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A B S T R A C T

Manufacturing an intended recipe of tails, binder and water, cemented paste backfill (CPB) is employed to refill 
the cavities created in underground mining operations. To ensure that it remains stable and forms a solid 
structure, filling slurry must be supported by a rigid barricade at the bottom of the mining area. Fill structures’ 
process is guided via coupled thermal/hydraulic/mechanical/chemical developments, which can directly affect 
the stability of barricade. Hence, it is essential to study the pressure changes and distribution within the 
barricade. A fully coupled THMC numerical model was established in the current study in order to predict 
mechanical features and temperature changes inside CPB, and to measure effect of these changes on barricade’s 
stability. Predictive outcomes obtained from the model built were compared with the results of a field experi-
ment, showing good consistency and thus proving model’s validity in mimicking evolution of temperature 
change and its effect on strength features of barricade in the course of backfill hydration. The verified multi- 
physical field model was used to numerically study the change of lateral pressure of barricade under different 
working conditions. The results show that properly increasing the initial temperature of CPB and increasing the 
distance between the barricade and the stope can effectively alleviate the lateral pressure on the barricade. The 
consequences of the existent research could offer a vital guideline on the topic of backfill barricade’s stability 
analysis.

1. Introduction

Through the unceasing enlargement of society/economy, call for ore 
assets is gradually growing, and concurrently, ore deposits’ mining has 
also caused a great effect on ecosystem, leaving a large number of un-
derground openings. To realize green and smart mining, cemented paste 
backfill (CPB) has become a mainstream technology [1]. CPB is a tail/ 
cement/water mix, which is employed to back-fill mining spaces, 
improve the surface stability, reduce the surface collapse, and expand 
ore’s recovery rate [2]. After backfill slurries are filled into stope, they 
are in paste form. To ensure that they can remain in place and form a 
solid structure, barricade becomes an integral fragment of filling 
method. As filling slurries continue to fill, pressure on the barricade 
increases, so the strength and stability of barricade is a key factor in 
filling design [3,4].

In response to the above problems, numerous scholars have 

embarked on research on barricade [5–7]. Cui and Fall [8] clinched that 
lateral pressure on barricade is ruled by multifaceted physical de-
velopments in filling, covering coupled thermal/hydraulic/mechanical/ 
chemical practices, and established a multi-physical coupled model for 
the curing process of cement-based materials such as CPB [9–11]. Ce-
ment’s hydration reaction contributes to fill’s consolidation, and its 
lateral pressure on the barricade stops growing as backfill cures over 
time [12]. The binder is exothermic in the hydration process, and the 
heat it releases causes the growth of thermal stresses within fill, and 
water consumed within cement hydration process and drainage process 
through the barricade also cause changes in the lateral pressure of 
barricade [13–15]. Wang et al. [16] investigated the influence of curing 
pressure on bottom CPB stability considering diverse barricade types. 
Zhai et al. [17,18] explored computable link between CPB’s lateral load 
and effect of waste rock barricade, and estimated a 3D methodical 
explanation regarding waste rock barricade.
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To appreciate change of lateral stress of barricade more intuitively, 
several scholars have studied changing rule of stress on barricade during 
filling by means of on-site measurements or indoor preparation of 
similar physical models [19,20]. Wang et al. [21] investigated the 
lateral pressure change of barricade during filling by burying pressure 
sensors inside the retaining wall. The results of field measurements 
showed that the lateral pressure of barricade initially augmented pro-
gressively by rising fill height and approached the maximum value. 
Thompson et al. [22] installed earth stress sensors within backfill and 
barricade to scrutinize links between fill’s internal pressure and barri-
cade’s lateral pressure. Doherty et al. [23] measured total/pore water 
pressure inside the backfill of three different stope, it was determined 
that the filling interval had the most significant effect for the lateral 
pressure of barricade during and after filling. These field measurements 
provide insight into the influencing factors related to the lateral pressure 
of barricade.

Although in-situ measurements of the lateral pressure of barricade 
can directly show the pattern of pressure change, the in-situ measure-
ments affect the normal production of the mine as well as requires a lot 
of time to monitor the in-situ data [24–26]. Numerical simulation has 
the advantages of high efficiency and low cost compared with in-situ 
measurements, and a variety of coupling models have been estab-
lished to simulate CPB’s coupling behavior [27–29]. For example, Cui 
and Fall [30,31] established a completely coupled THMC model of CPB 
to simulate the changing of material properties under multi-physical 
field condition. Wu et al. [32,33] developed an in-situ model of hy-
draulic/mechanical performance of filling to mimic the evolution of 
hydraulic behavior of filling subjected to in-situ conditions along with 
slurry fill and hydration. However, these models did not consider fill’s 
coupled behavior and its effect on barricade during long-time contin-
uous filling process [34,35]. Thus, in this paper, a numerical model 
making an allowance for the influence of THMC coupling process within 
backfill will be developed and analyzed lateral pressure change of fill’s 
barricade and internal temperature, and issues influencing barricade’s 
lateral pressure will be investigated by using the model.

The objective of this study is to make a contribution to the optimal 
design and reliable stability analysis of the barricade. The principal 
objective of this study is to develop a numerical model that considers the 
impact of the THMC coupling process on the long-term continuous 
filling process of the CPB. Additionally, the study aims to numerically 
examine the lateral pressure change of the barricade under varying 
filling conditions.

2. THMC model

2.1. Hydration equation

To designate hydration’s evolution, concept of degree of hydration 
reaction η(t) is hosted to indicate cement hydration reaction’s degree at 
the moment t. Cement hydration’s process is signified below [36]: 

η(t) = ηu⋅exp
[

−

(
θ
t

)α ]

(1) 

where θ and α are hydration reaction parameters at situation heat; ηu is 
cement hydration’s final degree, and t is cement hydration’s reaction 
time.

Considering temperature impact on hydration reaction, the time t at 
different CPB temperatures is converted into the equal time te at situa-
tion heat, and the corresponding time te could be stated below: 

te =
∫ t

0
exp

[
Ea

R

(
1

Tr + 273
−

1
Tc + 273

)]

dt (2) 

where Ea is stimulation energy; R is common gas continual; Tr is tem-
perature; Tc is fill’s heat.

Ea/R is cement’s activation heat which could be further stated below: 

Ea

R
= ξ

(
30

Tc + 10

)0.39

(3) 

where ξ is the activation temperature at the situation heat, which is 
4600 K.

Cement hydration’s final degree can be further expressed as: 

ηu =
1.031r

0.194 + r
⩽1 (4) 

where r is a value of mass rate of water and cement used within filling 
and r is 6.258 for a maximum final hydration of cement of 1.

2.2. Heat equation

Fill’s temperature change is directly linked to exothermic binder 
hydration and heat conduction between fill and setting [37]. Hydration 
reaction’s exothermic rate could be expressed below: 

Q(t) = Q∞

(
θc

t

)α

⋅
(

α⋅θc

θ⋅t

)

⋅η(t)⋅ξ⋅
(

30
Tc + 10

)0.39

⋅
(

1
Tr + 273

−
1

Tc + 273

)

(5) 

where Q(t) is hydration reaction’s exothermic rate; Q∞ is heat ultimately 
generated via hydration reaction; θc is hydration reaction parameter at 
CPB’s own temperature.

As fill interacts with nearby rock, heat transfer between two surfaces 
is known as convective heat [32]: 

q =
∂T
∂t

= γt(Tc − Tr) (6) 

where q is the convective heat; Tc is fill’s surface temperature; Tr is 
nearby rock’s heat; γ is convective heat coefficient between fill and 
nearby rock (Kj/m2•℃); and t is the medium convection time.

Any object with a temperature above absolute zero possesses a heat 
transfer mode that sends thermal radiation to the outside world. 
Therefore, during fill’s hydration reaction, development of thermal ra-
diation between CPB and the external surrounding rock is considered 
below: 

qr = εCs

[
(Tc + 273)4

− (Tr − 273)4
]

(7) 

where ε is the essential surface emissivity with a value in the range of 
0.85–0.95; Cs is the Stefan-Boltzmann constant (5.67 × 10-8W, m2•K4).

2.3. Fluid flow equation

Darcy’s law was utilized to define the apparent velocity of CPB pore 
water during filling [38–40]: 

u =
Kki

ρg
∇(ρg − p) (8) 

where u is pore water flow rate; ρ is fill’s density; ki is relative perme-
ability; K is fill’s saturated permeability; p is fill’s pore water pressure.

K value drops with cement hydration and is given by the equation 
below [41,42]: 

K = KTexp
(
− 8.173η4.035) (9) 

where KT is tailings’ saturated permeability. 

ki =
̅̅̅̅
ω

√
[ ∫ ω

0

1
h(x)

dx/
∫ 1

0

1
h(x)

dx
]2

(10) 

Where h(x) is stress head; ω is dimensionless water content (see the 
equation below): 
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ω =
λ − λr

λs − λr
(11) 

where λ is fill’s water content; λs and λr are saturation and residual values 
of fill’s water content.

2.4. Mechanical equation

The horizontal pressure of CPB at depth H could be stated below: 

ph =
v

1 − v
(
ρgH − Φpσij

)
(12) 

where v is fill’s Poisson’s rate; σij is Kroenecker’s delta function; σii = 1; 
σi∕=j = 0.

For the CPB, the heat is generated by the hydration process of the 
binder, which creates thermal stress within the CPB, and the chemical 
shrinkage is caused by binder reacts with water. In addition, when the 
CPB structure is placed in the underground stope for ground support, it 
will be subjected to the stress of the surrounding rock, resulting in the 
elastic–plastic deformation of the CPB. Therefore, based on the above 
discussion, the total stress of the CPB structure should include elastic, 
plastic and thermal stresses as well as chemical shrinkage. 

ε = εel + εpl + εth + εch (13) 

where ε is the total strain, εel, εpl and εth are the elastic, plastic and 
thermal strains respectively, and εch is the chemical shrinkage.

To simplify the modelling, the CPB structure is assumed to be 
isotropic and the constitutive relationship between the effective stress 
and the elastic strain of CPB is expressed as follows: 

σeff = Dεel = D
(
ε − εpl − εtl − εch

)
(14) 

where: σeff is effective stress; and D is elastic matrices.
Considering change in bulk modulus of CPB with time under the 

effect of hydration reaction, fill’s bulk modulus could be stated below as 
a role of equal agfe: 

Kd = Kdi[λd − (λd − 1)exp( − kdte) ] (15) 

where Kdi is early bulk modulus before hydration; λd is rate of peak bulk 
modulus to initial value; kd is rate of alteration of bulk modulus by hy-
dration reaction.

CPB’s shear modulus could be expressed below: 

Gd =
3Kd(1 − 2ν)

2(1 + ν) (16) 

Table 1 
Input limits, edge circumstances and primary values.

Parameters Value

Initial CPB temperature (℃) 25
external temperature (◦C) 25
CPB density (kg/m3) 1711
Cement density (kg/m3) 1310
CPB Poisson’s ratio 0.2
λr 0.12
ki 0.6
K 1
γ 1.3
Kdi 1
kd (1/h) 0.02
ci (MPa) 1
δ 0.013
τ 125
φ 30
machine module 
top surface free
lateral surface roller support
bottom surface fix
volume force gravity
thermal module 
top surface convective heat
lateral surface convective heat
bottom surface convective heat
hydraulic module 
top surface entrance
lateral surface wall
bottom surface wall
volume force gravity

Fig. 1. Grid division results of the stope.

Fig. 2. Structure of continuous filling.

Fig. 3. Arrangement and distribution of sensors on the barricade.
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Considering CPB’s plastic behavior, the following equation is used to 
express its plastic deformation: 

f = αpI1 +
̅̅̅̅̅
J2

√
− kp (17) 

where І1 is initial stress invariant; J2 is second unbiased stress variable.
αp and kp are yield function parameters, which can be expressed by 

Mohr-Coulomb criterion matching using the following equation: 

αp =
2sinφ

̅̅̅
3

√
⋅(3 − sinφ)

(18) 

kp =
2

̅̅̅
3

√
ccosφ

3 − sinφ
(19) 

where c is fill’s cohesion; φ is fill’s internal friction angle.

During fill’s hydration, cohesion c varies continuously with hydra-
tion reaction (see equations below): 

c = ci[τ − (τ − 1)exp( − δte) ] (20) 

where ci is CPB cohesion of initial hydration; τ is ratio of extreme 
cohesion to initial cohesion; δ is changing rate of cohesion with 
hydration.

Through the evolution process of the hydration degree of binder with 
time, the hydration reaction equation, the thermodynamic equation, the 
hydraulic equation and the mechanical equation can be combined to 
form a coupling model. Since the hydration degree of binder changes 
with temperature, the coupling model is dynamically dependent on 
temperature and time.

Fig. 4. Sensor installation process. (a) Earth pressure sensor; (b) Processing of the sensor; (c) Fixing of the sensor in the barricade; (d) Completion of the sensor 
installation.

Fig. 5. Lateral pressure variation on barricade and temperature variation inside CPB: (a) Pressure monitoring; (b) Temperature monitoring.
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3. Validation of the model

To confirm feasibility of established mathematical model and its 
ability to foresee barricade’s strength properties, model validation was 
carried out through finite-element software COMSOL Multi-physics, 
importing established model into COMSOL Multi-physics, and select-
ing in-situ data of an iron ore mine site monitoring for comparison via 
model simulation outcomes. Table 1 shows input limits, primary values 
and edge circumstances for model confirmation.

After importing the established 3D geometric model of the quarry 
into COMSOL Multiphysics, the model is meshed after inputting linked 
equations, limits and initial values (Fig. 1). This results in a total of 
1,029,038 domain units, with a minimum unit mass of 0.0035 and an 
average unit mass of 0.6885.

3.1. Introduction to the stope

An iron ore mine adopts the whole tailing filling slurry to continu-
ously fill mined-out openings, fill’s concentration is 68 %, and cement/ 
tail rate is 1:7. Fig. 2 shows 3D schematic diagram of goaf’s filling 
process, and the stope’s width/height/length is 15 m/38.5 m/100 m, 
because the filling slurry is in the “black box maintenance” state after 

being filled into the stope. Since fill is in the “black box maintenance” 
state after filling into stope, to analyze the change rule of barricade 
pressure in fill’s diverse stages, the earth stress sensor is fixed in barri-
cade, to measure barricade’s pressure change and change rule of tem-
perature at different filling heights.

Before filling the stope, to monitor the overall situation of lateral 
stress on barricade, a total of five measurement sensors were arranged at 
different heights of the barricade for this monitoring. The bottom and 
top sensors are arranged symmetrically along the center line of barri-
cade, distance between G1 and G2 with the bottom floor of barricade is 
0.875 m, and space between them with barricade’s side wall is 1.125 m; 
similarly, the distance between the top earth pressure sensors G3 and G4 
with the bottom floor of barricade is 2.625 m, and the distance between 
them with barricade’s center line is 1.125 m; the middle earth stress 
sensor G5 is arranged in barricade’s center line, and space between it 
with barricade’s bottom floor is 1.75 m. Fig. 3 directs its detailed 
planning. After determining the location of measurement points, sensor 
is fixed in barricade’s internal structure by steel wire. Fig. 4 shows 
detailed installation practice.

During filling, lateral stress change of each sensor and fill’s internal 
temperature change are shown in Fig. 5. The lateral pressure data 
measured by the sensor can be seen, with rising fill height, lateral stress 

Fig. 6. Simulation of lateral pressure change on barricade with time for different sensor locations: (a) G1; (b) G2; (c) G3; (d) G4; (e) G5.
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on barricade firstly surges and then cuts, and lastly tends to stabilize, 
analyze reason for this change is that at the beginning of filling, fill 
slurry has not yet formed a cured structure, which will cause a certain 
degree of lateral pressure, and with the increase in filling height after a 
certain period of time, CPB forms a cured structure to bear the pressure 
of the upper filling slurry. At the same time, due to CPB has a certain self- 
supporting and self-shrinkage phenomenon, so that the lateral pressure 
gradually becomes smaller.

The temperature data measured by the sensor can be seen, the 
temperature inside CPB is also the first to rise to the peak, after reaching 
the peak gradually reduced to stabilize. Analyzing reason for the change 
is early fill’s hydration reaction lasts to carry out, made a large amount 
of heat, with the increase in maintenance time, hydration reaction is 
weakened, temperature is reduced, but due to hydration reaction has 
made more heat, so the temperature after stabilization is higher relative 
to the initial temperature.

3.2. Model simulation and verification

Confirm model’s validity, monitoring facts agreeing to in-situ mea-
surements are agreed on barricade of constructed 3D model to record 
and display the data of lateral pressure on barricade and fleeting change 

of temperature in CPB. The monitoring points, which correspond to the 
field measurements, are arranged on the geometric model of CPB. and 
the simulation time was the same as the actual filling time (Fig. 6).

From the simulation results of lateral stress, once can see that lateral 
stress in early stage is increasing with time, after reaching the peak 
begins to fall and stabilizes. The trend of the temperature simulation 
results is also roughly the same, the internal temperature of CPB with the 
increase in time continues to increase, after a period of time to reach the 
peak, and then begins to gradually fall, and stabilizes. It is basically the 
same trend as the measured data. From simulation outcomes, one could 
establish that peak time of the lateral stress monitored by the mea-
surement points at different heights is different, and the peak time 
monitored by the measurement points at the bottom is earlier, and the 
peak value is larger. There is not much difference in the time to peak 
temperature and peak values between the different monitoring point 
locations, and the temperature peak at the bottom measurement point is 
not the largest, unlike the lateral pressure trend.

After filling into stope, to clearly show impact of different filling 
heights in stope on barricade’s lateral pressure, slicing in the longitu-
dinal direction along the centerline of stope. The lateral pressure dis-
tribution inside CPB at diverse filling heights can be seen in Fig. 7. In 
fill’s early stages, barricade’s lateral stress mainly comes from impact of 

Fig. 7. Simulation of internal temperature of CPB with time for different sensor locations: (a) G1; (b) G2; (c) G3; (d) G4; (e) G5.
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Fig. 8. Simulation of pressure distribution at CPB internal cross-section and barricade after filling 13-day and 40-day. (a) CPB internal cross-section after filling 13- 
day; (b) CPB internal cross-section after filling 40-day; (c) barricade after filling 13-day; (d) barricade after filling 40-day.

Fig. 9. Simulation of temperature distribution at CPB internal cross-section and barricade after filling 13-day and 40-day. (a) CPB internal cross-section after filling 
13-day; (b) CPB internal cross-section after filling 40-day; (c) barricade after filling 13-day; (d) barricade after filling 40-day.
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filling slurry on barricade, at this time the filling slurry is in the state of 
loose fluid, filling slurry in this state will exert maximum pressure on the 
barricade. Due to the different heights of the measurement points, the 
time to reach the peak lateral pressure at each measurement point is 
different, and as barricade’s lateral stress reaches an extreme value, with 
increase of fill height, the bottom of CPB is basically cured, the strength 
is gradually formed, and the lateral pressure on the barricade gradually 
decreases.

From Fig. 8, we can observe the distribution of the temperature in-
side CPB and on the barricade at different filling heights. In the early 
stage of filling, the humidity inside CPB is larger than that at the edge, 
and the hydration reaction is more intense, In the initial phase of the 
CPB curing process, the hydration of the binder generates a considerable 

amount of heat, which results in a rapid rise in the CPB temperature. 
Subsequently, as a consequence of the deceleration of the hydration 
process of the binder and the heat exchange between the CPB and the 
surrounding environment, the CPB temperature declines until it reaches 
a state of stability (approaching ambient temperature). and at the same 
time, the heat in CPB is slower to be dissipated compared with that at the 
edge. Hence, the heat at barricade’s center is greater than one of the 
edge. From the results obtained, one could witness that coupled model 
can well designate change of lateral pressure on the barricade and the 
change rule of temperature inside CPB.

To further confirm coupled model’s validity, simulated data are 
exported and matched by the field monitoring data (Fig. 9). By 
comparing simulation and monitoring data on barricade in Fig. 9, one 

Fig. 10. Comparison of simulated lateral pressure data with monitoring data at different sensor locations: (a) G1; (b) G2; (c) G3; (d) G4; (e) G5.
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can conclude that coupled model could well describe lateral pressure 
change process of barricade with time, and simulation results’ trend and 
monitoring results are basically the same. From the comparison of the 
lateral pressure change outcomes, one could see that, whether it is 
monitoring outcomes or the simulation results, the trend of the lateral 
pressure change is that rises to the peak value in the early filling period 
and then decreases slowly, and finally tends to stabilize. Comparing the 
heat simulation data with the monitoring data at different monitoring 

points, it can be found that the internal temperature change of CPB 
under the simulation is the same as the monitoring data, which further 
verifies coupled model’s validity in simulation of internal heat change 
rule at the process of fill’s hydration reaction. The error of some data 
may be caused by the change of boundary conditions (Fig. 10).

Fig. 11. Comparison of simulated temperature data with monitoring data at different sensor positions: (a) G1; (b) G2; (c) G3; (d) G4; (e) G5.
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4. Implementing the model

Simulation outcomes show that established model could foresee 
changes of lateral stress on barricade and the internal temperature of 

CPB under the influence of coupled multi-physics fields. As the initial 
temperature of the CPB increases, the internal curing rate of the CPB also 
rises, resulting in the CPB entering the consolidation state at a faster 
rate. As a result of temperature dependence of hydration process, 

Fig. 12. Pressure distribution in CPB for different placements and shapes of barricade. (a) 1 m distance; (b) 2 m distance; (c) 3 m distance; (d) rectangular barricade; 
(e) arch barricade.

Fig. 13. Comparison of simulated lateral pressures at G2 (a) and G4 (b) with different barricade placements.
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changing of fill’s initial temperature will affect change in the coupled 
behavior of the THMC inside CPB, which in turn has an impact for the 
change of the lateral pressure on barricade [43–45]. At the same time, 
different placement positions of the barricade and the shape of the 
barricade also have a corresponding effect for the lateral pressure 
change on the filled baffle wall, and different consistencies of filling 
slurry can also affect the lateral pressure on the barricade. Thus, it is 
necessary to use established model to explore the impacts of different 
placement positions and shapes of barricade and different CPB initial 
temperatures and different filling slurry concentration for barricade’s 
lateral pressure.

Space between barricade and stope is set to 1 m, 2 m and 3 m 
respectively, and the shape of the barricade is changed to rectangle 
based on the original model, to study the impact of diverse placement 
and shape of barricade for change of lateral stress on barricade. Effect of 
different fill temperatures for lateral stress change on barricade is 
considered, observe effect of fill in 10 ◦C, 25 ◦C and the 40 ◦C for lateral 

stress on barricade. Considering effect of diverse fill slurry concentra-
tions, observe the effect of 66 %, 68 % and 70 % concentrations for 
lateral stress on barricade (Fig. 11).

4.1. Effect of barricade placements and shapes

Since G1, G2 are at the same height, the change trend is basically the 
same, the same to G3 and G4. so only use the change of lateral pressure 
on the barricade at the position of G2 andG4. Fig. 12 displays specific 
pressure circulation in CPB for different locations and shapes of barri-
cades. Fig. 13 indicates that when barricade is out of the stope, lateral 
pressure on barricade is smaller, as barricade is 3 m and 2 m out of stope, 
compared to the distance of 1 m, the overall trend of the pressure change 
is basically the same, and the overall pressure is relatively lower, 
especially obvious at the peak. The main reason is that the bottom of the 
CPB is basically in a consolidated state at 11 days of curing. As the 
distance between the barricade and the stope increases, the influence of 

Fig. 14. Comparison of simulated lateral pressures at G2 (a) and G4 (b) with different shapes.

Fig. 15. Pressure distribution inside CPB at different CPB initial heats: (a) 10 ◦C, (b) 25 ◦C, and (c) 40 ◦C.
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local load on the lateral pressure of the barricade becomes smaller and 
smaller, and the distance increases to a certain extent. Increasing the 
distance has no obvious effect on reducing the lateral pressure of the 
barricade. Therefore, in the process of barricade design, the location of 
the barricade should be fully considered. Avoid placing the barricade 
close to the mouth of the stope and try to place it twice the height of the 
barricade from the mouth of the stope, which will effectively reduce the 
lateral pressure on the barricade. From Fig. 14, it can be noticed that the 
shape of the barricade is designed as a rectangle, the lateral pressure on 
the barricade is almost unchanged compared with the arch-shaped 
barricade, indicating that the influence of the shape of the barricade 
on the lateral pressure for the barricade is negligible.

4.2. Effect of CPB initial temperature

Fig. 15 shows the pressure distribution inside fill at diverse fill initial 
heats. Fig. 16 indicates the effect of diverse CPB heats on lateral pressure 
of barricade, as fill’s initial temperature surges, time for the lateral 
pressure of the barricade to reach the maximum value will be earlier, 
and at the same time the pressure will be reduced. When the initial 
temperature of CPB is 40℃ or 25℃, the peak of lateral pressure at G2 
will reach earlier, but the overall trend is basically the same without too 
much change. While the initial temperature is 10℃, the peak will reach 

relatively later. It is found that the increase of temperature will make the 
lateral pressure on barricade to reach its peak earlier and the value of 
pressure peak is relatively low.

The leading aim for this occurrence is that higher initial temperature 
of CPB will accelerate fill’s hydrated reaction, so that it will be cured 
quickly, shorten the original curing time, and quickly form the early 
strength. Due to the bottom plate effect, the bottom CPB can bear stress 
brought by superior fill slurry, thereby relieving pressure on barricade 
[46–48]. Thus, new curing methods, such as microwave curing, can be 
used to heat CPB to reduce the lateral pressure of CPB on the barricade.

4.3. Effect of slurry concentrations

Fig. 17 indicates the impact of diverse solid contents on barricade’s 
lateral pressure. With rising fill solid contents, lateral stress on barricade 
rises as a whole, and the peak value is especially obvious, which in-
dicates that when using the means of increasing concentration to 
improve fill’s strength, it is required to consider barricade’s strength to 
withstand the increasing lateral pressure, and if the concentration is 
increased too much, it may cause accidents such as barricade collapse. If 
a higher filling slurry concentration is used, the thickness of the barri-
cade needs to be increased.

Although solid content is different, the trend of pressure change is 

Fig. 16. Comparison of lateral pressure at G2 (a) and G4 (b) with different CPB initial temperatures.

Fig. 17. Comparison of lateral pressure at G2 and G4 with different slurry concentrations. (a) G2; (b) G4.
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basically the same, the trend is that with rising time, pressure rises first, 
reaches peak and then gradually reduces and tends to stabilize. Fig. 18
demonstrates the pressure distribution inside CPB. Because change’s 
mass concentration is similar, change in the longitudinal section of the 
figure below is not very obvious.

5. Conclusions

To accurately grasp the change rule of lateral stress on barricade 
during fill, This paper presents the establishment of a numerical model 
that considers the response of the barricade to the THMC coupling 
process of the CPB during the long-term continuous filling process. The 
model considers the hydration process of the cementitious material, the 
generation and transfer of heat, the evolution of pore pressure, and the 
mechanical processes occurring within the system. It also adopts field 
monitoring data to link with estimate outcomes of numerical model, the 
effect of lateral pressure on barricade under different filling conditions is 
investigated. The following conclusions are reached:

(1) Constructed mathematical model can characterize the behavior 
of CPB coupled THMC, and model’s validity and analytical ability is 
confirmed by simulating mechanical influence of fill retaining wall and 
variation of internal heat field of CPB in comparison with the actual 
monitoring situation. The model can be used to further study the change 
of lateral pressure of barricade under different working conditions.

(2) Barricade is considerably governed through coupling practices 
occurring in the backfill. At the beginning of filling, CPB generates stress 
on barricade in loose fluid form, and stress on barricade rises and then 
losses, and lastly tends to stabilize. As fill’s curing time reaches a certain 
stage, CPB at the bottom will form a certain stability to endure upper 
stress, so that pressure at barricade will be reduced.

(3) The placement of barricade has obvious influence for the lateral 
pressure on barricade. At the later stage of curing, the lower portion of 
CPB exhibits a cemented state, when space between barricade and stope 
rises, pressure on barricade will be reduced, in instances where the 
distance between the barricade and the stope exceeds three times the 
height of the former, the barricade is deemed to be unaffected by the 
local load. so in the process of designing the barricade structure, the 
placement of barricade should be fully considered.

(4) Fill’s initial heat has a major effect on barricade’s lateral 

pressure, and a greater initial heat can quicken hydrated reaction inside 
CPB, the requisite time for CPB consolidation is reduced, thereby facil-
itating the formation of a self-stable state, such as, microwave heating 
curing and other new curing methods, and the time when the lateral 
pressure of barricade reaches its peak will be further shortened. Hence, 
appropriate heating measures can be applied to CPB to rise fill’s initial 
temperature, accelerate fill’s curing rate so that it can quickly form early 
strength and relieve the pressure on the barricade.

(5) Lateral stress exerted on barricade varies with fill’s diverse con-
centrations. When fill’s solid content increases, the pressure on barri-
cade increases accordingly. Therefore, when considering the usage of 
increased concentration to augment fill’s strength, it is crucial to assess 
whether the barricade can withstand the increased lateral pressure.

While a numerical model is developed for analyzing the response 
process of the barricade to the CPB coupling behavior in this paper, the 
application of the model is constrained. For instance, the impact of stope 
dimensions and configuration on the lateral pressure evolution of a 
barricade is not addressed. Accordingly, future research will further 
examine the behavior of the barricade in consideration of the interaction 
between CPB and stope. Moreover, the model is anticipated to be 
expanded to encompass the design of more stable barricade.
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