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Abstract. The California Bearing Ratio (CBR) value of the soils is very important for
geotechnical engineering and earth structures. A CBR value is a�ected by the soil type and
di�erent soil properties. With this in view, in this paper, an attempt has been made for
investigating the factors that a�ect the CBR values of some Aegean sands collected from
nine di�erent locations in Manisa (Turkey). The sand samples were tested for mineralogy,
particle shape and size, and speci�c gravity. The CBR tests were then performed on these
samples at di�erent dry densities to examine the in
uence of dry density, relative density,
water content, and particle shape and size on the CBR value. Multiple Regression Analysis
(MRA) was performed to predict the CBR value of the sands by using the experimental
results. Moreover, several performance indices, such as coe�cient of correlation and
variance account for mean absolute error and root mean square error, were calculated
to check the prediction capacity of the proposed MR equation. The obtained indices make
it clear that the equation derived from the samples used in this study applies well, with an
acceptable accuracy, to the CBR estimation at the preliminary stage of site investigations.
© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

The California Bearing Ratio (CBR) has been acknowl-
edged as a signi�cant parameter to characterize the
bearing capacity of earth structures, such as earth
dams, road embankments, airport runways, bridge
abutments, and pavements [1]. The CBR is described
as 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 [2]. The CBR tests
can be carried out either in the laboratory or in the
�eld [3]. In the laboratory, the CBR test is typically
accomplished on compacted soil samples, while in the
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�eld, the CBR test is carried out on a ground surface
or on a level surface excavated in a test pit, trench, or
bulldozer cut [4]. The CBR test results are very valu-
able for geotechnical engineering and earth structures
such as earth dams, highway embankments, bridge
abutments, and the �lls behind retaining walls [5]. A
CBR value is in
uenced by the type of soil and di�erent
soil properties [6]. Many investigators (e.g., [7-21])
have performed studies to demonstrate the in
uence of
soil types and characteristics on the CBR values. The
CBR value has also been connected empirically with
resilient modulus and a variety of other engineering soil
properties [20].

In this paper, an attempt has been made for
investigating the factors that a�ect the CBR value of
some Aegean sands, which were collected from nine
di�erent locations in Manisa (Turkey), as depicted in
Figure 1. These samples were tested for mineralogy,
particle shape and size, and speci�c gravity [22]. The
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Table 1. Physical and compaction characteristics of the sand samples [22].

Sample Gs emax emin
wopt
(%)

D10

(mm)
D50

(mm)
Cu Cc

Uni�ed soil
classi�cation

A 2.68 0.90 0.47 13.9 0.94 1.50 1.92 0.88 SP
B 2.68 0.96 0.56 11.0 0.88 1.23 1.58 0.91 SP
C 3.24 0.75 0.28 12.2 0.17 0.77 5.91 1.39 SP
D 2.67 0.92 0.57 11.8 0.12 0.45 4.76 1.78 SP-SM
E 2.56 0.87 0.51 13.4 0.87 1.26 1.68 0.90 SP
F 2.67 0.90 0.24 2.6 0.29 0.81 3.53 1.12 SP
G 3.57 1.07 0.62 9.9 0.60 1.25 2.53 1.09 SP
H 3.30 1.04 0.54 14.4 0.91 1.39 1.78 0.89 SP
I 2.48 0.76 0.39 7.2 1.51 1.10 2.62 1.10 SP

Figure 1. Location map of the study area [22].

CBR tests were then performed on these samples with
di�erent dry densities and the in
uence of dry density,
relative density, speci�c gravity, water content, and
particle shape and size on the CBR value was exam-
ined [22]. In addition, Multiple Regression Analysis
(MRA) has been performed to predict the CBR value
of sands by employing the experimental results.

2. Experimental investigations

2.1. Materials
In order to study the factors a�ecting the CBR value of
sands, Aegean sands were collected from nine di�erent
locations in Manisa, as depicted in Figure 1 [22]. These
sands were air-dried and the fraction passing through
a 4.76 mm sieve (ASTM No. 4) was separated into
representative sub-samples by passing through the ri�e
box.

2.2. Physical characteristics of the samples
In order to obtain gradational characteristics of these
sands, sieve analyses were performed in duplicate on

Figure 2. Particle size distribution characteristics of the
sand samples [22].

each sample following the guidelines presented by
ASTM D 422-63 [23]. The average values were used
for developing the representative gradation curve for
each sand sample. The gradational curves for the
sand samples are given in Figure 2 and the basic
soil parameters are presented in Table 1. Speci�c
gravity, Gs, tests were performed according to Turkish
Standards (TS1900-1) [24] to determine the Gs values
of the samples, and the results are given in Table 1.

The relationship between dry density and water
content was determined by using the 2.5 kg rammer
method following the Turkish Standards (TS1900-
1) [24]. The optimum water content (wopt) is given in
Table 1 for each sand sample. Maximum and minimum
compaction tests were also performed on each sample
(BS1377/Part 4, 1990) [25] to determine the maximum
and minimum densities (�max and �min). The results
of these tests were utilized to calculate the maximum
and minimum void ratios (emax and emin); these ratios
are given in Table 1.

2.3. X-ray di�raction analyses
Mineralogical determinations by means of X-ray
di�raction analyses were carried out by using whole-
rock powder in the Material Laboratory of Izmir
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Figure 3. Characteristic XRD di�ractograms of the sand samples [22].

Institute of Technology (Izmir-Turkey). The samples
obtained from nine di�erent locations were �rst air-
dried and then grinded as powder in a mechanic
grinder. The slides were prepared from the powder of
both coarse and �ne grains, and X-ray di�ractograms
were obtained for each sample by using the X-ray
di�raction techniques (Figure 3). According to the
characteristic peaks for each mineral, the composition
of minerals and their semi-quantitative quantities were
�rst identi�ed from the X-ray di�ractions on whole rock
powder. According to XRD results, 100% proportion
of quartz was found in Samples A and I. Quartz
appeared to be the dominant mineral in Samples B,
D, E, and F, while feldspar was the second domi-
nant mineral. Calcite, dolomite, and clay minerals
accompanied quartz and feldspar. In Sample H, higher
proportions of feldspar minerals were observed, and
25% corundum mineral was also determined. While
in Sample G higher proportion of corundum (100%)
was observed, Sample C was evaluated as a completely
amorphous material (100%). The results of XRD are
also summarized in Table 2.

2.4. Particle shape analyses
Sedimentologists usually demonstrate the particle
shape in connection with surface texture, sphericity,
and roundness (e.g. [26,27]). Generally, surface texture
is used to de�ne irregularities of the surface of the
particles that have too little in
uence on the overall

Table 2. Whole rock powder di�raction analysis results
(%fraction by weight) for the sand samples [22].

Sample Q Fel Ca Dol Px C Clay A
A 100 - - - - - - -
B 60 25 5 5 - - 5 -
C - - - - - - - 100
D 60 30 5 - - - 5 -
E 55 25 10 5 - - 5 -
F 60 40 - - - - - -
G - - - - - 100 - -
H - 75 - - - 25 - -
I 100 - - - - - - -

Q: quartz; Fel: feldspar; Ca: calcite; Dol: dolomite;
Px: pyroxene; C: corund; and A: amorphous.

shape. Sphericity (SR) is the ratio of the surface area
of a sphere having the same volume as that of the soil
particle to the surface area of the particle [28]. A
sphericity value of 1 implies a perfect sphere and it
decreases with irregularity of the particles. Roundness
(RF ) is connected with the sharpness of the corners and
edges on grain surfaces. In this study, particle shape
analyses were carried on 120 grains of each sand sample
to determine the SR and roundness RF values of each
sand sample.

The sphericity (SR) of the particle of each grain
was determined by using the method developed by
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Figure 4. De�nitions of angularity and sphericity [30].

Riley [29], represented by Eq. (1):

SR = di=dc; (1)

where, dc is the diameter of the circumscribing circle
(Figure 4). A perfectly spherical particle has an SR
value of 1.0; smaller values mean departure from a
spherical shape and the theoretical extreme is 0.0.

The roundness of the particle (RF ) of each grain
was determined by using the method developed by
Dobkins and Folk [30], represented by Eq. (2):

RF = dk=di; (2)

where, dk is the diameter of curvature of the sharpest
corner and di is the diameter of the inscribed circle
(Figure 4). A very well rounded particle has a max-
imum RF of 1.0, while an extremely angular particle
has a value close to 0.0.

The averages of SR and RF values of 120 grains
were considered as the representative, presented in
Table 3 for each sand sample. As per the roundness
classi�cation proposed by Youd [31], Samples A, C, D,
F, H, and I contain angular particles, while Samples B,
E, and G contain subangular particles. Meanwhile, as
per the Russel-Taylor-Pettijohn's roundness chart [32],
the SR values in Table 3 indicate the presence of grains
of medium sphericity in the sand samples.

Table 3. Results of the particle shape analyses on the
sand samples [22].

Sample RF SR
A 0.24 0.66
B 0.25 0.67
C 0.19 0.64
D 0.21 0.60
E 0.32 0.65
F 0.20 0.62
G 0.30 0.61
H 0.18 0.63
I 0.21 0.67

2.5. Testing methodology
A 100 kN load cell capacity compression testing ma-
chine supplied by Humboldt, USA, was used in this
study. The surface area of the plunger is 19.35 cm2 with
the penetration rate of 1.27 mm/min. A 60 kN load
cell, attached to a digital readout unit, was utilized for
recording the load P transmitted to the sample. Before
loading the sample, silicon grease was applied on the
two pistons to minimize side friction. The sample was
dynamically compacted into the CBR mold in three
layers to obtain a certain density. Samples B, E, and
H were tested at six di�erent densities; meanwhile,
Samples A, C, D, G, and I were tested at seven di�erent
densities; and Sample F was tested at eight di�erent
densities. For each density tested in each sample, two
specimens having diameter of 152 mm, and length of
127 mm were prepared at the same density and at
the optimum water contents listed in Table 1 for each
sample. After preparation, curing was not applied to
the specimens and CBR tests were then carried out
on the specimens according to Turkish Standards (TS
1900-2) [33]. Then, the CBR values of the specimens
were obtained. Finally, the average value of two tests
at the same density was computed and taken as the
CBR value of the sample at this density for evaluation
of the test results.

3. Results and discussion

The CBR values of the individual specimens obtained
for each sand sample were plotted against dry density
(�dry) to determine the CBR versus �dry relationship.
The typical CBR versus �dry behavior was then ob-
tained as given in Figure 5 for Sample A. The data
trends were similar for all samples, indicating the
existence of a linear relationship between the CBR and
�dry. This observation agrees with the past research
(e.g., [34-37]). Table 4 summarizes the equations

Figure 5. The typical CBR versus dry density behavior
of Sample A [22].
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Table 4. The equations obtained from the correlations of
CBR to �dry for each sand sample [22].

Sample Equation r Equation
no.

A CBR = 190.46*�dry -291.14 0.978 (3)
B CBR = 135.17*�dry -193.90 0.922 (4)
C CBR = 74.07*�dry -142.23 0.979 (5)
D CBR = 127.27*�dry -181.39 0.928 (6)
E CBR = 172.23*�dry -250.63 0.905 (7)
F CBR = 70.77*�dry -112.40 0.962 (8)
G CBR = 155.40*�dry -283.23 0.968 (9)
H CBR = 141.43*�dry -235.64 0.975 (10)
I CBR = 157.58*�dry -237.84 0.956 (11)

obtained from the correlations of the CBR to �dry for
each sand sample. In Eqs. (3) to (11) in Table 4, r
is the coe�cient of correlation and �dry is in Mg/m3.
Smith [38] proposed the following guide for the values
of jrj between 0.0 and 1.0:

jrj � 0:8 Strong correlation exists between the
two sets of variables;

0:2 < jrj < 0:8 Correlation exists between the two sets
of variables;

jrj � 0:2 Weak correlation exists between the
two sets of variables.

It can be seen from Table 4 that the r values in
Eqs. (3)-(11) are higher than 0.8, which indicate that
there is a strong correlation between the CBR and �dry
for each sand sample.

As mentioned earlier, a CBR value is a�ected
by the type of soil and di�erent soil properties [6].
Therefore, Multiple Regression Analysis (MRA), a
statistical technique allowing us to predict someone's
score in one variable on the basis of their scores
on several other variables [39], was carried out by
using a SPSS 13.0 package to correlate the measured
CBR values to the soil properties, namely, dry density
(�dry), relative density (ID), water content (w), speci�c
gravity (Gs), coe�cient of uniformity (Cu), coe�cient
of curvature (Cc), and particle shape (RF and SR).
The MRA yielded the following correlations:

CBR = �34:255 + 30:622�dry r = 0:556; (12)

CBR = �11:876 + 0:520ID r = 0:807; (13)

CBR = �18:457 + 0:523ID + 0:625w r = 0:822;
(14)

CBR = �41:017 + 30:890�dry + 0:612w r = 0:577;
(15)

CBR = �22:432 + 50:848�dry + 1:187w � 20:590Gs

r = 0:686; (16)

CBR = �50:044 + 0:557ID + 0:340w + 11:303Gs

r = 0:868; (17)

CBR =� 37:894 + 0:219w + 12:399Gs + 0:622ID

� 15:994Cc r = 0:918; (18)

CBR =� 51:002 + 0:119w + 13:891Gs + 0:604ID

� 2:360Cu r = 0:895; (19)

CBR =� 15:879 + 1:167w � 21:244Gs + 52:118�dry

� 6:414Cc r = 0:697; (20)

CBR =� 23:966 + 1:059w � 24:902Gs + 66:011�dry

� 4:008Cu r = 0:763; (21)

CBR =� 33:229 + 0:300w + 11:344Gs + 0:618ID

� 21:440Cc + 1:302Cu r = 0:920; (22)

CBR =� 91:597 + 0:835w � 32:817Gs + 101:814�dry

+ 61:263Cc � 17:173Cu r = 0:894; (23)

CBR = 25:086� 15:905RF r = 0:051; (24)

CBR = �13:173 + 54:274SR r = 0:096; (25)

CBR = �10:886� 18:989RF + 57:566SR

r = 0:114; (26)

CBR = �50:400 + 0:588ID + 3:784RF + 51:379SR

r = 0:794; (27)

CBR =� 8:883 + 0:424w + 11:043Gs + 0:622ID

� 22:285Cc + 0:709Cu � 38:146RF

� 21:070SR r = 0:925: (28)

In Eqs. (12) to (28), r is the coe�cient of correlation,
�dry is in Mg/m3, and ID and w are in %.

It can be seen from Eqs. (12) to (28) that the r
values in Eqs. (13), (14), (17), (18), (19), (22), (23),
and (28) are higher than 0.8, which indicate that there
is a strong correlation between the CBR and the soil
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Figure 6. Comparison of experimentally obtained and
computed values of CBR.

properties. It can be also noticed from Eqs. (12) to (28)
that Eq. (28) reveals the highest correlation coe�cient
of r = 0:925, indicating the strong correlation between
the CBR and the soil properties (ID, w, Gs, Cu,
and Cc) and particle shape (RF and SR). Therefore,
Eq. (28) alone was taken into account for the rest of
the study.

The computed CBR values from Eq. (28) are
compared with experimentally obtained CBR values in
Figure 6. The solid diagonal line in Figure 6 represents
a perfect prediction line. The lower line represents a
100% overprediction bound and the upper line repre-
sents a 50% under prediction bound. Approximately
80% of the predictions fall onto or are very close to
the 1:1 line and approximately 87% of the predictions
fall between these two prediction lines. The high
coe�cient of correlation (r = 0:925) indicates a strong
correlation between the computed and the measured
CBR values. Therefore, it is expected that Eq. (28)
can be used to estimate the CBR value of sands from
the soil properties (ID, w, Gs, Cu, and Cc) and particle
shape (RF and SR) when CBR measurements are not
available.

A paired t-test, a statistical test, utilizes the mean
of the di�erence between the observations in one group
and the matched observations in the other group. A
paired t-test is carried out to determine if there is a sig-
ni�cant di�erence between two observations. A paired
t-test result can be expressed in terms of a p-value,
which represents the weight of evidence for rejecting the
null hypothesis [40]. The null hypothesis is the equality
of mean of di�erence between comparisons [41]. The
null hypothesis can be rejected, that is, the mean of
di�erence between comparisons is signi�cant, if the p-
value is less than the selected signi�cance level [41].
A signi�cance level of 0.05 is used for all paired t-
tests [41]. Thus, p > 0:05 meant that there was not
a meaningful di�erence and p < 0:05 meant that there

was a meaningful di�erence [42]. In this study, a paired
t-test was performed by using the SPSS 13.0 package
to look for a statistically signi�cant di�erence between
calculated and predicted CBR values. p-value was
found as 0.915, indicating that no signi�cant di�erence
in the CBR values was observed between the calculated
and predicted values.

The coe�cient of correlation between the mea-
sured and the predicted values is a good indicator
of the prediction of the model [43]. In this study,
di�erent performance indices, namely, variance, VAF,
represented by Eq. (29), the Root Mean Square Error,
RMSE, represented by Eq. (30), and Mean Abso-
lute Error, MAE, represented by Eq. (31), were also
computed to check the performance of the prediction
capacity of predictive model (Eq. (28)) developed in the
study, as employed by past researchers (e.g. [44-54]).

VAF =
�
1� var(y � ŷ)

var(y)

�
� 100; (29)

RMSE =

vuut 1
N

NX
i=1

(yi � ŷi)2; (30)

MAE =
1
N

NX
i=1

jyi � ŷij; (31)

where, var denotes the variance, y is the measured
value, ŷ is the predicted value, and N is the number of
the sample. If VAF is 100% and RMSE and MAE are
0, the model is considered as excellent.

The performance indices calculated for the
Eq. (28), suggested for the prediction of CBR, are
presented in Table 5. Eq. (28), derived from the
samples used in this study, performs well with an
acceptable accuracy based on the performance indices
in Table 5.

Additionally, a graph between the Scaled Percent
Error, SPE, (as given by Eq. (33) and used by Kanibir
et al. [55], Erzin et al. [56], and Erzin and Cetin [51]),
and the cumulative frequency was plotted, as shown
in Figure 7, for the model (Eq. (28)) proposed for
prediction of the CBR to examine the performance of
the model.

PE =
(CBRP � CBRm)

((CBRm)max � (CBRm)min)
; (32)

where, CBRP and CBRm are the predicted and
the measured CBR values and (CBRm)max and

Table 5. Performance indices of the developed MR model.

r (%) RMSE MAE VAF (%)

95.0 4.07 5.02 87.12
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Figure 7. The relationship between the scaled percent
error and cumulative frequency.

(CBRm)min are the maximum and minimum measured
CBR values, respectively. It can be observed from
Figure 7 that about 87% of CBR values predicted by
the model developed in this study fall into �20% of the
SPE, indicating a perfect estimate of the CBR value
by the model. From here, it can be concluded that
the CBR value of the sands used in this study could
be predicted from the soil properties (ID, w, Gs, Cu,
and Cc) and particle shape (RF and SR) using Eq. (28),
with acceptable accuracy when the CBR measurements
are not available. Also, it must be considered that
the equation proposed in this paper was obtained from
the sands having sphericity range of 0.60 to 0.67, and
roundness range of 0.18 to 0.32. Therefore, for wider
and generalized application of Eq. (28), the formulae
would have to be tested over a data set with a large
range of sphericity and angularity.

4. Conclusions

In this study, the factors a�ecting the CBR value of
Aegean sands have been investigated. For this pur-
pose, Aegean sands were collected from nine di�erent
locations in Manisa, Turkey. Mineralogical, particle
shape and size, speci�c gravity, and the CBR tests
were performed on the samples of sands. The in
u-
ences of dry density, relative density, water content,
particle shape, and particle size on the CBR value
were examined. It has been observed that the CBR
value increases with dry density for each sample. In
addition, an MR equation was proposed for predicting
the CBR value of sands based on their particle shape,
speci�c gravity, coe�cient of uniformity, coe�cient of
curvature, relative density, and water content. The
computed values from the equation were found to
be in good agreement with those obtained from the
experimental values.

In addition, several performance indices, such

as coe�cient of correlation, variance, mean absolute
error, mean squared error, and scaled percentage error,
were used to assess the performance of the MR model
proposed for estimation of the CBR. The study demon-
strates that the MR model is able to predict the CBR
values of the sands used in this study. Thus, MR model
can be used to predict the CBR values of sands as
an inexpensive substitute for laboratory testing, quite
easily and e�ciently.
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