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ABSTRACT: This study was made in order to develop a statistical model for predicting the unconfined compressive strength (UCS) of 

lime-stabilized clayey soils. The obtained results showed that the developed model (UCS‒Model) is very efficient and can be used as a 

reliable tool for predicting the UCS of lime‒stabilized clayey soils. Indeed, both the (F-test) and (t-test) showed that the significance value 

of UCS‒Model was found to be less than 0.05 which indicates that the lime content and curing time significantly contribute to the 

constructed model and lead to a better prediction of UCS. In addition, the comparison study between predicted values and experimental 

data indicated that the UCS model can be reasonably applied to explain the effect of lime content below 10%, and curing time between 0 

and 90 days on UCS of clayey soils and to design new mixtures without making an experimental study.  
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1. INTRODUCTION 

Clayey soils are mainly distributed throughout the world (Goodarzi 

et al., 2015; Gadouri et al., 2017a), which possess deprived 

geotechnical characteristics and pose serious construction problems 

resulting in large settlements detrimental to structures constructed 

over them, and they have to be improved by chemical stabilization 

for acceptable performance (Kavak and Baykal, 2012; Yilmaz and 

Civelekoglu, 2009). Chemical stabilization using mineral additives 

such as lime is usually used to improve the mechanical performance 

of problematic soils around the world (Harichane et al., 2012). 

According to Kavak and Baykal (2012), cementitious compounds 

formed upon mixing clay with lime during pozzolanic reactions are 

responsible for the improvement in strength and durability. The 

addition of lime (quicklime; CaO) or hydrated lime; Ca(OH)2) to 

problematic soils has a better effect, which reduces their expansion  

(Afès and Didier, 2000) and improves their strength (Hossain et al., 

2007). Such behavior of treated soil may be attributed to the 

pozzolanic reactions: reaction between the silica and alumina 

present in the clay minerals and the calcium from the lime to form 

new cementing agents such as calcium silicates hydrates (C–S–H), 

calcium aluminates hydrates (C–A–H) and calcium alumino-

silicates hydrates (C–A–S–H) (Mitchell 1986). Generally, cation 

exchange takes place by initial addition of 1 or 2% lime (by dry 

weight of soil), further addition of lime is responsible for pozzolanic 

activity  (Kate, 2005).  

The unconfined compressive strength (UCS) of soil is 

considered one of the most important designing parameters used for 

pavement design especially for highway construction (Gadouri et 

al., 2017c). It was also used to verify the effectiveness of the soil 

stabilization, to assess the importance of influencing factors on 

strength of stabilized clayey soils, and to choose the best stabilizer 

percentage. However, clayey soils usually exhibit significant 

increases in strength when treated with lime (Bell, 1996; Cerato et 

al., 2011; Etim et al., 2017). The strength of such soil mixtures is 

influenced by the behavior of the soil, the amount of lime added, the 

length of time available for curing and the conditions under which 

this takes place (i.e., temperature and humidity), moisture content, 

and the time elapsed between mixing and compaction (Gadouri et 

al., 2016a). 

On the other hand, it is known that the time required for 

laboratory tests and costs of compilation projects is very important. 

For this reason, some studies have been made on computer-based 

models using analytical methods (Sari Ahmed et al., 2018) and 

artificial neural networks (Taleb Bahmed et al., 2017) for predicting 

the physico-mechanical properties of additives-stabilized clayey 

soils without making laboratory tests. In addition, some 

investigations have been made in order to develop some statistical 

models for predicting the effect of lime and curing time on UCS of 

stabilized clayey soils (Ling et al., 2014; Naveena et al., 2017; 

Baldovino et al., 2018; Consoli et al., 2009; Consoli et al., 2012; 

Sharma and Singh, 2018) where it can be seen that there is no 

validation study made for their developed models. In fact, Naveena 

et al. (2017) have studied the critical factors influencing the UCS 

development of clayey soil stabilized with additives where they 

have found in their study that both the clay-water/lime ratio and 

curing period are the main parameters controlling the UCS 

development. Also, Baldovino et al. (2018) have developed some 

empirical equations that present an exponential relation between 

UCS and lime content and a linear relationship with the logarithm of 

curing time. Moreover, Sharma and Singh (2018) have established 

empirical equations for UCS using simple and multiple linear 

regression methods where all the developed models have shown the 

highest prediction capacity based on several independent parameters 

such as lime content, curing time, plastic limit, liquid limit, potential 

of hydrogen, primary ultrasonic wave velocity, optimum moisture 

content and maximum dry density.  

However, as a disadvantage, these researchers have used in their 

studies a few databases (some results collected from a single 

experimental study) to make their statistical models, which are 

difficult to be used and not always with the range of the engineer. 

For this reason, many data sources were collected from several 

laboratory studies published in the literature made on lime-stabilized 

problematic soils and used as a database in this work. The goal of 

this paper is to develop a statistical model in order to predict the 

UCS of lime-stabilized clayey soils, to validate the proposed model 

(UCS‒model), to make a comparison study between predicted 

values and experimental data, and finally to evaluate the effect of 

lime and curing time on UCS based on a parametric study. 

2. GEOTECHNICAL PROPERTY STUDIED  

It is known that the most frequent problem for all earth structure 

projects is the presence of unsuitable soils such as gypseous soils, 

organic soils and clayey soils of high plasticity (Gadouri et al., 

2017c). These problematic soils caused severe problems for 

constructions like a high sensitivity to water due to the presence of 

high clay particles fraction, high expansion linked with the presence 

of sulphates, organic matter, and/or expansive clay minerals such as 

montmorillonite and illite, low bearing capacity related to the high 

compressibility of the soil, etc. According to Kolias et al. (2005), 

chemical stabilization using mineral additives such as cement, lime, 

and FA was used for several years with the main aim to make the 

problematic soils capable of meeting the requirements of specific 

engineering projects. However, some geotechnical tests made on 

stabilized soils like compaction, UCS, and free swell are not 

economic and require much time for their achievement. For these 

reasons, it is necessary to develop statistical models for resolving 
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this problem based on the results published in the literature and 

consequently to predict suitable geotechnical properties. In fact, the 

geotechnical property investigated in this paper is the UCS of lime-

stabilized clayey soils, which is very essential in practices of civil 

engineering projects such as roadway subgrades, road 

embankments, trench backfills, landfill liners, and earth dams. Thus, 

the UCS of clayey soils is also one of the most important designing 

parameters used for pavement design, especially for highway 

construction. It can be used to verify the effectiveness of soil 

stabilization, to assess the importance of influencing factors on 

strength of stabilized soils, and to choose the best stabilizer 

percentage. On the other hand, this selection was also based on the 

availability of data published in the literature in order to develop a 

best-fit model (UCS‒model) to make a rapid and better prediction of 

UCS of lime-stabilized high plasticity clayey soils, and 

consequently the reduction of both the time consumption and costs. 

This empirical model describes the relationship between the UCS of 

stabilized clayey soils and some factors dominating this property, 

such as the lime percentage and the curing time. These were selected 

as predictors in the proposed model. Several factors control the UCS 

of lime-stabilized soils in addition to lime content and curing time 

(which have the most important effects on the strength of stabilized 

soils). Among these factors we can cite the type and content of 

clays, plasticity and other factors. Several of these factors have been 

considered indirectly in the selection of the database used for the 

fitting of the proposed model. Indeed, a high number of data was 

collected from the literature about the utilization of lime as an 

additive for several applications in engineering construction. 

3. DATA COLLECTION AND TREATMENT  

The database used in this study was collected from many laboratory 

studies of different types of soil stabilized by various lime contents. 

In fact, this step is very important for obtaining suitable database 

where several factors were taken into account at this stage such as 

soil classification, lime type and the presence of organic matter in 

natural soils. These factors can considerably affect the quality of the 

collected database. 

 For these reasons, numerous results were collected from many 

previous works but only the results of soils classified as the clayey 

soil of high and medium plasticity and stabilized with hydrated lime 

Ca(OH)2 were considered in this study as a database. In addition, 

Al-Taie et al. (2016) have reported that the presence of organic 

matter (humic or fulvic acid) caused a high decrease in the pH value 

of the stabilized soil and consequently affected the dissolution of 

clay minerals (SiO2 and Al2O3) responsible for the formation of 

cementing agents by pozzolanic reactions between them and 

calcium. For this reason, all the soils containing a high amount of 

organic matter were not considered in this study. Also, it should be 

noted that the constructed database was collected by taking into 

account the above factors. In fact, the number of data points used in 

this study is 496 points which were obtained from 52 research 

studies (Table 1). But, the experimental data points used for the 

validation of proposed UCS‒model are 32 points which were 

extracted from four research works (Gadouri et al., 2017a; Little et 

al., 1987; Dayioglu et al., 2017; Noorzad and Motevalian, 2018). 

Also, UCS results were obtained from different standards that were 

used for carrying out UCS tests, namely: ASTM standard (56%), 

BIS Standards (8%), Chinese, French, British, Australian, New 

Zealand and Indonesian Standards (21%), and unspecified standards 

(15%). Table 1 depicts the collected results used to develop the 

UCS-model. 
 

4. DEVELOPMENT OF UCS‒MODEL 

Four relationships between UCS as a dependent variable and both 

the lime contents and curing time as independent variables were 

proposed, examined and presented in Table 2. Data analysis was 

considered in two stages (learning and validating). A total of 496 

data points was used during the learning stage for developing all the 

empirical models. The coefficient of determination is an efficient 

tool to evaluate the constructed models where the higher the 

precision of the models is reflected by the higher the R2 (close to 1) 

(Jafer et al., 2016). 

 
Table 1  Data used for developing a statistical model to predict the UCS 

of lime-stabilized clayey soils 

Data source 

Lime 

content  

range 

(%) 

UCS range 

 (kPa) 

Time  

range 

(days) 

Number 

of data 

Neubauer (1972) 0‒06 25.7‒154.0 - 04 

Prasade (1972) 0‒10 365.8‒1933.9 0‒60 21 

Quilici (1972) 0‒10 965.3‒1634.1 0‒03 06 

Harty and Thompson 

(1973) 

0‒10 489.5‒2840.6 0‒56 12 

Medhani (1983) 0‒09 503.3‒1427.2 0‒28 05 

Hopkins and Allen (1986)  0‒06 94.1‒756.5 0‒14 06 

Rahman (1986) 0‒12 210.7‒732.3 0‒07 13 

Petry and Lee (1988) 0‒2.5 455.1‒1377.0 0‒28 06 

Tehrani (1988) 0‒04 190.0‒625.0 0‒14 04 

Tuncer and Basma (1991) 0‒09 200.0‒1737.0 0‒28 24 

Bell (1996) 0‒08 178.0‒1597.0 0‒07 10 

Beckham and Hopkins 

(1997) 
0‒10 205.6‒782.4 0‒07 11 

Sridharan et al. (1997)  0‒03 160.6‒1121.7 0‒28 13 

Pinero Rivera (2001) 0‒10 931.5‒2637.3 0‒28 05 

Kate (2005) 0‒03 253.7‒473.8 - 13 

Cai et al. (2006)  0‒08 90.0‒660.0 0‒28 04 

Ismaiel (2006 ) 0‒8.5 131.2‒1221.7 0‒07 04 

Nalbantoglu (2006)  0‒07 718.4‒2493.6 0‒30 07 

Osinubi  (2006) 0‒08 490.0‒1500.0 0‒28 13 

Osinubi and Nwaiwu 

(2006) 

0‒08 310.0‒1449.0 0‒28 10 

Khattab et al. (2007) 0‒04 300.0‒1400.0 0‒07 02 

Alhassan (2008) 0‒08 295.0‒1450.8 0‒28 13 

Sharma et al. (2008)  0‒05 202.2‒650.0 0‒28 05 

Sirivitmaitrie et al. (2008)  0‒12 94.5‒1394.8 0‒07 06 

Bozbey and Garaisayev 

(2010) 
0‒09 309.0‒1529.0 0‒28 07 

Behak (2011)  0‒09 253.4‒1718.2 0‒28 05 

Cerato et al. (2011) 0‒05 216.5‒1527.2 0‒14 26 

Siddique and Hossain 

(2011)  

0‒15 565.0‒4600.0 0‒112 26 

Solanki et al. (2011)  0‒06 175.8‒892.9 0‒07 10 

Al-Mukhtar et al. (2012)  0‒10 300.0‒2400.0 0‒90 06 

Kavak and Baykal (2012) 0‒10 123.5‒1068.0 0‒28 16 

Portelinha et al. (2012)  0‒03 303.4‒780.6 0‒28 07 

Baglari and Dash (2013) 0‒16 233.2‒2048.0 0‒28 21 

Khalid et al. (2014) 0‒03 470.5‒629.3 0‒28 04 

Samantasinghar (2014)  0‒13 295.0‒3069.0 0‒56 21 

Goodarzi  et al. (2015)  0‒15 315.0‒3060.0 0‒28 16 

Jha and Sivapullaiah 

(2015)  

0‒06 312.0‒1350.0 0‒28 13 

Önal (2015) 0‒08 120.8‒294.3 0‒07 07 

Yilmaz et al. (2015)  0‒06 118.5‒1072.2 0‒28 02 

Al-Taie et al. (2016)  0‒08 283.0‒1251.8 0‒28 09 

Damoerin et al. (2016) 0‒10 557.0‒1023.0 0‒07 04 

Kavak and Bilgen (2016) 0‒05 406.7‒1420.5 0‒28 09 

Sharma and Hymavathi 

(2016)  
0‒05 373.4‒1165.1 0‒28 07 

Wang et al. (2016)  0‒06 564.6‒1397.9 0‒90 06 

Behak and Núñez (2017) 0‒05 214.0‒1600.0 0‒90 07 

Etim et al. (2017) 0‒08 107.2‒1689.6 0‒28 13 

Harish (2017) 0‒09 230.0‒1302.7 0‒28 13 

Jahandari et al. (2017) 0‒08 407.0‒1389.3 0‒28 07 

James and Pandian (2017)  0‒07 115.8‒1181.3 0‒07 07 

Negawo et al. (2017)  0‒09 1438.0‒1799.0 0‒07 04 

Shen et al. (2017)  0‒03 65.6‒164.7 0‒07 04 

Soltani et al. (2017)  0‒09 422.5‒1526.2 0‒28 02 

Total number of data    496 
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Table 2  A summary of the statistical analysis of the four proposed UCS‒models of  lime-stabilized clayey soils 

N° Equations 
Models 

parameters 
t-test results Signif. 𝑹𝟐 𝑭 𝐯𝐚𝐥𝐮𝐞 𝑷𝒓 Signif. 

(1) 𝑈𝐶𝑆 = 𝑎 ∗ 𝑈𝐶𝑆0 ∗ (𝑏 + 𝐿)(𝑐∗𝑡+1) 

a = 0.14 

Std. Err. = .012591 

Yes 

0.67 339.85 0.000 Yes 

t value =11.61 

P > |t| = 0.000 

[95% Conf. Interval] 
. 1215
 .1709

 

b = 8.64 

Std. Err. = 1.1444 

Yes 

t value = 7.56 

P > |t| = 0.000 

[95% Conf. Interval] 
6.398  
10.892 

 

c = 0.003 

 

Std. Err. = .000179 

Yes 

t value = 16.65 

P > |t| = 0.000 

[95% Conf. Interval]  
. 00263
. 00333

 

(2) 
𝑈𝐶𝑆

= 𝑎 ∗ 𝐿 + 𝑏 ∗ 𝑈𝐶𝑆0 + 𝑐 ∗ 𝑡 + 𝑑 

a = 82.03 

Std. Err. = 3.987 

Yes 

0.75 739.42 0.000 Yes 

t value = 20.57 

P > |𝑡| = 0.000 

[95% Conf. Interval]  
74.195
89.865

 

b = 1.041 

Std. Err. = .0743 

Yes 

t value = 14.00 

P > |𝑡| = 0.000 

[95% Conf. Interval]  
. 894  
1.186

 

c = 17.17 

Std. Err. = .807 

Yes 

t value = 21.27 

P > |𝑡| = 0.000 

[95% Conf. Interval]
  15.587   

18.761
 

d = -105.76 

Std. Err. = 33 .266 

Yes 

t value = -3.18 

P > |𝑡| = 0.002 

[95% Conf. Interval]
−171.129
−40.405

 

(3) 
𝑈𝐶𝑆

= 𝑈𝐶𝑆0 + (1 + 𝑎 ∗ 𝐿) ∗ 𝑒(𝑏∗√𝑡+1) 

a = 20.0 

Std. Err. = .8234 

Yes 

0.78 895.72 0.000 Yes 

t value = 24.30 

P > |𝑡| = 0.000 

[95% Conf. Interval]  
18.387
21 .623

 

b = 0.169 

Std. Err. = 0.0061 

Yes 

t value = 27.78 

P > |𝑡| = 0.000 

[95% Conf. Interval] 
  .1573  
. 1813

 

(4) 𝑈𝐶𝑆 = 𝑈𝐶𝑆0 + 𝑎 ∗ 𝐿 ∗ (𝑡 + 1)𝑏 

a = 28.97 

Std. Err. = 1.916 

Yes 

0.80 1008.66 0.000 Yes 

t value = 15.12 

P > |𝑡| = 0.000 

[95% Conf. Interval]  
25.207
32.737

 

b = 0.488 

Std. Err. = .0186 

Yes 

t value = 26.19 

P > |𝑡| = 0.000 

[95% Conf. Interval] 
 .451  
. 524

 

UCS0 is the unconfined compressive strength of natural soil (kPa); L is the lime (%); t is the curing time (days) and a, b, c, and d are the 

model's parameters  
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As shown in Table 2, the determination coefficients of all 

models are between 0.67 and 0.80. An important part of assessing 

the adequacy of an empirical model is testing statistical hypotheses 

about the model parameters and constructing certain confidence 

intervals. In this context, statistical tests (t-test and F-test) were 

performed in order to examine the significance of the regression 

models. The contribution of each independent variable to the 

constructed model was investigated by calculating its statistical 

significance (signif.).  

The statistical significance indicates whether the studied 

independent variable contributes to the model or not, any 

independent variable with (signif.) value more than  ( = 0.05) 

will not contribute to the model, but it plays an important role in the 

prediction process when its (signif.) value is less than  (Jafer et al., 

2016). A type I error (α) of 0.05 was used as a reference value for all 

the statistical tests. As shown in Table 2, the proposed UCS‒models 

and their parameters are sufficient for a better prediction of UCS 

based on curing time (t, days), lime content (L, %) and unconfined 

compressive strength of unstabilized clayey soil (UCS0, kPa). The 

coefficients of variables are in the range of 95% confidence level. 

As shown in Table 2, the proposed UCS‒model N°4, gives the best 

correlation (R2 = 0.80) as compared to other proposed UCS‒models 

N°1, 2 and 3, which were presented low coefficient of determination 

of 0.67, 0.75 and 0.78, respectively. 
The results of the comparison between predicted values from 

UCS‒model, and validation of new data records are summarised in 

Table 3 and Figure 1. The total average error of 8.75% (Table 3) 

found between experimental results and predicted values of UCS 

indicated that the proposed UCS‒model can be used as a reliable 

tool for predicting the UCS of clayey soils stabilized with different 

lime contents. It is important to note that clayey soil that fits better 

to the proposed model, are the soils classified as clayey soil of high 

and medium plasticity (CH or CL) and stabilized with hydrated lime 

Ca(OH)2. The proposed UCS-model (Eq. 4) is valid in the following 

conditions: 

• 25.7 ≤ UCS0 ≤ 1438.0 (kPa); 

• 0 ≤ t ≤ 90 (days); and 

• 0 ≤ L ≤ 10 (%). 

Table 3  Error between experimental results and predicted values of UCS based on other research studies 

Data source Lime (%) Time (days) UCSExp (kPa) UCSPred (kPa) Error (%) RME (%) 

Little et al. (1987) 

00 0 558.48 558.48 00.00 

10.40 

03 28 1385.85 1007.97 27.30 

05 28 1461.69 1307.63 10.50 

07 28 1330.69 1607.29 -20.80 

00 0 489.53 489.53 00.00 

03 28 1158.32 939.02 18.90 

05 28 1123.85 1238.68 -10.2 

07 28 1544.43 1538.34 00.40 

00 0 703.27 703.27 00.00 

03 28 1537.53 1152.76 25.00 

05 28 1489.27 1452.42 02.50 

07 28 1606.48 1752.08 -09.10 

Dayioglu et al. (2017) 

00 0 1363.36 1363.36 00.00 

09.60 

04 1 1388.06 1525.88 -09.90 

08 1 1537.83 1688.40 -09.80 

12 1 1672.16 1850.92 -10.70 

04 7 1584.15 1683.04 -06.20 

08 7 1843.54 2002.72 -08.60 

12 7 2096.76 2322.40 -10.80 

04 28 2047.35 1962.68 04.10 

08 28 2383.94 2562.00 -07.50 

12 28 2471.95 3161.32 -27.90 

Gadouri et al. (2017a) 

00 0 100.00 100.00 00.00 

09.50 

08 7 1110.00 739.36 33.40 

08 30 1330.00 1338.29 -00.60 

08 60 1910.00 1822.98 04.60 

08 120 2750.00 2506.79 08.80 

Noorzad and 

Motevalian (2018) 

00 0 274.50 274.50 00.00 

05.50 

10 3 935.65 844.34 09.80 

10 7 1056.85 1073.70 -01.60 

10 15 1510.91 1395.38 07.60 

10 28 1630.62 1772.80 -08.70 

Total RME      ±𝟎𝟖. 𝟕𝟓 
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Figure 1  Error between experimental results and predicted values 

of UCS of lime-stabilized clayey soils 

5. PARAMETRIC ANALYSIS BASED ON RESULTS 

OBTAINED FROM DEVELOPED MODEL 

A parametric analysis was carried out in order to check the ability of 

this model (Equation N°4 given in Table 2) for evaluating the effect 

of lime on UCS of stabilized clayey soils. The results of UCS gain 

with respect to the curing time are shown in Figure 2. The 

parametric analysis was based on UCS0 value (350 kPa), curing time 

(7, 14, 28 and 90 days) and lime content (0‒12%). 

 
Figure 2  Effect of different lime content on the UCS of 

stabilized clayey soils for different curing periods 

It is known that the addition of lime as an additive to clayey 

soils improves their strength which can be reflected by the 

significant increase in the UCS value of stabilized clayey soils 

(Bozbey and Garaisayev, 2010; Behak, 2011). It is obvious to see 

that the UCS increases with increasing lime content and curing time. 

For example, for a clayey soil with UCS0 = 350 kPa and for 14 

days curing time, the UCS of lime-stabilized clayey soil increases 

from 350 kPa up to 785 and 1219 kPa with the addition of 4 and 8% 

lime, respectively. This corresponds to increases of 124 and 248% in 

UCS values when adding 4 and 8% lime, respectively (Figure 2). 

However, after 28 days curing time, the UCS increases from 

350 kPa up to 950 and 1549 kPa when adding the same lime 

contents (4 and 8% lime). This corresponds to increases of 171 and 

342% in UCS values respectively with 4 and 8% lime. It should be 

noted that among the different variables affecting the strength of 

lime-stabilized clayey soils, curing is of major importance. Similar 

observations have been found by Bell (1996). 

According to Etim et al. (2017), the increase in UCS values was 

primarily due to micro-fabric changes and the formation of 

cementitious compounds (C‒S‒H and C‒A‒H) by pozzolanic 

reactions, which are responsible for the strength development, 

especially with curing period. Similar findings were reported by 

several researchers when compared their experimental results to 

predicted values from UCS‒model. For example, Hussey et al. 

(2010) reported that the UCS of a clayey soil increased from 369 

kPa up to 841 kPa when using 4% lime for 14 days curing time. 

This reflected that the UCS value increased by 128%. Furthermore, 

for 8% lime addition, Manasseh and Olufemi (2008) have reported 

that the UCS of clayey soil increased from 360 kPa up to 1400 kPa. 

This revealed that the UCS value increased by 289% for 8% lime. 

For 28 days curing period, Nicholson et al. (1994) have reported that 

the UCS of a clayey soil increased from 444 kPa up to 1276 kPa 

when using 5% lime as an additive. When using 8% lime, Manasseh 

and Olufemi (2008) found that the UCS of clayey soil increased 

from 360 kPa up to 1479 kPa. This reflected that the UCS value 

increased by 311% when adding 5% lime.  

Several researchers have reported the same behaviors (Tuncer 

and  Basma, 1991; Chikyala et al.,  2008; Sirivitmaitrie et al., 2008; 

Harichane et al., 2011; Etim et al.,  2017). 

 

Figure 3  Effect of curing periods on UCS of stabilized clayey 

soils for different lime contents 

As shown in Figure 3, it is obvious to see that the UCS value of 

stabilized soil was substantially increased by increasing the curing 

time from 7 to 90 days. Moreover, a nonlinear trend of UCS 

increasing was observed. A similar trend was observed by Jahandari 

et al. (2017). It is clear to observe that with 2 and 4% lime as 

additives, there is no significant increase in UCS values when the 

curing period increases from 7 to 28 days. However, beyond 7 days 

curing time, a considerable increase can be noticed for clayey soils 

treated with 8 and 10% lime contents. A similar finding was 

reported by Al-Taie et al. (2016) and Cheng and Huang (2019).  It 

has been confirmed that the pH parameter can be used as an 

indicator to track the pozzolanic reactions process with curing time 

(Gadouri et al., 2017d), and consequently, the development of soil 

strength with curing time as the mechanism of reaction between 

lime and clay particles (Al-Taie et al., 2016). 

In fact, according to Al-Taie et al. (2016), two opposite 

processes can be observed during lime-clay particles reaction. The 

first process is the ionization of lime in contact with water to 

produce OH− ions which raise the pH concentration of the 

environment. As a second process, the dissolution of silica (due to 

high pH value) reduces the content of OH− ions and consequently 

the decline in the pH concentration of the environment. Also, the 

speed of lime dissolution is high up to 7 days and then decreases 
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after this curing time. All the same, the pH concentration decreases 

because the consumption of OH− ions during silica dissolution is 

always very higher as compared to the supply of OH− ions during 

lime dissolution. This decrease can be higher during the period 

between 7 and 28 days. This behavior shows that the enhancement 

of soil properties will depend on the pH value after the reduction. If 

the pH value after the reduction is about or higher than 12.3, the 

long-term reactions will continue and consequently, the 

improvement in soil properties will also continue. Figure 4 shows a 

comparison study which was made between the developed UCS‒

model (Eq. 4) and two existing models proposed by Ghobadi et al. 

(2014) (Eq. 5) and Gupta and Prasad (2018) (Eq. 6) using 

experimental-UCS results obtained from three research studies 

(Little et al., 1987; Dayioglu et al., 2017; Noorzad and Motevalian, 

2018) after a curing period of 28 days. 

UCS = 321.21 (L)0.7272     (at  t = 28 days)                      (5) 

UCS = 44.22 (t)0.45 (L)1.0                                                            (6) 

 
Figure 4  A comparison of proposed and existing models with 

experimental observations 

From the results shown in Figure 4, it is quite clear to see that the 

two existing models of by Ghobadi et al. (2014) and Gupta and 

Prasad (2018) show a significant scatter (a high dispersion) from the 

line of equality. In contrast, the UCS predicted by the proposed 

model (Eq. 4) is generally closely distributed around the line of 

equality for lime contents lower than 10% and therefore is much 

closer than existing models. This reflected that the proposed UCS‒

model is accurate enough to be used as a simple tool to approximate 

the UCS of lime-stabilized high plasticity clayey soils as compared 

to the precision made by those suggested by by Ghobadi et al. 

(2014) and Gupta and Prasad (2018). However, for lime more than 

10%, this model will overestimate the strength. This overestimation 

of strength is explained by the fact that in the majority of the studies 

summarized in Table 1 (used to fit the proposed model) lime 

contents have not exceeded 10%. 

6. CONCLUSIONS 

This work was undertaken in order to develop best-fit models for 

predicting the unconfined compressive strength of lime stabilized 

clayey soils. Based on obtained results, the following conclusions 

can be drawn: 

 

• The proposed UCS‒model was successfully tested using (t-

test) and (F-test), trained and validated. This model can be 

used for assessing the UCS of lime-stabilized clayey soils.  

• The obtained results showed that the statistical analysis of 

geotechnical data could be one of the suitable techniques for 

developing new statistical models which can present the best 

understanding of problematic soils behavior. 

• The comparison study between experimental results and 

predicted values indicated that the constructed model can be 

reasonably applied to explain the effect of lime percentage 

below 10%, and curing time between 0 and 90 days on UCS 

of clayey soils, and to design new mixtures without making 

experimental studies. 

• Both the (t-test) and (F-test) showed that the significance 

values of all the developed models are less than α (α = 0.05) 

which indicates that all the studied parameters considerably 

contribute to the constructed UCS‒model and lead to the 

better prediction of UCS.  

• It was found that the existing UCS‒models showed a low 

preciseness and poor correlation at 28 days and for different 

lime percentages as compared to the proposed UCS‒model 

where the measured UCS values are closely distributed 

around the line of equality.  

• The coefficient of determination and validation study showed 

a better accuracy of the constructed UCS‒model for 

predicting the UCS for lime with percentage between 0% and 

10% and curing time less than or equal to 90 days. This 

model (Eq. 4) is recommended to be used in practices of civil 

engineering projects such as roadway subgrades, road 

embankments, trench backfills, landfill liners and earth dams 

for preliminary design. However, laboratory testing is 

recommended to verify the results for detailed design. 

• The proposed model should be limited to use in preliminary 

design as a simple tool to estimate the unconfined 

compressive strength (UCS) of clayey soils stabilized with 

below 10% lime and for curing times varying from 0 to 90 

days. 

• It is suggested as a perspective to develop predictive models 

for the rest of the properties (e.g. shear strength, California 

bearing ratio (CBR), compressibility, plasticity etc.) of 

stabilized problematic soils using lime and other mineral 

additives such as cement, fly ash, slag, and natural 

pozzolana.  
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