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Abstract Pavement performance depends mainly on the strength characteristics
of subgrades. California Bearing Ratio (CBR) plays a vital role in the evaluation
of subgrade strength in pavement design. Determination of the field bearing resis-
tance of subgrades requires an equipment, labors, and is time consuming, therefore,
several researchers have attempted to predict CBR value of a subgrade in the field
from other nondestructive testing devices. One of the most versatile, rapid, and in situ
nondestructive testing device is a lightweight deflectometer (LWD) which is used
in estimating subgrade properties in various pavement projects. Developing corre-
lations between CBR and LWD parameters including surface deflection, dynamic
modulus, and degree of compatibility makes LWD an important alternative test used
in the performance evaluation of pavement layers. In this paper, an attempt has
been made to evaluate in situ strength by selecting two under construction street
sites located at Karbala: Al-Takahe district and Al-Emam Ali district. The subgrade
soils et al. -Takahe district and Al-Emam Ali district were classified according to
AASHTO as A-1-b and A-3, respectively. The initial results showed the ability to
predict bearing resistance of subgrades based on their basic physical properties and
dynamic measurement obtained by an LWD test device.
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1 Introduction

During the 1930s, an empirical testing method was developed by California Depart-
ment of Transportation to evaluate the strength of subgrade soils and unbound base
materials designated as the California Bearing Ratio (CBR) [1]. This test method was
widely utilized by highway agencies which considered an essential design param-
eter that needs to be considered in the design of highway and airport pavements
is the characteristic of the subgrade where the pavement is placed on. Subgrade
materials are typically characterized by their resistance to deformation under load,
which can be either a measure of their strength or stiffness. In general, subgrade
resistance to deformation which can be expressed in terms of stiffness, modulus,
density, and California Bearing Ratio (CBR) could reflect its load-carrying capacity
before reaching a critical deformation value. However, many researchers developed
correlative models to relate CBR with other test results to estimate the strength and
stiffness of subgrades using different tests such as Dynamic Cone Penetration (DCP),
Portable Light Weight Deflectometer (PFWD), Cyclic Triaxial (CT), Clegg Impact
Values (CIV), and Miniaturized Pressuremeter Test (MPMT).

A lightweight deflectometer (LWD) is a portable device used to measure the in situ
elastic modulus of pavement layers and fill embankments. The LWD is primarily used
for soil subgrade evaluation before pavement design (mechanistic approach) and
verification [2]. Although LWD is widely utilized for compaction quality control
of soil layers in highway construction projects by determining the deflection (8) of
flexible pavement layers, it can also be used to determine the stiffness of surface
soils (Epwp). The method of calculation of LWD modulus (Epwp) was based on
Boussinesq elastic half-space theory [3]. LWD is gaining acceptance and has been
widely used over the years as the pavement and transportation geotechnics commu-
nity is currently moving toward more mechanistic-based design and quality control
evaluation of pavement layers and embankment fills. The developments in testing
methods such as LWD display more precise, ease of use, ease of portability, fast,
non-distractive, and modern methods, in addition to the ability of determining the
surface deflection and surface stiffness of compacted soil [4].

The main purpose of this research is to investigate the validity and reliability of two
statistical models developed to predict the bearing resistance of local subgrade soil
properties depending on either their physical properties or their dynamic measure-
ment determined by an LWD test device. The first model was developed using LWD
parameters which include surface deflection Sy4, dynamic modulus Eq4, degree of
compatibility D, as independent variables, and the second model was represented
by considering Wc, and yds as independent variables while the dependent variable
is represented by the CBR value. This verification process could facilitate the under-
standing of the role of LWD parameters in determining the in situ bearing resistance
of a subgrade.
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2 Site Location and Layout of the Tests

In this study, two roadway projects in Karbala were selected to evaluate the strength
of their subgrade soils: the first site project was Al-Takahe district, and the second
was Al-Emam Ali district. The Al-Takahe zone is located at the west of Karbala
which includes an arterial two-lane roadway with length 2000 m, and width 40 m,
while AlI-Emam Ali district is located at southwestern Karbala, which consists of
four local streets with length 150 m and width 12 m and a collector with length
200 m and width 12 m; see Fig. (2). A construction project was conducted in Al-
Takahe district, and 20 test points were selected for every 100 m on the center for
constructed roadway, which starts from station 00 4+ 00 to station 20 + 00. Two
testing techniques, including field density by core cutter method (CCM) and the
LWD test, were performed, while eight test points were conducted for Al-Emam Ali
district which starts from station 00 + 100 and to station 00 + 800. The LWD test
was conducted in the same location of the field density test at both sites, as clarified
in Figs. 1 and 2. After completing the field tests, a disturbed-soil sample has been
collected and tested in a laboratory for identifying their basic properties. Standard
laboratory tests according to ASTM and AASHTO procedures were conducted on
each soil type to define the basic soil properties including sieve analysis, Atterberg
limits, modified Proctor tests, and laboratory California bearing ratio test (CBR).
Also, chemical tests were included to investigate the content of deleterious materials
in subgrade soils (i.e., SO3, gypsum content, and total soluble salts).
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Fig. 2 Schematic diagram of field test points—Al-Emam Ali district

3 Experimental Program

Laboratory Tests. Disturbed soil samples collected from the natural subgrade layers
were subjected to standard laboratory tests for purposes of characterization. The
results of physical and chemical tests are summarized in Table 1. The grain size
distribution of the selected subgrade soils is presented in Fig. 3. Additionally, the
maximum dry density and optimum moisture content from the modified Proctor test
are clarified in Fig. 4.

Field Tests. Two test methods were adopted in this experimental work: lightweight
deflectometer test (LWD) according to ASTM E2583 and core cutter method (CCM)
according to ASTM D2937. Subgrades’ dynamic properties in terms of dynamic
modulus, surface deflection, and the degree of compatibility were obtained by
performing the LWD test whereas, dry unit weight, wet unit weight, moisture content,
and degree of compaction of compacted natural subgrade layers were determined by
conducting the CCM test.

Lightweight Deflectometer (LWD). A portable LWD device which is manufac-
tured by ZORN instruments (Type ZFG 3.0) was utilized in the work. The main
purpose of using this device was to evaluate subgrades’ dynamic and compaction
characteristics. As shown in Fig. 5, the LWD consists of three main components: 1)
loading device which includes a (10 kg) drop weight, 2) 30-cm loading plate equipped
with an accelerometer to measure the vertical surface deflection of a soil, and 3) a
portable control unit utilized to display and record LWD testing measurements [12].
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Table 1 Physical and chemical properties of selected types of subgrade soils
Property Subgrade soil type Specification
AL-Meelad AL-Fares
Site coordination 408,595.011, 404,229.144, /
3,605,065.385 3,611,462.039
USCS classification | Poorly graded sand Poorly graded sand | ASTM D2487 [5]
with silt (SP-SM) (SP)
AASHTO A-1-b A-3 AASHTO M145 [6]
classification
Dry unit weight 21.28 kN/m? 20.89 kN/m? ASTM D1557 [7]
O.M.C 8% 10.4% ASTM D4643 [8]
Dj9, D30, Deo 0.14,0.29, 0.53 0.17,0.29,0.402 | ASTM D2487 [8]
Uniformity 3.79 2.36 ASTM D2487 [8]
coefficient, C,
Curvature coefficient, | 1.13 1.23 ASTM D2487 [5]
Ce
Gravel fraction, GF | 4.60% 1.52% ASTM D2487 [5]
Fine content 5.30% 4.01% ASTM D2487 [5]
Lab. 57% 38% ASTM D1883 [9]
CBR—unsoaked
Lab. CBR—soaked | 47% 26% ASTM D1883 [9]
Liquid limit 0 0 ASTM D4318 [10]
Plasticity index N. P N. P ASTM D4318 [10]
Sulfate (SO3) 1.27% 1.04% BS1377-3:1990 [11]
gypsum content 3.73% 1.77% BS1377-3:1990 [11]
(CaS04 2H,0)
Total soluble salts 1.22% 3.80% BS1377-3:1990 [11]
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Fig. 3 Grain size distribution for selected types of subgrades
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Analysis of Lightweight Deflectometer (LWD) Data. LWD is defined as a
nondestructive testing device used to determine in situ stiffness properties of pave-
ment materials under the effect of dynamic impact loads at in situ conditions. This
device provides a single dynamic stiffness back-calculated based on actual wave
velocity propagated inside a pavement layer [12]. The influence depth of LWD pulse
is at range 1.5-2.0 times the diameter of the loading plate; for this reason, the LWD
device is considered as not a suitable device to evaluate in situ stiffness for depth
that is often greater than 20 inches (50.8 mm).

The LWD parameters measured during this test are listed below:

e Surface Deflection (Sy): it is derived by double integrating the acceleration data
concerning time of pulse waves. The acceleration data are recorded using an
accelerometer subjected inside the loading plate.

e Dynamic Modulus (Ey): it is back-calculated from S4 depending on Boussinesq
elastic half-space theory that can be presented by the following expression [13].

(l — U2)Goa

Eq = 5

(D

where is the Eq (MPa), o, is peak applied stress (MPa), a is the radius of loading
plate (mm), and v is the Poisson’s ratio, 8§ is peak vertical deflection (mm), and f =
plate rigidity factor which is typically assumed (f = 2) for LWD ZFG model.

e Degree of Compatibility (D.): a soil parameter that gives an indication about
compaction characteristics of the pavement layer and can be determined by
dividing the mean surface deflection by the mean pulse velocity of dynamic impact
load applied in the surface layer. Generally, the compaction effort is good if the
degree of compatibility is less than or equal to 3.5, while further compaction effort
is recommended if the Dc is greater than 3.5 [14].

Determination of In situ Density by Core Cutter Method (CCM). Dry unit
weight (gm/cm?), wet unit weight (gm/cm?®), moisture content (%), and degree of
compaction (%) can be determined using a core cutter test method according to
ASTM D2937. This method can be used successfully whenever soil conditions permit
pushing of cutter for sampling and taking it out in the laboratory without much
disturbance. AASHTO restricted CCM for determining the in-place density in soils
containing particles not larger than 50 mm (2 in.) in diameter.

4 Results and Discussion

Table 2 summarizes the LWD measurements of soil samples collected from the
designated sections. The average of surface deflection indicates that the data extracted
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Table 2 Summary of LWD results for selected test points

Test No Station No Surface deflection (mm) Eq (MPa) | D¢ (ms)
Sy ‘ Sy ‘ S3 ‘ Mean
Al-Takahe district (A-1-b subgrade soil)
1 00 + 100 0.284 0.279 |0.280 |0.281 | 80.07 3.110
2 00 4+ 200 0.244 0.234 |0.264 |0.247 |91.09 2.354
3 00 + 300 0.376 0.391 [0.395 |0.387 | 58.14 2.252
4 00 + 400 0.409 0.388 |0.405 | 0.401 |56.11 2.250
5 00 + 500 0.576 0.584 |0.566 |0.575 |39.13 2.982
6 00 + 600 0.427 0.423 |0.414 |0.421 |53.44 2.487
7 00 + 700 0.209 0.192 0.206 |0.202 | 111.39 2.567
8 00 + 800 0.429 0.431 |0.430 [0.430 |52.33 2473
9 00 + 900 0.188 0.186 [0.177 |0.184 | 122.28 2.840
10 01+ 00 0.214 0.207 [0.208 [0.21 |107.14 2.750
11 01 + 100 0.359 0.363 | 0.351 |0.358 | 62.85 2.503
12 01 4 200 0.500 0.502 |0.504 |0.502 |44.82 2.760
13 01 + 300 0.285 0.294 0.299 |0.293 | 76.79 2.780
14 01 + 400 0.165 0.178 [0.171 |0.171 | 131.58 2.118
15 01 4 500 0.212 0.226 [0.215 |0.218 | 103.21 2.530
16 01 + 600 0.374 0.382 0.383 |0.380 |59.21 2.465
17 01 + 700 0.203 0.204 {0.199 |0.202 | 111.39 2.088
18 01 + 800 0.166 0.156 |0.163 |0.162 | 138.89 2.242
19 01 4 900 0.193 0.195 [0.193 |0.194 | 115.98 2.285
20 02 + 00 0.205 0.208 |0.206 | 0.206 | 109.22 2.163
Average 0.301 0.301 |0.301 |0.301 | 86.25 2.500
Al-Emam Ali district (A-3 subgrade soil)
1 00 + 100 |0.32 0.319 [0.274 |0.304 | 74.01 2.548
2 00 + 250 | 0.377 0.381 [0.37 |0.376 |59.84 2.436
3 00 + 400 |0.223 0.229 |0.223 |0.225 | 100.00 3.285
4 00 + 550 | 0.398 0.392 |0.389 |0.393 | 57.25 2.652
5 00 + 650 | 0.295 0.297 10.29 |0.294 | 76.53 2.734
6 00 + 750 | 0.303 0.302 |0.304 |0.303 | 74.26 2.465
Average 0.319 0.320 |0.308 |0.316 | 73.648 2.687

from the integration process for 20 test points performed was recoded as 0.301 mm
for A-1-b and 0.316 mm for A-3 subgrade soil, while the values of average dynamic
modulus for A-1-b was 86.25 Mpa and 73.648 Mpa for A-3. Lastly, the average value
of the degree of compatibility of subgrade soil was 2.50 ms and 2.687 ms for A-1-b
and A-3, respectively.
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Table 3 Summary of field density results for selected test points

Test No Station No | Wet unit Moisture Dry unit Degree of
weight content % | weight compaction
(gm/cm?) (gm/em?®) | %

Al-Takahe district (A-1-b subgrade soil)

1 00 + 100 1.952 8.91 1.792 82.58
2 00 + 200 1.990 6.76 1.864 85.90
3 00 4 300 2.010 8.00 1.861 85.76
4 00 + 400 1.883 6.90 1.761 81.15
5 00 4 500 1.988 6.40 1.868 86.08
6 00 + 600 1.951 5.80 1.844 84.98
7 00 + 700 1.910 7.00 1.785 82.26
8 00 + 800 1.927 4.80 1.839 84.75
9 00 + 900 1.837 4.70 1.755 80.88
10 01 400 1.844 3.50 1.782 82.12
11 01 + 100 2.010 8.00 1.861 85.76
12 01 + 200 1.951 8.80 1.793 82.63
13 01 4 300 1.854 2.40 1.811 83.46
14 01 + 400 1.977 2.60 1.927 88.80
15 01 4 500 1.854 0.50 1.845 85.02
16 01 4 600 1.854 1.50 1.827 84.19
17 01 4700 1.829 0.90 1.813 83.55
18 01 4 800 1.951 3.50 1.885 86.87
19 01 4900 1.922 5.60 1.820 83.87
20 02 400 1.893 1.67 1.862 85.81
Average 1.919 4.912 1.830 84.32
Al-Emam Ali district (A-3 subgrade soil)

1 00 + 100 2.198 8.91 2.018 95.60
2 00 + 250 2.141 6.76 2.005 95.00
3 00 + 400 2.175 8.00 2.014 95.50
4 00 + 550 2.182 6.90 2.041 96.70
5 00 + 650 2.178 8.00 2.017 95.60
6 00 + 750 2.189 8.80 2.012 95.30
Average 2177 7.895 2.018 95.62

The data of moisture and density of soil samples from the pavement layers at
the designated sections are presented in Table 3. The results of A-1-b indicate that
the wet unit weight average was 1.919 gm/cm? and A-3 average results were 2.177
gm/cm?, while the average moisture content was 4.912% for A-1-b and 7.895% for
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A-3. Lastly, the average of dry unit weight for A-1-b and A-3 was 1.927 gm/cm?® and
2.018 gm/cm?, respectively.

To evaluate a bearing resistance of subgrade soils, a comparison analysis was
performed between two developed statistical models developed in the previous work
by Al-Fatteh Allah et al. (2019) [14]. Experimental results and regression analyses
by using SPSS software was employed to develop two models: the first model was
represented by considering LWD parameters (Eq4, S4, D) as independent variables;
see Eq. (1), while the second model was represented by considering Wc and yd¢ as
independent variables to predict CBR value as a dependent variable for subgrade
soils as shown in Eq. (2):

CBR predicted = 17.225 + 0.051 x E; + 0.023 = Df — 025 x D,
2

CBR predicted = 776.99 — 38  We + 275 % 24, — 912 % 4y (3)

The bivariate Pearson correlation between variables for statistical analysis was
present a correlation between dependent variables CBR and independent variables
(LWD parameters), that caused to absent the effect of surface deflection (S4) and
illustrate E4 has the most significant correlation to bearing soil capacity, then Sq,
and lastly D, [15]. A comparison between two predicted models was conducted; the
bearing resistance of the subgrade layer A-1-b depending on LWD parameters ranged
23.78 to 28.71% with an average of 26.22%, and for A-3 it ranged 26.62 to 27.56%
with an average of 26.98%, while the bearing resistance of subgrade depending on
physical properties ranged 20.59 to 57.75% with an average of 32.92% for A-1-b
and 50.61-52.70% with an average of 52.7 for A-3. See Fig. 6.

Comparison and verification between results for two predicted models to deter-
mine the bearing resistance of subgrade according to LWD parameters once and
to their basic physical properties otherwise were conducted and they show that the

60

= 30 ;zf//// 26.98 :///z;{/{

Fig. 6 CBR results for statistical models



Use of Lightweight Deflectometer for Evaluating ... 195

in situ CBR value is lower than that of the laboratory results, this decrease in results
is due to the difference in environmental conditions, such as a change in moisture
content including the temperature and evaporation effect, in addition to the effect of
boundary restricted and applied compaction effort which is an effect in the degree
of compactions, which affect during field tests and hence will change the particle
size distribution at remolded CBR specimens of the laboratory tests. Also, the results
indicate that the ratio between two developed models (CBR predicted according to
LWD parameters/CBR predicted according to the physical properties) were 1.03;
this result indicates that the developed models were acceptable to predict bearing
resistance for A-1-b subgrade soils, while the difference between predicted CBR
value for A-3 subgrade soil is equal to 1.96 due to the effect of gypsum content of
subgrade which employed to build the models and hence caused to increase CBR
value for the developed model that agreed completely with Ahmed [16] reported
that the compressive strength values for poorly graded sandy soil samples stabilized
with recycled gypsum increased from 14.42 kPa to 25.43, 8§1.99 and 331.18 kPa
due to adding 5, 10, and 20% content of recycled gypsum, respectively. This can
be explained by the addition of recycled gypsum to the soil causing cementation or
hardening of soil particles; thus, cohesion strength between soil particles is devel-
oped for this reason and this developed model is considered unreliable to predict the
CBR value.

5 Conclusion

From experimental works of this research study, the following can be concluded:

e Modeling the CBR value for A-1-b subgrade soil concerning the dynamic
measurement of LWD parameter inputs is achievable and satisfactory in terms
of predicting the bearing resistance of subgrade soils.

e Modeling the CBR value for A-3 subgrade soil regarding their basic physical
properties is unsatisfactory to the prediction of the bearing resistance of subgrade
soils.

¢ The experimental works show that the LWD parameters have the most significant
correlation than the field dry density and moisture content to predict bearing
resistance of subgrade soils.
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