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  اٌعزثٝ : اٌٍّخض

اٌزؾر ٞ اٌزؾر ٞ إلا اْ إلا اْ . . اٌزغبر٠رخاٌزغبر٠رخٌظرٌٙٛخ اٌؾزورخ ٌظرٌٙٛخ اٌؾزورخ   ٌزؾظر١ٓ اٌزمر َ الزظرب ٠بٌزؾظر١ٓ اٌزمر َ الزظرب ٠بِشرزٚعبد اٌررزق. ِشرزٚعبد اٌررزق. ثظزعخ رٕف١ذ ثظزعخ رٕف١ذ   ِظز ِؤخزاِظز ِؤخزاا٘زّذ ا٘زّذ 

. ٌرذا ـرئْ ٘ررذٖ . ٌرذا ـرئْ ٘ررذٖ إٌّزفشرخإٌّزفشرخاٌززثرخ اٌؼرع١فخ ِضررً اٌززثرخ اٌر١ٕ١رخ اٌززثرخ اٌؼرع١فخ ِضررً اٌززثرخ اٌر١ٕ١رخ ٘ررٟ ريط١ظرٙب اؽ١بٔرب عٍرٝ ٘ررٟ ريط١ظرٙب اؽ١بٔرب عٍرٝ اٌّشربر٠  اٌّشربر٠  رٍره رٍره اٌرذٞ ٠ٛاعرٗ ِع رُ اٌرذٞ ٠ٛاعرٗ ِع رُ 

ثبطرزخ اَ ِرش٠ظ ِرٓ ثبطرزخ اَ ِرش٠ظ ِرٓ   ٚذٌرهٚذٌرهٌزطؿ الإٔشبئٟ. ٌزطؿ الإٔشبئٟ. ريط١ض ٌمربع اريط١ض ٌمربع اورجمخ ورجمخ رٙب رٙب ٚس٠ب ح لٛٚس٠ب ح لٛ  ٙبٙبٌزؾظ١ٓ خظبئظٌزؾظ١ٓ خظبئظ  ِؾبٌٚخِؾبٌٚخاٌ راطخ ٟ٘ اٌ راطخ ٟ٘ 

خٍرؾ اٌزِرً اٌرج١عرٟ ثٕظرت ِخزٍفرخ خٍرؾ اٌزِرً اٌرج١عرٟ ثٕظرت ِخزٍفرخ ثثررُ ررج١رك اٌزضج١رذ اٌؾج١جرٟ اٚلا  ررُ ررج١رك اٌزضج١رذ اٌؾج١جرٟ اٚلا  ، ؽ١رش ، ؽ١رش ٚاٌى١ّ١ربئٟ ٌٍززثرخٚاٌى١ّ١ربئٟ ٌٍززثرخي  ي  )ثبلإؽلا)ثبلإؽلااٌزضج١ذ اٌؾج١جٟ اٌزضج١ذ اٌؾج١جٟ 

ززثرخ ؽ١ٕ١رخ ر١ٍِرخ ززثرخ ؽ١ٕ١رخ ر١ٍِرخ ٙب ٌٙب ٌؾظر١ٕؾظر١ٕلأػربـزٙب ا١ٌٙرب ٌزلأػربـزٙب ا١ٌٙرب ٌز٪ ِٓ اٌٛسْ اٌىٍٟ ٌع١ٕبد اٌززثخ اٌر١ٕ١خ لإ٠غب  الً ٔظرجخ ٪ ِٓ اٌٛسْ اٌىٍٟ ٌع١ٕبد اٌززثخ اٌر١ٕ١خ لإ٠غب  الً ٔظرجخ 5050ٚٚ  ٪،٪،3535  ٪،٪،2020

لررٛح رؾٍّٙررب لررٛح رؾٍّٙررب اٌر١ٕ١ررخ اٌز١ٍِررخ ٌش٠ررب ح اٌر١ٕ١ررخ اٌز١ٍِررخ ٌش٠ررب ح   ٌٍززثررخٌٍززثررخذ اٌى١ّ١رربئٟ ذ اٌى١ّ١رربئٟ صب١ٔررب  اٌزضج١ررصب١ٔررب  اٌزضج١رر  ورجمررخ ريطرر١ض ٚـمررب ٌٍىررٛ  اٌّظررزٞ ٌٍرررزق.ورجمررخ ريطرر١ض ٚـمررب ٌٍىررٛ  اٌّظررزٞ ٌٍرررزق.ِمجٌٛررخ ِمجٌٛررخ 

٪ ِررٓ اٌررٛسْ اٌىٍررٟ ٌع١ٕرربد اٌززثررخ اٌر١ٕ١ررخ ٪ ِررٓ اٌررٛسْ اٌىٍررٟ ٌع١ٕرربد اٌززثررخ اٌر١ٕ١ررخ 66٪ٚ٪44ٚ  ٪،٪،22ثٕظررت ثٕظررت ) ؼجرربر الأطررّٕذؼجرربر الأطررّٕذ  خ )اٌغ١ررز اٌّرفررٟ،خ )اٌغ١ررز اٌّرفررٟ،ئػرربـئػرربـٌلأؽّرربي اٌعب١ٌررخ ثٌلأؽّرربي اٌعب١ٌررخ ث

ِعبِرً ِعبِرً   ثزٚوزرٛر،ثزٚوزرٛر،، ، وب١ٌفٛر١ٔربوب١ٌفٛر١ٔربٔظرجخ رؾّرً ٔظرجخ رؾّرً   لرٛاَ اٌززثرخ،لرٛاَ اٌززثرخ،ٚٚ  خظربئضخظربئض٠زىْٛ ِرٓ اخزجربراد ٠زىْٛ ِرٓ اخزجربراد   عٍّٟعٍّٟاٌز١ٍِخ. رُ إعزاء ثزٔبِظ اٌز١ٍِخ. رُ إعزاء ثزٔبِظ 

الرً ٔظرجخ ٠ّىرٓ خٍرٙرب ثبٌززثرخ اٌر١ٕ١رخ الرً ٔظرجخ ٠ّىرٓ خٍرٙرب ثبٌززثرخ اٌر١ٕ١رخ   ٟٟ٘٘٪ ِٓ اٌزًِ ٪ ِٓ اٌزًِ 5050. اظٙزد إٌزبئظ اْ . اظٙزد إٌزبئظ اْ ٌٛؽخ اٌزؾ١ًٌّٛؽخ اٌزؾ١ًّٚاخزجبر ٚاخزجبر  اٌزعٛعٟاٌزعٛعٟ  اٌّزٚٔخاٌّزٚٔخ

٪ ِرٓ ٪ ِرٓ 66اطزخ اَ ِش٠ظ ِرٓ اٌزضج١رذ اٌؾج١جرٟ ٚاٌى١ّ١ربئٟ ثئػربـخ اطزخ اَ ِش٠ظ ِرٓ اٌزضج١رذ اٌؾج١جرٟ ٚاٌى١ّ١ربئٟ ثئػربـخ   ٚاْٚاْ  ورجمخ ريط١ض،ورجمخ ريط١ض،ززثخ ؽ١ٕ١خ ر١ٍِخ ِمجٌٛخ ززثخ ؽ١ٕ١خ ر١ٍِخ ِمجٌٛخ ٌزؾظ١ٕٙب ٌٌزؾظ١ٕٙب ٌ

٪ رِرً ٪ رِرً 4444  عٕر  خٍرؾعٕر  خٍرؾـٟ ؽ١ٓ اْ اـؼً ا اء ؽر س ـٟ ؽ١ٓ اْ اـؼً ا اء ؽر س   ا ٜ ٌش٠ب ح لٛح رؾٍّٙب.ا ٜ ٌش٠ب ح لٛح رؾٍّٙب.  اٌع١ٕخاٌع١ٕخ  ِٓ إعّبٌٟ ٚسِْٓ إعّبٌٟ ٚسْ اٌغ١ز اٚ ؼجبر الأطّٕذاٌغ١ز اٚ ؼجبر الأطّٕذ

ؽ١رش أرٗ ٠ش٠ر  ِرٓ ِعبِرً اٌّزٚٔرخ اٌزعرٛعٟ ٌٙرب ؽ١رش أرٗ ٠ش٠ر  ِرٓ ِعبِرً اٌّزٚٔرخ اٌزعرٛعٟ ٌٙرب ِٓ إعّبٌٟ ٚسْ ع١ٕخ اٌززثخ. ِٓ إعّبٌٟ ٚسْ ع١ٕخ اٌززثخ.   ؼجبر اطّٕذؼجبر اطّٕذ٪ ٪ 66ٚٚ٪ ع١ز ٪ ع١ز 66ٚٚ٪ ؽ١ٓ ٪ ؽ١ٓ 4444ٚٚ

 لالزظب ٠خ ٌزىٍفخ أشبؤٖ.لالزظب ٠خ ٌزىٍفخ أشبؤٖ.اافٛائ  فٛائ  ٚثبٌزبٌٟ ٠ع ُ اٌٚثبٌزبٌٟ ٠ع ُ اٌ  ؽجمبد اٌزطؿؽجمبد اٌزطؿطّىبد طّىبد إٌٝ رم١ًٍ إٌٝ رم١ًٍ   ٚل ررٙب عٍٝ ِمبِٚخ اٌٙجٛؽ، ـ١ؤ ٞٚل ررٙب عٍٝ ِمبِٚخ اٌٙجٛؽ، ـ١ؤ ٞ
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Abstract 

The Egyptian government recently concerned to rapid implementation of highway projects. 

due to its directly reflected on pushing of economical and investment wheel according to the 

facility of trading movement. The main challenge facing most of highway engineers in such 

these projects is the weak subgrade soil such as swelling clayey soil. So, this study is a trial to 

improve the properties and increase the strength of weak clayey swelling soil for use as a 

subgrade for pavement structural sections. This trial was developed using a mix of granular 

and chemical stabilization for the soil. Granular stabilization was applied firstly by mixing 

natural sand at different percentages of 20%, 35%, and 50% of the total weight of clayey 

swelling soil samples to find the minimum percentage that could be added to improve it to 

sandy clayey soil which is acceptable as a subgrade according to the Egyptian highway 

specification code. Secondly, chemical stabilization was applied to enhance sandy clayey soil 

to increase its strength properties. This was performed by adding chemical additives (lime, 

cement kiln dust (CKD)) at different ratios of 2%, 4%, and 6% of the total weight of the 

samples of enhanced sandy clayey soil. An experimental program was conducted consisting of 

characteristics and consistency tests, the California bearing ratio (CBR) test, a proctor test, a 

modulus of resilience (MR) test and plate loading test. The results showed that 50% sand was 

the minimum percentage that could be mixed with swelling clayey soil for granular 

stabilization to be enhanced and become sandy clayey soil, which is accepted as a subgrade 

layer according to the Egyptian highway specification code. Furthermore, using a mix of 

granular and chemical stabilization increased the compressive strength of this enhanced 

subgrade by adding 6% lime or cement kiln dust (CKD) of the total sample weight. While the 

best performance occurred at sections contained a combination of 44% sand, 44% clay, 6% 

lime and 6% CKD by total weight of the soil sample.  It increases MR and has the ability to 

resist deformation. So that it will lead to reduction in the required thickness of the pavement 

layers. accordingly, lead to economical cost benefits.   

Keywords: Subgrade strength, Additives, Consistency tests, CBR test, modulus of 

resilience test – plate loading test   

 

1. Introduction and background 

The national road project that Egypt is implementing with a total length of 7000 km and at a 

cost of 175 billion Egyptian pounds is one of the most important axes of the comprehensive 

development plan for Egypt 2030 [1]. Because of its importance in linking housing 

communities safely together which led to reduce accidents, and maximizing the economic 

impact by linking industrial areas with airports, seaports and facilitating trade movement among 

them, which is the most important incentive for attracting investments. The national road 

network is the most important project undertaken recently by the Egyptian government. As The 
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government needs to rapid completion of these projects in a very short time for achieving the 

desired goal. But sometimes the main challenge facing the highways engineers that  some roads 

are required to be constructed in some places have soil with a weak subgrade of the pavement 

section. Like, very soft clay and/or swelling soil. As a result, it recently observed some defects 

in the wearing surface of the pavement section of these roads. Therefore, many studies were 

carried out to try and evaluate solutions to this problem in new methods. This study is one of 

them. 

For centuries many researchers are carried out in this field used a granular and / or chemical 

stabilization. Granular stabilization was used by removing the poor soil ( a portion of the poor 

soil ) and replacement with a higher shear strength soil such as sand which is used in this study  

. However replacement is very costly and impractical in highway projects due to the huge 

volume of these projects as well as in some regions the unviability of the aggreagate or the 

shortage of the suitable fill materials makes replacement of weak subgrade soil uneconomical 

[2-4] . So all studies tended to get the optimum percentage of sand can be added to weak 

subgrade soil to improve its properties.  Kollars and Athanasopoulou [5] found that adding up 

to 60% of sand by weight of the soil can be added to enhance swelling soil. While Nair and 

Salini [6] show that 50% can be added to enhance swelling clayey soil to be accepted as a 

subgrade. But as mentioned previously Sometimes needing for amount of sand depending on 

the type of soil to increase improving properties of weak swelling soil. This maybe not a 

suitable and uneconomical solution gives the desired characteristics. So, needing a mix of 

granular and chemical stabilization may be the most preferable solution to have the desired 

properties. On the contrary, with an economical view and for demanding larger strength 

resistance especially for large projects of highways, it is recommended to mix different 

additives to enhance clayey soil with sand. Kollars and Athanasopoulou [5] recommended that 

in their study.  

Based on literature reviews, this study was carried out in two approaches. The first one is 

enhancing swelling clayey soil using granular stabilization by mixing different ratios of sand 

(20%, 35%, and 50%) of the sample total weight to accept as a subgrade. The second approach 

is chemical stabilization to increase the strength of enhanced subgrade soli. That by adding 

other additives (lime, cement kiln dust,) with different percentages (2%, 4%, and 6%) of the 

sample total weight to enhanced clayey soil with sand to get the optimum percentages can be 

added to improve and increase subgrade resistance to satisfy the desired characteristics. The 

basis for selecting the dosage of various modifiers is based on previous studies [6-8] which 

added higher dosages of additives to native soil directly (chemical stabilization only), while in 

this study additives were added with small amount to increase improvement characteristics of 

sandy clayey soil, also to have an advantage of economic viewpoint. So, this study try to 

evaluate of using mix of granular and chemical stabilization to have both benefits effect on the 

performance of structural pavement  . Cementitious stabilization using lime and CKD 

stabilization have been studied extensively by many researchers [ 7-14]. Daipuria and Trivedi 

[15] and Ramteke et al. [16] found that adding 20% to 40% of sand mixed with 2% cement 
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increased soil resistance strength. While other researchers added CKD only to swelling soil as 

Keerthi et al. [17] found that using up to 50% of CKD added only to swelling soil can increase 

its strength resistance. Also, Afaf et al. [18] proved that 16% of CKD improved stabilization of 

expansive soil in the Sohag region, Egypt. While Mosa et al. [19] exhibited that adding 20% of 

CKD with curing for 14 days improved properties of poor subgrade soil. Lime also was used in 

many studies to improve the characteristics of swelling clayey soil. Afaf et al. [18] showed that 

mixing of 6% lime of the soil total weight gave satisfactory results of swelling soil. Nair and 

Salini [6] showed in their study that adding 1% lime to problematic soil mixed with 50% sand 

gave good properties of soil. Cement stabilized subgrades have been extensively used to 

improve the engineering performance of pavement structures. Due to the effects of cementitious 

hydration, pozzolanic reaction, as well as, cation exchange, chemical bonding is generated 

between fine soil particles. Therefore, the geotechnical characteristics of difficult clay soils will 

be improved in terms of plasticity, strength, stiffness, and durability. The cement modified soils 

will then function as a new pavement layer which partially or totally preplaces the thickness of 

granular base layer as commonly found in traditional road constructions [20-21]. Other design 

agencies, including AASHTO (22), have recently shifted towards the resilient modulus (MR) 

for characterizing the strength of pavement materials. The immediate effects of lime treatment 

on the resilient modulus were studied by Thompson (23), McDonald (24), and Neubauer and 

Thompson (25). Their research shows that the MR of samples treated with 4 to 6 % lime 

(without curing) are 3 to 10 times the moduli of untreated samples. The long-term effects, on 

the other hand, often induce a 1,000 percent or more increase in MR or stiffness over that of the 

untreated soil according to Little (26).Adam et al [27] reported that adding lime to the subgrade 

decreased the required thickness of the pavement structure by about 50-60%. Moreover, adding 

lime significantly reduces the swelling potential (SP), liquid limit (LL), plasticity index (PI), 

and maximum dry density (MDD) of the subgrade soil, and increases the optimum moisture 

content (OMC), shrinkage limit (SL), and material strength [28-30]. 
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2. Tested materials and experimental design 

2.1. Tested materials  

2.1.1. Natural soil 

Very soft swelling clay is the natural soil used in this research as a subgrade. It was obtained 

from road construction in ELkasasin village in Ismailia governorate, Egypt. It was brought 

from excavation about 2m deep from the ground surface (foundation level according to 

geotechnical report). It was collected from different locations on the site. Table 1 shows the 

properties of the natural soil. 

 

Table 1 Properties of tested materials 

 

  

Samples  

 
symbol S0 Sos S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

%
 p

er
ce

n
t 

natural soil  100   80 65 50 49 48 47 49 48 47 44 

sand 0 100 20 35 50 49 48 47 49 48 47 44 

lime           2 4 6       6 

cement kiln dust                 2 4 6 6 

p
ro

p
er

ti
es

 

L.L 42 0 36.2 30.1 28 27.9 27 26 26.8 25.3 24.2 25 

PL 26.5 0 25.1 20.4 18.7 18.5 18 17.2 17.8 16.6 15.8 16.5 

P.I 15.5 0 11.1 9.7 9.3 9.4 9 8.8 9 8.7 8.4 8.5 

CBR 4.9 7.6 6.2 9.1 9.8 13.5 17.9 20.8 18.4 23 29.5 37.5 

Ɣd(gm/cm3) 1.65 1.86 1.78 1.85 1.88 2.1 2.2 2.5 2.2 2.47 2.8 3.03 

%O.M.C 14.3 10.7 13 12.8 12.5 9.1 8 7.8 10 9.5 8.5 8.8 

%swelling  4.31 0.00 3.12 2.85 2.50 2.16 1.98 1.55 1.55 1.47 1.26 1.01 

 
AASHTO 

A-7-6 A-3 A-6 A-6 A-2-4 A-2-4 A-2-4 A-2-4 

 
specification 

 

2.1.2. Natural sand 

The natural sand was used to enhance the undesired properties of the natural soil (very soft 

clay) by mixing it with different percentages of natural sand. The natural sand was mixed with 

different percentages (20%, 35%, and 50%) of the sample total weight. Table 1 shows the 

properties of the natural sand and the properties of mixes of natural soil enhanced with 

different percentages of natural sand. 

 

 

2.1.3. Lime 

The used lime is one of the commercially hydrated lime CaOH2 which produced by Tura 

company. Analysis supplied by the manufactures is indicated in table 2. 
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Table 2 Specifications of lime and cement dust 

 

2.1.4. Cement kiln dust (CKD): 

Another additive used in this study is Ordinary cement kiln dust was produced and collected 

by the Tura factory. The chemical analysis of CKD is given in table 2. The CKD had a density 

of 3.08 g/cm3 and a bulk density of 1.17 g/cm3 and a porosity of 0.62. 

 

2.2. Experimental design  

The goal of this study is to evaluate effect of subgrade enhanced by using a combination of 

granular and chemical stabilization on structural pavement section. The granular stabilization 

was used firstly in this study by mixing a natural soil with different percentages of natural 

sand and hence finally chemical stabilization was carried out by adding different percentages 

of additives (lime – CKD) to natural soil enhanced by sand to increase improving properties of 

subgrade.  To find the goal of the study, an experimental program was designed and described 

in the following steps: 

1- The natural soil samples were air-dried and pulverized to pass sieve no. 4 (4.75 mm), 

hence enter the oven and leave it for 24 hrs. at the temperature of 110
ₒ
c to control and 

check the humidity of the sample. Then take a sample S1. The basic properties of the 

sample were determined using a group of tests including: 

a. Free swelling test. Figure 1 shows the determination of free swelling ratio by Free 

swelling test apparatus 

Chemical composition lime cement dust 

% Ca (OH)2 70-85 --- 

% SiO2 ≥2% 11.9 

% MgO ≥1% 1.7 

% Fe2O3 ≥0.5% 3.4 

% Al2O3 ≥0.5% 9.9 

% CaCO3 ≥15% --- 

% H2O 0.5-1.05 --- 

% SO3 --- 1.48 

% Na2O --- 0.5 

% K2O --- 0.1 

% CaO --- 55.06 
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Figure 1. Free swelling test apparatus. 

b. Grain size distribution according to AASHTO T-27 [31] and hydrometer analysis. The 

physical properties of the soil were studied and the soil was classified as A-7-6 according 

to the AASHTO classification system, while according to a unified classification system 

were classified as CL. Figure 2 shows the grading curve of natural soil, natural sand, and 

the treated soils with different percentages of sand. 

 

Figure 2. The grading curve of natural soil, natural sand, and the treated soils with different 

percentages of sand. 

 

c. Liquid limit (L.L) and plastic limit (P.L) using the Casagrande method. Figure 3 shows the 

determination steps of L.L and P.L by the Casagrande apparatus. 

4

24

44

64

84

104

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

% PASSING  

GRAIN SIZE MM  

natural soil

natural sand

25%sand +75% clay

35%sand + 65%clay

50% sand + 50% clay
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Figure 3. Determination of L.L and P.L by Casagrand apparatus. 

d. CBR test. Figure 4 shows the determination of CBR by CBR apparatus. 

 

Figure 4. Determination of CBR by CBR apparatus 

e. Procter test to determine optimum moisture content OMC and maximum dry density MDD 

of soil samples. Figure 5 shows the determination of OMC and MDD by proctor test. 

  

 

Figure 5. Determination of OMC and MDD with a proctor test. 
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All tests were carried out according to the Egyptian specification code of soil mechanics. .[32] 

2. Granular stabilization was carried out to Enhance the natural clayey soil. That by 

making samples containing mixes of natural clayey soil and different percentages of 

natural sand (20%, 35%, and 50%) of the total weight of the sample to make samples 

S1, S2, S3 respectively. as shown in table 1. 

3. A Group of tests mentioned above repeated for samples S1, S2, and S3 to get the 

minimum percentage value of sand that can be mixed with natural soil to be enhanced 

and achieve the desired and acceptable properties to use as a subgrade according to 

Egyptian Highways specification code. [33] 

4. Chemical stabilization was carried out based on the previous step. That by making 

samples containing natural clayey soil enhanced with a minimum percentage value of 

sand gained from the previous step and adding additives (CKD – lime    ( ( with different 

percentages 2%, 4%, and 6% respectively of the total weight of the sample to form 

samples S4:S99 respectively as shown in table 11..  

5. A Group of tests mentioned above was repeated and carried out for samples from S4: S99 

to show the effect of additives on the properties of enhanced clayey soil with sand to 

improve and increase its strength and durability. 

6. From step 5 we can get the most optimum percentages from lime or CKD that can be 

added to enhanced sandy clayey soil to improve its strength. Hence forming sample 

(S10) containing a mix of lime and CKD at their optimum percentages gained from step 

5 . 

6. A Group of tests mentioned above was repeated and carried out for sample S10 to show 

the effect of additives on the properties of enhanced sandy clayey soil to improve and 

increase its strength and durability. 

7. Resilience Modulus test (MR test) 

Determination of resilient modulus has important rule for characterizing materials in 

pavement design. So, MR test carried out in this study on samples representative the 

following: 

a-  Natural clayey soil only (S0),  

b- Natural soil enhanced with optimum percentage of sand (sandy clayey) gained from 

step 3,  

c- Sandy clayey soil containing optimum percentage of lime gained from step 5.  

d- Sandy clayey soil containing optimum percentage of CKD gained from step 5. 

e- and finally sandy clayey soil enhanced with a combination of lime and CKD at their 

optimum percentage gained from step 5. 

 

  The representative samples prepared at compaction mold with a dimension of 200mm high 

and 100 mm diameter, and compacted at their optimum moisture content and maximum dry 

density according to the modified Procter compaction effort in six layers accordance with 
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AASHTO T 180-20. Or by compressed statically at strain rate of 2.27mm/min in specialized 

molds and carefully extracted with the help of a sample extruder. as shown in figure 6 below:  

              
                     a- mixing                       b- static compacting             c- extraction of sample  

Figure 6. preparing samples for MR test a- mixing, b- static compacting for sample  

and c- extraction of sample. 

Samples were left one day for curing before de-molding and testing. the final height, diameter 

and weight of each specimen were recorded before testing. a rubber membrane was stretched 

around the specimen by the membrane expander and then the membrane was sealed to the top 

and bottom caps by means of O-ring as shown in figure 6. MR tests were conducted in 

accordance with the AASHTO T 307-99 standard test procedure using the universal test 

machine located at Arab Contractor company Laboratory, Egypt as shown in figure 7.  

 

 

Figure 7. Repeated loading triaxial cell and soil specimen (universal test machine UTM). 

 

The Repeated Load Triaxial Test (RLTT) to determine Mr, was conducted Results from 

duplicate tests at different confining and deviatoric stresses are presented in table 3. 

 

 



 

11 
 

 Table 3 The resilient modulus values at different confining and deviatoric stress. 

 

 The test begins with a conditioning phase of 1000 cycles, and continues into the recorded test 

which is composed of 15 sequences. Each sequence consists of 100 cycles according to The 

AASHTO T307 protocol for subgrade soils. The specimen is constantly confined at stresses of 

(6 psi), (4 psi), and (2 psi). Additional deviatoric stresses of (10 psi), (8 psi), (6 psi), (4 psi), 

and (2 psi) are applied cyclically at each confining stress state, through the Haversine load 

pulse for 0.1 second duration and 0.9 second rest period. Two Linear Variable Differential 

Transducers (LVDTs) were mounted externally to the load cell in the UTM to measure 

deformations. The load shape was haversine with 0.1 second loading duration and 0.9 second 

as rest period for subgrade soils. The resilient modulus was calculated as the average of the 

last five cycles of each sequence. Resilient modulus test is a laboratory test that can be used to 

assess the behavioral response of stabilized subgrade under cyclic/repetitive loading. Also 

measured the dynamic stiffness values of pavement layer systems. At this test cylindrical 

specimens are subjected to a different low confining stress, with pulse applications of cyclic 

axial loads. The constant confining stresses of the specimen represent the lateral stresses 

caused by overburden pressures and applied wheel loads as mentioned George 2004 in his 

study [34]. Deviatoric stresses are additional stresses created when traffic is permitted on the 

roadway.  

confining 

stress (psi) 

deviotaric sress 

(psi) 
Mr (psi) 

2 4 6 2 4 6 8 
1

0 
S0 (clay) S3(clay +sand) 

S6(clay 

+sand+lime ) 

S9 (clay 

+sand+CKD) 

S10(clay 

+sand+lime+CKD) 

2     2   
 

    7836.075192 22504.39583 31087.7801 33808.25107 42631.6666 

2     
 

4 
 

    6476.0952 18537.3936 24874.18769 28315.11815 38441.997 

2     
 

  6     5834.32 15320.16 22583.351 23635.324 33721.05 

2     
 

  
 

8   5075.8584 13328.5392 19747.51537 20562.73188 26302.419 

2             10 4974.341232 11995.68528 18682.76383 18506.45869 22041.9352 

  4   2   
 

    9351.761516 23631.5 33835.04475 36457.72362 45452.61234 

  4   
 

4 
 

    7761.962058 20141.515 27216.38625 30530.75613 40576.616 

  4   
 

  6     6908.146232 16747.5514 24783.45355 25443.37466 35718.22816 

  4   
 

  
 

8   6079.168684 14801.84523 22871.11912 22750.1697 28711.22306 

  4           10 5288.876755 12521.66071 19984.00721 20775.15273 23440.10076 

    6 2   
 

    10471.97598 24965.05428 36626.735 39794.56616 47902.20655 

    6 
 

4 
 

    9215.338858 22363.76385 31544.00188 32730.00945 42856.98289 

    6 
 

  6     7556.577864 19735.54761 27837.12137 27702.9069 37715.59751 

    6 
 

  
 

8   6649.78852 17481.68854 24336.66681 25098.55807 30749.72581 

    6         10 6018.058611 14484.61838 21402.80012 22042.78878 25269.76968 
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The resilient modulus test is an attempt to simulate actual field conditions, providing different 

stress states to represent vehicle loading over pavements and subgrades. The resilient modulus 

value is expressed as the ratio of applied deviator stress and the resilient axial strain recovered 

after removal of the deviator stress [35]. The resilient modulus at the different confining and 

deviatoric stresses shows in table 3. 

 

7. plate loading test  

An extensive field static plate loading testing was conducted according to ASTMD1196 to 

evaluate the in situ bearing characteristics of four different subgrade soils represent the 

following samples:  

a- Natural soil enhanced with optimum percentage of sand (sandy clayey) gained from 

step 3,  

b- Sandy clayey soil containing optimum percentage of lime gained from step 5.  

c- Sandy clayey soil containing optimum percentage of CKD gained from step 5. 

d- and finally sandy clayey soil enhanced with a combination of lime and CKD at their 

optimum percentage gained from step 5. 

So four different experimental sections prepared in situ represent the four samples with a 

dimension of 2m depth , 2.15 m width and 2.8 m length as shown in figure 8  ( a through d) 

.Each experimental section prepared and formed from 1m depth of compacted nature clayey 

soil, over it the other 1m depth contained the subgrade soil tested , which placed at layers of 

15 cm each , and mixed homogenously by manual laborer , and compacted using rollers at its 

O.M.C and maximum dry density for each layer up till 1m depth to the surface of the section . 

Then sand cone test carried out to check the achieved density.  Plate loading device was set 

up. the strain gages were installed on the top of the subgrade. The footing was loaded with a 

hydraulic jack actuator to apply an incremental static load on a circular steel plate of 45 cm 

diameter placed on a subgrade soil section. 1 cm thick rubber pad was attached to the bottom 

of the loading plate to ensure full contact and minimize stress concentrations at the edge of the 

plate. The peak load was selected to simulate a single wheel load of 40KN (equivalent to an 

axial load of 80KN and a tire contact pressure of 80 psi) then all corresponding values of 

settlements are measured and modulus of elasticity of subgrade soil for each section as shown 

in table 4.  
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C – Mixing and preparing of different subgrade soil phases  

b – Digging and measuring experimental sections 

D– Compacting and plate loading test carried out of different subgrade soil 

phases  

Figure 8  – plate loading test carried out for different experimental subgrade 

soil sections  phases  

a – Typical experimental cross sections 
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Table 4 Average Elastic modulus values and displacements for subgrade soil samples at 

different loading plate stresses. 
 

 

 

3. Results and discussion 

This section presents the results of the study program tests. Analyzing these results will be 

presented in the following subsections: 

3.1. Evaluation of grain size distribution.  

Grain size analysis was carried out for the soil according to AASHTO T-27 [31] and 

hydrometer analysis. The natural clayey soil is classified as A-7-6 and natural sand used is 

classified as A-3.  

Natural soil mixed with 20% and 35% natural sand to form samples (S1, S2) is classified as 

A-6, which means still poor for use as a subgrade according to Egyptian Highways 

specification code [33]. While the natural soil mixed with 50% natural sand of the total weight 

of the sample was classified as A-2-4 that is acceptable for use as a subgrade according to 

Egyptian Highways specification code. Figure 2 shows the grading curve of natural soil, 

natural sand, and the treated soils with different percentages of sand. Also, the samples from 

S4: S10 contained 50% of natural soil and 50% of natural sand when mixed with different 

percentages by additives (lime – CKD). They were classified as A-2-4 for all samples. 

 

 

Average  settlement Δ(mm) Stress ρ ( Kg/cm²) 

S10 S9 S6 S3 

0.000 0.000 0.000 0.000 0 

0.062 0.066 0.125 0.150 0.4 

0.104 0.148 0.199 0.233 0.8 

0.160 0.206 0.287 0.348 1.2 

0.204 0.268 0.362 0.495 1.6 

0.279 0.331 0.428 0.685 2 

0.348 0.411 0.498 0.848 2.4 

0.407 0.485 0.602 0.984 2.8 

0.468 0.563 0.698 1.200 3.2 

0.538 0.629 0.800 1.376 3.6 

0.617 0.698 0.891 1.459 4 

0.690 0.759 0.978 1.625 4.4 

0.724 0.810 1.031 1.750 4.8 

0.791 0.884 1.133 1.868 5.2 

0.829 0.970 1.208 1.957 5.6 

0.865 1.029 1.289 2.062 6 

2823.867 1544.224 1178.376 768.196 
Average Es 

(kg/cm²)=1.18*ρ*a/Δ 



 

15 
 

3.2. Effect of granular stabilization on soil properties  

Granular stabilization is carried out by mixing natural sand with different percentages (20%, 

35%, and 50%) of the total weight of the samples with natural clayey soil. It enhances the 

properties of natural clayey soil as shown below: 

3.2.1. Effect of granular stabilization on free swelling ratio. 

Table 1 results show that the free swelling ratio decreased by increasing percentages of sand 

(20%, 35%, and 50%) mixing with natural clayey soil of the total weight of the sample. Fig. 9 

shows the relation between the free swelling ratio and sand percentages. It shows free swelling 

ratio decreased from 4.31% to its optimum value of 2.5% when mixing 50% sand at sample 

S3. That behaves may be due to the reduction of percentage clay in the sample, also the fine 

particles of clay fill the voids between particles of sand, leading to a reduction in swelling. 

 

  

 

Figure 9. Effect of sand on % swelling. 

3.2.2. Effect of granular stabilization on L.L 

Table 1 results show that the liquid limit of the natural soil decreased by increasing 

percentages of natural sand mixed with it. L.L decreased from 42 to its min value of 28 at the 

percentage of 50 % of natural sand added to natural clay soil of the total weight of the sample. 

As shown in the sample (S3). Fig. 10 shows the relation between liquid limit and sand 

percentages. 

 

 

Figure 10. Effect of sand on L.L. 
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3.2.3. Effect of granular stabilization on P.L. 

Table 1 results show that the plastic limit of the natural soil is decreased by increasing 

percentages of natural sand mixed with it. Fig. 11 shows the relation between plastic limit and 

sand percentages. It shows P.L decreased from 26.5 to its minimum value of 18.7 at the 

percentage of 50 % of natural sand mixed with natural clay soil of the total weight of the 

sample (S3).  

 

Figure 11. Effect of sand on P.L. 

3.2.4. Effect of granular stabilization on P.I 

Table 1 results show that the plastic index of the natural soil is 15.5 and decreased by 

increasing percentages of natural sand mixed with it. Fig. 12 shows the relation between 

plasticity index and sand percentages. It shows P.I decreased from 15.5 to its min value of 9.3 

at the percentage of 50 % of natural sand mixed with natural clay soil of the total eight of the 

sample (S3). 

 

Figure 12. Effect of sand on P.I. 

3.2.5. Effect of granular stabilization on CBR 

From table 1 results show CBR of the natural soil is 4.9 and increased by increasing 

percentages of natural sand mixed with it. CBR increased from 4.9 to its maximum value of 

9.8 at the percentage of 50 % of natural sand mixed with natural clay soil of the total weight 
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of the sample (S3). Figure 13 shows the relation between California bearing ratio CBR and 

sand percentages. 

 

Figure 13. Effect of sand on CBR. 

3.2.6. Effect of granular stabilization on OMC. 

Table 1 results show OMC of the natural soil is 14.3 and decreased by increasing percentages 

of natural sand mixed with it. OMC decreased from 14.3 to its minimum value of 12.5 at the 

percentage of 50 % of natural sand mixed with natural clay soil of the total weight of the 

sample (S3). Figure 14 shows the relation between optimum moisture content OMC and sand 

percentages. 

 

Figure 14. Effect of sand on optimum moisture content OMC. 

3.2.7. Effect of granular stabilization on MDD 

Table 1 results show MDD of the natural soil is 1.65 and increased by increasing percentages 

of natural sand mixed with it. MDD increased from 1.65 to its maximum value of 1.86 at the 

percentage of 50 % of natural sand added only to natural clay soil of the total weight of the 

sample (S3). Fig. 15 shows the relation between maximum dry density and sand percentages. 
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Figure 15. Effect of sand on maximum dry density. 

3.3. Effect of chemical and granular stabilization on soil properties. 

 Based on previous results obtained in this study mentioned above. It was shown that sample 

S3 a sandy clayey that consists of 50% sand and 50% clay has the most enhanced properties of 

the soil. So, the minimum percentage of sand that can be mixed with the natural clayey soil is 

50%. It can enhance the soil properties to accept as a subgrade in the pavement structural 

section according to the Egyptian Highways specification code [33] as shown in sample s3. 

Hence chemical stabilization was carried out for sample S3. That by adding additives (CKD - 

lime) with different percentages 2%, 4%, and 6% respectively of the total weight of the 

sample to form samples S4:S9. The following sub-sections show the effect of a combination 

of granular and chemical stabilization on soil properties. 

3.3.1. Effect of chemical and granular stabilization on free swelling ratio. 

In Table1 and Fig. 16 results showed that the swelling ratio decreased and reached to 1.55 and 

1.26 at 6% lime or CKD was added to sandy clayey samples enhanced respectively at samples 

(S6, S9) which contain 6% lime or CKD respectively. Where reached to its optimum 

minimum value of 1.01 at sample S10 when a combination of 6% lime and CKD were added 

to sandy clayey samples. 
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s10 : 44% clay +44% sand +6% lime +6% CKD  

 

Figure 16. Effect of additives on % swelling 
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3.3.2. Effect of chemical and granular stabilization on L.L 

In Table 1 and Fig. 17 results show that the L.L decreased with increasing percentages for 

both additives. But the higher decrease was remarked for adding CKD than lime. The L.L 

decreased from 42 to 26 and 24.2 in the case of adding 6% lime or CKD respectively. As 

shown in samples S6 and S9. Where the highest decrease noticed when adding a combination 

of 6% lime and CKD as shown in sample S10. Fig. 17 shows the relationship between 

additives percentages added to enhanced sandy clayey soil and L.L. It was shown that the L.L 

decreased with increasing of percentages content for both kind of additives. 

 
 

3.3.3. Effect of chemical and granular stabilization on P.L. 

In Table 1 and Fig. 18 results show that the P.L decreased with increasing percentages for 

both additives. But the higher decrease was remarked for adding CKD than lime. The P.L 

decreased from 26.5 to 17.2 and 15.8 in the case of adding 6% lime or CKD respectively. As 

shown in samples S6 and S9. Where the highest decrease noticed when adding a combination 

of 6% lime and CKD as shown in sample S10.  Fig. 18 shows the relationship between 

additives percentages added to enhanced sandy clayey soil and P.L.  
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Figure17. Effect of additives on liquid limit 
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Figure 18. Effect of additives on the plastic limit. 
 

3.3.4. Effect of chemical and granular stabilization on P.I 

In Table 1 and Fig. 19   results show that the P.I decreased with increasing percentages for 

both additives. But the higher decrease was remarked for adding CKD than lime. The P.I 

decreased from 15.5 to 8.8 and 8.4 in the case of adding 6% lime and CKD respectively. 

Where the highest decrease noticed when adding a combination of 6% lime and CKD as 

shown in sample S10. Fig. 19 shows the relationship between additives percentages added to 

enhanced sandy clayey soil and P.I. It was shown that the P.I decreased with increasing of 

additives percentages content. 

 `  

 

Figure 19. Effect of additives on plasticity index. 
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3.3.5. Effect of chemical and granular stabilization on CBR 

In Table 1 and Fig. 20 results show that the CBR increased with increasing percentages 

content for both additives. But the higher decrease was remarked for adding CKD than lime. 

The CBR increased from 4.9 to 20.8 and 29.5 in the case of adding 6% lime or CKD 

respectively. Where the highest increase noticed when adding a combination of 6% lime and 

CKD as shown in sample S10. This behavior is suggested due to the chemical bond produced 

by the reaction of CKD or lime with components of the soil. Increasing the dose increases the 

bond leading to an increase of strength and consequently increase in CBR.  Fig. 20 shows the 

relationship between additives percentages added to enhanced sandy clayey soil and CBR. It 

shows CBR was increased with increasing percentages content for both additives lime and/ or 

CKD.  

 

 
 

Fig. 20. Effect of additives on CBR 
 

3.3.6. Effect of chemical and granular stabilization on MDD. 

In Table 1 and Fig. 21 results show that with an increase in percentages of additives, the MDD 

of soil increased for both additives. A higher increase was remarked for adding CKD than 

lime. It is increased from 1.65 to 2.5 and 2.8 in the case of adding 6% lime or C.D 

respectively. Where the highest increase noticed when adding a combination of 6% lime and 

CKD as shown in sample S10. Fig. 21 shows the relationship between additives percentages 

added to enhanced sandy clayey soil and MDD. It was shown that the MDD increased with 

increasing of percentages content for both additives 
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Figure 21. Effect of additives on maximum dry density. 

 

3.3.7. Effect of chemical and granular stabilization on OMC. 

In Table 1 and Fig. 22 results show that with an increase in percentages of additives, the OMC 

of soil goes on decreasing for both kinds of additives. A higher decrease was remarked for 

adding lime than CKD. It is decreased from 14.3% to 7.8% and 8.5% in the case of adding 6% 

lime or C.D respectively. Where the highest decrease noticed when adding a combination of 

6% lime and CKD as shown in sample S10.  Fig. 22 shows the relationship between additives 

percentages added to enhanced sandy clayey soil and OMC. It was shown that OMC was 

decreased with increasing of percentages content for both additives,  

 

Figure 22. Effect of additives on optimum moisture content. 
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3.4. Evaluation of resilient modulus testing 

Based on previous results obtained in this study mentioned above. Results shown that the 

optimum percentage of sand can be added to natural clayey soil to form granular stabilization 

of soil is 50% this represented in sample S3. Also, samples S6 and S9 represented of sandy 

clayey soil enhanced and mixed of 6% lime and CKD respectively. That represent the best 

percentages can be added to make a combination of granular and chemical stabilization of 

soil. So, to try to get the most advantages of using lime and CKD in a combination of granular 

and chemical stabilization of soil.  sample S10 prepared containing of combination of 6% 

lime, 6% CKD, 44 % clay and 44% sand in this section. All routine tests mentioned above 

repeated and carried out on sample S10 to be evaluated and compared with other samples. 

Which shown that the best performance of results tests given at these percentages.   

Modulus of resilience (MR) test carried out in accordance with the AASHTO T 307-99 on 

sample of natural soil S0, a sample of clayey soil enhanced with sand S3, samples of sandy 

clayey soil enhanced and mixed with 6% lime or CKD respectively S6 and S9, and sample 

S10 of sandy clayey soil enhanced and contained a combination of 6% lime and 6 % CKD. 

Table 3 and figures 23 through 27 show values of MR and the applied deviator stress under 

different confining pressures for the samples S0, S6, S9 and S10. 

 

 
Figure 23. MR values for natural clayey soil S0. 

 

 
Figure 24. MR values for sandy clayey soil S3. 
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Figure 25. MR values for sandy clayey soil mixed with 6% lime S6. 

 

 
Figure 26. MR values for sandy clayey soil mixed with 6% CKD S9. 

 

 
Figure 27. MR values for sandy clayey soil mixed with 6% lime + 6% CKD S10. 

 

The MR test results show that with an increase in deviatoric stress the MR value increased 

considerably at different confining stresses. It is clear that MR values increased because of 

stabilization. This improvement is begun at natural clayey soil enhanced with sand and 

increased respectively by adding lime and CKD respectively while best maximum 

performance occurred at adding combination of lime and CKD. 
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SAMPLES  

S0 (clay) S3 (50% clay + 50% sand)

S6(clay +sand+6%lime ) S9 (clay +sand+6%CKD)

S10(clay +sand+6%lime+6%CKD)

The design MR values to be adopted shall correspond to the stress states anticipated in the 

field. The anticipated field stress configuration for the subgrade material is (6 to 7 psi) for the 

deviator stress and a confining pressure of (1 to2 psi) (Ji et al. 2014; Mousa et al. 2017) 

[36,37]. This is in accordance with most of the researches carried out with recommendations 

for design MR values pertaining to confining pressure of (2 psi) and deviator stress of (6 psi) 

(Jones and Witczak 1977; Ping et al. 2001) [38,39]. Hence in this 

 study MR values at deviatoric stress 6 psi and confining stress of 2 psi considered in 

pavement design parameters according to AASHTO 1993 design method. figure 28 shows 

MR values at confining pressure of (2 psi) and deviator stress of (6 psi) for samples S0, S6, S9 

and S10. 

 

 

Figure 28. MR values at confining pressure of (2 psi) and deviator stress of (6 psi). 

 

3.5. Evaluation of plate loading test. 

Based on previous results obtained in this study mentioned above. Results shown that the 

optimum percentage of sand can be added to natural clayey soil to form granular stabilization 

of soil is 50% represented in sample S3. Also, samples S6, S9 represented the sandy clayey 

soil enhanced and mixed of 6% lime and CKD respectively. That represent the best 

percentages can be added to make a combination of granular and chemical stabilization of 

soil. finally, S10 which represent the best performance of a combination of granular and 

chemical stabilization of soil. So, four experimental sections prepared from subgrade soil 

represent four samples S3, S6, S9 and S10 respectively. The sections are carried out in situ as 

shown in figure 8 (from a to d) and applied plate loading test for them to show the 

modification effect of granular and chemical stabilization on modulus of elasticity Es   and 

resistance displacement deflection Δ of  subgrade soil . These sections established on four 

cases of subgrade stabilizations as follow: -Section 1: granular stabilization of subgrade soil 

represents sample s3. subgrade soil established from 50 % sand and 50% clay. 
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Section 2: mix of granular and chemical stabilization of subgrade soil represent sample s6. 

subgrade soil established from 47 % sand, 47% clay and 6% lime. 

Section 3: mix of granular and chemical stabilization of subgrade soil represent sample s9. 

subgrade soil established from 47 % sand, 47% clay and 6% CKD. 

Section 4: mix of granular and chemical stabilization of subgrade soil represent sample s10. 

subgrade soil established from 44 % sand, 44% clay, 6% lime and 6% CKD. 

They mixed and compacted at their O.M.C and maximum dry density for each one. Then sand 

cone test carried out to check the achieved density. Hence plate loading test carried out 

according to ASTMD1196 for each experimental section. modulus of elasticity Es which 

calculated according to Boussinesqʼs  formula .Es = 1.18ρa/Δ; (where  ρ : loading plat stress 

(kg/cm²) , a: radius of plate loading ( 22.5cm used in sthis study ) , Δ : deflection within 

subgrade layer . From table 4 and figures 29 and 30 results show that for Es subgrade soil 

increasing from 768.196 kg/cm² at sandy clayey soil to 1178.376 kg/cm² and 1544.224 kg/cm² 

at sandy clayey soil mixed with 6% lime and CKD respectively. While best performance of 

increasing 2823.867kg/cm² occurred at sandy clayey soil mixed with a combination of 6% 

lime and 6% CKD. figure 29 shows the  average elastic modulus of subgrade soil samples. 

Also, the displacement measured at peak load of 40 KN (equivalent to an axle load of 80 KN 

and contact tire pressure of 80 PSI almost (6 kg/cm²)) shows the displacement decrease with 

increasing of additives. It decreases from 2.062 mm at sandy clayey soil to 1.289 mm and 

1.029 mm at sandy clayey soil mixed with 6% lime or CKD respectively. While best 

performance also at sandy clayey soil mixed with a combination of 6% lime and 6% CKD, it 

decreased to 0.865 mm. Figure 30 shows the displacement of subgrade soil samples at 

different loading. The results show that the additives improve the ability of sand clayey 

subgrade soil to resist deformation. 

 

Figure 29.  Elastic modulus average values for subgrade soil samples 
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Figure 30. Displacement values for subgrade soil samples at different loading pressures. 
 

 

3.5. effective of enhancing subgrade by granular or/ and chemical 

stabilization on pavement design section. 
 

Based on previous studies a structural design section adopted for different subgrade soil 

represent samples (S1, S3, S6, S9, S10). Structural design of this highway pavements sections 

based on the AASHTO 1993 design method. In this method each layer thickness is determined 

based on the strength of the underneath layer as determined by the structural layer (SN). This 

design is adopted as a basis for comparison to determine the technical and economic benefits 

of structural design of this highway pavements sections. The design basically involved 

calculations of the thickness of three main layers in the pavement system (granular subbase, 

granular base, and surface asphalt cement layer) based on equation (1) and AASHTO flexible 

pavement thickness design nomograph) [15] and predetermined conditions.  

SN = a1 × D1 + a2 × D2 × m2 + a3 × D3 × m3 ………. (1) 

This design applied based on the following assumptions of design parameters:  

- ESALs = 40 × 10
6
 pound 

- Reliability, R (95%) 

- Over all standard deviation, Sₒ = 45% 

- Δ PSI = 2 (the difference between the initial and final design serviceability index)  
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- m2= 0.8 (drainage coefficient base layer) and m3 = 0.7 (drainage coefficient of 

subbase layer). 

- a1= 0.42 (assumed for E= 400000psi of asphalt cement layer) , a2= 0.12 ( assumed for 

base layer with MR=2500 psi ) and , 

- a3 = 0.1 (assumed for subbase layer with MR = 13800 psi (resilient modulus of 

subbase layer). 

- MR0 = 5834.32 psi (resilient modulus of clayey subgrade soil for structural pavement 

design section 0) obtained from previous results at this study and represent 

sample S3. 

- MR1= 15320.16 psi (resilient modulus of sandy clayey subgrade soil for structural 

pavement design section 1) obtained from previous results at this study and 

represent sample S6. 

- MR2= 22583.351 psi (resilient modulus of sandy clayey subgrade soil enhanced with 

6% lime for structural pavement design section 2) obtained from previous 

results at this study and represent sample S9.  

- MR3= 23635.324 psi (resilient modulus of sandy clayey subgrade soil enhanced with 

6% CKD for structural pavement design section 3) obtained from previous 

results at this study and represent sample S9.  

- MR4= 33721.05 psi (resilient modulus of sandy clayey subgrade soil enhanced with 

6% lime and 6% CKD for structural pavement design section 4) obtained from 

previous results at this study and represent sample S10.  

- So based on these praters assumptions and calculated of MR for different subgrade soil 

sections. the design sections can be obtained as shown in the following figures 31 a 

through 31 e. 

 

          

 Figure 31a. 

sec(0)  

Esals = 40 × 106 Esals = 40 × 106 

Figure 31b. 

sec(1) 
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From this experimental design sections, it was shown that enhancements in MR values will 

lead to reduction in the required thickness of the pavement layers. This will lead to 

economical cost benefits.   

 

4. Conclusions and recommendations 

4.1. Conclusions 

Based on the methodology and the analysis of the results of this study, the following 

conclusions were drawn:: 

1. Using granular stabilization by mixing 50% of natural sand of the sample total weight 

with natural clay swelling soil enhances it to use as a sandy clayey subgrade layer in 

pavement construction section. 

2. Using mix of chemical and granular stabilization increasing the enhancing strength 

properties of subgrade soil. That by mixing 47% sand, 47% clay and 6% lime or CKD 

by total weight of the soil sample. 

3. The percentage of 6% CKD shows better results for enhancing strength properties of 

sandy clayey subgrade soil than 6% lime. That when using mix of chemical and 

granular stabilization technique. It increases the enhancing of maximum dry density 

and CBR, and reducing of swelling properties for sandy clayey subgrade soil. 

Esals = 40 × 106 

Esals = 40 × 106 

Esals = 40 × 106 

Figure 31c. 

sec(2)  

Figure 31d. 

sec(3)  

Figure 31e.  
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4. L.L of swelling clayey soil enhanced with mixing of 50% natural sand of the total 

weight of the sample. It decreases by almost 20% of its original value. Also adding 6% 

lime and CKD increasing this Improvement by decreasing L.L by 38% and 42% 

respectively of its original value. Also, P.L of swelling clay soil enhanced with mixing 

of 50% natural sand of the sample total weight. It decreases by almost 29.43% of its 

original value. Adding 6% lime and C.D increasing this Improvement by decreasing 

P.L by 35.1% and 40.4% respectively of its original value. And so on, P.I of swelling 

clay soil enhanced with the mixing of 50% natural sand. It decreases by almost 40% of 

its original value. While Adding 6% lime and CKD increasing this Improvement by 

decreasing P.L by 43.2% and 45.8% respectively of its original value.  

5. CBR of swelling clay soil enhanced with the mixing of 50% natural sand It increases 

by almost 100% of its original value. Adding 6% lime and C.D increasing this 

Improvement by increasing CBR by 324.4% and 502% of its original value 

respectively.  

6. The maximum dry density of swelling clay soil enhanced with mixing of 50% natural 

sand increased by 12.27% of its original value. Also, it goes to increase with 

increasing percentages up to its optimum values of 2.5 and 2.8 g/cm³ at 6% lime and 

CKD respectively. 

7. The optimum moisture content of swelling clay soil enhanced with mixing of 50% 

natural sand of the sample total weight. It decreased by 12.5% of its original value. 

Also, it decreases from 55% to 60% of its original value with increasing percentages of 

lime and / or CKD up to 6% of the sample total weight. 

8. The best performance for strength properties of sandy clayey soil using as a subgrade 

achieved when using mix of chemical and granular stabilization that by mixing a 

combination of 44% sand, 44% clay, 6% lime and 6% CKD by total weight of the soil 

sample. 

9. Using granular stabilization increasing MR for swelling clayey soil by mixing of 50% 

natural sand of the sample total weight. It increases by 2.6 times almost of its original 

value. This improvement increased when adding 6% lime or CKD of the sample total 

weight to sandy clayey subgrade it reaches to 3.87 and 4.05 times almost of its original 

value respectively. 

10. The best performance for MR of sandy clayey subgrade soil achieved when using a 

using mix of chemical and granular stabilization that by mixing a combination of 44% 

sand, 44% clay, 6% lime and 6% CKD by total weight of the soil sample. This 

enhancements in MR values will lead to reduction in the required thickness of the 

pavement layers. This will lead to economical cost benefits.   

11. The modulus of elasticity of swelling clayey soil enhanced Using granular stabilization 

by mixing 50% of natural sand of the sample total weight. And therefore, it improves its 

ability to resist deformation. This improvement increased by adding 6% lime or / and 

CKD of the sample total weight respectively. The best performance for the ability of 
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resist deformation of subgrade section containing 44% clay ,44% sand, 6% lime and 6% 

CKD.  

12. Granular stabilization of subgrade swelling clayey soil by mixing of 50% natural sand 

of the sample total weight reduced the pavement design thickness to its 50% of its 

original value. while using combination of chemical and granular by adding 6% lime or 

CKD of the sample total weight to sandy clayey subgrade it increases the reduction to 

54% and55% almost of its original value respectively. while the best result of reduction 

of pavement design thickness achieved at subgrade section containing of 44% clay, 44% 

sand, 6% lime and 6% CKD. It reaches to 60 % almost of its original value.  

 

4.2. Recommendations 

Based on previous conclusions the following recommendations can be drawn: 

1. Evaluate more percentages of lime and CKD or other  additives to show its effect on the 

performance of sandy clayey soil  

2. Study the effect of using combination of granular and chemical stabilization of sandy 

clayey soil at the optimum percentages of additives mentioned in this study on the 

performance of  pavement structural section related to different conditions such as 

climate or traffic loads . 

3. Making an economical evaluation for using other additives with different percentages 

can be added to sandy clayey soil to get the most useful additives improve the 

performance of pavement section  from an economical viewpoint. 

4. Carry out more studies in situ at different traffic loads on the pavement structural 

sections mentioned in this study to evaluate their performance with respect to fatigue or 

rutting problems. 
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