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1 INTRODUCTION 
 
Compaction is a widely used technique for the im-
provement of soil behavior in the practice of pave-
ment engineering. When a given soil does not pre-
sent adequate mechanical characteristics, the 
compaction process is used to improve these proper-
ties by increasing compactness with a consequent 
reduction in soil volume and voids. From the stand-
point of mechanical behavior, soil compaction is 
performed to achieve the desired characteristics in 
terms of increasing soil strength, dry density and 
modulus resilience. In addition, compaction enhanc-
es soil behavior in terms of reducing soil void ratio, 
and consequently it improves the compressibility 
and permeability. 

In this context, the control of the degree of com-
paction becomes extremely important in ensuring 
that compacted soil in the field acquires the same 
properties achieved in the laboratory (Heyn, 1986; 
Meehan and Hertz, 2012). Usually, the compaction 
process in the field is monitored and controlled 
through in situ measurements of the density and 
moisture content of the compacted soil layer. These 
measurements are carried out with the sand-cone 
method (ASTM D1556-07), the rubber balloon  
 

 
method (ASTM D2167-08), the drive cylinder test 
(ASTM D2937-10), or nuclear-based test devices  
(ASTM D6938-10). In Brazil, compaction control is 
usually achieved by determining the dry unit weight 
in the field through the sand-cone method (NBR 
7185/86) or through the California Bearing Ratio 
(CBR).    

The employment of the compaction technique in 
pavement projects is achieved by determining cer-
tain parameters through the compaction test. The test 
lets you set the optimum moisture content and max-
imum dry unit weight (dmax) for a given type of soil. 
With these parameters, the degree of compaction 
(DC) of the soil layer is defined (Eq. 1) and this val-
ue is compared to the value allowed in the project. 

maxd

dDC



  (1) 

 
where DC is the degree of compaction and d is the 
field dry density. 

Despite the established importance of compaction 
control, effective control is not always 
achieved. This is because cost, time and the required 
number of measurements are factors that can inter-
fere with the control stage (Belincanta and Reis, 
2008).  Therefore, the use of the dynamic cone pene-
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trometer (DCP) is presented as a good alternative for 
the indirect measurement of compaction quality. 
DCP equipment is portable, does not require other 
accessories for testing and provides a soil density es-
timate in less than 30 minutes. In addition, its appli-
cation in pavement projects is already well estab-
lished (ASTM D6951-03; Gabr et al., 2000; Salgado 
and Yoon, 2003; Herath et al, 2005) since this 
equipment has been widely used in determining the 
resistance to penetration in base and/or sub-base 
pavement layers. There are numerous empirical cor-
relations that seek to establish a behavior between 
the penetration index (PI) determined in DCP testing 
and the California Bearing Ratio (CBR). However 
there are still few studies that propose the use of the 
DCP for the control of compaction of soil layers in 
the field. 

This paper presents the results of a study using the 
dynamic cone penetrometer for the control of the ex-
ecution of foundation layers in road pavements. The 
use of the DCP was made with the proposal of an 
equation that relates the penetration index as a func-
tion of the dry unit weight and the soil moisture con-
tent. This study was conducted using soil typical of 
the northwest region of Paraná. The results were 
evaluated through calibration of the proposed equa-
tion using laboratory tests and dynamic penetration 
tests in the field, carried out in conjunction with dry 
unit weight determinations and corresponding mois-
ture content. In addition, laboratory CBR values 
were measured, permitting a better understanding of 
the results obtained in the study. 

 
2 DYNAMIC CONE PENETROMETER (DCP) 

TEST  
 

In order to contribute to the interpretation of the re-
sults of dynamic tests, the State University of 
Maringá (UEM) developed the design and construc-
tion of a dynamic cone penetrometer (DCP). This 
equipment follows the standard of the DCP devel-
oped in South Africa in 1956 (South African Pene-
trometer), with characteristics already commonly 
used in pavements.  Belincanta and Reis (2008) 
point out that the interpretation of DCP results has 
changed little over time, with the most current appli-
cation using correlations with CBR results. Thus, 
this study aims to contribute to a direct application 
for the control of compaction in the field. 

The penetrometer used in this research is made up 
of a set of 16mm steel rods, 1800mm in overall 
length. The tip is fitted with a 60° cone, 20 mm in 
diameter and 45 mm in height. The penetration rod 
has a total length of 1000 mm, while the guide rod 
has a length of 575 mm (Figure 1).The penetration is 
performed with the free fall of an 8 kg weight, which 
reaches the driving head. The test consists of free 
fall of the weight on the driving head, providing 
penetration of the conical tip in the soil (Silva Junior 

et al., 2005). The dynamic penetration index (PI) is 
defined as the penetration value measured for each 
blow of the weight. In this study, the PI value was 
considered to be the average of the penetration val-
ues for 10 consecutive blows of the weight. 
 

 
(a) DCP developed at UEM 

 
(b) Penetration test in progress 
 
Figure 1. Characteristics of the dynamic cone penetrometer test 
(Belincanta and Reis, 2008). 

 
3 PENETRATION INDEX (PI) FOR 

COMPACTION CONTROL PURPOSES   
 

The value of the penetration index (PI) is directly re-
lated to the dry unit weight d), such that, the greater 
the dry unit weight, the denser the soil will be, and 
consequently the lower the penetration per blow. In 
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addition, the PI index depends on soil moisture con-
tent, such that the higher the moisture content, the 
higher the value of PI. Since the technological con-
trol used in road pavement projects consists of de-
termination in the field of the degree of compaction 
of the soil and the soil moisture content, the DCP 
should use an equation that relates the three parame-
ters:  penetration index (PI), dry unit weight d) and 
soil moisture content (Edil et al., 2004). 

Through data collection conducted with DCP, Be-
lincanta and Reis (2008), observed that the penetra-
tion index is strongly influenced by the soil moisture 
content. They demonstrated that the penetration in-
dex (PI) is exponentially proportional to the soil 
moisture content and inversely proportional to the 
dry unit weight of the soil. Moreover, the greatest in-
fluence on the PI value is exerted by the soil mois-
ture content. Thus, the authors proposed a mathe-
matical equation that relates the penetration index 
(PI), the degree of soil compaction (DC) and the 
moisture content (Equation 2).The proposed equa-
tion also depends on the parameters of the compac-
tion curve, such as maximum dry unit weight dmax) 
and optimum water content (wop.). 
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where PI is the penetration index (cm/blow), d is the 
dry unit weight of the compacted soil (kN/m3), w is 
the soil water content (%); C1 and C2 are fit con-
stants for the equation for determining the dynamic 
penetration index. 

3.1 Calibration of the proposed equation 

 
This study aims to employ the equation proposed by 
Belincanta and Reis (2008) in the interpretation of 
results of field tests using DCP.  

The calibration of the equation was carried out 
through a series of field and laboratory tests per-
formed on the soil in the city of Bandeirantes, Para-
ná, Brazil. The soils of the northwest of Paraná come 
from the decomposition of sandstone (Arenito Cai-
uá). Due to the hot and humid climate, the thickness 
of these soils can reach 30 m. Typically, these soils 
present two distinct layers, one being superficial, 
well-evolved, lateralized and approximately 10 m 
thick. Below this layer is the weathered soil. The lo-
cation where the tests were performed presents a soil 
profile formed by of a top layer of lateritic silty clay, 
evolved from basaltic rock. It is characterized as a 
dark red latosol.  

The results presented here were obtained from 
tests performed on-site (Bandeirantes) and tests car-

ried out in the laboratory through the samples col-
lected in the field. Thus, the testing program was de-
veloped as follows: 

1. Dynamic Penetration tests using the DCP in a 
compacted soil layer for pavement purposes. PI val-
ues were determined from this test; 

2. At the same points where the PI values were de-
termined, tests were performed to determine the dry 
unit weight in situ. For this, we used the specimen 
method with the aid of a metal ring and the sand-
cone method (NBR 7185/86);  

3. Additionally, at the same points where PI val-
ues were determined, tests were conducted to deter-
mine the dry unit weight of the soil in situ. The de-
termination of the corresponding moisture content 
was carried out with the oven method (NBR 
6457/86). Therefore, the samples were properly 
packed for transport to the Soil Mechanics Laborato-
ry of the State University of Maringa. 

Besides the field tests described above, compac-
tion tests were conducted in the laboratory using 
standard energy (NBR 9895/87) and tests for the de-
termination of the California Bearing Ratio 
(CBR). The tests were performed for soil samples 
collected at three drilling sites. The results, summa-
rized in Table 1 indicated the following behaviors: 

 

Table 1. Summary of test results. 

California Bearing Ratio 
Compaction Test 

(Normal energy) 

CBR (%) CBR max (%) 
dmax 

(kN/m3) 
wop(%) 

10.1 - 13.2 22.2 - 24.7 16.1 - 16.5 22.2 - 24.7 

Average values 16.3 23.5 

 
1. The results of the compaction test, carried out 

using normal energy, indicated optimum moisture 
content (wop) values between 25.9 and 27.0%, and 
maximum dry unit weight dmax) values between 
16.1 and 16.5 kN/m3; 

2. The California Bearing Ratio, conducted at 
normal energy and corresponding to the optimum 
moisture content, indicated values between 10.1 and 
13.2%; and 

3. The maximum California Bearing Ratio 
(CBRmax) occurred frequently in the dry branch of 
the compaction curve, corresponding to moisture 
content values between 22.2 and 24.7% for normal 
energy. 

For the proposed equation, the average values of 
the maximum dry unit weight and optimum moisture 
content were used (Table 1). Analyses of the dynam-
ic penetration tests, compared with the laboratory 
tests, indicated that the maximum value of CBR oc-
curs in the dry branch of the compaction curve with 
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a standard deviation of 1 to 2.5% relative to the op-
timum moisture content. Despite the difficulties in 
analyzing the PI values in these conditions, there 
was evidence of good resistance to dynamic penetra-
tion, with the material classified as GP (poorly grad-
ed gravel) and presenting a good bearing capacity 
(high CBR). 

It is noteworthy that penetrometers, in terms of 
penetration index, are highly influenced by the mois-
ture content relative to the influence of the dry unit 
weight, that is, in detriment to the influence of the 
actual densification conditions in the field. Experi-
mental data conducted by Jeselay and Belicanta 
(2008) show the behavior of dry unit weight and 
moisture content in terms of penetration index.    

From the results it was possible to derive the cali-
bration for the constants C1 and C2 of the proposal 
presented by Belincanta and Reis (2008). Figure 2 
shows the results of the penetration index as a func-
tion of soil moisture content. The dry unit weight 
values were estimated using the sand-cone meth-
od. For the analyzed soil, the PI showed a behavior 
exponentially proportional to the moisture content, 
as highlighted by the authors. The resulting fit equa-
tion indicated values of 2.10 and 9.5 for C1 and C2, 
respectively (Equation 3). 
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The equation used to describe this behavior 
showed a good fit for the points measured in the 
field and compared with the laboratory results. The 
results indicate that the DCP has great potential for 
use in the control of the execution of pavement lay-
ers. 
 

 
 
Figure 2. Penetration index versus moisture content (Calibra-
tion Equation 2). 

 

3.2 Control of compaction 

 
The results of field and laboratory tests yielded an 
equation for estimating the degree of compaction in 
the field (DC) as a function of the penetration index 
(PI) and the moisture content in the field (w), as pre-
sented below.  Considering Equation 3 and using the 
average values of the results of the compaction test, 
such as a maximum dry unit weight of 16.3 kN/m3 
and maximum moisture content equal to 26.5% (Ta-
ble 1), we have: 
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The degree of compaction can be estimated directly 
using the following equation: 
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  (5) 

 
Equation 5 was used to graphically determine the 

region where the compaction conditions are accepta-
ble considering a degree of compaction greater than 
95%, as shown in Figure 3. In this way, the suitabil-
ity of the compaction conditions can be achieved 
more quickly by directly using a measure of the pen-
etration index relative to the moisture content in the 
field. This approach enables the use of dynamic pen-
etrometer, as a quick and effective way to control the 
compaction of soil layers in pavement projects.  
However it is noted that the research carried out to 
date (Belincanta and Reis, 2008) were performed in 
soils typical of northwest Paraná, Brazil. Therefore, 
the use of the DCP in compaction control requires 
calibration tests for each type of soil to be consid-
ered.  

Regarding the compaction process in the field, it 
is recommended that the layers should have maxi-
mum thickness of no more than 0.2 m in their final 
condition. The degree of compaction of basis layers 
should be at least 95%, with a moisture content 
slightly below the optimum moisture content (1% -
2%), i.e., the dry branch of the compaction curve. 
This is because the laboratory tests indicated that 
under these conditions the CBR presents above 20%, 
even reaching values close to 25%. . 
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Figure 3. Compaction control as a function of the PI and mois-
ture content, considering a degree of compaction greater than 
95%. 

 
4 CONCLUSION 
 
This study presented the results of the calibration of 
dynamic penetration tests performed with the DCP 
penetrometer type developed at the State University 
of Maringá (UEM). The results obtained through 
field penetration tests and laboratory testing allowed 
for the fit and calibration of an equation relating the 
penetration index, the dry unit weight and the soil 
moisture content.  

Data analysis shows that the proposal of Belincan-
ta and Reis (2008), for the use of the DCP in control 
of compaction in the field, has great application po-
tential. In this way, the control can be performed in 
situ by measuring the PI and soil moisture content, 
as they are directly related to the degree of compac-
tion of the layer. Furthermore, the results indicate 
that the PI value is inversely proportional to the de-
gree of compaction and that it is strongly influenced 
by the soil moisture content. The importance of the 
calibration of the equation parameters of the pro-
posed equation for other types of soil was noted, 
since the material presented in this study represent 
the behavior of soils typical of the northwest of Pa-
raná.    
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