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Abstract: The design and assessment of forest and rural road pavements made from unbound natural
and recycled materials require the careful determination of their physical-mechanical properties. The
fundamental parameter for characterizing the soil material property is considered to be the resilient
modulus M;. The generally accepted alternative solution for its calculation is the cyclic CBR test,
which uses standard CBR testing equipment. To perform tests on intact specimens and under stress
conditions corresponding to expected states of stress in a pavement structure, an updated cyclic CBR
test is proposed. In contrast to the standard cyclic CBR test, the applied loading force for repeated
loadings is not determined in the first loading step by the plunger penetration to the prescribed
depth, but by the stress value that is expected in an actual pavement structure. The updated test
was verified on 240 tested specimens taken from a total of 40 soil samples belonging to nine soil
types according to the USCS system. The resilient modulus results obtained are compared with those
obtained using the standard cyclic CBR test and the cyclic triaxial test.

Keywords: forest; rural; low volume road; pavement; soil; subgrade; subsoil; triaxial

1. Introduction

Forest as well as rural roads have low traffic volume and are essential for the social
and economic development of small, often mountainous, forested or semi-desert human
communities. They grant access to areas that need to be accessed for, e.g., economic, social,
recreational, or safety reasons. These roads are part of low volume road networks, which
form a large part of the national road networks in various countries, not only developing
ones, but also in the USA, Canada, Australia, etc. Especially in developing countries, their
presence and quality is particularly important, as they link remote, often highly populated
regions with essential social, cultural, and economic centers [1].

Low volume roads are designed to carry low traffic volume and are classified by the
American Association of State Highway and Transportation Officials (AASHTO) as carrying
less than 400 vehicles per day [2]. These roads must often meet criteria that are in conflict
with each other. Although they are less traffic-intensive compared to standard roads,
the natural conditions require special attention in the design of pavement layers. Roads
frequently pass through areas where the subgrade exhibits an unfavorable water regime, a
low load-bearing capacity, steep longitudinal gradients, or extremely high moisture content,
which leads to intensive pavement deterioration [3].

Mostly natural materials are commonly used for forest road pavement construction,
but the proportion of recycled materials is continually increasing and can be expected
to become more common in the near future [4]. These materials’ physical-mechanical
properties are highly variable and uncertain, making it very difficult to study them in situ
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as well as in a laboratory. A small change in the material basic conditions, such as grain size
or moisture content, directly affects the material behavior and thus its physical-mechanical
properties. The design and assessment of pavements made of these types of materials
require a careful determination. The current Mechanistic-Empirical Pavement Design Guide
(MEPDG) methodology for the road design and construction used by AASHTO [5] is based
on the mechanistic-empirical method [6]. The fundamental parameter for characterizing
the material property is considered to be the resilient modulus M;. It is a measure of
material stiffness and provides a means to analyze the stiffness of materials under different
conditions, where, e.g., the moisture, density, or state of stress varies. The resilient response
of granular materials in pavement depends primarily on their loading history, current
stress level, and degree of saturation.

As a typical granular material, soils do not exhibit a completely elastic response and
undergo irreversible plastic deformation after each loading. Soil is a natural, heterogeneous,
and discontinuous environment. The deformation behavior, stiffness, and strength, as well
as the variability of mechanical properties, depend on many factors. These factors include
soil genesis, soil type, the lay-off of unbound materials, compaction rate given by the
Proctor Standard energy, liquid phase amount, the number of repeated loading cycles,
and maximum load-bearing capacity [4,7,8]. The resilient modulus should consider these
factors [9] and should be obtained from an appropriate laboratory test that realistically
simulates expected loadings by repeated passages of transport vehicles and taking into
account the expected state of stress in an actual structure. At the same time, the test must
not violate the soil specimen being tested or exceed the maximum load-bearing capacity of
the material [10,11]. After applying numerous loads, the irreversible plastic deformation in
the last loading step becomes smaller compared to the total deformation. In this phase of
cyclic loading, the resilient modulus M; can be calculated.

The resilient modulus M; can be obtained by the cyclic triaxial test performed using
cyclic triaxial test equipment [12]. However, the use of this sophisticated equipment is a
time-consuming and especially costly task that is generally not suitable for testing forest
road materials. For low volume roads, the MEPDG methodology allows the cyclic triaxial
test to be replaced by another, simpler laboratory cyclic test. The generally accepted solution
to this problem is the cyclic CBR test, which uses standard CBR testing equipment.

The present paper summarizes the results of long-term research on the deformation
behavior of subgrade soils in the Czech Republic and an analysis of resilient modulus
M; values obtained via cyclic CBR testing. The main objective of the research initiated at
MENDELU University Brno was to adapt the standard cyclic CBR test to perform tests on
undamaged material specimens and, in particular, under stress conditions corresponding
to the expected states of stress in an actual pavement structure. A new cyclic CBR test
procedure that uses realistic stress values under the plunger was developed. A statistical
analysis of the results obtained using the new updated method for nine subgrade soil
types according to the Unified Soil Classification System [13,14] is presented. The results
are compared with those obtained using the standard cyclic CBR test [15] and the cyclic
triaxial test.

2. Materials and Methods
2.1. The Standard Cyclic CBR Test

The cyclic CBR test procedure for estimating the resilient modulus M; was developed
by the Delft University [16] employing standard CBR test equipment. Compared to the
traditional CBR test, cyclic loading is applied. The application of repeated loadings on a
specimen simulates the effect of moving vehicles. At the same time, the above procedure
allows for the separation of irreversible plastic deformations and reversible elastic ones,
thus allowing for the calculation of the resilient modulus. The cyclic CBR test uses a
standard device for CBR determination in accordance with valid standards for specimen
preparation [17] and for the implementation of the CBR test [18], i.e., penetration with the
standard speed of 1.27 mm/min, a penetration depth of 2.54 mm, and a plunger with a
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diameter of 50 mm. The cyclic loading procedure is automated and controlled by a control
unit with appropriate software.

In the first loading step, the specimen is loaded to a penetration depth of 2.54 mm
and then unloaded. In the next steps, cyclic loading is performed with the force value
set to the maximum force value reached in the first step. The loading and unloading is
repeated until a certain condition is fulfilled. Different authors use different conditions to
terminate the loading process, but the decision should be based on a comparison of the
change in irreversible plastic deformation in the few last cycles and not simply on limiting
the number of loading cycles to, e.g., 10, 20, or 50.

The method has been tested and used by a number of authors [15,16,19-33]. Although
the influence of the state of stress on the modulus has been correctly mentioned in some
papers, and some studies have even been performed under an intuitively lower loading
force not set up according to the standard CBR test [25,29], the question of the magnitude
of the stress under the plunger has been overlooked. In the first papers dealing with this
problem [15,31], the effect of the plunger stress on the calculated resilient modulus was
measured, analyzed, and discussed. The authors also discussed how the plunger stress
affects the calculated resilient modulus and how these values are consistent with the reality
of in-situ soil behavior.

First, it was found from 276 specimens tested [15,31] that the plunger stress values can
be high, up to 3000 kPa, and when these values are recalculated from published available
data from other authors (e.g., [20,25,26,30]), they can be as high as 9000 kPa. Second, when
testing more specimens taken from one soil sample, the individual specimens are cycled
under a wide range of plunger stress values, because when penetrating to a depth of
2.54 mm, a different loading force is required for individual specimens and thus a different
plunger stress will arise. The above problems are a result of using the standard CBR
methodology to set the loading force value in the first loading step. When applying the
load to a constant penetration depth of 2.54 mm, according to the standard CBR test, high
plunger stress values are generally observed. These findings have several consequences.

If we compare the plunger stress values with the assumed maximum soil load-bearing
capacity according to Terzagi’s theory, the maximum value of the soil load-bearing capacity
is assumed to be between 150 and 650 kPa [34], depending on the soil type [35]. In
many cases, these limit values are exceeded many times during the standard cyclic CBR
test. Thus, the resilient modulus M, is determined for a large number of specimens on
the damaged material. However, for any test of any material, it is required that the
specimen is not damaged and that the maximum load-bearing capacity of the material
is not exceeded [10,11]. The reason why the soil specimen can resist such a high stress
value is the unrealistic storage of the specimen in a CBR mold. The specimen is confined
by a steel ring with high stiffness, so it can resist the stress values highly exceeding its
load-bearing capacity.

Another consequence of high plunger stress values are high resilient modulus values
too, as there is a high positive correlation between modulus and plunger stress [15,31]. That
is, if cyclic loading is performed with high plunger stress values, we can expect with a high
probability high resilient modulus values, and vice versa. These high resilient moduli are
of course meaningless, because they are obtained under unrealistic loading conditions, but
they are considered correct and taken into account.

The wide range of plunger stress values, under which individual specimens taken
from the same soil sample are tested, results in a wide range of resilient moduli obtained.
High resilient modulus values will be obtained when testing with high plunger stress
values, and low resilient modulus values will be obtained when testing with low plunger
stress values. When these data are statistically analyzed, we can expect high random
variability and higher mean values compared to the reality.

Civil engineers can expect that any material is tested under the conditions in which it
will act in an actual structure. In the case of forest roads, where the pavement surface layer
is predominantly built from unbound materials, no one can expect that it can resist the load
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that caused the stress in MPa units. In addition, vehicle loading is limited by government
regulations and in most countries is between 100 and 120 kN per design (characteristic)
axle—see, e.g., [36,37]—which implies stresses under the tire in the order of hundreds of
kPa and not thousands of kPa.

As a result, the standard cyclic CBR test generally does not meet the basic requirement
for determining the deformation characteristics of unbound materials, which is to perform
the test on intact specimens and optimally under stress conditions that correspond to the
expected stress conditions of the material used in the pavement structure.

2.2. The Updated Cyclic CBR Test Proposed

Research has been initiated at the MENDELU University Brno to adapt the standard
cyclic CBR test to perform tests on undamaged material specimens and, in particular, under
stress conditions corresponding to the expected state of stress in a pavement structure.
In contrast to the Dutch procedure, the applied loading force for repeated loadings is
not determined in the first loading step by plunger penetration to the prescribed depth,
but by the stress value that is expected in an actual pavement structure. This means that
the applied loading force is not dependent on the penetration depth, but is defined by
the plunger stress value. It should be noted that the material being tested may occur in
different layers in the pavement structure and therefore may be subjected to different stress
conditions. As a result, the same material should be tested under different stress conditions
depending on the depth of its placement, so it may have a different resilient modulus, as
the plunger stress value may vary. In our analysis, the plunger stress value was set to
210 kPa.

To determine the plunger stress value acting on a material, and thus the loading force
value for cyclic loading, the Finite Element Method (FEM) is currently the only correct
method [4,38-40]. A commonly used assumption about the angle of stress propagation
« = 45° is not fully correct for the stress distribution in pavement structures. A typical
example of stress distribution in pavement structures is shown in Figure 1, which clearly
demonstrates that the stress distribution differs from an angle of 45°. The displayed stresses,
both vertical and horizontal, were obtained in a study [40] that used a non-linear FEM
model respecting the actual behavior of the unbound materials forming the individual
pavement layers [39].

1333.3
-14222.2

(a)

Figure 1. Numerical modeling of stress distribution in pavement structures under real conditions:
(a) vertical; (b) horizontal.

To calculate the resilient modulus, the following equation is used [34]:

C1(1— pu“?)opa
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where
M; = resilient modulus estimate of the material tested (MPa),
w = elastic deformation (mm),
a = radius of the circular plunger (mm),
0p = stress under the plunger (kPa),
u = Poisson’s ratio of the material tested,

C; =1.5865,
C, =1.0875, and
C; = 1.0920.

2.3. Study Area, Soil Sampling, and Specimen Preparation

The soil samples for testing were collected from the subgrade active zone at a depth
of 500 mm from a total of 11 forest roads in order to include as wide a range of subgrade
soils according to USCS classifications [13,14] as possible. The forest roads built in different
geological environments from different regions of the Czech Republic were included in the
analysis [15,31]. Soil samples were collected at locations where a low load-bearing capacity
of the subgrade was expected. A total of 40 samples were collected. Six specimens were
prepared from each sample, i.e., a total of 240 specimens were prepared for the correspond-
ing updated cyclic CBR test for the determination of the M; value. The specimens were
conditioned to an optimum moisture content and the maximum dry density according to
standard CSN EN ISO 17892-1 [41]. They were compacted into the CBR test mold with a
diameter of 152 mm and a height of 117 mm using the Proctor standard energy according
to standard CSN EN ISO 13286-2 [17].

2.4. Geotechnical Analysis

Geotechnical tests necessary for the soil classification according to relevant European
standards (EN standards) were performed for each sample. The geotechnical analyses
consist of a humidity test according to standard CSN ISO/TS 17892-1 [41], a sieving
and aerometry test according to standard CSN ISO/TS 17892-4 [42], and a consistency
(plastic-liquid limit) or Atterberg limit test according to standard CSN ISO/TS 17892-
12 [43]. These tests are used for basic soil classification based on their granulometric
composition and Atterberg plastic-liquid limits. Soils were classified according to the
Unified Soil Classification System (USCS) using CSN EN ISO 14689-1 [13] and CSN EN ISO
14688-2 [14] standards.

Geotechnical tests were carried out for all 40 soil samples. After completion of the
geotechnical tests, the individual soil samples were classified into a total of nine soil types.
The classification results, including the number of samples as well as specimens, and the
mean values of maximum dry density and humidity are presented in Table 1.

Table 1. Soil classification.

Number N° Soil Type Amount of Amo.unt of Dl\;[;:ir:y Hll:f:iﬂ ty
USCS Samples Specimens ke-m-3 o
g'm (J
1 Cl 10 60 1598.8 23.8
2 siCl 3 18 1655.9 20.7
3 saclSi 2 12 1748.3 18.6
4 csaCl 5 30 1813.7 15.7
5 sagrSi 8 48 1858.5 134
6 grsaCl 4 24 1635.5 21.5
7 siSa 2 12 1796.0 14.7
8 grsiSa 2 12 1827.3 13.6
9 siGr 4 24 1929.6 12.7




Forests 2023, 14, 2425

6 of 15

2.5. Statistical Analysis

A total of 240 specimens taken from 40 soil samples belonging to nine soil types were
tested, and M, values were obtained. Each set of six M; values was statistically analyzed.
The set of M, values for the whole soil type, consisting of all specimens belonging to that
soil type, was also statistically evaluated. The number of samples, and therefore the number
of specimens tested, was different for each soil type, depending on the number of samples
taken from the soil type after its geotechnical classification (see Table 1). The following
statistics were calculated for each data set: mean value, standard deviation, coefficient of
variation, minimum and maximum values, and 0.05 and 0.95 quantiles [15].

3. Results
The Updated Cyclic CBR Test Results

The results of the statistical analysis for each soil type are presented in Figures 2-10.
For each data set of six specimens (for each soil sample), the mean M; value and the 0.05
and 0.95 quantiles are listed. These statistics are also given for the entire soil type.

- Soil type Cl

The Cl soil type contains a total of 10 samples and 60 specimens (see Figure 2). The M;
mean value of the individual samples is in the interval 43.75-91.52 MPa, and the coefficient
of variation is in the interval 0.03-0.23. The M; mean value of the entire soil type (obtained
from the statistical analysis of all 60 specimens) is 63.75 MPa. The coefficient of variation
is 0.31, the minimum value is 37.5 MPa, and the maximum value is 95.8 MPa. The 0.05
quantile is 31.3 MPa, and the 0.95 quantile is 96.2 MPa.

Resilient Modulus Mr - Soil Type Cl
120

Mr (MPa)

100

80

20 Quantile 0.95
Quantile 0.05

=Mean Value

1 2 3 4 5 6 7 8 9 10 Cl Soil Group Sample

Figure 2. Mean value, 0.05 quantile, and 0.95 quantile of M; for the Cl soil type.

- Soil type siCl

The siCl soil type contains a total of three samples and 18 specimens (see Figure 3).
The M; mean value of the individual samples is in the interval 22.52-38.94 MPa, and the
coefficient of variation is in the interval 0.12-0.24. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 18 specimens) is 28.19 MPa. The coefficient of
variation is 0.34, the minimum value is 18.7 MPa, and the maximum value is 53.5 MPa. The
0.05 quantile is 12.2 MPa, and the 0.95 quantile is 44.2 MPa.
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Resilient Modulus Mr - Soil Type siCl
60

Mr (MPa)

50
40
30

N

10

Quantile 0.95
Quantile 0.05

=Mean Value
1 2 3 sicl Soil Group Sample

Figure 3. Mean value, 0.05 quantile, and 0.95 quantile of M; for the siCl soil type.

- Soil type saclSi

The saclSi soil type contains a total of two samples and 12 specimens (see Figure 4).
The M, mean value of the individual samples is in the interval 56.29-71.70 MPA, and the
coefficient of variation is in the interval 0.11-0.12. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 12 specimens) is 63.99 MPa. The coefficient of
variation is 0.17, the minimum value is 47.5 MPa, and the maximum value is 84.1 MPa. The
0.05 quantile is 46.4 MPa, and the 0.95 quantile is 81.6 MPa.

Resilient Modulus Mr - Soil Type saclSi
90

Mr (MPa)

60
50
40
30

20
Quantile 0.95

10 Quantile 0.05

=Mean Value

1 2 saclSi Soil Group Sample

Figure 4. Mean value, 0.05 quantile, and 0.95 quantile of M; for the saclSi soil type.

- Soil type csaCl

The csaCl soil type contains a total of five samples and 30 specimens (see Figure 5).
The M, mean value of the individual samples is in the interval 52.63-95.18 MPA, and the
coefficient of variation is in the interval 0.04-0.14. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 30 specimens) is 79.27 MPa. The coefficient of
variation is 0.21, the minimum value is 49.0 MPa, and the maximum value is 103.8 MPa.
The 0.05 quantile is 52.4 MPa, and the 0.95 quantile is 106.2 MPa.
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Resilient Modulus Mr - Soil Type csaCl
120

Mr (MPa)

80

m} o

60

40
Quantile 0.95
20
Quantile 0.05
=Mean Value
0
1 2 3 4 5 csaCl  Soil Group Sample

Figure 5. Mean value, 0.05 quantile, and 0.95 quantile of M; for the csaCl soil type.

- Soil type sagrSi

The sagrSi soil type contains a total of eight samples and 48 specimens (see Figure 6).
The M; mean value of the individual samples is in the interval 20.71-72.00 MPA, and the
coefficient of variation is in the interval 0.07-0.27. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 48 specimens) is 42.86 MPa. The coefficient of
variation is 0.42, the minimum value is 18.7 MPa, and the maximum value is 86.5 MPa. The
0.05 quantile is 13.4 MPa, and the 0.95 quantile is 72.4 MPa.

Resilient Modulus Mr - Soil Type sagrSi
90

Mr (MPa)

80
70
60
50

40

30 |=

20 l’
Quantile 0.95
10 Quantile 0.05
=Mean Value
0
1 2 3 4 5 6 7 8 sagrSi Soil Group Sample

Figure 6. Mean value, 0.05 quantile, and 0.95 quantile of M; for the sagrSi soil type.

- Soil type grsaCl

The grsaCl soil type contains a total of four samples and 24 specimens (see Figure 7).
The M, mean value of the individual samples is in the interval 47.17-85.63 MPA, and the
coefficient of variation is in the interval 0.09-0.15. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 24 specimens) is 71.23 MPa. The coefficient of
variation is 0.24, the minimum value is 43.3 MPa, and the maximum value is 97.0 MPa. The
0.05 quantile is 43.7 MPa, and the 0.95 quantile is 98.8 MPa.
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120

Mr (MPa)

100

80

60

40

20

Figure 7. Mean value, 0.05 quantile, and 0.95 quantile of M; for the grsaCl soil type.

1

Resilient Modulus Mr - Soil Type grsaCl

Quantile 0.95
Quantile 0.05

=Mean Value

2 3 4 grsacCl Soil Group Sample

- Soil type siSa

The siSa soil type contains a total of two samples and 12 specimens (see Figure 8).
The M, mean value of the individual samples is in the interval 64.04-66.30 MPA, and the
coefficient of variation is in the interval 0.15-0.27. The M; mean value of the entire soil type
(obtained from the statistical analysis of all 12 specimens) is 65.17 MPa. The coefficient of
variation is 0.22, the minimum value is 46.6 MPa, and the maximum value is 88.6 MPa. The
0.05 quantile is 42.0 MPa, and the 0.95 quantile is 88.3 MPa.

100

Mr (MPa)

20

80

70

60

50

40

30

20

10

Figure 8. Mean value, 0.05 quantile, and 0.95 quantile of M; for the siSa soil type.

Resilient Modulus Mr - Soil Type siSa

Quantile 0.95
Quantile 0.05

=Mean Value

2 siSa Soil Group Sample

- Soil type grsiSa

The grsiSa soil type contains a total of two samples and 12 specimens (see Figure 9).
The M; mean value of the individual samples is in the interval 27.22-27.54 MPA, and the
coefficient of variation is in the interval 0.19-0.20. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 12 specimens) is 27.38 MPa. The coefficient of
variation is 0.19, the minimum value is 19.0 MPa, and the maximum value is 36.8 MPa. The
0.05 quantile is 18.7 MPa, and the 0.95 quantile is 36.1 MPa.
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Resilient Modulus Mr - Soil Type grsiSa
40

Mr (MPa)

20
15

10
Quantile 0.95
5 Quantile 0.05

=Mean Value

1 2 grsisa Soil Group Sample

Figure 9. Mean value, 0.05 quantile, and 0.95 quantile of M; for the grsiSa soil type.

- Soil type siGr

The siGr soil type contains a total of four samples and 24 specimens (see Figure 10).
The M; mean value of the individual samples is in the interval 42.55-82.03 MPA, and the
coefficient of variation is in the interval 0.10-0.21. The M, mean value of the entire soil type
(obtained from the statistical analysis of all 24 specimens) is 56.47 MPa. The coefficient of
variation is 0.31, the minimum value is 34.5 MPa, and the maximum value is 91.0 MPa. The
0.05 quantile is 27.6 MPa, and the 0.95 quantile is 85.3 MPa.

Resilient Modulus Mr - Soil Type siGr
100

90
80 %

70

Mr (MPa)

60

50
40

30

20 Quantile 0.95

Quantile 0.05
10

=Mean Value
1 2 3 4 siGr Soil Group Sample
Figure 10. Mean value, 0.05 quantile, and 0.95 quantile of M; for the siGr soil type.
The intervals of the obtained resilient modulus M; values for all individual soil types

are shown in Figure 11. The mean value, coefficient of variation, and 0.05 and 0.95 quantiles
of M; are listed in Table 2.
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Resilient Modulus Mr - Soil USCS
120

Mr (MPa)

100

80 b

60

40

20 |= Quantile 0.95
Quantile 0.05

=Mean Value
cl sicl saclSi  csaCl sagrSi grsaCl siSa  grsiSa  siGr Soil Group Sample

Figure 11. Mean value, 0.05 quantile, and 0.95 quantile of M; for all soil types.

Table 2. M; statistics for both cyclic CBR tests, with indicative cyclic triaxial test results.

Soil Mean Value [MPa] cov Quantile 0.05[MPa]  Quantile 0.95 [MPa] T[ﬁ;:l
CBR Test Updated Standard Updated Standard Updated  Standard Updated  Standard Indicative
Cl 63.8 123.4 0.31 0.83 31.3 39.0 96.2 371.7 20-134
siCl 28.2 140.8 0.34 1.08 12.2 18.7 44.2 2994 -
saclSi 64.0 122.7 0.17 0.59 46.4 48.8 81.6 235.3 58-102
csaCl 79.3 106.9 0.21 0.46 52.4 51.8 106.2 205.7 11-84
sagrSi 42.9 101.8 0.42 0.78 13.4 241 724 2713 -
grsaCl 71.2 107.9 0.24 0.82 43.7 44.0 98.8 310.7 -
siSa 65.2 153.4 0.22 0.67 42.0 29.9 88.3 357.6 32-111
grsiSa 274 116.9 0.19 0.24 18.7 67.4 36.1 159.3 57-148
siGr 56.5 322 0.31 0.60 27.6 10.7 85.3 64.0 88-141

4. Discussion

The resilient modulus results of testing 240 specimens using the updated cyclic CBR
test can be compared to the results of testing 276 specimens using the standard cyclic CBR
test, which have been published [15]. All results are fully compatible because the testing
methodologies were identical. The same soil samples were used for specimen preparation,
the same CBR molds were used, with the same dimensions and compacting procedure,
and the same testing machine was used. The results of statistical analysis—the mean value,
coefficient of variation, and 0.05 and 0.95 quantiles of M;—obtained with both cyclic CBR
tests for all individual soil types are listed in Table 2.

First, we can briefly summarize what can be expected of the basic resilient modulus
statistics obtained with the updated cyclic CBR test in comparison to the standard cyclic
CBR test. Because the updated cyclic CBR test was performed with the cyclic loading
force determined by the 210 kPa plunger stress, it can be expected that the high—often
unrealistic—resilient modulus values obtained at high plunger stress values will be sig-
nificantly reduced. If these high values are limited, a reduction in the 0.95 quantile value,
a reduction in the random variability, and a reduction in the mean value of the resilient
modulus can be expected. The 0.05 quantile value may or may not be affected because it
depends on low values of the resilient modulus, and these are obtained by the standard
cyclic CBR test at low plunger stress values, which are minimally influenced when using
the updated cyclic CBR test.

When comparing the 0.95 quantile values (see Table 2), a substantial reduction for all
soil types, except the siGr soil type, is apparent. The 0.95 quantile values obtained by the
standard cyclic CBR test are 2—6 times greater than those obtained by the updated cyclic
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CBR test. Random variability measured by the coefficient of variation is also significantly
reduced from the interval 0.24-1.08 to the interval 0.17-0.42. For individual soil types,
coefficients of variation obtained by the standard cyclic CBR test are 2-3 times greater
compared to the updated cyclic CBR test. Similar results are valid for mean values—for all
soil types, except the siGr soil type, mean values are significantly lower. They are reduced
from the interval 32.2-153.4 MPa to the interval 27.4-79.3 MPa. For individual soil types,
the mean values obtained by the standard cyclic CBR test are up to five times greater than
those obtained by the updated cyclic CBR test. When comparing the 0.05 quantile values,
no differences are apparent among seven soil types; however, for the grsiSa soil type, the
0.05 quantile values obtained by the updated cyclic CBR test are four times lower compared
to the standard cyclic CBR test. In contrast, for the siGr soil type, the 0.05 quantile values
obtained by the updated cyclic CBR test are three times greater compared to the standard
cyclic CBR test.

The explanation for the slightly different behavior of the grsiSa soil type and especially
the siGr soil type is relatively simple. If we compare the plunger stress values at which
they were tested [15,31], grsiSa was tested at considerably lower stress values by the
updated cyclic CBR test; therefore, the decrease in resilient modulus values is significant. It
considerably affects both quantiles as well as the mean value. In contrast, the siGr soil type
was tested at significantly higher stress values by the updated cyclic CBR test, resulting in
higher resilient modulus values affecting both quantiles as well as the mean value.

In [31], the resilient modulus results obtained from the standard cyclic CBR test were
omitted—that is, M; values obtained under unrealistically high plunger stress values were
excluded from the analysis, and only M, values obtained under realistic plunger stress were
taken into account. The results, which were in the interval 18-65 MP%a, are fully comparable to
the moduli obtained from the updated cyclic CBR test, which are in the interval 27-79 MPa.

The moduli obtained from the updated cyclic CBR test can also be compared with
the moduli obtained from the cyclic triaxial test. It is known from previous studies that
M; values obtained from the cyclic triaxial test are in a lower interval than those ob-
tained from the standard cyclic CBR test. In [16,21,23,33], the modulus values obtained
from the cyclic triaxial test are in the intervals 20-90 MPa, 40-110 MPa, 55-80 MPa, and
56-159 MPa, respectively. All these results are fully comparable with the results in this
paper. For comparison, where possible, these results are also shown in Table 2 as indicative
cyclic triaxial test results. However, it should be noted that these indicative results have
always been obtained by testing only one specimen under a variety of incompatible stress
and moisture conditions and, in particular, on soil material from all over the world.

M, results obtained by the standard cyclic CBR test are also worth mentioning. In [25],
the modulus values were obtained by the standard cyclic CBR test under a plunger stress
in the interval 1-3.5 MPa, and the moduli were in the interval 250-500 MPa. In [26], under
a plunger stress of 4 MPa, they were in the interval 50-240 MPa; in [30], under a plunger
stress of 5.5 MPa, they were in the interval 120-420 MPa; in [20], under a plunger stress of
up to 9 MPa, they were in the interval 150-2600 MPa.

Although the above results obtained by the standard cyclic CBR test are fully com-
parable to each other, they are significantly higher than those obtained by the updated
cyclic CBR test or the cyclic triaxial test. Thus, overall, the resilient modulus obtained by
the standard cyclic CBR test is overestimated. It does not correspond to its value in an
actual pavement structure because it is significantly higher compared to the reality. Because
the resilient modulus characterizes the material stiffness, the stiffness is also significantly
overestimated. This can be dangerous, because the subgrade soil stiffness has an impor-
tant influence on the design of a pavement structure, especially on the composition and
thickness of the pavement layers. This is particularly important for forest roads, where
lower modulus values can be expected due to a frequently unfavorable water regime and
a high moisture content. Inaccurate estimation of the resilient modulus may result in
inappropriate composition of the pavement layers for forest roads, which will consequently
result in unsatisfactory technical parameters of the pavement structure. Intensive pavement
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degradation and reduced durability and service life of the forest pavement structure can
then be expected.

5. Conclusions

The forest subgrade soil materials as well as the pavement construction materials are
subjected to dynamic and repeated loadings of varying intensity from traffic. In order to
take into account the cyclic nature of the material loading as well as its non-linear behavior,
the concept of the resilient modulus has been adopted. A realistic value is associated with
the process of repeated loadings and depends on actual soil parameters—e.g., maximum
dry density, moisture content, compaction method, and the number and magnitude of
repeated loads—and on the state of stress in an actual pavement structure. Its value is not
constant for a given soil type, but varies within an interval depending on test conditions [33],
mainly on the moisture content and the actual state of stress.

Although the cyclic triaxial test meets all the requirements for resilient modulus
calculations, due to its complexity and financial costs, other methods to determine resilient
modulus are sought. The cyclic CBR test seems to be appropriate, as it is a simple and
inexpensive tool for calculating the resilient modulus. However, it should be noted that the
plunger stress requires realistic values, because only in this case are the obtained resilient
modulus values comparable to those obtained from the cyclic triaxial test. This can only be
ensured by an updated cyclic CBR test in which repeated loadings of the material specimen
are observed under realistic plunger stress values.
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