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For a waste dump with soft foundation, the foundation bearing capacity has an important
impact on slope stability. According to the load distribution and stress characteristics of a
waste dump, combining the gravity load of the triangular slope of the waste dump and the
passive Earth pressure exerted by the foundation soil with an improved Plandtl formula, the
foundation bearing capacity and the ultimate pile height of a waste dump are calculated
and determined. The concept of foundation bearing capacity of a waste dump is redefined,
that is, the ultimate pile height corresponding to a certain slope angle. A method for
determining the ultimate pile height of a waste dump based on the slope angle of the waste
dump is proposed, and the relation function between dump slope angle and waste height
is established. The results show that the sliding moment increment (ΔMS) caused by the
gravity load of the triangular slope after waste increase is positively proportional to the pile
height increment (ΔH); the anti-sliding moment increment (ΔMAS) is positively proportional
to or positively correlated with the pile height increment (ΔH); the slope angle of the waste
dump decreases with the increase of the thickness of soft bedrocks, and the smaller
thickness of soft bedrocks is more favorable to the ultimate pile height of the waste dump.
The research results can provide reference for the calculation of the bearing capacity of soft
foundation and the optimal design of slope shape of waste dumps.
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1 INTRODUCTION

The stability of waste dumps is one of the critical factors for the safe production of an open-pit mine
(Behera et al., 2016; Wang et al., 2017; Gong et al., 2021). As a joint product of geological processing
and artificial landfilling, the slope stability of a waste dump is mainly affected by the mechanical
properties of the foundation (Gao et al., 2021; Zhang Y et al., 2021), the shape of the slope, and the
properties of the discharged materials (Han et al., 2016; Wang et al., 2019; Jiang et al., 2021).

The mechanical properties of the foundation are an internal influencing factor and cannot be
artificially altered, especially the soft foundation with a low bearing capacity (Tao et al., 2018; Zhang Z
et al., 2021). Under the action of granular material pressure, the slope/waste dump may slip along the
smooth base, further causing the mess to collapse and triggering a retrogressive landslide (Jorge, 2017;
Wang et al., 2020; Zhang et al., 2022). Slope failure is an inevitable aspect of economic mine slope design
in the mining industry (Neil et al., 2020); large landslides or floor heaves have occurred at the south
dump of the Antaibao Openpit Mine, the east dump of the Pingshuo Opencast Mine, the external waste
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dump at the “South Field” lignite mine, Northern Greece, the
Jianshan dump of the Lanjian Iron Mine, etc. due to insufficient
bearing capacity of foundations (Steiakakis et al., 2009; Cao et al.,
2021; Huang F et al., 2021), which is a serious threat to mine safety
and sustained operation. Hence, it is necessary to systematically
study the bearing capacity of the foundation to ensure the safety and
stability of the waste dump (Zhang et al., 2011; Chakraborty 2013;
Park et al., 2017).

Currently, the calculation of the bearing capacity of dump
foundations is usually based on the calculation method of the
bearing capacity of building foundations in soil mechanics
(Castelli, 2012; Moayedi et al., 2018), such as the formulae
proposed by Prandtl (Roy et al., 2017), Terzaghi, and Hansen
(Terzaghi, 1943; Georgiadis, 1985; Luo, 1986; Huang, 1991;
Griffiths, 2001). In recent years, scholars have conducted a
series of studies on ultimate bearing capacity in view of the
instability caused by the soft foundation of waste dumps (Wang
et al., 2012; Li L et al., 2021). Divya et al. (2020) used Bell’s
approach to study the foundation bearing capacity of
discontinuous rock slope in the Garhwal Himalayas of India.
Karrech (2021) used the generalized Hoek–Brown criterion to
analyze the seismic stability of three-dimensional rock slopes. Zhou
(2002)deduced a theoretical formula of foundation bearing
capacity based on the ultimate bearing capacity theory of
foundations and the statics theory of loose medium. Zhai et al.
(2015) analyzed the base bearing capacity according to foundation
thickness and failuremode and determined the ultimate pile height
through physical and mechanical tests. He et al. (1999) studied the
topsoil thickness of the foundation and the contact conditions with
the waste rocks in the dump, revealed the influencing mechanism
of the foundation topsoil under loading, and obtained the critical
topsoil thickness formula for determining the ultimate pile height.
Zhong et al. (2017) adopted the leading bearing capacity theory to
derive a theoretical formula for calculating the ultimate bearing
capacity of foundations considering the foundation thickness and
verified the calculation results by using FLAC3D.

To sum up, many scholars presently calculate the bearing
capacity of the foundation base; some are theoretical derivation,
and some are empirical formulas. However, these formulas and
methods do not consider the inhibition of the anti-sliding force
generated by the gravity load of the triangular slope of the waste
dump slope on the foundation failure, and the influence of the
foundation thickness on the foundation bearing capacity is rarely
involved. Therefore, according to the actual conditions of an
open-pit waste dump, based on the improved Prandtl calculation
method, this paper analyzes the influence of basement rock
thickness and slope angle on slope stability and determines the
limit discharge height corresponding to different slope angles.

In a word, the traditional test method and stability analysis theory
of ultimate bearing capacity research consider the influence of
basement rock condition or basement state on the maximum
bearing capacity and top dumping height of waste dump,
respectively, but they do not form a law. Once the lithology of the
waste dump basement and the angle of the waste dump slope change,
the waste dump slope will become unstable. To change this situation,
it is also necessary to further understand the relationship between the
dumping height of the waste dump and the bearing capacity of the

foundation and establish a scientific calculation method of the
ultimate bearing capacity of the foundation of the waste dump. In
this paper, a particular discussion is carried out. A new theory,
practice, and formula for calculating the bearing capacity of weak
foundations according to the actual load distribution and stress
characteristics are given.

2 PRANDTL CALCULATION METHOD ON
ULTIMATE VERTICAL LOAD
2.1 Analysis of Prandtl’s Vertical Load
Calculation Principle
Due to the simple calculation principle and convenient application
(Pakdel et al., 2021; Wang et al., 2010), Prandtl’s formula is widely
used to calculate the bearing capacity of dump foundations and the
ultimate pile height of open-pit waste dumps (Li et al., 2017a). The
failure pattern of foundations proposed by Prandtl is shown in
Figure 1 (Kyle et al., 2013; Jiang et al., 2019). The vertical stress in
Zone Ⅰ is the maximum principal stress, namely, the ultimate
bearing capacity of the foundation (Pu) (Amin et al., 2018; Huang
et al., 2020). It is a Rankine active zone. The sliding planes AC and
BC are 45°+φ/2 with the horizontal plane. Soil wedges ADH and
BEG in ZoneⅢ are in a passive state after being pressed downward
by the wedge in Zone Ⅰ, and they are Rankine passive zones. The
sliding planes DH and EG form α = 45°−φ/2 with the horizontal
plane. Between the active zone and the passive zone, the transition
zones ACD and BEC (Zone Ⅱ) are composed of a group of
logarithmic spiral curves and a group of radiation lines. The
equation of the logarithmic spiral curve (CD) is expressed as:

r � r0 · eθ tanφ (1)
Where r is the vector radius from the origin of the spiral curve to
any point on CD, (m); r0 is the initial radius, namely, the line
segments AC and BC, (m); θ is the angle between rays r and r0, (°);
φ is the internal friction angle of the foundation soil, (°).

2.2 Prandtl Vertical Load Calculation
Formula
In Figure 1, a part of sliding soilOCDI is regarded as a rigid body,
as shown in Figure 2. According to the balanced state of the force
system onOCDI, the ultimate load Pu per unit length onOA (base
surface) and its moment to point A can be calculated by Eq. (2):

M1 � Pub

2
· b
4
� 1
8
b2Pu (2)

The resultant force of the active Earth pressure onOC plane is:

Ea � Pu tan
2 α − 2 · c tan α (3)

Its moment about point A is:

M2 � 1
2
Ea(b2 cot α)

2

� 1
8
b2 cot2 α(Pu tan

2 α − 2c tan α)
� 1
8
b2Pu − 1

4
b2c cot α (4)
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The moment of the resultant force of the soil weight on AI
plane about point A is:

M3 � 1
2
q(b

2
e
π
2 tan φ cot α)

2

� b2

8
γ0de

π tanφ cot2 α (5)

The Prandtl formula assumes that the soil mass beneath the
foundation is weightless and ignores that the passive Earth
pressure generated by the soil mass on the right side of
surface ID can produce an anti-sliding moment. According to
Rankine’s Earth pressure theory, the passive Earth pressure on ID
surface is:

Ep � γ1d cot
2 α + 2c cot α (6)

Its moment about point A is calculated by:

M4 � 1
2
EpID

2 � 1
2
Ep(b2 e

π
2 tanφ)

2

� 1
2
(b
2
e
π
2 tanφ)

2

(γ1d cot2α + 2c cot α)
� 1
8
γ1db

2eπ tanφcot2α + 1
4
b2ceπ tanφ cot α (7)

The moment of the resultant force of the cohesion on CD
about point A is:

M5 � ∫1

0
cdsr cosφ � ∫π/2

0
cr2dθ � ∫π/2

0
c
rdθ

cosφ

� b2c cotφ(eπ tanφ − 1)
8 sin2 α

(8)

The resultant resistance force (F) on CD passes through the
center point A of the logarithmic spiral curve, and then its
moment about point A is zero. According to the equilibrium
condition for the moment about point A, the following equation
is obtained.

∑MA � M1 +M2 −M3 −M4 −M5 � 0 (9)
Eqs. 1–8 are substituted into Eq. 9 to obtain:

Pu � 4

b2
(1
4
b2c cot α + b2

8
γ0de

π tanφcot2α + 1
8
γ1db

2eπ tanφ

+ cot2 α
1
4
b2ceπ tanφ cot α) + c(eπ tanφ − 1)

2 tanφ sin2 α

� c cot α(1 + eπ tanφ) + c(eπ tanφ − 1)
2 tanφ sin2 α

(10)

where γ0 represents the weighting average volumetric weight of
the soil above the foundation, (kN/m3).

γ1 means the volumetric weight of the foundation soil, (kN/
m3); d is the burial depth of the foundation, (m); c is the soil
cohesion above the foundation, (kPa); b is the foundation width,
(m). Pu refers to the ultimate load, (kPa); Ea indicates the active
Earth pressure, (kPa); Ep denotes the passive Earth
pressure, (kPa).

3 DUMP FOUNDATION BEARING
CAPACITY CALCULATION USING A
REVISED PRANDTL FORMULA
When Prandtl’s formula is used to calculate the ultimate bearing
capacity of the dump foundation (Abhishek et al., 2015), only the
soil above the foundation is regarded as uniformly distributed on

FIGURE 1 | Schematic diagram of the Prandtl foundation sliding model.

FIGURE 2 | Force analysis of isolators.
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the foundation plane and specific load distribution of the slope is
ignored. However, the actual load distribution of the dump
should be considered during calculation. The resistance force
to the ultimate bearing capacity of the foundation is composed of
the gravity load of the triangular slope and the passive Earth
pressure of the foundation soil. Therefore, according to the load
distribution characteristics of the dump foundation, the
foundation bearing capacity and the ultimate pile height of the
slope can be calculated and determined based on a revised Prandtl
formula.

3.1 Analysis of Foundation Bearing Capacity
Under Non-Uniform Loading
Combined with the practical conditions of the dump slope in
an open-pit mine, when the foundation of a vertical gradient
with a slope angle of 90° reaches the ultimate bearing capacity
(H90), a continuous sliding surface will occur in the
foundation, indicating that the foundation is in the limit
equilibrium state and further loading will cause overall
shear failure to the dump foundation. The actual dump
slope is set at a certain angle with the horizontal surface.
When the mine waste is discharged at a certain angle on the
vertical slope, which is under the limit equilibrium condition,
the vertical slope foundation will not slide along the sliding
surface because a triangular slope is produced at the side of the
slope, namely, triangular slope gravity load is induced and also
provides additional resistance to the foundation sliding
surface. The foundation is in a stable state, allowing another
certain pile height on the vertical slope. When the discharging
reaches a certain height (i.e., the height increment, ΔH), the
slope is in a new limit equilibrium state (Deng et al., 2019). At
this time, the sliding moment of the newly increased slope is
equal to the anti-sliding moment. As a result, the slope has a
new ultimate pile height (Huang et al., 2017; Wang J et al.,
2021).

3.2 Improved Formula for Calculating
Prandtl’s Ultimate Bearing Capacity
By analyzing the isolator OCDI, the moment increment ΔL
caused by the gravity load of the triangular dump slope is
associated with the difference value between (H90+ΔH)/tanβ
and AI, where β is the slope angle. Thus, the passive Earth
pressure on ID surface is discussed in two aspects.

3.2.1 The Gravity Load of the Triangular Slope is on the
Inner Side of the Foundation Sliding Surface
When the value of (H90+ΔH)/tanβ is smaller than AI, the gravity
load of the triangular slope at the side of the dump is distributed
in the inner part of the sliding surface of the foundation (within
the ID surface) on the horizontal axis, and moment increment is
generated on the OA, OC, and AI planes separately, as shown in
Figure 3.

The resultant force increment of the ultimate bearing capacity
is generated on OA (foundation surface) and its moment
increment about point A is:

ΔM1 � P′
ub

2
· b
4
� 1
8
b2P′

u �
1
8
b2(ΔH · γ0) (11)

The resultant force increment of the active Earth pressure on
OC surface can be calculated by:

ΔEa � P′
u tan

2 α − 2 · c tan α (12)
Its moment increment about point A is:

ΔM2 � 1
2
ΔEa(b2 cot α)

2

� (P′
u tan

2 α − 2c tan α)(b2
8
cot2α)

� 1
8
b2P′

u −
1
4
b2c cot α � 1

8
b2(ΔH · γ0) − 1

4
b2c cot α

(13)
The resultant force increment of the soil weight on AI surface

is obtained:

Δq � 1
2
(H90 + ΔH)γ0 (14)

Its moment increment relative to point A is:

ΔM3 � 1
3
Δq(H90 + ΔH

tan β
)

2

� 1
6
γ0(H90 + ΔH

tan β
)

2

(H90 + ΔH)
(15)

The moment of the resultant force of the cohesion on CD
about point A is that:

ΔM5 � ∫l

0
cds r cosφ � ∫π/2

0
c r2dθ � ∫π/2

0
c · rdθ

cosφ
· cosφ r

� b2 · c · cot φ · (eπ tanφ − 1)
8 sin2 α

(16)
When the dump slope reaches a new limit equilibrium state

and the pile height increment (ΔH) produces ΔMS equal to ΔMAS,
then:

ΔMS � ΔM1 + ΔM2 � 1
8
b2(ΔH γ0) + 1

8
b2(ΔH γ0) − 1

4
b2c cot α

� 1
4
b2(ΔH γ0 − c cot α) (17)
ΔMAS � ΔM3 + ΔM5

� 1
6
γ0(H90 + ΔH

tan β
)

2

(H90 + ΔH)

+ b2 · c · cotφ · (eπ tanφ − 1)
8 sin2 α

(18)
ΔM � ΔMAS − ΔMS

� 1
6
γ0(H90 + ΔH

tan β
)

2

(H90 + ΔH)

+ b2 · c · cotφ · (eπ tanφ − 1)
8 sin2 α

− 1
4
b2(ΔHγ0 − c cot α)

(19)
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3.2.2 The Sliding Surface Is Covered by the Gravity
Load of the Triangular Slope
When the value of (H90+ΔH)/tanβ is bigger than AI, the
gravity load on the triangular slope covers the sliding
surface AI, leading to passive Earth pressure on ID surface,
as expressed in Figure 4.

The resultant force increment of the ultimate bearing capacity
is generated by OA (foundation surface), and its moment
increment about point A is:

ΔM1 � P′
ub

2
· b
4
� 1
8
b2P′

u �
1
8
b2(ΔH · γ0) (20)

The resultant force increment of the active pressure on OC
surface is achieved by:

ΔEa � P′
u tan

2 α − 2 · c tan α (21)
Its incremental moment relative to point A is:

ΔM2 � 1
2
ΔEa(b2 cot α)

2

� (P′
u tan

2 α − 2c tan α)(b2
8
cot2α)

� 1
8
b2P′

u −
1
4
b2c cot α � 1

8
b2(ΔH · γ0) − 1

4
b2c cot α

(22)
The resultant force of the soil weight on AI surface presents

trapezoidal loading distribution and its resultant force increment
about point A is as follows:

Δq � γ0(H90 + ΔH) − b

4
γ0e

π
2 tanφ cot α tan β (23)

Its moment increment relative to point A can be obtained:

ΔM3 � 1
2
γ0(H90 + ΔH)(b

2
e
π
2 tanφ cot α)

2

− b

6
e
π
2 tanφ γ0 cot α tan β(b2e

π
2 tanφ cot α)

2

� b2

8
γ0(H90 + ΔH)eπ tanφ cot2α − b3

24
e
3π
2 tanφ γ0cot

3α tan β

(24)
Both the gravity load of the soil on the right side of the ID

surface and the gravity load of the triangular slope acting on
the AI surface produce passive Earth pressure on the ID
surface. The passive Earth pressure on the ID surface is a
superposition. According to Rankine’s passive Earth pressure
theory (Etezad et al., 2015; Xu et al., 2019; Yang et al., 2019), it
can be concluded that:

The Earth pressure at the top of the bedrocks is:

Pp1 � 2c cot α (25)
The Earth pressure at the bottom of the bedrocks is:

FIGURE 3 | Sliding mode diagram when (H90+ΔH)/tanβ < AI

FIGURE 4 | Slip mode diagram when (H90+ΔH)/tanβ > AI
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Pp2 � γ1(H90 + ΔH)cot2α + 2c cot α (26)
Its moment relative to point A is shown below:

ΔM4 � 1
3
Pp1(b2e

π
2 tanφ)

2

+ 2
3
Pp2(b2e

π
2 tanφ)

2

� b2

6
c cot αeπ tanφ + b2

6
eπ tanφ(γ1(H90 + ΔH)cot2α + 2c cot α)

� b2

2
c cot αeπ tanφ + b2

6
γ1e

π tanφ(H90 + ΔH)cot2α
(27)

The moment of the resultant force of the cohesion on CD
about point A can be achieved by:

ΔM5 � ∫l

0
cds r cos ϕ � ∫π/2

0
cr2dθ �∫π/2

0
c
rdθ

cosϕ
cos ϕ r

� b2 · c · cot ϕ · (eπ tan ϕ − 1)
8 sin2 α

(28)

When the dump slope reaches a new limit equilibrium
state, the pile height increment ΔH produces ΔMS equal to
ΔMAS, and the waste height at this time is the ultimate pile
height.

ΔMS � ΔM1 + ΔM2

� 1
8
· b2(ΔH · γ0) + 1

8
· b2(ΔH · γ0) − 1

4
· b2 · c · cot α

� 1
4
b2(ΔH · γ0) − 1

4
b2 · c · cot α

(29)
ΔMAS � ΔM3 + ΔM4 + ΔM5

� b2

8
(H90 + ΔH)γ0eπ tanφcot2α + b2

2
c cot αeπ tanφ

+ b2

6
(H90 + ΔH)γ1eπ tanφcot2α − b3

24
e
3π
2 tanφγ0cot

3α tan β

+ b2 · c · cot φ · (eπ tanφ − 1)
8 sin2 α

(30)

ΔM � ΔMAS − ΔMS (31)

3.3 Analysis of the Base State of Waste
Dump
According to Eqs. 11–30, based on the elastic–plastic limit
equilibrium analysis, the relation between the sliding moment
increment (ΔMS) and the pile height increment (ΔH) presents a
proportional function, and the anti-sliding moment increment
(ΔMAS) shows proportional or positively correlated cubic
function relation with the pile height increment (ΔH). By
discussing Eq. 31 and from Figure 5, it can be found that
when ΔM > 0, the anti-sliding moment of the ultimate
bearing capacity of the dump foundation is bigger than the
sliding moment, shear failure of the foundation will not occur,
and the bearing capacity of the foundation meets the
requirements. When ΔM = 0, the anti-sliding moment of the
ultimate bearing capacity of the dump foundation is equal to the
sliding moment and the foundation is in the limit equilibrium
state. As ΔM < 0, the anti-sliding moment of the ultimate bearing
capacity of the dump foundation is smaller than the sliding force
and overall shear failure of the dump foundation takes place.

3.4 Determination of Allowable Pile Height
Based on Ultimate Bearing Capacity of
Foundation
As specified in the foundation engineering specification (Zheng,
2019; Chen H H et al., 2021), when the foundation width b > 6 m,
take b = 6 m. When the foundation width b < 3 m, take b = 3 m.
Since the length and width of the dump are both thousands of
kilometers, the influencing width of the initial uniform vertical
load is deemed as 6 m in this study when the improved Prandtl
method is utilized to calculate the bearing capacity of the
foundation. Based on the revised Prandtl algorithm, the effect
of the gravity load of the triangular slope on the foundation
bearing capacity dominantly depends on the slope angle.
When the discharging angle is changed, the corresponding
ultimate bearing capacity is certainly different. Therefore,
calculating the maximum load per unit area of the foundation
body is transformed into solving the ultimate pile height

FIGURE 5 | Relationship curves of ΔM and ΔH. (A) ΔM > 0, (B) ΔM = 0, (C) ΔM < 0.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8396596

Jiang et al. Soft Foundation of Waste Dumps

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


corresponding to a certain slope angle, and the latter is more
beneficial to the calculation of the foundation bearing capacity.

The improved Prandtl formula is used to calculate the ultimate
bearing capacity of the dump foundation. The influence depth of
the foundation bearing capacity is considered as the thickness of
the soft foundation (D), and the foundation width (b) in the limit
equilibrium state can be obtained (Poulsen et al., 2014; Ismail
Ibrahim et al., 2016):

b � 2D sin α
eθ tanφ cos(θ − α) (32)

According to Eqs. 11–31, it can be seen that different
foundation widths under non-uniform loading condition
correspond to slope angles of the dump in the limit
equilibrium state. By judging the relationship between the
horizontal length of the gravity load of the triangular slope
and the sliding surface length of the foundation, the pile
height increment ΔH is obtained based on the moment
equilibrium condition.

ΔH � AI · tan β −H90 (33)
H90 � Pu

γ0
(34)

H � H90 + ΔH (35)
For the dump with affirmable lithology, the foundation

thickness is a constant and the corresponding foundation
width is confirmed. When the slope angle (β) is different, the
corresponding ultimate pile height can be calculated, and then the
allowable height of the dump can be determined. When the
discharging angle is smaller than β, the pile height can be
infinitely high in theory.

3.5 Influence of Different Foundation
Lithology and Thickness on Foundation
Bearing Capacity
Compared with the dump size, the foundation width (b) is a small
constant (6 m). According to Eq. 32, the value of b can be
determined according to the thickness of the foundation strata
(D), and the corresponding slope angle (β) and the ultimate pile
height can be obtained (Li et al., 2017b; Zheng et al., 2020; Ma
et al., 2021). Physical andmechanical properties of the foundation
strata are given in Table 1 (Jiang et al., 2020; Wang L J et al.,
2021). By substituting these parameters into Eqs. 11–34, the
relationship between D and β can be achieved as presented in
Figure 6.

It can be seen from Figure 6 that the slope angle and the
ultimate pile height are different under different foundation

lithology. The ultimate pile height is calculated according to
the revised Prandtl formula. When the foundation thickness is
constant, better foundation lithology allows smaller dump slop
angle. Meanwhile, the corresponding ultimate pile height is
larger. As the foundation lithology is constant, the slope angle
decreases with the increasing thickness of soft foundation strata.
In other words, better rock lithology and smaller thickness of
foundation are more favorable to the ultimate pile height.

4 ENGINEERING CASE STUDY AND
DISCUSSION

4.1 Engineering Case Study
The bedrocks of an open-pit dump are mainly quaternary
medium sand with loose structure, strong compressibility, and
poor mechanical properties. Shear failure is easy to occur under
the loading of waste materials, resulting in instability of the dump
and large landslides due to improper treatment. Therefore, the
dump stability cannot be ignored. The elevation of the dump is
about 1,077 m, and the average thickness of the bedrocks is about
20 m in Figure 7.

According to the stress characteristics and load distribution
of the dump, the ultimate load, the ultimate height of the vertical
slope, and the ultimate pile height are calculated by employing
the revised Prandtl formula. The ultimate vertical load and the
ultimate height of the vertical slope are 505.44 kPa and 31.2 m,
respectively. Figure 8 presents the relation curves between ΔM
and ΔH at different slope angles. It is noted that when the slope
angle is 33°, ΔH is 2.06 m and the ultimate pile height is 33.26 m.
When the slope angle is 27.1°, ΔH is 5 m and the ultimate pile
height is 36.2 m. If the slope angle is less than 27.1°, the two
curves have no intersection and ΔH has no solution. This
implies that the anti-sliding moment of the dump is greater
than the sliding moment, and the pile height can be
infinitely high.

The slope angle, the elevation, and the slope height of an open-
pit dump are 20°, 1,108 m, and 31 m, respectively, in Figure 8.
The slope and the foundation are both in a stable state. By using

TABLE 1 | Physical and mechanical properties of base strata.

Basement lithology c (kPa) Φ (°) A (°) γ1 (kN/m2) γ0 (kN/m2)

Medium sand 4 32 29 16 16.2
Fine sand 10.08 28.8 30.6 9.8 10.78
Gravel 13.08 20.7 34.65 7 8.02

FIGURE 6 | Relationship between base strata thickness and dump
slope angle.
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the improved Prandtl formula, it is obtained that when the dump
slope angle is less than 27.1°, the pile height can be infinitely high
under the premise of only considering the foundation stability,
which is consistent with the engineering practice. This verifies the
rationality and reliability of the improved Prandtl formula
proposed in this paper.

4.2 DISCUSSION

The stability of waste dumps is a long-term research topic of slope
engineering. Therefore, considering the bearing capacity of the
waste dump foundation, the angle and limit of the height of the
waste dump slope are calculated, which provides a basis for the

FIGURE 7 | Schematic diagram of external waste dump.

FIGURE 8 | The maximum pile height of the dump at different slope angles. (A) Slope angle = 40°, (B) slope angle = 33°, (C) slope angle = 27.1°, (D) slope angle
= 15°.
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stability analysis of the waste dump foundation (Cho et al., 2014;
Chen H et al., 2021). The traditional analysis methods mainly
focus on the stability evaluation of waste dump (Huang FM et al.,
2021), and less consideration is given to the bearing capacity of
the waste dump base. This study provides an excellent
supplement to the slope stability of the open-pit waste dump.

This study focuses on the analysis of the actual load
distribution and stress characteristics and puts forward an
improved Prandtl foundation bearing capacity calculation
method. The calculation of the foundation bearing capacity of
the waste dump is transformed into the relationship function
problem of solving the limit dumping height corresponding to a
specific slope angle. The angle of waste dump slope, base
lithology, and base rock thickness are three key factors
affecting the base stability of waste dump.

In the stability analysis of the waste dump, the mechanical
state of the waste dump and the physical and mechanical
parameters of the base rock layer of the waste dump should
be considered (Kainthola et al., 2015; Zástěrová et al., 2015).
When the basement’s lithology and the rock stratum’s thickness
are different, the dumping angle and the limit dumping height
will change under the gravity stacking of the upper dumping
materials. This paper considers the influence of the basement
conditions on the stability of the waste dump. The better the
lithology of the basement, the greater the dumping slope angle,
and the dumping slope angle of the waste dump decreases with
the increase of the thickness of the weak basement rock stratum.
The lithology of the vulnerable basement rock stratum is better.
The consistency is smaller, which is more favorable to the limited
height of the waste dump.

In this study, the waste dump of an open-pit mine is analyzed.
On the premise of considering the base lithology and rock
thickness, the base stability of the waste dump is guaranteed,
and the optimal waste angle and height of the waste dump are
calculated. The bearing capacity of the weak foundation of the
waste dump will change significantly under the action of pressure,
water, and time for a long time, which is very important to the
stability of the waste dump and needs further research in the future
(Li X S et al., 2021). This study applies to the calculation of bearing
capacity of the weak foundation of the waste dump, provides
technical support for the stability evaluation of waste dump, has

good application value, andwill achieve good engineering results in
the application of open-pit waste dump.

5 CONCLUSION

In this study, a calculation method of bearing capacity of waste
dump base based on the improved Prandtl formula is proposed.
The ultimate bearing capacity of the base is defined as the
ultimate dumping height corresponding to a specific slope
angle, and the influence laws of different base lithology and
base thickness on the maximum bearing capacity of the base
of the waste dump are analyzed. The rationality and reliability of
the calculation method of foundation bearing capacity of waste
dump proposed in this paper are verified through an engineering
example.
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