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Dielectric constant is an important parameter for the nondestructive test of cement stabilized macadam base (CSMB) on road by
ground-penetrating radar (GPR). However, few studies have been reported on the quantitative relationship between the dielectric
constant and the compaction degree, strength indicators, and influencing factors of CSMB. To address the problem, groups of
CSMB specimens, which were different in gradation of aggregate (fine or coarse), compaction degree, and curing time, were made
and tested for dielectric constant and influencing factors with the help of the Swedish MALA GPR. The relationship between the
dielectric constant of CSMB and the influencing factors such as the compaction degree, moisture content, percent residues of
aggregate on the sieve of maximum particle size and curing age, and the relationship between the dielectric constant and the
unconfined compressive strength were investigated based on several test data and theoretical analysis. The major findings are as
follows. There is a good logarithmic correlation between the dielectric constant and the compaction degree of CSMB, and
quantitative functions have been established. There is a good linear relationship between the dielectric constant and the un-
confined compressive strength of CSMB, and quantitative functions have been established. A comprehensive equation between
the dielectric constant of CSMB and the influencing factors such as the compaction degree, moisture content, percent residues of
aggregate on the sieve of maximum particle size, and curing age has been established and validated with high significance and
small error. The findings are a theoretical basis for the application of GPR to the test and quality assessment of CSMB on roads.

1. Introduction

Ground-penetrating radar (GPR) has been widely used in
geophysical exploration and construction engineering in
many countries [1-6], especially in nondestructive tests of
structural layers such as cement stabilized macadam base
(CSMB) in road engineering [7-9]. The compaction degree
and strength of the cement stabilized macadam base, which
is an important layer of the road base, are major indicators of
quality of road construction. During construction, the
compaction degree and strength of CSMB are often used as
controlling indicators for the road to meet requirements
such as bearing capacity and deformation resistance under a
load of vehicles [10, 11].

For the test of compaction degree and strength of CSMB,
the traditional methods such as the cutting ring, sand cone,

water bag, and compaction meter are destructive to a certain
extent and poor in efficiency and representativeness [12-14].
As a nondestructive and continuous testing tool, GPR has
been widely applied in the field of civil engineering [15-17].
It is fast and economical in assessing the compaction degree,
strength, and thickness of CSMB [18-21]. The interpretation
and information retrieval of images of GPR-reflected waves
depend on the dielectric property of CSMB, i.e., the accuracy
of estimated thickness, compaction degree, strength, and
moisture content depend on the dielectric constant of
CSMB. Although studies of dielectric properties have been
reported on reinforced concrete, cement concrete pavement,
asphalt pavement, subgrade, and quarry dust stabilized
lateritic soils [22-30], few studies have been conducted on
the quantitative relationship between the dielectric constant
and the test indicators of CSMB and the influencing factors.
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To solve the problem, groups of CSMB specimens with
varying gradations and compaction degrees were collected
and tested for the dielectric constants at different curing
ages. The inherent relationship between the dielectric con-
stant of CSMB and the quality indicators such as compaction
degree and strength was explored. Based on the radar test
data, relationship models were established between the di-
electric constant and the influencing factors, including the
compaction degree, moisture content, percent residues of
aggregate on the sieve of maximum particle size, and curing
age. The models are a theoretical basis for the application of
GPR to the test and quality assessment of CSMB.

2. The Design and Preparation of
CSMB Specimens

The mix proportion of the mass of crushed stone, sand, and
cement of the CSMB specimens in this test was determined
to be 60:40:5 based on common practice in proportion
design and the comparison and screening of compaction
tests of various proportions. Two gradation types, fine and
coarse, were designed for calculating the aggregate of the
specimens. Percent residues of aggregate on the sieve of
maximum particle size (19 mm) of the fine and coarse ag-
gregate were 5% and 15%, respectively. The specimens are
cylinders with both diameter and height equalling 150 mm.
Specimens of each gradation type were made and grouped
with different compaction degrees, including 92%, 94%,
96%, 98%, and 100%. There were 10 groups in all, and 16
specimens were added to each group. After stripping, 13
specimens of good quality were selected out of 16 specimens
and labelled from 1 to 13. The gradation design of the fine
and coarse aggregate is as shown in Table 1 and Figure 1.

3. Test of Relationship between the Dielectric
Property and Quality Indicators

3.1. Test of the Dielectric Constant and Strength. The dielectric
constant was tested with the Swedish MALA ground-pen-
etrating radar with an antenna frequency of 1600 MHz. A
software, GroundVison, was used to test the CSMB speci-
mens at an interval of 24 h for 7 days, and a signal processing
software, Reflexw, was used to read the oscillographic
waveforms. When data were being collected with the radar,
the specimens were put on a metal plate to facilitate the
pickup of the reflected radar signal. The data collection
process is as shown in Figure 2.

The propagating time of the electromagnetic wave in the
specimen was calculated from the oscillographic waveform
collected using GPR, i.e., the time difference between the two
peaks is the two-way travel timeAt of the electromagnetic wave
in the specimen. The dielectric constant could be calculated
using the following equations from the two-way travel time At:

2D
v=—,
At
(1
Ve =5,
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where D is the height of the CSMB specimen; At is the the
two-way travel time of the electromagnetic wave in the
specimen; v is the the propagation velocity of the electro-
magnetic wave; ¢ is the the propagation velocity of the
electromagnetic wave in vacuum; and ¢, is the the dielectric
constant of the CSMB specimen.

The strength was tested according to Test Methods of
Materials Stabilized with Inorganic Binders for Highway
Engineering (JTG-E51-2009). After the curing time as
stipulated in JTG-E51-2009, the specimens were tested for
the unconfined compressive strength as shown in Figure 3.
The average strength and the coefficient of variation met the
requirements of the code, so the representative value of the
unconfined compressive strength of each group of speci-
mens was calculated according to the code.

3.2. Analysis of Test Results. Based on the aforementioned
test data, the discussion here will focus on the relationship
between the dielectric constant and the two indicators: the
compaction degree and the unconfined compressive
strength.

3.2.1. Relationship between the Dielectric Constant and the
Compaction Degree. A total of 130 tests were conducted on
the 10 groups of CSMB specimens, covering both types of
aggregate gradations (fine and coarse) and various com-
paction degrees. The average value of dielectric constant of
each group of specimens on the 6th day was used, as shown
in Table 2().

Here are some findings from the analysis of the test data.
The dielectric constant of both gradation types of CSMB
specimens increases with the increase of the compaction
degree. When the compaction degree is less than 96%, the
dielectric constant increases relatively gently with the in-
crease of compaction degree; when the compaction degree is
greater than 96%, the dielectric constant obviously increases
faster. The curves between the compaction degree and the
dielectric constant are shown in Figures 4 and 5.

A regression analysis was carried out between the
compaction degree and the dielectric constant based on the
test data to more truly and accurately reflect the relationship
between the compaction degree and the dielectric constant
of both gradation types of CSMB specimens. Logarithmic
functions were used to fit the relationship between the
compaction degree and the dielectric constant, and the
coefficient of determination was used for evaluation.

There is a good logarithmic relationship between the
dielectric constant and compaction degree of both gradation
types of CSMB specimens, and the relationship is approx-
imately linear when the compaction degree is greater than
94%. For the fine CSMB specimens, the relationship between
the dielectric constant and the compaction degree could be
fitted as shown in the following function with R* = 0.88216:
y =98.04765 + 3.40204 - In(x — 6.36132). For the coarse
CSMB specimens, the relationship between the dielectric
constant and the compaction degree could be fitted non-
linearly as shown in the following function with
R? =0.99818: y =97.18744 + 5.62846 - In(x — 6.59292). As
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TaBLE 1: Gradation of aggregate.

Percent of mass passing the sieve

Sieve size (mm) 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Fine (%) 100 95 85 75 60 40 25 18 10 8 5 4
Coarse (%) 100 85 75 70 50 40 25 18 10 8 5 4

Percent fineer (%)

0 T T T T T T T T T T T 1
0.0 25 50 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5
Sieve size (mm)

—=— Fine
—e— Coarse

FiGure 1: Grading curves of fine and coarse aggregate.

()

F1Gure 2: Collection of the dielectric property data of the CSMB specimens.

(b)

FIGURE 3: Unconfined compressive strength test of a CSMB specimen.



TaBLE 2: Average dielectric constant of specimens with both
gradation types and various compaction degrees.

Compaction degree (%) 92 94 96 98 100

Fine 6.5277 6.7920 6.7883 7.2237 8.2306
Coarse 6.9883 7.1741 7.3842 7.7526 8.2445
100 -
98
3\0/ L
S 96
o0 o
5 ‘ ‘ ‘
§ o4r T R¥=0.88216 "¢
G Tt R IO IO e 0
© ol -7 =198.04765 + 3.40204In (x < 6.36132) -
88 -
i 1 i 1 i 1 i 1 i 1 i 1 i |

6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4
Dielectric constant

FIGURE 4: Relationship between the compaction degree and the
dielectric constant of fine specimens.
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FIGURE 5: Relationship between the compaction degree and the
dielectric constant of coarse specimens.

the functions fit well between the dielectric constant and the
compaction degree with the coefficient of determination
greater than 0.88 for both gradation types, the compaction
degree can be calculated based on the dielectric constant of
CSMB.

3.2.2. The Relationship between the Dielectric Constant and
Strength. Curves between the dielectric constant and the
unconfined compressive strength for both the fine and
coarse CSMB specimens are plotted and shown in Figures 6
and 7 based on the test data from groups of specimens.
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FIGURE 6: Relationship between the dielectric constant and strength

of fine specimens.
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FI1GURE 7: Relationship between the dielectric constant and strength

of coarse specimens.

For both types of aggregate gradation of CSMB speci-

mens, the functions were obtained by linearly fitting the
relationship curves between the dielectric constant and the
unconfined compressive strength of various compaction
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degrees and are shown in Table 3 with the corresponding
coefficients of determination.

It can be discovered from the table that the fitted
functions are a good representation of the relationship
between dielectric constant and unconfined compressive
strength since the coefficients of determination, the average
of which is 0.95, are greater than 0.89 in all conditions for
both gradation types of CSMB. As a result, the dielectric
constant of CSMB can be used to calculate and analyse the
strength, which provides a theoretical basis for the GPR-
based strength test in road engineering.

4. Establishment of the Multiple Linear
Regression Equations

The relationship between the dielectric constant and certain
variable, although not completely linear as shown in the
single-variable functions, can be approximated as linear. For
the ease of analysis and application, multivariate regression
equations will be established here by applying the multiple
linear regression models and the significance test and the
error analysis will be conducted later.

4.1. Multiple Linear Regression Analysis of the Influencing
Factors. The compaction degree, moisture content, percent

residues of aggregate on the sieve of maximum particle size,
curing age, and the dielectric constant are denoted as x;, x,,
X3, x4, and y, respectively, to conduct the regression analysis.
The percent residues of aggregate on the sieve of maximum
particle size are 5% and 15% for the fine and coarse ag-
gregate, respectively. The test data are as shown in Table 4.

The following equation is assumed to correlate the in-
dependent variables (x;, x,, x3, and x4) and the dependent
variable:

Y =ady+a,X, +a,%X, + a3 X3 + axy, (2)

where ay, a;, a,, a3, and a4 is the undetermined coefficients of
the equation, x;, X, x3, and x4 is the variables of the
influencing factors, and y is the dielectric constant of the
CSMB.
Least square estimation of the regression coefficients:
Assume the estimator of y; to be:

/
Vi =Gy + a1 X +ayXp +03%;3 + 04X, (3)

Let Q(ao>201>a2’a3>a4) =
n
Yiet (Vi —ag —axy — ayXpp —asx;; —ax;,),,  the  least
. ! ! ! ! !
square estimators ay, a,, d,, a3, and a, of ay, a,, a,, a5, and a4
. ! ! ! ! N _ .

satisty Q(ag, a,,ay, a5, a,) = ming, ;< ,Q (ag, ay>a,, a5, a,).

Solve the multivariate function by extremum method:

oQ =
3 -2 Z(J’i — Gy = ayX;; — AyXpp — A3X;3 — AyXyy) = 0,
a, -
i=1
(4)
oQ =
oa. -2 Z(J’i T 0y T Xy T AxXp T AzX — a4xi4)xij =0, (j=12,34).
a. -
] i=1
Reorganize the above functions to get
n n n n n
a0n+alzxi1+azzxi2+a3zxi3+a4zxi4=Zyi’ (5)
i=1 i=1 i=1 i=1 i=1
n n n n n n
2 _
9 Z X T Z X ta, Z XXy + a3 Z XXz + 4y Z X Xig = Z XiYi> (6)
i=1 i=1 i=1 i=1 i=1 i=1
n n n n n n
2
20 z Xip Z XipXijp T4 Z Xpp tas Z XipXiz + 4y z XipXig = Z XiYi> (7)
i=1 i=1 i=1 i=1 i=1 i=1
n n n n n n
2
ag Z X3 +a Z Xi3X; +ay Z X3Xjp + a3 Z X3 tay Z Xi3Xiy = Z Xi3Yis (8)
i=1 i=1 i=1 i=1 i=1 i=1

n n n n n n
2 _
a Z Xig T 0y Z XigXj +a; Z XigXip + a3 Z XigXij3 4y Z Xig = Z XigYi- 9)
i=1 i=1 i=1 i=1 i=1 i=1
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TaBLE 3: Relationship between the dielectric constant and strength of CSMB specimens.

Compaction degree Average compressive strength ~ Average dielectric Coefficient of

Fitted function

(%) (MPa) constant determination
92 3.41086 6.96593 0.98779 y = 1.93949x — 10.09946
94 3.57645 7.39290 0.89631 y = 1.63837x — 8.53587
Fine 96 4.28175 7.33488 0.90873 y = 0.75539x — 1.25895
98 4.76155 8.08176 0.95765 y =0.71106x - 0.98507
100 5.69127 9.55040 0.98272 y =0.5517x + 0.42231
92 3.85619 7.53608 0.97117 y = 1.07955x — 4.27938
94 4.04465 7.89399 0.95968 y = 1.43268x — 7.26491
Coarse 96 4.48533 8.24218 0.90271 y = 1.0446x — 4.12449
98 4.99977 8.98902 0.93418 y =0.71186x — 1.39918
100 5.95318 10.00861 0.99453 y =0.57335x + 0.21475

TaBLE 4: Summary of the measured dielectric constant and the influencing factors.

Fine Coarse
Compaction degree (%) 92 92
Moisture content 0.3767 0.3767
Age (d) 1 2 3 4 5 6 1 2 3 4 5 6
Dielectric constant 7.7588  7.1016 6.9208 6.8057 6.6811 6.5277 8.6183 7.7243  7.4190 7.2828 7.1838 6.9883
Compaction degree (%) 94 94
Moisture content 0.3849 0.3849
Age (d) 1 2 3 4 5 6 1 2 3 4 5 6
Dielectric constant 8.5153  7.7825 7.2677 7.0846 6.9153 6.7920 9.0631 8.2387 7.7721 7.6402 7.4757 7.1741
Compaction degree (%) 96 96
Moisture content 0.3931 0.3931
Age (d) 1 2 3 4 5 6 1 2 3 4 5 6
Dielectric constant 8.4092  7.5303 7.2155 7.0899 6.9761 6.7883 9.3001 8.6650  8.3424 7.9857 7.7758 7.3842
Compaction degree (%) 98 98
Moisture content 0.4013 0.4013
Age (d) 1 2 3 4 5 6 1 2 3 4 5 6
Dielectric constant 8.9784  8.4951 8.2843 7.8525 7.6565 7.2237 10.1826 9.6602 9.2539 8.7755 8.3131 7.7527
Compaction degree (%) 100 100
Moisture content 0.4095 0.4095
Age (d) 1 2 3 4 5 6 1 2 3 4 5 6
Dielectric constant 11.0060 10.2592 9.8818 9.1211 8.8037 8.2306 11.5723 10.8844 10.3793 9.8995 9.0737 8.2445

Solve the above equations and let Then (5) can be simplified as
Ay =y —a1X| —0,X, —a3X3 — 0%, . (11)

I
Il

(10)
(j=1,2,3,4).

simplify it to obtain

Substitute into (5)-(7) and (11), (9) respectively, and
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Lya, +Lya, + Lizas + Lyya, =Ly,
Ly a, + Lya, + Lysas + Lya, = Ly,
Lya) + Lypa, + Lyzas + Lyya, = L),

Lya, +Lya, + Lyzas + Lya, =L

4y>
n
Ly=)
i1
n
L, = Z

Il
—_

(12)

n n n
(o =) )= %2 ) = D= 2% Y i
i=1 i=1 i=1
_ _ n l n n
(xl-]- X )()’i - y) = inj)’i a in,- Zyp
i=1 i=1 i=1

(j=1,2,3,4;k=1,2,3,4).

L and L;, can be figured out based on the table of test data.
The equations can be expressed in matrix form as

480 1.968 0 0 a, 142.79
1.968 0.0080688 0 0 a, 0.58542614
0 0 1500 0 | |a| | 10035 |
0 0 0 175 a, —66.5744
(13)
Solve the matrix equations to get
a, 0.295039
a, 0.595238
= . (14)
a, 0.0669
a,) 1-0.380425

The average value of compaction degree, moisture
content, percent residues of aggregate on the sieve of
maximum particle size, curing age, and the dielectric con-
stant were figured out to be 96, 0.3931, 10, 3.5, and
8.1996767, respectively, from the test data in Table 4. The
values of the variables were substituted in (11) to obtain the
value of ay=-19.695568. So the final comprehensive
equation between the dielectric constant and the influencing
factors of the CSMB is

y =-19.695568 + 0.295039x, + 0.595238x, + 0.0669x;
—0.380425x,.
(15)
It can be seen directly from the regression (15) that the
variation of the dielectric constant is consistent with the
conclusions above when one of the influencing factors of the
CSMB changes, which includes the compaction degree, the

moisture content, percent residues of aggregate on the sieve
of maximum particle size, and curing age.

4.2. Significance Test

4.2.1. Hypothesis Test. Hypothesis HO: all the undetermined
coeflicients in the comprehensive tests (2) are 0.

The linear relationship between the independent vari-
ables and dependent variable in (15) would be appropriate if
the hypothesis is rejected.

The value of F, which is the testing statistic of the hy-
pothesis, could be figured out from the test data in Table 4.
The value of F is compared with Fa (m, n—m — 1) at the one-
sided percentile &, which is the given significance level
(0 <a<1). The regression equation is significant if F> Fa
(m, n—m—1), ie., there is a significant linear relationship
between the independent variables and the dependent
variable at the significance level of a. Otherwise, the re-
gression equation is not significant, and the linear rela-
tionship between the independent variables and the
dependent variable is inappropriate.

c 2 < —\2
Ssr = Z (yi = 1) Sse = Z i=7)"
i=1 i=1

Ssp/m

= "™ Emon-m-1).
Sl (n—m—1) ~Flmn-m=-1)

The test data from Table 4 were substituted into the

above equations to calculate the results, which are shown in
Table 5.

4.2.2. Error Analysis. To analyse the errors of the com-
prehensive equation, 60 CSMB specimens with different
compaction degrees, moisture contents, percent residues of
coarse aggregate on the sieve of maximum particle size, and
curing ages were collected and tested for the dielectric
constant. The test results and the calculated results by the
comprehensive multiple linear regression equation were
compared, and the resulting data and curves are as shown in
Table 6 and Figure 8.

The sum of squares of residual values is used to evaluate
the goodness of fit of a group of data. The smaller the sum of
squares of residuals, the better the goodness of fit of the data,
and vice versa. The sum of squares of residuals between the
test results and the calculated results, figured out according
to the equation of sum of squares of residuals, is 10.2089,
indicating a good agreement between the test results and the
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TaBLE 5: Summary of variables of the significance test.

Variables n m Sse Ssr F Foo1 (4, 55)
Values 60 4 74.5171 10.2089 100.3733 3.695

The comprehensive multivariate equation of the dielectric constant is highly significant since the variable F=100.3733 in the table is much greater than Fy o
(4, 55) =3.695.

TaBLE 6: Summary of the test results and calculated results by the comprehensive equation of dielectric constant.

No. Calculated Test Error (test-calculated) No. Calculated Test Error (test-calculated)
1 7.6263 7.7588 0.1325 31 9.4852 9.3001 —0.1851
2 7.2459 7.1016 —0.1443 32 9.1048 8.665 —0.4398
3 6.8655 6.9208 0.0553 33 8.7244 8.3424 —-0.3820
4 6.4850 6.8057 0.3207 34 8.3440 7.9857 —0.3583
5 6.1046 6.6811 0.5765 35 7.9635 7.7758 -0.1877
6 5.7242 6.5277 0.8035 36 7.5831 7.3842 -0.1989
7 8.2953 8.6183 0.3230 37 94112 8.9784 —0.4328
8 7.9149 7.7243 -0.1906 38 9.0308 8.4951 —0.5357
9 7.5345 7.419 -0.1155 39 8.6503 8.2843 —0.3660
10 7.1540 7.2828 0.1288 40 8.2699 7.8525 -0.4174
11 6.7736 7.1838 0.4102 41 7.8895 7.6565 -0.2330
12 6.3932 6.9883 0.5951 42 7.5091 7.2237 —-0.2854
13 8.2213 8.5153 0.2940 43 10.0802 10.1826 0.1024
14 7.8409 7.7825 —0.0584 44 9.6998 9.6602 —-0.0396
15 7.4604 7.2677 -0.1927 45 9.3193 9.2539 —-0.0654
16 7.0800 7.0846 0.0046 46 8.9389 8.7755 -0.1634
17 6.6996 6.9153 0.2157 47 8.5585 8.3131 —-0.2454
18 6.3192 6.792 0.4728 48 8.1781 7.7527 -0.4254
19 8.8903 9.0631 0.1728 49 10.0062 11.006 0.9998
20 8.5099 8.2387 -0.2712 50 9.6257 10.2592 0.6335
21 8.1294 7.7721 -0.3573 51 9.2453 9.8818 0.6365
22 7.7490 7.6402 —0.1088 52 8.8649 9.1211 0.2562
23 7.3686 7.4757 0.1071 53 8.4845 8.8037 0.3192
24 6.9882 7.1741 0.1859 54 8.1040 8.2306 0.1266
25 8.8162 8.4092 -0.4070 55 10.6752 11.5723 0.8971
26 8.4358 7.5303 —-0.9055 56 10.2947 10.8844 0.5897
27 8.0554 7.2155 -0.8399 57 9.9143 10.3793 0.4650
28 7.6750 7.0899 —0.5851 58 9.5339 9.8995 0.3656
29 7.2945 6.9761 -0.3184 59 9.1535 9.0737 —-0.0798
30 6.9141 6.7883 —-0.1258 60 8.7730 8.2445 —-0.5285
30
25
é 20
z
S
< 15
EE
&
Q10 -
5 -
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60
No.
__ Calculated value by the

comprehensive equation

—— Test value

FIGURE 8: Comparison between the test results and calculated results using the comprehensive equation of the dielectric constant.
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calculated test results by the comprehensive equation of the
dielectric constant of CSMB.

5. Conclusions

Groups of fine or coarse CSMB specimens were designed,
produced, and tested. The relationship between the dielectric
constant of CSMB and the influencing factors such as the
compaction degree, moisture content, percent residues of
aggregate on the sieve of maximum particle size, and curing
age, and the relationship between the dielectric constant and
the unconfined compressive strength were investigated
based on a number of test data and theoretical analysis. The
main conclusions are as follows.

(1) There was a good logarithmic relationship between
the dielectric constant and the compaction degree of
both gradation types of CSMB, and the relationship
is approximately linear when the compaction degree
is greater than 94%. Quantitative functions have
been established between the dielectric constant and
the compaction degree of CSMB, which can be used
for the engineering calculation of compaction degree
based on the dielectric constant.

(2) There is a linear relationship between the dielectric
constant and the unconfined compressive strength of
both the fine and coarse CSMB. Quantitative func-
tions have been established between the dielectric
constant and the unconfined compressive strength of
CSMB, which can be used for the engineering cal-
culations of strength, based on the dielectric
constant.

(3) A comprehensive equation between the dielectric
constant of CSMB and the influencing factors such as
the compaction degree, moisture content, percent
residues of aggregate on the sieve of maximum
particle size, and curing age has been established on
the basis of the test data. The equation, validated with
high significance and small error, can be used for the
engineering calculations of unknown variables that
cannot be tested directly based on the dielectric
constant and other known variables [30].
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