction in the stress–

strain curves (Fall et al. 2007). Furthermore, the curing

pressure has no significant impact on the shape of the

stress–strain curve of the CPBs studied. For example,

the C-ST andCUS-ST samples at 7 days have relatively

‘‘brittle’’ behavior. It is interesting to note that the CUS-

ZnT sample at 7 days of curing showed a very plastic

behavior compared to the CUS-ST sample at the same

age. This underlines again the importance of the

physical characteristics and mineralogy/chemistry of

the tailings and its pore chemistry, and their conse-

quences on the cement hydration process and the

amount of heat generated on the mechanical behavior

of CPB as discussed above.

Figure 8b shows the evolution of the modulus of

elasticity (E) acquired from the stress–strain curve of

the UCS results at different curing times. It can be

observed that as the binder hydration progresses or the

curing time increases, the E value increases for both

the C-ST and CUS-ST samples. Also, it is seen that the

effect of the pressure application is noticeable for the

CUS-ST sample at 7 days of curing. This is attributed

to the fact that backfill with higher cohesion exhibits

higher modulus of elasticity (Hassani and Archibald

1998). Since curing stress improves the cohesion

(Fig. 9a), a higher modulus of elasticity can be

expected. Due to the very low UCS values of the

samples prepared with zinc tailings, the modulus of

elasticity of the CUS-ZnT samples cannot be reported.

3.2.3 Shear Strength Parameters

The shear strength parameters, including internal

friction angle (u), and cohesion (c), were determined
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from direct shear tests (Fig. 9). From Fig. 9b, it can be

seen that there is no major change in the u values with

time for all of the samples. The average value of u is

39.6� and 34.7� for the ST (control and CUS) and ZnT

samples, respectively. The cohesion (c) of the C-ST

and CUS-ST samples ranges from 30 to 70 and 40 to

110 kPa, respectively. This finding shows that both

c and u considerably contribute to the development of

the shear strength. However, the time dependent

evolution of the shear strength mainly depends upon

the development of c rather than u in the long-term

behavior. Similar observations were made by Rankine

et al. (2001). This can be explained by the fact that

CPB at an early age has weak cementation and instead,

internal friction between the tailings particles plays a

role in the shear strength development of backfill (le

Roux et al. 2005). The lower mean value of friction

angle of the ZnT samples compared with the ST

samples is related to the differences in tailings type

and lower mechanical strength which can result in the

reduction of the friction angles.

Moreover, it should be noted that pressure applica-

tion has considerable effects on cohesion improve-

ment (Fig. 9a). This behavior is attributed to the

curing stress induced refinement of the pore structure

or densification of the CPB. The effect of curing stress

on the cement hydration could be considered as an

additional factor that contributes to this observed

behavior (Zhou and Beaudoin 2003). However, it can

be observed that pressure application has no major

impact on friction angle improvement of the studied

CPBs. Similar observations were made by Ahnberg

(2007) who conducted triaxial tests on soils stabilized

with cement.

3.2.4 Deformation

Figure 10 illustrates the results of vertical deformation

with time as well as the load-deformation curves. In

the case of the CUS-ST test, during the first 12 h, the

deformation considerably increases up to 3.2 mm

which corresponds to a vertical pressure of 150 kPa.

This is followed by lower increments up to 3.63 mm

within 24 h and eventually maintains almost a straight

line with time. The same qualitative behavior can also

be observed in the zinc tailings. However, due to a

higher initial void ratio and the chemical and miner-

alogical characteristics of the tailings and pore water,

lower strength and longer setting time (the latter is

observed from the electrical conductivity, Fig. 18),

and higher deformation was observed when compared

with the CUS-ST test.

This measured CPB deformation is mainly due to

the combined effects of three factors as follows: (1) the

rearrangement of the tailings particles; this rearrange-

ment takes place within a few hours after placement

(0–3 h in this study; see Fig. 11). Fresh CPB has

relatively high unbound water and high solid density,

in which the tailings are suspended in the paste

(Landriault 2001). Any pressure application (e.g., self-

weight pressure generated in the field backfill) can

rearrange the tailing particles, which in turn, can cause

large deformations shortly after placement, (2) self-

desiccation induced shrinkage (chemical shrinkage);

this is linked to the cement hydration process and the

consequence of the lowering of the internal relative

humidity (RH) in the CPB as capillary or loosely

bound water is consumed by the cement reaction. It is

well established that the progress of the cement

hydration reaction induces decreases in the internal
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RH within the hydrating cementitious system (this is

evidenced by the evolution of the pore water pressure

or suction shown in Fig. 14), thus resulting not only in

the formation of a solid skeleton of the CPB (hereafter

simply referred to as solid skeleton) with filled and

refined coarse capillary spaces, but also air-filled

spaces (Meddah and Tagnit-Hamou 2011) (Fig. 11).

Hence, a decrease in the RH results in an increase in

the capillary pressure. A consequence of increasing

capillary pressure is the growing compressive pressure

exerted by the pore fluids onto the solid skeleton. This

pressure results in negative strains of the solid

skeleton, i.e., shrinkage strains (Gawin et al. 2007),

(3) thermal shrinkage, which is the volume reduction

of the CPB due a decrease in the binder hydration

induced temperature after the CPB reaches its peak

temperature. This decrease in temperature after the

peak is illustrated in Fig. 16. Similar observations

have been made in concrete materials (e.g., Meddah

and Tagnit-Hamou 2011).

These findings with regards to self-desiccation

induced volume change suggest that, even in

undrained conditions (i.e., no dissipation of excess of

pore water pressure by drainage), the CPB structure

can be subjected to consolidation at early ages.

However, it should be emphasized that due to the

undrained conditions that govern the whole system,

this consolidation mechanism (self-desiccation in-

duced consolidation) is not similar to the conventional

consolidation mechanism known in soil mechanics

where excess pore water can be drained out by applied

pressure. In fact, water is drained by the self-desicca-

tion process from the micro-pores due to cement

hydration reactions. This is the period (3–48 h in this

study) in which the backfill setting takes place

(transformation from paste to formation of solid

skeleton; Fig. 11). In this period of time, reduction

in pore pressure (development of suction) due to self-

desiccation and development of effective stress occur

in the backfill. Mechanical properties (e.g., strength,

stiffness) can be built up and hence the voids can no

longer be significantly affected by the applied pressure

in this study. Therefore, vertical deformation reaches

an almost constant value after the setting time. The

Fig. 10 Vertical pressure versus deformation; and deformation

versus curing time

Hardening (48 h<)Setting (3~48 h)

V Volume change
due to particle
rearrangement

(undrained), chemical
& thermal shrinkage
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Fig. 11 Schematic presentation of the coupled effect of cement hydration, self-desiccation and pressure application in the studied CPB

at early ages and in undrained conditions
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period after 48 h can be considered as the hardening

process. Continual growth of cement hydration prod-

ucts, strength development and no further significant

volume changes are the key properties of the backfill

during this period of time.

3.3 Evolution of Hydraulic Properties

3.3.1 Hydraulic Conductivity

The evolution of the saturated hydraulic conductivity

(ksat) with curing time is shown in Fig. 12. It is seen

that the values of ksat decrease with time for all of the

samples. This decrease in the ksat is due to the

refinement of the pores as a result of the cement

hydration process. This is evidenced by Figs. 5a and

13a, which confirm that, as the curing time advances,

the void ratio decreases (Fig. 5a), which results in

lower ksat values (Fig. 13a), regardless of the curing

conditions (stress-free or under stress). Reduction in

capillary porosity during hydration and a denser

cemented matrix eventually reduce the fluid trans-

portability of the CPB. Similar observations and

conclusions have been made in several previous

studies (e.g., Godbout 2005; Fall et al. 2009). How-

ever, from Fig. 12, it can be noticed that the ksat is not

only controlled by the evolution of the void ratio due

to the progress of binder hydration, but other factors,

such as applied pressure, can significantly decrease the

hydraulic conductivity. A comparison of the ksat
values in the C-ST and CUS-ST samples showed that

pressure application has a significant effect on

hydraulic conductivity values. When compared to

the control test, the CUS-ST samples show a decrease

in hydraulic conductivity of 65, 77 and 78 % for

curing times of 1, 3 and 7 days, respectively. Also, the

CUS-ZnT sample shows similar behavior as the CUS-

ST sample in terms of the effect of pressure applica-

tion which results in decreased saturated hydraulic

conductivity. This pressure induced decrease in

hydraulic conductivity is explained by the fact that

the curing pressure contributes to reducing the void

ratio or porosity of the CPB, and thus the hydraulic

conductivity. A lower void ratio of the CUS-ST

sample compared with the C-ST sample at the same

curing time supports this statement (Fig. 5a). The

reason for the decrease of the CPB void ratio is

because of the curing stress, which has already been

explained in the previous section. This observation is

confirmed by the MIP tests conducted on the C-ST and

CUS-ST samples at 7 days of curing which will be

discussed later. Based on the MIP results, lower

hydraulic conductivity was observed on samples with

lower porosity, lower threshold diameter and finer

PSD (Fig. 20). As evident in Fig. 13b, there is a strong

relationship between the UCS and the hydraulic

conductivity of the backfill at any curing time.

3.3.2 Pore Pressure and Suction Response

The designing of a safe and stable barricade erected on

the draw-point of a mine stope is one of the most

important design aspects of the CPB. For this purpose,

an understanding of backfill behavior in terms of pore

pressure (u), suction and evolution of effective stress

(r0) is of foremost importance for designers. This is

especially true in the early hours of backfilling, when

the pore pressure development at the draw-point is

important and its theoretical evaluation is highly

dependent on variable factors, such as backfill hy-

draulic conductivity, rate of self-desiccation, drainage,

consolidation, arching effects and cement hydration

(Fall et al. 2009; Li and Aubertin 2009).

The total pressure, cumulative pore pressure re-

duction and suction data obtained from installed

sensors for a period of 7 days are shown in Fig. 14

for the CUS-ST and CUS-ZnT samples. The minimum

detectable reading of the suction meter is -12 kPa.

Therefore, the suction reading obtained for the C-ST

sample started from this value at about 13 h of curing.

However, it should be noted that the onset of suction
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(PWP = 0 kPa) started at an earlier time, about 3–4 h

after loading. For the C-ST sample, rapid evolution of

suction could be observed during the first 24 h of

curing, followed with a lower rate of suction devel-

opment from 24 to 72 h. After 3 days and up to 7 days,

very low evolution of suction can be noticed. This is

attributed to the lower rate of cement hydration

reaction (lower rate of self-desiccation) associated

with lower rate of pore refinement within this period of

time. The maximum value of the suction at 7 days of

curing is about 110 kPa for the C-ST sample.

In terms of samples cured under stress (UCS-ST

and UCS-ZnT samples), the pressure was gradually

increased every 3 h up to 150 kPa for the first 12 h

after the CPB placement. Then, the pressure increment

was 150 kPa for the next 12 h and then 150 kPa per

day up to 600 kPa (Fig. 3). The increments of the

curing pressure can be observed in the total pressure

(TP) curve. The obtained results have shown that the

pore pressure gradually increased according to the

applied pressure up to 65 kPa during the first 9 h of

curing. This pressure increment corresponds to a

pressure application of 75 kPa during this period of

time. The pore pressure was considerably high in the

early hours of curing. This is an indication of low

effective stress at very early ages and the existing high

pore pressure since the backfill behaves almost like a

fluid. However, due to self-desiccation as a result of

cement hydration, the pore pressure declined after

about 6 h and 2 days for CUS-ST and CUS-ZnT,

respectively. Moreover, the results of the cumulative

pore pressure reduction (CPR) are presented in

Fig. 14. Rapid development of negative pore pressure

(suction) started after 6 h and 2 days for CUS-ST and

CUS-ZnT, respectively. It is noticed that the devel-

opment of suction is affected by the sequence of

pressure application. For example, in the CPR curve

for the ST sample, the pressure increments at first and

second days caused a significant rise in the pore

pressure and then gradually started to decrease. The

pressure increment at third day and after had not an

important influence on CPR curve (Fig. 14). It is

attributed to the fact that backfill pore structure

reached to a hard matrix and cannot be consolidated

by the pressure application. Pressure increase excited

the CPR (ZnT) curve to a positive value at both first

and second days of curing. This means that effective

stress and associated strength gain could not strongly

develop in the ZnT samples up to about 2 days of

curing. This can be observed from the UCS results of

the CUS-ZnT samples at 1 and 3 days which exhibited

very low strength in the early days of curing. These

observations suggest that differences in tailings
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mineralogy and chemistry (CUS-ST, CUS-ZnT) can

significantly affect the hydration behavior, and hence

the PWP evolution within a CPB.

The obtained results also shown that after each

pressure increment at 2 and 3 days of curing, the pore

pressure curves for CUS-ST and CUS-ZnT samples

were considerably lower than the total pressure curve.

This is due to the fact that CPB transforms from a

liquid stage (paste) to the formation of a solid skeleton

after 6 and 48 h with respect to the CUS-ST and CUS-

ZnT samples (Fig. 11), respectively. Therefore, much

of the applied vertical pressure is carried by the

tailings particles. So, due to the formation of strong

bonding between the tailings particles, pressure

application will not be able to considerably interrupt

the evolution of the pore pressure after this point.

Suction readings obtained from a suction meter for

both the UCS-ST and CUS-ZnT samples are also

presented in the graph and labeled as SU (ST) and SU

(ZnT), respectively. Theoretically, the SU curve should

be matched with the CPR curve. Although the suction

curves for both the ST and ZnT samples show the same

qualitative behavior as the piezometer readings, there

are some differences in the actual values. For example,

the negative pore pressure obtained from the suction

meter shows higher values compared to the correspond-

ing reading obtained from the piezometer which is

plotted in aCPRcurve. This could be due to the different

sensing mechanisms of the sensors. VW piezometer

directly measures the water pressure and then converts

the water pressure into a frequency signal via a

diaphragm; it can be later translated into a numeric

value. However, the suction meter has an indirect

mechanism; it measures the water content of a porous

ceramic disk mounted on top of the sensor and then

converts the volume to a suction value by using the

water characteristic curve (WCC) of the ceramic disk

(MPS-2 manual 2014). The suction reading for the ZnT

sample is -25 kPa at 7 days of curing which is

considerably lower than that of ST sample which is

-80.1 kPa. Further studies should address this issue.

3.4 Evolution of Thermal Properties and Heat

Development

3.4.1 Thermal Conductivity Properties

The evolution of thermal conductivity with time was

investigated for all of the samples and the results are

shown in Fig. 15. It is seen that for samples prepared

with silica tailings, the thermal conductivity (k) values

slightly decrease as the curing time is increased from 1

to 7 days. This behavior is mainly attributed to the

strong coupling between k and the degree of satura-

tion. Indeed, as the curing time increases, the suction

of the CPB increases or the degree of saturation

decreases because of self-desiccation. This increase in

suction is supported by the experimental evidence

shown in Fig. 14. The variation in the degree of

saturation with time is a main factor that can change

the k values (Kim et al. 2003; Celestin and Fall 2009).

Since air has lower k than water, desaturation as a

result of self-desiccation followed by an increase in air

voids can reduce the k of the CPB materials. So,

similar to the concrete material reported by Khan

(2002), the k of CPB decreases with a decrease in the

degree of saturation (Celestin and Fall 2009).

The thermal conductivity of the CUS-ZnT samples

shows lower values compared with the ST samples

regardless of the curing stress. This is due to the effect

of the porosity or void ratio and the mineralogical

composition of the tailings on the thermal conduc-

tivity. Lower porosity or void ratio leads to denser

cemented materials, thereby to higher thermal con-

ductivity (Khan 2002; Celestin and Fall 2009). The

void ratio (and porosity) of the CUS-ZnT samples is

considerably higher than that of the C-ST and CUS-ST

samples, which in turn, present lower k values

(Fig. 5a). The experimental tests performed by Ce-

lestin and Fall (2009) have revealed that the miner-

alogical composition of tailings or the proportion of

quartz present in the tailings materials has a significant
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impact on the thermal properties of the CPB. The

thermal conductivity of the CPB increases with an

increase in the quartz content. This is because the

thermal conductivity of quartz is much higher than that

of other minerals (e.g., K = 7.7 W/m �C for quartz,

2.25 W/m �C for feldspar, 2.03 W/m �C for mica, and

3.46 W/m �C for amphibole according to Horai 1971)

and also other components of CPB (water and cement

paste). It is shown in Table 1 that the ZnT tailings

contain only 11.9 % quartz whereas the silica tailings

(ST) comprise 99.8 % quartz.

Moreover, for the CUS-ZnT samples, the k values

from time of preparation increased up to 3 days and

remained constant. For zinc tailings used in this study,

the curing time of 48–60 h can be considered as the

time of solid skeleton formation. The electrical

conductivity monitoring of the CUS-ZnT samples

compared with that of the CUS-ST support this

argument (see Fig. 18). During the setting period,

the cement hydration products slightly filled the large

pores, while unbound water was consumed by cement

hydration, which in turn, increased the contribution of

the tailings volume fraction on the thermal conduc-

tivity (Khan 2002). Between 3 and 7 days of curing,

the moisture content (and degree of saturation) in the

backfill started to decrease as a result of the associated

cement hydration, which in turn, decreased the k values

up to 7 days.

3.4.2 Heat of Cement Hydration

From the temperature evolution curves in Fig. 16, it is

seen that all the samples showed qualitatively the same

behavior. The temperature increments vary between

2.6 and 3.5 �C. The heat of hydration quickly reaches

the upmost value after about 11 and 16 h in the ST

(CUS and control) and ZnT samples, respectively. The

most important part of the generated heat of hydration

can be related to the exothermic reactions of aluminate

(C3A) with gypsum to form ettringite as well as the

hydration of tricalcium silicate (C3S) to form calcium

silicate hydrate (C–S–H) (Taylor 1997; Swaddiwud-

hipong et al. 2002). From the CUS-ST curve, it is seen

that there is a significant amount of heat up to 2 days

of curing which can contribute to the acceleration of

the cement hydration reactions and associated self-

desiccation. Between about 2 and 7 days of curing, the

CPB sample started to gradually cool down and

reached a temperature close to ambient.

The development of suction in the cells had a strong

coupled relationship with heat of hydration. As

presented earlier in Fig. 14, the evolution of suction

for both the CUS-CT and C-ST samples has the

highest rate of increase during the first 2 days after

placement. The maximum rate of suction development

was achieved at the time of utmost temperature, thus

supporting that there was strongly coupled T–H

behavior in the studied material. This process is

stronger when large amounts of CPB are backfilled

into a mine stope. In a typical backfill structure, the

temperature as a result of hydration can reach 50 �C
depending on the binder type and content as well as the

size of the filled stope (e.g., Nasir and Fall 2010; Fall

et al. 2010a).

By comparing the CUS-ST and C-ST tests, it can be

seen that the pressure application has no significant

impacts on the temperature evolution of the studied

CPBs. The CUS-ZnT sample had less heat of hydra-

tion compared to the CUS-ST sample. This lower heat

of hydration is attributed to the chemical interactions

between the tailings and its initial pore water chem-

istry, and the cement hydration process. The presence

of a relatively high amount of chemical impurities

(e.g., sulphate ions; see Table 6) decreased the rate of

hydration, which in turn, resulted in lower heat

generation. The presence of high quantities of sulphate

in the cement matrix significantly retards the hydration

reaction of the cement (Pokharel and Fall 2011). It is

well known that sulphate strongly inhibits the hydra-

tion of C3A. The hydration of C3A is one of the major

contributors to heat generation during the hydration of

a cement system (e.g., Taylor 1997). The retardation
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phenomenon can be adequately explained on the basis

of the reduced solubility of the C3A in solutions that

are saturated with sulphate (Mehta and Monteiro

2013).

3.5 Evolution of Chemical Properties

3.5.1 Pore Fluid Chemistry

To understand the chemical evolution of CPB and its

relationship to the THM factors, the concentration of

some important cations, such as potassium (K),

sodium (Na), calcium (Ca), magnesium (Mg), alu-

minum (Al), iron (Fe) and silicon (Si), as well as anion

concentration, including SO4, are investigated in this

study. CPB as a cement-based material gains strength

with the formation of various specific cement hydra-

tion products (e.g., C–S–H, CH) (Fall et al. 2010a).

When water is added to CPB, the cement clinker that

contains four primary types of minerals (i.e., C3S,

dicalcium silicate (C2S), C3A and ferrite (C4AF))

releases some ions into the pore solution (Double

1983). This process will change the anhydrous com-

positions to hydrated products, which is mainly called

a cement hydration reaction. The process ultimately

ends up with the precipitation of three important

cement hydration products, including C–S–H, calcium

hydroxide (CH) and ettringite (Hansen et al. 1973).

The results of the obtained chemical analysis of the

pore solution are shown in Fig. 17. The analysis was

conducted on two samples of CUS-ST and CUS-ZnT

at 1, 3 and 7 days of curing. The cement hydration

reactions commenced with the hydration of the cement

clinkers (Double 1983). These processes changed the

anhydrous compositions to hydrated products and as a

result, the concentration of some ions, such as Ca, Na,

K and SO4, increased in the pore solution. This is the

reason that a high concentration of these ions can be

noticed in the first 24 h of hydration, see Fig. 17.

The concentrations of Ca and SO4 are close to

1000 g/l on the first day of curing both the CUS-ST

and CUS-ZnT samples. The initial concentrations of

these cations depend on the cement composition and

w/c ratio (Lothenbach and Wieland 2006). The quick

dissolution of C3S, which is the primary anhydrous

phase of cement, releases these cations into the pore

solution (Taylor 1997). The concentrations of the

other cations (Al, Mg, Si and Fe) are considerably

lower, between about 1 and 10 g/l.

The pore solution composition considerably

changes from day 1 to day 3 of the hydration. The

concentrations of SO4 and Ca are limited by the

presence of CH and gypsum (Lothenbach andWieland

2006). The SO4 and Ca concentrations decrease during

this period of time. The Ca concentrations decrease

from 680 to 380 and 1520 to 1120 g/l for CUS-ST and

CUS-ZnT, respectively. Also, the SO4 concentration is

reduced from 2400 to 1700 g/l for the CUS-ZnT

sample between 1 and 3 days of curing.

The Ca was reduced from the solution to form C–S–

H and CH (Benzaazoua et al. 2004). Other cations,

such as Al, Fe and Mg, were reacted with SO4 and OH

to produce a greater volume of ettringite and more

stable monosulfate (AFm; Lothenbach et al. 2007).

These reactions were reflected in the depletion of Fe

and Mg from the pore solution up to 7 days of

hydration. The same dissolution reaction by C3S could

still take place, although other cement constituents had

increased involvement, such as C3A, and at later

stages, by the hydration of C2S. This results in rapid

growth in ettringite and the formation of C–S–H and

CH (Taylor 1997; Lothenbach et al. 2007). The rapid

reduction in the Ca and SO4 concentration is consid-

erable due to these reactions.

The concentration of alkalis, such as Na and K,

shows slight increases for both the CUS-ST and CUS-

ZnT samples between 1 and 7 days of curing. The

average concentration of K is about 957 and 1052 g/l

for the CUS-ST and CUS-ZnT samples, respectively.

Also, for the same period of time, the concentration of

Na is 207 and 161 g/l for CUS-ST and CUS-ZnT,

respectively. This is attributed to the decrease in the

volume of the pore solution as the result of cement

hydration and slow release of alkalis from the cement

clinker, even when a small portion of these ions was

consumed to form C–S–H (Lothenbach and Wieland

2006). The evolution of the CPB strength can be

observed from increases in the UCS values at about

53 % from 3 to 7 days for the CUS-ZnT samples.

Also, the hydraulic conductivity evolves about 35 %

between 3 and 7 days for the CUS-ZnT samples. This

indicates the precipitation of C–S–H and CH products

with time and shows that a strong coupled relationship

exists between the chemical and hydro-mechanical

properties of CPB.

The results showed that the pH values did not

change considerably during the studied period. The

average pH value for the CUS-ST and CUS-ZnT
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samples were measured to be about 12.7 and 11.5,

respectively. In addition, the pH value of the sample

prepared with zinc tailing was lower than that of the

ST. This can be attributed to the different tailings

mineralogy and chemistry which affect the pH and

also initial concentration of ions in the pore solution.

However, it should be noted that the same trend for

pore solution evolution was observed for both studied

tailings which means that similar chemical reactions

could have taken place in both pore solutions.

3.5.2 Electrical Conductivity

The electrical conductivity was determined from the

dielectric properties of the studied material. The

change in ionic concentrations in the pore fluid as a

result of cement hydration can be detected by the

electrical conductivity of the backfill (Thottarath

2010). From Fig. 18, it is seen that all of the studied

samples show the same qualitative behavior. Soon

after mixing, the electrical conductivity (EC) started to

gradually increase to reach the peak value. This

increase in the EC can be explained by an increase of

the ion concentration in the pore fluid as well as

temperature increase (Fig. 16) as a result of the

exothermic cement reaction (Levita et al. 2000). The

peak value in the EC curve can be corresponded to the

initial setting (transforming from the paste phase to

solid skeleton formation) of the backfill. Afterward,

the electrical conductivity started to decrease with

time which is due to the reduction in unbound water as

a result of self-desiccation and less connected capil-

lary pores, which in turn, increase the ion path flow

(Levita et al. 2000).

In Fig. 18, the setting time in the sample cured

under pressure (CUS-ST) shifts to a longer hydration

time compared to the C-ST sample. This means that

the setting of the former took place at about 12 h of

curing which is longer than that of the latter (6 h). This

results from the effect of the applied pressure on the

excess pore pressure in the CUS-ST sample. Samples

cured under stress experience relatively high pore

pressures in the early hours of curing (compared to the

C-ST sample), which in turn, need more time for

setting to occur. Therefore, the setting of CPBwhich is

related to the onset of effective stress requires a longer

time. Moreover, the CUS-ST sample exhibits a

considerably lower conductivity value after about

4 days of curing compared with the C-ST sample. This

is due to the fact that the applying of curing pressure

Fig. 17 Evolution of pore

fluid chemical concentration

with curing time
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leads to tailings rearrangement and hence, higher

packing density of the tailings particles. This causes

reduction in the total porosity (Fig. 5a) and void ratio

of the CPB (Fall et al. 2005). Therefore, less connected

capillary pores as explained above can result in the

increase of tortuosity and longer flow path for ions and

therefore reduction in the electrical conductivity.

The CUS-ZnT sample shows a very prolonged EC

peak value at about 2 days of curing. After the peak

value, the EC remains almost constant at around 3 ds/

m, which means that cement hydration reactions took

place at much slower rates compared to the CUS-ST

sample. This behavior can also be supported by the

UCS test results. The UCS values for 1 (and also

3 day) cured samples indicate a very low strength and

after 7 days of curing, the UCS values of the CUS-ZnT

sample are considerably lower than those of the CUS-

ST sample. This slower cement hydration rate could

be explained by the chemical interactions between the:

(1) cemented matrix of the CPB with the tailings; and

(2) the cemented matrix of the CPB and its pore

solutions as explained earlier. This underlines again

the importance of the tailings type in the THMC

response of CPB. This subject requires further

investigation.

3.6 Pore Structure

3.6.1 SEM Images

The pore size distribution, pore shape and porosity are

important microstructural characteristics that can

affect the thermo-hydro-mechanical performance of

CPB. To understand the effect of curing under stress

on the pore structure, samples cured with and without

pressure application at 7 days of curing time were

used to conduct the SEM. Typical results are presented

in Fig. 19. It is seen that two types of pore spaces can

be distinguished. The interconnected pores within the

CPB structure which can transport fluid across a

medium (Dullien 1992) versus the isolated pores that

are dispersed over the CPB structure. It is seen that in

the C-ST sample, most of the large pores are

connected by interconnected micro paths and relative-

ly large connected capillary pores are observed from

the SEM images. Capillary spaces between the solid

particles are de-saturated as the result of self-desicca-

tion and therefore cause suction development inside

the CPB matrix. This mechanism leads to the removal

of some of the water out of the saturated voids during

the cement hydration reactions and hence intercon-

nected capillary pores can be observed in these images

(Fig. 11). These capillary pores will be filled with

hydration products (e.g., C–S–H and CH) at advanced

ages of curing. The high connectivity of the pores

creates capillary networks that act as internal water

paths which cause higher tortuosity, thus reducing the

hydraulic conductivity (Dullien 1992).

The SEM image of the CUS-ST sample shows that

the curing pressure considerably refines the pore

structures, see Fig. 19. The tailings particles are more

bonded and cement hydration products surround the

tailings particles. The pores between the tailings are

filled with cemented products, which create a dense

matrix with filled intergranular spaces. A few isolated

connected pores as well as a much denser and

compacted structure can be seen in the CUS-ST

sample. This can be explained by the fact that the

development of self-desiccation as well as pressure

application disconnects the capillary pore networks.

Therefore, higher shear strength parameters and lower

hydraulic conductivity as reported in the H–M results

presented before can be expected. Moreover, the most

prevalent cement hydration products formed at early

ages are ettringite, with less CH and C–S–H growth as

observed by Ghirian and Fall (2013).

3.6.2 MIP Results

The MIP tests were carried out on samples made of

silica tailings and cured for periods of 7 days with and

without pressure application. This allows us to under-

stand the effect of cement hydration and curing under
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stress on the CPB pore structure. Also, the result can

be used to investigate the effect of curing stress on the

H–M evolution of CPB. Typical MIP results are

shown in Fig. 20 and presented in increments for the

mercury intrusion porosity and total pore volume.

Figure 20a shows the changes in critical diameter

(dcr) and threshold diameter (dth) as a result of pressure

application for both theCUS-ST andC-ST samples.The

critical diameter (the pore size that corresponds to the

maximum mercury intrusion) for both samples is

presented. The critical diameter is reduced from

2.29 lm for the C-ST sample to 1.33 lm for the CUS-

ST sample. This is attributed to the coupled effect of

filling of very fine poreswith cement hydration products

and pressure application which reaches the dense and

finer pore structure. The threshold diameter (dth) is the

largest pore diameter at which mercury starts to

continuously intrude into the pores (Manmohan and

Mehta 1981). It is seen that, basedon theMIP results, the

threshold diameter is reduced when curing pressure is

applied. For the CUS-ST sample, the threshold diameter

is 7.42 lm and after pressure application, this value is

reduced to 4.61 lm. This means that CPB cured under

pressurehas lowerfluid transportability asdemonstrated

in Fig. 12. For example, a 37.9 % reduction in the

threshold diameter results in a 78.1 % reduction in the

saturated hydraulic conductivity (Fig. 12) for a 7 day

cured sample. This is caused by the refinement of the

pores and a denser CPB matrix (Fig. 5) as well as

smaller capillary networks which can result in the H–M

improvement of CPB material.

Figure 20b shows that the pore size distribution of

the CPB cured under pressure (CUS-ST) is finer than

that of the specimen cured without pressure (C-ST).

The incremental pore size distribution curve shifts

toward a finer pore diameter as a result of curing

pressure application. This can result in lower porosity

and higher density as observed in the examination of

the physical properties. Also, it is observed that the

CPB cured under pressure has a finer pore structure.

The volume of the macro-pores that are less than 1 lm
in size for the CUS-ST sample is 57 % compared with

the C-ST sample which is 15 %. This clearly shows

the effect of curing under stress on pore refinement.

The SEM images of the 7 day sample also demon-

strate that after pressure application, the CPB matrix

becomes very dense and less permeable.

3.7 Discussion on Coupled THMC Processes

at Early Ages

THMC coupled processes in backfill materials are

governed by the evolution of different important

factors, including the heat of cement hydration (T),

pore pressure (H), mechanical strength (M) (e.g.,

settlement) and chemical reactions (C). Figure 21

shows a schematic diagram of the THMC coupled

processes (without the effect of the chemical alteration

of tailings) at early ages (curing time B7 days), which

were obtained from the monitoring of the CUS-ST

samples. Each curve in this graph represents one

process in the system, and is developed based on the

(a) (b)

T

T

P

P

T

C

C

TT

C

C

P

P

T

T
T

T
T

TT

C

Fig. 19 SEM images show effect of curing under pressure on CPB microstructure at 7 days of curing time a without pressure (C-ST);
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experimental data gained from the CPB monitoring.

Different stages in the evolution of the THMC

processes can be observed from the graph. Right after

the placement of backfill in the cell apparatus, the

temperature started to increase due to the exothermic

nature of the cement reaction. The peak value of the

temperature was obtained at about 12 h of curing. The

hydration of C3A and C2S in addition to the ongoing

hydration of C3S was primarily the responsible

mechanism for increasing the temperature to the peak

value (Swaddiwudhipong et al. 2002). Simultaneous-

ly, different factors, such as electrical conductivity, as

an indication of chemical reactions, started to increase

and reached a peak value after about 12 h. In addition,

the deformation rapidly increased while the applied

pressure was increased during the first early hours of

curing. The large deformation in this period is due to

the rearrangement of tailings particles under pressure

application which causes large volume changes in the

backfill as explained earlier. The addition of a large

amount of water during the backfill preparation causes

very plastic behavior in the CPB materials at early

ages. It is interesting to mention that the electric

conductivity (EC) peak value took place almost at the

same time of the temperature peak, which means that

the generated heat of cement hydration can consider-

ably accelerate the cement reactions. This can be

observed by an increase in the EC value as a result of

the increase in ion concentration in the pore solution.

Also, after about 12 h of curing, the negative pore

pressure started to concurrently develop with the

temperature peak. This shows coupled T–H behavior.

Such coupled interactions can lead to the transition of

backfill from the liquid stage to solid skeleton

formation; mainly due to the bonding of the tailing

particles by the precipitation of the hydration products

as well as the development of capillary pressure due to

self-desiccation (see Fig. 11). In this study, the age of

12 h of the backfill (CUS-ST sample) can be consid-

ered as the maximum contribution of THMC processes

in solid skeleton formation. A curing time of 48 h can

be considered as the period of solid skeleton forma-

tion, since the response to pressure increments from

300 to 450 kPa at 48 h of curing is only a negligible

deformation in backfill materials, which means that by

the onset of solid skeleton formation, any further

pressure can be truly supported by the backfill

formation (i.e., matrix of tailings and cement

0

0.5

1

1.5

2

2.5

3

3.5

0.001 0.01 0.1 1 10 100 1000

In
cr

em
en

ta
l H

g 
in

tr
us

io
n 

po
ro

si
ty

 (%
)

Pore size diameter (Microns)

C-ST (7 days)

CUS-ST (7 days)

(a) (b)
dcr=1.33μm

dcr=2.29μm

dth=7.42μm

dth=4.61μ

0

10

20

30

40

50

60

70

80

90

100

0.001 0.01 0.1 1 10 100 1000

To
ta

l p
or

e 
vo

lu
m

e 
(%

)

Pore diameter (Microns)

C-ST (7 days)

CUS-ST (7 days)

macropores<1μm:57% 

macropores<1μm:15% 

Fig. 20 MIP test results for CUS-ST and C-ST samples: a incremental mercury intrusion porosity; and b total pore volume

0

1

2

3

4

5

-60

-40

-20

0

20

0.1 1 10 100

Te
m

pe
ra

tu
re

 in
cr

ea
se

 [°
C

]/ 
D

ef
or

m
at

io
n 

[m
m

]/ 
EC

 [d
s/

m
]

N
eg

at
iv

e 
PW

P 
[k

Pa
]

Elapsed time [hr]

Negative PWP
Deformation
EC
Temperature

Fig. 21 Schematic diagram of THMC coupled processes in

pressure cell experiments at early age (CPB prepared with silica

tailings)

1162 Geotech Geol Eng (2015) 33:1141–1166

123



products). After 48 h, a rapid development in suction

was noticeable. The effective stress started to sig-

nificantly develop as a result of the reduction in pore

pressure. Cement reactions consumed the large water

filled capillary voids and at the same time, the cement

hydration products gradually filled the voids (Abdul-

Hussain and Fall 2012). This process caused rapid

development in suction. Between 12 and 48 h, the heat

of hydration started to decrease. Also, during this

period of time, the continuous formation of hydration

products can be traced by a reduction of the electrical

conductivity as an indication of ion depletion from the

pore solution (see Fig. 18).

After 48 h of curing time, the hardening process of

backfilling started to occur. No significant settlement

was observed beyond this point, even under relatively

high curing pressures (600 kPa). Gradual precipitation

of cement hydration products (such as CH and C–S–H)

refined the pore structure and caused the evolution of

the engineering properties of backfill (Fall et al.

2010a). It should be stressed that the current ex-

perimental observations describe the THMC behavior

of the studied material and the results may vary for

other types of backfills, depending on binder content

and type, curing condition (e.g., temperature), tailings

properties, chemical composition of water used in the

backfill preparation, etc. Furthermore, it should be

expected that in the field, due to the large size of the

CPB, the magnitude of the observed coupled THMC

processes will be greater.

4 Summary and Conclusion

This paper has assessed and discussed the coupled

THMC evolution of CPB material at early ages by

means of a developed pressure cell setup. A compre-

hensive instrumentation program which is employed

on pressure cell can successfully be used to investigate

the coupled THMC processes in cemented backfill

materials. The main purpose is to simulate self-weight

pressure during curing time by means of a controlled

pressure application rate and investigate its effects on

the THMC coupled behavior of CPB in undrained

conditions. The obtained results show that the physical

properties of CPB, such as void ratio (and porosity),

water content and bulk density, are variable with time.

Also, it is noticed that the pressure application and the

THM factors can significantly change the physical

properties of the CPB. The evolution of these prop-

erties can influence the coupled THM factors and

performance of a CPB. For example, pore refinement

and porosity reduction can lead to improvement in

mechanical strength and hydraulic conductivity. Also,

the porosity and water content are two parameters that

control the evolution of thermal conductivity in CPB

materials.

The obtained results show that mechanical proper-

ties, including the UCS and modulus of elasticity, are

considerably influenced by pressure application and

curing time. The results indicate that there is a strong

correlation between the UCS and void ratio. Suction

evolution as a result of cement chemical reaction

induced self-desiccation and curing stress are impor-

tant mechanisms in strength development, especially

in the early hours (before setting). Also, strongly H–M

coupled processes govern backfill behavior, which

include coupled relationships between self-desiccation

and pressure application (consolidation). The stress–

strain curves show that the backfill at 7 days of curing

exhibits less ‘‘plastic’’ behavior compared to that of the

1 day cured sample. In terms of shear strength

parameters, the internal friction angle obtained for all

of the samples (ST and ZnT) is not a time dependent

parameter, while cohesion considerably changes with

time and applied curing stress. The results of the

monitoring of the settlement reveal that CPBmaterials

can undergo large volume changes after placement due

to the coupled effects of pressure application induced

tailings rearrangement before the setting of the CPB

occurs, chemical shrinkage (self-desiccation induced

consolidation) and thermal shrinkage.

The heat of cement hydration (and also curing

temperature) can facilitate cement chemical reactions

and therefore lead to faster strength development by

increases in the rate of the suction development and

decreases in the setting time. The monitoring of the

pore fluid chemistry and electrical conductivity shows

the mechanism of the setting time and hardening

process, and contribution of chemical factors in the

THMC coupled process. MIP and SEM observations

support the physical mechanism of pore refinement as

a result of pressure application.

A THMC behavior investigation on backfill pre-

pared with ZnT, which contains significant chemical

impurities, reveals that the chemical and miner-

alogical properties of tailings as well as the pore

water chemistry of the tailings can significantly alter
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the H–M performance, binder hydration and setting

time of the CPB. The obtained results show that the

THMC properties of the CPB are strongly coupled.

This type of THMC behavior is fully dependent on

cement hydration processes in the CPB material.

Cement hydration, self-desiccation, heat development

and curing stress are considered as important internal

mechanisms that can affect the short-term THMC

behavior of CPB structures. The developed pressure

cell set-up helps to simulate a backfill close to in situ

conditions and provide a better understanding of the

fundamental mechanisms of THMC processes at a

laboratory scale. The authors believe that the findings

presented in this paper will contribute to a better

understanding of the THMC coupled processes in CPB

and their behaviors, and can help to design safe,

economic and durable backfill structures.
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