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Abstract: Particle size can pose a challenge to random embankment compaction control
methods, where practical techniques have hardly been developed and procedural control is
used instead. In order to develop new quality control procedures for slate random fill, the
necessary fieldwork and laboratory tests were carried out. This involved the revision of certain
methods such as the wheel-tracking or topographic settlement tests. More than six hundred insitu density and moisture content measurements were carried out for this research. In addition,
more three hundred topographic settlements and three hundred wheel-tracking carriage tests
were performed. The quality control processes were completed with more than thirty plate
bearing tests. Possible evidence of statistical correlations between compaction control tests were
identified. An analysis of variance (ANOVA) was performed. When testing proved
relationships between them, the replacement of one of them by the other was assessed by
deduction. Finally, the study suggests new procedures for compaction quality control of
random slate fill used in crown area.
Keywords: Slate; crown; random fill; compaction quality control; wheel-tracking test;
topographic settlement.

1. Introduction
In linear infrastructures, quality control of random embankments is carried out using tests
that cannot effectively evaluate the compaction process. Sopeña [1] indicates that topographic
settlements have no reference values. Zhong et al. [2] have developed a practical method for field
engineers to conduct precise automatic online complete process monitoring of compaction
parameters, which could address the disadvantages caused by the strong influence of human
behavior or by the shortcomings of conventional methods. The system was successfully applied
to the Nuozhadu dam and can thus be effectively applied to other civil works.
For Teijón et al. [3], pit gradings achieved through the weighing of different fractions of
heavy rocks are not very practical. Wheel-track testing usually works for normal compaction
conditions, whereas successful plate bearing tests require the diameter of the element to be five
times the maximum size of the aggregate. Likewise, nuclear density gauging is limited by reason
of particle dimensions and layer thicknesses above 30 cm. While the modified Proctor test is the
reference value for the degree of compaction, its main disadvantage is the replacement of fines
when using a 20mm sieve. In random fillings, less than 30% passing through a 20mm sieve means
that there is a minimum of 70% substitution material, which may lead to the conclusion that the
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test is not well represented. Substitution procedures such as in-situ determination of soil density
using the sand method are not representative either, since such test is performed on soils whose
maximum size is below 50 mm.
Mazari and Nazarian [4] have proved that the association of quality (defined as achieving
adequate layer modulus) with the achievement of density is weak. Density and moisture
measurements can be regarded as process control items, with modulus-based measurements
being used for quality acceptance. The influence depth of the LWD is affected by base thickness
and the functional parameters of the device itself, such as loading plate diameter. Thus, design
moduli can be estimated based either on empirical relations, or using a catalog established for
common local geomaterials.
For Fernández et al. [5], this lack of progress in the area of compaction control justifies
control procedures focused on test sections.
Although there is a broad variety of rocks, this study is exclusively focused on the slate
family. The results obtained were assessed for possible correlations between the in-situ dry
density test, wheel-tracking test, topographic settlement and plate bearing test. The statistical
processing of the results yielded dependence relations. The application of only representative
tests avoids unnecessary interruptions and the need for high-cost equipment. Instructions were
also reformulated with the purpose of defining efficient thresholds.
1.1. Metamorphic rock (slate)
Fernández et al. [5] consider that it is possible to use rocks with low resistances (below 25
MPa) to obtain random fill. Such rocks are usually obtained from the demolition of structural and
pavement concrete. Although the quality of slates and shales is lower than that of other materials
such as grauwackes, because their strong anisotropic behavior associated with stratification and
granulometric degradation after compaction is difficult to predict, they can be considered stable
rocks and suitable for usage as random fill. This can encourage high percentages of slab forms.
Several experiments on test sections of stony materials have been conducted. Since the
mechanical strength of grauwacke (a detrital rock formed from the consolidation of disintegrated
granite minerals) is lower than that of granite, it usually ends up forming random fill.
The laboratory and field compaction data reported by Horpibulsuk et al. [6] show that the
relationship between relative density and number of roller passes is represented by the logarithm
function in laterite soils. Likewise, Oteo [7] associates the requirements of materials to be used in
fills not only with the concept of plasticity, but also with granulometry and variation of maximum
dry density.
Onana et al. [8] study the geological, geotechnical and mechanical characterization of
charnockite-derived laterite gravels from Southern Cameroon. The geotechnical and mechanical
tests conducted for such materials yielded the following data: fine particles (16.22-44.10%),
plasticity index (26-55%), California bearing ratio (31-68%), compressive strength (0.88-1.20MPa),
indirect tensile strength (0.07-0.15 MPa). According to the Casagrande plasticity chart, the tested
laterite gravels are clayey and highly plastic, which is due to their high kaolinite content.
Southern Cameroon laterite materials are very low compressibility clayey gravel (GC) or silty
gravel (GM) and can be used as sub-base layers for any volume of traffic.
Regarding embankment seats, Sagaseta [9] indicates that associations could develop in
random fills, which are made up of evolutionary materials such as shales (fine grain detrital
sedimentary rocks). In these cases, deferred settlements can become increased by the action of
external agents (weathering, freezing cycles) that highly damage these rocks.
The Construction Embankment Technical Guide [10] provides a classification of rocks
characterized by the special behavior of their materials. Such materials must, in turn, be classified
according to their geologic name, leading to six types of rock that are known as the R6 group and
include metamorphic rocks such as schists.
1.2. Compaction control.
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The working method is defined according to certain specifications, among which are the
technical characteristics of the machinery to be used, the excavation, loading, transportation and
extension of stone material methods, layer thickness, compaction procedures, number of roller
passes, optimum moisture content adjustment procedures, tests using similar materials with the
same implementation method and, finally, the possibility of increasing compaction assessment
through post-compaction irrigation.
Oteo [7] indicates that a material made up of altered bolus granite should be used as random
fill. A specific study should be conducted before excavation, transport and setting in place, and
the appropriate control system must also be selected, since the classic Proctor test is hardly useful
as a reference for such heterogeneous materials. The Spanish standard specifications [11] stating
that the second / first modulus ratio determined by the plate bearing test (k) should be under 2.2
should be reconsidered, since such limit was traditionally established for fine soils, which are
very different from random fill materials. For this reason, another specification is proposed where
higher k values might be accepted when Ev2 increases. For soils with large-sized particles, the
wheel-tracking and plate bearing tests are believed to be the most appropriate control tests. On
the other hand, for control of compacted random fill, the plastic density method, alongside
geophysical methods, would be best. Radioactive isotope density can lead to specific problems in
rock lacking fine fractions, since, because of their dimensions, the particles of such rocks do not
allow the introduction of a gamma emitter into the ground. While it is still possible to measure
backscattering, the soil volume tested for influence is inevitably smaller. Therefore, the
measurements performed belong to the most superficial area, which is where the impact of the
compaction energy is higher. Hence, this method offers higher values than thickness
measurements, so that it should be correctly correlated with other control tests.
Wan-Huan et al. [12] found that, considering initial porosity conditions, the proposed
method can estimate the SWCCs (Soil Water Characteristic Curve) of soils with different initial
dry densities.
Based on several experiments using highway test sections, Fernández et al. [5] concluded
that the results obtained from plate bearing tests show scatter. Hence, the k ratio value increases
at the same time as the module of the second loading stage (Ev2).
For the wheel-tracking test, seat measurements are performed before and after carriage
passes at ten points that are 1m apart from each other. This should be correlated with the plate
bearing soil test and average settlement should not exceed 3mm.
Sun et al. [13] carried out certain experiments on 75 × 75 × 87 cm crushed rock samples
subjected to vertical cyclic loading. Three coarsely crushed rock samples with initial grain sizes
of 16–40, 25–50 and 50–80 mm were used to measure the corresponding parameters. According
to their results, cyclic vibration loading can cause breakage and abrasion of particles and their
edges in the coarsely crushed rock layer, and particles also tend to be rounded and non-angular.
This results in particle rearrangement and particle-size reduction with an increase in fines content
in the coarsely crushed rock layer, thus reducing its porosity. Compared with initial average
porosity before cyclic loading, reduction rates in final average porosity in the three crushed rock
samples after cyclic loading at 18,000 cycles were 6.53, 7.45 and 8.08%, which correspond to initial
grain sizes of 16–40, 25–50 and 50–80 mm, respectively.
García et al. [14] compare different compaction control methods, analyzing the granular subballast that works as the sub-base in railway lines. Nevertheless, Ev2 does not provide information
on the compaction degree, so that other criteria using Ev1 are considered more appropriate.
Finally, it should be noted that, according to research in the area, quality control of random
embankments is based on tests that require further development. The original Proctor test hardly
serves as a reference in these heterogeneous materials, and their dimensions do not allow the
introduction of a gamma emitter into the ground. Also, cycling vibration loading can cause
particle breakage and abrasion. The second / first modulus ratio at load bearing test (k) below 2.2.
is established for the calibration of fine soils, which are very different from random fill, where the
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use of other parameters such as wheel-tracking and plate bearing tests prove more useful. The
second modulus provides no information on the degree of compaction, so that other criteria based
on the first modulus are considered more appropriate. This underdevelopment suggests the need
for a new compaction control procedure, which entails the need for different functional
parameters, such as automatic online complete process monitoring or specific loading plate
diameters. The strongly anisotropic properties of slate make it suitable for its use in random fill
or sub-base layers for any traffic volume.
2. Materials and methods
The materials were obtained from the A-66 Spanish highway, Cáceres (N) - Aldea del Cano
section, which is also where the in-situ tests were performed.
2.1. Materials
Table 1 provides a summary including examples of the tests that were conducted on the slate
alluvial material during excavation, the last row showing average values.
Table 1. Examples of physical parameters for slate alluvial material identification
Ref.
CC-017
CC-014
CC-015
I-ELB09030/04
CC-011
CC-027
Averages

# 100 # 20
# 2 #0.40 #0.075
LL
(mm) (mm) (mm) (mm) (mm)
100.0 56.0 29.0 20.0
14.5 29.5
100.0 54.0 22.0 16.0
13.3 31.8
100.0 40.0 17.0 14.0
11.5 31.9

21.4
24.1
19.4

d
(g/cm3)
8.1 2.14
7.6 2.14
12.5 2.05

100.0

66.0

41.0

28.0

20.6

35.0

24.3

100.0
100.0
100.0

89.0
72.0
64.0

53.0
47.0
35.7

46.0
35.0
26.3

38.4
28.9
21.1

30.3
28.1
31.9

23.4
21.7
22.3

PL

PI

H (%) CBR
6.7
6.8
8.8

25.8
14.0
9.3

10.7 2.06

5.3

21.1

6.9
6.4
9.9

7.5
10.0
8.9

6.6
25.8
15.5

2.10
2.10
2.05

These soils come from the alteration of slates and are associated with low to medium
plasticity. According to the USCS classification (Unified Soil Classification System), most of them
belong to the GC group of the coarse-grained soils wrapped in a clay matrix. Large sizes of the
parent rock remain, the percentage after sifting through the 20mm sieve being 64%, and, at the
same time, there is an important percentage of fine fractions, with an average of 21% after using
fine sieve (0.075 mm). Bedrock weathering variations resulted in the classification of a significant
number of samples within the group of high plasticity silts (MH). The existence of coarse sizes
implies that CBR testing yielded high values, with an average of 15.
2.2. Methods
2.2.1. Laboratory and field tests
This subsection describes the control methods and ensuing specifications for compaction
control according to satisfactory results in the experimental sections. More than 4500 in-situ
density and moisture measurements, UNE 103900 [15], 850 modified Proctor, 960 wheel-tracking
tests, UNE 103407 [16], 580 topographic settlements and 130 plate bearing tests (ɸ 600mm), UNE
103808 [17], were performed during the research.
Initially, compaction control test procedures were revised in order to verify their
effectiveness, modifying the wheel-tracking test and topographic settlement. The crown consists
of the top, transition layers and structure transitions.
The wheel-tracking test provides the measuring points with a tape measure that is attached
to two poles. The measurement structure on which the topographic milestone rests, consists of a
set of welded metal frames commonly known as "H" because of their cross-linked arrangement.
Measures are taken by placing the metal device on each measurement point, before and after the
loaded carriage passes. There must be 10 measurement points, spaced 1m apart from each other
and aligned to the left side of the carriage. This means a reduced testing length compared to the
usual in compaction batches, which is between 100-200 m. Moreover, peg layout was modified to
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make the test more representative, spacing the points 10m apart from each other. The rut to the
left of the carriage proved equal to that of the right, rendering driver weight influence
insignificant due to the vehicle’s suspension performance. Similarly, there are other dead weights
such as the fuel tank that allows both sides to balance out. Therefore, it is preferable to arrange
pegs into 2 rows, 1 for each roll of the carriage. Finally, 2 points are checked using the fill profile.
Thus, the final arrangement of the 10 measurement points consists of 2 rows with 5 measurement
points each, separated every 10 meters by 2 measurement points, as shown in figure 1. This new
arrangement allows the testing of 40m against the initial 10m. Additionally, 2 measurements per
section help to compensate for any possible errors resulting from single measurements of
heterogeneous material.

Figure 1. Revised wheel-tracking test: location of measuring points
The leveling peg can be quickly rearranged with edging stakes every 20m. They should be
inside the layer, at the same surface level. An initial leveling of the slabs must be carried out.
Leveling on metal pegs is not necessary to position the measuring device “H” on each point, since
the topographic focus is placed directly on the metal pegs. This adds speed to the test by not
having to transport the “H” and, most importantly, it prevents the lack of accuracy involved in
measuring with the milestone resting on the ground, thus ensuring millimeter precision. The
passing of the twin wheels over the alignment pegs is carried out by guiding the carriage using
its front axle. Passing the front wheels through the middle of the slab ensures symmetry. The next
step is to place the metal frame in a centered position on the measurement point, but above the
twin wheels. To ensure homogeneous support of the “H” structure in the rut, it includes captive
screws that allow regulation of the transversal frame, adapting it to the wheel impression. Once
the leveling nail of the “H” is vertical where the peg is, readings should be conducted through
topographic leveling on the “H”. The values for the depression caused by the passage of the
carriage at each levelling point are obtained by subtracting the constant value of the height of the
metal template, and by the difference of measurements. The value of the rut is calculated as the
average mean of the 10 measurement points (δm). This value is the degree of compaction index.
A new limit of 4mm was proposed and extreme values deviating from the average mean were
excluded, as established in the criteria for the revised test. Therefore, up to 3 measurements can
be rejected when obtaining the mean. Topographic leveling is carried out with millimeter
precision, although when estimating the average of the depressions, a tenth of a millimeter
margin is reserved to maintain the accuracy and differentiation of measurements. This reduces
the possibility of extreme erroneous observations and the chances of any potential heterogeneities
or instrumental errors that could affect the test, such as difference of carriage passage speeds,
path of the reference wheels, etc. that are difficult to control during its performance. The
assistance of a specialized operator is required to guide the carriage driver so that the wheels pass
through the center of the pegs, facilitating the symmetry of the twin wheels with respect to the
leveling point at a constant speed (like a man walking). Accordingly, the advantages of the
revised procedure are:
• It allows the testing of 5 times the length of the initial test and offers 2 measurements per
section.
• Reduction of leveling errors by means of a fixed point over the leveling peg. Millimetric
accuracy is guaranteed, avoiding ground distortion.
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•

Higher performance by reducing test times. The first measurements were made over the pegs
without the need to move the heavy metal support frame.
• The dynamic effects of carriage acceleration-braking are minimized. The revised test assures
that speed is constant when the carriage passes over the pikes
• 2 measurements per section allow a fuller and more detailed check of the section than the
measurement of a single point. When measuring in 2 parallel and independent ruts, any
exceptional deficiency in one of them can be corrected. In addition, second-order effects such
as driver or fuel tank weight are excluded from the test.
Another significant control test is topographic settlement. There is a standard procedure test
in which the last roll pass must be below 1% of the thickness of the compacted layer. This
settlement must be measured after the first roll pass. Figure 2 shows how the first pass has easily
exceeded such settlement threshold. Besides, there are undefined indicators in the arrangement
of the dots, their spacing and how they are measured.

Figure 2. Topographic settlement. Experimental section slate random fill 800mm
In addition, it does not establish a new origin for the repetition of seats in case of noncompliance and maintaining the original settlement after the first pass could give rise to
ambiguities and even lead to rejecting the layer before its compaction has finished. Therefore, this
control method and its limitations should be thoroughly revised. As shown in the figure above,
topographic control should achieve value stabilization by increasing the number of passes when
compaction is completed. In addition, the measurement points must be defined, proposing the
same layout as in the wheel-tracking test. Therefore, as in said test, extreme values deviating from
the mean were excluded.
In-situ density measurements were taken using nuclear gauges, whose high performance
and fast operation and delivery of results has made it feasible to look for possible correlations
with the rest of the compaction control tests. Since the plate bearing soil test requires the diameter
of the plate to be at least 5 times the maximum material size, a 600mm diameter plate was chosen.
The general specifications applied to the quality control of the random fills are summarized in
table 2.
Table 2.
General specifications suggested for random fills
Settlement (mm)
Area
crown
---

Degree of
compaction
(%)
98.0
not required

Modulus (MPa)

Wheel

Topographic

Ev1

Ev2

k (Ev2/Ev1)

≤ 3.0

≤ 4.0

---

≥ 120.0

< 3.6
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The degree of compaction proposed is associated with a modified Proctor compaction
energy level. All the tests were performed under the same moisture conditions to prevent soil
stiffness increases and noticeable dry density decreases in the plate bearing test as a result of
decreases in water content to below optimum.
2.2.2. Statistical estimation
Multilinear adjustment models with dependency relationships have been examined, such
relationships allowing assessment of the dependent variables without the need to run them. All
the models include well-defined validity zones.
Since there was a large number of lots, the Kolmogorov-Sminornov test was used instead of
the Shapiro-Wilk test. Sometimes the Shapiro-Wilk test is used as a contrast. Specifically, 60
compaction lots were processed. Every compaction lot was subjected to a minimum of 2 tests.
The independent variables used for each control lot were generated and introduced into the IBM
SPSS statistic program. More than 12 variables were analyzed. The independent variables that
obtained low absolute values in the Student's t-test were discarded, since they were not
significant for statistical adjustment. Thus, the independent variables used were the following:
• d: average lot density [g/cm3].
• s: average settlement between last and first roller pass [mm].
• h: average wheel impression after test carriage [mm].
• Ev1: first vertical modulus of the plate bearing test [MPa].
• Ev2: second vertical modulus of the plate bearing test [MPa].
• k: relation between second and first modulus of the plate bearing test (Ev2 / Ev1).
A coefficient of determination value of R2 ≥ 0.70 was the general cutoff point for a strong
relationship. An analysis of variance (ANOVA) was performed, showing the sums of squares,
the degrees of freedom and Levene’s F statistic.
3. Results
Possible linear correlations between 2 compaction control tests were extensively explored.
Test results were gathered in compaction lots, so that the batches with the 2 analyzed tests were
represented as dots. The linear nature of the adjustment studied the definition of variable as
dependent or independent irrelevant.
60 compaction lots were evaluated for possible correlations. There was no relationship
between the following tests: density–topographic settlement, wheel-tracking–topographic
settlement, density – first modulus plate bearing test (ɸ 600mm) and wheel-tracking– relation
between second and first modules plate bearing test.
3.1. Relationship between topographic settlement test and first modulus plate bearing test
As seen in figure 7, there is a strong correlation between the topographic settlement test and
the first modulus plate bearing test (ɸ 600mm).
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Figure 7. Scatterplot for topographic settlement test and first modulus plate bearing test (ɸ
600mm)
Table 16 shows a high value of the Pearson correlation coefficient, ρ = 0.878. There is a low
standard error of Se = 18.1544 MPa. The coefficient of determination validates a variance of 77.2%.
All the parameters are indicators of a high correlation between both variables.
Table 16
Determination coefficients for topographic settlement test and first modulus plate bearing test
Summary model
R
R
R2 adjusted
standard error
a
0.878
0.772
0.714
18.1544
a Predictors: constant, s (mm)
ANOVA analysis parameters are in table 17. Levene’s test is clearly significant, F = 15.315,
sig = 0.021. The homoscedasticity criterion is not clearly met. Variances are significantly different
since the variables are strongly related.
2

Table 17
Variance analysis for topographic settlement test and first modulus plate bearing test
ANOVAa
quadratic
model
sum of squares degrees of freedom
F
average
regression
4353.665
1
4453.665
13.513
sampling error
1318.329
4
329.582
total
5571.993
5
a dependent variable: Ev1 (mm) b predictors: (constant), s (mm)

sig.
0.021 b

Table 18 shows high t-values of 5.951 and -3.676, which are both significant. The topographic
settlement test predicts the first modulus plate bearing test (ɸ 600mm)
Table 18
Linear regression coefficients for topographic settlement test and first modulus plate bearing test
Coefficients a
standard
coefficients

nonstandard coefficients
model
B
(constant)
s (mm)
a

208.278
-32.661

standard
error
35.001
8.885

t

sig.

5.951
-3.676

0.004
0.021

beta

-0.878

dependent variable: Ev1 (MPa)

According to the regression coefficients, the adjustment line is:
Ev1 = 202.278 – 32.661 s
R2 = 0.772
(equation 5)
where Ev1 is the first module of the plate bearing test (ɸ 600mm) in megapascals and the
topographic settlement test in millimeters. The domain of the function uses the intervals of [20 ≤
Ev1 ≤ 140] and [3.0 ≤ s ≤ 6.0].
3.2. Relationship between wheel-tracking test and first modulus plate load test
As shown in figure 8, there is a high correlation between the wheel-tracking test and the first
modulus plate bearing test (ɸ 600mm), with inverse proportionality. In this case, high values for
the wheel-tracking test corresponding to low values for the first modulus plate bearing test.
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Figure 8. Scatterplot for wheel-track test and first modulus plate bearing test (ɸ 600mm).
Table 19 shows a high value of the Pearson coefficient, ρ = 0.881, which is associated with
low dispersion. The coefficient of determination R2 = 0.795 yields a variance of 79.5%. The
standard error is only 8.7947 MPa.
Table 19
Determination coefficients for wheel-tracking test and first modulus plate bearing test at crown
Summary model
R
R
R2 adjusted
standard error
a
0.891
0.795
0.777
8.7947
a Predictors: constant, h (mm)
ANOVA results are shown in table 20. Levene’s test was significant sig = 0.000 with a value
of F = 46.404. Therefore, the null hypothesis of homoscedasticity is rejected and variances are
significantly different.
2

Table 20
Variance analysis for wheel-tracking test and first modulus plate bearing test
ANOVA a
sum of
degrees of
quadratic
model
F
sig.
squares
freedom
average
regressio
0.000
3589.185
1
3589.185
46.404
b
n
sampling
928.155
12
77.346
error
total
4517.340
13
a dependent variable: Ev1 (mm) b predictors: (constant), h (mm)
The t-test in table 21 offers high values, 18.723 and -6.812, both significant (sig = 0.000).
Table 21
Linear regression coefficients for wheel-track test and first modulus plate bearing test
Coefficients a
standard
coefficients

nonstandard coefficients
model
B
(constant)
113.937
s (mm)
-15.932
a dependent variable: Ev1 (MPa)

standard
error
6.085
2.339

t

sig,

18.723
-6.812

0.000
0.000

beta

-0.891
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Moreover, the wheel impression test predicts the first vertical modulus of the plate bearing
test. Besides the linear regression coefficients, the fit between the wheel-tracking test and the first
modulus of the plate bearing test (ɸ 600mm) is:
Ev1 = 113.937 – 15.932 h
R2 = 0.795
(equation 6)
where Ev1 is the first modulus of the plate bearing test in megapascals and h is the wheeltracking test in millimeters. The domain of the function lies between the intervals of [30 ≤ Ev1 ≤
110] and [0.0 ≤ h ≤ 5.0].
3.3. Relationship between topographic settlement test and second modulus plate bearing test
As shown in figure 9, there is a high correlation between topographic settlement and first
modulus plate bearing test. The distribution is inversely proportional to the lower settlement
values corresponding to the higher values of the second modulus of the plate bearing test (ɸ
600mm).

Figure 9. Topographic settlement – second modulus plate bearing test at crown (ɸ 600mm)
Table 22 describes a high value of the Pearson correlation coefficient, ρ = 0.993. There is a
low standard error Se = 2.5483 MPa and a high coefficient of determination R2 = 0.986. In other
words, there is a high correlation associated with low dispersion.
Table 22
Determination coefficients for topographic settlement and second modulus plate bearing test
Summary model
2
R
R
R2 adjusted
standard error
0.993 a
0.986
0.982
2.5483
a Predictors: constant, s (mm)
The ANOVA analysis offers the parameters presented in table 23. Levene’s test is clearly
significant, sig = 0.000 with a value of F = 280.006. Therefore, the assumption of homoscedasticity
is not met, since variances are significantly different. The variables have a clear strong
dependency relationship.
Table 23
Variance analysis for topographic settlement test and second modulus plate bearing test
ANOVA a
degrees of
quadratic
model
sum of squares
F
freedom
average
regression
1818.352
1
1818.352
280.006
sampling
25.976
4
6.494
error
total
1844.328
5

sig.
0.000 b

dependent variable: Ev2 (mm) b predictors: (constant), s (mm)
Student's t-test values are significant. As shown in table 24, there is a significant contribution
of topographic settlement in the second modulus plate bearing test (ɸ 600mm).
a
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Table 24
Linear regression coefficients for wheel-tracking test and first modulus plate bearing test
Coefficients a
standard
nonstandard coefficients
coefficients
model
t
standard
B
beta
error
(constant)
224.455
4.675
48.009
s (mm)
-19.725
1.179
-0.993
-16.733
a dependent variable: Ev2 (MPa)

Sig.

0.000
0.000

The expression of the adjustment line is:
Ev2 = 224.455 – 19.725 s
R2 = 0.986
(equation 7)
where s is the topographic settlement in millimeters and Ev 2 is the second modulus plate
bearing test in megapascals. The domain of the function has values between [110 ≤ Ev 2 ≤ 180] and
[2.5 ≤ s ≤ 5.5].
3.4. Relationship between wheel-tracking test and second modulus plate bearing test
As shown in figure 10, there is a high correlation between the wheel-tracking test and the
second modulus plate bearing test (ɸ 600mm), with inverse proportionality. In this case, high
values for the wheel-tracking test correspond to low values for the second modulus plate bearing
test.

Figure 10. Scatterplot wheel-tracking test and second modulus plate bearing test (ɸ
600mm)
Table 25 shows a high value of the Pearson correlation coefficient, ρ = 0.854, which is
associated with low dispersion. The coefficient of determination R2 = 0.729 yields a variance of
72.9%. The standard error is only 15.6612 MPa.
Table 25
Determination coefficients for wheel-tracking test and second modulus plate bearing test
Summary model
R
0.854

R2
a

R2 adjusted

standard error

0.702

15.6612

0.729

Predictors: constant, h (mm)
The ANOVA analysis offers the parameters listed in table 26. Levene’s test was significant
sig = 0.000 with a value of F = 26.900. Therefore, the null hypothesis of homoscedasticity is rejected
and variances are significantly different.
a

Table 26
Variance analysis for wheel-tracking test and second modulus plate bearing test

11

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2020

doi:10.20944/preprints202001.0058.v2

Peer-reviewed version available at Materials 2020, 13, 1139; doi:10.3390/ma13051139

ANOVA a
model
regression
sampling error
total
a

sum of squares
6597.881
2452.746
9050.627

degrees of
freedom
1
10
11

dependent variable: Ev2 (mm)

b

quadratic
average
6597.881
245.275

F

sig.

26.900

0.000 b

predictors: (constant), h (mm)

The t-test in table 27 offers high values, 18.227 and -5.187, both significant (sig = 0.000).
Table 27
Linear regression coefficients for wheel-tracking test and second modulus plate bearing test
Coefficients a
standard
non standard coefficients
coefficients
model
t
Sig.
standard
B
beta
error
(constant)
209.559
11.497
18.227
0.000
s (mm)
-22.077
4.257
-0.854
-5.187
0.000
a dependent variable: Ev2 (MPa)
Moreover, the wheel-tracking test predicts the second modulus plate bearing test. Along
with the linear regression coefficients, the fit between the wheel-tracking test and the second
modulus plate bearing test (ɸ 600mm) is:
Ev2 = 209.559 – 22.077 h
R2 = 0.729
(equation 8)
where Ev2 is the second modulus plate bearing test in megapascals and h is the wheeltracking test in millimeters. The domain of the function lies between the intervals of [100 ≤ Ev2 ≤
210] and [0.0 ≤ h ≤ 5.0].
3.2.6. Slate random fill in crown significance matrix
The results were grouped into the significance matrix in table 28. It shows the combinations
of analyzed tests with their corresponding coefficients of determination. Non-representative
numerical values have been replaced by ns (not significant). Other results were not included for
being obvious.
Table 28
Slate random fill in crown significance matrix
Determination coefficients (R2)
d (g/cm3)
h (mm)
s (mm)
Ev1 (MPa) Ev2 (MPa)
k (Ev2/Ev1)
d (g/cm3)
--h (mm)
--s (mm)
ns
ns
--Ev1 (MPa)
ns
0.795
0.782
--Ev2 (MPa)
(*)
0.729
0.986
ns
--k (Ev2/Ev1)
ns
ns
(*)
--ns: nonsignificant (*) obvious relations
The in-situ density test did not correlate with any other variable. According to the results,
the two moduli of the plate bearing test (Ev1 and Ev2) proved to have a strong relationship with
both the wheel-tracking and the topographic settlement tests. A revised control method has been
designed for the in-situ density test and the plate bearing test.
4. Discussion
The wheel-tracking test lacks precision in that the distance tested is very short and that the
measurements are taken at soil surface level. Therefore, the wheel-tracking test has been revised
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in order to improve such shortcomings. The improved wheel-tracking test includes defining the
use of pegs, more measurement points and assessment of a longer distance. Even so, the strong
correlation of this improved version with the plate bearing test means that the plate bearing test
(ɸ 600mm) could replace the improved wheel-tracking test.
The traditional topographic settlement test usually measures the first and last compaction
roller passes. In the improved topographic settlement test, measurements are also taken twice,
but not at the first compaction roller pass. Instead the two measurements are taken after the
compaction roller passes the second to last time and after the last compaction roller pass.
Even after the topographic settlement test had been improved, its correlation with the plate
bearing test (ɸ 600mm) was so strong that the plate bearing test could easily replace it as well.
Although there were significant improvements in both the topographic settlement test and the
wheel-tracking test, the plate bearing test correlates so strongly with both that the plate bearing
test (ɸ 600mm) could replace the two of them.
As the maximum dry density is obtained by laboratory compaction using a Modified Proctor
test, the degree of compaction is obtained from the field of dry density. However, average density
control using nuclear methods is characterized by its high heterogeneity, low performance and
testing of only low degrees of thickness, making plate bearing tests necessary to assess stiffness.
To evaluate the quality of compacted soil only from the results of plate bearing tests, these were
performed using compacted soils with a moisture content within a specific interval (-2, +1%)
above Modified Proctor optimum water content (wopt). A decrease in the water content from wopt
according to Modified Proctor means an increase in stiffness according to PBT (plate bearing test),
whereas dry density decreases. The PBT is a test where the highest pressure of the load is on the
surface, providing surface measurements and strongly associated with surface moisture.
Therefore, surface moisture is the main parameter in the result of the test. Because of this, all the
PBT were carried out immediately after nuclear tests. In other words, density and PBT were
defined at the same moisture content. Hence, the results from the in-situ density test and the plate
bearing test (ɸ 600mm) provide the evaluation of the quality of compacted soil in terms of the
degree of compaction requirements.
Additionally, analyzed tests have yielded excellent results supporting the possibility of
using sizes larger than fine grain soils in random fill at crown level.
5. Conclusions
In some cases, the maximum size of the random-fill particles hinders the accurate execution
of several tests, including the in-situ density test, modified Proctor, plate bearing test, topographic
settlement and wheel-tracking test. For this reason, the wheel-tracking test and the topographic
settlement test were revised and improved to optimize their results. The statistical processing of
the control tests has simplified the quality control procedure in slate random fills. Some of the
major contributions and findings of the study are:
• A new wheel-tracking test procedure was proposed, with measurement points in 2 rows of 5
measurement points placed 10 meters away from each other.
• The entire topographic settlement control method was reviewed, considering its limitations.
Measurements were taken after the second to last compaction roller pass and after the last
compaction roller pass.
• The wheel-tracking test correlates strongly with other compaction control tests and can
therefore be replaced to avoid redundant results.
• For crown slate random fill, there is a high correlation between the topographic settlement
and wheel-tracking tests and the plate bearing test (ɸ 600mm).
• In conclusion, the improved tests proposed for the quality control are the in-situ density test
and the plate bearing test (ɸ 600mm).
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