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In order to propose a new method for determining the critical slip surface of the cohesive soil slope, the relational expression
between the number of simple penetration and slope bearing capacity is established on the basis of studying the principle of the
simple penetration test with reference to the research result concerning the number of standard penetration and bearing capacity
of foundation soil. +e measuring points are arranged at the slope of a certain road slope according to the actual conditions, to
measure the number of simple penetration, calculate the slope bearing capacity at different depths with the relational expression,
draw the curve of slope bearing capacity changing with the depth, search the points of abrupt change in slope bearing capacity to
get the arc curve of abrupt change points, and then determine the critical slip surface of slope. +e test results are compared with
the results calculated by the finite element method (FEM) and theoretical method, to verify the feasibility and rationality of the
simple penetration method. +e research results show that the simple penetration method is applicable to and capable of quick
and accurate determination of critical slip surface of the cohesive soil slope, thus providing a new method for analyzing the slope
stability of cohesive soil.

1. Introduction

To determine the critical slip surface of slope is one of the key
problems in the study of slope stability [1–3]. Experts and
scholars both in and abroad made a lot of highly effective
study to determine the critical slip surface of slope. Cheng et
al. [4] and Sultan et al. [5], respectively, studied the deter-
mination of critical slip surface of slope from a theoretical
point of view. Li et al. [6] proposed amethod of simulating the
slip surface with friction-contact interface unit. Jie et al. [7]
and Yang and Deng [8] proposed a method of evaluating the
slope safety with maximum acceleration. Zhang and Yang [9]
proposed a new local strength reductionmethod.+e analysis
results with this method well coincide with the actual engi-
neering conditions. Jiang [10] analyzed the deformation field
and stress field of slope with FEM to determine the slip
surface. Jiang [10] made full use of big data processing
technology to establish the computing system for critical slip
field of slope. In conclusion, experts and scholars both in and
abroad mostly determine the critical slip surface of slope by

regarding the safety coefficient as the evaluation indicator
under the framework of finite element theory, which is un-
favorable to field operation of road detection personnel.

Compared with the standard penetration method, the
simple penetration method features simple operation and
good applicability and is widely applied in engineering
detection in recent years. Pan and Kitazono [11] analyzed
the weakness of soil layer on disaster site with the simple
penetration method. Guo [12] measured the melting depth
of soil body in frozen earth area with the simple pene-
tration method. Li et al. [13] took the simple penetration
method as the new method to determine the compactness
of clay subgrade with low liquid limit. As a result, the
simple penetration method is taken as a new method to
determine the critical slip surface of the cohesive soil slope
in this paper. Besides, the feasibility and rationality of this
method are verified through comparison with the finite
element method and theoretical method in combination
with engineering cases, hence of great research signifi-
cance and wide application value.
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2. Relationships between the Number of Simple
Penetration and Bearing Capacity

2.1. Simple Penetration Test. +e simple penetration test is a
kind of dynamic sounding, and the composition of the
simple penetrometer is shown in Figure 1. It can be seen that
the simple penetration test is to convert the potential energy
of putting the piercing hammer at a certain height into the
kinetic energy of penetrating into the soil body, so the
principle of the simple penetration test is identical to that of
the standard penetration test. Due to its simpleness, con-
venient operation, and applicability in various soil layers,
this test equipment is widely used to judge the physico-
mechanical properties of soil body [14, 15].

+e existing research results [14, 16] show that when the
sounding probe penetrates into the soil layer for 10 cmdeep, the
blow count is recorded to judge themechanical property of soil.

Δh � hn − hn−1,

Nd �
N

Δh
× 10,

(1)

where Δh is the penetration depth of the sounding rod into
the soil layer, m; hn is the tape reading at the nth hammering,
cm; hn−1 is the tape reading at the n− 1 hammering, cm; N is
the number of hammering, times; and Nd is the measured
number of hammering, times.

2.2. Relational Expression between the Number of Simple
Penetration and Bearing Capacity. +e foundation bearing
capacity can be evaluated by standard penetration times.
When the soil is cohesive soil or silt, the relationship be-
tween the standard value of cohesive soil bearing capacity
and the standard penetration blow number is selected as the
relationship between the standard penetration times and
foundation bearing capacity according to the specification
requirements [17]. +e relationship is as follows:

fk � 19N − 74, (2)

where N is the standard penetration times, times, and fk is
the foundation bearing capacity, kPa.

It is known that the number of the simple penetration
test is in twice relation to that of the standard penetration
test [12]. With reference to the research results on the
number of standard penetration and bearing capacity of
foundation soil, the relational expression between the
number of simple penetration and slope bearing capacity is
established based on formula (2):

fkj � 9.5Nj − 74, (3)

where Nj is the number of blow count, times, and fkj is the
bearing capacity, kPa.

3. Engineering Application

+e cohesive soil slope at the left of section K560 + 580 of
Tongjiang-Sanya Expressway which is representative and
subject to frequent slope instability in Heilongjiang Province

is chosen as the research object. Its soil layer conditions and
physical and mechanics parameters of soil body are given in
Table 1. First, the detection point is determined, then the
field test is carried out with the simple penetration method,
the detection data are analyzed, and finally the critical slip
surface of cohesive soil slope is determined.

3.1. Setting and Test of Measuring Points by the Simple Pen-
etration Method. +e cohesive soil slope at the left of
section K560 + 580 is 6m high, with the slope toe of 31°. +e
layout of detection points on-site is shown in Figure 2. It
can be seen from Figure 2 that the spacing of other de-
tection points is the same, viz., 2m, except the spacing
between① and②,⑧, and⑨, viz., 1 m. +e test is carried
out in strict accordance with the steps required in Refer-
ence [16]. +ree simple penetration tests are carried out at
the same detection point, and the average can be taken if
the difference among the results of three tests is within 5%,
and the tests are included into the number of the simple
penetration test.

3.2. Test Results andAnalysis. +e test results are substituted
into Formula (3) to calculate the slope bearing capacity, and
the relation curve is drawn between slope bearing capacity
and depth, as shown in Figure 3.

It can be seen from Figure 3 that slope bearing capacity
shows continuous indentation change as the penetration
depth increases. In the curves of #1–6 detection points, there
is always an inflection point where the slope bearing capacity
is approximately equal to 0. +e points with slope bearing
capacity approximately equal to 0 are defined as the abrupt
change point of slope bearing capacity. +ere is no such
abrupt change point in #7–9 detection points, indicating that
the critical slip surface of slope should pass through the slope
sections of #1–6 detection points rather than the slope
sections of #7–9 detection points.

Meanwhile, it is noted that the slope bearing capacity of
#7 and 8 detection points is lower than that of the other 7
points, indicating that the slope soil stability at the two
detection sections is poor. It may cause downward slip with
the slide mass of slope when the landslide condition is
available.

+e depth corresponding to the abrupt change points of
slope bearing capacity is searched in ①–⑥ points in the
curves shown in Figure 3, then marked on Figure 4, and the
lines are connected, as shown in Figure 4.

B
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C

Figure 1: Composition of the simple penetrometer. A: penetrator,
B: sounding rod, and C: piercing hammer.
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It can be seen from Figure 4 that the line connecting the
abrupt change points of slope bearing capacity approxi-
mately equals to an arc curve, and this curve passes through
#1–6 detection points. +e two ends of arc curve are con-
nected to the slope boundary with CAD to get a complete arc
curve, which is regarded as the critical slip surface of slope.

It can thus be seen that when the simple penetration test
is used to search the critical slip surface of slope, if the points
with slope bearing capacity of 0 appear and can be connected
to form an arc, it indicates the possibility of landslide on the
slope and measures should be taken to reinforce the slope.

Next, FEM and theoretical method will be used to verify
the feasibility and rationality of the simple penetration test
method.

4. Comparison of Simple Penetration
Method with FEM and Theoretical Method

4.1. Comparison between Simple Penetration Method and
FEM. +e local strength reduction method identical with
engineering practice is adopted for numerical calculation of
engineering project [18, 19]. +e expression is as follows:

c′ �
c

F
,

ϕ′ � arctan
tan ϕ

F
 ,

(4)

where c′ is the cohesion after reduction (MPa); φ′ is the
internal friction angle after reduction (°); and F is the re-
duction factor.

ABAQUS large finite element numerical simulation
software is used for calculation and analysis following the
calculation steps given in Reference [9] according to the
geometric diagram of slope shown in Figure 5. Calculation is
done according to the parameters given in Table 2 without
consideration to the difference in the physico-mechanical

properties of soil body of cohesive soil slope at varying
depth.

When finite element strength reduction is used to an-
alyze the slope issues, there will always be equivalent plastic
strain concentration zone upon no convergence of calcu-
lation. +at is to say, control slope failure unit can be ob-
tained by controlling the maximum and minimum value of
equivalent plastic strain in ABAQUS post-treatment
document.

It can be obtained by numerical calculation that the
safety coefficient (reduction factor) of the cohesive soil cut
slope is 1.25, and the scope of potential slip surface of slope is
delineated by #2 red curve in Figure 6.

+e result obtained by the test method and that calcu-
lated by the local strength reduction method are compared,
as shown in #1 and #2 curves in Figure 6.

It can be seen from Figure 6 that the critical slip surface
of slope obtained by the simple penetration test is within the
potential slip surface of slope calculated by the local strength
reduction method. +e slope bearing capacity of #7 and #8
detection points in the simple penetration test is lower than
that of other detection points because these two points are
within the potential slip surface of slope. +e research shows
that the result obtained by the simple penetration test is
highly consistent with that obtained by FEM. It can thus be
seen that the simple penetration method can determine the
critical slip surface of slope, with certain feasibility.

4.2. Comparison between Simple Penetration Method and
1eoretical Method. +e comparison between the simple
penetration method and the theoretical method shows that
the critical sliding surface is used to represent the most likely
sliding position when the slope is unstable. +e sliding arc
method is used for theoretical calculation of the model.
Firstly, the center position of the sliding arc is determined by
4.5H method, and then the sliding arc is divided into strips
to calculate the total sliding torque of the sliding surface and
the total antisliding torque of the sliding surface. Finally, the
safety factor of each sliding surface is calculated, and the
sliding surface with the safety factor of 1.05 is the most
dangerous sliding surface. +e calculation results are shown
in #3 curve in Figure 6.

It can be known from Figure 6 that the critical slip
surface of slope determined by the test method is basically
consistent with the most dangerous slip surface of slope
obtained by theoretical calculation, which indicates that the
result obtained by the simple penetration method can be
applied in engineering practice, hence proving the ratio-
nality of the simple penetration method in determining the
critical slip surface of cohesive soil slope.

Table 1: Soil layer conditions and physical and mechanics parameters of soil body [12].

Depth (m) Soil classification Density (g/cm3) Elastic modulus (MPa) Poisson’s ratio Cohesion (kPa) Internal friction angle (°)
0–0.8 Silty clay 1.58 21 0.45 49.8 30.7
0.8–1.5 Loam 1.654 28 0.38 95.8 28.7
1.5–2 Sand loam 1.675 28 0.38 95.5 28.3
>2 Silty loam 1.825 36 0.33 136.3 27.5
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Figure 2: Detection points of cohesive soil slope (unit: mm).

Advances in Civil Engineering 3



In conclusion, the simple penetration method is more
authentic and representative compared with FEM. When
compared with the traditional method of determining critical

slip surface of slope represented by the standard penetration
test, the simple penetrationmethod features rapid and accurate
determination in addition to numerous detection points.
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Figure 3: Results of the simple penetration test on the 9 detection points.

4 Advances in Civil Engineering



1 m
2 m

2 m

2 m

2 m

2 m

2 m
1 m

Highway

1 2
3

4

5
6

7

8 9

Figure 4: Arc curve of abrupt change points of slope bearing capacity (unit: mm).
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Figure 5: Geometric graph of slope.

Table 2: Parameters of cohesive soil of slope.

Parameter Unit weight (kN/m3) Elastic modulus (MPa) Poisson’s ratio Cohesion (kPa) Internal friction angle (°)
Parameter value 17 28 0.38 92.3 26.9°
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Figure 6: Comparison of the results obtained by the test method, FEM, and theoretical method (1 shows the critical slip surface of slope
obtained by the simple penetration test, 2 shows the potential slip surface of slope calculated by FEM, and 3 shows the potential slip surface
of slope obtained by theoretical calculation).
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5. Discussion

(1) Groundwater and precipitation are the main reasons
for landslide. When the groundwater level rises or
precipitation increases, the result of the test by the
new method will decrease and the test result will be
improved accordingly. So, the moisture content of
soil layer during the test shall be measured when the
simple penetration method is used in engineering
practice, to guarantee accurate test result.

(2) In engineering practice, the slope height of 6m is
generally regarded as the basis of deciding whether to
set cohesive soil slope. For single-stage cohesive soil
slope (≤6m high), the simple penetration method
can be directly used to determine the critical slip
surface of slope; for multistage cohesive soil slope
(total height> 6m), the probe length can be cor-
rected as required in the Specification for the
Standard Penetration Test (YS/T 5213-2018), so it is
recommended to adopt the simple penetration
method and finite element strength reduction
method to jointly analyze and comprehensively
determine the critical slip surface of multistage co-
hesive soil slope.

(3) Whether for single-stage or multistage cohesive soil
slope, the traditional method of determining the
critical slip surface of slope is to propose the position
of slip zone through analysis and judgment of
technicians based on field investigation. However,
the accuracy of traditional methods represented by
the standard penetration method is not so high due
to inconvenient operation and relatively few mea-
suring points, so the finite element strength reduc-
tion method is mostly adopted at present. Compared
with the finite element strength reduction method,
esp. for seasonally frozen ground, miscellaneous soil,
and some bad soil body, the simple penetration
method can ensure more authentic and represen-
tative result while compared with the traditional
method of determining critical slip surface of slope, it
is faster and more accurate in addition to numerous
detection points. To sum up, the simple penetration
method has wide application value for determining
the critical slip surface of soil slope.

6. Conclusion

(1) +e principle of the simple penetration test is
identical with that of the standard penetration test.
With reference to relevant research results on the
number of standard penetration and bearing ca-
pacity of foundation soil both at home and abroad,
the relational expression between the number of
simple penetration and slope bearing capacity is
established.

(2) +e simple penetration test indicates that the slope
bearing capacity shows continuous zigzag change as
the depth increases. Points with slope bearing ca-
pacity approximately equal to 0 are discovered

within the range of penetration depth, and these
points are defined as the abrupt change points of
slope bearing capacity, which are connected to form
the critical slip surface of slope.

(3) Both the simple penetration test method and FEM
can obtain consistent results. Compared with the-
oretical calculation, the result obtained by the simple
penetration method meets the requirements of en-
gineering application, proving the feasibility and
rationality of the simple penetration method in
determining the critical slip surface of cohesive soil
slope.
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