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Quality Assessment of Road Shoulders using Light
Weight Deflectometer and Geogauge )
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Abstract: Shoulders are an important element of the
highways that provide space for vehicles to stop during an
emergency. A well-compacted shoulder provides structural
firmness to a pavement by transferring overlying traffic loads to
the underlying soil stratum. They provide lateral support to the
pavement. In recent years, the use of non-destructive testing
devices like Geogauge and Light Weight Deflectometer (LWD)
has emerged in our country. The main reason behind this is the
inbuilt ability of Geogauge and LWD in the fast estimation of the
elastic modulus of a shoulder on top of their ease to port, being
cost-effective, the capability to give more amounts of data, etc.
Thus, there is a need to assess these devices. The main objective
of this paper is to develop correlations between the parameter
obtained from these non-destructive devices and destructive test
parameterslike dry density and CBR. The tests were conducted on
thirty-two locations of road shoulders at the city of Patna, India.
Geogauge, LWD and sand replacement or sand cone testing were
performed at different locations and soil samples were collected
for determination of CBR and water content in the laboratory.
The result of regression analysis shows that a significant
correlation exists between moduli obtained from the devices
under investigation and standard test results i.e. dry density and
CBR. These developed correlations may be used by the road
engineersfor assessment of the quality of the shoulders.

Keywords. CBR,Dry Density, Elastic modulus, Geogauge,
LWD.

l. INTRODUCTION

Compaction of shoulders of pavement influences its
durability and stability. A well-compacted shoulder is
important for a long lasting bituminous or concrete
pavement as it provides lateral support to pavements as well
as gets utilized as an emergency lane especially during rush
hours. In India, highway shoulders are generally unpaved.
They are deteriorated over time due to the erosion of soil by
rainwater and the rubbing action of vehicle wheels. This
creates a level difference between surfaces of pavement and
shoulder as they are not maintained or repaired on time. This
causes unsafe driving of vehicles during an emergency or
overtaking operation on shoulders. Accidents may aso be
caused due to soft shoulders. Thus, periodic quality
assessment is required. After compaction of soil shoulder on
ground level or embankment,
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for proper quality control (Q/C) or quality assurance

(Q/A) or for determination of the quality of compaction
various tests and methods are used. The conventional
methods for measurement of density are core cutter, and
sand replacement (sand cone) which are time taking,
destructive, labor-intensive whereas nuclear density gaugeis
hazardous. While for the determination of the strength of
soil subgrade or shoulders,
CBR tests are performed in the laboratory which is aso
destructive, time taking and labor intensive. Therefore, these
are not efficient methods to gather a huge amount of data.
Nowadays, Dynamic cone penetrometer (DCP) is also used
to determine field CBR indirectly.

In developing countries like India apart from the use of
well-established traditional evaluation techniques such as
the California Bearing Ratio (CBR) test and the dynamic
cone penetrometer test, the use of nondestructive testing
devices such as the Light Weight Deflectometer (LWD) has
gained popularity in recent years. Thisis mainly because of
the inherent capability of LWD in obtaining quick estimates
of the modulus of subgrade in addition to their smplicity in
design and portability [1]. The same can be said about
Geogauge.Thus, there is a need to correlate the results of
LWD or Geogauge with soil properties like dry density and
CBR to obtain these values indirectly.

Ferreira et al. [2] measured dry density (yq) and the
stiffness modulus (Eg) using nuclear density gauge and
Geogauge respectively. A model was developed between
dry density and stiffness modulus (elastic modulus) as given
in(1). It was reported that the development of reliable and
easy procedures for the in-situ stiffness modulus evaluation
of granular pavement layers using lightweight egquipment of
moderate cost such as Geogauge has great advantages with
significant savingsin cost and time.

E;(MPa) = 0.0018 (y,)%7° (R?=0.821) (1)
Nazzal [3] evaluated the feasibility of using Geogauge,
Light Weight Deflectometer (LWD), and Dynamic Cone
Penetrometer (DCP) devices to measure in-situ stiffness
modulus of constructed highway layers and embankments.
A comprehensive regression analysis on the collected field
test results was carried out to develop the best correlations
between CBR values and stiffness modulus values obtained
from Geogauge (Eg) and LWD (E_wp). The relevant models
developed are given in(2) and (3).

CBR = 0.00392 * (E;)? — 5.75(R’=0.84) (2)

CBR = —14 + 0.66 (E;yp)(R*=0.83) (3)

Seymen [4] carried out an evaluation of in-situ tests like
Geogauge, LWD, and DCP in the laboratory. Test layers
were prepared in two boxes that measure 5 ft length x 3 ft
width x 2 ft depth at Louisiana Transportation Research
Center. Correlations were developed between the results of
these devices with CBR value as givenin(4) and (5).
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There was no significant correlation found between E_wp
and CBR whereas Eg correlated better with the CBR.

log (E;) = 1.277 + 0.675 log (CBR)(R*=0.62)(4)
log(ELwp) = 1.149 + 0.702 log (CBR)(R?=0.36)(5)
Alshibli et al. [5]assessed the potentia use of LWD and
Geogauge as quality control devices for subgrade, base
course and compacted soil layers. Good statistical
correlations were found between elastic moduli measured by
the devices used in thisinvestigation.

Powell et al. [6]developed a correlation between the CBR
and the elastic modulus of subgrade obtained using LWD.
The model developed isgiven in(6).

Eg = 17.58 CBR%%* (6)

George et al. [1] developed LWD, Dynamic Cone
Penetrometer (DCP), and CBR corrédlation for evaluation of
lateritic subgrades. It was observed that the dry density has a
significant influence on the estimation of CBR and
Ewqvalues. Singh et al. [7]proposed a correlation of CBR
with elastic modulus obtained using LWD. The model
developed is given in(7). The model proved to be an
efficient and valuable aid in the in-situ testing of compacted
soil layers.

CBR = 0.0091 (E;npq)? — 0.5191 (E;poq) + 15.982
(R*=0.841) (7)

Bilodeau and Dore [8] tried to evaluate stress distribution
measured under an LWD loading plate. It was found that the
stress distribution factor was appreciably affected by the
loading plate diameter. Gosk [9] tried to present a method to
determine the stiffness of the soil built-in road embankment
on the basis of the LWD test using displacements recorded
at the time of impact test. The sensitivity of the dynamic
elastic modulus of the soil site during the course of loading
& unloading was established. Marecos et al. [10] assessed
the pavement subgrade by combining diverse nondestructive
methods. Different GPR systems were utilized to spot
subgrade cracking along with FWD (Faling Weight
Deflectometer) and LWD to detect damaged areas. Good
conformity existed between both nondestructive methods in
the detection of problem areas. Guzzarlapudi et al. [11]
conducted relative studies of LWD (Light Weight
Deflectometer) & Benkelman Beam Deflectometer (BBD)
on low volume roads to relate subgrade moduli using static
&dynamic deflection methods using LWD & BBD. It was
found that LWD provides reliable subgrade moduli values,
& it can be used as a tool for quick subgrade strength
evaluation.

It was found that most of the researchers have carried out
nondestructive tests using LWD and Geogauge on pavement
layers, but few have attempted to carry out this work on
road shoulders. Therefore assessment of road shoulder
condition is important in view of strength and safety. In this
paper, an attempt has been made to correlate engineering
properties with elastic modulus for road shoulder soil to
obtain quick estimates of CBR and dry density values in the
city of Patna, India

The objectives of this study are (i) To assess the viability of
using LWD & Geogauge devices to estimate the in-situ
elastic modulus of constructed shoulders of roads, (ii) To
evaluate the construction quality of shoulders and its
compliance with the design standard by using on-site test
techniques such as Geogauge and LWD, (iii) To carry out a
comprehensive regression analysis on the various shoulder
soil properties to develop best correlations between the
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elastic modulus and properties like dry density and CBR
values.

. TESTING PROGRAM

Field tests, as well as laboratory tests, were performed as
stated in the sequence (i) Tests were conducted at 32
different locations in Patna city, India. The data of 25
locations were used to develop correlations and the
remaining data of 7 locations were used to validate the
correlations developed. (ii) First Geogauge was used to
measure elastic modulus (Eg) of the compacted shoulder soil
on al sites after preparing a leveled surface of the shoulder
as stated in the Geogauge manualand then taking the
average of three values taken at a site location. (iii) Then
LWD was used to measure elastic modulus (E wp) of
compacted shoulder soil as stated in LWD manual on the
same points of as of Geogauge measured points by taking
the average of the last three values of the six-reading taken
a a site location. (iv) Bulk density of site location was
determined at every site using sand replacement method
according to 1S: 2720 — Part 28 (1974) [12]. (v)The water
content of the soil was determined by oven drying method
according to IS 2720 — Part 2 (1973) [13] to determine dry
density. (vi)Dry density was determined using bulk density
and water content using(8).

. _ Bulk Density (py)
Dl‘y den51tY(pd) ~ 1+Water Content(w) (8)

(vii) CBR values (unsoaked& soaked both) of site shoulders
were determined in the laboratory according to guidelines
mentioned in |S; 2720-Part 16-1979 [14] by simulating the
field conditions in the mold. (viii) Sieve anaysis was
performed as per | S: 1498-1970 [15] to determine soil type.
(ix) The same process was repeated at every site location to
collect al data (x) Anaysis of the data collected was
performed and results were obtained for developing
correlations.

A. CBRtest

The CBR test specimen in the mold was prepared by
following the process as performed by George et al. [1].
The soil was excavated from each location whose CBR was
to be calculated. The soil was then taken to the laboratory,
covered inside a plastic bag so as to prevent the loss of
moisture. The CBR tests were then performed in the
laboratory by replicating the field conditions. For a known
volume of the standard CBR mold, the weight of the soil
needed to fill the mold for the field density obtained is
computed. The CBR mold was filled with the sail in three
layers of equal thickness with each layer filled with one-
third of the total weight necessary to fill the mold. The soil
was then compacted in each layer to the required thickness.
The CBR tests were then conducted according to IS: 2720 —
Part 16 (1979) [14]. This aternative approach was
undertaken to determine the field CBR {unsoaked CBR
(CBRysg)} due to the unavailability of instruments for
performing in-situ CBR tests. The same process was
adopted to find the soaked CBR (CBRg) with the difference
that after compaction the mold is soaked in water for four
days before performing the CBR tests.
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A. Geogauge

The Geogauge equipment was initially built by the
defense industry to detect landmines. It gauges the in-situ
stiffness of compacted soil at a rate of approximately 1 test
per 1.5 minutes. It weighs approximately 10 kg (22 Ibs), is
28 cm (11 inches) in diameter and 254mm (10 inches) tall,
& rests on the surface of soil via a ring-shaped foot (Fig. 1).
It has an annular ring that contacts the soil surface with an
outside diameter of 11.4 cm (4.50 inch), an inside diameter
of 8.9 cm (3.50 inch), and a thickness of 1.3 cm (0.50inch).
The operational principle of the Geogauge is to produce a
very minute dynamic force of about 9 Newton at frequencies
of 100 to 196 Hertz [3]. The operation of Geogauge involves
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causing a very minute displacement to the soil, less than
1.27 x 10® m (0.0005 inches) estimated by velocity sensors,
at 25 steady state frequencies between 100 and 196 Hertz.
The stiffness Hgs is calculated at each & every frequency by
a microprocessor and the mean is displayed. The Geogauge
elastic modulus can be obtained by converting the Geogauge
stiffness utilizing the equation as given in(9) [5].
2

E¢ = Hgg (11.7/71; 9)

where Eg is the elastic modulus in MPa, Hgs is Geogauge
stiffness reading in MN/m, p is the Poisson’s ratio, & R is
the radius of the Geogauge foot (5.715 cm). In this work, the
Poisson’s ratio was chosen as 0.35 for the dense sandy soil
to compute the Geogauge elastic modulus for the tested
surface (Nazzal) [3].

Rigid foot with annular ring
Rigid cylindrical sleeve
Clamped flexible plate
Electro-mechanical shaker
Upper velocity sensor
ILower velocity sensor

NN WUN -

IExternal case

Vibration isolation mounts
Electronics

0O Control & display

1 Power supply

= =\0 00

Fig. 1 - The Schematic of Geogauge [3]

B. Light Weight Deflectometer (LWD)

Light Weight Deflectometer (LWD) is a transportable
falling weight deflectometer that was evolved as a substitute
on-site testing device to the plate load test enabling rapid
measurements without disturbing the soil. The 3031 LWD
was used in this study (Fig. 2). It weighs 22 kg (49 Ibs) and
has a 10 kg (22 Ibs) falling weight which impacts a rubber
pad to create a load pulse of 15->30 milliseconds. For
operating LWD safely, the drop weight is provided with a
transportation-lock pin & guide rod with stabilizer. It has a
load range of >15 kN. It measures both force and deflection,
utilizing a velocity transducer (geophone) with a deflection
range of 0-2200 um [16].

The standard model has 1 geophone sensor but models with
3 geophones are aso available that could give a simple
deflection bowl. The measured center deflection is utilized
to obtain the dynamic elastic modulus using the Boussinesq

solution as shown in(10) [2].
Eywp = K(l_;ﬂ (10)

where E ywp is LWD dynamic elastic modulus, K = Plate
rigidity factor (generally assumed to be 2 for a flexible
plate and 7/2 for a rigid plate), 8. = Center deflection, o =
Applied Stress, R = Radius of the plate, u = Poisson’s ratio
of soil.

In this work, the Poisson’s ratio was chosen as 0.35 for the
dense sandy soil [3], plate rigidity factor as 2 for a flexible
plate and the diameter of the loading plate utilized was 300
mm to compute LWD elastic modulus for the tested soil .
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Fig. 2 - Light Weight Deflectometer [16]
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IV.RESULTS AND DISCUSSION

The fields, as well as laboratory investigations of soil

Overall 32 data points were selected out of which 78% data
were used for the development of correlations and 22% data
were used for the validation of developed correlations. The

shoulder, are shown in Tables | and Il along with descriptive  developed models were validated by comparing observed
statistics. These data were used for the development of  valuesto predicted values of soil properties like dry density,
correlations and its validation.

unsoaked CBR and soaked CBR by using statistical
parameters such as coefficient of determination (R,
average relative error, p-values, and standard error.

Tablel: Observations comprising 78% data for development of correlations

Site Global Coordinates (Il\EALVF% SD (MElga) SD Dilwﬂ(ty c\g/r?tt;t Dggty C?%R)”S C(I;)F)(s ‘;A)Sﬁa;s;g
T (py)(glcm?) W) (%) | (pa)(glem®)
1| N iooteomae | 16600 | 153 | 15400 | 208 1.89 5.88 178 2011 | 401 16.40
> | & fg 2124 fgg,’égy 16300 | 200 | 147.00 | 153 185 6.65 173 1608 | 350 20.40
3 N?g;ff&f‘ffggé 10800 | 058 | 9300 | 200 157 2857 122 9.20 217 14.60
4 Nég: % ;g;ggg. £ | 7800 | 0s8 | 8100 | 252 164 1875 138 5,80 150 25,80
5 Nég:, Y e | 3600 | 173 | 4200 | 265 132 20.00 1.10 320 093 20,50
6 Néf;, Y & | 16700 | 208 | 14300 | 208 182 8.00 168 1650 | 342 19.40
7 N‘ég: Y& | 16800 | 058 | 15700 | 200 201 15,50 174 2218 | 474 13.40
8 Nég: % ﬁ'_ggg. £ | 16500 | 100 | 14900 | 208 1.89 6.81 177 2087 | 453 13.90
9 Nég:, & | 18700 | 000 | 17600 | 321 1.92 554 182 3005 | 601 12.40
10 | 3OS | 8800 | 058 | 8000 | 252 138 1234 123 6.34 158 19.60
11 N;g: e e | 6900 | 000 | 7900 | 231 144 2037 120 303 087 24.80
12 N,Z;;Sﬂl)-lfé?ggﬁE 8300 | 173 | 80.00 | 153 132 10.73 119 7.85 207 16.50
13 N’fg, e | 12000 | 058 | 10200 | 153 156 6.06 147 9.70 243 21.30
14 | 23IOSMENET | 4700 | 058 | 4400 | 306 131 1051 118 6.77 1.89 18.40
15 | 2319000 N8 1 11000 | 000 | 10300 | 252 143 1187 128 9.56 247 16.70
16 25°13,7'1?3'_235%',\"E85° 11100 | 058 | 12200 | 306 151 11.23 151 18 | 275 19.90
17 | IATE | 10400 | 000 | 9000 | 321 172 855 159 1623 | 354 15,80
18 | 2 37BE0N NS | 6200 | 153 | 5700 | 153 161 1213 143 1012 | 19 17.80
19 | 2378058 N1 5700 | 100 | 5800 | 153 148 6.21 142 6.36 161 2410
20 25;03:71'322%2'? & | 6100 | 058 | 4900 | 208 147 17.63 125 8.20 201 17.80
21 | 2380 W8T ego0 | 153 | 5900 | 265 150 16.85 129 557 135 22,50
2 | % 31’3) slggig, 2’85° 7200 | 100 | 79.00 | 200 164 1875 138 5.80 150 25.40
23 | 2302920 NS | 10200 | 173 | 9000 | 306 175 11.74 157 1230 | 315 20.70
u | * fg fé‘_?;g..”é%" 15300 | 208 | 14800 | 1.00 183 10,58 166 1073 | 284 27.10
25 N%‘; 30792 = | 14700 | 058 | 13300 | 153 205 1361 181 1955 | 477 17.90
Min 3600 | 000 | 4200 | 1.00 131 554 110 303 087 1240
Max 187.00 | 2.08 | 17600 | 321 205 2857 182 3005 | 601 27.10
Avg 10768 | 0.97 | 10096 | 2.21 164 1259 147 1176 | 274 19.32
SD 4513 | 069 | 4024 | 062 0.22 577 0.23 6.79 138 403
S.D-Standard Deviation
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Tablell: Observations comprising 22% data for validation of correlations developed

Bulk Water Dry .
Site Global Coordinates (Il\EAL"S;) SD (MElga) SD Density content (W) Density C?,Z’)”S C(?ES ?5Ea;fse\r)g
(pp)(g/em’) ) (pa)(g/cm?’)
25° 37" 11.5716" N,85°
1 10/ 185419 E 13200 | 058 | 142.00 | 2.00 1.88 13.13 1.66 13.4 350 13.90
25° 37' 11.7444" N,85°
2 10 18552 E 9200 | 000 | 9500 | 208 151 571 143 7.31 2.08 22.80
25° 37'12.1044" N,85°
3 10 18.6168" E 7200 | 153 | 7000 | 321 152 14.85 132 6.18 1.69 22.10
25° 37' 12.504" N,85°
4 10' 18.6888" E 11800 | 1.00 | 11000 | 252 1.64 11.13 1.48 1151 | 266 19.30
25° 37' 12.8676" N,85°
5 10 18.7068" E 8600 | 058 | 77.00 | 231 142 12.13 1.27 6.73 1.60 19.10
25°37'8.31"N,85° 10
6 1874647 E 69.00 | 153 | 67.00 | 153 1.26 8.09 117 6.62 1.70 17.50
25° 37'8.5332" N,85°
7 10 19.3548" E 7700 | 100 | 8300 | 153 135 9.10 1.23 6.58 1.99 19.00
Min 69.00 | 000 | 67.00 | 153 1.26 5.71 117 6.18 1.60 13.90
Max 13200 | 153 | 1420 | 321 1.88 14.85 1.66 1851 | 350 22.80
Avg. 9229 | 0.89 | 9200 | 217 151 10.59 1.37 9.06 217 19.10
SD 2403 | 055 | 2661 | 059 0.20 3.15 0.17 455 0.69 2.95
S.D-StandardDeviation
The soil classification based on grain size was done using
sieve anaysis as per Indian standard soil classification Observed CBR; = 0858 Predicted CBR,
system 1S 1498-1970 [15]. It was observed that the soil Fr=n2s7
particles passing 75 sieve is less than 50% and the coarse #4
fraction passing 4.75 mm sieve is more than 50%. Thus, the 5
results show the soil to be coarse-grained, sandy to be E
specific. £
The dry density and CBR of a compacted soil depend 1
largely upon the degree of compaction, water content, and o
type of soil. The elastic modulus obtained using Geogauge o 1 2 3 a
(Eg) lies between 42 MPa and 176 MPa with an average = Predicted soaked CER (%)
value and standard deviation (SD) equal to 100.96 and 40.24 B
respectively. Whereas, unsoaked CBR values lie between Fig f - Comparivon between observed and predicted
3.03% and 30.05%, with an average value and SD equal to soaked CER
11.76% and 6.79 respectively. The correlation between
unsoaked CBR and elastic modulus obtained using CBR .. = D.0DL[E,] - 0.124E, + 8342
Geogauge is apolynomial relation of order two as shown R =0788
in(11) and Fig. 3 which appears to be the most fitting = -
correlation with an R? value of 0.798 and p-value less than 130
0.05. The value of unsoaked CBR increases with an increase %‘;5 ]
in Eg non-linearly. For validation, it also facilitates the 0 4
comparison of observed and predicted values of unsoaked 15 |
CBR having an average relative error of 14.93% and linear Em ]
regression line fit with an R?value of 0.875 as shown in Fig. g |
4, an estimated Standard error (SE) of 1.02, p-value less o . . . i
than 0.05 and Chi-square value of 2.56 which isless than the 0 50 100 150 200
critical value at degree of freedom 6 and level of E iGeogauge) (MPa)
significance 5%. This indicates that the model developed is Figd - Correlation between Umscaked CER and
significant. The equation 11 is valid for a practical value of Geogangeelastic Modohs (E-)

Ec (Ec#0 and 35 <Eg<190 MPa).
(CBR)ys = 0.001(Eg)? — 0.124E; + 9.342
(R*=0.798) (11)
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CER, = 0.0002[E, ) - 0.014E, + 1.703
R*=0.753
¥
4 ‘*
z
&
Q T T 1
o 100 200
E {zeogauge) (MPa)

Fig.5- Correlation between soaked CEE and
Geogauze elastic Alodulos (Ec)

The soaked CBR values lie between 0.87% and 6.01%, with
an average value and SD equa to 2.74% and 1.38
respectively. The correlation between soaked CBR and
elastic modulus obtained using Geogauge is a polynomial
relation of order two as shown in(12) and Fig. 5 which
appears to be the most fitting correlation with an R? value of
0.793 and p-value less than 0.05. The value of soaked CBR
increases with an increase in Eg non-linearly. For validation,
it also facilitates the comparison of observed and predicted
values of soaked CBR having an average relative error of
5.13% and linear regression line fit with an R? value of
0.967 as shown in Fig. 6, an estimated Standard error (SE)
of 0.124 & p-value less than 0.05. This indicates that the
model developed is significant. The equation 12 is valid for
apractical value of Eg (Eg#0 and 35<Es<190 MPa).

(CBR); = 0.0002(E;)? — 0.014E; + 1.703

2
(R°=0.793) (12)
n, = 2E-05{E;)° +0.001E; +1.119
R®= 0730
N
tha *
Bis - -
Ei.-‘l *
M.z ‘0"
b,
[+] S0 100 150 200
E izZsogaugei iMPa)

Fig.T - Correlation betw een Diry Density and
Ceoganse elavtic modulus (E_)

Observed CER,; = 1.B82 Predicted CBR,;
R?= OETS

15

o 5 e} 15
Predicted Unsoaked CBR %)

Figd - Comparison between observed and predicted
mnsoaked CBER
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Dry density values lie between 1.1 g/cm® and 1.82 g/lcm?®,
with an average value and SD equal to 1.47g/cm® and 0.23
respectively. The correlation between dry density and elastic
modulus obtained using Geogauge is a polynomial relation
of order two as shown in(13) and Fig. 7 which appears to be
the most fitting correlation with an R? value of 0.730 and p-
value less than 0.05. The value of dry density increases with
an increase in Eg non-linearly. For validation, it also
facilitates the comparison of observed and predicted values
of dry density having an average relative error of 3.9% and
linear regression line fit with an R? value of 0.864 as shown
in Fig. 8, an estimated Standard error (SE) of 0.063 & p-
value less than 0.05. Thisindicates that the model developed
is significant. The equation 13 is valid for a practical value
of Eg (Ec#0 and 35<Eg<190 MPa).

2

pa = 2E —05(E;)? + 0.001E; + 1.119 (R’=
0.730) (13)
Observed py=0.2E22 Predicted o
RE = 0.E64
1.7
E 1.6
1.5
[u] 3
[ *
g3 “*
E 1.z -
11
1
1 1.2 14 1.6 1.z
Predictad Dry Density (2/om’)
Fig§ - Comparison between observed and pre dicted
dry density

CER,; = DUDODS(E,, ) - 0.054E, - +5804
R = 0,807

4] 50 100 150 200
EiLWD) (MPaj

Fig® - Correlation between Umnsoaked CER and
LWD elastic Modulus

The elastic modulus obtained by LWD lies between 36 MPa
and 187 MPa with an average value and standard deviation
(SD) equal to 107.68 and 45.13 respectively. The correlation
between unsoaked CBR and elastic modulus obtained using
LWD is a polynomial relation of order two as shown in(14)
and Fig. 9 which appears to be the most fitting correlation
with an R? value of 0.807 and p-value less than 0.05. The
value of unsoaked CBR increases with an increase in E ywp
non-linearly. For validation, it aso facilitates the
comparison of observed and predicted values of unsoaked
CBR having an average relative error of 10.62% and linear
regression line fit with an R?value of 0.968 as shown in Fig.
10, an estimated Standard error (SE) of 0.513, p-value less
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than 0.05 and Chi-square value of 0.66 which isless than the
critical value at degree of freedom 6 and level of
significance 5%. This indicates that the model developed is
significant. The equation 14 is valid for a practical value of
E.wp (ELWD7ﬁO and 35<E wp<190 M Pa)

(CBR)ys = 0.0009(E.yp)? — 0.064E,,p + 6.904
(R*=0.807) (14)

Cbserved CBRus =0.8205 Predicted CERus
R® =0.858
14
E 1z
'E 10
]
a
4 -] 14 19
Predicted Unsoaked CBR (%)
Fig 10 - Comparison between observed and predicted
mnzeaked CEBE

[CBR ), = DLODDA[E, ) - DDD15E,, - + 1.154
R = 0.BDS

:
s
g

=

L= o Y]

Q 50 100 150 200
E (LW (MPaj

Fig 1l - Correlation betw een Soaked CBE and LWD
elastic AModulus (E, o5

The correlation between soaked CBR and elastic modulus
obtained using LWD is a polynomial relation of order two
as shown in(15) and Fig. 11 which appears to be the most
fitting correlation with an R? value of 0.805 and p-value less
than 0.05. The value of soaked CBR increases with an
increase in E_ wp non-linearly. For validation, it also
facilitates the comparison of observed and predicted values
of soaked CBR having an average relative error of 11.92%
and linear regression line fit with an R? value of 0.862 as
shown in Fig. 12, an estimated Standard error (SE) of 0.256
& p-value less than 0.05. This indicates that the model
developed is significant. The equation 15 is valid for a
praCtical value of ELWD (ELWD;’&O and 35<ELWD<190 M Pa)
(CBR)s = 0.0001(E,yp)? — 0.0015E,,, +
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p.=1E-05(E, ) + 0.002E,, - + LO2E

R*= 077
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t ¥
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Fig.13 - Correlation between Dry Density and LW
elastic modulus {Eywn)

The correlation between dry density and elastic modulus
obtained using LWD is a polynomial relation of order two
as shown in(16) and Fig. 13 which appears to be the most
fitting correlation with an R? value of 0.770 and p-value less
than 0.05. The value of dry density increases with an
increase in E_wp non-linearly. For validation, it also
facilitates the comparison of observed and predicted values
of dry density having an average relative error of 5.24% and
linear regression line fit with an R? value of 0.733 as shown
in Fig.14, an estimated Standard error (SE) of 0.088 & p-
value less than 0.05. Thisindicates that the model devel oped
is significant. The equation 16 is valid for a practical value
of ELWD (ELWD7£O and 35<ELWD<190 M Pa.)

pa = 1E — 05(E,wp)? + 0.002E,,, + 1.098
(R*=0.770)

Observed p, =0.997 Predicted p,
R =0.733

e

*
*

(16)

[

S

[E

o R, e e -
LR TR TRLL I

1.1 1.z 1= 17
Predicted Dy Density (g/om?)

Figl4 - Comparison between observed and predicted
dry density

Researchers have developed correlations with linear,
logarithmic linear and polynomial variations. This may be
due to available data and local conditions.

A. Exploring the influence of Geotechnical Parameters
on Elastic Modulus obtained using Geogauge and LWD
The equation 17, having an R? value of 0.970 and a p-

1184 (R” = 0.805) (15)  value less than 0.05, developed as part of this study points
E’fi";;lm-:— = 1132 Predicted CBR; out that the values of dry density and unsoaked CBR show a
—= positive influence whereas water content shows a negative
%65 N effect on the elastic modulus obtained using Geogauge. For
E 5 * validation, it also facilitates the comparison of observed and
3 predicted values of Eg having an average relative error of
52'5 9.1%, a linear regression line fit with an R? value of 0.955,
1: * an estimated Standard error (SE) of 9.51 and a p-vaue less
) than 0.05.
1 15 2 25 3 Eg =
predicted soaked CER (%) 3'153(3)).011 + 3.6 (CBR)ys — 0.185w (R* =
Figl? - Comparison between observed and predicted
soaked CER (17)
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The equation 18, having an R? value of 0.971 and a p-value
less than 0.05, developed as part of this study points out that
the values of dry density and soaked CBR shows a positive
influence whereas water content shows a negative effect on
the elastic modulus obtained using Geogauge. For
validation, it also facilitates the comparison of observed and
predicted values of Eg having an average relative error of
7.75%, alinear regression line fit with an R? value of 0.980,
an estimated Standard error (SE) of 7.68 and a p-value less
than 0.05.
E; = 34.86 p; + 19.01 (CBR)s — 0.14w
0.971) (18)
The equation 19, having an R? value of 0.9705 and a p-value
less than 0.05, developed as part of this study points out that
the values of dry density and unsoaked CBR shows a
positive influence whereas water content shows a negative
effect on the elastic modulus obtained using LWD. For
validation, it also facilitates the comparison of observed and
predicted values of E,wp having an average relative error of
6.15%, a linear regression line fit with an R? value of 0.899,
an estimated Standard error (SE) of 6.2 and a p-value less
than 0.05.
Eywp = 41.7 pg + 43 (CBR)ys — 028w (R®=
0.9705) (29)
The equation 20, having an R? value of 0.972 and a p-value
less than 0.05, developed as part of this study points out that
the values of dry density and soaked CBR shows a positive
influence whereas water content shows a negative effect on
the elastic modulus obtained using LWD. For validation, it
also facilitates the comparison of observed and predicted
values of E, wp having an average relative error of 7.38%, a
linear regression line fit with an R? value of 0.900, an
estimated Standard error (SE) of 7.86 and a p-value less than
0.05.

E,wp = 33.245 pg + 22.72 (CBR)s — 0.22w (R® =
0.972) (20)

(R?=

V. CONCLUSIONS

An investigation was carried out at 32 locations and found
the soil to be coarse-grained (sandy). The models were
developed using 78% data, and for validation, 22% of data
were used. Non-destructive tests were evaluated using
Geogauge and LWD. Dry density was evauated in-situ
while water content and CBR tests were performed in the
laboratory.

The modulus values obtained using Geogauge and LWD
ranged between 35 MPa and 190 MPa. The result of
unsoaked CBR from 3% to 35%, soaked CBR from 0.8% to
7%, dry density from 1 g/cm® to 2 g/lem®, and water content
from 5% to 30%.

Correlations were developed between elastic modulus
obtained by NDT devices under consideration and
destructive test engineering properties. The result of
regression analysis gives non-linear relationships and shows
good correlation based on statistical testing. All regression
models have an R? value greater than 0.7 and a p-value less
than 0.05.

The models were validated through statistical testing and
found a significant correlation between observed and
predicted values of various parameters. The validation of
various correlations developed shows an average relative
error of less than 15 %, an R? value greater than 0.7 and a p-
value less than 0.05.
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The outcome of this work proposes that Geogauge and
LWD can be consistently utilized to envisage the dry density
and CBR values and thus can be utilized to estimate the
strength or stiffness parameters of shoulders.
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