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1 INTRODUCTION

Typical earthwork compaction acceptance criteria 
are based on the specified target dry density of the 
placed earthen materials achieved through appropri-
ate moisture content. According to this approach, by 
achieving a certain dry density using an acceptable 
level of compaction energy assures attainment of an 
optimum available level of structural properties and 
also minimizes the available pore space and thus fu-
ture moisture changes. Conventional approach is al-
so based on the premise that monitoring dry density 
as opposed to a structural property is relatively sim-
ple and can be applied to generate data for a statisti-
cal evaluation of compaction quality. 

The difficulty and expense of acquiring quality 
relevant structural properties have traditionally 
caused engineers to rely on density tests. The rela-
tive compaction (RC) alone is not a reliable indica-
tor of the structural properties of compacted earthen 
materials. In addition, the RC is only a quality index 
used to judge compaction acceptability and is not 
the most relevant property for engineering purposes.  
For engineered earth fills and special engineering 
assessment, the ultimate engineering parameters of 
interest are often the stiffness and strength, which 
are direct structural properties for determining load 
support capacity and deformation characteristic in 
engineering design (Edil & Sawangsuriya 2005). 

Since the non-uniformity of structural property is 
directly related to progressive failures and life-cycle 
cost, a simple, rapid, and direct structural property 
testing which can be conducted independently and in 
companion with conventional moisture-density test-
ing without interference with the construction pro-
cess is anticipated to increase test coverage, to im-
prove statistical evaluation, and to reduce 
variability, thus substantially enhance construction 
quality control of the entire earth fills. In-place as-
sessment of structural properties, e.g. stiffness and 
strength, of earthen materials has become widely 
available in the transportation geotechnics (Edil & 
Sawangsuriya 2006). This paper presents the im-
plementation of strength index from the dynamic 
cone penetrometer (DCP) in conjunction with the 
conventional density and moisture content meas-
urements for construction quality control and struc-
tural performance of compacted unbound materials. 

2 DCP PENETRATION INDEX FOR 
EARTHWORK CONSTRUCTION QUALITY 
CONTROL

The DCP is simple, rugged, economic, and capable 
of providing a rapid in-place index of strength of 
unbound materials during road construction in Thai-
land. It measures the material resistance to penetra-
tion while the cone of the device is being driven into 
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the pavement structure. The number of blows during 
operation was recorded with depth of penetration.  
The slope of the relationship between number of 
blows and depth of penetration (in millimeters per 
blow) at a given linear depth segment was recorded 
as DCP penetration index (DPI) (Sawangsuriya & 
Edil 2005). 

Since DCP testing is basically a measure of pene-
tration resistance, expressed as DPI, the analysis of 
the DCP data must be interpreted to generate a rep-
resentative value of penetration per blow for the ma-
terial being tested. In this study, such representative 
value can be obtained by averaging the DPI across 
the penetration depth of 150 mm, i.e., a typical lift 
thickness during field compaction process. Two 
methods of calculating the representative DPI value 
for a penetration depth of 150 mm are: (i) arithmetic 
average and (ii) weighted average (Sawangsuriya & 
Edil 2005). Since the weighted average method 
yields narrower standard deviation for the repre-
sentative DPI value and provided better correlations 
to other field tests than the arithmetic average meth-
od based on field data available, the weighted aver-
age method is therefore adopted to calculate the rep-
resentative DPI value in this study. The weighted 
average method can be obtained as follows: 
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where z is the penetration distance per blow set 
and H is the maximum (overall) penetration depth.  
According to Thailand Department of Highways 
(DOH)’s quality control criteria and construction 
specifications, Wachiraporn et al. (2010) recom-
mended the DCP for assessing the structural uni-
formity of layer thickness and routine earthwork 
quality control evaluation in companion with the 
conventional moisture-density control test during 
pavement construction in Thailand. Wachiraporn et 
al. (2013) suggested an adoption of the DCP as a 
mechanistic quality control tool during pavement 
construction as well as future development for per-
formance specifications. Based on their studies con-
ducted in the laboratory test box and in the field tri-
al, the DCP provided instantaneous in-place strength 
index monitoring in term of DCP penetration index 
(DPI) for construction quality control and also ex-
hibited good potential for quality control monitoring 
of the earthen materials. In addition, Wachiraporn et 
al. (2013) studies suggested that the CBRs estimated 
from the DCP were considerably smaller than the 
field CBRs (ASTM D4429), while the laboratory 
unsoaked CBR (ASTM D1883) tended to give the 
highest value. 

3 TESTING PROGRAM  

3.1 Laboratory Test Box 

A laboratory test box has a dimension of 
0.60x0.60x0.25 m3. Disturbed samples including: 
(1) subgrade, (2) soil-aggregate subbase, and (3) 
crushed rock base were collected from a pavement 
construction site, Highway no. 3011: Ban Rai – Ban 
Tai section, Uthai-thani province, Thailand. Their 
basic properties, classification, and compaction 
characteristics are summarized in Table 1. Both la-
boratory and field CBRs were respectively conduct-
ed in accordance with the ASTM D1883 and the 
ASTM D4429 and reported herein. 

In this study, each sample was prepared at three 
varied moisture contents including one near the op-
timum moisture content (OMC). The sample was 
compacted in layers for a total of five layers (e.g. 50 
mm thick per layer) using a 14-kg concrete block 
connected to a steel rod. The impact compaction 
procedure was manually and uniformly applied at 
50, 100, 300, and 550 blows per layer with a drop 
height over 250 mm. After the compaction, four 
moisture-density measurements were made using the 
nuclear moisture-density gauge (NG) (ASTM 
D6938), followed by four DCP measurements. The 
NG measurements were made along the middle 
lines, while the DCP measurements were made 
along the diagonal lines of the test box. Both NG 
and DCP tests were kept at a distance of about 150 
mm away from the center. 

3.2 Field Trial 

A field trial selected in this study was conducted at a 
pavement construction site, Highway No. 3011: Ban 
Rai – Ban Tai section, Uthai-thani province, Thai-
land. This field trial had a total length of about 30-
40 m with less than 2.5 m width. The pavement 
structure of this highway consisted of 10-cm thick 
hot mixed asphalt, 20-cm thick crushed rock base, 
and 20-cm thick soil-aggregate subbase over the 
compacted subgrade. A series of tests were per-
formed on three types of unbound materials includ-
ing: (1) subgrade, (2) soil-aggregate subbase, and (3) 
crushed rock base. The properties of these materials 
are summarized in Table 1. 

During the compaction procedure, the unbound 
material from the stockpile was first spread out by a 
motor grader. Loose layer with thickness of 170-180 
mm was compacted to the compacted layer thick-
ness of 150 mm. Two compaction equipment of dif-
ferent capacities included a vibratory roller and a 
pneumatic tire roller. The compactors were driven 
slowly forward to the end of the section and then re-
versed along the same track. A water tanker was 
used to moisten the material when necessary. 
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Table 1.  Properties of disturbed samples for the laboratory test box and field trial. 

Properties 

Subgrade Subbase Crushed Rock Base 

Field Trial Test Box Field Trial Test Box Field Trial Test Box 

AASHTO Classification 
A-7-5 A-7-5 A-2-6 A-2-6 A-2-4 A-2-4 

75.0 (3") - 100 - 100 - 100 

50.0 (2”) 100 100 93.1 93.1 100 100 

38.0 (1-1/2") - - - - - 100 

25.0 (1”) 95.8 95.8 71.9 71.9 100 100 

19.0 (3/4”) - - 65.8 65.8 86.2 86.2 

9.5 (3/8”) 88.2 88.2 - - 65.5 65.5 

#4 85.2 85.2 27.5 27.2 52.4 52.4 

#10 78.6 78.6 20.4 20.4 34.5 34.5 

#20 - 64.9 - 15.0 - 20.0 

#40 54.5 54.5 - 11.4 14.2 14.2 

#60 - 50.7 - - - 12.7 

#100 - 44.9 - 10.3 - 11.1 

#200 41.3 41.3 8.9 8.9 9.8 9.8 

D10 (mm) 4.5x10-4 4.0x10-4 0.1 0.1 0.1 8x10-2

D30 (mm) 1.5x10-3 1.0x10-2 5.1 2.1 1.6 1.6 

D60 (mm) 0.6 0.6 10.6 16.8 7 7.5 

LL (%) 41 41 27 27 19 19 

PI (%) 14 14 19 19 9 8 

Wopt (%) 13.2 13.2 8.5 8.5 6.8 6.8 

Max dry unit weight (kN/m3) 18.6 18.6 20.6 20.6 23.5 23.5 

Gs 2.65 2.65 2.68 2.68 2.77 2.77 

Soaked CBR (%) 18 21 42 35 68 68 

Field CBR (%) 29 27 53 37 57 41 

Swell (%) 6.6 6.6 0 2.5 0.3 0.3 
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After the compaction procedure, the DCP and the 
NG were conducted instantaneously at five test loca-
tions for each material type. At most two NG meas-
urements were made first following by a single DCP 
measurement per one test location. Every measure-
ment was made at the adjacent location. 

4 RESULTS AND ANALYSIS 

4.1 DCP Penetration Index and Density-Moisture 
Relationship 

Figure 1a shows the relationship of RC (i.e., relative 
compaction, RC defined as the ratio of the field dry 
unit weight divided by the laboratory maximum 
standard Proctor dry unit weight) to the deviation of 
moisture content from the respective optimum mois-
ture content (w-wopt) for each of the unbound mate-
rials tested in the laboratory text box. The RC of la-
boratory compacted samples in the test box ranged 
from 75 to 95% with moisture content deviation var-
ied from -5% to 8% of the optimum moisture con-
tent, whereas those data in the dashed box indicated 
some subgrade data compacted at the very wet side 
of optimum (i.e., moisture content deviation of about 
8% of the optimum moisture content). The DPI vs. 
RC and the DPI vs. (w-wopt) plots for laboratory 
compacted samples in the test box are respectively 
illustrated in Figures 1b and 1c. Excluding those da-
ta compacted at the very wet side of optimum, DPI 
exhibited strong dependency on both RC and mois-
ture content as DPI varied from 10 to 50 mm/blow 
for a moisture content deviation of about ±4% of the 
optimum moisture content and RC ranging from 75 
and 95%. 

(a) 

(b) 

(c) 

(c) 

(d) 

Figure 1.  State of density and moisture relationship (a), DPI – 
state of density relationship (b), DPI – moisture relationship 
(c), and normalized DPI – relative compaction for laboratory 
test box (d). 

Figure 2a shows the relationship of the RC to (w-
wopt) from the field trial. Most of the RC of field 
compacted unbound materials are ranged from 85 to 
100% with moisture content deviation ranging from 
-3% to 7% of the optimum moisture content. Fur-
thermore, RC decreased with increasing w-wopt.
Figures 2b and 2c show the variation of DPI with 
RC and the variation of DPI with (w-wopt), respec-
tively for the field trial. Strong dependency of DPI 
on both RC and (w-wopt) was evident as DPI varied 
from 6 to 20 mm/blow for RC ranging from 85 to 
100% and moisture content deviation ranging from -
3% to 7% of the optimum moisture content. Of 

70

75

80

85

90

95

100

-5.0 0.0 5.0 10.0

RC
 (%

)

W‐Wopt (%)

Subgrade

Soil‐Aggregate Subbase
Crushed Rock Base
Wopt +/‐1%

8% Wet of Opt

1

10

100

1000

70 75 80 85 90 95 100

DP
I 15

0 
m
m
 (m

m
/b

lo
w
)

RC (%)

Subgrade

Soil‐Aggregate Subbase
Crushed Rock Base
Wopt +/‐1%8% Wet of Opt

1

10

100

1000

-5.0 0.0 5.0 10.0

DP
I 15

0 
m
m
 (m

m
/b
lo
w
)

W‐Wopt (%)

Subgrade

Soil‐Aggregate Subbase
Crushed Rock Base
Wopt +/‐1%

8% Wet of Opt

‐50.0

‐40.0

‐30.0

‐20.0

‐10.0

0.0

10.0

20.0

30.0

40.0

50.0

70 75 80 85 90 95 100

DP
I 15

0m
m
/W

‐W
op

t

RC (%)

Subgrade

Soil‐Aggregate Subbase
Crushed Rock Base

8% Wet of Opt

*Data 
Excluding 
Optimum 
Moisture 
Content

720



course, there are other factors that may affect DPI 
such as dry unit weight, microstructure, and they 
cause the spread in DPI for a given moisture con-
tent. 

(a) 

(b) 

(c) 

(d) 

Figure 2.  State of density and moisture relationship (a), DPI – 
state of density relationship (b), DPI – moisture relationship 
(c), and normalized DPI – relative compaction for field trial 
(d). 

4.2 Normalized DPI vs. Relative Compaction 

As aforementioned, both moisture content and dry 
unit weight play significant role on its DPI and their 
effects are hard to uncouple.  To account for the ef-
fect of moisture content, DPI is divided by (w-wopt),
which is called the normalized DPI and is plotted 
against RC.  The plot of normalized DPI vs. RC is 
shown in Figure 1d for the unbound materials tested 
in the laboratory text box.  Although most of the 
normalized DPIs fell within the constant limits, 
there were some normalized DPIs falling outside the 
limits.  These suggested that the materials compact-
ed in the laboratory test box were subjected to either 
improper compaction control process or excessive 
moisture content used and consequently less struc-
tural uniformity and performance of compacted un-
bound materials. 

For the field trial, it was obvious that all the nor-
malized DPIs fell within the constant limits.  These 
indicated the pavement construction had proper 
compaction control and the materials exhibited more 
structural uniformity as shown Figure 2d.  The nor-
malized DPIs varied fairly little with RC for the 
field compacted unbound materials having the con-
stant values between -10.0 and 10.0.  It should be al-
so noted that those data set having moisture contents 
near the optimum moisture content (-1% < w-wopt < 
1%) were excluded from the plot as they were theo-
retically in the optimum state of density and mois-
ture.  Based on the results obtained in the laboratory 
test box and the field trial, it is observed that the ef-
fect of dry unit weight of the compacted unbound 
materials on DPI is relatively minor compared to 
moisture content. 
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5 SUMMARY AND CONCLUSIONS 

This paper presents the implementation of DCP in 
conjunction with conventional moisture-density 
measurements for construction quality control as 
well as structural performance of unbound materials.  
The outcome of this study can also provide a link 
between the construction testing and the designed 
pavement structural property.  Use of the convenient 
DCP in companion with conventional moisture-
density measurements enhances quality control by 
achieving more uniform structural property and aids 
developing a controlled design parameter during the 
construction stage.  DPI normalized by the deviation 
of compaction moisture content from the optimum 
moisture content is proposed as performance criteria 
for a variety of compacted unbound materials.  
These include: (1) the normalized DPI shall be pre-
specified for each compacted unbound materials 
tested in the field trial, (2) the relative compaction 
shall conform to the specified target level of com-
paction, and (3) the moisture content values near the 
optimum moisture content (i.e., -1% < w-wopt < 1%) 
are not considered in this criteria as they are theoret-
ically in the optimum state of density and moisture.  
The normalized DPI falling within the pre-specified 
limits ensures proper compaction quality control and 
consequently structural uniformity of compacted 
unbound materials. 
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