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a b s t r a c t

Cemented paste backfill (CPB) is a key material in underground mining, providing essential ground
support while aiding in tailings management. However, current research has overlooked the combined
effects of horizontal rockwall closure stress and vertical self-loading stress, referred to as multiaxial
stress, on the CPB's consolidation behavior and its mechanical properties development. Understanding
and assessing these effects is critical because they directly affect the stability and performance of CPB
structures. In this study, a novel multiaxial compressive stress curing and monitoring apparatus was
used to simulate two horizontal rockwall closure scenarios with a consistent backfilling rate, under both
drained and undrained conditions. Key parameters assessed included unconfined compressive strength
(UCS), deformation during curing, stress-strain behavior, and modulus of elasticity. The results highlight
that rockwall closure, combined with vertical stress, plays a pivotal role in the consolidation behavior of
CPB, significantly affecting key mechanical properties. Higher horizontal stress from faster rockwall
closure intensified compression during curing, leading to reduced porosity, enhanced particle rear-
rangement, and accelerated consolidation. This intensified consolidation leads to notable improvements
in mechanical properties, including increased UCS, enhanced stiffness, and a higher modulus of elas-
ticity, indicating improved load-bearing capacity. Moreover, the interaction between multiaxial stress
and drainage conditions influenced stress-strain behavior and deformation, with drained conditions
promoting earlier plasticity and higher peak stresses. These findings underscore the critical influence of
multiaxial stress, combined with drainage conditions, on CPB performance, offering valuable insights for
optimizing CPB design in underground mining applications.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

In underground mining, the backfilling process involves filling
the voids or stopes created by ore extraction with a material
known as backfill (Gric, 2001; Kesimal et al., 2005; Fall et al., 2008;
Wu et al., 2018; Yang et al., 2023). This process is essential for
maintaining mine stability, preventing ground subsidence, and
minimizing the environmental impact of mining operations.
Without backfilling, the underground voids left behind can lead to
progressive surface subsidence, ground cracking, and collapse,
causing severe damage to surface infrastructure and posing

significant risks to human safety (Sun et al., 2018). Even when
backfilling is employed, failure of the backfill material—particu-
larly during early exposure or due to insufficient strength devel-
opment—can compromise stope stability, trigger secondary
collapses, and undermine the overall structural integrity of the
mine (Cui and Fall, 2018; Zhao et al., 2020). These risks highlight
the critical need for reliable and durable backfill systems in un-
derground mining operations. Cemented paste backfill (CPB) has
emerged as a promising and cost-effective solution for supporting
stopes and managing tailings in mines (Fang and Fall, 2019; Yin
et al., 2020; Wu et al., 2022; Wang et al., 2022a; Ruan et al.,
2023; Lu et al., 2024b). CPB typically consists of mine tailings,
cement, water, and sometimes additives to enhance its perfor-
mance. These components are thoroughly mixed at a backfill plant
to create a homogeneous paste. Once prepared, the backfill ma-
terial is transported, typically via pipelines, to the underground
stopes, where it is placed to stabilize the mine structure (Cheng
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et al., 2020; Ruan et al., 2021; Yin et al., 2021; Song et al., 2022;
Wang et al., 2022a, 2024; Yang et al., 2024).

In underground stopes, CPB is subjected to various curing
conditions that significantly influence its performance and
strength development. These conditions include thermal, hy-
draulic, mechanical, and chemical factors, collectively referred to
as thermal-hydraulic-mechanical-chemical (THMC) conditions
(Cui and Fall, 2017b). Temperature fluctuations within the mine
can directly impact the rate of cement hydration, influencing the
speed of the strength development (Rawlings and Phillips, 2001;
Fall and Samb, 2009; Fall et al., 2014; Wu et al., 2014, 2025;
Maurya et al., 2015; Fang and Fall, 2018, 2020; Xu et al., 2020;
Zhou and Fall, 2023; Xue et al., 2023). The presence of water,
whether from groundwater inflow or residual water in the CPB,
plays a crucial role in the curing process, affecting consolidation
and stability (Sivakugan, 2008; Hasan et al., 2013; Sun et al., 2017,
2019; Jaouhar and Li, 2019; Wang et al., 2022b; Song et al., 2023;
Ma et al., 2023; Lu et al., 2024a). Vertical stress from the self-
weight of the overlying CPB material and overburden from the
overlying rock (Yan et al., 2025), along with horizontal stress from
the convergence of the surrounding rock mass – known as rock-
wall closure (see Fig. 1) – further influence the compaction,
deformation, and strength of the backfill (Raffaldi et al., 2019; Liu
and Fall, 2024). Additionally, the chemical environment within the
mine, including the presence of sulfates, chlorides, or other reac-
tive substances in the tailings or mine water, can significantly
interact with the cement in CPB, potentially forming detrimental
compounds that affect the durability and long-term strength of the
material (Benzaazoua et al., 2002; Li and Fall, 2016; Aldhafeeri and
Fall, 2017; Naidu et al., 2019; Sari et al., 2022;Wang et al., 2024; He
et al., 2025). Among THMC conditions, mechanical conditions in
deep underground mines become more challenging to the backfill
as the mining depth increases. In real-world scenarios, CPB can be
subjected to vertical stresses exceeding 4MPa due to stope heights
reaching up to 200 m, and additional vertical stresses frommining
activities can raise in-situ stresses to several tens of megapascals.
Moreover, significant rockwall closures are frequently encoun-
tered, exerting horizontal stresses exceeding 5 MPa in mines over
2000 m deep (Seymour et al., 2017; Raffaldi et al., 2019; Liu and
Fall, 2024). The effect of these high in situ stresses on the curing
behavior of CPB is still not well understood, highlighting the need
for further research in this area.

Consolidation, a key aspect of CPB's performance, generally
refers to the volume change resulting from the expulsion of water

from its pores under applied stress. Under drained conditions, the
vertical and horizontal stresses from the overlying material and
surrounding rock cause the pore water within the CPB to be
squeezed out, leading to a denser and more compact structure
over time. Under undrained conditions, although the pore water
cannot be expelled, the cement in CPB consumes water through
hydration reactions – a process known as self-desiccation
(Grabinsky et al., 2006; Wang et al., 2016; Tian and Fall, 2021).
This reduction in pore water content causes the CPB to experience
consolidation even under undrained conditions. Therefore, CPB
undergoes consolidation under both drained and undrained con-
ditions, albeit through different mechanisms.

The consolidation process is crucial for the development of
strength and stability in CPB, as it directly influences the rate at
which the material gains strength and its ability to support the
surrounding rock mass in underground mining operations. The
one-dimensional (1D) consolidation behavior of CPB has been
extensively studied, focusing on various factors such as binder
content, curing time, drainage conditions, and the influence of
multiphysics processes (Yilmaz et al., 2008, 2015; Belem et al.,
2016; Cui and Fall, 2017a; Wang et al., 2018; Jaouhar and Li,
2019; Jafari et al., 2020). These studies have provided valuable
insights into how CPB consolidates in underground mining con-
ditions and how this affects its mechanical performance and
design. For instance, research has shown that an increase in binder
content generally leads to a higher coefficient of consolidation (Cv)
and a decrease in compressibility parameters, improving the me-
chanical strength of CPB over time (Yilmaz et al., 2008). Drainage
conditions also play a significant role, with well-drained condi-
tions enhancing consolidation by reducing pore water pressure
and increasing settlement (Belem et al., 2016; Cui and Fall, 2018).
To better guide CPB design, researchers have also attempted to
model the consolidation behavior of CPB. For example, Fahey et al.
(2010) applied Gibson's solution, a classical consolidation theory,
to understand the consolidation behavior during the backfilling
process. They highlighted the limitations of this solution, partic-
ularly its assumption of constant Cv and the 1D nature of the
model, which does not fully capture the complexities of CPB
consolidation in three-dimensional (3D) stope geometries. Simi-
larly, Cui and Fall (2017a) expanded the understanding of CPB
consolidation by incorporating THMC processes into their models.
They demonstrated that traditional consolidation models, which
primarily focus on hydraulic and mechanical coupling, are inade-
quate for predicting CPB behavior. Their 3D coupled multiphysics
model, validated against experimental data, provided a more
comprehensive understanding of the complex interactions during
CPB consolidation.

However, most of the existing models have relied on 1D
consolidation tests to derive their conclusions.While thesemodels
have advanced our understanding of CPB behavior, they are
inherently limited by their 1D approach, which does not fully
capture the complexities of real-world conditions in underground
stopes, particularly in deep mines, where stresses are often
multidirectional and vary over time. Consequently, the consoli-
dation behavior of CPB under high vertical and horizontal rockwall
closure stress conditions remains poorly understood. Key ques-
tions, such as how CPB consolidates under time-dependent
multiaxial stresses and how drainage conditions affect this pro-
cess, have not been addressed. These questions are critical for
understanding and predicting the performance of CPB in deep
mining environments, wheremultiaxial high-stress conditions can
pose significant safety concerns.

While the effects of vertical self-weight and horizontal rock-
wall closure stresses on CPB properties (particularly strength) have
been individually explored in the literature (e.g. Yilmaz et al., 2014;Fig. 1. Schematic representation of CPB interaction with surrounding rock.
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Ghirian and Fall, 2016; Belem et al., 2016; Zhao et al., 2021; Chen
et al., 2022; Al-Moselly and Fall, 2022, 2024a), the combined in-
fluence of these multiaxial stress conditions on CPB performance –
especially in conjunction with varying drainage scenarios – re-
mains significantly underexplored. Almost all prior studies have
relied on 1D consolidation frameworks (e.g. Yilmaz et al., 2008,
2015; Shahsavari and Grabinsky, 2014; Wang et al., 2018; Jafari
et al., 2020), overlooking the complex, multidirectional (3D)
stress interactions and their interplay with drainage behavior that
CPB materials experience in deep mine environments. Moreover,
existing studies and models often neglect the role of horizontal
closure-induced stress development over time, as well as how
drainage availability modulates consolidation mechanisms under
such multiaxial loading. This study addresses this critical research
gap by investigating, for the first time, the consolidation behavior
and mechanical response of CPB subjected to realistic, time-
dependent multiaxial stress paths under both drained and un-
drained curing conditions. Utilizing a novel CPB curing and
monitoring apparatus, this study will simulate these complex
curing conditions to provide new insights into how CPB consoli-
dates in response to the challenging stress environments typical of
deep mining operations. This research is not only original in its
approach but also crucial for improving the safety and efficiency of
backfilling practices, ultimately contributing to the stability and
sustainability of underground mining activities.

2. Experimental program

2.1. Multiaxial compressive stresses curing and monitoring
apparatus

To simulate various rockwall closure scenarios, we utilized an
innovative multiaxial compressive stress curing and monitoring
apparatus, depicted in Fig. 2, developed at the University of Ottawa
(Liu and Fall, 2024). The comprehensive design and operational
features of this apparatus are detailed in Liu and Fall (2024).

The apparatus consists of five independent loading actuators,
each equipped with a load cell and a linear variable differential
transformer (LVDT) for accurately measure applied stress and
corresponding deformations of the CPB sample. Compressive
stress can be applied along multiple axes

(
σ− z = σz; σ− x = σx =

σ− y = σy), where σx and σy present the horizontal stresses due to
rockwall closure, and σz simulates vertical stress from the self-
weight of the CPB and any overlying strata. Multiaxial stresses
were applied by operating the actuators to drive loading pistons in

a controlled load path. Each actuator can apply stress up to 6 MPa,
allowing for flexible simulation of various in situ stress conditions
observed in deep mining environments. A customized sample cell
was precisely centered within a sealed chamber, designed to
withstand the multiaxial loading from the five loading pistons.
Data acquisition is facilitated through a seamless connection to a
computer system, enabling comprehensive record-keeping and
subsequent analysis. Additionally, the apparatus provides precise
control over drainage conditions during the curing process,
allowing for simulations under both drained and undrained sce-
narios. The sample cell bottom plate incorporates a drainage
control system consisting of a seepage stone, a drainage path, and
a drainage valve. For undrained conditions, the CPB sample was
completely encapsulated in sealed rubber membrane (internal
dimensions matching the sample: 160 mm × 54 mm × 54 mm;
membrane thickness: 1 mm), and the drainage value was kept
closed to prevent fluid escape. For drained conditions, the CPB
sample was enclosed with a rubber membrane featuring a circular
opening on the bottom side, precisely aligned with the seepage
stone. In this configuration, the drainage valve was opened and
connected to a collection bottle via tubing to collect expelledwater
during curing.

Prior to use, every load and displacement channel was cali-
brated according to ASTM E4-24 standard. Vertical and horizontal
load cells were verified up to 60 kN with a NIST-traceable digital
force calibrator (accuracy ±0.5 % F.S.), and each axial LVDT was
calibrated with a digital micrometer (±0.002 mm). Linearity tests
at 20 %, 50 % and 90 % of span yielded R2 ≥ 0.999. To quantify
possible frame- or platen-compliance, a 54 × 54 × 160 mm steel
prism (E = 200 GPa) was loaded to 6 MPa, in 0.5 MPa increments,
along each axis simultaneously. The theoretical elastic shortening
of the steel bar under 6MPa (horizontal direction, gauge= 54mm)
is 0.00162 mm. The in-frame LVDTs recorded a total displacement
of 0.004 mm in horizontal axis; the residual attributable to
frame + platen compliance is therefore 0.000238 mm. This is one
order of magnitude smaller than the minimum deformation
increment reported in this study. Thus, the frame deflection has a
negligible influence on measured deformation over the stress
range investigated.

As withmost multiaxial stress-application systems, the present
apparatus has minimal experimental limitations. Specifically,
slight friction may occur between the sidewalls and the cell frame
during stress application, which could introduce insignificant
nonuniformities in the stress distribution. To minimize this effect,
a thin layer of silicone-based lubricant was applied between the

Fig. 2. Schematic diagram of the multiaxial compressive stress curing and monitoring apparatus: (a) Isometric view, and (b) Cutaway view.
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sidewalls and the frame prior to specimen preparation. In addition,
axial displacements were continuously monitored using multiple
LVDTs along different directions to detect any potential asym-
metric deformation during curing. These mitigation measures
effectively reduce the influence of sidewall friction, and the
observed consolidation behavior and mechanical property devel-
opment trends remain reliable and representative of CPB behavior
under field-relevant conditions.

2.2. Materials

Synthetic silica tailings (ST)were selected for preparing the CPB
mixtures instead of natural tailings to eliminate the variability
introduced by unknown chemical constituents that could interfere
with cement hydration and compromise reproducibility. The ST
used in this study exhibit a high purity level (99.8 % silicon dioxide
(SiO2)) and consistent physical properties, providing a controlled
and repeatable experimental environment. Table 1 presents the
physical characteristics of ST. Additionally, the particle size dis-
tribution (PSD) of the ST, as shown in Fig. 3, closelymatches that of
natural tailings from nine different mines in Canada, supporting
the relevance of ST as a representative substitute in laboratory
research. Tap water was used as the mixing water to better reflect
practical field conditions, where tap water is commonly employed
in CPB production rather than deionized water. The use of tap
water also avoids introducing unknown chemical constituents that
may be present in process water recovered from tailings treatment
circuits. This choice ensures that the experimental results main-
tain practical applicability while preserving sufficient quality
control and consistency for laboratory testing. General use (GU)
Portland cement was selected as the binder, with its properties
listed in Table 2.

2.3. Sample preparation and mix proportions

Table 3 provides a full description of the CPB mixtures used in
this study. Following the listed mix proportions, GU Portland
cement, ST, and tap water were mixed for 10 min in a concrete
mixer. After the mixing process, the fresh CPB paste was poured
into the customized sample cell inside the apparatus and sub-
jected to different curing conditions (Table 3) using the previously
described multiaxial compressive stress curing and monitoring
apparatus (Liu and Fall, 2024). The workability of the fresh CPB
mixtures was evaluated using a slump test in accordance with
ASTM C143 (2010), resulting in a slump measurement of 18 cm,
which is a suitable value for CPB applications.

During the curing process, three distinct stress conditions were
simulated. The first condition involved no stress, serving as a stress-
free baseline for comparison. The second condition, termed Multi-
axial Compressive Stress Condition 1 (MCS1), applied a specific
combination of vertical and horizontal stresses corresponding to
rockwall closure scenario 1. The third condition, Multiaxial
Compressive Stress Condition 2 (MCS2), utilized a different com-
bination of vertical and horizontal stresses to assess the impacts of
varying rockwall closure scenarios, with the development of these
rockwall closures detailed in Section 2.4. In addition, all samples
were maintained at a consistent curing temperature of 20 ◦C to
ensure controlled environmental conditions.

For each stress condition, CPB samples were cured under both
drained and undrained scenarios to examine the influence of
drainage on consolidation behavior and mechanical properties. In
conventional consolidation testing (e.g. ASTM D2435), “drained”
and “undrained” conditions refer to the ability of water to move
vertically through porous stones placed at the top and bottom of a
specimen under vertical loading. In contrast, our curing-based
consolidation tests were conducted under multiaxial stress paths
with drainage control implemented through the bottom of the
sample cell. In the drained condition, the bottom drainage path
was open and connected to a collection system, allowing excess
water expelled during CPB curing to escape freely. In the un-
drained condition, the sample was completely enclosed in a sealed
rubber membrane and the drainage valve was closed, preventing
water movement out of the specimen. These definitions differ
from conventional methods but are appropriate for simulating the
hydraulic boundary conditions encountered during underground
backfilling, where CPB may be in contact with permeable or
impermeable boundaries. This setup allows for a realistic exami-
nation of how drainage availability affects consolidation, strength
gain, and mechanical performance of CPB under field-relevant
stress conditions.

To facilitate clear identification, CPB samples subjected to
multiaxial compressive stresses are labeled as MCS-CPB. For
instance, a sample designated as MCS1-UD-CPB refers to a CPB
specimen exposed to the multiaxial compressive stress condition
(MCS1) under undrained conditions (UD). Here, MCS signifies the
application of both vertical stresses (originating from self-weight)
and two horizontal stresses induced by rockwall closure.

2.4. Multiaxial compressive stress curing conditions

Fig. 4 illustrates the targeted in situ stress profiles, represented
by dash lines, alongside the stresses applied during the curing
simulation process, depicted as solid lines. In this study, both
MCS1 and MCS2 conditions employed an identical vertical stress
curve (blue curve in Fig. 4) to replicate a uniform backfilling
operation. This operation proceeded at a filling rate of 0.31 m/h,

Table 1
Physical properties of the silica tailings (ST).

Element Gs D10 (μm) D30 (μm) D50 (μm) D60 (μm)

ST 2.7 1.9 9 22.5 31.5

Fig. 3. Particle size distribution (PSD) of the silica tailings and average PSD of tailings
from nine different mines in Canada.
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ultimately achieving a backfill height of 29.76 m (vertical stress of
610.08 kPa). This approach reliably replicates the self-weight effect
of the CPB mass in field conditions. It is acknowledged that in
many mining operations, backfilling is implemented in batches
rather than as a continuous process. However, in deep mines,
continuous backfilling offers significant advantages, including
improved transport efficiency, reduced risks of pipeline blockage
due to early cement hydration, and enhanced operational stability.
Continuous filling at a steady rate, as simulated in this study, better
replicates ideal operational conditions aimed at minimizing
transportation risks and ensuring uniform stress development.
Accordingly, this study adopts a continuous backfilling scenario to
improve the practical transferability of the findings to deepmining
operations where continuous filling is increasingly preferred.

The key differentiation between MCS1 and MCS2 conditions
lies in the manner of horizontal stress development induced by
rockwall closures. The design of the horizontal stress loading paths
for rockwall closure scenarios 1 and 2 was based on field obser-
vations reported in previous studies (Hassani et al., 1998;Williams
et al., 2001; Thompson et al., 2009; Seymour et al., 2017; Raffaldi

et al., 2019). In particular, Raffaldi et al. (2019) provided detailed
in situ measurements of stope closure and backfill-induced
stresses at the Lucky Friday mine, which were used as a bench-
mark reference in previous work by Liu and Fall (2024). Rockwall
closures 1 and 2 were formulated to represent lower-intensity and
more gradual closure rates relative to the extreme closure
observed in certain deep mines, reflecting more typical conditions
encountered across a broad range of underground operations.
During the first 14 d of curing, the applied horizontal stresses were
kept low and increased steadily, consistent with field observations
where early closure rates and stress magnitudes are generally low
(below 400 kPa) during the initial backfill consolidation period.
After this phase, stress escalation was introduced at varying rates
to simulate progressive mining-induced deformation. This design
ensures that the applied stress magnitudes and loading rates are
representative of real-world backfilling conditions in deep mines.
For each rockwall closure scenario, the horizontal stresses (σx =

σ− x = σy = σ− y) were meticulously controlled to advance at
consistent rates.

It is acknowledged that the rheological properties of the sur-
rounding rock mass, such as creep and stress relaxation, can
significantly influence the time-dependent development of rock-
wall closure stresses acting on CPB. Previous studies, such as the
recent work by Geng et al. (2024) on secondary support optimi-
zation under high in situ stress conditions, have emphasized the
critical role of rock rheology in long-term deformation and support
behavior. In this study, however, the focus was placed on repli-
cating the field-measured stress conditions experienced by CPB,
rather than explicitly modeling the surrounding rock behavior.
Therefore, while the applied stress paths inherently reflect the
combined effects of rock mass rheology and mining activities
observed in the field, the rheological properties of the surrounding
rock were not independently analyzed. Future work could further
explore the direct coupling between CPB performance and the
time-dependent mechanical behavior of the host rock mass to
improve the mechanistic understanding of stope-scale consolida-
tion and long-term backfill stability.

2.5. Testing method

2.5.1. Mechanical tests
At designated curing ages of 1, 3, 7, and 28 d, CPB samples were

retrieved from the customized sample cell and then cut into di-
mensions of 50 mm × 50 mm × 50 mm. The unconfined

Table 2
Characteristic of general use (GU) Portland cement.

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

GU 2.65 62.82 18.03 4.53 2.7 3.82 3.1 1.3

Table 3
Curing conditions, mix proportions, and curing time of the CPBs.

Sample designation Curing conditions Mix proportions Curing time (d)

Stress Cond. a Drainage Binder (%) b Con. Ratio (%) c

Control-UD-CPB Stress-free Undrained 7 74 1, 3, 7, 28
MCS1-UD-CPB MCS1 Undrained
MCS2-UD-CPB MCS2 Undrained
Control-D-CPB Stress-free Drained
MCS1-D-CPB MCS1 Drained
MCS2-D-CPB MCS2 Drained

a Stress Condition (Stress Cond.): “MCS” denotes multiaxial compressive stress condition. MCS1 and MCS2 refer to specific stress conditions detailed in section 2.4.
b Binder: GU Portland cement was used as the binder, constituting a specified percentage of the total mass of fresh CPB.
c Concentration Ratio (Con. Ratio): The solid mass (GU and ST) divided by the total mass of the CPB mixture.

Fig. 4. Application of vertical stress and horizontal stresses simulating various rock-
wall closure scenarios.
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compressive strength (UCS) of these specimens was evaluated in
accordance with ASTM C109 standard. Testing was conducted
using a compression machine with a maximum capacity of 50 kN,
applying a load rate of 1 mm/min. Each UCS measurement was
performed in duplicate, and the average value was reported as the
definitive UCS for each sample.

2.5.2. Physical properties tests
The physical characteristics of the specimens were evaluated

based on key parameters, including dry density (ρd), porosity (n),
and gravimetric water content (w). After the curing process,
samples were carefully extracted from the curing cell. The di-
mensions of each sample were measured using a digital caliper.
Subsequently, the mass of each specimen was measured using a
precision electronic balance. The samples were then subjected to
desiccation in a thermostatically controlled drying oven at a con-
stant temperature of 45 ◦C for aminimumduration of 4 d to ensure
the complete removal of free water. The dry mass was recorded,
and the values of w and ρd were calculated based on the changes in
mass and the initial specimen volume. Specific gravity (Gs) mea-
surements were performed on approximately 50 g of finely ground
oven-dried CPB material, following the procedure described in
ASTM D854-14 using a pycnometer. Based on the measured dry
density (ρd) and specific gravity (Gs), the porosity (n) was calcu-
lated using the relation of 1 − ρd=(Gsρw), where ρw is the density of
water. These tests were conducted using conventional geotech-
nical laboratory equipment, following standardized ASTM pro-
cedures, to ensure accuracy and consistency in characterizing the
physical properties of the CPB specimens under the specific
experimental conditions.

2.5.3. Monitoring of multiaxial deformations
Multiaxial deformations experienced by the CPB under

compressive loading were continuously monitored using LVDTs
installed along each stress axis, as illustrated in Fig. 2. These sen-
sors provided real-time data on the dimensional changes of the
CPB samples, enabling precise tracking of deformation behaviors
under varying stress conditions. They allow accurate and syn-
chronized measurement of deformations across all applied stress
directions.

3. Results and discussion

3.1. Consolidation behaviour under multiaxial stress loading
conditions

Fig. 5 illustrates the evolution of the normalized void ratio of
CPB cured under different multiaxial (3D) stress conditions for
both drained and undrained conditions. Additionally, two x-axes
are plotted on the top, displaying the magnitudes of the horizontal
stress (σH, where σ− x = σx = σ− y = σy) and vertical stress (σV,
where σ− z = σz), corresponding to specific curing ages indicated
by the tick values on the bottom x-axis. This visualization
arrangement is applied across all subsequent figures to allow
readers to quickly reference the corresponding curing stress con-
ditions. The normalized void ratio was calculated based on the
monitored deformation (volume change) of CPB and its initial
volume. This figure shows that themultiaxial stress application for
both MCS1 and MCS2 was identical during the initial 14-d period.
Given this similar curing condition during this period, the
normalized void ratios of samples under MCS1 and MCS2 condi-
tions were expected to be identical during this time for both
drained and undrained conditions. After the 14th day, all samples
exhibited different values due to varying curing conditions (stress
magnitude and drainage conditions). The results also indicated

that the normalized void ratio of drained samples consistently
remained lower than that of undrained samples under multiaxial
stress, suggesting that drained samples generally underwent
deformation more rapidly. The mechanisms responsible for this
behaviour are discussed below.

Fig. 5 further illustrates that themagnitude and rate of decrease
in the normalized void ratio (indicating the reduction in backfill
volume) are not constant over time and during stress application.
Instead, the process exhibits distinct stages or phases, each char-
acterized by different magnitudes or rates of volume reduction.
Within the first 24 h, both undrained (MCS1-UD-CPB) and drained
(MCS1-D-CPB) samples exhibited a significant drop in their
normalized void ratio, indicating rapid volume reduction. Specif-
ically, the normalized void ratio of MCS1-UD-CPB samples
decreased from 1 to 0.970, while that of MCS1-D-CPB samples
dropped more sharply from 1 to 0.943. During this period, hori-
zontal stress increased from 0 kPa to 32 kPa, and vertical stress
rose from 0 kPa to 152 kPa (Fig. 4). Despite the absence of drainage,
the initial rapid compression of the undrained CPB demonstrated
the high compressibility of fresh undrained CPB under multiaxial
stress. In contrast, the presence of drainage in drained CPB (MCS1-
D-CPB) facilitated pore water expulsion, leading to greater volume
reduction and resulting in a lower normalized void ratio in the
drained samples.

During the subsequent 3-d period (Days 1–4), the rate of
decrease in normalized void ratio slowed regardless of drainage
conditions. This means that the consolidation inMCS-CPBs (MCS1-
UD-CPB and MCS1-D-CPB) proceeded at a more gradual pace
compared to the initial 24 h of curing, despite the applied stresses
increasing significantly during the 1st to 4th day period: hori-
zontal stress increased from 32 kPa to 60 kPa and vertical stress
from 152 kPa to 610 kPa. This can be attributed to the strength-
ening effect of cement hydration during early ages (Junior et al.,
2012; Ghirian and Fall, 2016; Cui and Fall, 2016; Hou et al.,
2018), which enhances resistance against compression under the
applied multiaxial stress.

While the initial stages of curing were dominated by rapid
consolidation and compression, the influence of stress magnitude
and drainage conditions became increasingly complex as curing
progressed. Between the 4th and 14th day of curing, the rate of
decrease in normalized void ratio (i.e. the rate of consolidation)
further slowed for undrained samples (MCS1-UD-CPB), with
values decreasing from 0.944 to 0.918. In contrast, the drained
samples (MCS1-D-CPB) maintained a more moderate decrease,
with the ratio dropping from 0.925 to 0.883. During this period,
vertical stress remained constant at 610 kPa, reflecting the end of
the backfilling process, while horizontal stress increased from
60 kPa to 360 kPa, indicating higher rockwall closure stress. The
moderate rate of consolidation in drained samples can be attrib-
uted to the continued expulsion of pore water. Conversely, the
undrained samples, unable to drain water, initially experienced
self-desiccation as the cement hydrated and consumed a portion
of the pore water (Grabinsky et al., 2006; Li and Fall, 2016; Wang
et al., 2016), leading to a lower rate of water loss compared to
the drained samples, supported by the gravimetric water content
results in Fig. 6. This lower water loss explains the reduced
consolidation magnitude and rate in the undrained samples.
Furthermore, as compression continued from the 4th to the 14th
day, the remaining pore water in the undrained samples was
subjected to increasing pressure, likely causing a buildup of pore
water pressure. This pressure buildup provided additional resis-
tance to further compression, contributing to the slower reduction
in the normalized void ratio compared to the drained samples.

After 14 d, the normalized void ratio once again decreased at a
fast rate for undrained samples under the MCS1 condition, which
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even caught up with the decreasing rate for drained samples. For
undrained samples, the ratio decreased from 0.918 to 0.868, rep-
resenting a reduction of 0.050. In the drained samples, the ratio
decreased from 0.883 to 0.836, with a reduction of 0.047. During
this period, the horizontal stress (induced by rockwall closure)
nearly tripled, rising from 360 kPa to 1000 kPa, while the vertical
stress (corresponding to the height of the backfill mass) remained
constant at 610 kPa. These higher horizontal stresses intensified
the compression of the MCS samples, pushing the particles closer
together and further enhancing cement hydration (Liu and Fall,
2024), which consumed more pore water during days 14–28
than the Control samples. This led to more chemical shrinkage
from cement hydration and a greater reduction in void space in
MCS samples (MuirWood and Doherty, 2014; Qin et al., 2021; Yang
et al., 2021). The observed increase in dry density in the CPB
samples over the curing period, as illustrated in Fig. 7, confirms
that elevated induced horizontal stresses compact the particles
more closely together. Specifically, this figure reveals a significant
rise in the dry density of the MCS1 samples during the period
when horizontal stress increased from 360 kPa to 1000 kPa. The
drained samples, having developed increased stiffness due to

faster consolidation during the 0–14 d period, were better able to
resist further compression during the 14–28 d period, even as the
multiaxial stress increased. This enhanced stiffness occurred
because the initial consolidation had expelled much of the pore
water, allowing the particles to become more tightly packed. This
is evidenced by the higher dry density observed in MCS1-D-CPB
samples. For instance, after 7 d of curing, the dry density of MCS1-
D-CPB reached 1.502 g/cm3, compared to the Control-D-CPB's dry
density of 1.463 g/cm3. As a result, the material became more
compact and less prone to deformation. Consequently, the rate of
consolidation slowed slightly during the 14–28 d period, as the CPB
had already undergone significant compaction and further
compression required much higher stress levels to induce addi-
tional deformation.

Under the MCS2 condition, i.e. higher magnitude of rockwall
closure stress, where horizontal stress increased dramatically from
360 kPa to 2300 kPa while vertical stress remained constant at
610 kPa, both drained and undrained samples exhibited signifi-
cantly greater rates of consolidation and compression compared to
MCS1 samples. The normalized void ratio of MCS2-UD-CPB
decreased from 0.918 at the 14th day to 0.795 at 28th day, while

Fig. 5. Evolution of normalized void ratio of CPB cured under multiaxial stress loading for undrained and drained conditions: (a) MCS1-CPB, and (b) MCS2-CPB.

Fig. 6. Evolution of gravimetric water content of CPB cured under multiaxial stress loadings for undrained and drained conditions: (a) MCS1-CPB, and (b) MCS2-CPB.
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MCS2-D-CPB decreased from 0.883 to 0.774. The higher and
rapidly increasing horizontal stress, indicative of stronger and
faster rockwall closure, significantly enhanced consolidation in
drained samples (MCS2-D-CPB). The elevated horizontal stress
was sufficient to overcome the increased resistance of MCS2-D-
CPB sourced from the improved cement hydration during the
0–14 d period. Additionally, it drove undrained samples (MCS2-
UD-CPB) into a new state with a more favorable pore structure
for hydration reactions (Zhou and Beaudoin, 2003; Liu and Fall,
2024), leading to more effective chemical shrinkage. The faster
consumption of pore water by hydration reaction would prevent
the buildup of positive pore water pressure despite the decreasing
void space (Doherty, 2015; Ghirian and Fall, 2016; Jaouhar and Li,
2019; Al-Moselly and Fall, 2024b), allowing for more effective
compression at the later curing stages.

When comparing the effect of drainage on the consolidation
and compression between MCS1 and MCS2 conditions, the dif-
ference in normalized void ratio between MCS2-UD-CPB and
MCS2-D-CPB on the 28th day, was 0.021, which is lower than the
difference of 0.032 observed under MCS1 conditions. This reduc-
tion indicates that higher rockwall closure stress levels, as seen in
MCS2, reduced the impact of the drainage on the consolidation
behavior of CPB, suggesting that under extreme stress conditions,
often encountered in deep mines, the difference between drained
and undrained behavior became less pronounced at later curing
stages.

3.2. Impact of consolidation behavior under multiaxial stress
loading on the UCS development of CPB

The consolidation behavior of CPB critically influences its
strength development by enhancing particle compaction, affecting
effective stress, and accelerating hydration reactions (Cui and Fall,
2017a). Fig. 8 illustrates the evolution of UCS of CPB under different
multiaxial stress (rockwall closure) loadings for both undrained
and drained conditions. Additionally, Fig. 9 shows the strength
contribution from the application of multiaxial curing stress under
both undrained and drained conditions, which was calculated
from the UCS of CPB under multiaxial stress divided by the UCS of
control samples.

Fig. 8 shows that the UCS of CPB under multiaxial curing stress
conditions consistently surpasses that of CPB cured under control

conditions (stress-free curing conditions) at all curing ages, irre-
spective of the drainage or consolidation conditions. After just one
day of curing, the benefits of multiaxial stress are already evident.
Under undrained conditions, the UCS (0.729 MPa) of MCS1-UD-
CPB was significantly higher than that (0.559 MPa) of Control-UD-
CPB, representing a 30.4 % increase (Fig. 9). In drained samples,
MCS1-D-CPB achieved 0.972 MPa compared to 0.678 MPa for
Control-D-CPB, showing a greater increase of 43.3 %. As curing
progressed, the multiaxial stress loadings continued to enhance
the compressive strength of CPB in both drained and undrained
conditions. Between the 14th and 28th days, the horizontal stress
in MCS1 condition nearly tripled, increasing from 360 kPa to
1000 kPa, while vertical stress remained constant at 610 kPa.
Under these conditions, the UCS of drained samples (MCS1-D-CPB)
reached 3.007 MPa by the 28th day, representing a 21.3 % increase
compared to Control-D-CPB (2.478 MPa). Similarly, undrained
samples (MCS1-UD-CPB) exhibited a UCS of 2.563 MPa, a 12.6 %
increase over the 2.276 MPa observed in Control-UD-CPB. These
results suggest that the application of multiaxial curing stress,
whether in drained or undrained conditions, positively influences
the strength development in CPB. This significant improvement
can be attributed to the pronounced influence of multiaxial
compressive stresses, which promote pore structure refinement
and densification in the CPB while enhancing cement hydration,
particularly during the initial stages of curing. At these initial
curing ages, the CPB undergoes the hardening process. The rapid
application of vertical stress, resulting from the backfilling of the
mine cavity at a rate of 0.31 m/h, aids in particle settling, while the
progressively increasing horizontal stresses from four distinct di-
rections due to rockwall closure facilitates further densification of
the MCS-CPB. These dynamic stresses work synergistically to
reduce void spaces, as shown in Fig. 10. Fig. 10 presents the
porosity results for both the control samples and the samples
subjected to multiaxial curing stresses (MCS1-CPB and MCS2-
CPB). The porosity data presented in Fig. 10 consistently demon-
strate that the “empty" space within MCS-CPB is significantly less
than that in the Control-CPB across all curing ages. Notably, at 28 d
of curing, MCS2-CPB, which experiences greater horizontal rock-
wall closure stress, shows a significant reduction in porosity
compared to Control-CPB. Specifically, under undrained condi-
tions, the porosity of MCS2-CPB is reduced by 5.68 %, while under
drained conditions, the reduction is an impressive 11.53 %. In

Fig. 7. Development of dry density of CPB cured under multiaxial stress loadings for undrained and drained conditions: (a) MCS1-CPB, and (b) MCS2-CPB.
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contrast, MCS1-CPB exhibits smaller reductions of 3.81 % and
5.75 %, respectively. These findings underscore the substantial
impact of increased horizontal stress in MCS2, which leads to a
greater compaction of void spaces. Furthermore, previous research
(e.g. Liu and Fall, 2024) has shown that multiaxial compressive
curing stresses accelerate cement hydration in CPB systems during
the early stages of curing (0–7 d). This accelerated hydration re-
sults in the production of a greater quantity of cement hydration
products, thereby enhancing the strength of backfill materials
cured under these conditions. Evidence of this enhanced hydration
is provided by the gravimetric water content analysis conducted
on CPB samples cured under multiaxial compressive stresses
compared to control samples, as illustrated in Fig. 6. The results
indicate that MCS-CPB samples exhibit lower water content and a
faster rate of water content reduction, particularly within the first
7 d. This suggests more pronounced self-desiccation, caused by
water consumption during cement hydration, inMCS-CPB samples
compared to the controls. In other words, cement hydration occurs
more rapidly in samples subjected to multiaxial compressive

Fig. 8. Strength development of CPB cured under multiaxial stress loadings for undrained and drained conditions: (a) MCS1-CPB, and (b) MCS2-CPB.

Fig. 9. Strength contribution of multiaxial stress in drained and undrained conditions.

Fig. 10. Evolution of porosity of CPB cured under multiaxial stress loadings for undrained and drained conditions: (a) MCS1-CPB, and (b) MCS2-CPB.
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stress conditions. These findings align with those of Zhou and
Beaudoin (2003), who reported that applying a curing pressure
of 6.80 MPa during the early stages of Portland cement hydration
significantly increases the degree of hydration and results in a
denser microstructure within 48 h. Similarly, Ghirian and Fall
(2015) demonstrated the substantial impact of curing stresses on
cement hydration in backfill systems. Their study showed that CPB
samples subjected to stress during curing exhibited greater for-
mation of hydration products such as C-S-H and CH compared to
samples cured under stress-free conditions. This highlights the
critical role of curing stresses in promoting hydration reactions
and improving the microstructure of CPB materials.

Moreover, the analysis of the results presented in Figs. 8 and 9,
as described earlier, indicates that under multiaxial stress curing
conditions, CPBs cured in drained conditions consistently exhibit a
greater increase in UCS compared to those cured in undrained
conditions. This indicates that multiaxial stress had a greater
impact on strength improvement in drained conditions. For
example, after just one day of curing, drained samples (MCS1-D-
CPB) exhibited a 43.3 % improvement in UCS compared to Control-
D-CPB, whereas undrained samples (MCS1-UD-CPB) showed a
30.4 % improvement over Control-UD-CPB (Fig. 9). This behavior
can be attributed to the greater degree of consolidation experi-
enced by CPBs cured under drained conditions, as evidenced by
Fig. 5. Enhanced consolidation leads to a more refined pore
structure, as illustrated in Fig. 7, which in turn contributes to the
increased strength of the CPB. In drained conditions, the dissipa-
tion of pore water pressure occurs through a combination of water
drainage and water consumption during cement hydration (self-
desiccation). In contrast, for CPBs cured under undrained condi-
tions, pore water pressure dissipation relies solely on the self-
desiccation process. This difference underscores the critical role
of drainage in facilitating more effective consolidation and
strengthening the CPB structure, even under multiaxial compres-
sive curing stress conditions.

In addition, the analysis of Figs. 8 and 9 reveals that the
magnitude and rate of increase of horizontal stress induced by
rockwall closure significantly influence UCS development,
regardless of whether the CPB is cured under undrained or
drained conditions. As shown in Fig. 4, starting from 14 d of
curing, the horizontal stress applied to the CPB samples began to
diverge notably between MCS1 and MCS2 conditions. Between
the 14th and 28th days, horizontal stress in MCS1 increased from
360 kPa to 1000 kPa while vertical stress remained constant at
610 kPa (indicating a constant backfill structure height). In
contrast, under MCS2 conditions, horizontal stress increased
dramatically from 360 kPa to 2300 kPa, while the vertical stress
similarly remained constant at 610 kPa. Fig. 8 shows that, irre-
spective of drainage conditions, the 28-d UCS of MCS2-CPB was
significantly higher (15 %–30 %) than that of MCS1 samples. For
instance, in undrained conditions, the UCS of MCS2-UD-CPB
reached 3.02 MPa on the 28th day, representing a 32.7 % increase
compared to 2.276 MPa observed in Control-UD-CPB (Figs. 8 and
9). This 32.7 % increase under MCS2 conditions far exceeds the
12.6 % increase observed under MCS1 conditions for undrained
samples (Fig. 9). These results indicate that even without
drainage, the higher andmore rapidly increasing rockwall closure
stress in MCS2 conditions, combined with the self-weight loading
of CPB, significantly enhanced the material's strength. In drained
conditions, the effect of the magnitude and rate of increase of
horizontal stress induced by rockwall closure was even more
pronounced. The UCS of MCS2-D-CPB on the 28th day reached
3.933 MPa, markedly higher than the 2.478 MPa observed for
Control-D-CPB, representing a 58.7 % increase. This increase un-
der MCS2 conditions was also significantly greater than the 21.3 %

increase observed under MCS1 conditions for drained samples
(Fig. 9). The superior UCS values observed in MCS2 samples,
whether cured in undrained or drained conditions, are primarily
attributed to the higher and more rapidly developing horizontal
stress, indicative of stronger and faster rockwall closure. This
increased stress significantly enhanced the compression and
consolidation of CPB samples. These effects were particularly
pronounced in drained samples (MCS2-D-CPB), where consoli-
dation was much more effective compared to undrained samples
(MCS2-UD-CPB), as discussed earlier. In undrained samples, pore
water pressure dissipation or consolidation occurs solely through
self-desiccation, while drained samples benefit from both water
drainage and self-desiccation. These synergistic compression and
consolidation processes led to greater void space reduction
(Figs. 5 and 10) and higher dry density (Fig. 7) in samples sub-
jected to higher and more rapidly increasing horizontal stress,
especially in drained conditions. The refinement of the CPB pore
structure resulting from these processes is closely associated
with the observed increase in UCS.

Furthermore, Fig. 8 illustrates that the UCS of CPB increases
with curing time, characterized by rapid early-age strength
development followed by slower growth at later stages. This trend
is consistent across both drained and undrained conditions under
multiaxial stress and stress-free conditions. During the first three
days, the UCS of CPB increases sharply. For instance, the UCS of
MCS1-D-CPB rises from 0.972 MPa on the first day to 1.536 MPa by
the third day, representing a 58 % increase. Similarly, MCS1-UD-
CPB exhibits a 93.7 % increase over the same period. This signifi-
cant early-age strength gain is attributed to the combined effects
of accelerated cement hydration and a higher rate of consolidation.
The faster rate of consolidation observed in CPB subjected to
multiaxial compressive stresses during the first 3 d is evident in
Fig. 5. However, after the first 3 d, the rate of strength increase
slows, coinciding with a deceleration in consolidation in the MCS
samples (Fig. 5). Between the 3rd and 7th days, the UCS of MCS1-
D-CPB increases by 36.6 %, while MCS1-UD-CPB shows a 38.4 %
increase. This reduced growth rate is typical as hydration slows,
the consolidation process decelerates, and the CPB pore structure
stabilizes. By the 28th day, the growth rate slows even further,
with the UCS of MCS1-D-CPB showing only a 43.3 % increase over
the curing period from the 7th to the 28th day.

Additionally, as curing continued, a delayed strength contri-
bution from multiaxial stress became apparent in undrained
samples. This is reflected in the fact that the strength contribution
from multiaxial stress for undrained samples surpassed that for
drained samples. By 3 d of curing, UCS improvement for undrained
samples (MCS1-UD-CPB) reached 58.5 % compared to Control-UD-
CPB, while the improvement for drained samples (MCS1-D-CPB)
was 39.3 % compared to Control-D-CPB (Fig. 9). This trend
continued by the 7th day, with undrained samples showing a
36.7 % improvement compared to 26.6 % in drained samples.

The findings presented above indicate that higher magnitudes
and rates of rockwall closure (within non-excessive limits)
significantly enhance the consolidation behavior of CPB, with the
most pronounced effects observed in drained conditions, partic-
ularly during the early stages of curing. This enhanced consolida-
tion leads to notably improved mechanical strength, which is
crucial for the structural stability of CPB. Additionally, the results
demonstrate that drainage consistently facilitates faster and more
efficient strength development in CPB. As underground mining
operations progress to greater depths – conditions often accom-
panied by elevated rockwall closure stresses – it becomes imper-
ative to consider the effects of multiaxial stresses, including
horizontal stress induced by rockwall closure, on CPB consolida-
tion and strength development. Incorporating these factors is
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essential for designing cost-effective and structurally sound CPB
systems in deep mining environments.

3.3. Impact of consolidation behavior under multiaxial stress
loading on the deformations and strains of MCS-CPB during curing

Fig. 11 illustrates the evolution of deformations and strains in
CPB under different multiaxial stress conditions – MCS1 and MCS2
– in both drained and undrained conditions. The impact of these
stress conditions on CPB deformation behavior during the curing
process over the 28-d period was examined, focusing on how
varying levels of horizontal rockwall closure, vertical stress, and
drainage affected the material's compressive response. On the top
axes of the figure, the horizontal stress and vertical stress were
also displayed for better comprehending the effect of multiaxial
stress.

3.3.1. Initial curing phase (Days 0–4)
In the first 4 d of curing, the vertical stress (σV) step increased

from 0 kPa to 610.08 kPawhile the horizontal stress (σH) increased

from 0 kPa to 60 kPa. Under undrained conditions, MCS1-UD-CPB
displayed a rapid escalation in vertical deformation, reaching
2.571 mm (equivalent to a vertical strain of 1.607 %), and a slight
increase in horizontal deformation, reaching 0.319mm (equivalent
to a horizontal strain of 0.591 %). Concurrently, the volumetric
deformation reached 12.905 cm3 (or a volumetric strain of
2.776 %). Under drained conditions (i.e. higher consolidation), the
vertical deformation of MCS1-D-CPB increased more significantly,
reaching 3.192 mm (equivalent to a vertical strain of 1.995 %) on
the 4th day. The horizontal deformation also increased, reaching
0.467 mm (equivalent to a horizontal strain of 0.865 %). Both of
them contributed to the volumetric deformation of 17.182 cm3 (or
a volumetric strain of 3.683 %).

During the initial phase of curing, CPB under both undrained
and drained conditions experienced rapid initial deformations,
particularly vertical deformation, due to the imposition of vertical
stress from backfilling. This initial vertical deformation was
accentuated in the drained condition because the expulsion of
pore water allowed for greater particle rearrangement, leading to
increased consolidation and settlement. The drained CPB

Fig. 11. Monitored deformation and strain of CPB under multiaxial stress conditions for both undrained and drained samples: (a) Deformation - MCS1, (b) Deformation - MCS2, (c)
Strain - MCS1, and (d) Strain - MCS2 (DV: vertical deformation; DH1, DH2: horizontal deformation; Dvol: volumetric deformation; εV: vertical strain; εH1, εH2: horizontal strain; εvol:
volumetric strain).
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demonstrated more significant vertical deformation as water was
efficiently expelled through drainage, reducing pore pressure and
increasing effective stress, which amplified vertical strain. In
contrast, the undrained CPB exhibited less vertical deformation
because the excess pore water could not escape through drainage,
maintaining higher pore pressures that counteracted the applied
stresses and limited deformation. The presence of pore water in
the undrained condition provided temporary support against
compression, resulting in lower initial deformations compared to
the drained condition.

3.3.2. Intermediate curing phase (Days 4–14)
During this period, the vertical stress remained constant at

610.08 kPa (since backfilling was completed), while the horizontal
stress continued to increase progressively. The horizontal stress
increased from 60 kPa on the 4th day to 360 kPa on the 14th day.

After backfilling, the vertical deformation stabilized for both
undrained and drained samples under multiaxial stress condi-
tions. The vertical deformation of undrained samples (MCS1-UD-
CPB) exhibited a slight rise from 2.571 mm on the 4th day to
2.614 mm on the 14th day (corresponding to a vertical strain in-
crease from 1.607 % to 1.634 %). Similarly, the vertical deformation
of drained samples (MCS1-D-CPB), whichwere subjected to higher
consolidation, increased marginally from 3.192 mm on the 4th day
to 3.231 mm on the 14th day (with a vertical strain increase from
1.995 % to 2.019 %). Therefore, theMCS1-UD-CPB increasedmore in
terms of vertical deformation and strain over that period. In
drained conditions, the pore water was allowed to escape, and
much of the consolidation and associated deformation occurred
earlier during the initial phase (0–4 d). After this initial consoli-
dation, the rate of deformation reduced, resulting in a smaller
increase between the 4th day and the 14th day. The minimal in-
crease in vertical deformation during this phase was attributed to
the cessation of vertical stress application and the ongoing cement
hydration process, which increased the stiffness of the CPB (Fahey
et al., 2011; Yilmaz et al., 2014; Zhao et al., 2021; Chen et al., 2022).
In the drained condition, most consolidation due to vertical stress
occurred during the initial phase, resulting in limited additional
vertical deformation.

In addition, the horizontal deformation of MCS1-UD-CPB
increased steadily from 0.319 mm on the 4th day to 0.661 mm on
the 14th day (corresponding to a horizontal strain increase from
0.591 % to 1.224 %). The horizontal deformation of MCS1-D-CPB
increased from 0.457 mm to 1.031 mm (with a horizontal strain
from 0.865 % to 1.909 %) over the same period (Fig. 11).

The drained samples (MCS1-D-CPB) exhibited a greater in-
crease in horizontal deformation between the 4th day and the 14th
day compared to the undrained samples (MCS1-UD-CPB). The
larger increase in horizontal deformation in the drained condition
can be attributed to the effect of drainage on consolidation
behavior. In the drained condition, excess pore water pressure
generated by the applied horizontal stress was allowed to dissi-
pate as water drained out of the CPB material. This reduction in
porewater pressure increased the effective stress acting on the soil
skeleton, leading to greater deformation. With the dissipation of
pore water, the particles within the CPB rearranged under the
increased effective stress (Helinski et al., 2006; Veenstra et al.,
2015; Al-Moselly and Fall, 2024b). This rearrangement resulted
in additional horizontal deformation as the material consolidated.
The drainage facilitated consolidation settlement, allowing the
CPB to deform more under the same applied stress compared to
the undrained condition. In the undrained condition, the pore
water pressure remained elevated, providing temporary resistance
to deformation. Over time, as the CPB cured and gained strength
due to cement hydration, the rate of deformation decreased.

However, during the intermediate curing phase (Days 4–14), the
effects of drainage were more pronounced, leading to greater in-
creases in deformation in the drained samples.

Drained samples exhibited higher volumetric deformations due
to reduced pore pressures, allowing particles to move more freely
under horizontal stress (Fig. 11). The increased effective stress in
drained conditions led to higher deformations compared to un-
drained conditions, where pore water restricted particle move-
ment. The volumetric deformation of MCS1-UD-CPB increased
from 12,905 mm3 on the 4th day to 18,789 mm3 on the 14th day
(volumetric strain from 2.776 % to 4.027 %). The volumetric
deformation of MCS1-D-CPB increased from 17,182 mm3 on the
4th day to 26,711 mm3 on the 14th day (volumetric strain from
3.683 % to 5.725 %). The cumulative effects of drainage were
evident, with drained samples exhibiting higher volumetric de-
formations and strains. Drainage accelerated consolidation by
allowing pore water to escape, increasing effective stress and
leading to greater total deformation.

3.3.3. Late curing phase (Days 14–28)
During the late curing period (Days 14–28), while the vertical

stress remained constant at 610.08 kPa (constant CPB structure
height) for both MCS1 and MCS2 conditions, the horizontal stress
continued to increase due to rockwall closure. In the MCS1 con-
dition, the horizontal stress increased from 360 kPa on the 14th
day to 1000 kPa on the 28th day. In contrast, the MCS2 condition
experienced a more rapid escalation, with horizontal stress
increasing from 360 kPa to 2300 kPa over the same period,
reflecting a faster rockwall closure rate.

As shown in Fig.11, in theMCS1-UD-CPB (undrained condition),
the vertical strain showed a minimal increase from 1.634 % (ver-
tical deformation of 2.614mm) on the 14th day of curing to 1.651 %
(vertical deformation of 2.642 mm) on the 28th day. This slight
change suggested that the CPB had developed sufficient stiffness
due to cement hydration, limiting further vertical deformation
despite the increasing horizontal stress. The horizontal strain in
MCS1-UD-CPB increased noticeably from 1.224 % to 2.474 % over
the same period. This significant rise in horizontal strain contrib-
uted to the volumetric strain increasing from 4.027 % to 6.457 %
between the 14th and 28th days of curing, highlighting the influ-
ence of the applied horizontal rockwall closure stress on overall
deformation.

Comparatively, the MCS1-D-CPB (drained condition) exhibited
a relatively stable vertical strain, with only a 0.007 % increase from
2.019 % on the 14th day to 2.026 % on the 28th day, which was even
less than the undrained sample's increase of 0.017 %. This stability
suggested that drainage facilitated the dissipation of pore water
pressure, enhancing the CPB's resistance to vertical deformation.
However, the horizontal strain in MCS1-D-CPB increased more
substantially, from 1.909 % to 3.128 % during the same period. The
greater horizontal strain in the drained samples led to the volu-
metric strain rising from 5.725 % to 8.059 %, indicating that
drainage (higher consolidation), while reducing vertical defor-
mation, allowed for increased horizontal deformation due to
reduced pore pressure.

Turning to the MCS2 condition, the effects of faster rockwall
closure and higher horizontal stress were more pronounced. In the
MCS2-UD-CPB (undrained condition), the vertical strain increased
slightly from 1.634 % on the 14th day to 1.686 % on the 26th day,
when the horizontal stress reached 1860 kPa. Subsequently, the
vertical strain decreased marginally to 1.669 % on the 28th day,
indicating a subtle transition from vertical compression to exten-
sion, as the horizontal stress was much higher than the vertical
stress applied to CPB. The horizontal strain in MCS2-UD-CPB
increased significantly from 1.224 % on the 14th day to 4.350 % on
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the 28th day, a more substantial rise compared to MCS1-UD-CPB
(from 1.224 % to 2.472 %). This dramatic increase reflected the
substantial impact of the rapidly increasing horizontal stress in
MCS2. Consequently, the volumetric strain in MCS2-UD-CPB
reached 10.038 % on the 28th day, emphasizing the significant
deformation experienced under these conditions.

Similarly, in the MCS2-D-CPB (drained condition), the vertical
strain increased from 2.019 % on the 14th day to 2.045 % on the
23rd day, when the horizontal stress was 1090 kPa. Afterward, the
vertical strain decreased to 2.013 % on the 28th day of curing,
indicating that the vertical extension commenced earlier in the
drained sample compared to the undrained one. This earlier onset
can be attributed to the horizontal strain in MCS2-D-CPB, which
rose from 1.909 % on the 14th day to 4.741 % on the 28th day –
exceeding the horizontal strain observed in MCS2-UD-CPB. The
volumetric strain reached 11.084 % on the 28th day, indicating
enhanced consolidation effects due to drainage under high hori-
zontal stress.

The deformation behavior of CPB during curing was shown to
be significantly impacted by the increase rate of horizontal stress
during the period of Days 14–28. MCS2 samples exhibited greater
deformations than MCS1 samples due to the increased magnitude
of horizontal stresses from faster rockwall closure. Drained sam-
ples showed higher horizontal strains than undrained samples in
both MCS1 and MCS2 conditions, indicating that drainage facili-
tated greater deformation or consolidation by allowing pore water
to escape, reducing pore pressures, and increasing effective stress.
This effect was more pronounced in the MCS2 condition due to the
faster rate of rockwall closure and higher horizontal stresses,
emphasizing the significant role of drainage in the consolidation
behavior of CPB under multiaxial stress conditions. These findings
highlighted the necessity of considering both drainage conditions
and the rate of rockwall closure in the design and management of
CPB structures to ensure structural integrity and stability during
curing under multiaxial stress conditions.

3.4. Impact of consolidation behavior under multiaxial stress
loading on the stress-strain curves of CPB

Fig. 12 compares the stress-strain behaviour of CPB subjected to
stress-free and multiaxial stress conditions for both undrained and
drained samples at different curing ages. The typical stress-strain
curve for CPB, a cement-based material, consists of an initial
elastic (linear) phase, followed by a nonlinear phase where micro-
cracks develop, leading to peak stress (UCS), and then a post-peak
phase that may include strain softening or brittle failure. Accord-
ing to previous research (Chen et al., 2021), the stress-strain curve
of CPB can be divided into four phases: initial compaction, linear
elastic phase, nonlinear plastic phase, and post-peak damage phase.
The peak strain and peak stress occur between the nonlinear plastic
phase and post-peak damage phase, a phenomenon referred to as
peak behavior, which will be discussed further. Each phase offers
valuable insights into the response of material to load.

3.4.1. Initial compaction phase
As shown in Fig. 12a, the initial compaction phase (pre-linear

elastic phase) occurred at very low strain levels, near the begin-
ning of the stress-strain curve and ended quickly. During this
phase, slight compression of the CPB material occurred as voids
were compacted before the CPB material entered its linear elastic
response. This behavior is typical of cement-based materials like
CPB, where the initial voids are reduced before elastic deformation
begins. In Fig. 12a, this phase is marked by a subtle curvature at the
start of each curve, where the slope is initially low before it
steepens.

This compaction phase was more pronounced at early curing
stages, such as at 1 and 3 d, particularly in undrained samples,
where excessive pore water pressure hinders initial consolidation.
Multiaxial stress conditions also influenced this behavior. Both
drained (MCS1-D-CPB) and undrained (MCS1-UD-CPB) samples
under multiaxial stress exhibited a less pronounced compaction
phase compared to control samples on the first day of curing,
suggesting that the applied multiaxial stress induced a more
compact structure early in the curing process. As curing pro-
gressed, the duration of this compaction phase shortened further,
as seen in the reduced compaction in CPBs at 3 d of curing
(Fig. 12b). By the 7th day of curing (Fig. 12c), the compaction phase
became less significant across all samples, and by 28th day, it was
almost completely diminished (Fig. 12d and e). This is because the
hydration process strengthened the CPB matrix, leading to a
stronger pore structure with fewer initial voids.

3.4.2. Linear elastic phase
Following the initial compaction, the CPB exhibited linear

elastic behavior, where stress increased linearly with strain. This
phase represents the ability of CPB material to elastically deform
without permanent damage, meaning it can return to its original
shape if the load is removed. In Fig. 12a, this linear phase is visible
in the steep portion of each curve following the compaction phase.
For instance, on the first day of curing age, drained samples
showed a steeper slope during the linear elastic phase, indicating
greater stiffness. This increased stiffness in drained samples,
particularly under multiaxial stress (MCS1-D-CPB), reflected
greater consolidation, where the solid matrix carried more of the
applied load due to the removal of pore water. In contrast, in un-
drained samples, such as MCS1-UD-CPB and Control-UD-CPB, the
linear elastic phasewas less steep, indicating lower stiffness due to
the retained pore water, which reduced effective stress and
impeded the load-bearing capacity. As the curing progressed to 3,
7, and 28 d (Fig. 12b–e), the slope of the linear elastic phase
steepened across all CPB samples, reflecting the increasing stiff-
ness of CPB due to ongoing hydration and consolidation. Drained
samples, especially under multiaxial stress, consistently exhibited
the steepest slopes, demonstrating the beneficial effect of drainage
or higher consolidation in enhancing the stiffness and load-
bearing capacity of CPB over time. Additionally, the steepness of
the linear elastic phase directly relates to the elastic modulus of
the CPB, which will be discussed in further detail in Section 3.2.4.

3.4.3. Nonlinear plastic phase
As the material was loaded further, it transitioned from elastic

to nonlinear plastic behavior, where microcracks started to
develop, leading to irreversible deformation. The nonlinear phase
is observed where the curves begin to bend after the linear elastic
phase (Fig. 12a), signalling that the CPB material was no longer
deforming elastically and was accumulating permanent defor-
mation. In this phase, both multiaxial stress and drainage condi-
tions played crucial roles. Samples cured under multiaxial stress,
whether drained or undrained, showed the onset of the nonlinear
plastic phase at higher stress levels and lower strains compared to
control (stress-free) conditions. This indicated that multiaxial
stress during the curing process enhanced the CPB material's
ability to withstand greater loads before yielding. Additionally, the
nonlinear plastic phase is notably shorter in drained samples
(MCS1-D-CPB and Control-D-CPB) (subjected to higher consoli-
dation), which consistently reach higher stress levels and undergo
lower strains compared to undrained samples (MCS1-UD-CPB and
Control-UD-CPB). This suggests that drainage improves the resis-
tance of CPB to plastic deformation by facilitating better consoli-
dation and load-bearing capacity.
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As shown in Fig. 12, the length of the nonlinear plastic phase
progressively shortened as curing advanced. On the first day of
curing, both drained and undrained control samples exhibited
relatively long nonlinear plastic phases, indicating that more
plastic deformation occurred before the CPB material reached
peak stress, typical of early-stage curing. By the third day of curing,
however, the nonlinear plastic phase became shorter in both
drained and undrained samples, suggesting that as hydration
progressed, the material consolidated, and the extent of plastic
deformation reduced. This trend continued over time, reflecting
improved resistance to plastic deformation and increased peak
strength. The influence of multiaxial stress further shortened
nonlinear plastic phases, particularly in drained samples, i.e. in
samples with higher degree of consolidation. For both the first and
third days of curing age, the samples subjected to multiaxial stress
(especially MCS1-D-CPB) exhibited consistently shorter nonlinear

plastic phases compared to control samples, reflecting the com-
pounding effect of multiaxial stress and drainage or consolidation
on limiting plastic deformation.

3.4.4. Peak behavior
The transition between the nonlinear plastic phase and the

post-peak damage phase is marked by the material reaching its
peak stress and strain. The behavior at this point provides critical
insight into thematerial'smaximum load-bearing capacity and the
maximum deformation before failure occurs.

Across all curing ages (1, 3, 7, and 28 d), drained samples
exhibited higher peak stress and lower peak strain compared to
undrained samples. For example, after 3 d of curing, the peak stress
for MCS1-D-CPB (1.536 MPa) was higher than for MCS1-UD-CPB
(1.412 MPa), while the peak strain for the drained sample (4.18 %)
was lower than for the undrained sample (5.05 %). This behavior

Fig. 12. Stress-strain comparison of CPB under stress-free and multiaxial stress conditions for both undrained and drained samples at different curing ages: (a) 1 d - MCS1, (b) 3 d -
MCS1, (c) 7 d- MCS1, (d) 28 d - MCS1, and (e) 28 d - MCS2.
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was attributed to the efficient consolidation of drained samples,
where the removal of excess pore water led to denser particle
packing and a stiffer material with a higher load-bearing capacity.

Additionally, samples under multiaxial stress conditions
exhibited increased peak stress and reduced peak strain compared
to the control samples under stress-free conditions. For instance,
after 7 d of curing, MCS1-D-CPB exhibited a peak stress of
2.098 MPa compared to that (1.657 MPa) of Control-D-CPB, with a
lower peak strain (3.43 % vs. 3.99 %). The application of multiaxial
stress enhanced the material's resistance to deformation and
increased its load-bearing capacity, which resulted in higher peak
stresses and lower peak strains.

As curing progressed, all samples, whether drained or un-
drained, stress-free or multiaxial, showed a consistent decrease in
peak strain while peak stress increased. This was due to ongoing
hydration, consolidation, and strengthening of the CPB, which
resulted in a less deformable material over time. These trends in
peak stress and strain behavior are crucial in understanding the
transition from the nonlinear plastic phase to the post-peak
damage phase, as they reveal the material's maximum strength
and how it deforms under load before failure.

3.4.5. Post-peak damage phase
Post-peak damage behavior represents the response of CPB

material after reaching peak stress, where it either undergoes
brittle failure or strain softening. In Fig. 12, this phase is charac-
terized by the decline in stress after the peak. The behavior in this
phase was heavily influenced by both drainage and curing stress
conditions.

Drained samples, especially those under multiaxial stress
(MCS1-D-CPB), exhibited a faster post-peak drop, indicating a
more brittle failure. This was due to the better-consolidated
structure formed in drained samples during curing, which
quickly lost its load-bearing capacity after reaching peak stress. For
example, after 3 d of curing (Fig. 12b), MCS1-D-CPB exhibited a
more pronounced post-peak decline compared to MCS1-UD-CPB,
which showed a more gradual decrease in stress, reflecting strain
softening. This soft-straining behavior was typical of undrained
samples, where the presence of more pore water delayed the
collapse of the internal structure, leading to a ductile failure
mechanism. As curing progresses, the difference in post-peak
behavior caused by drainage conditions becomes less severe. As
seen in Fig. 12c–e, the drained samples showed a stress drop
similar to that of undrained samples for both multiaxial stress
conditions and stress-free conditions. However, drained samples
still demonstrated a steeper post-peak decline, reflecting their
more consolidated structure and higher peak strength. This sug-
gests that their ability to withstand stress is enhanced due to
effective drainage during curing.

In addition to the influence of drainage, the multiaxial stress
conditions also significantly affected post-peak behavior. Under
drained conditions, multiaxial stress accelerated the expulsion of
the pore water, especially during the early curing ages (Days 0–7).
This resulted in a more brittle failure of the MCS1-D-CPB samples
compared to the Control-D-CPB samples. By the 28th day of curing,
this difference in behavior between these samples became less.
However, as shown in Fig.12e, theMCS2-D-CPB, cured under faster
rockwall closure conditions, exhibited a greater brittle failure than
MCS1-D-CPB. This expanded the difference compared to the
Control-UD-CPB samples, indicating that faster multiaxial
compression further enhanced the pore structure. Conversely, the
multiaxial stress compressed the CPB under undrained conditions,
but pore water cannot escape. As a result, MCS1-UD-CPB samples
showed a gradual stress drop post-peak, similar to the Control-
UD-CPB samples on the first and third days of curing. After 7 d

of curing, the MCS1-UD-CPB samples consumed water more
quickly, leading to increased brittleness and a faster stress drop
after the peak compared to the Control-UD-CPB. By the 28th day of
curing, the Control-UD-CPB samples also began to show brittle
failure, but they remained less brittle than the MCS1-UD-CPB due
to the effects of the multiaxial stress.

Overall, the failure mode of CPB was strongly influenced by the
curing stress conditions, although all specimens were tested under
unconfined compression. CPB cured under stress-free conditions
generally exhibited strain-softening behavior, particularly at early
curing ages, indicative of a more ductile failure mode. When cured
under multiaxial stress loading (MCS1), the CPB samples became
progressively more brittle, especially under drained conditions,
due to enhanced consolidation and reduced pore space. Notably,
CPB samples cured under faster rockwall closure conditions
(MCS2) exhibited a significantly sharper post-peak stress drop
during UCS testing, indicating a clear shift toward a brittle failure
mode. This was particularly evident in drainedMCS2-CPB samples,
where the post-peak decline was more abrupt compared toMCS1-
CPB samples. These results show that higher curing confinement
(even if removed during unconfined compression testing) pro-
motes microstructural densification, reduces ductility, and alters
the post-peak failure behavior of CPB toward more brittle fracture
mechanisms.

3.5. Impact of consolidation behavior under multiaxial stress
loading on the modulus of elasticity development of CPB

Fig. 13 presents the development of the modulus of elasticity
for CPB samples across different curing ages and conditions. These
data reflect how multiaxial stress and drainage conditions affect
the stiffness and elastic behavior of CPB over time. In this study,
the reported elastic modulus corresponds to the tangent modulus
(Et), defined as the slope of the stress–strain curve at the point
corresponding to 50 % of the peak stress. This calculation method
was adopted because the stress–strain behavior of CPB is
nonlinear, and using themodulus at 50 % of the peak stress ensures
that the measured stiffness represents the primarily elastic phase
of deformation, before the onset of significant plasticity or
microcrack propagation. Selecting a consistent reference point
within the elastic range enables reliable comparisons between CPB
specimens cured under different multiaxial stress and drainage
conditions.

As curing progressed, the tangent modulus of CPB increased
across all conditions, although the rate of growth slowed over
time. Between the first and third days of curing, there was a sig-
nificant rise in modulus for both undrained and drained samples,
with MCS1-UD-CPB and MCS1-D-CPB showing a considerable
improvement of over 150 %. After the 7th day of curing, the rate of
increase slowed considerably. For example, the modulus of MCS1-
UD-CPB increased by less than 110 % over the longer period from
the 7th day to the 28th day, with drained samples following a
similar trend. This deceleration in modulus growth is typical as
hydration slows and the material structure stabilizes.

This pattern of modulus increase over time is further influ-
enced by multiaxial stress, which significantly enhances the
modulus of elasticity, especially under drained conditions. This
effect is evident in the consistent outperformance of CPB under
multiaxial stress compared to control samples. For example, on
Day 1, the tangent modulus of MCS1-UD-CPB reached 23.0 MPa,
nearly double that of the Control-UD-CPB (11.7 MPa), showing a
96.6 % increase. A similar trend was seen in the drained condition,
where MCS1-D-CPB achieved 28.7 MPa compared to 13.8 MPa for
Control-D-CPB, reflecting a 107.6 % increase. These early-stage
increases highlight the beneficial impact of multiaxial stress on
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modulus development, likely due to the enhanced particle
compaction and accelerated hydration reactions facilitated by the
applied multiaxial stresses.

In the later curing stages, however, the effect of multiaxial
stress under MCS1 conditions began to reduce. Between the 14th
and 28th d of curing, where the horizontal stress increased from
360 kPa to 1000 kPa, the tangent modulus of MCS1-UD-CPB
reached 148.9 MPa by day 28, only 24.2 % higher than the
119.9 MPa observed in Control-UD-CPB. Similarly, in drained
samples, MCS1-D-CPB reached 159.6 MPa, which was 17.6 % higher
than the 135.8 MPa in Control-D-CPB.

In contrast, underMCS2 conditions, where the horizontal stress
increased noticeably from 360 kPa to 2300 kPa, the modulus of
elasticity showed much larger gains by day 28. The tangent
modulus of MCS2-UD-CPB reached 201.6 MPa, a significant 68 %
higher than the Control-UD-CPB value of 119.9 MPa. In drained
samples, the differencewas evenmore pronounced, withMCS2-D-
CPB reaching 262.8 MPa, a substantial 93.5 % higher than the
135.8 MPa observed in Control-D-CPB. This comparison highlights
the more intense impact of the higher rockwall closure-induced
horizontal stress in MCS2 conditions, leading to greater increases
in modulus, particularly in drained samples.

In addition to multiaxial stress, drainage also plays a crucial
role in improving themodulus of elasticity. For instance, at 1 day of
curing, the tangent modulus (13.8 MPa) of Control-D-CPB was
17.9 % higher than that (11.7 MPa) of Control-UD-CPB. The same
pattern was seen under multiaxial stress, where the tangent
modulus (28.7 MPa) of MCS1-D-CPB on the first day of curing was
24.8 % higher than that (23.0 MPa) of MCS1-UD-CPB.

Ultimately, these data indicate that faster and higher multiaxial
stresses, as seen in MCS2, further accelerate the modulus devel-
opment, especially in the later curing stages. The substantial in-
crease in modulus under MCS2 conditions can be attributed to
more efficient particle compaction and accelerated hydration
caused by the higher stress levels, particularly in drained condi-
tions where water expulsion further promotes the stiffening of the
material.

4. Conclusions

This study employed a novel multiaxial stress curing and
monitoring apparatus to simulate two rockwall closure scenarios,

examining both drained and undrained conditions to assess the
consolidation behavior of CPB and its impact on key material
mechanical properties. The findings demonstrate that multiaxial
stress, horizontal stress-induced by rockwall closure, and drainage
conditions significantly influence consolidation behavior and, in
turn, affect the development of CPB's mechanical properties
(strength, deformation, stress-strain behaviour, elastic of
modulus).

Multiaxial stress played critical roles in accelerating consoli-
dation. Higher horizontal stress, particularly under faster rockwall
closure, enhances particle rearrangement, reduces void ratios, and
accelerates consolidation, especially during later curing stages.
Effective drainage further accelerates consolidation by facilitating
pore water expulsion, leading to lower void ratios and more effi-
cient particle packing. Multiaxial stress also interacts with
drainage conditions, with elevated horizontal stresses reducing
the differences in consolidation behavior between drained and
undrained samples at higher stress levels.

The consolidation behavior impacted the development of key
CPB mechanical properties such as UCS, deformation, stress-strain
behavior, and modulus of elasticity. Higher and faster rockwall
closure/multiaxial stress and effective drainage promoted greater
consolidation, leading to increased UCS, more rapid deformation
and strain evolution during curing, and improved stiffness, as re-
flected in steeper stress-strain curves. These conditions also
contributed to a higher modulus of elasticity, indicating enhanced
material rigidity and load-bearing capacity. Furthermore, the
study highlighted that the drained conditions facilitated the earlier
onset of the nonlinear plastic phase and higher peak stresses,
while the combined effects of multiaxial stress and drainage led to
more brittle failure in the post-peak phase.

In conclusion, this research demonstrates the importance of
considering multiaxial stress, rockwall closure and drainage con-
ditions in the design and implementation of CPB structures, as
these factors significantly influence consolidation behavior and
the development of mechanical properties essential for ensuring
stability and performance throughout the whole curing process.

While this study provides significant insights into the consoli-
dation behavior of CPB under varying multiaxial stress and
drainage conditions, other influential factors remain underex-
plored. In particular, PSD, tailings gradation, and microstructural
changes on consolidation dynamics has not been thoroughly

Fig. 13. Elastic modulus development of CPB cured under multiaxial stress loadings for undrained and drained conditions: (a) MCS1-CPB, and (b) MCS2-CPB.
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examined, even though these factors play a vital role in the evo-
lution of porosity and the development of mechanical properties.
Given the substantial variability of tailings characteristics across
different mining operations, future studies are encouraged to
investigate how different PSD profiles and gradation curves affect
the consolidation behavior and mechanical response of CPB under
multiaxial stress curing conditions. Such research would provide
important guidance for optimizing backfill design tailored to
specific site conditions. In addition, advanced microstructural
characterization techniques, such as scanning electronmicroscopy
(SEM) and X-ray computed tomography (XCT), could be employed
to directly link microstructural changes to macroscopic mechani-
cal performance. Expanding research efforts in these areas will
contribute to a more comprehensive understanding of CPB
behavior and further support the development of more reliable
and efficient backfilling strategies in underground mining envi-
ronments, particularly those involving progressive rockwall
closure.
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