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Abstract. Road surfaces that are subjected to cyclic loads generated by
vehicle wheels must meet the requirements concerning the durability in the
assumed period of use. The durability of the layered pavement construction
systems depends on the value and frequency of the load as well as on the
mechanical features of its individual layers. Layers of unbound,
mechanically stabilized mixtures are a significant aspect of surfaces that
are susceptible. Mixtures of this type can be applied both to the subgrade
layers as well as to the bottom pavement layers, including the improved
course. Considering the cyclic nature of the load on the surface of the
entire system, mechanically stabilized layers are subject to continuous, but
slow, densification during the period of use, which results in the formation
of permanent deformations and so-called structural ruts. Post-mining waste
is frequently used in road construction. which is the so-called burned shale
that can be used for the bottom layers of the surface and layers of the
improved subgrade (soil replacement). This material was the subject of the
analysis. The evaluation was based mainly on the results of pilot studies
covering cyclic loads of the layer/course made of the so-called red shale.
The applied research method was aimed at preliminary assessment of its
suitability for the assessment of the behaviour of the disintegrated medium
under the conditions of test loads simulating the movement of vehicles.
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1 Introduction
Road surface constructions usually use layers of mechanically stabilized aggregate
which is not chemically bonded. These layers can be applied in the lower layer of the
subgrade and/or in the lower layers of the surface and in the improved course. Mainly these
layers and ground course are responsible for the development of the so-called structural
deformations that are observed in the wheel tracks. Structural deformations are also referred
to as so-called structural ruts. Their origin is related to the densification of the granular
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medium influenced by cyclic loading of layers generated by heavy vehicles. The evaluation
of the properties of layers made of mechanically stabilized material is based on the
evaluation of the modulus that a given material can achieve and the deformation as a
function of the number of loads [1]. The assessment of the mechanical properties of
aggregates, including the assessment of their non-linear behaviour, is the subject of many
studies and analyses [2,3,4,5,6]. The value of the modulus is determined by several factors,
including grain size of the mixture, its moisture, density of the layer prior observation,
condition of the subgrade (its moisture content), deformations occurring in mining areas.
Previous research and observations indicate that the modulus of the unbound layer can be
further increased even still in the course of using the pavement, although this depends on
the conditions occurring in subgrade of the analysed layer.
The article presents the results of pilot laboratory tests of aggregate subjected to cyclic
loads, simulating the operation of aggregates during the use of the pavement. The research
involved the use of burned shale, which is a waste created during the mining of hard coal.
This material is applied to all layers of earthworks [7] to lower layers of pavement
construction and layers of the improved subgrade.

2 Characteristic of burned coal shale
The use of waste materials in construction, especially communication systems, is
extremely important in terms of the possibility of development, which reduces the problems
associated with their storage and environmental impact [3]. Current rich experience
obtained thanks to the use of waste accompanying mining of hard coal shows that burned
coal shale, referred to as splinter shale, show significantly better properties than not burned
coal shales. The predominance of burned shales results mainly from better resistance to
water and frost and lower susceptibility to fragmentation during their compaction (Fig. 1).

Fig. 1. Granularity of aggregate made of burned coal shale after compacting and five years of road
use [8]

As Rafalski points out [8], burned coal shale can be used for road foundations and other
lower layers. Rafalski [8] is one of the many researchers who presented the field
experiments describing the behaviour of burned coal shale (Fig. 1) applied in a road. These
works present such aspects as deformation moduli, determined on the basis of a static VSS
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test, in different periods of surface use, i.e. 0 – 5 years (Tab. 1) - after 5 years, it was
observed that the parameters increased from 128 MPa to 142 MPa.
Table 1. Results of tests on deformation moduli of burned coal shale in road pavement [8]
Period of use
0 months
3 months
6 months
5 years

Secondary deformation modulus
E2 [MPa]
128
129
136
142

Deformation index
I0
2.0
2.0
1.9
2.0

3 Characteristics of the testing station
The tests of cyclic loading of aggregate were carried out in laboratory conditions, in a
box with a cross-section shown in Figure 3 and a length of 1.20 m. The testing station was
placed on a concrete stand, and the side walls were made of 2.5 cm thick steel sheet, which
was additionally ribbed. An integral element of the station is the frame, which is a
counterbalance to the hydraulic cylinder exerting a load on the surface of the layer system
under test. Two layers of material were built in the box (Fig. 3).
The graining of the sand used indicates that it is a coarse sand with a uniformity coefficient
Cu = 2.2, which classifies this sand as poorly graded (uniformly-graded) soil (Cu < 5),
hardly compactable. The grain size of the shale was compared with the required field of
proper graining for individual pavement layers according to Technical Requirements for
Unbound Mixtures [6], as shown in Figure 2.
(A)

(B)

(C)

Fig. 2. Comparison of the graining curve of the tested mixture with proper graining curves [6]

The analysis of the course of the grain curve of the shale used clearly indicates that course
is close to the upper limit of proper graining. In particular, it applies to areas of proper
3
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graining for subbase and subgrade. A comparison of the test results of selected aggregate
properties and their comparison with the requirements for individual layers is presented in
Table 2.
Subject material

Table 2. Comparison of selected properties of burned coal shale and sand according to [9] and [6]

Subject
parameters

Test
results

Base course
KR1KR2

Burned coal shale

Sand
[%]
≥ 45
43.05
index
CBR
[%]
≥ 60
57.2
index
Compatibility of
yes*)
the grain size with
Fig. 2
0/31.5
a proper graining
field
*) graining curve close to the limit curve

KR3KR7

Requirements
Frost
Subbase
protection
layer
KR3KR1- KR3KR7
KR2
KR7

Layer of
improved
subgrade
KR1KR7

≥ 45

≥ 40

≥ 35

≥ 35

≥ 35

≥ 80

≥ 60

≥ 25

≥ 35

≥ 20

yes*)
0/31.5

yes*)
0/31.5

yes*)
0/31.5

yes*)
0/31.5

yes*)
0/31.5

Fig. 3. Scheme of the testing station

Static tests

Cyclic tests

Fig. 4. The testing station during static and cyclic loading of aggregate

The static tests used the so-called VSS plate − i.e. a steel plate with a diameter of 30 cm, a
hydraulic actuator and a stand for mounting the displacement sensor on a steel plate (Fig.4).
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The tests based on cyclic loading of the aggregate layer were carried out by loading the
surface of the system, also with a steel plate with a diameter of 30 cm, whereby the
hydraulic actuator was controlled using a hydraulic pump and a control programme (Fig.4).

4 Implementation and tests
The tests were carried out in three stages. In the first stage, a static VSS plate
measurement was made on the surface of the layer system (Fig. 5), marking the primary
and secondary deformation moduli. In the second stage, the layer system was subjected to
cyclic loading, using a hydraulic actuator, a hydraulic pump and a control programme. A
load of 550 kPa with a frequency of 0.5 Hz was applied to the surface of the layers. In total,
430 load cycles were carried out (Fig. 7). The tests covered measurements of vertical
displacements of the plate and the value of the force transmitted to the plate at a frequency
of 25 Hz. The third stage of the research included the re-execution of the static
measurement with the VSS plate (Fig. 6), which was used to calculate the primary and
secondary deformation modulus. The final pressure was taken equal to that used during the
cyclic test, i.e. 550 kPa.

Fig. 5. Results of the static VSS plate
measurement before the cyclic tests commence

Fig. 6. Results of measurement with a static VSS
plate after cyclic tests

The primary and secondary deformation moduli in the first and third stages were calculated
as for the stress range of q = 150 – 250 kPa (Tab. 3).
Table 3. Calculated results of deformation moduli based on static tests (VSS plate)
Research stage

Deformation modulus
E1 [MPa]

E2 [M0Pa]

Deformation indicator
I0 = E2 / E1

Prior the cyclic loading test

36.3

75

2.06

After the cyclic loading test

45.0

80

1.78

In the second stage (cyclic test) the modulus was calculated in each load cycle according to
the relationship (1). The results are shown in Figure 7.

ErN  

5

qD
sN

(1)
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impact factor, for circular load surface  = 1.0,
surface load increase [kPa],
diameter of the circular loading surface [m],
increase of surface displacement [mm].

Fig. 7. Results of cyclic tests

5 Analysis and discussion of the results
The tested layer system before the cyclic test was characterized by a strain index
I0 = 2.06. This result indicates good density (I0 ≤ 2.2). The value of the secondary
deformation modulus E2 = 75 MPa should be described as sufficient, because the CBR
index for this aggregate (CBR = 57.2 % - Tab. 2) suggests obtaining a relatively high
stiffness for this layer. Similarly, when analysing the grain size of burned shale, inscribed in
the field of proper graining for all surface layers, i.e. layers of improved subgrade, subbase
and base course (Fig. 2), a high stiffness of this layer, higher than 100 MPa, is expected.
Obtaining a modulus lower than expected should be combined with the stiffness of the
lower layer, i.e. coarse sand, which is a uniformly-graded material, i.e. hardly compactable.
The results of cyclic loading of the layer system allow to observe a rapid increase of the
vertical displacement (subsidence of the plate) in the initial cycles, and then slow
stabilization of vertical displacements (Fig. 7) between subsequent load cycles. The vertical
displacement of the plate, which decreases in subsequent cycles, indicates that the tested
medium densifies and increases its stiffness (load-bearing capacity). It should be noted,
however, that in cyclic tests the modulus began to stabilize at around 70 MPa. A similar
value of the deformation modulus E2 = 80 MPa was obtained during the last (stage III)
static test with the VSS plate. The obtained value of the modulus, at high density I0 = 1.78,
indicates a relatively small increase in stiffness of the upper layer, compared to the test
carried out before the cyclic tests. This increase is definitely lower than expected. The
unfavourable parameters of the sand layer constituting the subgrade of the examined shale
should be considered as the probable cause of the relatively small increase of the secondary
deformation modulus as well as the obtained value of the secondary deformation modulus
whose value was lower than expected. These observations are also confirmed by the
preliminary results of numerical analyses (Fig. 8), consisting in the identification of the
parameters of the adopted Mohr-Coulomb model. The iterative method was used to find the
parameter values, striving for the best fit of the theoretical curve (numerical calculations)
presenting the displacement [mm] as a function of the load [kPa], to the experimental curve
6
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(from the VSS plate measurement). The performed back calculations indicate a low sand
modulus (about 20 MPa) and a definitely higher value of the aggregate layer modulus
(about 85 MPa) (Tab. 4). Taking into account such significant differences in resilient
moduli, the properties of burned shale should be positively evaluated, because, as the tests
indicate, the modulus of resilience of unbound layers is strongly determined by the stiffness
of the base on which the subject layer is embedded. The results of numerical analyses also
indicate one more phenomenon determining the value of the deformation modulus. This
phenomenon is associated with displacing the material from under the load plate (Fig. 9),
which causes an increase in the vertical displacement and reduction of the value of the
modulus.

Upheaval around the loaded surface

Fig. 8. Calculation model

Fig. 9. Model deformations and calculated displacements

Table 4. Parameters of the Mohr - Coulomb model
Layer

Iteration – 21.04
φ [°]
Ψ [°]

ν

γ [kN/m3]

E [MPa]

c [kPa]

Steel plate 2 cm

210,000

-

-

-

0.20

75

Burned shale 20 cm

85

2

45

15

0.35

17

Sand 30 cm

20

2

39

9

0.35

17

The fact that the grains of burned shale during the cyclic tests were broken (fragmentation)
is not without significance for shaping the stiffness of the layer. This phenomenon is
indicated by the experimental field studies described by Rafalski [8]. Therefore, this
observation is significant as the grain curve of grain size of burned shale before the cyclic
tests was carried out in close proximity to the upper curve of proper graining (Fig. 2 and
Tab. 2).

6 Conclusion
The conducted tests using the station for cyclic loads of the system of unbound layers
allowed in real conditions to assess the impact of repetitive loads on the mechanical
properties of the tested layers. Such tests provide the opportunity to assess the behaviour of
the layering system in conditions similar to those that occur during their use under a
functional load, i.e. in conditions such as loading the pavement with circular motion.
The obtained results of the research well describe the causal relationship between the
material properties of individual layers and the results obtained on the surface of this layer
(deformation modulus). This type of testing station can be a tool for verification of other
material solutions as well as it can be used to assess the impact of other phenomena
occurring in the ground subgrade and/or in the pavement layers on its stiffness and
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indirectly on its fatigue durability. The assessment of burned shale carried out on the basis
of material tests (e.g. CBR, graining), cyclic loading and preliminary numerical analyses, it
should be stated that this material meets the requirements for the frost protection layer and
the lower layers of the pavement and layers of the improved subgrade. The results of the
tests performed by other researchers, as well as the analysis of the results of own research,
indicate the susceptibility of this material to fragmentation, which may affect the lower than
expected increase in stiffness of the layer. In terms of the use of burned shale in the lower
layers of the pavement, it seems justified to perform tests taking that would include variable
moisture of the material, caused for example by periodic exposure to water, which impacts
on the durability of road pavements [10]. Using the testing station will be also useful to
evaluate the interaction between the geogrid and the unbound aggregate, which would
broaden the research described by Grygierek and Kawalec [11].
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