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Abstract This paper presents the procedure of evaluation of the modulus of elasticity (E) and the modulus of subgrade
reaction (k;) value based on the California Bearing Ratio (CBR) tests and FEM analysis. The pressure-displacement re-
sponse of the soil in the CBR mould is simulated using Cosmosworks FEM model where the soil, the load plunger, and the
steel mould of CBR are represented. The correlation of Modulus of Elasticity (E) with California Bearing Ratio (CBR) is
developed based on the elastic properties of the soil sample. Furthermore, the correlation between E and CBR is proposed.
Using the E values, modulus of subgrade reaction can be calculated and vice versa as well. Thus CBR test is expected to
simplify the effort in determination of the modulus of subgrade reaction which is used in Foundation design, soil structure

interaction, design of highway formations etc.
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1. Introduction

In highway formations the subgrade layer, where acts as
a pavement foundation should be well designed. To evaluate
the subgrade strength is important during construction and
design stage. The California Bearing Ratio (CBR) test is
commonly used to determine the suitability of a soil as a
subgrade or subbase for highway and runway design and
construction. Field plate load test is commonly used to pre-
dict the deformations and failure characteristics of the
soil/subgrade and modulus of subgrade reaction (k).
Modulus of subgrade reaction (k) is used in foundation
design, soil-structure interaction studies and design of
highway pavement (flexible and rigid pavements).

One of the parameters obtained from the field plate load
test is the spring constant/ modulus of subgrade reaction,
ks-value. The k,-value is used as a primary input in pave-
ment design models, and is based on Minnesota Department
of Transport (MnDot) pavement design. It can be measured
using a field plate load test conducted on top of the sub-
grade (Kameswara Rao, 2000; MnDoT, 2007). However,
this test is costly to perform besides being time consuming.
Also it is difficult to conduct a plate load test at depths be-
yond 1 or 2 m below Ground Level (GL).

As presented in Figure 1, the CBR test procedure is

* Corresponding author:

elsacka@gmail.com (Elsa Eka Putri)

Published online at http://journal.sapub.org/jce

Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved

somewhat similar to the plate load test. As the load is im-
posed on the sample soil, the deflection will occur. The
plate is placed at the proposed level of the foundation and is
subjected to incremental loading. The size of the plate can
be 300 mm to 760 mm in diameter and the shape is square,
rectangular, or circular (Jones, 1997; Moayed and Janbaz,
2009).

reaction (load) Applied Load

Transducer

Standard Plunger /!0 measure
penetration

stacked plate
Sample

Standard
mould

subgrade (sample)

(a) CBR testsetup (b) Field plate load test set up

Figure 1. Figure of CBR and PLT set up

The CBR test can also be used to get the curve of the
load—settlement of the soil in the field which is more or less
similar to the plate load test objective. By this idea, the
value of k, can also be obtained from the CBR test as de-
scribed below.

In this investigation, the correlation of CBR versus E then
CBR versus k; are developed to bridge the gap which is
much needed to integrate the engineering behaviour of these
two hitherto uncorrelated tests, though concerned with the
same subgrade properties needed for engineering design of
foundations and pavements. This correlation will also fa-
cilitate integrating, complimenting and improving the de-
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sign procedures based on CBR value and k; used in high-
way engineering as well as foundation engineering.

2. Literature Review

The modulus of subgrade reaction, &, (also referred to as
Coefficient of Elastic Uniform Compression, C,) is a rela-
tionship between soil pressure and deflection which is pro-
portional to its vertical displacement as idealized in
Winkler’s soil model (Hetenyi, 1946; Jones, 1997). It can
also be defined as the ratio of uniform pressure imposed on
the soil to the elastic part of the settlement (Kameswara Rao,
2000).

Very little work has been reported for the correlation
between modulus of subgrade reaction (k;) and CBR test
though the mechanism of deformation is similar. Terzaghi
(1955) studied the various parameters of the plate load test
using a circular plate of 760 mm diameter and thickness of
16 mm. He also proposed an empirical correlation between
CBR and E as shown in Figure 2 (Jones, 1997).

Figure 2 also presents the empirical correlations be-
tween modulus of elasticity, E with CBR that have been
worked out by Heukelom and Klomp (1962), NAASRA
(1950) and Powell, Potter, Mayhew and Nunn (1984).
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Figure 2. California Bearing Ratio versus Modulus of Elasticity

Heukelom and Klomp (1962) studied the correlation of
CBR with E and proposed on empirical relationship as,
E = 1500 CBR (Psi) (1)
This correlation is only for fine grained non expansive
soils with a soaked CBR < 100% (AASHTO, 1993).
Moreover, Powell et. al (1984) proposed a correlation of the
CBR with E as,
E = 17.6 CBR*® (MPa) )
Thus, the correlation between E and CBR developed by
NAASRA (1950) has been divided into two parts.
For CBR less than 5,

E = 16.2 CBR"" (MPa) (3)
Then, for CBR more than 5,
E=224CBR" (MPa) 4)

These correlations between E and CBR were developed
using empirical methods which are validated using other
sets of tests data based on the experimental tests in the
laboratory.

In order to develop the procedure to correlate the CBR
result with the PLT result, the finite element method is used
to model the CBR test with input parameter obtained from
the laboratory testing. It offers a rational approach to de-
velop the correlation of CBR versus E. These values are
subsequently used for evaluating the modulus of subgrade
reaction, thus providing an easier way for analysis of soil
structure interaction and pavements.

3. Methodology

The CBR test is modelled using FEM to work out the
pressure response relationship. The finite element model
was assembled using the Cosmoswork SolidWork 2005.
The CBR mould model in Cosmosworks consists of base
plate, cylinder mould, and load plunger and those are speci-
fied as steel in the input. The structural properties of the soil
subgrade were required as input data. These are the density,
modulus of elasticity and Poisson’s ratio. Poisson’s ratio is a
property of elastic materials assumed to be in between of
0.2t00.4.

The Poisson’s ratio of zero is usually used for dry soil
and the value of 0.5 is usually used for saturated soils. It is
usually assumed due to the difficulties in its determination
in the laboratory or in the field, while recognizing that elas-
tic responses of the medium are not very sensitive to
changes in the value of Poisson’s ratio (Bowles, 1984).
Thus, it does not significantly affect the elastic response of
the soil though it can vary from 0 to 0.5 (Harr, 1966,
Kameswara Rao, 2000).

Finite element analysis was carried out with a range of
value of E (modulus of elasticity) chosen from 1.00E+6 Pa
until 1.00E+7 Pa for finding the load deflection curves.
From these, the load penetration of 2.5mm of the CBR
plunger (of 50.8 mm diameter) is chosen for the determina-
tion of CBR value (BS 1377:1990).

Finite element analysis can also be used to determine
the response of vertically loaded plunger in layered elastic
media. It is noted that the FEM analysis gives different val-
ues of deflection at the centre of the CBR plunger and at the
edge though the mould is practically very rigid. In order to
relate the finite element result with the CBR test in the
laboratory, the elastic analysis has been corrected to that
corresponding to rigid analysis using the analytical results
given by Tsytovich (Harr, 1966 results). Hence, the central
deflection of the plunger is corrected to obtain the corre-
sponding deflection of the rigid plunger using the results of
Tsytovich (Harr, 1966). Thus the deflection at the centre of
circular shaped loaded area of the CBR plunger should be
multiplied by the influence factor K = 0.79 (=n/4) as per
Tsytovich, to get the corresponding value of the deflection
of the rigid plunger of the CBR mould transferring the load
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to the soil.
The procedure of correlation CBR versus E then CBR
versus Plate Load test is developed as presented in Figure 3.

1. Dewveloped relationship of loads and deflection of
the particular subarade soil at various E values

¢ part

2. Developed the CBR versus E correlation with
several Poisson’s ratio value by means of
incremental loads in Step 1

v ~

3. Conduct CBR test and determine ar
assumethe Poisson’s ratio of the soil

h 4

4, Determine pressure at 8, = 2.5 mm by
means of figure in step 1 after converting
the load into oressure

!

5. From CBR result determine

E from figure in step 1 Plat=
load
test

v predic
thon

6. Determine CBR from

figure in step 2
7. Determine the deflection of the
CBR plunger on a semi-infinite elastic
soil medium (&),
8. Determine the deflection for
the field plate load test (5., S

Figure 3. Flow chart of the procedure to predict the PLT result

4. Result and Discussion

4.1. CBR Parameter

The result from a typical CBR test is presented in Figure
4. It shows the larger deflection at higher loads on the soil
sample. This trend is more or less similar to the result of
plate load test which is usually performed to get the graph
between mean bearing pressures versus mean settlement.
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1000
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W= ;o B w2

Figure 4. Result from CBR test

The deflection due to application of load plunger (CBR
mould) in Figure 4, represents the response of soil subgrade

structure to the applied load in a rigidly confined CBR mould.
Thus as per BS 1377-1990, the CBR value from this data is
5.5%.

4.2. Finite Element Method.

It can be seen in Figure 4 where the CBR mould model
in CosmosWorks Finite Element Model. It consists of base
plate, cylinder mould, and load plunger and those are speci-
fied as steel in the input as can be seen on Figure 4(a) and
4(b), where the condition of CBR mould in the Cosmos-
work model and the solid mesh condition of the model re-
spectively.

(a) CBR mould model (b) FEM mesh of the model
Figure 5. CBR mould in CosmosWorks

The result of the relationships between load and deflec-
tion of the subgrade soil with various E values are presented
in Figure 6.
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Figure 6. Relationship between load and deflection of the soil subgrade
using FEM

It can be shown in Figure 6; the deflection is lower for
high value of modulus of elasticity at similar value of load.
The corresponding values of load are determined at 2.5 mm
deflection for various values of E. However, correlation can
also be developed with the CBR value corresponding to 5
mm deflection of the plunger to get a similar figure as in
Figure 5 following the same procedure as outlined below.

Then, the CBR value was predicted at prescribed dis-
placement of 2.5 mm of the plunger (BS 1377-1990). The
results shown in Figure 6, however, are for homogeneous
elastic media subjected to CBR test. Thus, it needs to be
corrected with the influence factor, K in order to get the
corresponding value of the deflection of a rigid body trans-
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ferring the load to the soil using the analysis of Tsytovich as
discussed in section 3.

4.3. Correlation of CBR versus E

To get the correlation of CBR versus E, the results of
load versus deflection in Figure 4 are first adjusted by mul-
tiplying with the correction factor of 0.79 and then calcu-
lating the load for deflection at 2.5 mm for CBR tests.
Moreover, at the specified load the value of E will be de-
termined. Thus, the correlation of CBR vs. E will be derived.
For example, for E = 3.00E+06 the load at 2.5 mm deflec-
tion is 939.2 N (Figure 5) and the CBR value based on BS
1377-1990 is 7.1%.

The correlations of CBR vs. E are presented in Figure 7
after correction for rigid plunger deflection from the results
presented in Figure 6 for various values of E of soil. The
correlations developed by others are also presented for
comparison.
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Figure 7. CBR versus E obtained from the FEM with various of Poisson’s
ratio

The correlation result from present study is close to the
result from Terzaghi (1955) while the correlation made by
Heukelom and Klomp (1962), NAASRA (1950) and Powell,
Potter, Mayhew and Nunn (1984) differ considerably
probably due to their empirical nature.

From Figure 7, the correlations between E and CBR
from the present investigation are as follows,

E =863.82 CBR (kPa), v =0 )
E =840.53 CBR (kPa), v =0.3 (©6)
E=751 CBR (kPa), V = 0.4 )

For example, the CBR value of the soil tested in labora-
tory is equal to 3%, thus the value of E will be 2591.46 kPa,
2521.59 kPa and 2253 kPa for Poisson’s ratio equal to 0, 0.3
and 0.4 respectively. The interpolation may be used for
other intermediate values of the Poisson’s ratio of the soil.
An average value of E = 8§10 CBR (kPa) may be adopted in
the absence of any data on Poisson’s ratio.

It may be noted that the E value of the soil thus obtained
using FEM takes into account the rigid boundary condition
of the CBR mould.

5. CBR Test for the Prediction of the
Plate Load Test Results

Plate load test is needed to find the load-settlement
curve that can determine the bearing capacity and settle-
ment of the soil and subsequently to calculate the £k
(modulus of subgrade reaction) value as the ratio of the
pressure imposed to the settlement on the soil. The plate is
placed at the proposed level of the foundation and is sub-
jected to incremental loading. The plate can be 300 mm to
760 mm in diameter and the shape of plate can be square,
rectangular or circle (Jones, 1997; Moayed and Janbaz,
2009).

The CBR test can also be used to get the curve of
load-settlement of the soil in the field which is more or less
similar to the plate load test objective. By this idea, the value
of k; can also be obtained from the CBR test, as describe
below.

5.1. Modulus of Subgrade Reaction, &,

The CBR value of the clayey sand soil describe in figure 3
gives CBR value equal to 5.5%. By means of the developed
correlation, if the Poisson’s ratio of the soil is 0.4, it gives
the modulus of elasticity, E = 751 CBR (kPa) as in Figure 6.
Thus the value of E = 4751.01 kPa. Then modulus of sub-
grade reaction, k;, can be expressed using the following
expression, from theory of elasticity solution for a rigid plate
on a semi-infinite elastic soil medium subjected to a con-
centrated load (Timoshenko and Goodier, 1951; Harr, 1966;
Kameswara Rao, 2000) as,

E 1

ks:1.13 (1_—1;2) \/_A

(®)
where: E = Modulus of Elasticity
v = Poisson’s ratio
A = area of the plate or CBR plunger
Presuming that £; is to be obtained from a plate load test,

with the area of the plate and Poisson’s ratio value as
20.268 cm” and 0.4 respectively the modulus of subgrade
reaction, k, for clayey sand soil can be computed as
123423.07 kN/m”.
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Figure 8. Pressure-Deflection results from FEM with various value of E
(Pa)
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The graph from CBR test result can also directly be used
to determine the E value. As can be seen in Figure 8, the
result from CBR test in Figure 4 is inserted in the Figure 6
after changing the abscissa as a pressure in kPa.

Hence, the modulus of elasticity, E, of clayey sand soil
at the 2.5 mm deflection is around 3900 kPa. Using Equa-
tion (8), the value of &, is 116535.52 kN/m’. Thus the value
of k, for every size, shape and rigidity of plate can be com-
puted knowing the value of E of the soil, which can be ob-
tained from the CBR using equation (8).

5.2. Predicting Plate Load Test Response

Plate load test response prediction under elastic condi-
tions from the CBR test result can be carried out using
Equation (9). In view of the similarity of the test procedures
of CBR test and field plate load test (except for the bound-
ary restraints in the CBR test), the CBR test can be used as
a model to predict the field plate load test after converting
the result of the confined boundary of CBR test to that of a
responses of the CBR plunger (model plate) on a
semi-infinite elastic medium. Then the field plate load test
can be estimated using the dimensional similarity of the
CBR plunger and field plate as follows. However, the
method may be cautiously applied as it is applicable for
linear elastic or close to linear elastic behaviour of the soil
media.

a. The relationship of the CBR test results with the field
plate load test result is obtained as follows;

For rigid circular shaped load acting on the semi-infinite
elastic soil medium

E 1

(ks)li = 1.13 m \/Tﬁ

©
where A is the area of the CBR plunger.

For field plate load test of any size (usually of circular
shaped plate size 760 mm diameter)

E 1

(ks)2 = 1.13 m ‘/TY

(10

b. The ratio of CBR and plate load deflections from Eq-
uation (9) and Equation (10), is

M_Q_JZF__ (1)
®/8)2 (ks)2 Aq T r{ Lt

(for circular plate)

where,

A,, r;, By = for the area, radius and deflection of the CBR

plunger.
A,, 1,, 0, = for the area, radius and deflection of the plate
from plate load test.

c. For the same value of p;=p,, we get from Equation (11)

o I_
o

= = (12)
l:nj_.-li *'QA‘— Ty

Equation (12) is the correlation of the deflection for the
field plate over the deflection for the CBR plunger, which is
equal to the ratio of the radius of field plate to the radius of
the CBR plunger.

d. The (J,); corresponding to the CBR plunger deflec-
tion on a semi infinite soil medium can be calculated as
follows.

From the result of CBR test in Figure 4, for a particular
value of p get the corresponding value of 6. From these
values of p (pressure) and P (load) ( P = p . area of the
plunger), get the value of E of the soil from Figure 8.

Then,

1 (pak

(1-v*) 4, ()

(ko =1.13 (13)

(&,);, can be calculated, knowing p for the pressure and A,
being the area of the CBR plunger (50.8 mm diameter) from
the above Equation (13).

Hence, from the equation (12), the deflection for the field
plate load test, (5:]?, can be predicted as,

{52313 _ Tz Az

G, ™ Ay

o Ty -
{:Gz)p =T_1 : (cl)i (14)

It may be noted that &, = the deflection of the plunger in
the CBR mould (load on confined soil medium), and (&, );
= the deflection of the CBR plunger on a semi-infinite elas-
tic soil medium. The steps for the calculation of prediction
of the plate load test results for 17 = 0, 0.3 and 0.4 are
given in the appendix.

It may also be noted that CBR values can also be pre-
dicted from the plate load test results by inverting the above
steps.

6. Conclusions

(a) The correlation between E and CBR gives several
advantages that can facilitate to obtain the modulus of sub-
grade reaction, k, used for designing the pavement thick-
ness.

(b) The correlation of k; vs. CBR can be used to predict
the results of field plate load test and other elastic analyses.

(c) More rational approaches using E and 17 such as
threshold stress approach of design (Shahu, 2000) can be
developed for practical application. This correlation will
help in improving the design of highway formations using
the empirical parameters such as CBR value and analysis
based methods which adopt values of E or 17 , threshold
stress, liquefaction etc.

(d) CBR test which is very easy to conduct in the lab us-
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ing the undisturbed soil samples from the site can be used to
predict the behavior of soils at any depth. The modulus of
subgrade reaction, k; which is otherwise difficult to deter-
mine at depths more than 1 or 2 m below the Ground Level,
can also be assessed.

(e) Also, by reversing the steps presented in section 5, the
CBR value can be predicted using the results of the field
plate load test.

Appendix; Prediction of Plate Load Test (PLT) deflec-
tions from CBR test Result

Prediction of the PLT response for plate diameter = 760
mm from CBR test result which having an area of the CBR
plunger, A;=2026.8 mm’. The result from the CBR test as
presented in the Figure 2 is used to predict the field PLT
response. The procedures are as follows,

i. Poisson’s ratio, v = 0.4

1. Determination of the deflection for the semi infinite
soil medium from the CBR test result, (5,);.

At deflection, 6; = 2.5 mm from the CBR test result in
figure 2, the pressure, p = 400 kPa. Then from Figure 4, the
value of modulus of elasticity for this soil, E is equal to 3900
kPa and by means of Figure 5 which has been developed a
correlation of CBR vs. E, obtained the CBR value equal to
5.2%. With this E by means of Equation (14), the (8;); can
been calculated. Hence, (8;); = 3.43 mm.

2. Then to predict the value of (3;),, the Equation (15) is

used,
(82)1) =:_j . (61)1' =

ii. Poisson’s ratio, v =0.3

1. Determination of the deflection for the semi infinite
soil medium from the CBR test result, (3,);.

At deflection, 6; = 2.5 mm from the CBR test result in
figure 2, the pressure, p = 400 kPa. Then from Figure 5, the
value of modulus of elasticity for this soil E is equal to 3900
kPa and by means of Figure 5, the CBR value equal to 4.7%.
With this E, the (8;); can been calculated. Hence, (8,); =
3.6255 mm.

2. Then to predict the value of (8,),, the Equation (15) is

380 mm
25.4 mm

.343mm= 51.31 mm

used,

380 mm
@y =77 - B =

25.4 mm

.3.6255 mm = 54.24 mm

iii. Poisson’s ratio, v =0

1. Determination of the deflection for the semi infinite
soil medium from the CBR test result, (5,);.

Use the similar procedure with (i) and (ii), the CBR value
equal to 4.5% for Poisson’s ratio, v = 0. Then the deflection
for the semi infinite soil medium from CBR test, (§;); can
been calculated use the equation (13). Hence, (81); =3.794
mm.

2. Then to predict the value of(8,),,, the Equation (15) is
used,

380 mm
25.4 mm

.3.794mm= 56.77 mm

-
@y =2 . ()i =
Thus, the deflection of a CBR plunger on a semi-infinite
elastic soil medium at p =400 kPa is 3.43 mm, 3.63 mm and
3.79 mm. The predicted deflection of the field plate load test
of soil sample in the field will be at 51.31 mm, 54.24 mm,
56.77 mm for Poisson’s ratio of 0.4, 0.3 and 0 respectively.
iv. Results of the pressure-deflection prediction of the
field PLT from the above computation.

The results are presented in Figure 9 for all the pres-
sure-deflection data from a single CBR test result (shown in
Figure 4) for Poisson’s ratio, v equal to 0, 0.3 and 0.4 after
following the calculation in step (i) to (iii).

Pressure (kPa)
0 F T 1
@ 500 1000
®
-20 - QQ
Q O v= 04 (CBR=5.2%)

40 - . + v=03 (CBR=4.7%)
Q
X0 X v=0 (CBR=4.5%)

*Q
-60 -

deflection (mm)
)
S

-100 -

-120 ~

-140 -

Figure 9. Prediction of field plate load test response for d = 760 mm (v
=0, v =0.3, v =0.4), E=3900 kPa
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