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Abstract: Coal rock is rarely used as the foundation bearing strata. For buildings located on coal rock,
it is a reasonable and feasible way to obtain the vertical bearing characteristics of coal rock through
field tests. Three plate load tests and two bi-directional load tests were carried out, and the design
parameters of the vertical bearing capacity of the shallow foundation and the deep foundation were
obtained, respectively. The plate load test results show that the pressure–settlement curve of coal
rock is a steep-drop-type, and the deformation modulus decreases with the increase of the pressure.
The bi-directional load test results show that the unit tip resistance-displacement curve of coal rock is
a steep-drop-type, and the load transfer function of the unit tip resistance is an ideal elastic–plastic
curve, and the displacement value corresponding to the ultimate bearing capacity is about 1% of the
pile diameter. The load transfer function of the unit side resistance of coal rock is a hyperbolic curve.
The equivalent pile top load–settlement curve obtained according to the load transfer functions of the
unit tip resistance and the unit side resistance is consistent with the equivalent conversion results of
the bi-directional load test method.

Keywords: coal rock; vertical bearing characteristics; plate load test; bi-directional load test; deformation
modulus; load transfer function; tip resistance; side resistance

1. Introduction

For the foundation design of buildings sitting on rock, the basic design parameters
such as the uniaxial compressive strength of rock are usually determined through laboratory
tests. Combining these parameters with the characteristics of joints and fissures of the
rock mass, the bearing capacity of the shallow foundation or the deep foundation can be
calculated according to the theoretical formulas or the empirical formulas [1,2]. Coal rock
is a special type of rock that is composed of, or contains, coal. Its composition is complex,
its properties vary greatly and its mechanical properties are different from other types of
rocks [3]. At present, the research on coal rock mostly focuses on the damage, the fracture
and the seepage characteristics from the perspective of mining [4–6]. It is rare for coal rock
to be used for supporting buildings. At present, there is still a lack of basic physical and
mechanical parameters of coal rock, and there is no corresponding theoretical or empirical
formula verified to calculate the bearing capacity of coal rock. Therefore, in the field of
engineering applications, the bearing capacity of coal rock can only be obtained through in
situ testing [7].

Plate load test is a common in situ testing method. By applying a vertical load on a
rigid plate, the pressure–deformation curve of the ground can be obtained, and the bearing
capacity can be determined [8,9]. The shallow plate load test corresponds to the Boussinesq
solution, i.e., applying a vertical load on the surface of the elastic semi-infinite space. The
deep plate load test corresponds to the Mindlin solution, i.e., applying a vertical load at
a certain depth below the surface. According to the Boussinesq solution or the Mindlin
solution, the stress and the deformation in the ground can be calculated [10–14]. The
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bearing capacity of rock is generally high, and it is difficult to apply large tonnage test
loads, so small-diameter rigid plates are usually used; when the testing conditions are
available, a larger size bearing plate or even a full-scale bearing plate can be used to obtain
the bearing capacity parameters [9,15].

The bearing capacity of the pile foundation is often tested by the static load tests.
Traditional testing methods include the kentledge method and the anchor pile method,
etc. The tip resistance and the side resistance of the pile can be tested directly by using
transducers embedded in the pile or interpreted from the load–settlement curve through
certain methods [16,17]. The bearing capacity of the rock-socketed pile is usually very high,
and it is difficult for the traditional test methods to provide sufficient reaction force, so the
bi-directional load test is often used. For the bi-directional load test, the tip resistance and
the side resistance of the pile are tested separately, so the corresponding bearing capacity
and the load transfer function are obtained, respectively, and then the equivalent pile top
load–settlement curve can be obtained [18–21].

The bearing capacity of the pile foundation depends on the load transfer functions
of the tip resistance and the side resistance. In general, the displacement required to fully
mobilize the tip resistance is significantly larger than that of the side resistance, but the load
transfer functions of both resistances are usually hyperbolas. For rock-socketed piles, it is
difficult to load the ground to failure during the test, and this will result in a small amount
of displacement; the load transfer function of the tip resistance is mostly a straight line,
a double line, etc.; the load transfer function of the side resistance depends on the shear
characteristics of the concrete–rock interface, and it is associated with the development of
the tip resistance [22–25].

In this paper, three plate load tests were carried out for coal rock, and the bearing
capacity and the deformation parameters of the shallow foundation were obtained. The
bi-directional load test of two test piles was carried out, and the load transfer functions of
the tip resistance and the side resistance of the pile foundation in coal rock were obtained,
and the equivalent load–settlement curve of the pile top was obtained accordingly.

2. Materials and Methods
2.1. Project Background
2.1.1. Construction Site Conditions

The construction site of the new Pu’an County People’s Hospital is located in Panshui
Street, Pu’an County, as shown in Figure 1. The total building area is 87,673 m2. It consists
of three towers (9 F~11 F, 33.9 m~40.5 m high), one Infectious Disease Building (6 F,
20.9 m high), two office buildings (4 F, 15.3 m high) and several other buildings (1 F~2 F,
4.2 m~8.6 m high). According to the difference of the superstructure, the building adopts
two types of foundations: the independent foundation under columns for the lower parts
of the building and the manual digging pile foundation for the higher parts of the building.
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The ground elevation of the original site is between 1625 m and 1638 m, with a relative
height difference of about 13 m. After excavation and leveling, the exposed strata on
the working plane of the construction site are the argillaceous dolomite, the argillaceous
limestone and the coal rock. The plane distribution of the rock formations is shown in
Figure 2.
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2.1.2. Foundation Design Considerations

For the foundation design of buildings, it is necessary to know the bearing capacity
and the deformation characteristics of the ground. The argillaceous dolomite and the
argillaceous limestone are common rock formations in the local area, and certain experi-
ences have been accumulated, so the design parameters are clear. It is very rare for coal rock
to be used as the bearing stratum of buildings, and there is no corresponding engineering
experience accumulation, and there are no previous design cases for reference. Therefore, it
is necessary to obtain the design parameters of coal rock through field tests.

The coal rock is black, as shown in Figure 3. It is fragmented, flaky and sandy. The
rock quality is very soft rock, and the basic quality of the rock mass is level V. In order
to ensure the safety of the structure and the stability of the coal rock ground, the plate
load test should be carried out to obtain the vertical bearing capacity and the deformation
design parameters of the shallow foundation, and the static load test should be carried out
to obtain the vertical compressive bearing capacity and the deformation design parameters
of the pile foundation.
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2.2. Field Tests
2.2.1. Test Plan

The elevation of the coal rock area after leveling is about 1628 m. According to the
site conditions and the types of foundation, three test points (PLT1, PLT2, PLT3) of the
plate load test were selected to obtain the design parameters of the shallow foundation.
Two test points (TP1, TP2) of the bi-directional load test were selected to obtain the design
parameters of the pile foundation. The distribution of the test points is shown in Figure 4.
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2.2.2. Plate Load Test

The plate load test was carried out using the ground anchor method, as shown in
Figure 5. The bearing plate is a rigid circular steel plate with the diameter of 300 mm and
the area of 0.07 m2. The reaction force required for the test is provided by the ground
anchors, which are anchored into coal rock. The loading device is a hydraulic jack. The
load applied is calculated by the pressure gauge at the hydraulic pressure controller, and
the settlement of the bearing plate is measured by the displacement indicator [26].
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The surface layer of the coal rock may be disturbed during excavation. In order to
eliminate the influences, a test pit with the depth of 1 m was excavated downward from the
working plane, and the fresh coal rock was exposed. Thus, the elevation of the test plane
was about 1627 m. After leveling the test plane with coarse sand, the bearing plate was
placed for testing.

The plate load test adopts the single-cycle loading method. The load is gradually
increased until failure, and then unloaded in stages. When loading, the loading amount
of the first level shall be 1/5 of the estimated bearing capacity, and the loading amount of
each subsequent level shall be 1/10 of the estimated bearing capacity. The settlement is
measured immediately after the application of each level of load, and then every 10 min
thereafter. When the difference between three consecutive readings is not greater than
0.01 mm, the settlement convergence criteria are met, and the next level of load can be
applied. When the pressure cannot be applied, or barely applied but cannot be maintained,
it can be considered that the ultimate bearing capacity has been reached, and the loading
process shall be terminated. When unloading, the unloading amount of each level is twice
the loading amount. The settlement of each level of load is measured at an interval of
10 min, and the load can be removed after three times of reading. After unloading to zero,
the settlement is measured at intervals of 10 min, until the rebound amount of 30 min is
less than 0.01 mm [26].

The loading conditions of each plate load test are shown in Table 1. The loading
amount of the first level is 280 kPa, and the load increment of each level is 140 kPa. When
PLT1 is loaded to the 14 level, it is damaged, and the maximum loading value is 2100 kPa;
the loading level and the maximum loading value are 13 and 1960 kPa for PLT2 and 15 and
2240 kPa for PLT3, respectively.

Table 1. Loading conditions of plate load tests.

No. Initial Load (kPa) Load Increment (kPa) Max Load (kPa)

PLT1 280 140 2100
PLT2 280 140 1960
PLT3 280 140 2240

2.2.3. Bi-Directional Load Test

The test piles are manual digging piles. The geometric dimensions of the two test piles
are shown in Figure 6. The design pile diameter is 2.0 m, and the thickness of the reinforced
concrete for the wall supporting during the digging process is 0.15 m, so the outer diameter
of the reinforced concrete supporting wall is 2.3 m. The concrete is not poured to the top of
the hole, but at a certain depth below the top level, so the length of the pile is less than the
depth of the hole. The TP1 test pile is 6.8 m long and the hole depth is 7.5 m; the TP2 test
pile is 4.0 m long and the hole depth is 7.7 m.
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The bi-directional load test is used for the vertical compressive bearing capacity testing,
as shown in Figure 7. The load cell is placed at the bottom of the pile. During the test, the
load cell is loaded from the hydraulic pressure controller on the ground through the oil
pipe. The bottom plate of the load cell is loaded downward to test the bearing capacity of
the pile tip; the top plate of the load cell is loaded upward to test the bearing capacity of the
pile side. The load applied is calculated by the pressure gauge at the hydraulic pressure
controller. The downward displacement of the bottom plate and the upward displacement
of the top plate are transmitted to the ground surface by the telltale and then measured by
the displacement indicator [18–21,27].
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Figure 7. Sketch of bi-directional load test.

The bottom plate of the load cell is a circular steel plate with a diameter of 1800 mm
and a thickness of 30 mm, as shown in Figure 8. When the pile hole is excavated to the
design elevation and before the load cell lowers down, the cement mortar is use to level the
bottom of the pile hole, and that ensures good contact between the bottom plate of the load
cell and the coal rock.
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Figure 8. Load cell of the bi-directional load test.

The maintained load test method is adopted. At each level of loading, the displacement
is measured at 5 min, 15 min, 30 min, 45 min, 60 min and then every 30 min thereafter. The
displacement convergence criteria are as follows: The displacement increment per hour
does not exceed 0.1 mm/h, and it occurs twice in a row (starting from 30 min, and for a
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consecutive 90 min). At a certain level of loading, if the displacement increment of the
upper plate or the lower plate is greater than 5 times the displacement increment of the
previous level of loading, and if the total displacement exceeds 40 mm, it can be considered
that the ultimate bearing capacity has been reached, and the loading process shall be
terminated. When unloading, the unloading amount of each level is twice the loading
amount. The load of each level is maintained for 1 h, and the displacement is measured
at 15 min, 30 min and 60 min, respectively. After unloading to zero, the displacement is
measured for 3 h at 15 min, 30 min and every 30 min thereafter [27].

The loading conditions of the test piles TP1 and TP2 are shown in Table 2. The loading
amount of the first level is 1600 kN, and the load increment of each level is 800 kN. Both of
the two test piles failed when they were loaded to the 11 level, and the maximum loading
value was 9600 kN for both.

Table 2. Loading conditions of bi-directional load tests.

No. Initial Load (kN) Load Increment (kN) Max Load (kN)

TP1 1600 800 9600
TP2 1600 800 9600

3. Results
3.1. Plate Load Test
3.1.1. Pressure–Settlement Responses

Figure 9 shows the pressure–settlement curves of PLT1, PLT2 and PLT3. It can be seen
that the pressure–settlement curves are all steep-drop-type, and there is a turning point
corresponding to the ultimate bearing capacity.
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The pressure and settlement of coal rock show a nonlinear relationship. When the
pressure is ≤700 kPa, it is approximately linear. With the increase of the pressure, the
nonlinear characteristics of the pressure and the settlement are obvious. When the load
reaches 1820 kPa~2100 kPa, the pressure and settlement curve showed a sharp drop. The
results of the unloading test show that the average rebound rate of the three tests is 29.7%,
indicating that the coal rock has changed from the elastic–plastic working state to the plastic
working state.

3.1.2. Bearing Capacity

The maximum loading values of PLT1, PLT2 and PLT3 are 2100 kPa, 1960 kPa and
2240 kPa, respectively. On the test curve, the end point of the straight-line segment
corresponds to the proportional limit load. For the three plate load tests, the proportional
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limit loads are all 700 kPa. The ultimate bearing capacity of PLT1, PLT2 and PLT3 are
1960 kPa, 1820 kPa and 2100 kPa, respectively. The ultimate bearing capacity takes the
minimum value of the three tests, and the safety factor is three, so the design value of the
bearing capacity of coal rock is 1820/3 = 607 kPa, which is smaller than the proportional
limit load [26].

3.1.3. Deformation Modulus

The plate load test on coal rock is equivalent to the case of partial loading on the surface
of a semi-infinite elastic body. According to the Boussinesq solution, the deformation
modulus of the coal rock can be calculated [26]:

E0 = I0

(
1− ν2

) pd
s

(1)

where E0 is the deformation modulus (MPa); I0 is the shape coefficient obtained according
to the vertical displacement solution of Boussinesq, for the circular bearing plate it takes
0.785; ν is the Poisson’s ratio, it takes 0.27; p is the pressure of the linear segment of the p-s
curve (kPa); d is the diameter of the bearing plate (m); s is the settlement corresponding to
p (mm).

Equation (1) can be rewritten as:

p =
E0

I0(1− ν2)d
s (2)

It can be seen from Formula (2) that if p-s is proportional, E0 can be calculated from
the slope of the p-s curve.

According to the results of the plate load test, the pressure–settlement curve is close to
a straight line in the range of the proportional limit load, i.e., 700 kPa. The curve fitting
results are shown in Figure 10. It reveals that there is a good linear correlation between the
pressure p and the settlement s.
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The E0 values of PLT1, PLT2 and PLT3 calculated according to Formula (2) and
Figure 10 are 149.3 MPa, 102.4 MPa and 126.2 MPa. The average value is 126.0 MPa, and it
is taken as the deformation modulus of the coal rock under the working load.

The deformation modulus generally decreases with the increase of pressure. For the
loading data of the three tests, the E0 value corresponding to the p value can be calculated
according to Formula (1). The results beyond the proportional limit load of 700 kPa are
shown in Figure 11. It shows that the deformation modulus decreases with the increase in
the pressure.
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For the test points shown in Figure 11, the exponential function can be used for
data fitting:

E0 = A1ep/t1 + y0 (3)

where A1, t1 and y0 are coefficients.
Figure 11 shows that there is a good correlation between the fitting curve and the test points,

i.e., the deformation modulus and the pressure have an exponential function relationship.

3.2. Bi-Directional Load Test
3.2.1. Load–Displacement Responses

Figure 12 shows the load–displacement curves of TP1 and TP2. For the upper pile,
there is a nonlinear relationship between load and displacement. For the lower pile, there
is approximately a linear relationship between load and displacement. When TP1 is loaded
to 9600 kN, the upper pile’s load maintained stable, but the displacement of the lower pile
continued to increase over 40 mm and then failure occurred. The ultimate bearing capacity
of the upper pile and the lower pile is 9600 kN and 8800 kN, respectively. When TP2 is
loaded to 9600 kN, both of the upper pile and the lower pile were difficult to stabilize, the
displacement continued to increase over 40 mm, and then failure occurred. The ultimate
bearing capacity of the upper pile and the lower pile is 8800 and 8800 kN, respectively. The
results of the unloading test show that the rebound rate of TP1 is 50.8% for the upper pile
and 37.3% for the lower pile, and that of TP2 is 28.3% for the upper pile and 65.8% for the
lower pile.

Appl. Sci. 2022, 12, x FOR PEER REVIEW  9  of  17 
 

     

(a)  (b)  (c) 

Figure 11. Relationship between deformation modulus and pressure: (a) PLT1; (b) PLT2; (c) PLT3. 

For the test points shown in Figure 11, the exponential function can be used for data 

fitting: 

𝐸 ൌ 𝐴ଵ𝑒/௧భ  𝑦  (3) 

where A1, t1 and y0 are coefficients. 

Figure 11 shows that there is a good correlation between the fitting curve and the test 

points, i.e., the deformation modulus and the pressure have an exponential function rela‐

tionship. 

3.2. Bi‐Directional Load Test 

3.2.1. Load–Displacement Responses 

Figure 12 shows the load–displacement curves of TP1 and TP2. For the upper pile, 

there is a nonlinear relationship between load and displacement. For the lower pile, there 

is  approximately  a  linear  relationship  between  load  and  displacement. When  TP1  is 

loaded to 9600 kN, the upper pile’s load maintained stable, but the displacement of the 

lower pile continued to increase over 40 mm and then failure occurred. The ultimate bear‐

ing capacity of the upper pile and the lower pile is 9600 kN and 8800 kN, respectively. 

When TP2 is loaded to 9600 kN, both of the upper pile and the lower pile were difficult to 

stabilize, the displacement continued to increase over 40 mm, and then failure occurred. 

The ultimate bearing capacity of the upper pile and the lower pile is 8800 and 8800 kN, 

respectively. The results of the unloading test show that the rebound rate of TP1 is 50.8% 

for the upper pile and 37.3% for the lower pile, and that of TP2 is 28.3% for the upper pile 

and 65.8% for the lower pile. 

 

Figure 12. Load–displacement curves of TP1 and TP2. Figure 12. Load–displacement curves of TP1 and TP2.



Appl. Sci. 2022, 12, 9301 10 of 17

3.2.2. Mobilized Tip Resistance

The load cell of the bi-directional load test is placed at the tip of the pile and is in direct
contact with the coal rock. It is equivalent to the deep plate load test. Therefore, according
to the test curve of the lower pile, the bearing capacity of coal rock can be obtained:

qi =
Qdi
π
4 d2

l
(4)

where qi is the average tip resistance per unit area (kPa); Qdi is the downward loading
value (kN); and dl is the diameter of the bottom plate of the load cell (m).

Since both of the pile tip elevations are about the same, the unit tip resistance–
displacement curves of TP1 and TP2 have good consistency, as shown in Figure 13. It
can be seen from Figure 13 that the curves are all steep-drop-types; the test points before
failure are close to a straight line. The displacements corresponding to the ultimate bearing
capacity are 18.79 mm and 18.82 mm for TP1 and TP2, and they are approximately 1% of
the diameter of the bottom plate of the load cell, which is 18 mm.
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From Figure 13, it can be seen that the unit tip resistance–displacement curve of coal
rock is close to the ideal elastic–plastic curve:

q =

{
ks (≤ qu)

qu
(5)

where k is the coefficient (kPa/mm); s is the pile tip displacement (mm); qu is the limit unit
tip resistance (kPa).

In Figure 13, linear fitting is performed on the test points before failure, and the
obtained curve has a good correlation with the test points. The slopes k of the load transfer
functions of TP1 and TP2 are 233.7 kPa/mm and 274.3 kPa/mm, respectively; the limit unit
tip resistance qu of TP1 and TP2 is 3458 kPa for both.

When designing pile foundation, the safety factor of the bearing capacity of the
pile tip usually takes a value of two, and the design value of the unit tip resistance is
3458/2 = 1729 kPa.
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3.2.3. Deformation Modulus

The tip resistance test of TP1 and TP2 is equivalent to the situation of local loading in
the elastic semi-infinite space. Based on the Mindlin solutions for stress and displacement,
the deformation modulus of coal rock can be calculated [28]:

E0 = ω
pd
s

(6)

ω =
(1 + ν)

16(1− ν)



109(3−4ν)
64 +

(
8ν2 − 12ν + 5

){√
1 + 4m2

[
2− 1

4(1+4m2)
− 3

64(1+4m2)
2

]
− 4m

}

+(10− 16ν)m2

 1
m −

[
2+ 1

4(1+4m2)
+ 9

64(1+4m2)
2

]
√

1+4m2


+2m2

 1
m −

[
1− 1

4(1+4m2)
− 3

64(1+4m2)
2

]
√

1+4m2 − 4m2

(1+4m2)
3
2





(7)

m =
h
r

(8)

where w is the comprehensive coefficient obtained from Mindlin’s vertical displacement
solution; m is the coefficient; h is the depth of the loading area; r is the radius of the
loading area.

Equation (6) can be rewritten as:

p =
E0

ωd
s (9)

It can be seen from Formula (9) that if p-s is proportional, E0 can be calculated from
the slope of the p-s curve.

The design value of the unit tip resistance is 1729 kPa. Within this stress range, the
unit tip resistance–displacement curve is close to a straight line. The test points of TP1
and TP2 are uniformly taken as the straight-line segment within the maximum pressure of
1886 kPa. The curve fitting results are shown in Figure 14. It reveals that there is a good
linear correlation between the unit tip resistance and the displacement.
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The E0 values of TP1 and TP2 calculated according to Formula (9) and Figure 14 are
183.9 MPa and 228.8 MPa, respectively. The average value is 206.3 MPa, and it is taken as
the deformation modulus of the coal rock under the working load.

The E0 value corresponding to the p value can be calculated according to Formula (6).
The results beyond the design value of unit tip resistance of 1729 kPa are shown in Figure 15.
It shows that the deformation modulus decreases with the increase in the pressure.
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3.2.4. Mobilized Side Resistance

For TP1 and TP2, the interface between the reinforced concrete supporting wall and
the coal rock was damaged during the test. Therefore, the outer diameter and length of the
reinforced concrete supporting wall was used to calculate the side resistance:

τi =
Qui −W
πDwhw

(10)

where τi is the average side resistance per unit area (kPa); Qui is the upward loading value
(kN); W is the weight of the pile (kN); Dw is the outer diameter of the reinforced concrete
supporting wall (m); hw is the length of the reinforced concrete supporting wall (m).

Figure 16 shows the unit side resistance–displacement curve of TP1 and TP2. There is
a significant nonlinear relationship between the unit side resistance and the displacement.
The hyperbola can be used to represent the load transfer function:

τ =
s

a + bs
(11)

where s is displacement (mm); a and b are coefficients.
In Figure 16, the fitted hyperbola curve matches well with the test points. The initial

tangent 1/a of the load transfer functions of TP1 and TP2 are 552.5 and 150.8, respectively,
and the limit values of the unit side resistance 1/b of TP1 and TP2 are 166 kPa and 156 kPa,
respectively. The difference of the initial tangent is significant, but the limit values of the
unit side resistance are close.

In Figure 6, the lengths of the reinforced concrete supporting wall are 7.5 m for TP1
and 7.7 m for TP2, which are roughly the same. Because the failure occurs at the interface
between the reinforced concrete supporting wall and the coal rock, the ultimate side
resistance of the two piles is basically the same. That means the 1/b values of TP1 and TP2
are close. However, the reinforced concrete length of the pile body is 6.8 m for TP1 and
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4.0 m for TP2. The stiffness of TP1 is significantly greater than that of TP2, and it makes the
initial tangent 1/a of TP1 significantly greater than that of TP2.
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4. Discussion

As shown in Figure 4, the position of the plate load test points PLT1 and PLT2 are
close to the test piles TP1 and TP2. Figure 17 is the pressure–settlement curve of PLT1 and
PLT2 and the unit tip resistance–displacement curve of TP1 and TP2. The test points PLT1
and PLT2 fall in the first half of the unit tip resistance curves of TP1 and TP2. The average
value of the ultimate unit tip resistance of TP1 and TP2 is 3458 kPa, the average value of
the ultimate bearing capacity of PLT1 and PLT2 is 1890 kPa, and the ratio of the two is 1.83.
The ultimate bearing capacity of the pile is significantly higher than that of the plate load
test. As to the testing conditions, the plate load test is carried out on the surface without
surrounding rock constraints, and the pile tip resistance test is conducted at depths of 7.5 m
and 7.7 m, which are constrained by surrounding rocks. This means the bearing capacity of
the coal rock increases with the burial depth, and it has been significantly improved by the
surrounding rock constraints.
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Figure 17. Comparison of plate load test results and pile tip resistance test results.

When the bearing capacity of the upper pile and the lower pile are obtained by the
bi-directional load test, the load–settlement curve of the pile top loading can be obtained
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by certain equivalent conversion methods [20,21,27,29]. The commonly used method is as
follows [27]:

Qe =
Qu −Wu

γ
+ Qd (12)

se = sd +

Qu−Wu
γ + 2Qd

2Ep Ap
Lu (13)

where Qe is the equivalent pile top load (kN); Qu is the corresponding load of the upper
pile when the displacement value is sd (kN); Wu is the weight of the upper pile (kN); γ is
the side resistance conversion coefficient, for rock γ = 1.0; Qd is the corresponding load of
the lower pile when the displacement value is sd (kN); se is the equivalent settlement of
the pile top (mm); sd is the downward displacement at the load cell (mm); Ep is the elastic
modulus of the pile (kPa); Ap is the pile cross-sectional area (m2); Lu is the length of the
upper pile (m).

In this paper, the unit tip resistance and unit side resistance of the pile in coal rock are
obtained, and the mathematical functions are given in Equations (5) and (11). On this basis,
the equivalent pile top load–settlement curve can be calculated:

Qe = q
π

4
d2

l + τπDwhw (14)

s = sd +
τπDwhw + 2q π

4 d2
l

2Ep Ap
Lu (15)

The equivalent conversion curves calculated according to the bi-directional load test
method and this paper’s method are shown in Figure 18, and the two curves are in good
agreement. The distribution of the equivalent conversion points of the bi-directional load
test method depends on the distribution of test points, and the data in the front section of
the equivalent conversion curve are often missing, as shown in Figure 18a. This paper’s
method overcomes that shortcoming. In the middle section of the equivalent conversion
curve, this paper’s method agrees well with the bi-directional load test method. At the
end of the equivalent conversion curve, the curve of this paper’s method has a steep drop,
which is caused by the tip resistance reaching the limit value in Equation (5), and the side
resistance is close to the limit value in Equation (11).
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Field test results based on the piles in soil and rock show that there is a size effect on
the unit tip resistance and the unit side resistance, i.e., the unit resistance decreases when



Appl. Sci. 2022, 12, 9301 15 of 17

the pile diameter increases [30,31]. In this paper, two piles with the same diameter of 2.3 m
were tested, and the influence of the size effect could not be obtained. That means the
bearing capacity of piles with other diameters cannot be accurately calculated. However,
when designing piles with a diameter of less than 2.3 m, it will be safer to use the design
parameters of this paper to calculate the bearing capacity, from the perspective of size effect.

5. Conclusions

In this paper, three plate load tests and two bi-directional load tests were conducted,
and the vertical bearing characteristics of the shallow foundation and the deep foundation
on the coal rock were analyzed. The design parameters for practical use were obtained.
Based on the test results and discussion, the following conclusions can be drawn.

1. According to the results of the plate load test, the pressure–settlement curve of the
coal rock is a steep-drop-type. The deformation modulus can be calculated from the
Boussinesq solution. Under the working load, the deformation modulus is close to
constant. Beyond the working load, the deformation modulus decreases with the
increase in pressure, and the relationship between the two is an exponential function.

2. The bi-directional load test in which the load cell is placed at the bottom of the pile
can be used to directly obtain the tip resistance–displacement curve and the side
resistance–displacement curve, so as to obtain the load transfer function of the tip
resistance and the side resistance.

3. The characteristics of the pile tip resistance of coal rock are: the tip resistance–
displacement curve is steep-drop-type, and the distribution of the test points before
failure is close to a straight line; the displacement value corresponding to the ultimate
bearing capacity is about 1% of the pile diameter. The load transfer function of the unit
tip resistance of coal rock is an ideal elastic–plastic curve. The deformation modulus
can be calculated from the Mindlin solution. Under the working load, the deformation
modulus is close to constant. Beyond the working load, the deformation modulus
decreases with the increase in pressure.

4. The load transfer function of the unit side resistance of coal rock is a hyperbola.
5. According to the ideal elastic–plastic load transfer function of the unit tip resistance

and the hyperbolic load transfer function of the unit side resistance, the equivalent
pile top load–settlement curve is obtained, which is in good agreement with the results
of the bi-directional load test method.

The conclusions drawn from the study of the vertical bearing characteristics of the
coal rock have certain engineering application value for the foundation design in similar
projects. However, there are still some problems to be further studied: piles with different
diameters can be tested to explore the size effect, which was not covered in this research,
and other field test methods such as the Dynamic Cone Penetration Test can be used to
establish the relationship between the field test parameters and the bearing capacity of the
coal rock.
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