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Abstract. The interaction between light structures and expansive soils as mainly active clays 
was studied since the 1950’s. The first stage in foundation design on this problematic soil is the 
evaluation of the swelling potential, based on which one identifies the clay’s activity and its 
correlation with the value of the swelling pressure (ps) for the decisional support of the 
geotechnical design (p effective > ps). In the literature there are many formulas that can be used to 
predict the swelling pressure based on the correlation between various geotechnical parameters. 
This paper provides the swelling pressure as correlation with the consistency index (CI) and the 
liquid limit (LL), by linear regression of the experimental results for the 56 active clays from 
seven countries. Using the analytical methods, one can predict the total heave of a floor slab 
founded on expansive clay. The validity of the proposed correlation has been tested in the 
prediction of the total heave in the centre of a floor slab for a light industrial building in North-
Central Regina, Saskatchewan, Canada. 

1. Introduction 
It is a well-known phenomenon that unsaturated expansive clays change their volume with the change 
of their water content. The water content variation at shallow depth is mainly due the seasonal climate 
change. As it triggers activity of expansive soils, the depth up to which the water content variation is 
influenced by the seasonal climate change is called the active zone. This depth can be approximated 
following the guidelines given in the Engineer Manual EM 1110-1-1904 [1]. 
When the soil heave is impeded by an engineering structure, the soil develops a swelling pressure against 
the contact structural element, foundation or slab. Many light weight constructions founded on these 
soils disregarding the swelling pressure occurrence can suffer structural degradations with limitations 
on the functionality and additional costs for their rehabilitation. Consequently, it is very important to 
accurately estimate the swelling potential and the correlated swelling pressure in order to select and 
implement the optimum measures to minimise the soil heave. 
The evaluation methods of the swelling pressure can be divided in two categories: direct or indirect ones 
[2]. The direct methods are based on the oedometer test, using the readings from the vertical swell of a 
sample after saturation [3][4]. The indirect methods relate the swelling pressure and swelling potential 
to one or several physical soil parameters such as liquid limit, clay content, plasticity index, natural 
water content. In table 1 the typical empirical correlations between the physical properties and the 
swelling pressure are presented. 
When focusing on the light weight constructions interacting with expansive soils one can separate them 
in three categories such as: (a) road infrastructures; (b) slabs for outdoor parking spaces; (c) houses. 
Although all of them are founded within the active zone, the first two categories benefit from large 
budgets for soil improvement to reduce its heave, the third category owners seldom accept such costs. 
For houses, the interest stays with counteracting the swelling pressure of the natural soil with net 
pressure from the house itself hence an efficient foundation design represents the main aim. The task 
becomes the estimation of the swelling pressure at reasonable geotechnical investigation costs. 
Following that task, the prediction of the total heave against measurements from documented case 
studies may reinforce the confidence of practitioners in controlling the heave effect.  
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This paper proposes a new correlation between the swelling pressure and two geotechnical indices: 
liquid limit and consistency index. The values obtained with the new empirical correlation were 
compared with the measured values from direct tests for 56 samples from seven countries (table 2).  
The values obtained using the proposed empirical equation have been used to predict the total heave, by 
replacing the swelling pressure values derived from the basic formula for the constant volume oedometer 
test based method [1] [5]. The results were verified using the data collected by the Prairie Regional 
Station of the Division of Building Research (DBR), in Western Canada, for a light industrial building 
in North-Central Regina, Saskatchewan [6]. 
 

Table 1. Prediction equations for the swelling pressure value based on empirical correlations. 

Equation  Author 
𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑠𝑠 = −2.132 + 0.0208 ∙ 𝐿𝐿𝐿𝐿 + 0.000665 ∙ 𝛾𝛾𝑑𝑑 − 0.0269 ∙ 𝑤𝑤0 [𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2] Komornik and David [5] 
𝑝𝑝𝑠𝑠 = 2.5 ∙ 10−1 ∙ 𝑃𝑃𝑃𝑃1.12 ∙ 𝐶𝐶2/𝑤𝑤02 + 25 [𝑘𝑘𝑘𝑘/𝑚𝑚2] Nayak and Christensen [5] [7] 
𝑝𝑝𝑠𝑠 = −227.27 + 2.14 ∙ 𝑤𝑤𝑂𝑂 + 1.54 ∙ 𝐿𝐿𝐿𝐿 + 72.49 ∙ 𝛾𝛾𝑑𝑑 [𝑁𝑁/𝑐𝑐𝑚𝑚2] Erguler and Ulusay [5] 
𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑠𝑠 = −4.812 + 0.01405 ∙ 𝑃𝑃𝑃𝑃 + 2.394 ∙ 𝛾𝛾𝑑𝑑 − 0.0163 ∙ 𝑤𝑤0 [𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2] Erzin and Erol [5] 
𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑠𝑠 = −5.02 + 0.01383 ∙ 𝑃𝑃𝑃𝑃 + 2.356 ∙ 𝛾𝛾𝑑𝑑 [𝑑𝑑𝑑𝑑𝑑𝑑/𝑐𝑐𝑐𝑐2] Erzin and Erol [5] 
𝑝𝑝𝑠𝑠 = 135 + 2 ∙ (𝐶𝐶 + 𝑃𝑃𝑃𝑃 − 𝑤𝑤𝑂𝑂) [k𝑁𝑁/𝑚𝑚2] Sabtan [5] 

𝑙𝑙𝑙𝑙𝑙𝑙10𝑝𝑝𝑠𝑠 = (0.4 ∙ 𝐿𝐿𝐿𝐿 − 𝑤𝑤𝑂𝑂 − 0.4)/12 Vijayvergiya and Ghazzaly [7] 
[19] 

𝑙𝑙𝑙𝑙𝑙𝑙10𝑝𝑝𝑠𝑠 = (𝛾𝛾𝑑𝑑 + 0.65 ∙ 𝐿𝐿𝐿𝐿 − 139.5)/19.5 Vijayvergiya and Ghazzaly [7] 
Notes: 𝑝𝑝𝑠𝑠 – swelling pressure; 𝐿𝐿𝐿𝐿 – liquid limit; 𝑃𝑃𝑃𝑃 – plasticity index; 𝑤𝑤0 – water content; 𝛾𝛾𝑑𝑑 – dry unit weight; 𝐶𝐶 
– clay content 

2. Indirect correlation of the swelling pressure with index properties  
Using the physical properties of soil samples collected from the literature (table 2) an indirect equation 
for the swelling pressure has been proposed. This equation correlates the liquid limit (LL) and the 
consistency index (CI) with the swelling pressure, indirectly but clearly correlated with the initial water 
content: 

 𝑝𝑝𝑠𝑠 = (3.71 ∙ LL − 125)/𝐶𝐶𝐶𝐶 (1) 

where: 𝑝𝑝𝑠𝑠 - swelling pressure [kPa]; LL – liquid limit (%); 𝐶𝐶𝐶𝐶 – consistency index 
 

Table 2. Physical properties and swelling pressures of the samples used in correlation. 

 No. of 
samples 

Liquid limit 
(%) 

Consistency 
index (%) 

Natural moisture 
content (%) 

Swelling 
pressure (kPa) 

References 

Ethiopia 12 96 ÷ 110 0.87 ÷ 1.15 32 ÷ 42.1 199 ÷ 420 [8] 
Turkey 7 50 ÷ 67 0.86 ÷ 1.42 14.4 ÷ 32.7 18.8 ÷ 72.7 [9] 

Iraq 6 35 ÷ 51 1.3 ÷ 3.7 16 ÷ 19.7 5.5 ÷ 19.5 [10] 

Brazil 5 51.5 ÷ 55 1.38 ÷ 2.1 12.2 ÷ 15.8 24.4 ÷ 45 [11] 

USA 4 54 ÷ 92 0.93 ÷ 1.21 20.6 ÷ 27.1 75 ÷ 263 [12] 

India 1 64 1.24 18 135 [13] 

Jordan 1 83 1.38 25 245 [14] 

Other soils 20 41.4÷ 129.2 0.99 ÷ 1.34 14 ÷ 23.3 46.54 ÷ 223.4 [15] [16] [17] 
The comparison between the experimental data of the swelling pressure and the predicted values based 
on equation 1 is shown in figure 1. The equation capacity in offering the results closed to the ones 
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obtained by laboratory testing can be made using the performance index like R2 (determination 
coefficient). The value of R2 using the linear regression between the predicted and measured data 
indicated a strong coefficient of correlation (0.70). If R2 is 1 the prediction model is accepted as excellent 
[18]. The proposed equation for the swelling pressure evaluation exhibited a high performance for 
predicting the swelling pressure of the soils according to the R2 value. 
 

 
Figure 1. The linear regression as correlation between computed 
values of the swelling pressure and laboratory test values. 

3. Soil heave analysis  
The anticipated heave can be calculated using the equation presented in [1], [5]: 

 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = ∑ 𝐶𝐶𝑠𝑠𝑠𝑠
1+𝑒𝑒0𝑗𝑗

∙ 𝑙𝑙𝑙𝑙𝑙𝑙10
𝑝𝑝𝑠𝑠𝑠𝑠
𝜎𝜎′𝑓𝑓𝑓𝑓

∙ 𝐻𝐻𝑗𝑗𝑛𝑛
𝑗𝑗=1  (2) 

where: 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 - maximum potential vertical heave [m]; n - number of strata within the depth of heaving 
soil; 𝑐𝑐𝑠𝑠𝑠𝑠 – swelling index of stratum j, as the slope of the e-log(σ-u) loading line; 𝑝𝑝𝑠𝑠𝑠𝑠 – swelling pressure 
of stratum j [kPa]; 𝜎𝜎′𝑓𝑓𝑓𝑓 – final or equilibrium average effective vertical pressure of stratum j [kPa]; 𝑒𝑒0𝑗𝑗 
– initial void ratio of stratum j. 
The total vertical heave is calculated using the summation of heave on each sublayer (n) up to the active 
zone limit (or critical depth). The swelling pressure 𝑝𝑝𝑠𝑠𝑠𝑠 in each stratum can be obtained using the direct 
methods (oedometer tests) or by introducing the swelling pressure obtained from the indirect equation. 
By replacing the swelling pressure as from equation 1 in equation 2 the maximum potential heave can 
be evaluated by: 

 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = ∑ 𝐶𝐶𝑠𝑠𝑠𝑠
1+𝑒𝑒0𝑗𝑗

∙ 𝑙𝑙𝑙𝑙𝑙𝑙10
(3.71∙LL−125)/𝐶𝐶𝐶𝐶

𝜎𝜎′𝑓𝑓𝑓𝑓
∙ 𝐻𝐻𝑗𝑗𝑛𝑛

𝑗𝑗=1  (3) 

3.1. Estimating of total heave for a slab on grade floor on Regina clay, Canada  
In 1961 a light industrial building was constructed in the North of the city of Regina, Saskatcewan, 
Canada, and in 1962 the building owner noticed heave and cracks in the floor slab. The average values 
of geotechnical parameters for this soil are [5] [6]: clay content = 50%; liquid limit = 77%; plastic limit 
= 33%; average water content = 29%; unit weight = 18.88𝑘𝑘𝑘𝑘/𝑚𝑚3; initial void ratio = 0.962; swelling 
index = 0.09; swelling pressure = 325kPa. In analyses, a surcharge of 5.75kPa is applied, which 
represents the weight of the concrete slab and the weight of the fill under the slab. The measured heave 
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under the center was 105mm. Yoshida et al. [6], estimates the soil heave of Regina clay considering 
different situation for the final pore water pressure: case 1 – final pore water pressure equal to zero; case 
2 - final pore water pressure is negative, and case 3 - final pore water pressure is hydrostatic. For the 
benefit of testing the validity of the simple estimation of the swelling pressure with the new proposed 
correlation, the predicted values of heave are given in table 3, only for the assumption of final pore-
water pressure as zero and thus considering that initially negative pore-water pressure increase to zero 
as water content increases during the wet season. 
 

Table 3. Prediction of heave assuming final pore-water pressure is zero (case 1) [6]. 

Depth (m) 0.15 0.45 0.75 1.05 1.35 1.65 1.95 2.25 
𝑤𝑤𝑓𝑓 (%) 40.1 39.2 38.5 37.9 37.3 36.7 35.9 34.6 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 (mm) 118 92 70 51 35 21 10 2 
Notes: 𝑒𝑒0 = 0.962 – initial void ratio; 𝐶𝐶𝑠𝑠 = 0.090 – swelling index; 𝑆𝑆 = 100% – degree of saturation 

 
The estimated values obtained with the equation 3 were compared with laboratory tests results for the 
expansive clay from the city of Regina. Assuming that the final pore water pressure will be equal with 
zero, as the case 1 from Yoshida et al [6], the final equilibrium average effective vertical pressure will 
be 𝜎𝜎′𝑓𝑓𝑓𝑓 = 𝜎𝜎𝛾𝛾𝛾𝛾𝛾𝛾 + ∆𝜎𝜎𝑗𝑗. The soil heave under the slab was calculated using equation 3, assuming different 
values for the swelling pressure with the depth due to the water content variation (table 4). 
 

Table 4. Prediction of heave using equation 3 assuming final pore-water pressure is zero. 

Depth (m) 0.15 0.45 0.75 1.05 1.35 1.65 1.95 2.25 
𝑤𝑤𝑓𝑓 (%) 40.1 39.2 38.5 37.9 37.3 36.7 35.9 34.6 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 (mm) 109.5 99.7 82.9 68.7 56 44.8 34.5 25.4 
Notes: 𝑒𝑒0 = 0.962 – initial void ratio; 𝐶𝐶𝑠𝑠 = 0.090 – swelling index; 𝑆𝑆 = 100% – degree of saturation 

 
Figure 2 present the variation with depth of the measured swell, calculated by Yoshida et al. [6], and by 
the proposed equation (equation 3). 
 

 
Figure 2. Predicted and measured ground heave 
under the centre of the slab 
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The maximum value of heave computed by the proposed equation is 109.5mm, which is very close to 
the measured one 105mm. As one compares the values of the heave at different depths up to the active 
zone (za = 3m), the calculated values differ from the measured ones (figure 2). The same trend can be 
noticed also in the paper published by Yoshida et al. [6] for the case 1 (final pore-water pressure equals 
zero) as in figure 2.  

4. Conclusions 
Soil improvement techniques for expansive soils to reduce the swelling potential and consequently the 
swelling pressure for the benefit of undamaged light constructions during their service time have been 
proved efficient based on extensive research for many years. As every construction together with its site 
conditions represent a unique situation, generalizations of simpler approaches for the estimation of the 
swelling pressure should be applied with caution. However, the budget allocated to proper geotechnical 
investigations in such cases plays a very important role. In case of houses, especially ground-floor only 
structures are light weight and their foundation should be geotechnically designed to balance the 
swelling pressure. Its estimation is essential since the final pore-pressure can be safely assumed to 
increase from a negative value up to zero. This paper proposes a new equation which correlates the 
swelling pressure with the liquid limit and consistency index. By comparing the computed results with 
the measured ones, the R2 performance indices was found to be equal with 0.7, which mean that there 
is a relatively good correlation between the measured and predicted values. The validation has been 
made by predicting a total heave of the floor slab from a well-documented case for a light industrial 
building in North-Central Regina, Saskatchewan, Canada. The proposed correlation for the swelling 
pressure resulted in a total maximum heave of 109.5mm, which is with only 4% higher than the 
measured one (105mm) and thus in good accordance with the practical evidence. 
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