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Introduction

To study a problem concerning with 
geotechnical aspect, one of the main fac-
tor that should be considered by the geo-
technical engineer during model prepara-
tion experimentally is obtaining soil strata 
properties in the prepared model close to 
that property of natural soil in-situ. Co-
hesionless soil can be defined clearly by 
its relative densities whereas the cohe-
sive soil is defined by compressibility. 
Many verified methods to prepare sandy 
soil specimens model in the laboratory 
are widely used at different geotechnical 
laboratories and research center around 
the world (Presti, Pedroni & Crippa, 
1992; Dave & Dasaka, 2012; Gade & Da-
saka, 2016; Aldefae, Shamkhi & Khalaf, 
2019; Aldefae & Saleem, 2020). One of 
the main characteristic and advantage of 

sandy soil specimen is “can be prepared 
experimentally in the laboratory at dry 
state”. Different techniques are performed 
and followed to verify the soil strata char-
acteristics of the prepared model and 
even in-situ (Juang, Huang, Holtz & 
Chen, 1996; Lunne, Powell & Robertson, 
2002; Sivrikaya & Tođrol, 2006; Schnei-
der, Randolph, Mayne & Ramsey, 2008; 
Al-Aayedi, Aldefae & Shamkhi, 2020).

Cone penetration resistance is very 
well known parameters that reveal the ac-
tual soil strength. It can be determined us-
ing the cone penetration test in which very 
important soil properties intended to help 
the engineers in the design earthworks and 
foundation for any structure. Direct results 
can be obtained in-situ as no borehole is 
required to perform this test. Based on the 
description detailed in the ASTM D3441-
-98 standard (American Society for Test-
ing and Materials [ASTM], 2012), the 
diameter of the exterior wall of the cone 
tube is about 3.6 cm with projected (base) 
area 10 cm2 and it has an inclined side 
slope cone of 60°. Cone tip resistance (qc) 
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represents the developed soil resistance 
by the cone to the penetration (the gov-
erned force divided by the projected area) 
whereas the frictional (sleeve) resistance 
(fc) represents the frictional force devel-
oped along the sleeve (above the cone) 
due to local surrounding soil divided by 
the surface area of the sleeve. Both forces 
and stresses are the main two forces and 
stresses components that represent the to-
tal cone resistance.

Experimentally, the different cone 
models were designed and many tests are 
performed to investigate the sandy soil re-
sistance under 1 g (Zhuang & Yu, 2018) 
and even in a centrifuge using control-
led installation system (Kim et al., 2014; 
Darby, Bronner, Para Bastidas, Boulanger 
& De Jong, 2016; Zhou et al., 2019). Six 
millimeter small scale penetrometer mod-
el was designed, manufactured and tested 
new 6 mm cone penetrometer (Kutter 
et al, 2017; Carey et al., 2018).

There are many correlations have 
been developed to investigate the cone 
resistance from main soil properties. For 
cohesionless soil, and because the mean 
particle size and the relative density 
plays a significant role in the soil resist-
ance. The frictional resistance ratio (i.e. 
the sleeve resistance divided by the tip 
resistance – fc/qc), for both electrical and 
mechanical cone from the mean parti-
cle size of the soil particles (i.e. D50) is 
computed by Anagnostopoulos, Koukis, 
Sabatakakis and Tsiambaos (2003) as 
follows:

501 45 1 36 logrF D= ⋅ − ⋅

(for electrical cone)  (1)

500 7,811 1 611 logrF D= ⋅ − ⋅

(for mechanical cone) (2)

From Eqs. (1) and (2), it was observed 
that the sandy soil has large tip resistance 
with small frictional ratio (Zervogian-
nis, Bouckovalas & Christoulas, 1987). 
Similar behavior has been concluded by 
Carey, Gavras and Kutter (2020).

New empirical equation to determine 
the relative density from the cone resist-
ance has been proposed after many ex-
perimental tests (Campanella, Robertson 
& Gillespie, 1983) as follows: 
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where:
A, B –  imperial correlations coefficient 

as proposed by Jamiolkowski, 
Lo Presti and Manassero (2003),

σ’o – vertical effective stress.

Other correlation equation between 
the relative density of sandy soil and 
the cone resistance has been proposed 
by Kulhawy and Mayne (1990) as 
follows:
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where:
Pα – atmospheric pressure (≌ 100 kPa).

The drained angle of internal friction 
of sandy soil has been determined also 
using Eq. (5) as described by Campan-
ella et al. (1983).
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Other two empirical correlations 
equations between the drained friction 
angle for poorly graded sandy soil with 
silt (SP-SM) and the cone resistance have 
been presented by Ricceri, Simonimi and 
Cola (2002) and Lee, Salgado and Car-
raro (2004) respectively, as follows:
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In this paper, mini cone penetration 
test is performed on different relative den-
sities models to investigate how 
the cone penetration resistance 
of sandy soil are significantly 
influenced by the some physi-
cal and drained shear strength. 
The experimental tests were per-
formed at the University of Wasit, 
geotechnical laboratories of the 
Engineering Faculty. New equa-
tions are proposed based on the 
obtained results and were com-
pared with well-presented previ-
ous studies which were explained 
in the introduction above.

Small scale cone 
penetrometer 
model

Small scale penetrometer is 
designed and manufactured at 
the geotechnical laboratory of 
engineering faculty to achieve FIGURE 1. Small scale penetrometer

50 cm embedded length within the soil 
layers model. It has 10 mm diameter and 
0.5 kN mini load cell is connected at the 
end (tip) of the cone to investigate the 
tip or bearing cone resistance. The cone 
is manufactured from similar steel prop-
erties that were used in designing of the 
in-situ penetrometer. Another load cell 
(5 kN in diameter) is connected at the 
top of the penetrometer which connect-
ed within the installation and loading 
machine to inspect the behavior of the 
total cone resistance (including the fric-
tional resistance and the tip resistance). 
Figure 1 shows the small scale pene-
trometer model with load cells and slip 
ring (used in screw piles test which is not 
mentioned in this paper).
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Model preparation and loading 
machine

Fine silica sand has 0.17 mm mean di-
ameter size (i.e. D50) is used in the model 
preparation utilizing 0.8 × 0.8 × 0.7 m 
steel container that was designed and 
fabricated by Aldefae et al. (2019) pre-
viously (Fig. 2). To achieve the desired 
relative density for each test in cohesion-
less soil, mechanical pluviator that was 
designed and manufactured in the geo-
technical laboratory at the University of 
Wasit by Aldefae and Saleem (2020) is 
used. Similar procedure during the model 
preparation that was commonly used in 
the pluviation technique is followed here 
(Al-Aayedi et al., 2020). The prepared 
and tested models under many relative 
densities are inspected during the cone 
penetration tests to investigate how the 
soil strength is strongly influenced by 
the relative density. The tested models 

relative density ranges between loose to 
dense states. A universal loading machine 
(ULM) is used to perform the CPT tests 
under a displacement rate of 4 mm·min–1 
(Fig. 2). In the prototype scale, the stand-
ard displacement rate for CPT tests is 
around 1,000 mm·min–1, as described in 
the ASTM D3441-98 standard, which is 
totally different from the displacement 
rate in the model scale here. In spite of 
that, the cone penetration resistance in 
cohesionless soils is not strongly influ-
enced by the displacement of the penetra-
tion machine as investigated carefully by 
Dayal and Allen (1975).

Soil strength in term of the penetrom-
eter resistance (qu) and the relationships 
between both the ultimate cone resistance 
with the relative density (Dr %) and the 
drained angle of internal friction (φ’) have 
been determined and simple empirical 
equations are introduced between these 
parameters. Then, comparisons with dis-

FIGURE 2. Loading rig machine and cone penetrometer
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covered parameters from previous studies 
have been conducted with the parameters 
that were obtained from this paper.

Results and discussion

Penetrometer resistance results

Seven cone penetration tests are con-
ducted in on cohesionless soil (sandy 
soil). Wide ranges of relative density are 
considered in the test procedure by prep-
aration the models using the pluviator 
technique that was mentioned earlier in 
this paper. These relative densities have 
been represented the full density status 
for sandy soil (loose, medium, dense and 
very dense state). One cone penetration 
test is conducted for each test and the 
cone penetrates the soil at the center of 
the container and far from the contain-
er’s side walls to prevent any boundary 
effect may develop due to the soil defor-
mation. The penetration resistance 
results for identifying the variation 
of the soil strength within different 
soil relative density is illustrated in 
Figure 3. It should be noticed from 
the figure that the cone element pen-
etrates the soil layer in the container 
up to 45 cm. Maximum penetrometer 
stroke is limited to be 47 cm and the 
machine is controlled to be stopped 
suddenly using digital draw wire to 
prevent any damages that may occur 
for the ball screw system.

The relative density effect is 
shown clearly as the cone resistance 
increases with depth once the rela-
tive density increases. High relative 
density has maximum cone resist-
ance and it was three times the cone 

resistance in case of loose state (low den-
sity). This behavior can be attributed to 
the large void ratio in case of loose state 
and the downward and lateral movement 
of the soil particles occurs in low resist-
ance while this resistance is going to in-
crease sharply because of the soil parti-
cle interlocks when the cone penetrates 
the soil layers.

This behavior is compared with what 
was observed by Gade and Dasaka (2017) 
at dense state (i.e. 40 and 80% Dr) though 
the depth of penetration was 35 cm at 
previous study. Very close variation with 
depth of cone resistance between the 
measured and the art-of-literature values 
and this support what was discovered 
here in this paper. It can be seen that 
there is the slightly different trend in the 
measured value at low density (i.e. 40% 
Dr) at moderate stress level (i.e. 25 cm 
depth as shown in Fig. 3) whereas very 
close for the measured ultimate value at 
the final depth (i.e. 38 cm).

FIGURE 3. Cone penetration results of full range of 
relative density
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Sleeve (frictional) resistance results

To determine the sleeve or frictional 
resistance (fc) for different relative den-
sities in this study, Eq. (2) is used as the 
cone model represents a mechanical 
cone. Frictional resistance ratio is cal-
culated first which is constant because 
it is a function of the mean particle size 
(D50). The measured ultimate cone re-
sistances from the tested models at the 
maximum penetration are used then to 
calculate the sleeve or frictional resist-
ance for each case (i.e. the wide range 
from low to dense state). Figure 4 shows 
the effect of the relative density on the 
calculated sleeve resistance. It can be 
seen also that the calculate sleeve resist-
ance, tacitly, is small comparing with 
the measured cone resistance for all the 
range of the tested densities. This finding 
is consistent with what was discovered 
by Anagnostopoulos et al. (2003) when 
they noticed that the sandy soil has small 
frictional resistance. Accordingly, as 
shown in Figure 4, the frictional resist-
ance ratio is (14%) approximately; thus, 

the calculated sleeve resistance is around 
14% of the ultimate cone resistance at 
maximum penetration.

Angle of internal friction effect 
on the cone resistance

The angles of internal friction are de-
termined using the basic direct shear test 
for dry sandy soil according to the wide 
range of the selected relative density (to 
cover the sandy soil status as mentioned 
before). It can be seen from Figure 5 that 
the cone penetration resistance increases 
from 1,000 to approximately 2,800 kPa 
as the angle of internal friction increase 
from 31.6 to 41.8°. It could be seen also 
that the variation of the cone resistance 
was about 180% and this is not surpris-
ing us as the sandy soil changed from the 
critical state (i.e. low strain level) to the 
peak state (i.e. at large strain level) and 
we have to say here that the dilation for 
the sandy soil effect has a significant ef-
fect on the measured cone resistance.

It is not true to say that both the inter-
nal friction angle and the dilation effect 

FIGURE 4. Effect of relative density variation on tip and sleeve cone resistance
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on the cone resistance are detached as 
discovered by Puebla, Byrne and Philips 
(1997). The overlapping between two 
parameters are significant and the most 
increasing in the cone penetration resist-
ance as a results of the developing of the 
dilation which is very important param-
eter in sandy soils.

Calculated and measured 
cone penetration 
resistance 

To predict the obtained 
results of the cone resist-
ance, Eq. (5) is used in this 
paper. Excellent agreement 
can be seen in Figure 6 be-
tween the measured and cal-
culated cone resistance. It 
should be seen noticed that 
this agreement between the 
calculated cone resistance 
and measured values cannot 
say it is under predicted or 

over predicted and it can only say that 
its slightly over predicted at low cone 
resistance (low to medium dense state) 
and under predicted at high cone resist-
ance (dense state). This can be attributed 
to the confinement stresses increasing 
at large cone resistance (2,000 kPa and 
above). This behavior is consisted with 

FIGURE 5. Effect of angle of internal friction on cone resistance

FIGURE 6. Measured and calculated cone resistance
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the main finding discovered by Ahmadi, 
Byrne and Campanella (2005).

On the other hand, the over predic-
tion of the measured cone resistance (i.e. 
below 1,500 kPa) can be attributed to the 
difficulties of achieving the boundary 
condition as the radial displacement can-
not be controlled to be zero at the con-
tainer boundary during the test and this 
behavior is exactly with what Salgado, 
Jamiolkowski and Mitchell (1998) came 
up with.

Comparison of the measured cone 
resistance

The obtained experimental results 
from the cone model penetration tests 
are compared with three different fields, 
numerical and experimental results se-
lected carefully from many previous 
studies as shown in Figure 7.

It can be seen from Figure 7 that the 
cone resistance increases as the angle of 
internal friction increase. Actually this 
is not surprising as the relative density 

increases with the angle of internal fric-
tion. The “very well” finding here is the 
trend of the results in this paper compar-
ing with results of field test (Campanella 
et al., 1983) and experimental (Ricceri 
et al., 2002) as well as numerical study 
(Lee et al., 2004). The convergence 
of these results with slightly under or 
over predicting can be attributed to the 
boundary condition of the problem that 
have been considered very well during 
the test particularly the cone penetration 
rate, the sandy soil layers model prepa-
ration as well as the boundary effects 
from the walls of container to the cone 
model.

Conclusions

The cone penetration test is one of 
the quick geotechnical tests that are 
widely used to investigate the soil layers 
strength characteristics for non-cohesive 
soil. The main conclusions can be listed 
as follows:

FIGURE 7. Comparison of measured cone resistance with previous obtained values
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1. The small scale penetrometer mod-
el tests results replicated the actual 
strength behavior of sandy soil by 
comparing the experimental results 
with art-of-literature or previous 
field and numerical results.

2. The cone resistance results are in-
creased up to 160% when the soil 
density changed from loose to medi-
um dense state (1 MPa at loose state 
to 1.6 MPa at dense state). Whereas 
it increased to 280% when the den-
sity characteristics changed to dense 
state (2.8 MPa at dense state).

3. The cone resistance is strongly influ-
enced by the angle of internal fric-
tion as the values increased sharply 
when the soil changed from the low 
density (i.e. φ ≅ 31 · 5°) to dense 
state (i.e. φ ≅ 42°).

4. The sleeve resistance is small com-
paring with the tip cone resistance 
(around 15%) and this is consistence 
with fact of cohesion-less soil.
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Summary

Verification of strength resistance of 
sandy soil using small scale penetrometer 
tests. This study focuses on utilizing cone 
penetrometer models to determine strength 
(resistance) of sandy soil and also assess-
ment how the relative density and the angle 
of friction effects on the measured cone pen-
etration resistance in sandy soil. Simple em-
pirical equations are used also to determine 
the cone penetration resistance components 
such as the sleeve resistance and the tip re-
sistance. Simple comparison is performed 
between the measured and calculated soil 
strength and well agreement is noticed be-
tween them.
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