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 Background: Among problematic soils, swelling is a problem which has been 
considered by geotechnical engineers for decades.The best definition for swelling is the 

physico-chemical reaction between the soil and environment, in which the swelling rate 

is dependant on the intensity of physical and physic-chemical attraction and repulsion 
forces. This phenomenon is specific to clayey soil. Soil swelling assessment methods 

are generally divided into two categories of direct and indirect methods.  In this paper, a 

relation has been established between the swelling pressure and constrained modulus of 
compressibility for bentonite-sand mixtures under various density, moisture and loading 

conditions. After performing more than 45 tests on to bentonite-sand mixtures with 

various density, moisture and loading conditions; it was concluded that there is a linear 
relation between swelling pressure and confined modulus of compressibility. Moreover, 

it was revealed that the slope of this linear relation changes with variations in the 

effective parameters on swelling in both mixtures. 
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INTRODUCTION 

 

 Among various classification systems of problematic soils, swelling is an issue which has been considered 

by engineers for several decades. In 1938, the American Ground Modification Department recognized the soil 

swelling issue for the first time from the viewpoint of soil mechanics. After that, engineers became aware that 

the reason behind failure of structures could be attributed to something else, other than the settlement of 

structures [1]. This phenomenon which is specific to clayey soils occurs in the soils containing smectite 

minerals. More than 2.4 million square kilometers (240 million hectares) of the soils in the world are clayey 

soils containing Smectite [2]. According to an analysis which was carried out in 1969, the likelihood of 

encountering with swelling soils was mentioned in countries such as Argentina, Australia, Burma, Canada, 

Cuba, Ethiopia, Ghana, India, Iran, Mexico, Morocco, South Africa, Spain, Turkey, the United States and 

Venezuela [3]. The swelling of soil in civil projects is a problem which may result in huge losses. Considering 

the importance of the issue and existence of vast deposits of swelling soil in our country, it was decided to carry 

out further research into parts of the unknown side of this phenomenon. Soil swelling in this paper means the 

swelling caused by water absorption. The swelling caused by freezing, reduction of effective stress such as 

unloading or elevation of the ground water level or crystallization of salt crystals and etc. are independent 

phenomena [4]. The swelling soils are soils that undergo significant volume changes as the result of increase in 

their moisture content [5].  In fact, one can say that swelling soils act opposite to the consolidation process. In 

other words, rather than losing water and volume reduction, they absorb water and increase in volume [6].  

Researchers have classified the identification and determination process of the swelling potential of soils into 

two broad categories of direct and indirect operations. Direct assessment of swelling potential means the direct 

measurement of swelling pressure or the swelling percentage of soil. Direct prediction of swelling potential may 

be carried out using consolidation or triaxial apparatus [2]. The swelling potential means the amount of one-

dimensional volume changes under specific density, moisture content and loading conditions providing that all 

necessary requirements for causing maximum swelling are satisfied .  Also, determination of the swelling 

potential of soils by direct method could be carried out using different methods and standards including the 
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Holtz, Kolisbi, double Odeometer, Birand, Fredlund et ai. and Van Der Merwe and other methods. In the 

indirect methods, the criteria such as plasticity properties and percentage of fines and etc. are used to comment 

on the swelling potential of soil. It is worth noting that none of the soil analysis methods are capable to 

estimating the swelling potential of all soils properly.  Therefore, indirect methods are recommended for this 

purpose with regard to the importance of project. Direct assessment of swelling potential in valuable projects 

and indirect methods for small building are rarely recommended [8]. Among these methods, 

Ranganatham&Satyanarayana ,Esenton , Canty&Brink , Chen and other methods could be mentioned [9-11]. 

 

MATERIALS AND METHODS 

 

 In this research, considering the experimental limitations, efforts have been made to carry out the tests with 

regard to the important and effective parameters on swelling of soils. These parameters are the clay content in 

the soil, soil moisture, density and surcharge loads. Based on this, a suitable classification was done with regard 

to this parameter for performing the tests. Since the clay content in the soil plays an important role in the amount 

and potential of swelling, two bentonite-sand mixtures with different percentages of bentonite and sand were 

considered. These two mixtures were chosen as the main test categories, whereas the remaining corresponding 

parameters were called sub-categories. Other parameters are density of specimen, moisture content and finally 

different surcharge loads. The table of performed tests with regard to the abovementioned classification is 

shown in Table 1. Bentonite-sand mixture was used for performing all tests in this research. Two mixtures with 

mix ratio of 10% bentonite, 90% sand and 20% bentonite and 80% sand were prepared. The first and second 

mixtures were named B1 and B2, respectively. The sand used for making the mixtures was passed from Sieve 

No.40.  For mixing the specimens as per the intended table, various moisture percentages were added to the 

mixture. The wetted specimens were kept in thick plastic bags for 24 hours for keeping their moisture content at 

the normal lab temperature. Since the chemical properties of the water used have a direct effect on the swelling 

of soil, the water used for all test stages was supplied from the urban water source. Hence, one can say that its 

effect on swelling of all specimens is identical. Wetted specimens were compacted in two compaction types.  

 
Table 1: Name of test categories with regard to the effective parameters on swelling. 

Bentonite mixture 

 

Density 

 

Moisture 

 

Name of category 

 

Surcharge load 

 

Mix ratio of 10% bentonite 

and 90% sand 
 

Low density 

 

Low moisture 
 

G1-B1 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

High moisture 
 

G3-B1 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

High density 
 

Low moisture 

 
G2-B1 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

High moisture 

 
G4-B1 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

Mix ratio of 20% bentonite 

and 80% sand 

 

Low density 

 

Low moisture 
 

G1-B2 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

High moisture 

 
G3-B2 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

High densitu 

 دانسیته باال

Low moisture G2-B2 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

High moisture G4-B2 

Kg/cm22 

Kg/cm24 

Kg/cm28 

Kg/cm216 

 

 One of these methods was Type A Standard Proctor Test, in which the soil is compacted in three layers 

using 25 blows of a 2.5 Kg hammer dropped from a height of 30.5 cm. The diameter of compaction mould is 

10.1 cm with a height of 11.7 cm. This test was performed to reach a relatively low density. The other method is 
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an optional method, which is aimed at reaching a relatively high density. The second compaction method was 

similar to the Standard Proctor Test Type A, however, a 4.5 Kg hammer fallen from a height of 54.7 cm was 

used for compacting the soil.  

 Now we perform dry loading and unloading and finally measure the swelling amount adjacent to water at a 

fixed volume in odeometer apparatus. The first stage is dry loading and unloading of specimen, in which the 

specimen is loaded in four steps to attain the intended surcharge loading. In the dry loading, the consolidation 

cell is free of water. Generally, a period of 10 minutes is considered for each loading stage. Dry unloading is 

carried out by unloading the total applied load in less than 30 seconds until attaining the cell surcharge, while 

allowing the specimen to have an elastic rebound. It generally takes approximately 10 minutes for the changes 

of the gauge as the result of elastic rebound to become negligible. According to Figure 1 the second stage of 

measuring the swelling of specimen was adjacent to water and at a fixed volume. This stage is an important part 

of the test, starts with filling the consolidation cell with water in a short period of time.  

  

 
 

Fig. 1: Various stages of loading, unloading and swelling. 

 

 Then, after some time which depends on the density, moisture and surcharge load subjected to the specimen 

in the dry loading stage, the specimen starts swelling, which is prevented by increasing the surcharge load. It 

should be noted that the allowable swelling and settlement limit for keeping the specimen at a fixed volume was 

0.005 mm as per ASTM D-4546 standard. Again, after some time, the specimen began to swell, which was 

prevented by the increase of surcharge load. This procedure was continued until the specimen was fixed 

adjacent to the water. Finally, the total increase surcharge load and the time elapsed to attain this pressure were 

measured as swelling pressure and swelling time, respectively. The slope of the rebound loading-unloading 

curve (elastic rebound), which is the constrained modulus of compressibility is calculated using the below 

relation. 

𝛥𝑝 = 𝜎𝑣 − 𝜎𝑠𝑒                                                                                                                               (1) 

σ𝑣 = surcharge load(Kg/cm2) 

σ𝑠𝑒 = Cell load(Kg/cm2) 

ε𝑣 =
∆𝑒

1+𝑒𝑜
                                                                                                                                         (2) 

ε𝑣=volumetric strain of specimen 

 Ps value is the total applied surcharge load to the specimen during swelling to keep it at a fixed volume (in 

the range of 0.005 mm change in the height) and prevent from swelling. The value of Mc versus Ps was plotted 

separately for each category. According to the test results, the LL, PL and PI of bentonite and each of B1 and B2 

mixtures are shown in Table 2. 

 
Table 2: Results of the Atterberg limits for the used materials 

PI PL LL Type of materials 
297 58 337 Bentonite 
11 21 32 B1 mixture  
23 30 53 B2 mixture 

 

Evaluation And Comparison Of Results Of The Swelling Test:  

 B1 and B2 have a mixture ratio of 10-90 and 20-80, respectively. For instance, (G1-B1) represents 

Category 1 of 10-90 mixture. 

 In the graphs figure 2, one may observe that the constrained modulus of compressibility increases with the 

surcharge load, resulting in an increase in the swelling pressure. In fact, increased Mc means that the void space 

between the particles is reduced, which is why the clay particles exert more pressure to the adjacent particles 

when they absorb water, resulting in an increased swelling pressure. After obtaining this relation for each 

category, a comparison was made between various categories. By plotting the linear relations for each 4 
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categories of B1 mixture, it could be observed that the slope of this line increase with density at moisture 

contents less than the optimum (Figure 3).  

 This could be justified by the fact that at a fixed moisture content, the swelling pressure increases with the 

density of specimen. In other words, the swelling pressure increases with density at a fixed constrained modulus 

of compressibility. Figure 3 shows that the swelling pressure is approximately the same in two categories G1 

and G2 at a constrained modulus of compressibility of approximately 18 Mega Pascal. However, this is not the 

case with other categories. By comparison of G3 and G4 categories, which have moisture contents more than the 

optimum level, one can say that the slope of line also increases with the density (Figure 4) By comparison of G1 

and G2 categories of B2 mixture, which have moisture contents less than the optimum level, it could be 

observed that the slope of linear relation increases with the density (Figure 5). 

 

 
 

Fig. 2: Variation of MC vs. Ps. 

 

 
 

Fig. 3: Comparison of Ps-Mcrelation in G1-B1 and G2-B1. 

 

 
 

Fig. 4: Comparison of Ps-Mcrelation in G3-B1 and G4-B1. 

 

 
Fig. 5: Comparison of the linear relation Ps-Mc for G1-B2 and G2-B2 categories. 
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 If the relations governing four categories of B1 mixture are plotted in one graph, it could be observed that 

the lines are moved downward with increased moisture content. That is to say that the swelling pressure is 

lowered. This is due to the fact that the tendency for water absorptions is lower is specimens with higher 

moisture contents than the optimum level. The abovementioned information may be observed in Figure 6. 

  

 
 

Fig. 6: Comparison of Ps-Mcrelation in G1-B1 and G2-B1. 

 

 
 

Fig. 6: Comparison of Ps-Mcrelation in G3-B1 and G4-B1. 

 

 This may be also observed by comparison of three categories of B2 mixture. (Figure 6) This interesting 

point to make is that the slope of lines in categories with the same densities and different moisture contents is 

approximately identical.  In other words, variations in the moisture content at high densities of a mixture do not 

change the increase rate of swelling pressure with constrained modulus of compressibility. But, the increase in 

swelling pressure has a relatively identical slope. Figures 7 and 8. 

 

 
 

Fig. 7: Relatively identical slopes in G1-B1 and G3-B1 categories. 

 

 After comparing the relations between Mc and Ps in each mixture, B1 and B2 mixtures were compared. By 

comparing the same categories of different mixtures, it may be concluded that the slope increases with the 

swelling clay content. n other words, the amount of swelling at a fixed modulus in a mixture with higher clay 

content was measured higher, because the amount of clay increases resulting in an increase tendency for water 

absorption, whereas other conditions are the same. Figures 9 and 10. 

 By comparison of G1 and G2 categories of both mixtures, it could be observed that the slope of linear 

relation increases with the clay content in comparison with category G3.  G1 and G2 categories have low 
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moisture contents. The difference of slopes is more significant for the category with more clay content and the 

one with less clay content than G3 category, which has high moisture content.  therefore, it may be concluded 

that the clay content at lower moisture content has a greater effect on the amount swelling.  

 

 
 

Fig. 8: Relatively identical slopes in G2-B1 and G4-B1 categories. 

 

 
 

Fig. 9: Comparison in two categories G2-B1 and G2-B2. 

 

 
 

Fig. 10: Comparison of G3-B1 and G3-B2 categories. 

 

Results: 

 Considering the objectives of this research and several tests carried out on these specimens, the following 

results are obtained: 

1- In each category of the tests carried out, there is a linear relation with a high correlation coefficient between 

the constrained modulus of compressibility and swelling pressure. 

2- Considering the results, it may be observed that the constrained modulus of compressibility increases with 

an increase in the surcharge load, resulting in an increased swelling pressure. 

3- By plotting the linear relations in all four categories of two mixture types, it may be observed that the slope 

of this line increases with an increase in the density at a moisture content less than the optimum moisture 

content. 

4- In two categories G1-B1 and G2-B2, it was observed that the value of swelling pressure is approximately 

the same at a constrained modulus of compressibility of approx. 18 Mega Pascal. 

5- If the relations governing all categories are plotted in one graph, it may be observed that the linear relations 

are transferred downward with an increase in the moisture content. 
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6- The slope of the line in categories with the same density and different moistures of one mixture are 

approximately the same. 

7- By comparison of the identical categories of mixtures, it may be concluded that the line slope increases with 

swelling clay content. 

8- Comparison of G1 and G2 categories of two different mixtures with moisture contents less than the 

optimum shows that the slope increase of linear relation with clay content has a greater rate in comparison with 

G3 category, which has a moisture content more than the optimum level. 
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