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Abstract 
Such as the other developing countries, in Turkey, in-situ quality control/quality assurance (QC/QA) of granular 
pavement layers (subgrade, subbase and base) still relies on their density and moisture measurements. With 
shifting from empirical to mechanistic-empirical methods in pavement design over last decades, it became 
essential to change the QC/QA procedures of compacted granular materials from unit weight-based to 
stiffness/strength based criteria. Since the unit weight criteria unable to provide sufficient information about the 
engineering properties of granular layers, a missing link occurs between the design and quality control. Dynamic 
Cone Penetrometer (DCP) is a non-destructive, effective, fast and reliable testing method which is used to 
determine the stiffness/strength properties of granular pavement layers and subgrade. After DCP test is 
performed the penetration indexes (PI) of each layer is calculated. DCP-PI is usually correlated with California 
bearing ratio (CBR) values and Elastic Modulus to assess mechanical properties of Materials. Considerable 
research has been conducted to develop an empirical relationship between the DCP-PI values and the CBR and 
Elastic Modulus for a wide range of pavement and subgrade materials.  
 
In this study, series of laboratory tests were performed on two different types of base material and two different 
types of subgrade soil to determine their physical and mechanical properties. These materials compacted with 
various depths in 1.00x1.40 m steel boxes to simulate granular pavements. The target densities were determined 
according to laboratory compaction test of each material. After the specimen compaction procedure DCP test 
was performed and the PI was defined for each layer according to DCP test results. The correlations in the 
literature were used to calculate the CBR and Elastic modulus of the layers. The calculated values compared 
with laboratory CBR tests and the Repeated Load Triaxle Test (RLTT) results. 
 
Keywords: Non-destructive testing, dynamic cone penetrometer (DCP), California bearing ratio (CBR), 
repeated load triaxial test (RLTT), resilient modulus, granular pavement materials.  
 

1. Introduction  
 
Generally all types of pavement systems incorporate unbound granular layers. Strength and 
stability of the unbound layers play a key role in the pavement performance [1, 2]. Assessing 
the quality of compacted layers such as subgrade, subbase, and base is essential in the 
construction of granular pavement layers and other earthworks. Such as other developing 
countries, in Turkey, quality control (QC/QA) methods are based on achieving physical 
properties like field density, particle size distribution and the thickness of the layers 
[1,3,4,5,6]. The current QC/QA procedures rely on determining physical properties mentioned 
above which are labor intensive, time consuming and sometimes hazardous [5]. With shifting 
from empirical to mechanistic-empirical methods in pavement design over last decades, it 
became essential to change the QC/QA procedures of compacted granular materials from unit 
weight-based to stiffness/strength based criteria. Because, unit weight-based criteria unable to 
provide sufficient information about the engineering properties of granular layers, and a 
missing link occurs between the design and quality control. 
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Coring, excavation, and sampling techniques have traditionally been used in estimating layer 
thicknesses and bearing capacity of pavement layers. However, these techniques are 
destructive and can have significant impact on pavement performance. To overcome these 
shortcomings, many nondestructive and/or semi-destructive equipment and pavement 
evaluation processes have been developed [7]. Several tests and techniques have been used to 
characterize the strength or the mechanical properties of these materials. The DCP test is an 
example of a common in situ test that is used to estimate the bearing capacity of unbound 
granular materials. It is primarily used to characterize the granular aggregates that are used in 
the base/subbase layers of the pavement. It is a non-destructive, effective, fast, less expensive 
and reliable testing way of investigating the stiffness/strength properties of granular pavement 
layers and subgrade [8,9,10,11,12]. Many researchers have suggested non-destructive testing 
of pavement and subgrade soils using the DCP to provide additional data for reliable 
pavement evaluation procedures [13]. 
 
Many researchers tried to establish correlations between DCP test results and other stiffness 
test results such as CBR, MR or Elastic Modulus of layers. In this study, the correlations in the 
literature were used for comparison for the selected materials. 
 
2. Materials 
 
In this study, two types of subgrade and two types of base materials were used. The subgrade 
materials used in this study labeled as SG-1 and SG-2, and base material labeled as BS-1 and 
BS-2. The materials SG-1 and SG-2 were supplied from Mehmet Tönge District and 
Süleyman Demirel University Eastern Campus in Isparta, respectively. The materials BS-1 
and BS-2 were supplied from Kadınhanı-Ilgın and Fethiye-Kalkan highway construction sites, 
respectively. 
 
Physical, mechanical and chemical characterizations of each material had been determined by 
series of laboratory tests. Sieve analysis, standard and modified proctor compaction tests, 
Atterberg limits, Micro Deval, Los Angeles, and Freezing-Thawing tests conducted on soils to 
determine physical properties. The gradation of materials and the gradation limits for base 
materials according to Turkish Highway Technical Specification (KTŞ) are given in Table 1. 
According to KTŞ, BS-1 is Type-1 and BS-2 is Type-2 class base material.  
 

Table 1. Gradation of materials and the gradation limits for plent-mix base course  
 

Sieve Size Passing % Gradation Limits 
mm Inch SG-1 SG-2 BS-1 BS-2 Type-1 Type-2 
37,5 1 1/2 100 100 100 100 100 - 
25 1 100 100 93.3 100 72-100 100 
19 ¾ 99.3 98.5 81.4 100 60-92 80-100 
9,5 3/8 97.8 96.8 64.2 77.2 40-75 50-82 

4,75 No.4 96.2 93.5 50.2 51.2 30-60 35-65 
2 No.10 92.9 89.9 31.1 34.1 20-45 23-50 

0,425 No.40 79.2 80.8 16.9 14.5 8-25 12-30 
0,075 No.200 43.3 62.4 7.6 5.7 0-10 2-12 

 
Compaction tests conducted on soils to determine the optimal moisture content and maximum 
dry density values. Proctor test conducted on subgrade soils and modified proctor compaction 
test conducted on base materials according to ASTM D698 and ASTM D1557, respectively. 
Liquid Limit and Plastic Limit tests are conducted on soils to determine the Atterberg limits 
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according to the standard test method ASTM D4318. SG-1, BS-1 and BS-2 showed non-
plastic properties. Materials used in this study are classified according to AASHTO and 
Unified soil classification systems. Table 2 shows the summary of physical properties of soils. 
 

Table 2. Physical properties of the materials 
 

Materials 
Code 

Soil Classification 
Optimum Water Content and 
Maximum Dry Unit Weight 

Atterberg Limits 

AASHTO Unified (ωopt,%) (γdmax, kg/m3) 
LL 
(%) 

PL 
(%) 

PI 
(%) 

SG-1 A-4 ML 15.00 1775 N/A N/A N/A 
SG-2 A-6 CL 16.00 1790 27.60 17.11 11.00 
BS-1 A-1-a GW 5.10 2370 N/A N/A N/A 
BS-2 A-1-a GW 4.70 2250 N/A N/A N/A 

 
Abrasion resistance and soundness tests were performed on base aggregates. Standard tests 
methods and the test results are given in Table 3.  
 

Table 3. Abrasion properties of the base materials 
 

Materials Code Los Angeles 
(TS EN 1097-2)(%) 

Resistance to Freezing and  
Thawing (TS EN 1367-2) (%) 

Micro-Deval 
(TS EN 1097-1)(%) 

BS-1 35.96 4.87 28.84 
BS-2 22.86 4.47 10.50 

 
3. Method 
 
California Bearing Ratio (CBR), Repeated Load Triaxle (RLT) and Dynamic Cone 
Penetration (DCP) tests which are widely used to evaluate strength/stiffness properties of 
unbound granular pavement materials and subgrade were performed on two different types of 
base materials and two types of subgrade soil. Information about the tests, test conditions, and 
test results are given in this section. 
 
3.1 California Bearing Ratio Test (CBR) 

The California Bearing ratio test is penetration test for the evaluation of subgrade and 
granular pavement layers strength. It was first developed by the California State Highway 
Department. CBR provides an empirical indicator of subgrade material behavior and CBR 
value is generally used as an input parameter in design of low volume roads which generally 
consist of unbound granular layers and a thin surface course [14]. 
 
The test equipment consist of a cylindrical mould with inside diameter 150 mm and height 
175 mm, a spacer disc 148 mm in diameter and 47.7 mm in height, special weights, metal 
penetration piston 50 mm dia and minimum of 100 mm in length, and Loading machine with 
a capacity of at least 5000 kg and equipped with a movable head or base that travels at an 
uniform rate of 1.25 mm/min. Definition of CBR is the ratio of force per unit area required to 
penetrate a soil mass with standard circular piston at the rate of 1.25 mm/min. to that required 
for the corresponding penetration of a standard material. The CBR values are usually 
calculated for penetration of 2.5 mm and 5 mm. Generally the CBR value at 2.5 mm will be 
greater that at 5 mm and in such a case/the former shall be taken as CBR for design purpose. 
If CBR for 5 mm exceeds that for 2.5 mm, the test should be repeated. If identical results 
follow, the CBR corresponding to 5 mm penetration should be taken for design.  
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CBR test results depend on many factors such as dry density, moisture content, and types of 
soil therefore moulding the sample at a desired density is very important. CBR test conducted 
under OMC and MDD conditions which obtained from compaction tests [15,16,17]. The 
results are given in Table 4. CBR method gives more importance to the estimation of the 
strength of the subgrades and the pavement layers, while quality control of pavements relies 
more on the determination of in situ density and moisture content [3,18] 
 

Table 4. CBR test results 
 

Materials/ωopt/γdmax ω (%) γd (kg/m3) γd /γdmax (%) CBR (%) 

SG-1/15.0/1775 14.9 1760 99.2 22,5 

SG-2/16.0/1790 16.3 1790 100 8.6 

BS-1/5.1/2370 4.7 2360 99.6 135 

BS-2/4.8/2250 4.9 2230 99.1 112 

 
3.2 Repeated Load Triaxle Test (RLTT) 
 
AASHTO Pavement Design Guide (1993), in addition to other revisions, incorporated the 
resilient modulus (MR) concept to characterize pavement materials subjected to moving traffic. 
MR values may be estimated directly from laboratory testing, indirectly through correlation 
with other laboratory/field tests, or backcalculated from deflection measurements. The testing 
procedure for the determination of MR consists of the application of a repeated deviator stress 
(σd), with a constant cell pressure and measuring resilient axial strain. Under repeated load 
tests, it is observed that as the number of load cycles increases, the secant modulus increases. 
After a number of load cycles, the modulus becomes nearly constant, and the response can be 
presumed to be elastic. This steady value of modulus is defined as the resilient modulus (MR) 
[19]. 
 
Knowledge of the MR of the subgrade soils and materials that compose the layers of road 
pavements is mandatory for an efficient analysis of their structural behavior. In many 
countries, empirical design guides is being replaced with Mechanistic-Empirical (M-E) 
approaches. MR is one of the key material properties that are required for most of M-E 
pavement design of multi-layered flexible pavement system. As can be seen in many 
pavement design guide, MR is generally described as the ratio of applied deviator stress (σd) to 
elastic or resilient axial strain (εr). 
 
The actual resilient response of a material under repeated loading can be determined after a 
certain number of load applications since there would be considerable permanent deformation 
within the early stages. As the number of load applications increases, the plastic strain due to 
load repetition decreases [2]. The stress components in RLTT and typical elastic and plastic 
response of granular materials under repeated loads can be seen in Fig.1. The general view of 
RLTT used in this study is given in Fig.2. Dimensions of cylindrical specimen were 15x30 for 
base materials and 10x20 for subgrade materials. Resilient modulus of materials was 
determined according to stress conditions given in Table 5. 
 

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



  
 
Figure 1. Stress state in RLTT (left), elastic and plastic responses under repeated loads 

(right) [2] 
 

  
 

Figure 2. RLTT configuration and materials under test; base (left) subgrade (right) 
 

Table 5. Stress conditions for base and subgrade materials 
 

Base Subgrade 
Level σc  (kPa) σd (kPa) Load  

Repetitions 
Cond. 103 136 1000 

1 

34 

68 100 
2 102 100 
3 136 100 
4 238 100 
5 

69 

68 100 
6 102 100 
7 136 100 
8 238 100 
9 

103 

102 100 
10 136 100 
11 238 100 
12 284 100 
13 

138 

136 100 
14 238 100 
15 284 100 
16 318 100 

 

Level σc (kPa) σd (kPa) Load  
Repetitions 

Cond. 40 200 1000 
1 

25 

80 100 
2 100 100 
3 120 100 
4 120 100 
5 150 100 
6 

40 

180 100 
7 160 100 
8 200 100 
9 240 100 

10 200 100 
11 

50 

250 100 
12 300 100 
13 240 100 
14 300 100 
15 3
 0 100 

 

 
Granular materials show stress dependent behavior and the resilient modulus is generally 
given as a function of stress conditions. k-Q and UZAN are the most known and widely used 
models to estimate resilient modulus (Eq.1 and Eq.2, respectively). According the RLTT 
results, regression coefficients (k1, k2, k3) for both k-Ө and UZAN model were determined, 
and given in Table 6. To the scope of this study to compare the RLTT results with DCP test 
results, test materials should be expressed with a single modulus of elasticity. Models used to 
estimate the elastic modulus with DCP test results are generally associated with the resilient 
modulus test results in certain stress value. This values are σd = 104 kPa, σ3 = 35 kPa for 
granular base materials and σd = 41 kPa, σ3 = 14 kPa for subgrade materials.  
 

15x30 
10x20 
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MR = k1(θ/σ0)
k
2  ……………………(1) 

MR = k1(θ/σ0)
k2(σd/σ0)

k
3 ……………………(2) 

Where, 
σd: Deviator Stress, σ0: Reference Stress, θ: Bulk stress, and k1, k2, k3 are regression 
coefficients. 
 

  

 
Figure 3. Change of resilient modulus of materials with the applied stress; base 

materials (left), subgrade (right) 
 

Table 6. Regression coefficients for k-Ө and UZAN models and calculated modulus of 
materials 

 

Materials 

Regression Coefficients Modulus of Materials (MPa) 
σd=104; σ3=35 kPa for base materials 

σd=41; σ3=14 kPa for subgrade materials k-Ө Model UZAN Model 

k1 k2 k1 k2 k3 k-Ө UZAN 
SG-1 5.716 0.612 5.654 0.620 -0.007 85 85 
SG-2 9.528 0.377 2.663 1.677 -1.191 50 53 
BS-1 11.450 0.598 12.837 0.321 0.307 278 295 
BS-2 14.625 0.504 16.025 0.290 0.236 215 224 

 
3.3 Dynamic Cone Penetration (DCP) 

The DCP was initially developed in South Africa for in-situ evaluation of pavements. 
Afterwards, it has been used in South Africa, The United Kingdom, Australia, New Zealand 
and several states in the US for site characterization of pavement layers and subgrades [1, 2]. 
The DCP is non-destructive, fast, simple, economical and reliable testing method. The DCP 
has been proven to be an effective tool for assessing in-situ strength/stiffness of pavement and 
subgrade, and it can be used for Quality Control (QC) / Quality Assurance (QA). Moreover, it 
requires minimum maintenance, easy to access sites, and provides continuous measurements 
of in-situ strength/stiffness of granular pavement layers and subgrade without digging the 
existing pavement [3,21,22].  
 
The DCP consists of an upper fixed 575 m sliding road with and 8 kg falling weight, lower 
rod containing and anvil and a replaceable cone with an apex angle of 60 0 and 20 mm 
diameter [21,23]. A Schematic plan of DCP device and its operating principle is shown in Fig. 
4. The DCP is used by lifting and releasing a hammer from a standard drop height onto an 
anvil which drives a cone tipped rod into the ground. Prior to beginning the test steel/wooden 
stake is positioned next to the DCP and mark is made where the stake crosses the DCPs 
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horizontal handle. After each drop of hammer another marked is made on the stake using the 
same horizontal handle as the point of reference.  
 

   
 

Figure 4. DCP device (left), operating principle (middle), typical test result (right) [3,23] 
 
In this study, a large rigid steel mould used to construct granular pavements. Dimensions of 
the mould are 1.0 m (width) 1.4 m (length). It is possible to construct different pavement 
configurations up to 800 mm height by using different pavement materials and various layer 
thicknesses. Height of the mould is adjustable through the frames which can interlock with 
each other. Air dried materials were mixed with water (OMC) and laid in the mould 
maximum thickness to be 15 cm for subgrade and 10 cm for base materials. Layers were 
compacted with laboratory type vibration compacter. After compaction of each layer, 
compaction control was done by digging a density pit. In this study 20 cm base and 55 cm 
subgrade thicknesses were used. When subgrade and base layers were laid and compaction 
control was done, DCP test performed at specified point on the mould (Fig.5).  
 

   
a b c 

Figure 5. Compaction (a), compaction control (b), test (c) [3] 
 
The DCP penetration distance per drop (mm/blow) is known as the DCP penetration index (PI) 
or penetration rate (PR). The PI is used to estimate the shear strength and modulus of unbound 
materials using empirical relationships. Currently, the method for obtaining a PI value is 
varied, involving different numbers of seating drops and measurement drops. Generally, using 
three seating drops and five to ten measurement drops, depending on the material type, is 
recommended [24]. Since the thicknesses of layers are well known in this study, penetration 
index (PI) is calculated by division of total penetration depth to blow counts after removal of 
three seating drops. The penetration depth – blow counts graph and the PI values of materials 
are given in Figure 6. 
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Figure 6. Penetration depth – blow counts graph and DCP-PI values of materials 
 
4. Results and Discussion 
 
In this section the obtained results from different test were compared with the correlations in 
the literature and the results are discussed. 
 
4.1 CBR and DCP-PI Correlations 
 
A number of correlations have been developed between DCP-PI and CBR values. Kleyn 
(1975) and Harison (1983) have reported the results of preliminary researches on pavement 
evaluation using the DCP. Livneh (1989) performed a number of studies on exploring the 
correlations between the DCP and CBR test results. Investigations by Smith and Pratt (1983), 
Harison (1987), Chua (1988), Livneh and Ishai (1988), Livneh et al. (1992), Ese et al. (1994), 
Livneh and Livneh (1994) and Coonse (1999) have proved the reliability of the DCP in 
estimating the soil stiffness and its capability in estimating the CBR values more accurately 
[3,20,25]. Table 6 shows the models and estimated CBR values from DCP-PI.  
 

Table 7. CBR prediction models according to DCP-PI [3,20] 
 

Research Models 
CBR (%)Values Predicted By 

DCP-PI correlations 
SG-1 SG-2 BS-1 BS-2 

Kylen (1975) Log CBR = 2.62 – 1.27 log PI 10.7 5.8 82.5 55.8 
Smith and Pratt (1983) Log CBR = 2.555– 1.145 log PI 13.2 7.6 83.3 58.5 

Harison (1987) 
Log CBR = 2.70– 1.12 log PI 

Where PI < 10 mm/fall 
- - 120.1 85.0 

Ese et al (1994) Log CBR = 2.44– 1.07 log PI 12.6 7.5 70.4 50.6 
NCDOT (1998) Log CBR = 2.60– 1.07 log PI 18.2 10.9 101.7 73.1 
Coonse (1999) Log CBR = 2.53– 1.14 log PI 12.6 7.3 79.2 55.7 

Gabr et al (2000) Log CBR = 1.40–  0.55 log PI 5.1 3.9 12.5 10.5 

Nazal et (2003) 
CBR = 2559.44 / (7.35 +PI1.84) 
+ 1.04 where 6.31 < PI  <66.67 

12.2 5.1 - - 

Webster et al (1992) 
Log CBR = 2.465–  1.12 log PI 

or CBR=292/PI1.12 
11.5 6.7 70.0 49.5 

Livneh (1995) 
Siekmeier et al (2000) 

Chent et al (2001) 
CBR Test Results Laboratory Investigation 22.5 8.6 135.0 112.0 
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4.2 MR and CBR correlations 
 
Numerous models have been developed to predict resilient modulus (Mr) based on CBR test 
results. Table 8 shows some models and estimated MR values by using CBR results.  
 

Table 8. The Models Predict Mr according to CBR [26,27] 
 

Researchers Models 
Predicted MR values from CBR test results 
SG-1 SG-2 BS-1 BS-2 

Heukelom and Foster (1960) 10 CBR 225 86 1350 1120 
Green and Hall (1975) 38 CBR 0.711 348 176 1243 1089 

Ayres (1997) 21 CBR 0.65 159 85 509 451 
Lister (1987) 18 CBR 0.64 132 71 415 369 

Powel Et al (1990) 17.58 CBR 0.64 129 70 406 360 

RLTT results 
k-Ө Model 85 50 278 215 

UZAN Model 85 53 295 224 
 
4.3 MR and DCP-PI correlations 
 
Generally, models which were developed between DCP-PI and resilient (elastic) modulus use 
RLTT results but some of the models were developed by using alternative stiffness 
measurement device test results such as Light Weight Deflectometer (LWD). Materials used 
in previous studies may vary from fine graded subgrade soil to course graded base materials. 
If the models were developed by only fine graded soils then resilient modulus not calculated 
for base materials used in this study, or vice versa. 

 
Table 9. The models predict resilient (elastic) modulus according to DCP-PI [3] 

 

Researchers Models 
Resilient Modulus (Mpa) Predicted 

from laboratory DCP-PI 
SG -1 SG-2 BS-1 BS-2 

De Beer (1990) Es = 1176 (PI)-1.082 52 31 296 212 

Hassan (1996) MR= 7013.065-2040,783 ln(PI) 44 6 174 149 

Pandey et al (2003) MR= 357.87 (PI)-0.6445 56 41 157 129 

Gudishala (2004) MR= 415.4 (PI)-0.25 -- -- 302 280 

Lavoie (2005) MR= 348.3 (PI)-0.64 55 40 154 126 

Chen et al. (2005) Es = 537.8 (PI)-0.664 79 58 231 188 

Mohammed et al (2007) MR= 151.8 (PI)-1.096 44 26 259 185 

Siekmeier et al (2009) EPI = 10 3.04758-[1.06166 log (PI)] 52 31 288 208 

Gerorge and Uddin (2000) 

MR = 532,1(PI)-0,492  
For Fine Grained Materials 

MR = 235,3(PI)-0,475  

For Granular Materials 

129 101 128 111 

RLTT results 
k-Ө Model 85 50 278 215 

UZAN Model 85 53 295 224 

 
5. Conclusions 
 
In this study, series of laboratory tests were performed on two different types of base material 
and two different types of subgrade soil to determine their physical and mechanical properties. 
These materials compacted with various depths in 1.00x1.40 m steel boxes to simulate 
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granular pavements. The target densities were determined according to laboratory compaction 
test of each material. After the specimen compaction procedure DCP test was performed and 
the PI was defined for each layer according to DCP test results. The correlations in the 
literature were used to calculate the CBR and Elastic modulus of the layers. The calculated 
values compared with laboratory CBR tests and the Repeated Load Triaxle Test (RLTT) 
results.  
Good correlations observed with some DCP-BI/MR models and RLTT test results such as De 
Beer (1990), Chen et al. (2005), Siekmeier et al (2009), while some correlations observed to 
be significant differences. This is because of the stress dependent behavior of materials and 
differences of soil index properties such as grain size distribution, water content and density 
which directly affect to mechanical properties of soil samples. The correlations which 
consider the soil index properties may find a wider application area itself. More reliable 
results may obtain with models that take into account the soil characteristic properties. 
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