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Abstract This paper presents and discusses the
outcomes of an experimental study aimed at inves-
tigating changes in pore water pressure (PWP) in
cemented paste backfill (CPB) materials incorpo-
rating polycarboxylate ether-based superplasticizer
(PES). The research mimics real-world backfill field
curing conditions, encompassing factors such as
thermal (T; field curing temperatures), hydraulic (H;
drainage conditions), mechanical (M; field vertical
stress), and chemical (C; presence or absence of PES)
factors. Utilizing a developed THMC backfill curing
system, controlled THMC experiments were con-
ducted to assess the impact of these factors and their
interactions on pore water pressure (PWP) in CPB
with or without PES. Results reveal that both individ-
ual THMC factors and their interactions significantly
affect PWP development within CPB. The study also
highlights the impact of PES on PWP in CPB, show-
ing that adding 0.125% of PES can lead to a reduc-
tion in pore water pressure values by approximately
50% after 28 days of curing. Moreover, the results
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obtained demonstrated the effectiveness of the experi-
mental THMC test techniques developed in this study
in successfully mimicking field-like loading condi-
tions, substantiating their usefulness for subjecting
laboratory CPB samples to realistic loading scenarios
in the field. These findings are of great importance for
the mining industry and backfill designers, providing
technical insights into complex THMC interactions
affecting PWP in CPB-PES. Understanding these
relationships is vital for optimizing CPB and barri-
cade design, ensuring structural integrity, enhancing
mine productivity, and guiding future research on
numerical models for PWP prediction across all CPB
structures.
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1 Introduction

An innovative method for managing large quantities
of solid mining waste (tailings) and supporting under-
ground mining is to use cement paste backfill (CPB),
which is used to backfill underground mine cavities
(stopes) to prevent surface subsidence and stope col-
lapse, increase mine productivity and significantly
control the environmental challenges that arise from
surface tailings disposal, such as acid mine drainage
and groundwater contamination (Fall et al. 2010a, b;
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Wu et al. 2014; Aldhafeeri and Fall 2017; Cao et al.
2018; Jiang et al. 2019; Yilmaz et al. 2022; Zhang
et al. 2022a, b; Chai et al. 2023; Sari et al. 2023). CPB
is an engineered mixture consisting mainly of 70-85
wt% tailings from milling or processing operations,
3-7 wt% hydraulic binder, and fresh and/or mine-pro-
cessed water (Yilmaz et al. 2003; Belem et al. 20006;
Li et al. 2020; Roshani and Fall 2020; Haruna and
Fall 2022). CPB is transported from the paste plant
to mine stopes through a pipeline system by pump-
ing or gravity (Orejarena and Fall 2008; Ercikdi et al.
2010; Wang and Qiao 2019; Sari et al. 2022). Mix
fluidity is an important factor in the feasibility and the
economic efficiency of delivering high-density CPB
mix to underground stopes. Consequently, a high-
performance water-reducing admixture, also known
as a superplasticizer, is often added to the CPB mix to
improve its fluidity (i.e., prevent pipe blockages and
minimize material segregation) and thus facilitate its
transport. In addition, the addition of this admixture
can lead to an increase in the mechanical strength of
CPB materials (Ercikdi et al. 2010; Ouattara et al.
2017; Haruna and Fall 2020; Al-Moselly et al. 2022).

In mining operations, each stope’s footprint is
constrained by a designed barricade (retaining struc-
ture) usually located at the base of the stope to pre-
vent the long column of fresh CPB materials, over ten
vertical meters of continuous CPB pour, from flow-
ing into adjacent stopes or active mining operations
until the CPB reached its desirable strength (Helinski
et al. 2007, 2011; Cui and Fall 2018b; Alainachi et al.
2022). Preserving the stability of barricades during
the backfilling process is paramount in any paste-fill
operations. The disastrous implications of barricade
failure have a severe social (i.e., threats to mining
personnel lives) and economic impact (i.e., additional
cost caused by the delay in production) on mining
operations (Shahsavari and Grabinsky 2016; Fang
and Fall 2019, 2020, 2021). The primary technical
risk causing barricade failure occurs when the devel-
oped pressure by the CPB materials is greater than
the designed pressure of the barricades (Cui and Fall
2016, 2017a,b). The pressure applied to the designed
barricades is greatly dependent on several complex
interactions, including the effect of the self-weight of
the CPB mass, dissipation of pore water pressure and
the related development of the effective stress within
the CPB structure (Helinski et al. 2006). The signifi-
cant increase in the positive pore water pressure of the
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CPB materials at early ages represents a significant
threat to the stability of the barricades (Lu and Fall
2018; Zhao et al. 2020). The dissipation of the excess
positive pore water pressure coupled with the devel-
opment of negative pore water pressure (suction) or
the reduction of water content in the CPB materials
leads to a strength gain (i.e., increase in the effective
stress) and thus leads to the required hardening stage
in the CPB materials and early opening of barricades
(Ghirian and Fall 2013a, 2015).

Moreover, in underground stopes, CPB material is
also subjected to complex interactions involving the
thermal, T, (e.g., variation in mine temperature due
to the depth and geological conditions of the mine,
self-heating due to the presence of sulphide minerals,
heat generated from cement hydration), the hydrau-
lic, H, (e.g., drained conditions, partially drained,
undrained conditions), the mechanical, M, (e.g.,
variation in the stresses applied to the CPB struc-
ture which largely depends on the stope geometry,
stope depth, self-weight of the CPB, backfilling rate,
cement content, designed pressure of the barricades,
in situ stress conditions) and the chemical, C, (e.g.,
cement hydration, superplasticizer) factors (Fall et al.
2010b; Helinski et al. 2011; Wu et al. 2012; Ghirian
and Fall 2014, 2015; Wu et al. 2019; Al-Moselly and
Mamadou 2022; Yan et al. 2023). Therefore, because
of the unique characteristics of each mine operation
and stope conditions, it is crucial to understand the
development of pore water pressure within the CPB
structure under various field conditions for designing
a stable and cost-effective CPB structure and reduc-
ing mine cycles (i.e., early opening of barricades).

Many studies have been carried out in the past to
assess the pore water pressure development within the
CPB materials (e.g.Helinski et al. 2007; Shahsavari
and Grabinsky 2015, 2016; Ghirian and Fall 2013b,
2015; Al-Moselly and Mamadou 2022). But, as of
now, despite notable advancements in comprehending
pore water pressure (PWP) evolution in CPBs, almost
all previous studies have focused solely on investigat-
ing the individual effects of some influencing factors
(e.g. binder hydration, binder type, backfill height)
on CPB PWP development. For example, Helinski
et al. (2007) investigated the reduction in pore water
pressure due to the cement hydration process using
an analytical model and was experimentally verified
using two different types of tailings. It was observed
that the volume changes resulting from cement
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hydration caused significant changes in the pore water
pressure, and the reduction in pore water pressure sig-
nificantly depends on the cement-tailings mixture, the
amount of water consumed during the cement hydra-
tion process, material stiffness, and the porosity of the
material. Shahsavari and Grabinsky (2015 and 2016)
numerically predicted the pore water pressure varia-
tion within the backfill stope under various material
properties, backfill depth and weight. Ghirian and
Fall (2013b), 2015) investigated the effect of drainage
conditions and filling rate on the development of pos-
itive pore water pressure (PWP) and suction within
the CPB materials with time. They found that the
pore water pressure significantly increases at an early
age as the filling rate increases, and the application
of both drainage and curing under stress on the CPB
materials at the early hours of curing causes a quick
development of suction. Shahsavari et al. (2023) car-
ried out backfill column experiments and their results
indicate that the rapid filling rate of the column has
an impact on the development of pore water pressure
in the CPB and that the highest pore water pressures
occur at the end of filling. Min et al.‘s (2023) experi-
mental studies conclusively demonstrate the substan-
tial influence of binder type on suction (negative pore
water pressure) development in CPB. Specifically,
their findings reveal that CPB incorporating (sulpho)
aluminate-based cements exhibited elevated suction
levels and more pronounced self-desiccation.
However, to date, no studies have addressed the
impact of coupled thermal-hydraulic-mechanical-
chemical (THMC) factors on the development of
PWP in CPB. Research and knowledge gaps exist
regarding the coupled effects of field temperature
variations (T factor), pressure or stress applied
to CPB (e.g. overburden pressure, backfill rate)
(M factor), drainage conditions (drained and und-
rained) (H factor) and additives used in the prepa-
ration of CPB (e.g. superplasticizer) (C factor) on
the development of PWP sure in CPB. This gap in
knowledge and research needs to be filled given
the importance of PWP in the design of back-
fill and barricade structures, as discussed above.
Therefore, the objective of this study is to investi-
gate the development of PWP within CPB materi-
als containing superplasticizer by mimicking real
field conditions, encompassing various coupled
THMC interactions. By delving into these inter-
connected factors, this research seeks to shed light

on how they collectively impact PWP in the CPB.
Comprehending these interconnections is essential
to enhance CPB and barricade designs, guarantee
structural soundness, improve mining efficiency,
and guide upcoming research on numerical models
to predict PWP development in CPB structures.

2 Experimental Program
2.1 Materials
2.1.1 Tailings

The tailings used in this experimental investiga-
tion were synthetic silica tailings (ST), a non-reac-
tive silica powder of 99.8% quartz (SiO,). A grain
size distribution analysis was carried out, and the
obtained grain size distribution curve is presented
in Fig. 1. This figure shows that the grain size dis-
tribution curve of the silica tailings is close to the
average of nine Canadian mine tailings. Also, from
this curve, the values of D, D5, and Dy, were 1.9,
9.0, and 31.5 pum, respectively. Therefore, the syn-
thetic silica tailings can be classified as medium-
sized tailings (35-60 wt% of less than 20 ym par-
ticles) (Landriault 2001). Synthetic silica tailings
were utilized to meticulously regulate the chemical
and mineralogical compositions, eliminating uncer-
tainties in the analysis and interpretation of results.
This approach ensures precision by avoiding the
presence of reactive chemical elements found in
natural tailings, which might otherwise interact with
cement and potentially skew the outcomes. Tables 1
and 2 present the physical properties and the chemi-
cal composition of the used synthetic silica tailings,
respectively.

Table 1 Physical properties of the tailings used in this study

Element G, D), D3y Dy Dg
Unit - um um um um
ST 2.7 1.9 9.0 225 315
Average of 9 natural - 1.8 9.1 20.0 30.8
Canadian mine tail-
ings

Gs specific gravity
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Table 2 Mineralogical
composition of the silica
tailings

Table 3 Chemical and
physical properties of the
binder used

Concentration (wt.%) Ingredient (symbol)
SiO, Fe,0; AlL,O; TiO, CaO MgO Na,O K,O Loss onignition
99.8 0.035 0.05 0.02 0.01 <0.01 <0.01 0.02 0.1

Element SO; Fe,0; ALO; SiO, CaO MgO Relative density Specific surface (m%/g)
(%)

PCI 38 27 45 180 62.8 2.6 32 1.3
Fig. 1 Grain size distribu- 100
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2.1.2 Binder and Water

Portland cement (PC) type 1 (PCI) was utilized in this
study as the hydraulic binder. PC is the most com-
mon type of binder used in CPB technology, as it is
widely available worldwide, making it a practical and
accessible option for paste backfill operations world-
wide. In addition, PC is compatible with a variety of
mineral admixtures and additives, making it possible
to tailor the paste backfill mix to specific mine con-
ditions. The chemical and physical properties of the
PCI are provided in Table 3. Tap water was used in
this study for mixing tailings and the binder.

2.1.3 Chemical Additives
A polycarboxylate ether-based superplasticizer type
was chosen in this experimental study as a water-

reducing additive. The polycarboxylate ether-based
superplasticizer, commonly used in the concrete
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Particle size (um)

industry, is characterized as the most effective super-
plasticizer type for its dispersing mechanism (Ouat-
tara et al. 2017, 2018). Polycarboxylate ether-based
superplasticizer exhibit good compatibility with a
wide range of cements, including ordinary Portland
cement, blended cements, and others (Haruna and
Fall 2022). Polycarboxylate ether-based superplas-
ticizer has steric hindrance forces, which arise from
the comb structure of high molecular weight (i.e., the
main backbone molecules, produced from the polym-
erization of carboxylic acid groups (polycarboxylate),
are linked to the other polycarboxethlene side chains)
to prevent agglomeration of cement particles (Yosh-
ioka et al. 1997; Bjornstrom and Chandra 2003; Papa-
yianni et al. 2005). The polycarboxylate ether-based
superplasticizer, denoted by PES, used in this study
is a commercial solution that meets ASTM C 494/C
499 M requirements for Type A water-reducing and
Type F high-range water-reducing admixtures (BASF
2015).
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2.2 Sample Preparation

The CPB with PES (CPB-PES) mixtures were
prepared by adding the necessary amounts of tail-
ings to the specified percentage by weight of PCI
(4.5%) and mixing them together for about 2 min in
a mechanical mixer. While continuing the mixing,
the specified percentage of polycarboxylate ether-
based superplasticizer (PES=0% and 0.125%) and
the measured amount of tap water were added and
thoroughly mixed for 7 min to obtain a homoge-
nized CPB-PES material. The measured amount of
water was calculated using a water-to-cement ratio
(w/c) of 7.35 in all mixes. After mixing, freshly pre-
pared CPB-PES mixtures were poured into the pres-
sure cell cylinders explained below and cured under
various field THMC curing conditions for specific
curing times. The experimental variables (i.e., mix-
ing composition and curing conditions) are listed in

Table 4 below.

Tie bolt
Top plate

Electrical conductivity
with built- in

To data acquisition
system

Scale

N

(a)

2.3 Description of the THMC Backfill Curing
System

The curing system employed in this study for simulat-
ing the influence of various THMC factors that may
affect the pore pressure development and dissipation
within the CPB-PES structure, originally developed
at the Ottawa University by Ghirian and Fall (2013b),
2015), is additionally altered and explained in detail
in Al-Moselly et al. (2022), and only a brief summary
is given in this section. The curing system is capa-
ble of considering the influence of various THMC
factors, such as the evolution of PWP (in this manu-
script, the term PWP refers to positive pore water
pressure), suction (negative pore water pressure),
cement hydration, self-weight (overburden pressure)
caused by mine stope filling processes, temperature
variation, and drainage conditions (drained, und-
rained, and partially drained). The modified pressure
cell setup for both drained and undrained conditions
is schematically presented in Fig. 2. The modified

To data acquisition system
(b) . Pressure gauge
H I_ /== II_ [ == Air valve
_— A
Temperature
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i LVDT
™~ Themal insulation
Chamber foam
e Loading piston
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| Electrical conductivity
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Fig. 2 Schematic diagram of the pressure cells arrangement: a drained condition, and b undrained condition. (modified from
Ghirian and Fall 2015)
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Table 4 Summary of specimens mixing composition and curing conditions

Sample name

Tailings type Binder PES content (%) Curing stress Drainage Curing temperature Curing time (day)

type ©) condition (T)
© (H)
Control-UD-0.0% ST PCI 0 Stress-free UD 20 °C 05,1,3,7,28
PES
Control-UD-0.125% ST PCI 0.125 Stress-free UD 20 °C 0.5,1,3,7,28
PES
THMC-D-0.125% ST PCI 0.125 Field stress® D Field temp.” 05,1,3,7,28
PES
THMC-PD-0.125% ST PCI 0.125 Field stress* PD Field temp.b 05,1,3,7,28
PES
THMC-UD-0.0% ST PCI 0 Field stress* UD Field temp. 0.5,1,3,7,28
PES
THMC-UD-0.125% ST PCI 0.125 Field stress* UD Field temp.” 0.5,1,3,7,28
PES

pressure cell consists of an acrylic plastic mould with
a diameter of 101.6 mm (4 inches) and a height of
304.8 mm (12 inches). Two cover plates were placed
at the top and bottom of the cylinder, with three stain-
less steel tie rods to hold the cylinder and the two
plates together. The bottom plate is provided with a
drainage valve to control the drainage conditions (i.e.,
water flow), and an axial loading piston is attached
to the top plate to simulate the backfilling processes
(curing under stress) of the mine stope by applying
compressed air pressure into the CPB-PES specimen.
The modified pressure cell is enclosed by a tempera-
ture-controlled chamber to simulate the non-isother-
mal curing conditions.

In addition, the modified pressure cell is equipped
with a series of pressure gauges and pressure regula-
tors to control the gradual application of the air pres-
sures and various sensors to monitor the change in
temperature, volumetric water content, and electrical
conductivity (EC), as shown in Fig. 2. The develop-
ment of suction and PWP were continuously moni-
tored during the specified curing time using MPS-6
dielectric water potential sensor and Omega PX309
pressure transducers, respectively. The testing and
monitoring program, including the details of the used
sensors, are further discussed in Sect. 2.5 below.

2.4 Applied THMC Curing Conditions and
Monitoring Program

The experimental program was planned to investigate
the development of PWP of the CPB-PES samples
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with different initial compositions prepared according
to the procedures explained above under various field
curing conditions described below and summarized
in Table 4.

2.4.1 Mechanical Curing Conditions (Curing
under Applied Vertical Field Pressure)

The amount of the vertical field pressure applied to
the CPB during placement into the stope and through-
out its operational lifespan is intrinsically affected by
the variation in the backfilling rate, stope depth, stope
geometry, and cement content from mine to mine
(Thompson et al. 2009; Al-Moselly and Mamadou
2022). Miscalculations of the specific stresses applied
to the CPB materials and the related development of
pore water pressure increase stope cycle times and
can cause serious barricade failure. Accordingly, to
address the critical importance of variation of the
field pressures applied to the CPB materials, the cur-
ing system used in this study is designed to simulate
and investigate the development of PWP of the CPB-
PES materials cured under the application of field
vertical pressure or overburden pressure. The in-situ
pressure data applied to the CPB-PES materials in
this study were obtained from field measurements
of a mining operation collected by Thompson et al.
(2009) for a long hole stope of 32 m in height and
a footprint of 28x 19 m. Detailed vertical pressure
and the equivalent backfill rate and height applied to
the CPB-PES specimens with time are summarized
in Table 5. Note that no pressure was applied to the
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Table 5 Pressure application scheme and the corresponding
equivalent CPB height

Elapsed time  Applied vertical Equivalent Equivalent

pressure (kPa) height (m) filling rate (m/
hrs)
start - - -
2h 20 1.00 0.50
4h 35 2.00 0.50
6h 55 3.00 0.50
8h 60 3.20 0.40
10h 80 4.30 0.43
12h 90 4.80 0.40
1d 100 5.38 0.22
1.5d 125 6.66 0.19
2d 150 7.92 0.17
3d 250 13.25 0.18
4d 400 21.41 0.22
5d 450 24.00 0.20
6d 600 32.00 0.22

CPB-PES sample at the first 2 h; after that, a gradual
air pressure increased to 600 kPa with an average fill-
ing rate of 0.26 m/h after 3 m height.

ST silica tailings, PES polycarboxylate ether-based
superplasticizer, * simulated field curing stress (ver-
tical pressure), ° simulated field curing temperature;
D drained, PD partially drained, UD undrained condi-
tions, PCI Portland cement type I, C chemical factor,
M mechanical factor, H hydraulic factor, and T ther-
mal factor.

2.4.2 Hydraulic Curing Conditions

The experimental testing program was designed to
assess the impact of drainage conditions on the evo-
lution of pore water pressure in CPB-PES materials
over time. In the field, the drainage capacity of the
CPB mass is contingent upon various factors, includ-
ing the permeability of the CPB materials, geologi-
cal characteristics of the surrounding rock (such as
fractures in the rock mass), and groundwater condi-
tions in the mine. For instance, undrained drainage
conditions may arise when the surrounding rock mass
is solid and lacks fractures. Conversely, drained (D)
conditions may manifest when the surrounding rock
mass is extensively fractured. Furthermore, the per-
meability of CPB materials is not only affected by
curing time and temperature, but also by factors such

as mix components, binder content, and fineness of
tailings particles (Fall et al., 2009).

To account for the diverse drainage conditions that
a CPB mass may encounter in the field, this study
adopts three drainage scenarios: undrained conditions
(UD), partially drained conditions (PD), and drained
(D) conditions. To replicate undrained conditions
in the experimental setup of this study, the drainage
valve at the bottom plate (see Fig. 2) remained closed
throughout the entire curing period. Conversely, to
emulate drained conditions, the drainage valve was
fully opened during this time. On the other hand, to
model partially drained conditions, the drainage valve
was partially opened for approximately 1.5 days dur-
ing curing, facilitating the drainage of around 50% of
the water from the CPB. It is important to emphasize
that PD conditions are the most likely to occur in the
field and occur when the drainage conditions of the
CPB mass fall between UD and D conditions.

2.4.3 Thermal Curing Conditions

Isothermal (20 °C) and non-isothermal curing tem-
peratures (reflecting field conditions) were adopted to
investigate the influence of temperature variations on
the evolution of pore water pressure in CPB-PES over
time. In the field, the backfill mass experiences non-
isothermal curing, primarily attributed to heat gener-
ated during binder hydration within the backfill struc-
ture. Figure 3 illustrates temperature variations within
a 30 m-high stope backfilled with CPB material con-
taining 4.5% binder content, as predicted by Nasir
and Fall (2009) and Wu et al. (2013) using numeri-
cal modeling. Sets of CPB specimens were cured in
accordance with the temperature profile depicted in
Fig. 3 to assess the influence of non-isothermal field
curing conditions and THMC on the pore water pres-
sure development in CPB-PES. Essentially, the appli-
cation of the temperature profile illustrated in Fig. 3
when curing CPB samples allows us to discern the
role of in-situ backfill temperature in the progres-
sion of pore water pressure within the backfill. The
experimental set-up described in Fig. 2, comprising a
heating blanket and a controller, was used to system-
atically, precisely raise and control the temperature
over time. This configuration facilitated the applica-
tion and regulation of a gradual temperature increase.
The incorporation of the heating blanket and control-
ler allowed for the replication of temperature-time
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Fig. 3 Predicted field tem- 60
perature inside a 30 m stope
height backfilled with CPB
material of 4.5% binder 50
content (from Nasir and Fall
2009 and Wu et al. 2013) 53 40
-’
N
= 30
N
<
5
2 20
=
)
=10
0
0 5

profiles observed or measured in the field CPB struc-
ture, ensuring consistent curing conditions for the
CPB samples housed within the chamber. Curing
the CPB-PES materials in these conditions allows
for observation of the self-desiccation process within
the CPB-PES structure and the development of pore
water pressure.

2.4.4 Chemical Curing Conditions

Various sensors were deployed in the modified
curing system to examine the effect of the chemi-
cal factor on the development of PWP in the CPB-
PES materials with time. The experimental program
was designed to monitor, compare, and analyze
the influence of the chemical composition of the
CPB materials (i.e., tailings, cement, and water)
on the development of pore water pressure in the
CPB materials cured under various curing condi-
tions with the aim to quantify the influence of the
chemical additive (i.e., polycarboxylate ether-based
superplasticizer) on the evolution of negative and
positive pore water pressure of the mixtures with
time. The chemical processes are mainly driven
by the binder or cement hydration and the chemi-
cal interactions between the CPB-PES mix compo-
nents, including tailings, binder, mixing water, and
polycarboxylate ether-based superplasticizer. The
various sets of curing conditions considered in this
study program, as shown in Table 4, allow us to
study the effect of chemical processes on the devel-
opment of pore water pressure of the CPB-PES
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materials cured under various curing conditions
(i.e., temperatures, free and field curing stress, and
drainage conditions).

2.5 Testing and Monitoring Programs
2.5.1 Pore Water Pressure Monitoring

The development of pore water pressure in the
CPB-PES samples cured under various field condi-
tions was monitored with time using various sen-
sors. The development of negative pore water pres-
sure (suction) in the CPB-PES samples cured under
various field conditions with time was monitored
using MPS-6 dielectric water potential sensors with
a range of —9 to —100,000 kPa and an accuracy of
+ (10% of reading+2 kPa) from —9 to 100 kPa.
Following the proposed CPB-PES sample poured
in the modified pressure cell curing cylinder, the
recording of negative pore water pressure (suction)
began at specific time intervals. The suction results
were recorded using an applicable data logger.

The development of PWP in the CPB-PES sam-
ples cured under various field conditions was moni-
tored with time by an Omega PX309 pressure trans-
ducer inserted inside the CPB-PES sample. The
Omega PX309 pressure transducer can measure the
pore water pressure between — 15 to +15 PSI and
+0.25% accuracy. The PWP monitoring data were
recorded using a computer data acquisition system.
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2.5.2 Electrical Conductivity and Temperature
Monitoring

The process of cement hydration and the chemical
interactions between the CPB-PES mix components
(tailings, binder, mixing water, and polycarboxylate
ether-based superplasticizer) were monitored using
a 5STE temperature sensor mounted in the pressure
cell to record the electrical conductivity (EC) and
temperatures of the CPB-PES sample with time.
The STE temperature sensor can measure the elec-
trical conductivity with an accuracy of +0.1 from
0 to 23 dS/m and monitor the evolution of tempera-
ture within the CPB-PES samples with an accu-
racy of +1 °C and a range of —40°Cto 60 °C. The
electrical conductivity data reveals the ion concen-
tration and ion mobility changes in the CPB-PES
specimen, which can help in assessing the progress
of ions in the pore fluid of the CPB-PES mixture
(Li and Fall 2016). The 5TE temperature sensor was
connected to an applicable data logger to store the
monitoring data with time.

2.5.3 Volumetric Water Content Monitoring

The volumetric water content (VWC) of the back-
fill specimens was recorded with time using the 5STE
temperature sensor, which is the same sensor used
to monitor the EC. The 5TE is capable of measur-
ing VWC in a range of percentages from 0 to 100%
with an accuracy of +£15% from 40 to 80. The VWC
data reveals the percentage of water consumed by the
ongoing cement hydration process of the CPB-PES
sample.

2.5.4 Determination of Physical Properties
and Microstructure

The influence of the THMC processes on the develop-
ment of PWP was further investigated by examining
the pore structure (e.g., void ratio, porosity, density)
of the CPB-PES with time. Gravimetric water content
(w%) and bulk density (y) tests were performed on
the CPB-PES samples at different curing times (0.5,
1, 3, 7, and 28 days) according to ASTM D2216-10
and ASTM D7263-09, respectively. The development
of the samples’ physical properties and pore structure,

including void ratio (e) and porosity (n), were also
measured and assessed with time.

In addition, to assess the types and the rela-
tive quantities of hydration products generated in
the CPB-PES samples, thermogravimetric (TG and
DTG) analyses were performed on selected cement
paste samples (w/c=1; to mimic the high water con-
tent of CPB). The paste samples were prepared and
cured in similar conditions as the CPB specimens.
The tests were executed using a thermogravimetric
analyzer, which implies continuous monitoring and
recording of weight loss, heat flow, and temperature
changes in the sample at a rate of 10 °C per minute up
to 1000 °C.

3 Results and Discussion

3.1 Effect of THMC Factors on the Evolution of
Pore Water Pressure in the CPB-PES

Figure 4 presents the evolution of the PWP within
the CPB materials cured under various simulated
field curing factors or conditions with time, respec-
tively. It shows the combined effects of the thermal
(T), hydraulic (H), mechanical (M), and chemical (C)
factors on the development of PWP in the CPB con-
taining PES and cured under THMC factors (THMC-
D-0.125% PES) compared to the CPB material with-
out PES and cured under conventional laboratory
(Control-UD-0.0% PES) conditions (i.e., stress-free,
undrained, and cured under room temperature of 20
°C). During the early hours of curing, the PWP value
within the CPB material for the THMC-D-0.125%
PES sample was initially recorded at 2.3 kPa, then
progressively increased to reach the peak values of 34
kPa after around 4.5 h of curing, whereas the PWP
values within the CPB material for the control sam-
ple (Control-UD-0.0% PES) monotonically decreased
with time from the initial recorded reading of 4.2 kPa.
This initial increase in PWP observed in samples sub-
jected to conditions reproducing real field scenarios
has been observed in numerous field investigations of
CPB structures (e.g., Thompson et al. 2009; Doherty
et al. 2015).

The increase in the PWP values in the THMC-
D-0.125% PES sample can be attributed to the fol-
lowing mechanisms: (i) the fluid behaviour of the
fresh CPB-PES materials at the early hours of curing,
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Fig. 4 PWP evolution 40 -
within the CPB-PES mate-
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resulting from large amounts of unbonded water
(Simms and Grabinsky 2009); (ii) the weak micro-
structure of the CPB sample at the very early hours
of curing, which is caused by the pressure applied to
the CPB sample. The application of pressure induces
microcracking and displacement at the contact points
between the cement hydration products (Ghirian and
Fall 2016). Indeed, the microstructure of cemented
paste, when subjected to excessive curing stress dur-
ing its early stages, exhibits weakness. Consequently,
the points of contact between the hydration prod-
ucts of cement are vulnerable to microcracking and
displacement (Zhou and Beaudoin 2003); (iii) the
application of pressure in the early hours induces the
sample to behave like a fluid and therefore increases

9.0 12.0 15.0 18.0 21.0 24.0 27.0 30.0

Curing time (days)

the PWP (Ghirian and Fall 2015; Al-Moselly et al.
2022). Similarly, applying stress to the CPB-PES
sample at the early hours of curing rearranges the
solid particles (i.e., tailings and cement) and speeds
up the release of additional free water, resulting in
higher PWP measured (Ghirian and Fall 2016; Chen
et al. 2021). The monitoring results of the volumet-
ric water content tests for the THMC-D-0.125% PES
and the control sample (Control-UD-0.0% PES) pre-
sented in Fig. 5 demonstrate the higher amount of
free water in the THMC-D-0.125% PES sample in
the first few hours of curing compared to the control
sample; (iv) the self-weight settlement and rearrange-
ment of solid particles at the very early age of curing
led to a decrease in the volume of voids (Yilmaz et al.

Fig. 5 Volumetric water 90
content monitoring results
with time for different CPB- 80

PES samples
70
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2012). The decrease in void volume can be observed
by the results of the void ratio tests for the THMC-
D-0.125% PES compared to the Control-UD-0.0%
PES samples, as shown in Fig. 6. In addition to the
above mechanisms, the increase in the PWP values
in the THMC-D-0.125% PES sample at the early
ages of curing can also be accredited to the disper-
sion effect of polycarboxylate ether-based superplas-
ticizer (PES). Superplasticizers derived from carbox-
ylic compounds, such as PES, instigate two distinct
repulsive forces between cement particles: (i) elec-
trostatic repulsion arising from the negative charges
attributed to the carboxylic group, and (ii) steric
repulsion linked to the extensive polymer chains pre-
sent in the compound (Huang et al. 2022; Haruna and
Fall 2022).The repulsive forces between the cement
particles induced by the addition of PES to the CPB
mixture release the water trapped by tailing particles
and cause a delay in the setting time at early ages,
which in turn is associated with the higher amount of
free water, and thus the increase in the PWP values
(Ercikdi et al. 2010; Mangane et al. 2018; Haruna and
Fall 2022; Al-Moselly et al. 2022). The effect of add-
ing polycarboxylate ether-based superplasticizer to
the CPB mixture on the evolution of pore water pres-
sure is further investigated and analyzed in the fol-
lowing subsections of this study.

Furthermore, Fig. 4 shows that after reach-
ing maximum PWP values, the PWP values for the
THMC-D-0.125% PES sample begin to dissipate
over time. This observed initial rise in pore water

Fig. 6 Changes in the void 0.90

pressure, succeeded by a gradual decline (dissipa-
tion) in the pore water pressure of the CPB samples
(THMC-D-0.125% PES) subjected to coupled THMC
loading conditions, aligns well with findings from
various field studies of CPB masses (e.g., Thompson
et al. 2009, Doherty et al. 2015, Wang et al. 2023).
This consistency reinforces the efficacy of the experi-
mental THMC testing techniques pioneered in this
study. These techniques successfully replicate field-
like loading conditions, substantiating their utility in
subjecting laboratory CPB samples to realistic field
loading scenarios. This dissipation of the excess
PWP is attributed to the chemical shrinkage (i.e., net
volume reduction) caused by the reaction of cement
with water in the ongoing cement hydration pro-
cess and the related formation of hydration products
(Hua et al. 1995; Helinski et al. 2006, 2007), i.e. the
self-desiccation process (Al-Moselly et al. 2022).
Helinski et al. (2007) demonstrated that the cement
hydration process produces a significant reduction
in PWP values (self-desiccation) in CPB materials
with time, and that the rate of PWP reduction (i.e.,
the amount of water consumed during cement hydra-
tion) depends on various factors such as cement com-
position, cement surfaces exposed to water for reac-
tions, and the different amounts of water used in each
reaction. This self-desiccation is also responsible for
the time-dependent decrease in PWP observed in the
control sample. Specifically, as the hydration reac-
tion advances, capillary water (free water) undergoes
a progressive transformation into chemically bound
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water within the solid phase. This transformation
results in the formation of hydrates with a volume
less than the combined volume of the original cement
and water. Consequently, this process leads to a
decrease in the water content within the CPB matrix,
a phenomenon known as self-desiccation. The reduc-
tion in water content contributes to a corresponding
decrease in PWP and could result in the development
of suction within the CPB material or mass (Cui and
Fall 2017c¢). This explanation is also in line with the
results of suction monitoring of the CPBs studied
presented in Fig. 7. This figure illustrates the influ-
ence of THMC factors on the development of suction
within the CPB-PES materials with time. It should
be stressed that the sensors used to monitor suction
(MPS-6) and those used to monitor PWP (Omega
PX309) were not placed at the same depth in the CPB
cell. The Omega PX309 was located near the bot-
tom of the cell, while the suction sensor was placed
in the middle of the cell. Figure 7 shows that as CPB
curing age increases, suction in CPB-PES materials
increases, and the rate of increase in the sample cured
under simulated field conditions (THMC-D-0.125%
PES) is significantly higher than the control sam-
ple. In other words, self-desiccation is more intense
in CPB cured under coupled THMC conditions. The
higher suction observed in the sample cured under
simulated field conditions can be attributed to the fol-
lowing mechanisms: (i) curing the CPB-PES sample
under field elevated temperatures (thermal factor)
expedite the cement hydration process, which leads to
a higher consumption of water with time (Fall et al.

Fig. 7 Negative pore water

2010b). This faster cement hydration is experimen-
tally demonstrated by the results of the monitoring
of electrical conductivity (EC) at the early hours of
curing presented in Fig. 8. This figure shows an inten-
sification of the chemical reactions of cement hydra-
tion for the THMC-D-0.125% PES sample in com-
parison to the control sample. As illustrated in Fig. 8,
the trends in electrical conductivity (EC) develop-
ment among the analyzed samples exhibit distinct
characteristics, beginning with an initial ascent to a
peak value, followed by a subsequent decline, eventu-
ally stabilizing. The initial increase is attributed to a
surge in ion concentration resulting from the chemi-
cal reaction of the binder (Thottarath 2010). The
subsequent decline can be attributed to several fac-
tors, including the formation of hydration products
of the binder, depletion of free water, and the trans-
formation of capillary pores (Lea 1970). At this later
stage, the CPB is marked by intensified crystal forma-
tion and the establishment of a more robust crystal-
line network through crystal bonding. Consequently,
the ions in free water encounter a more convoluted
path as they traverse the capillary pores within the
CPB (Morsy 1999). It can be seen from Fig. 8 that
the THMC-D-0.125% PES sample reached its peaks
at 2.6 mS/cm after about 3 h of curing, whereas the
control sample (Control-UD-0.0% PES) peaks at 4.6
mS/cm after about 4 h of curing, which indicates a
higher rate of cement hydration process in the CPB-
PES sample cured under THMC factors (Al-Moselly
et al. 2022); (ii) the dissipation of excess PWP caused
by the drained conditions (hydraulic factor) and the
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Fig. 8 The EC evolution of 5.0
CPB-PES with time under

various THMC curing
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related development self-desiccation results in less
water in the pores (i.e., partially empty). The presence
of menisci in these partially empty pores generates
capillary tension within the pores and thus increases
suction in the CPB sample (Bentz 2008). Also, allow-
ing excess PWP to drain from the CPB-PES sample at
an early age significantly contributes to binder hydra-
tion due to the rapid development of self-desiccation,
and consequently, higher suction (Fall et al. 2010b).
The influence of drainage conditions on the evolution
of pore water pressure in the CPB mixture is further
investigated and discussed in the following subsec-
tions of this research, (iii) curing the CPB-PES sam-
ple under field pressure (mechanical factor) signifi-
cantly increases the water drainage, which results in
more dissipation of excess PWP, and thus, higher suc-
tion (Yilmaz et al. 2009; Ghirian and Fall 2016), and
(iv) the favouring of ionic diffusion produced by the
addition of polycarboxylate ether-based superplasti-
cizer (chemical factor) increases the cement hydra-
tion process, and therefore increases consumption of
water, which in turn increases the suction in the CPB-
PES sample (Haruna and Fall 2020).

Moreover, comparison of the results from PWP
and suction monitoring, as depicted in Figs. 4 and 7,
reveals that self-desiccation triggered CPB desatu-
ration or suction development at an earlier stage in
the upper or middle section of the CPB cell than at
its base. This discrepancy arises from the influence
of gravity and/or applied pressure, causing a higher

1.0 1.5 2.0 2.5 3.0
Curing time (days)

accumulation of interstitial water at the bottom of
the cell as opposed to the top or middle regions. This
observation is consistent with several field or numeri-
cal studies of PWP development or self-desiccation in
CPB structures under undrained conditions (e.g., Cui
and Fall 2018a).

3.2 Effect of Drainage Conditions on the Evolution
of pore Water Pressure within the CPB-PES

Figure 9 shows the influence of various drainage
conditions (undrained, drained, and partially drained
conditions) on the evolution of the PWP within the
CPB-PES samples cured under various THMC fac-
tors. It is found that during the early ages (i.e., the
first 24 h), the PWP increased with time for all sam-
ples, regardless of the drainage conditions. The mech-
anisms responsible for this initial increase in PWP
have already been explained above. Moreover, the
measured PWP values within the undrained (THMC-
UD-0.125% PES) sample is significantly higher than
both the drained and partially drained CPB-PES sam-
ples (Fig. 9). For instance, allowing the water to drain
during the early ages of curing reduced the PWP
by 58% when compared to the undrained sample
(THMC-UD-0.125% PES). This significant reduction
in the PWP values in the samples subjected to drain-
age is attributed to the following factors: (i) the dissi-
pation of excess pore water pressure resulted from the
drainage of water from the CPB-PES materials. The
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water contained in CPB-PES materials can be drained
through the interconnected pore, and as the excess
water drains away, the PWP decreases (Ghirian and
Fall 2015). The volumetric water content monitor-
ing test results, as illustrated in Fig. 10, provide a
clear demonstration of the reduction in the volume
of water with time for both samples. The drained
sample (THMC-D-0.125% PES) exhibits a higher
reduction compared to the undrained sample (THMC-
UD-0.125% PES). (ii) Consolidation plays a vital
role in pore water reduction in the CPB-PES with
time (Helinski et al. 2007; Yilmaz et al. 2012). As
the CPB-PES undergoes consolidation caused by the
self-weight of the CPB-PES materials and the verti-
cal pressure applied to the sample, the excess water in

9 12 15 18 21 24 27 30
Curing time (days)

the CPB-PES sample void spaces is forced out of the
material, and thus the PWP decreases with time. This
expulsion of water is confirmed experimentally by the
results of water content determination presented in
Fig. 11. Indeed, Fig. 11 exhibits the substantial reduc-
tion in the water content with time in the THMC-
D-0.125% PES sample in comparison to the THMC-
PD-0.125% PES and THMC-UD-0.125% PES
samples. The decline in pore water pressure within
CPB over time, resulting from a combination of pro-
cesses such as consolidation and self-desiccation, has
been consistently documented in various field inves-
tigations of CPB structures. An example is the study
conducted by Hasan et al. (2013) in two operational
stopes at the Raleigh mine in Western Australia,

Fig. 10 Effect of drainage 80
conditions on the volumet-
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Fig. 11 Water content 34
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which took place underground. The research by
Hasan et al. revealed that the drainage system imple-
mented effectively reduced significantly both the total
horizontal stress and the pore water pressure within
the backfill mass. This reduction was directly associ-
ated with the processes of backfill consolidation and
self-desiccation. Their findings underscored the posi-
tive impact of a well-designed drainage system for
CPB.

From a practical standpoint, these findings on the
influence of drainage conditions on pore water pres-
sure within CPB underscore the pivotal role of CPB
possessing effective water drainage capabilities or the
implementation of a robust drainage system. This is
instrumental in improving both the mechanical stabil-
ity of the backfill structure and the integrity of bar-
ricades in underground mines. Indeed, a CPB system
with optimal water drainage ability, and/or a well-
designed drainage system, significantly contributes
to enhancing mechanical stability. This is achieved
by mitigating PWP, facilitating better consolidation,
and minimizing horizontal stress. Consequently, these
improvements positively impact the stability of barri-
cades within underground mines, ensuring the safety
and integrity of mine workers and the overall min-
ing infrastructure. Furthermore, the rapid reduction
of stress facilitated by effective drainage is pivotal
for the timely opening of barricades. This, in turn,
holds substantial implications for the mining cycle
and, consequently, the productivity of the mine. The
accelerated stress reduction due to drainage not only
improves the stability of the barricades but also plays

10 15 20 25 30
Curing time (days)

a crucial role in expediting their opening, thereby
optimizing the efficiency of the mining operations.

3.3 Effect of Superplasticizer on the Evolution of
pore Water Pressure within the CPB-PES

The evolution of PWP within the CPB-PES is closely
associated with the addition of chemical additives,
such as superplasticizers. Figure 12 illustrates the
contribution of polycarboxylate ether-based super-
plasticizer (PES) addition to the reduction of the PW
of the CPB-PES material cured under various in-
situ conditions (i.e., THMC) with time, respectively.
From Fig. 12, it can be observed that at the early age
of curing, the CPB sample containing 0.125% PES
exhibited higher PWP compared to the CPB sample
without PES. After that, the excess PWP buildup in
the CPB sample containing 0.125% PES (THMC-
UD-0.125% PES) is reduced and revealed lower val-
ues than the CPB sample without PES. The initial
increase in the PWP values in the CPB sample con-
taining 0.125% PES can be attributed to the primary
function of the superplasticizer in dispersing the
solid particles (tailings and cement), which leads to
solid particles suspension and water release, which
in turn results in higher PWP (Ercikdi et al. 2010;
Haruna and Fall 2022). Previous studies demonstrate
that when the superplasticizer is added to the CPB,
it adheres to the cement particles’ surface, creating a
protective layer that inhibits or slows down the hydra-
tion process (Mangane et al. 2018; Haruna and Fall
2020; Al-Moselly et al. 2022; Cavusoglu and Fall
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2022; Yan et al. 2023). Delayed initial hydration of
cement by superplasticizer has also been demon-
strated in other types of cementitious materials (e.g.,
Sakai et al. 2006). This early retardation effect of PES
causes the initial increase in the PWP values in the
CPB sample containing 0.125% PES. Indeed, Fig. 13
confirms the initial increase in the moisture content
(%) in the CPB sample containing 0.125% PES com-
pared to the CPB sample without PES. In practical
terms, the findings indicate that CPBs incorporating
PES experience initially higher PWP levels compared
to those without PES. This implies that, in real mine
backfill operations, CPBs with PES may achieve their
early-age stability later than counterparts prepared
without PES, which could lead to a delay in barricade

Fig. 13 Effect of incor- 34
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opening. Furthermore, it is noteworthy that backfills
containing PES will exert increased pressure on bar-
ricades compared to those without PES. In essence,
this suggests the necessity of constructing more
robust barricades to support CPBs with PES during
their initial stages of development. While the initial
rise in PWP may have adverse effects on the total
stress or the decrease in effective stress for CPB mate-
rials during early stages, it is crucial to underscore
the significance of the initial delay induced by PES
in prolonging the setting time of CPB materials. This
becomes particularly pertinent when considering the
transportation of backfill over extended distances and/
or exposure to high-temperature curing conditions,
a circumstance often encountered in deep mining
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operations. Ensuring the seamless transportation of
fresh CPB from the backfill plant to the stope (mine
cavity) is imperative for the success of paste backfill-
ing operations. The potential obstruction of pipelines,
resulting from CPB with inadequate flow characteris-
tics, carries substantial financial consequences for the
mine.

Furthermore, Fig. 12 also shows that as the cur-
ing progresses and the peak pore water pressure val-
ues are reached in both samples, the PWPs gradually
decline over time. As mentioned above, the sample
containing 0.125% PES exhibited lower PWP than
those without PES. It can be seen that the addition
of 0.125% PES can lead to a reduction in pore water
pressure values by approximately 50% after 28 days
of curing. This is due to the higher precipitation
rate of the hydration products caused by the ionic
diffusion of PES, which enhances cement particle
dispersion (Haruna and Fall 2020). This higher rate
of cement hydration in the sample with PES is con-
firmed by the EC monitoring results presented in
Fig. 14. This figure demonstrates that the EC in the
CPB with 0.125% PES is lower than the EC in the
CPB sample without PES after 28 days of curing
(i.e., the ions in the sample with 0.125% PES have
lower mobility than the sample without PES), which
provide an indication of the intensifying rate in the
hydration process and the associated cement hydra-
tion products (McCarter et al. 2003; Haruna and
Fall 2020). This intensification of cement hydra-
tion and the resulting increase in hydration products
are consistent with the TG/DTG analysis results of

cement paste samples containing 0% and 0.125%
PES dosages, which were cured for 7 days (Fig. 15).
In Fig. 15, the first endothermic peak in the DTG
curve, occurring between 100 and 200 °C, repre-
sents the rapid weight loss due to the evaporation
of water and the disintegration of hydration prod-
ucts, such as ettringite, gypsum, carboaluminates,
and C-S-H (Wang et al. 2016). The peak observed
at 400 to 500 °C corresponds to the dehydroxylation
of calcium hydroxide (CH), while the third peak at
650 to 750 °C is related to the breakdown of cal-
cite (Fall et al., 2010a, 2010b). A comparison of the
thermal analysis curves of the cement paste with
0% and 0.125% PES reveals that the specimen with
0.125% PES experiences a greater loss in the first
and second peaks. This indicates that the presence
of PES leads to the generation of more hydration
products. This statement also in agreement with
the experimental results concerning the variation
in void ratio and dry density of CPB samples with
0.125% PES and without PES presented in Fig. 16.
The results show lower void ratio values for the
CPB sample made with 0.125% PES compared with
the CPB sample without PES after 12 h curing. It
can also be observed that after 12 h of curing, the
dry density values of the CPB sample made with
0.125% PES are higher than those of the sample
without PES due to the intensification of the binder
hydration rate, which in turn leads to greater free
water consumption and higher packing density of
CPB materials over time (Ghirian and Fall 2013b,
2014; Al-Moselly et al. 2022).

Fig. 14 Time-dependent 4
variation in electrical con-
ductivity of CPB materials
cured under various THMC
factors with different PES
content
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Fig. 16 Variation in the physical properties of CPB materials cured under various THMC factors with different PES content (a) void

ratio; and (b) dry density

3.4 Coupled Development of the THMC Factors

The coupled effect of field conditions (i.e., the THMC
factors) plays a crucial role in understanding the
long-term performance and behaviour of CPB. The
interplay between the in-situ conditions, such as tem-
peratures, drainage conditions, stress, and chemical
additives, significantly affects CPB materials’ over-
all stability and durability. The complex interaction
requires a thorough investigation to optimize CPB
materials for cost-effective and sustainable applica-
tions. Figure 17a, b illustrate the interaction of the
THMC factors and their effect on the PWP evolu-
tion within the CPB materials cured in drained and
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undrained drainage conditions, respectively. The
THMC factors are simulated as follows: (i) the ther-
mal factor (T) effect is simulated by the elevated
temperatures (i.e., the non-isothermal field curing
temperatures); (ii) the hydraulic factor (H) is repre-
sented by the PWP pressure (PWP) and volumetric
water content (VWQC); (iii) the mechanical factor (M)
is simulated by the vertical field stresses applied to
the CPB-PES materials; and (iv) the chemical factor
(C) is simulated by the electrical conductivity (EC),
which provides valuable insight into the progress of
cement hydration processes and imitates the changes
in chemical composition and reactions within the
CPB mixture. It can be observed from Fig. 17a, b
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that as the curing temperatures and vertical stresses
increase, a notable effect is observed in the EC curve,
which demonstrates a rapid acceleration in its val-
ues. This acceleration in the EC values reflects the
increase in the cement hydration process within the
CPB-PES mixture triggered by the coupled influence
of applied pressure and elevated curing tempera-
tures, which resulted from the release of heat gener-
ated during the cement hydration reactions (Haruna
and Fall 2020), and curing the CPB-PES samples in
non-isothermal curing temperatures. Concurrently,
the PWP displays an upward trend, ultimately reach-
ing its maximum value. This increase in the PWP val-
ues is directly linked to the VMC. It can be observed
that the VMC exhibits a distinct behaviour, with its
peak occurring approximately 7 h after the maximum
values of EC are reached for the undrained sample
(THMC-UD-0.125% PES). In contrast, the drained
sample (THMC-D-0.125% PES) experiences a VMC
peak approximately 2 h after reaching its maximum
EC value. This time disparity suggests variations in
water movement and consumption within the CPB-
PES mixture, influenced by different drainage con-
ditions, as explained earlier in subsection 3.2. After
that, a noticeable decline in the VWC values in both
samples occurs. This reduction in the VWC for both
samples is reflected in the observed rapid decrease
in the PWP values. This diminution in VWC and
PWP is intricately linked to water consumption dur-
ing cement hydration (self-desiccation). In the und-
rained samples, this process is the primary contribu-
tor, whereas in drained samples, the decrease in VWC
and PWP results from a combination of self-desic-
cation and water removal through drainage. Conse-
quently, the reduction in the pore water (i.e., the dissi-
pation of excess PWP) began in an earlier curing time
for the THMC-D-0.125% PES sample compared to
the THMC-UD-0.125% PES sample due to the drain-
age conditions. For instance, the PWP values for the
THMC-D-0.125% PES sample start to decrease at
approximately 4 h of curing, whereas the PWP val-
ues for the THMC-UD-0.125% PES sample begin to
decrease after approximately 12 h of curing time.

4 Summary and Conclusions

This paper significantly advances our understand-
ing of the development and evolution of pore water
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pressure (PWP) in cemented paste backfill (CPB)
containing a polycarboxylate ether superplasticizer
(CPB-PES) under the influence of various field
THMC factors (thermal, T, hydraulic, H, mechanical,
M, and chemical, C) during the curing process. These
factors include field non-isothermal curing tempera-
ture of the backfill mass (T factor), in situ drainage
conditions (H-factor), in situ vertical stress applied to
the CPB mass (M-factor) and the presence or absence
of superplasticizer in the CPB mix (C-factor). By
considering the impact of these multiple THMC fac-
tors, the study provides a comprehensive and holistic
view of how these factors individually and collec-
tively influence the PWP development and evolution
over time, which is crucial for the safe and economi-
cal design of cemented tailings backfill and bar-
ricades structures, in other words for the safety and
profitability of mining operations. The following con-
clusions are drawn:

e A THMC backfill curing system has been devel-
oped for curing and monitoring CPB samples
under controlled THMC conditions mimicking
field conditions. This systems successfully repro-
duces loading conditions close to those in the
field, demonstrating its suitability for subjecting
laboratory CPB samples to realistic loading sce-
narios in the field.

e The THMC factors play a crucial role in both the
generation and evolution of PWP within CPB. The
findings underscore the substantial impact of both
individual THMC factors and their interactions
on the development of PWP within CPB. Results
reveal that both individual THMC factors and
their interactions significantly influences the onset
and progression of PWP within CPB structures.

e The results highlight the importance of taking
field drainage conditions (i.e. drained, undrained
or partially drained) into account when assessing
the PWP in the backfill structure and its overall
geotechnical behavior and mechanical stability.
The results obtained show that the PWP values in
the drained CPB-PES materials are significantly
lower than those in the partially drained and und-
rained CPB-PES samples. Moreover, drainage
allows a much faster dissipation of the excess of
PWP.

e It is found that non-isothermal curing tempera-
tures in the field have a significant impact on
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the magnitude of PWP generated in the back-
fill structure, as well as on the PWP dissipation
rate. The results show a significant decrease in
PWP values in CPB-PES exposed to higher field
curing temperatures. In addition, higher curing
temperatures accelerate the dissipation of excess
PWP in the CPBs studied, which is beneficial for
early barricade openings, i.e. for increasing mine
productivity. The findings underscore the sig-
nificance of taking into account elevated backfill
field curing temperatures, when assessing the
progression of PWP in backfill structure, which
is essential for cost-effective design of the CPB
and barricade structures.

e The results indicate that the vertical stresses to
which CPB-PES structures are subjected during
curing can significantly impact the PWP values
inside the CPB and their evolution with time.

e The magnitude and evolution of PWP in CPB
systems are intricately connected to the intro-
duction of chemical additives, such as super-
plasticizers. The findings suggest that CPBs
incorporating PES initially (at very early ages)
demonstrate higher PWP levels than their coun-
terparts without PES due to the retardation of
cement hydration by PES. Nevertheless, with the
passage of curing time, CPBs with PES exhibit
higher rates of PWP dissipation or lower PWP
levels, attributable to the enhanced cement
hydration facilitated by PES. Considering these
two contrasting effects of PES on the magnitude
and evolution of water pressure within the CPB
is vital for designing backfills that are both safe
and cost-effective.

In summary, this research holds vital significance
for the mining industry and backfill designers, offer-
ing essential technical insights into THMC factors
affecting pore water pressure in CPB-PES. Under-
standing these interactions is crucial for optimizing
CPB and barricade design, ensuring structural integ-
rity, enhancing mine productivity, and informing
future research on numerical models for predicting
PWP in all CPB structures.
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