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Abstract

:

As one of the important parameters used in the analysis and design of subgrade, resilient modulus is directly related to the safety, economic and life time of subgrade structure. In this paper, the characteristics of resilient modulus of improved red clay at different additive content were studied through conducting laboratory repeated load tri-axial tests. The influence of stress state, moisture content, compactness, additive types, and content on resilient modulus were analyzed. In addition, the regression analysis of resilient modulus, was carried out referencing three existing prediction models. The results showed that the Andrei model can better fit the resilient modulus of red clay and have a higher determination coefficient. However, the Andrei model and other existing prediction models, reflect only the influence of stress state on resilient modulus, without considering the influence of moisture content, compactness and additive content. Therefore, based on the Andrei model, a comprehensive prediction model, which can reflect the influence of compactness, moisture content, additive content, and stress state on resilient modulus was introduced. Good agreement between the regression results and the measured ones demonstrated the integrative ability of the introduced model.
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1. Introduction


With the development of the national economy, high speed and heavy loads are inevitably the developing trend of the traffic line. In this context, static design methods will not be able to meet the increasing requirements of subgrade and pavement materials for strength and deformation. Therefore, more attention should be paid to dynamic and creep characteristics [1,2,3,4,5,6,7,8]. Soils and rocks are natural subgrade and pavement materials in the flood plain. When these are stressed, they go through stages of deformation such as elastic deformation, ductile deformation and fracture [9,10,11,12,13,14,15,16,17,18,19,20]. As a special soil, red clay is widespread in China and mainly located in the humid and rainy southern region. At present, land use is becoming more and more serious. It is the development direction and inevitable trend to make full use of the local red clay to fill the subgrade. However, the stability of the clay subgrade is particularly prominent because of the adverse factors, such as rainy weather and heavy load [21,22,23,24]. In addition, red clay should not be directly used as subgrade filling, due to the high natural moisture content and poor stability. It is necessary to include additives to improve the mechanical properties of red clay, so as to meet the filling requirements. At present, there have been some research on the mechanical properties of the improved red clay with additives, but the stability of the red clay subgrade, under dynamic loading is seldom involved [25,26,27,28,29].



The concept of dynamic resilient modulus of subgrade soil was introduced by Seed et al. [30], who studied the relationship between the resilient (elastic and reversible) characteristics of subgrade soil and the fatigue damage of asphalt pavement. In fact, the tensile stress and cracks, caused by the accumulation of permanent strains are the major cause of the damage of the subgrade and pavement materials [31,32,33,34,35]. Therefore, flexible pavement and resilient modulus values can replace compaction degree(CD) and California bearing ratio (CBR) values to reflect the stress-strain relationship of pavement structures under repeated vehicle load. A resilient modulus is one of the main parameters characterizing the mechanical properties of subgrade soils and can well-reflect the stability of subgrade soil [32]. However, it is difficult to apply and popularize a resilient modulus in practical engineering because of the test operation’s complexity and high cost of tests. Therefore, it is necessary to establish models for the prediction of resilient modulus. Moreover, the prediction models can provide a reliable basis for the selection of material parameters in the structure design [36,37,38,39,40,41]. For a long time, many scholars at home and abroad have deeply explored the main factors affecting the resilient modulus of subgrade soil and established many prediction models, based on different factors, such as stress state and basic physical properties of soil [42,43,44,45,46,47]. According to the different stress variables, prediction models can be divided into three categories: Single factor model related to mass stress, a composite model related to shear stress and mass stress, and a composite model related to shear stress and confining pressure [48,49,50,51,52,53,54,55,56,57,58,59,60]. However, most of existing prediction models only consider the influence of stress state on the resilient modulus [42], and rarely consider the influence of compactness, moisture content, and additive content. They are generally linear fitting [35,36,37,38], or combine a single physical parameter to predict the resilient modulus [43,44].



In the design of subgrade structure, the resilient modulus is different, according to the subgrade grade. In this paper, the red clay in Anhui, China was chosen to be improved by two types of additives. Through laboratory repeated load tri-axial tests, the influence of stress state, moisture content, compactness, additive type, and content on resilient modulus were analyzed. According to the research experience [61,62,63,64,65,66], based on existing prediction models, which fail to incorporate the influence of moisture content, compactness and additive content, a comprehensive prediction model which can reflect the influence of compactness, moisture content, additive content and stress state on resilient modulus was introduced. To conclude the performance of the introduced model, the predicted and the measured resilient modulus were paralleled. The parallel found the introduced model capable of capturing the characteristics of the measured resilient modulus [54]. Bycomparison and verification, it was found that the proposed model predicts the modulus of resilience of the improved clay with additives of various contents, indicating that it has some potential in engineering applications.




2. Material Properties and Testing Method


2.1. Materials


The basic properties of the red clay used in the test are shown in Table 1. In order to analyze the influence of stress state, moisture content, compactness, additive type and content on the resilient modulus of red clay, samples prepared at different moisture content (OMC minus 3%, OMC, OMC plus 3%), different compactness of P (91%, 93%, 95%), different additive types (ordinary Portland cement, lime) and content (3%, 6%, 9%) were tested.



The chemical and mineral compositions of the red clay, obtained from X-ray diffraction measurements, are summarized in Table 2, and Table 3, respectively. It is indicated that the mineral compositions include mainly kaolinite (i.e., Al2Si2O5(OH)4), goethite (i.e., FeO(OH)), and diaspore (i.e., SiO2). The amount of kaolinite is 60.87%. Therefore, kaolinite dominates the mineral compositions of the red clay.



Proctor compaction tests were carried out to determine maximum dry densities and optimum moisture contents of the improved red clay samples which are presented in Table 4. Based on the compaction test results, the samples were prepared at the targeted compactness and moisture content.



The samples were prepared according to China highway geotechnical test code (JTGE40-2007). The samples were prepared as follows: Drying, grinding, mixing with additive, curing, and preparation. Three parallel samples were prepared for each group with different admixtures. The samples were placed in a standard curing room with 25 ± 2 °C for 7 days. For each sample, the difference between the actual and the targeted moisture contents is less than 1%, and that difference is less than 2% for compactness.




2.2. Testing Method


In the test, the resilient modulus values were measured by the dynamic servo system UTM400. The loading waveform is half-sine waveform and the load frequency is 1 Hz. The holding time and interval time are 0.1 s, and 0.9 s, respectively. The repeated load and resilient strain were measured by load sensor and displacement sensor respectively in the dynamic tri-axial chamber. The adopted stress loading sequence of subgrade soil was obtained from the international research results [67,68,69,70]. It is necessary to preload the samples before the test to simulate the history of subgrade stress during construction, eliminate the influence of load difference factors, such as initial loading and repeated loading and reduce the variability of test results. In addition, preloading can eliminate the possible bad contact between the bottom of the samples and the pressure plate to improve the accuracy of the test [70]. A dynamic resilient modulus is defined as the ratio of repeated axial deviatoric stress to the recoverable axial strain as Figure 1. The cyclic number of loading is 100, and the average resilient deformation during the last 5 cycles, for each magnitude of repeated loading, was recorded. The dynamic resilient modulus of samples was calculated according to Equation (1).


Mr=ΔσdΔεaxial



(1)




where Δσd = deviatoric stress (=σ1−σ3), σ1 and σ3 = major and minor principal stresses, and Δεaxial = recoverable axial strain.





3. Analysis of Results


3.1. Influence of Stress State on Resilient Modulus


Figure 2 shows the variation of resilient modulus with deviatoric stress and bulk stress of the improved red clay. It can be seen from Figure 2 that for the improved red clay, when the confining pressure is constant, the resilient modulus decreases with an increase in deviatoric stress; when the deviatoric stress is constant, the resilient modulus increases with an increase in confining pressure. At the same time, in the repeated load triaxial test, σ2=σ3= confining pressure, 3σ3+σd = bulk stress, octahedral shear stress is τoct=2σd/3. Therefore, the effects of confining pressure and deviatoric stress on the resilient modulus need to be discussed. The results of the two-factor variance analysis of resilient modulus of the improved red clay, with 3% cementor 3% lime, are presented in Table 5. It can be seen from Table 5 that the effects of confining pressure and deviatoric stress on the resilient modulus are remarkable.




3.2. Prediction Models of Resilient Modulus


The concept of a resilient modulus has been used to represent the non-linear stress-strain characteristics of subgrade soils. From the above analysis, it can be concluded that the resilient modulus of improved red clay has a strong dependence on the stress state. Several prediction models have been developed in the past to express the relationship between resilient modulus and stress state. The prediction models of non-linear resilient modulus mainly include the single factor model related to bulk stress or deviatoric stress [36], the composite model related to deviatoric stress, and mass stress [38], the composite model related to shear stress and confining pressure [40], and the composite model related to confining pressure and deviatoric stress [41]. In this paper, three prediction models frequently cited were chosen to analyze the influence of deviatoric stress and confining pressure on the resilient modulus of the improved red clay.



3.2.1. Uzan-Witczak Model


Uzan-witczak [38] introduced deviatoric stress and bulk stress to characterize the influence of stress state on the resilient modulus, and established the nonlinear constitutive model, as shown in Equation (2).





MR=k1θk2σdk3



(2)




where σd is the deviatoric stress and k1,k2 and k3 are regression coefficients.



θ is the bulk stress that is given as


θ=σ1+σ2+σ3








where σ1 is the major principal stress; σ2 is the intermediate principal stress, and σ3 is the minor principal stress or confining pressure (= σ2 for MR test in triaxial test)



However, this prediction model has some limitations: when σd equals 0, the result of Equation (2) tends to infinity. When σ1 and σ3 equal 0, the result is 0·∞.




3.2.2. Andrei Model


In the practical problem, the intermediate and the minor principal stresses are not equal. In order to consider the influence of both of them on the resilient modulus, Andrei model [40] introduced the octahedral shear stress to replace the deviatoric stress in the May and Witczak model [71]. This operation provides a better explanation of the stress state of the materials, and further generalize the nonlinear constitutive model, as shown in Equation (3).





MR=k1Pa(θPa)k2(τoctPa+1)k3



(3)




where τoct is the octahedral shear stress, Pa= atmospheric pressure and k1,k2 and k3 are regression coefficients.



θ is the mass stress that is given as


θ=σ1+σ2+σ3











τoct is given as


τoct=13(σ1−σ3)2+(σ1−σ2)2+(σ2−σ3)2








where σ1 is the major principal stress; σ2 is the intermediate principal stress and σ3 is the minor principal stress or confining pressure.



In this prediction model, the influence of bulk stress and octahedral shear stress on the resilient modulus was fully taken into account. Compared with Equation (2), the Andrei model is essentially consistent with the Uzan-Witczak model. The difference between them is that the term τoctPa in the Andrei model is followed by an additional constant of 1, eliminating the existing problems of the Uzan-Witczak model.




3.2.3. Ni Model


Based on testing results, Ni et al. [41] found that the resilient modulus was very sensitive to confining pressure, because of this, they introduced confining pressure and deviatoric stress to the prediction model to eliminate the existing problems included in the above Uzan-Witczak model. The following prediction model was given (Equation (4)):


MR=k1Pa(σ3Pa+1)k2(σdPa+1)k3



(4)




where σ3 is the minor principal stress or confining pressure, σd is the deviatoric stress, Pa= atmospheric pressure, and k1,k2 and k3 are regression coefficients.



Due to the difference in the physical properties of red clay in different regions, the selected prediction models were different from each other. In this paper, the above-mentioned prediction models of the resilient modulus were selected for red clay in Anhui province.





3.3. Regression Analysis Results


The fitting performance of a regression model is frequently evaluated by the determination coefficient, R2, defined as the ratio of regression sum of squares (SSR) to total sum of square (SST), that is R2 = SSR/SST.




SSR=∑i=1n(yi−y⌢i)2



(5)






SST=∑i=1n(yi−y¯i)2



(6)





In Equations (5) and (6), yi is actual value, y⌢i is predicted value, y¯i is sample mean, SSR is regression sum of squares, SST is total sum of square.



Regression analysis of the test data was conducted for various conditions, and the results are shown in Table 6. From the regression results, a high coefficient of determination between the three prediction models, and the test results, is observed. For the Uzan-Witczak model, NI model and Andrei model, the coefficient of determination R2 was greater than 0.80, 0.934, and 0.937, respectively. By comparing the coefficients of determination for the three prediction models, it can be concluded that the regression results, generated by the Andrei model and the NI model, are better than the regression results generated by the Uzan-Witczak model. In particular, the Andrei model can fit the test data better than the NI model does.



In the above three prediction models of the resilient modulus, k1 is used to characterize the stiffness of the subgrade soil and is proportional to the resilient modulus. The value of k1 increases with an increase in effective stress, additive content and compactness, and decreases with an increase in moisture content. k2 reflects the influence of confining pressure (bulk stress) on resilient modulus and is positively associated with confining pressure. The value of k2 as a whole decreaseswith an increase in moisture content, and increases with an increase in additive content and compactness. The value of k3 is negative, indicating that a negative correlation between the resilient modulus and the deviatoric stress (octahedral shear stress). k3 shows that the dynamic resilient modulus of subgrade soils decreases with an increase in shear stress, and its value is not obviously related to the moisture content and the compactness.



Table 7 and Figure 3 show that predicted resilient modulus versus measured resilient modulus for the improved red clay prepared at 93% compactness and 6% additive (cement and lime). It can be seen that the maximum errors, between the measured and the predicted resilient modulus, by using the Andrei model, NI model and Uzan-Witczak model are, respectively, 4.533%, 3.934%, and 6.133%. In addition, the average error and variance of Andrei, NI and Uzan-Witczak models are 1.70% ± 1.14%, 2.11% ± 1.07%, and 2.32% ± 1.75%, respectively. It can be concluded that the fitting performance of Andrei model is better than that of NI model and Uzan-Witczak model.





4. The Dependence of Resilient Modulus on Material Properties


4.1. The Influence of Moisture Content and Compactness on Resilient Modulus


The improved red clay samples, prepared at 93% compactness and 6% cement (C6%), and prepared at 93% compactness and 6% lime (L6%), were selected to study the influence of different moisture content on the dynamic resilient modulus of the improved red clay. As can be seen from Figure 4, the resilient modulus of the improved red clay is greatly affected by moisture content, and its value decreases with an increase in moisture content. For the improved red clay with 6% cement, when the confining pressure is 15 kPa and the deviatoric stress is 30 kPa, the resilient modulus for the optimum moisture content (OMC) of 21.5% (OMC minus 3%), 24.3% (OMC), 27.1% (OMC plus 3%) is 171.2 MPa, 158.0 MPa, 147.7 MPa, respectively. Compared with the moisture content of 21.5% (OMC minus 3%), the resilient modulus for moisture content of 24.3%, and 27.1% (OMC plus 3%) decreases by 7.71%, and 14.1%, respectively. In addition, when the moisture content is invariable, the resilient modulus of improved red clay decreases with an increase in deviatoric stress, and increases with an increase in mass stress.



The improved red clay samples, prepared at optimum moisture content and 6% cement, and prepared at OMC and 6% lime (L6%), were selected to study the influence of different compactness on the dynamic resilient modulus. As can be seen from Figure 5, when the moisture content is invariable, the resilient modulus of the improved red clay increases with an increase in compactness. For the improved red clay with 6% cement, when the confining pressure is 60 kPa and the deviatoric stress is 30 kPa, the resilient modulus for the red clay samples, when prepared at a compactness of 91%, 93%, and 95% is 177.89 MPa, 190.5 MPa, and 204.67 kPa, respectively. Compared with 91% compactness, the resilient modulus for compactness of 93%, and 95% increases by 7.08%, and 15.05%, respectively. In addition, when the compactness is invariable, the resilient modulus of the improved red clay decreases with an increase in deviatoric stress and increases with an increase in bulk stress.




4.2. The Influence of Additive Content on Resilient Modulus


The improved red clay prepared at optimum moisture content and 93% compactness were selected to study the influence of different additives on the dynamic resilient modulus of the improved red clay. As can be seen from Figure 6 and Figure 7, both cement and lime (3~9%) can significantly improve the dynamic resilient modulus of the red clay. In Figure 6, when the confining pressure is 60 kPa and the deviatoric stress is 30 kPa, the resilient modulus of red clay samples, prepared at a lime content of 3%, 6%, and 9% is 149.9 MPa, 166 MPa, and 180.6 MPa, respectively. Compared with 3% lime, the resilient modulus for lime content of 6%, 9% increases by 10.75%, and 20.4%, respectively. In Figure 7, when the confining pressure is 60 kPa and the deviatoric stress is 30 kPa, the resilient modulus of red clay with cement content of 3%, 6%, and 9% is 170.4 MPa, 190.5 MPa, and 202 MPa, respectively. Compared with 3% cement, the resilient modulus for cement content of 6%, and 9% increases by 11.8%, and 18.54%, respectively. By comparing Figure 6a with Figure 7a, it can be concluded that when the confining pressure is 60 kPa and the deviatoric stress is 30 kPa, an increase of 12% in the dynamic resilient modulus was observed for 3% cement, compared with that of 3% lime. By comparing other data, it can be also seen that, when the contents of cement and lime are the same, cement can significantly improve the resilient modulus of red clay.




4.3. New Comprehensive Prediction Model


From the analysis of the existing prediction models, it can be concluded that the Andrei model can better predict the resilient modulus of the red clay chosen for this test. However, the Andrei model and other existing prediction models reflect only the influence of the stress state on resilient modulus, but the influence of moisture content, compactness, and additive content were not considered. Lu et al. proposed a new methodolgy to convert the band shaped drain into an annular instead of a circle to keep the sectional area or perimeter of the band shaped drain unchanged before and after the convertion [72]. From Figure 4 through 7, it can be seen that the resilient modulus is correlated negatively with moisture content, meaning that the higher the moisture content, the smaller the resilient modulus. Additionally, the resilient modulus is correlated positively with the compactness and the additive content, which means that the greater the compactness and the additive content, the larger the resilient modulus. It can be concluded that the influence of compactness, moisture content, and additive content on the resilient modulus is remarkable.



In this paper, considering the above factors affecting the resilient modulus, the relationship between moisture content (W), compactness (P), additive content (C), octahedral shear stress (τoct), bulk stress (θ), atmospheric pressure (Pa) and resilient modulus (MR) are established, which is expressed as a Equation (7).




F(W,P,C,τoct,θ,Pa,MR)=0



(7)





As the resilient modulus is correlated positively with the compactness and the additive content, and negatively with the moisture content, based on dimensional analysis [73], Equation (7) can be transformed into Equation (8).




F(P/W,C/W,τoct/Pa,θ/Pa,MR)=0



(8)





On this basis, combined with the above existing prediction models, to eliminate the influence of dimension, the compactness and the additive content were normalized by the moisture content, respectively. The following prediction model was given (Equation (9)). In Equation (9), to eliminate the problem that the predicted value of resilient modulus is 0, CW and τoctPa add 1, respectively.





MR=k1Pa(PW)k2(CW+1)k3(θPa)k4(τoctPa+1)k5



(9)




where τoct is the octahedral shear stress, Pa= atmospheric pressure, k1,k2,k3,k4 and k5 are regression coefficients, θ is the bulk stress, P is compactness, C is additive content, W is moisture content, and Pa is atmospheric pressure.



Regression analysis of the testing results on the red clay samples improved with cement and/or lime was carried out by using Equation (9). Presented in Table 8 are the parameters that the proposed prediction model requires, the determination coefficient of improved red clay samples prepared at different moisture content, and the compactness and additive content. For prediction models, the greater the determination coefficient, R2, the better the regression effect, indicating a higher rationality and reliability of the prediction model. The determination coefficient of the proposed comprehensive prediction model for the additive of cement and lime is 0.84, and 0.86, respectively.



The comparison between the predicted and the measured values are presented in Figure 8 and Figure 9. As shown in Figure 8 and Figure 9, the maximum error between the predicted and the testing results for different cement and lime contents is 8.67%, and 8.70%, respectively. In addition, the average error and variance of the new comprehensive prediction model for different cement and lime contents are, respectively, 3.18% ± 4.03%, and 3.06% ± 3.94%. The new comprehensive prediction model, which reflects the influence of compactness, moisture content, additive content, and stress state on resilient modulus has good regression performance.





5. Conclusions


Due to the great difference in the physical properties of red clay in different regions, it is necessary to point out that the above predicted results are only applicable to the prediction of resilient modulus and improvement of red clay in Anhui province.



1. The testing results showed that the dynamic resilient modulus of red clay can be obviously increased by adding cement or lime (3~9%). In addition, the dynamic resilient modulus increases with an increase in compactness and additive content, and decreases with an increase in moisture content. Testing results also showed that, when the contents of cement and lime in red clay samples were the same, the dynamic resilient modulus of red clay improved with cement was slightly higher compared to that improved with lime.



2. Through a variance analysis of stress state, it can be concluded that the influence of deviatoric stress, and bulk stress on dynamic resilient modulus are significant, but the influence of deviatoric stress are more obvious. The dynamic resilient modulus of red clay increases with an increase in confining pressure. In addition, it decreases with an increase in deviatoric stress when the confining pressure is invariable, and increases with an increase in bulk stress when the deviatoric stress is invariable.



3. Three existing prediction models were used to predict the resilient modulus of the improved red clay. A comparison of the predicted results, using these prediction models, indicated that the fitting performance of the Andrei model was the best. The resilient modulus is not only affected by the stress state, but also by the compactness, moisture content, and additive content. Therefore, based on the Andrei models, a new comprehensive prediction model was proposed to reflect the influence of compactness, moisture content, additive content and stress state on resilient modulus. By comparing the regression values with the measured values, it can be concluded that the new comprehensive prediction model has a good regression performance. The good performance applies to various additive contents, demonstrating a good potential of engineering application for the proposed prediction model.
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Figure 1. Definition of dynamic resilient modulus (Hopkins et al., 2001 [51]). 
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Figure 2. Variation of resilient modulus with deviatoric stress and bulk stress. (a) Lime 3% OMC Mr−σd; (b) Lime 3% OMC Mr−σθ; (c) Cement 3% OMC Mr−σd; (d) Cement 3% OMC Mr−σθ. 
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Figure 3. Predicted resilient modulus versus measured resilient modulus by three prediction models (Andrei model, NI model and Uzan-Witczak model). (a) 93% compactness and 6% cement; (b) 93% compactness and 6% lime. 
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Figure 4. MR−w relation curve at different stress states. (a) C6%, P93%, σd=30 kpa; (b) C6%, P93%, σd=55 kpa; (c) L6%, OMC, σd=30 kpa; (d) L6%, P93%, σd=55 kpa. 
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Figure 5. MR−P curve at different stress states. (a) C6%, OMC, σd=30 kpa; (b) C6%, OMC, σd=55 kpa; (c) L6%, OMC, σd=30 kpa; (d) L6%, OMC, σd=55 kpa. 
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Figure 6. Relationship between resilient modulus (Mr) and lime content for various stress states. (a) OMC, P93%, σd=30 kpa; (b) OMC, P93%, σd=55 kpa. 
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Figure 7. Relationship between resilient modulus (Mr) and cement content for various stress states. (a) OMC,P93%,σd=30 kpa; (b) OMC, P93%, σd=55 kpa. 
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Figure 8. Predicted resilient modulus versus measured resilient modulus at different optimum moisture content, compactness and cement by four prediction models (comprehensive model, Andrei model, NI model &Uzan-Witczak model). (a) 93% compactness and 6% cement; (b) optimum moisture content (OMC)and 6% cement; (c) 93% compactness and OMC. 
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Figure 9. Predicted resilient modulus versus measured resilient modulus at different optimum moisture content, compactness and lime by four prediction models (Comprehensive model, Andrei model, NI model and Uzan-Witczak model). (a) 93% compactness and 6% lime; (b) OMC and 6% lime; (c) 93% compactness and OMC. 
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Table 1. Basic properties of red clay.
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Samples

	
Grain Density

	
Natural Dry Density

	
Maximum Dry Density

	
Optimum Moisture Content

	
Liquid Limit

	
Plastic Limit

	
<0.075mm Grain Size




	
/(g/cm)

	
/(g/cm)

	
/(g/cm)

	
/%

	
/%

	
/%

	
Soil particle content/%






	
Red clay

	
2.72

	
1.28

	
1.73

	
27.8

	
52.6

	
30.7

	
90
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Table 2. Chemical compositions of red clay.
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	Constituents
	SiO2
	Al2O3
	Fe2O3
	K2O
	MgO
	CaO
	Na2O
	LOI





	Content(%)
	40.27
	32.65
	18.52
	2.51
	0.91
	0.72
	0.24
	4.18
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Table 3. Mineral composition of red clay.
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Mineral

	
Mineral Compositions/(%)




	
Al2Si2O5(OH)4

	
Al(OH)3

	
FeO(OH)

	
SiO2

	
Deviation






	
Content(%)

	
60.87

	
11.72

	
13.13

	
11.96

	
−2.32
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Table 4. Proctor compaction test results on samples with different additive contents.
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	Cement Content/%
	Optimum Moisture Content/%
	Maximum Dry Density/(g/cm3)
	Lime Content/%
	Optimum Moisture Content/%
	Maximum Dry Density/(g/cm3)





	3
	25.6
	1.75
	3
	26.2
	1.74



	6
	24.3
	1.76
	6
	25.1
	1.75



	9
	23.2
	1.78
	9
	24.2
	1.76
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Table 5. Two-factor variance analysis of resilient modulus.
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(a) Improved red clay with 3% cement




	
Source of Variation

	
Variance Sum

	
Degree of Freedom

	
Mean Square Error

	
F Value

	
Critical Value a = 0.05

	
Significance




	
Deviatoric stress

	
2397.41

	
3

	
799.136

	
134.39

	
3.86

	
Significant




	
Confining pressure

	
1832.63

	
3

	
610.877

	
102.73

	
3.86

	
Significant




	
Error

	
53.52

	
9

	
5.946

	

	

	




	
Sum

	
4283.56

	
15

	

	

	

	




	
(b) Improved red clay with 3% lime




	
Source of Variation

	
Variance Sum

	
Degree of Freedom

	
Mean Square Error

	
F Value

	
Critical Value a = 0.05

	
Significance




	
Deviatoric stress

	
1853.83

	
3

	
617.942

	
178.36

	
3.86

	
Significant




	
Confining pressure

	
1870.63

	
3

	
623.544

	
179.98

	
3.86

	
Significant




	
Error

	
31.18

	
9

	
3.465

	

	

	




	
Sum

	
3755.64

	
15
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Table 6. Parameters required in different prediction models of resilient modulus.
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Additive Content

	
Compactness/%

	
Moisture Content/%

	
Uzan-Witczak Model

	
NI Model

	
Andrei Model




	
k1

	
k2

	
k3

	
R2

	
k1

	
k2

	
k3

	
R2

	
k1

	
k2

	
k3

	
R2






	
C6%

	
93

	
OMC minus 3%

	
139.6

	
0.2047

	
−0.2176

	
0.9260

	
1791.6

	
0.5045

	
−0.3637

	
0.9556

	
2033.8

	
0.1974

	
−0.9476

	
0.9618




	
OMC

	
148.88

	
0.1953

	
−0.2225

	
0.9146

	
1733

	
0.5054

	
−0.4431

	
0.9421

	
1960.5

	
0.1999

	
−1.0855

	
0.9569




	
OMC plus 3%

	
152.38

	
0.1083

	
−0.1391

	
0.9191

	
1585

	
0.2844

	
−0.2882

	
0.9669

	
1697.6

	
0.1116

	
−0.6782

	
0.9739




	
L6%

	
OMC minus 3%

	
123.97

	
0.2168

	
−0.2198

	
0.9375

	
1578.1

	
0.5632

	
−0.4147

	
0.9718

	
1816.1

	
0.2214

	
−1.0717

	
0.9812




	
OMC

	
149.13

	
0.1901

	
−0.2585

	
0.934

	
1513

	
0.5253

	
−0.5224

	
0.9782

	
1716.3

	
0.2016

	
−1.2226

	
0.9721




	
OMC minus 3%

	
129.48

	
0.1445

	
−0.1667

	
0.9182

	
1439.2

	
0.3776

	
−0.3333

	
0.9662

	
1579.2

	
0.1489

	
−0.8169

	
0.9788




	
C6%

	
91

	
OMC

	
155.61

	
0.1811

	
−0.2402

	
0.8621

	
1667.8

	
0.4873

	
−0.5172

	
0.9342

	
1874.8

	
0.189

	
−1.1987

	
0.9434




	
93

	
148.88

	
0.1953

	
−0.2225

	
0.9146

	
1733

	
0.5054

	
−0.4431

	
0.9421

	
1960.5

	
0.1999

	
−1.0855

	
0.9569




	
95

	
165.93

	
0.198

	
−0.2418

	
0.8084

	
1851.3

	
0.5399

	
−0.5119

	
0.9005

	
2112.9

	
0.2086

	
−1.2227

	
0.909




	
L6%

	
91

	
115.10

	
0.2107

	
−0.2136

	
0.9266

	
1446.8

	
0.557

	
−0.3953

	
0.962

	
1664

	
0.2123

	
−1.0225

	
0.9374




	
93

	
149.13

	
0.1901

	
−0.2585

	
0.934

	
1513

	
0.5253

	
−0.5224

	
0.9782

	
1716.3

	
0.2016

	
−1.2226

	
0.9721




	
95

	
144.19

	
0.2147

	
−0.244

	
0.8937

	
1708

	
0.5644

	
−0.4923

	
0.945

	
1961.7

	
0.2216

	
−1.2071

	
0.96




	
C3%

	
93

	
OMC

	
94.43

	
0.2335

	
−0.1859

	
0.9596

	
1405

	
0.5954

	
−0.2959

	
0.9664

	
1637.3

	
0.236

	
−0.8898

	
0.9753




	
C6%

	
148.88

	
0.1953

	
−0.2225

	
0.9146

	
1733

	
0.5054

	
−0.4431

	
0.9421

	
1960.5

	
0.1999

	
−1.0855

	
0.9569




	
C9%

	
107.73

	
0.2577

	
−0.2073

	
0.9224

	
1655.5

	
0.6738

	
−0.3373

	
0.9656

	
1969.8

	
0.2615

	
−1.0027

	
0.9514




	
L3%

	
86.24

	
0.2671

	
−0.2462

	
0.9399

	
1241.3

	
0.6923

	
−0.4427

	
0.9681

	
1477.3

	
0.2719

	
−1.1974

	
0.974




	
L6%

	
149.13

	
0.1901

	
−0.2585

	
0.934

	
1513

	
0.5253

	
−0.5224

	
0.9782

	
1716.3

	
0.2016

	
−1.2226

	
0.9721




	
L9%

	
155.61

	
0.1885

	
−0.2449

	
0.9156

	
1658.2

	
0.4997

	
−0.5133

	
0.9545

	
1868.9

	
0.1928

	
−1.1943

	
0.9543
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Table 7. Test data and forecast data of different prediction models.
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Mass Stress θ/kPa

	
Octahedral Shear Stress/kPa

	
Measured Data/Mpa

	
Resilient Modulus




	
Andrei Model

	
NI Model

	
Uzan-Witczak Model




	
Predicted Value/Mpa

	
Error/%

	
Predicted Value/Mpa

	
Error/%

	
Predicted Value/Mpa

	
Error/%






	
75

	
14.14

	
160

	
160.3371

	
0.2102

	
165.572

	
3.3653

	
162.302

	
1.4184




	
100

	
25.93

	
150

	
152.6465

	
1.7338

	
153.1579

	
2.0618

	
150.0214

	
0.0143




	
120

	
35.36

	
144

	
146.379

	
1.6252

	
145.1393

	
0.785

	
145.0932

	
0.7534




	
150

	
49.5

	
132

	
137.405

	
3.9336

	
135.3122

	
2.4479

	
140.6242

	
6.1328




	
120

	
14.14

	
180

	
176.1317

	
2.1962

	
176.1559

	
2.1822

	
177.9052

	
1.1775




	
145

	
25.93

	
167.4

	
164.4161

	
1.8148

	
162.9482

	
2.732

	
161.3126

	
3.7736




	
165

	
35.36

	
158

	
156.0003

	
1.2819

	
154.4171

	
2.3203

	
154.4036

	
2.3292




	
195

	
49.5

	
145.9

	
144.8037

	
0.7571

	
143.9618

	
1.3463

	
148.0175

	
1.4306




	
165

	
14.14

	
187

	
187.7086

	
0.3775

	
186.1511

	
0.456

	
189.3211

	
1.226




	
190

	
25.93

	
180

	
173.5441

	
3.7201

	
172.194

	
4.5333

	
170.0567

	
5.847




	
210

	
35.36

	
165.3

	
163.705

	
0.9743

	
163.1788

	
1.2999

	
161.8498

	
2.1317




	
240

	
49.5

	
153.5

	
150.9406

	
1.6956

	
152.1303

	
0.9003

	
154.1433

	
0.4173




	
210

	
14.14

	
190.5

	
196.9794

	
3.2894

	
195.6467

	
2.6306

	
198.4513

	
4.0067




	
235

	
25.93

	
182.7

	
181.077

	
0.8963

	
180.9776

	
0.9517

	
177.2649

	
3.0661




	
255

	
35.36

	
166

	
170.1836

	
2.4583

	
171.5026

	
3.2084

	
168.1048

	
1.2521




	
285

	
49.5

	
155.9

	
156.2159

	
0.2022

	
159.8905

	
2.4958

	
159.4045

	
2.1985
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Table 8. Comprehensive prediction model regression equation for two additives.






Table 8. Comprehensive prediction model regression equation for two additives.





	Additive
	Comprehensive Prediction Model Regression Equation
	R2





	Cement
	MR=0.6896Pa(PW)0.5197(CW+1)1.2702(θPa)0.2042(τoctPa+1)−0.9383
	0.84



	Lime
	MR=0.8096Pa(PW)0.4186(CW+1)0.9594(θPa)0.2191(τoctPa+1)−1.1321
	0.86
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