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 Back stability analysis, in-lab testing, and field tests may all be used to assess the behavior of 
stability of slopes. Each of these approaches has benefits and drawbacks compared to one 
another. Amongst these approaches, laboratory modeling stands out with its ability to prepare 
identical samples, keep external conditions under control, and measure deformations 
precisely. In this study, laboratory-based slope models at 1(Horizontal)/1(Vertical), 2/3, and 
1/3 angles including the effects of precipitation and external loading were created. The results 
of these models were compared with those of the Plaxis 2D software. First, models were built 
using highly permeable cohesionless coarse-grained soils, and mixtures containing high 
plasticity clay (bentonite) at different rates were then prepared to investigate the effect of 
fine-grained soils on stability. Laboratory tests such as sieve analysis, specific gravity, 
consistency limits, Standard Proctor, and direct shear were used to assess the geotechnical 
index and mechanical properties of soils. Incremental surcharge loads were placed on the 
slope models and surface deformations, and local and general collapses under the effect of 
precipitation were observed. Laboratory model results highlighted that the fines content had 
a non-negligible effect on stability. When the slope behaviors were examined, it was observed 
that the models with a 1/3 slope had more severe local fractures and collapses. The stability 
of the slope is negatively affected when bentonite content in soil mixtures rises. The results of 
Plaxis 2D analysis are compatible with those of laboratory model tests and the factor of safety 
values obtained from Plaxis 2D range from 0.98 to 11.4. 
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1. Introduction  
 

Geological formations, historical natural disasters, 
and climatic factors should all be considered while 
choosing the new construction location. Engineers are 
being forced to defy nature, though, due to population 
increase and a lack of appropriate development 
locations. Slope stability issue is one of the most common 
problems in geotechnical engineering [1-2]. 
Uncontrolled excavations and fillings, heavy rains, and 
pore water pressure variation, poor engineering 
properties of debris adversely affect the stability of 
slopes [3-5]. When the mechanism is thoroughly 
explored, it is seen that it depends on many more 
parameters than anticipated, such as soil class and 
density, fine and organic matter content, rainfall 
intensity-duration, surcharge load and location, slope 
height, and slope angle. 

Precipitation, which increases the water content, 
degree of saturation, and total body weight of the soil and 
decreases the negative pore water pressures for 
unsaturated soil, adversely affects the stability of the 
slope [6-10]. Rainwater infiltration produces wet front 
formation, an increase in groundwater level, and a 
consequent increase in pore water pressure. This causes 
the soil to lose its shear strength and even causes the 
slope to collapse. There are many numerical and 
experimental studies on the effect of precipitation 
infiltration on slope stability [11-14]. Genc [11] mixed 
kaolin and bentonite clays in certain ratios (95/5, 90/10, 
85/15, 80/20, 75/25, 70/30) and determined the 
geotechnical index and swelling properties of the 
obtained mixtures. According to the experimental 
results, it was determined that the swelling percentage 
increased as the bentonite ratio increased. It was also 
observed that the swelling index decreased with 
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increasing water content. It was observed that as the 
amount of bentonite increased, the liquid limit and 
plasticity index increased linearly, and the percentage of 
swelling increased as the bentonite ratio increased [11]. 

In this study, it was determined that the bentonite 
ratio, the swelling percentage in the ground and the 
liquid limit values were increased. In this study, the effect 
of this relationship on slope stability was examined. 

Pınarlık et al. [12] conducted seepage analyses for the 
most comprehensive slope stability and steady-unsteady 
flow conditions of slopes, embankments, dams, and 
retaining walls with different soil properties with Slide 
V6 balance software. The program helps to determine the 
effects of individual variables in slope stability on the 
factor of safety (FS) of slope. In the study, samples with 
and without geotextiles with the same slope angles were 
analyzed by the limit equilibrium method. Soil 
deformations and safety coefficients occurring in both 
analyzes were compared. The contribution of geotextiles 
to the increase of soil-bearing capacity has been 
examined. As a result of the study, it was interpreted that 
the FS increased as the cohesion and the internal friction 
angle value increased, and it was reported that the FS of 
the slopes reinforced with geosynthetics reached to the 
safe side. 

Ün [13] performed pile analysis, and modeling, on 
drained and undrained soils with Plaxis 2D software. 
According to the findings of the analysis, the FS reduced 
as slope height and load rose, whereas it increased when 
soil strength parameters increased. Additionally, it was 
shown that the FS rose in the model built with two-
layered soil as the layer height of the soil with high shear 
strength grew.  

Zhao et al. [14] have modeled and analyzed the 
excavation process of high and steeply inclined slopes in 
Plaxis 2D software. It has been determined that the inner 
rock mass affected by the excavation creates tensile 
stress in some areas, which is reflected in the stress 
distribution. Considering the unloading effect of the 
excavated place, it was determined that the FS of the 
slope gradually decreased due to the increase in the 
excavation depth. For this reason, it was suggested that 
numerical simulation should adequately account for the 
degradation of the rock mass caused by the excavation. 

In this study, the behavior of slopes in different 
geometries under the influence of precipitation and 
surcharge loading was examined. Besides, slope stability 
analyses were executed by considering laboratory 
modeling and obtained results were compared. 
Observations were made about the movement 
mechanisms of the slopes under the influence of 
precipitation. It was determined to what extent the 
percentage of fines, angle of slope, and the amount of 
external loading affected the stability. 

 
2. Material and Method 
 
2.1. Sand 
 

The sand used in this study was obtained from a 
private company and its geotechnical and mechanical 

properties are shown in Table 1. After considering the 
geotechnical properties, the soil is classified as poorly 
graded silty and gravelly sand according to the Unified 
Soil Classification System (USCS). 

 
Table 1. Geotechnical and mechanical properties of sand  

Parameter Unit Value 

Specific gravity (Gs) - 2.77 

Plastic limit (PL) % NP 

Optimum water content (wopt) % 10.6 
Maximum dry density (γ𝑑,max ) kN/m3 19.8 

Internal friction angle (ϕ) ⁰ 31 

Cohesion (c) kPa 11.3 

Soil classification (USCS) - SP 
 

2.2. Bentonite  
 

The bentonite is convenient in terms of API 13A Part 
9 specifications used in the study provided by Karben 
Company. It has a high swelling capacity since it contains 
sodium and at least 90% montmorillonite. It complies 
with TS EN 13500 Part 9 [15] bentonite specification and 
TS 977 Type-1 [16] standards. When mixed with water, 
it disperses easily and does not clump. The physical and 
chemical properties of bentonite are listed in Table 2. 
 
Table 2. Physical and chemical properties of bentonite  

Parameter Unit Value 

Filtration ml 15 

Humidity % 10 

Yield point plastic viscosity ratio - 3.0 

SiO2 % 61.28 

Al2O3 % 17.79 

Fe2O3 % 3.01 

CaO % 4.54 

Na2O % 2.7 

MgO % 2.10 

K2O % 1.24 
 

2.3. Slope modeling system with precipitation effect 
 

The box in which the slope model was created was 
composed of transparent tempered glass so that the 
deformations and movements that took place throughout 
the experiment could be observed. For this purpose, 6 
mm thick tempered glass was placed in an aluminum 
frame and the box was formed. The connection points of 
the frame have been strengthened so that the system is 
not damaged during the placement and compaction 
processes. Water was transferred to the system with a 
flexible pipe and adjustable nozzles were used to 
equalize the rainfall intensity. Nozzles and flexible pipes 
were fixed to the metal frame on the system. In order to 
observe deformations and movements more accurately, 
20 mm x 20 mm grids were formed on the front glass of 
the boxes. Moreover, red beads were located at the 
corner points of the slope model to determine the 
movement. The box was 116 cm in length, 60 cm in width, 
and 80 cm in height (H). The slope stability behavior 
observation system under the influence of precipitation 
and surcharge has been shown in Figure 1. 
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Figure 1. Slope stability behavior observation system 

 
In the slope modeling system, the precipitation effect 

was created using the sprinkling method. This approach 
was chosen because it would provide the same quantity 
of water to the slope without creating deformation, as 
opposed to allowing droplets to develop on the surface of 
the slope. Instead of the physical effects of rain, it was 
intended to observe the impact of rainwater pressure. In 
this system, 4 nozzles were connected on the same 
flexible pipe, and water was sprayed toward the slope 
surface. With this system, water was supplied to the 
slope with a flow rate of 0.5 l/min (7.7x10-3 cm3/s). This 
precipitation system has been shown in Figure 2.  

 

 
Figure 2. Precipitation mechanism 

 

2.4. Geotechnical index properties experiments 
 

The grain size distribution of sand and sand-
bentonite mixtures were obtained using wet sieve 
analysis in accordance with ASTM D422 [17] and ASTM 
D6913 [18]. The liquid limit was measured by the fall 
cone method (BS1377-1:2016) [19]. The plastic limit test 
was conducted by following the ASTM D4318 [20]. The 
soil samples were classified using consistency limits and 

grain size analyses according to ASTM D2487 [21].  The 
specific gravity (Gs) of samples was defined according to 
ASTM D854 [22]. The optimum water content and 
maximum dry unit weight of samples were determined 
with the Standard Proctor test according to ASTM D698 
[23]. To determine shear strength parameters, the 
consolidated drained (CD) direct shear tests were 
conducted according to ASTM D3080/D3080M [24]. The 
samples were prepared at optimum water content and 
maximum dry unit weight. The specimens were tested in 
saturated conditions at three various normal stresses of 
49 kPa, 98 kPa, and 196 kPa, respectively [25-27]. The 
test samples were sheared at a speed of 0.1 mm/min to 
prevent the generation of excess pore water. 

 
2.5. Slope modelling experiments 

 
The optimum water content and 85% of the 

maximum dry unit weight were used while forming the 
slope models. The optimum water content was added to 
the sample, which was completely dried in an oven at 
105°C for 24 hours and mixed in the concrete mixer until 
a homogeneous mixture was obtained. It was then 
compacted in layers to a thickness of 5 cm using a 
Standard Proctor hammer and a wooden block. The 
wooden block used is 58 cm long and 15 cm wide. As a 
result of the trial and error method, the soil placement 
and compaction process were performed as follows. 
During the compaction process, a total of 27 blows were 
made at 3 different points of the wooden block, with 9 
blows to each point. Side and top views of the compaction 
process have been shown in Figure 3. 
 

 
Figure 3. a) Side view of the compaction process, b) top 

view of the compaction process 
 

While the sprinkler system was being installed, the 
annual average precipitation amount of 2021 (490 
mm/m2) in the Izmir Cigli district Balatcik region was 
taken into consideration. These values have been 
obtained from the valley bulletin of the General 
Directorate of Agriculture and Forestry for many years 
[28]. By trial and error method, it was determined that 
while the water coming from the tap was at the maximum 
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level, the amount of water supplied to the system by 4 
nozzles was compatible with the annual precipitation 
amount. A concrete block was made in the laboratory 
environment to transmit the surcharge load to the 
determined areas of the slope. These concrete blocks 
have dimensions of B=15 cm, L=58 cm, and H=12.5 cm. 
The 0.0725 m2 surface of this concrete block (H x L), 
whose weight is adjusted as 200 N, is called the narrow 
area where it contacts the soil surface and the wide area 
when it comes into contact with its 0.087 m2 surface (B x 
L). The surcharge load to be given to the slope was 
adjusted by using narrow and wide areas. The pressure 
values transmitted to the slope according to the narrow 
and large surface area have been listed in Table 3. These 
specified weights were loaded 6 times in total every 45 
minutes and weights in the laboratory were used. The 
amount of bentonite in the soil was another experiment-
related variable that altered. The overall goal of each 
experiment was to monitor the collapse state of slopes by 
starting with the natural soil and applying the slope's 
maximum effect (limited area, 1/3 slope angle, and 
maximum weight). Additionally, different bentonite-soil 
combinations of 10, 15, 20, 30, 40, and 50% were 
employed to compare their strengths while altering the 
soil's characteristics. 
 
Table 3. Slope loading steps 

No 
N 

(kg) 

Higher stress Lower stress 

A  
(m2) 

P 
(kN/m2) 

A  
(m2) 

P 
(kN/m2) 

1 35.5 

0.0725 
(Narrow 
loading 

area) 

5 

0.087 
(Wide 

loading 
area) 

4.2 

2 71 10 8.3 

3 142 20 16.7 

4 213 30 25.0 

5 284 40 33.3 

6 355 50 41.6 

 
Slope model experiments were carried out under 

many different geometric properties. The slope 
geometries used in the experiments and the names given 
to these models are shown in Figure 4. 
 
2.6. Plaxis 2D slope modelling analysis 
 

In order to compare the results obtained from 
laboratory modeling experiments with numerical 
analyzes, Plaxis 2D software was used for the analysis of 
the experiments performed in the laboratory [29]. The 
same geometry, dimensions, and boundary conditions 
were used to compare the results of the experiments 
with the numerical analysis. An example of the model 
used in the software is shown in Figure 5. 

In the experiments, the soil was compressed and 
limited according to the optimum water content values, 
but a continuous sprinkler effect system was given. It is 
known that when the collapse state is observed, it is 
between the soil liquid limit and the plastic limit value. 
While measuring these requirements in this program, 3 
analyzes were made according to the plastic limit of the 
soils, the liquid limit, and the water content in the 
optimum water content. 

Mohr-Coulomb soil model was used in Plaxis 2D 
analysis. The values in Table 4 were used as soil 
parameters and were modeled as drained. 

The displacement and FS values were compared by 
modeling and analyzing the experiments carried out in 
the laboratory in Plaxis 2D program. In the experiments, 
the soil was placed by compacting according to the 
optimum water content values, but the sprinkler effect 
was given to the system continuously. When the collapse 
condition is observed, it is known that the soil is between 
the liquid limit and the plastic limit value. For this reason, 
while modeling in Plaxis 2D, three different analyzes 
were made according to the plastic limit, liquid limit, and 
optimum water content of the soils. 

The surcharge load given to the system in Plaxis 2D is 
the same as the load when the collapse condition is 
observed in the modeling experiment. For this reason, 
the results of the experiments made in the laboratory 
environment and the results of the analysis made in 
Plaxis 2D were compared. 
 

 
Figure 5. Slope model of the Plaxis 2D analysis 

 

3. Results  
 
3.1. Results of geotechnical index properties 
 

The geotechnical index properties of sand and 
sand/bentonite mixtures are listed in Table 4. The soil 
classification was made according to the Unified Soil 
Classification System (USCS) [21]. 
 
3.2. Results of slope modelling experiments 
 

In order to examine the stability behavior in detail 
and systematically, the parameters that will negatively 
affect the stability have been examined in different tests. 
Scenarios that will trigger instability such as increasing 
the angle of slope, surcharge stress, and fine-grained soil 
ratio have been tested in combination. As a result of 
many successful or unsuccessful laboratory models and 
examination of video recordings, slope instabilities were 
divided into three different classes which are punching, 
local deformation, and general failure. Punching 
deformations are comparatively smaller deformations. 
Although the deformations are visible to the naked eye, 
the raft-representative concrete block can still carry the 
loading plates. Local failure can be defined as a situation 
where significant deformations occur and the concrete 
plate representing the raft cannot carry the loading 
plates. In this case of failure, it is possible to observe a 
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clear slip surface, even if it is not curvilinear or circular. 
General failure is defined as the situation in which the 
greatest deformations are observed, and the concrete 
plate (slab) completely loses its bearing capacity. As a 
result of this failure, it is possible to define one or more 

failure surfaces. 19 slope model experiments under 
various conditions such as different slope geometry and 
bentonite ratios were performed. Table 5 summarizes 
the results of slope model experiments. 
 

 

 
Figure 4. Geometries of slope models 
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Table 4. Geotechnical index properties of sand and sand/bentonite mixtures 

Geotechnical index properties Sand 
90S 
10B 

85S 
15B 

80S 
20B 

70S 
30B 

60S 
40B 

50S 
50B 

Max. dry unit weight, γdrymax (kN/m3) 19.1 18.6 18.4 18.1 17.5 17.5 17.4 
Optimum water content, wopt (%) 10.6 10.9 11.3 13.6 14.5 15.0 15.8 

Liquid limit, LL (%) 16 43 80 92 98 118 142 
The plastic limit, PL, (%) NP 17 20 28 33 41 47 

Specific gravity, Gs 2.77 2.68 2.63 2.56 2.55 2.55 2.55 
D10 (mm) 0.12 - - - - - - 
D30 (mm) 1.6 1.4 1.2 1.3 0.27 - - 
D60 (mm) 3.5 3.5 3.4 3.2 2.2 2.1 1.8 

Coefficient of uniformity, Cu 29.2 - - - - - - 
Coefficient of curvature, Cc 6.1 - - - - - - 

Soil classification, USCS SW SP SC SC SC SC SC 
Cohesion, c (kPa) 11.3 25.9 30.9 38.3 48.9 54.0 55,2 

Internal friction angle, ϕ (⁰) 31.0 25.7 21.8 16.6 12.4 10.2 10.0 

 
Table 5. Results of slope modelling experiments 

Test No 
Slope 
model 

Slope angle 
(H/V) 

Bentonite 
ratio (%) 

Failure 
status 

Failure Stress 
(kN/m2) 

Failure type 

1 A 1/1 - - - Punching 
2 A 1/1 - - - Punching 
3 A 1/1 - - - Punching 
4 B 1/1 - - - Punching 
5 C 2/3 - - - Punching 
6 D 1/3 - - - Local deformation 
7 D 1/3 10 - - Local deformation 
8 D 1/3 15 - - Local deformation 
9 D 1/3 20 - - Local deformation 

10 E 1/3 20 Failure 39.4 General failure 
11 F 1/3 20 Failure 40.8 General failure 
12 F 1/3 20 Failure 35.2 General failure 
13 F 1/3 30 Failure 33.8 General failure 
14 F 1/3 40 Failure 32.4 General failure 
15 G 2/3 40 Failure 36.6 General failure 
16 H 1/1 40 - - Local deformation 
17 I 2/3 30 - - Local deformation 
18 H 1/1 50 - - Local deformation 
19 I 2/3 50 Failure 35.2 General failure 

 
 

In experiment No 1, the contact area of the surcharge 
at the top of the slope was 0.087 m2. As a result of this 
experiment, no collapse was observed in the slope model. 
However, small punching deformations were observed 
under the concrete mass (Figure 6). 

In experiment No 10, the angle of inclination was kept 
constant at 1/3 and 20% bentonite and 80% sand were 
used. The experiment was carried out by keeping the 
slope angle, precipitation intensity, loading intervals, and 
total load constant. The collapse was observed after 
approximately 3 hours and under a load of 280 kg (40 
kPa) with the 80/20 sand–bentonite mixture. General 
failure was observed in this experiment (Figure 7). In 
experiment No 11, the experiment was repeated, keeping 
all conditions constant to check the repeatability. The 
results were extremely similar to the previous 
experiment and the modeling process proved to be 
reproducible. 

A general failure was observed in experiment No. 12, 
which aimed to observe the effect of the loading period 
and precipitation intensity. For this reason, the rain 
intensity of 0.5 l/min was adjusted to 0.25 l/min. Also, 
loads increased every 45 minutes instead of 90 minutes.  
 

 
Figure 6. Small deformations under the concrete mass 

in experiments No 1 
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In experiments no 13 and 14, the bentonite ratio was 
30% and 40% respectively and general failures were 
observed. Large deformations occurred at failure 
stresses between 32.4 kN/m2 and 33.8 kN/m2. 

In experiment No. 15, the geometry was changed (G) 
and the angle of the slope became 2/3. General failure 
was observed under failure stress of 36.6 kN/m2 (Figure 
8). This experiment proved that a slope body that 
contained the same soil compositions can carry 13% 
more stress when the slope angle decreased from 1/3 to 
2/3. 

 

 
Figure 7. General failure in experiment No 10 

 

 
Figure 8. General failure in experiment No 15 

 
Soil composition did not change for experiment 16 

but the slope was modeled as 1/1. Although the general 
failure was not observed due to the comparatively soft 
slope surface large deformations occurred and raft 
representative concrete plate did not safely carry the 
loading plates. In other experiments slope behavior was 
investigated by changing soil compositions and slope 
models (No.17, 18, 19). Experiments in which general 
failure was not observed but the concrete plate 
representing the raft foundation could not carry the load 
were defined as local failure. When the test results are 
compared with the literature studies, many compatible 
results stand out [11-13].  

According to study of Genç [11], the test results 
showed that the swelling percentage increased as the 
bentonite ratio increased. It was observed that as the 
amount of bentonite increased, the liquid limit and 

plasticity index increased linearly, and the percentage of 
swelling increased as the bentonite ratio increased. 
Therefore, indirectly, as the swelling index increases, the 
stability of the slope decreases [11]. 
 
3.3. Results of Plaxis 2D modelling analysis 
 

Modeling and analysis of the experiments carried out 
in the laboratory were run with Plaxis 2D software, and 
the FS values were compared. In the experiments, the soil 
was compacted according to the optimum water content, 
but the precipitation effect was constantly given to the 
system. Therefore, when the collapse condition is 
observed, the soil may have a water content between the 
plastic limit and the liquid limit. For this reason, while 
modeling with Plaxis 2D software, three different 
analyzes were made according to the plastic limit, liquid 
limit, and optimum water content of the soils. 
Experiments were made in the laboratory with these 
different water contents and the internal friction angles 
and cohesion values were found in the results of these 
experiments. These values were entered into the Plaxis 
2D program and the results were obtained. The 
surcharge load input given to the system in Plaxis 2D is 
the load obtained in the case of failure in the modeling 
experiment. Thus, the results of the experiments made in 
the laboratory and the results of the analysis made in 
Plaxis 2D could be compared. The FS values of the 
optimum water content, plastic limit, and liquid limit 
values in the analyzes of experiments No. 10, 13, 14, and 
19, which were observed in the laboratory experiments, 
were shown in Figure 9. Although the FS value depends 
on the water content, it decreases as the water content 
increases. This shows the effect of the infiltration effect 
on the soil strength. But the suction values were not used 
during the modelling study. 
 

 
Figure 9. The FS values of the No. 10, 13, 14, and 19 

experiments 
 

The FS values of the optimum water content, plastic 
limit, and liquid limit values in the analyzes of 
experiments No 16, 17, and 18, which were not observed 
in the experiments performed in the laboratory, in the 
Plaxis 2D software, are shown in Figure 10. As mentioned 
above, although the FS value depends on the water 
content, it decreases as the water content increases. 
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Figure 10. The FS values of the No. 16, 17, and 18 

experiments 
 

 

4. Conclusion  
 

This study investigated the behavior of the slope 
under the influence of various parameters as well as the 
impact of surcharge loads. Mixtures with various 
bentonite contents were made to investigate the effect of 
the fine soil ratio on the stability of the slope. Between 
each experiment, the slope angle was gradually changed 
according to the program and the slope behavior in each 
experiment was investigated. A sprinkler was applied 
along the slope surface with the fogging method at a 
constant flow rate to create a precipitation effect in all 
experiments. The findings of the study are as follows: 

• Incremental surcharge loads were applied to the 
top of the slope at regular intervals. It is observed that as 
these loads increase, local deformations become more 
pronounced or the slope collapses. 

• In slopes with the same conditions and 
geometry, as the bentonite ratio of the soil mixture 
increased, the stability of the slope was adversely 
affected, and the collapse of the slope became more 
likely. 

• The collapse of the slope was observed more 
clearly due to the swelling property of bentonite due to 
the index parameters. The reason for this is that fine-
grained clays have higher water retention capacity, 
therefore the weight of the slope body increases, and the 
FS decreases. 

• In models under the same conditions, the weight 
of the slope with a small angle is greater in case of 
collapse. It was observed that the load at the time of 
failure increased by 13% when the slope angle was 
reduced from 2/3 to 1/3. 

• When the rain intensity and loading rate are 
reduced by 50%, the total load in the collapsed state is 
16%. 

• The analysis results made in the Plaxis 2D 
software are consistent with the model experiments 
carried out in the laboratory. 

• According to the analysis results obtained from 
the Plaxis 2D, the displacement values at the apex of the 
slope are approximately 9-10 times higher than the 
displacement values at the heel point.  

• According to the analysis results obtained from 
the Plaxis 2D, the displacement values are the lowest in 
the modeling made at the optimum water content for the 

same point, while the displacement value is the highest 
in the models made at the liquid limit water content. 

• According to the graphics obtained from the 
Plaxis 2D, the FS value decreases as the slope angle 
increases, the water content of the soil increases, and the 
amount of bentonite in the soil increases. 
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