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Abstract 

This article deals with the variability of the cohesion and friction angle of clay soils as a function of their water content. 
It focuses on the fine soils of Lalo in Benin. Clay soils swell or shrink depending on their moisture content, which can 
cause stability problems and cracks in buildings. Benin's median depression, where the soils studied are located, has 
clay formations that are prone to shrink-swell, leading to differential settlement and damage to buildings. The aim of 
the study is therefore to characterise these formations and understand the influence of water content on their shear 
strength, measured by cohesion and angle of friction. Soil samples have been taken from various sites and subjected to 
laboratory tests to determine their physical properties. The results show that the soils studied are fine, mainly clay, with 
a natural water content varying between 27.47 % and 42.92 %. When the water content varies by 10%, cohesion varies 
from 4 kPa to 25 kPa and the angle of friction varies from 12° to 27°. It can be seen that cohesion and the angle of friction 
increase with the decreasing of water content. The results of this study will be recorded in a database so that they can 
be taken into account in the design of structures. 
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1. Introduction

Since the end of the 19th century, the Earth's average temperature has risen significantly and scientific data 
convincingly shows that the planet is warming up [1]. This global warming has a clear impact on clay soils and their 
physical and mechanical parameters [2-4]. Clay soils are sensitive to changes in their water content. Global warming 
can lead to higher temperatures and more frequent periods of drought, which can result in land subsidence, cracks and 
reduced soil bearing capacity, loss of soil cohesion, increased risk of landslides, soil shrinkage, etc.... 

These clay soils can be found all over the world, but are mainly found in Benin in the southern part of the country known 
as the Lama depression [5]. The "Lama depression" is a notch in the sedimentary basin of southern Benin, exposing marl 
and clay from the Eocene, in which Vertisols develop[6]. The clay formations in this depression are subject to the 
phenomenon of shrinkage and swelling, causing differential settling, which manifests itself in the appearance of 
disorders, such as cracks, affecting schools, hospitals, administrative buildings and detached houses, most of which were 
built without taking into account the mechanical parameters of these soils. These instabilities can be explained, on one 
hand by localised shear failure of the soil affecting slopes or foundations under the effect of an overload and, on the 
other hand, by variations in their moisture content [7-11]. It is therefore essential to consider these properties during 
the construction process to avoid undesirable consequences [12-15]. Knowledge of certain mechanical properties of 
these soils would enable their behaviour to be controlled. One of the aims of studying the mechanical behaviour of a soil 
is to determine its shear strength using tests to determine the cohesion C, which is the force of attraction between the 
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grains, and the angle of friction φ, which is an intrinsic characteristic of a soil, expressed in degrees, corresponding to 
the inclination of Coulomb's line. 

The aim of the present article is to study the influence of water content on the cohesion C and the angle of friction φ of 
the direct shear strength of clay soils in Lalo. It is a contribution to the characterisation of clay formations in the Lama 
depression in Benin. 

2. Material and methods 

2.1. Presentation of the study area 

The study area lies between latitudes 6°48' and 7°01' north and longitudes 1°50' and 2°05' east (Figure 1). The climate 
is humid tropical, with four alternating seasons, including two rainy seasons and two dry seasons. Average annual 
rainfall varies between 900 mm and 1100 mm. The area is characterised by low temperature variations around 27 °C, 
with average annual maxima of 32 °C and average manima of 22 °C. In recent decades, rainfall has become increasingly 
unpredictable, with droughts occurring at the height of the rainy season. 

2.2. Soil sampling  

 

Figure 1 Location of the study area 
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The sampling sites were selected taking into account the degree of damage observed on the buildings erected on these 
soils. Soil samples were taken at six locations; the sampling points is located in Ahodjinnako, Ahomadégbé, Ahouada 
and Tohou; the coordinates of the sampling points are given in Table 1. Samples of reworked and undisturbed soil were 
taken at each site to a depth of 1.5m. The undisturbed samples were obtained using core drills and sealed at the ends 
with wax to retain the initial moisture content. These samples were subjected to direct shear testing in the laboratory. 
The reworked samples were collected in bags for identification tests. 

Table 1 Sample collection locations 

Sample  

No 

Geographical coordinates (GPS) Sampling locations 

LA01 N 6°48’51.8’’/ E 2°00’28.5’’ Ahodjinnako 

LA02 N 6°48’46.2’’ / E 2°00’36.7’’ Ahodjinnako 

LA03 N 6°52’20.7’’ / E 2°00’15.4’’ Ahomadégbé 

LA04 N 6°51’58.3’’ / E 2°00’14.9’’ Ahomadégbé 

LA05 N 6°53’19.2’’ / E 1°59’53.9’’ Ahouada 

LA06 N 6°41’33.0’’ / E 1°54’51.9’’ Tohou 

2.3. Laboratory analysis  

In order to associate a name with the different soils studied and to link them to a group of soils with similar 
characteristics, identification tests were carried out on the reworked soil samples. We then proceeded to prepare the 
intact soil samples for variation and measurement of their water content, and finally the direct shear test using the 
Casagrande box was carried out on these samples. 

These tests were carried out at the Centre National d'Études et de Recherches des Travaux Publics (CNERTP) and the 
Laboratoire d'Essai et de Recherches en Génie Civil (LERGC). 

2.3.1. Identification tests  

These tests include the initial mass water content, the particle size analysis, the Atterberg limits and the methylene blue 
value. These tests give a description of the properties of the soil particles and the intensity of their bonds with water.  

The initial mass water content is measured by oven drying at 105°C for 24 hours in accordance with the standard NF P 
94-050 [16]. 

Particle size analyses were carried out by dry sieving after washing for elements with a size greater than or equal to 80 
µm in accordance with standard NF P 94-056 [17] and by sedimentation for particles smaller than 80 µm in accordance 
with standard NF P 94-057 [18].  

The Atterberg limits are reference levels linked to the change in state of the material. They were determined on the 
0/400 µm fraction in accordance with the standard NF P 94-051 [19]. The liquidity limit WL, measured using the 
Casagrande cup, represents the water content in the transition from the liquid state to the plastic state; the plasticity 
limit WP, measured using the roller method, represents the water content in the transition from the plastic state to the 
solid state. The difference between these two defined limits is the plasticity index, noted IP, expressed as a percentage. 

𝐈𝐏  =  𝐰𝐋– 𝐰𝐏 (1) 

The methylene blue test (VBS) is carried out in accordance with standard NF P 94-068 [20]. This test consists of 
measuring, per 100 g of material, the quantity of methylene blue required to cover the outer and inner surfaces of 
particles with a charge deficit. The test reveals the presence and concentration of clay particles.  

2.3.2. Preparation of samples and measurement of water content  

In order to study the influence of the water content on the cohesion C and the angle of friction φ of the direct shear 
strength, the samples to be sheared were prepared as follows:  
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 On the undisturbed soil samples from each site, twin samples were cut to the dimensions of the shear box 
(6cmx6cmx2.5cm) so as to obtain samples of almost identical mass; 

 Three of the samples were placed in an oven at a temperature of 105°C for 24 hours in order to determine their 
dry mass and to deduce the initial average water content of the samples according to the formula: 

𝐰(%) = 𝟏𝟎𝟎𝐱
𝐦𝐡−𝐦𝐬  

𝐦𝐬
 (2) 

 The remaining samples are wrapped in plastic film and then in aluminium foil to maintain their initial water 
content.  

The method described by HORTON et al [21] enabled a number of water content points to be scanned. The successive 
water contents are obtained by progressively dehydrating the sample by drying in a microwave oven. This technique 
ensures that the water content is evenly distributed throughout the sample [22]. Starting from the initial state, a series 
of twin samples are introduced into a microwave oven at a power of 70 W; the water content is monitored every ten 
minutes; its value is determined by reference to the initial dry mass. A reduction in the initial moisture content of 2%, 
4%, 6%, 8% and 10% was obtained after several ten-minute cycles on five series of four samples. After each reduction 
in moisture content, the samples are placed in plastic film and then wrapped in aluminium foil to keep the moisture 
content fixed until the direct shear test. 

2.3.3. Determination of the cohesion C and the angle of friction φ by direct shearing  

The test was carried out in accordance with standard NF P 94-071-1 [23] on a soil specimen contained in a shear box 
itself made up of two independent half-boxes. The plane separating the two half-boxes forms a sliding plane which is 
the shear plane of the specimen.  

A vertical stress σ is applied to the upper face of the specimen before it is sheared at constant speed; the shear stress τ 
then increases to a maximum value, which is measured. The state of stress at rupture (τr; σr) of the soil sample is then 
deduced. The test is carried out three times on the same sample with successive vertical stress values of 100 Kpa, 200 
Kpa and 300 Kpa at a speed of 1.27 mm/min.  

The three points representing the three states of failure of the soil are plotted on the same graph and to the same scale. 
The equation of the straight line is determined which is: 

τ = C + σ.tanφ (3) 

τ = Shear stress 
σ = Normal stress 
The angle of friction φ is determined from the slope of the straight line 
The cohesion C is determined from the y-intercept of the line. 

3. Results and discussion 

3.1. Soil identification and classification 

The results of the identification tests include natural water content, particle size analysis, Atterberg limits and blue 
value.  

The results of the analyses of the six soils are presented in Table 2. 

The natural water content of the formations ranged from 27.47 to 42.92%. This variation is due, on the one hand, to 
variations in the properties of the formations and, on the other hand, to the climatic conditions at the time of the various 
samples. 

All the soils studied have Dmax values of less than 50 mm and a predominantly clay granulometry (% ˂  2µm varies from 
42.96 to 61.36). The percentage of material passing through the 80 μm sieve ranged from 78.89% to 96.40%; all of these 
values were above 35%. The soils studied are therefore fine soils [24,25].  
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Soils LA01, LA02 and LA05 have liquidity limits ranging from 91.8 to 97.2; their plasticity indices range from 47.0 to 
51.0. These soils are placed below line A in the Casagrande plasticity diagram (Figure 1) and are classified as very plastic 
silts. 

Soils LA03, LA04 and LA06 have liquidity limits ranging from 73.3 to 85.0; their plasticity indices range from 43.2 to 
51.5. In the Casagrande plasticity diagram, these soils lie just above line A (Figure 1) and are classified as highly plastic 
clay soils. 

The high values of the methylene blue test (VBS) confirm the high plasticity of the samples. 

Table 2 Parameters for identifying the soils studied 

Parameters Samples 

LA01 LA02 LA03 LA04 LA05 LA06 

Fine content (% ˂ 80µm) 96.40 89.25 76.20 78.89 82.00 89.61 

Clay (% ˂ 2µm) 61.36 56.75 50.15 42.96 50.47 60.93 

Silt 22.79 21.76 21.02 17.9 16.51 14.39 

Sand 15.84 21.49 28.83 39.13 33.02 24.67 

Natural water content Wn 42.92 31.92 27.47 41.42 30.01 31.53 

Liquidity limit WL 97.2 91.8 73.3 78.5 94.2 85.0 

Plasticity index IP 50.6 47.0 42.3 45.1 51.0 51.5 

VBS(g/100g) 9.71 7.43 8.28 12.00 9.28 9.00 

 

 

Figure 2 Liquid limit and plasticity index of the soils studied plotted on th Casagrande plasticity diagram  
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3.2. Variation of moisture content in microwave oven  

Table 3 shows the variation in the wet mass of the LA06 sample and the corresponding moisture content and the number 
of 10-minute cycles at which the 2% variation in moisture content is achieved. It can be seen that the number of 10-
minute cycles for which the moisture content decreases by 2% varies with time. 

Figure 3 shows the variation in water content as a function of time for the LA06 sample. The dry mass of the sample is 
159 g; the range of variation in water content is 10% for each sample. The curves obtained are linear, but the slope 
varies from one sample to another. This can be explained by the variation in the characteristics of the soils studied and 
their initial water content. The technique used enabled us to obtain linear variations in the water content of our samples. 
The number of cycles after which the water content decreases by 2% varies from one sample to another. 

Table 3 Evolution of water content of sample LA06 

N° Number of 10 min  

Passage cycles  

Wet masse 

(g) 

Variation in water content (%) Water content 

(%) 

1 0 230 0 44.65 

2 6 226.9 1.95 42.70 

3 11 223.6 4.02 40.63 

4 21 220.4 6.03 38.62 

5 27 217.3 7.98 36.67 

6 35 214.1 10 34.65 

. 

 

Figure 3 Water content curve for sample LA06 

3.3. Shear test  

Graph 4 shows the intrinsic curves of sample LA06 for six (6) different water contents. These curves are used to 
determine the cohesion (C) and the angle of internal friction (φ) of the soil. Table 4 shows the results of the variation in 
cohesion (C) and the angle of friction (φ) as a function of the water content of the LA06 sample. 
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Figure 4 Intrinsic curves of the LA06 samples for different water contents 

 

Table 4 Data on the evolution of the cohesion and the friction angle of sample L06 as a function of the water content 

N° Variation in water content  

 (%) 

Water content (%) Cohesion C (Kpa) Internal friction angle (°) 

1 0.00 44.65 35.00 2.86 

2 1.95 42.70 39.28 5.04 

3 4.02 40.63 44.67 8.97 

4 6.03 38.62 46.51 14.67 

5 7.98 36.67 52.74 23.00 

6 10.00 34.65 56.24 31.50 

Figures 5 to 10 show the variation in cohesion and angle of internal friction of the samples studied as a function of grade. 

  

Figure 5 Variation of cohesion and friction angle with water content (LA01) 
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Figure 6 Variation of cohesion and friction angle with water content (LA02) 
 

  

Figure 7 Variation of cohesion and friction angle with water content (LA03) 

 

  

Figure 8 Variation of cohesion and friction angle with water content (LA04) 
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Figure 9 Variation of cohesion and friction angle with water content (LA05) 

 

  

Figure 10 Variation of cohesion and friction angle with water content (LA06) 

Analysis of the various curves shows that, generally speaking, cohesion and the angle of friction increase with 

decreasing water content.  

When a clay soil is saturated with water, the clay particles are surrounded and separated from each other by a thin layer 
of water. This reduces the contact forces between the particles and therefore reduces cohesion. However, when the 
water content decreases through evaporation or drainage, the clay particles begin to move towards each other; capillary 
forces begin to develop between the clay particles. These capillary forces result from the attraction between water 
molecules and clay particles. They tend to bring the particles closer together, increasing the cohesion of the soil. 

The angle of friction is a measure of the soil's resistance to flow or sliding under stress. A decrease in the water content 
of a clay soil reduces the lubrication of the interfaces between the particles, which increases friction and consequently 
increases the angle of friction.  

4. Conclusion 

The cohesion and angle of friction of the soils studied are highly dependent on water content and can vary considerably 
depending on environmental conditions. Taking into account the variation in these characteristics during the design 
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and construction of buildings will help to minimise the potential risks of cracks in walls and planks, subsidence of slabs 
and floors, instability of foundations and ensure the long-term durability of the building.  
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