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Abstract

The aim of the article is to determine the changes in the stiffness of
an unbound aggregate base layer subjected to cyclic loading and the
impact of mining deformation. The article presents the
characteristics of the scale of changes in the stiffness of both the
pavement layers and the subgrade for a category III mining area,
i.e., for horizontal strains up to 6 mm/m. The characteristics are
based on previous experience, which takes into account the impact
of mining deformations that occurred in a category II mining area.
The aim of the article was achieved based on the results of
laboratory tests. These tests were conducted on a test stand that
enables the simulation of the cyclic loading of the surface of a
tested layer system and the horizontal strains of the ground. The
cyclic loading caused by the rigid plate simulated the movement of
vehicles. Numerical analysis of the issue for the conditions of
laboratory tests was also carried out. This analysis was aimed at
estimating the change in the parameters of individual layers in the
tested system in subsequent stages of the laboratory tests. The
results of the tests and analysis show that for horizontal tensile
strains of 0.0-6.0 mm/m, a reduction in the elasticity moduli to
approximately 35-45% for unbound aggregate and approximately
70% for fine-grained layers may occur.
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Introduction

The unbound aggregate base is classified as a flexible layer and is very often used in road pavements. It
plays a very important role in the distribution of loads on the pavement surface and determines the fatigue life of
its mixed asphalt layers. A typical feature of this type of base is its susceptibility to permanent deformations
from cyclic loads due to road traffic, which results in structural ruts on the pavement surface. Changes in the
foundation conditions of unbound mix bases alter their mechanical properties. These changes most often result in
an increase in pavement rut depth and a reduction in stiffness (a reduction in the modulus of elasticity). They
then lead to an increase in tensile deformation at the bottom of the mixed asphalt layer and ultimately cause a
reduction in pavement fatigue life.

The most common causes of subgrade deformation include the backfill subsidence of faulty sewer lines
located relatively close to the subgrade base (Kuliczkowska, 2016) and changes in moisture both in the subgrade
and the base (Rahman & Erlingsson, 2015; Rokitowski & Grygierek, 2017). An example of a special case is
when a high groundwater table reaches the base (Rokitowski & Grygierek, 2017). These types of cases also
include ground deformations in mining areas, which may cause both the loosening and compacting of the
subgrade and layers built-in above it, including the base (Grygierek, 2018). The knowledge of the impact of
these types of negative cases on the scale of changes in the stiffness of the unbound aggregate base is very
important when it comes to pavement dimensioning, for example, in flooded areas. The mining area is a special
case where the assessment of the impact of ground deformations on the pavement fatigue life and the structural
rut depth is often essential.

This article presents the characteristics of the scale of changes in the stiffness of both the pavement layers
and the subgrade based on previous experience. This experience includes the impact of mining deformations that
occur in category II mining areas (Table 1) (Fig. 1). The aim of the article is to determine the scale of changes in
the stiffness of an unbound aggregate base layer subjected to cyclic loading and the impact of deformation that
occurs in category III mining areas. This aim was achieved based on the results of laboratory tests. These tests
were conducted on a test stand that enables the simulation of the cyclic loading of the surface of a tested layer
system and mining deformations. Numerical analysis, which aimed to estimate the change in the parameters of
individual layers in the tested system during subsequent stages of the laboratory tests, was also carried out.

Tab. 1. Categories of mining areas in Poland

Values of the surface deformation indices
Category
of mining area Tilt T Radius R of curvature K Horizontal strain €
(mm/m) (km) (mm/m)
0 T<05 40<|R] lel <03
I 0.5<T<25 20<|R[< 40 03<lel <15
I 25<T<5 12<|R[<20 15<lel <3
I 5<T<10 6<IR|<12 3<lel <6
v 10<T<15 4<|RI<6 6<lel <9
v T>15 [R|<4 lel >9

The impact of mining deformations on road pavement, cases where there has been geometric changes in
pavement in mining areas (Grygierek, 2018) and also the analysis of the mining subsidence trough are quite
accurately described in the literature. The issue of mining impact on roads has been the subject of many research
articles (Adelsohn et al., 2020; Deng, 2014; Grygierek, 2017; Grygierek & Kalisz, 2018; Gutierrez et al., 2010;
Kay, 2012; Kotyrba & Kowalski, 2009; Lazecky et al., 2014; Nosenzo et al., 2013; Puertas, 2010; Swarbrick et
al., 2015; Tong et al., 2014, 2016; Zha & Xu, 2019; Zhang et al., 2013). However, there is little in the literature
concerning the scope of changes in the stiffness of the pavement layers and the subgrade. The knowledge
available is connected with the results of observations and research conducted in Poland (Grygierek, 2018;
Kawalec et al., 2019).
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Fig. 1. The subsidence trough and the distribution of surface deformation indices according to the Knothe-Budryk theory (Kwiatek,
2007): w — subsidence, € — horizontal strain, u — horizontal displacement, T — tilt, K — curvature; where: H — depth of extraction, § — the
angle of draw

Characteristics of changes in pavement mechanical properties due to ground deformation

When assessing the impact of underground mining on the pavement surface, the impact of both continuous
and discontinuous deformations should be specified. In the case of discontinuous deformations (Fig. 2), the
surface structure is assumed to be completely destroyed. When linear discontinuous surface deformations
(LDSD) occur, sudden changes in the pavement surface are observed. These changes are accompanied by a
significant reduction in the load-bearing capacity of the subgrade and the pavement layers built-in above it.
Characteristic damage to a road pavement in LDSD areas is shown in Fig. 3. In the case of LDSD, the reduction
in the modulus value of the unbound aggregate (modulus E» in Fig. 5) by up to 90% and the subgrade (modulus
E; in Fig. 6) by 70% is observed. However, in the case of LDSD, the changes occur in a relatively short road
section (Grygierek, 2017) of approximately 20 m. It is observed both in the distribution of pavement deflections
and the modulus values. In the case of this type of pavement deformation, the complete repair of the pavement
and its subgrade is essential. Figs. 4-6 show the distribution of the pavement deflections and the identified
moduli of both the mix asphalt layer and the subgrade in the LDSD area.

ORI S i e D

Fig. 2. A sinkhole caused by shallowAmining of zinc and lead ore in the area the Al otorway construction site, Poland
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Fig. 3. Characteristic damage to road pavement in LDSD areas (Grygierek, 2017)
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Fig. 4. Distribution of the pavement deflections in an LDSD area (Grygierek, 2017)
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Fig. 5. Distribution of the identified moduli of the unbound aggregate E, (mix asphalt layer) in an LDSD area (Grygierek, 2017)
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Fig. 6. Distribution of the identified moduli of the subgrade in an LDSD area (Grygierek, 2017)

In the case of continuous deformations, the pavement surface functions for many years. However, the
damage and the reduction of its functionality due to the increase of ruts and cracks occur. Unlike discontinuous
deformations, there are no such significant and sudden changes in road geometry. The experience presented in
the research (Grygierek, 2010, 2018) (Figs. 7 and 8) shows that the modulus value of the unbound aggregate
layers due to the impact of a horizontal tensile strain with a maximum value of 2.1 mm/m was reduced AE(-) by
up to 45%. In the case of the pavement subgrade, the modulus value was reduced by approximately 25%.
A characteristic feature of the analyzed pavement sections was the partial recovery of stiffness. This was
probably caused by the movement of vehicles on the pavement and the end of mining impact on the surface. The
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increase in the modulus value AE(+) after the end of the impact of horizontal tensile strain was approximately
18% for the aggregate and approximately 25% for the pavement subgrade. Such significant reductions in the
modulus values are important for pavement fatigue life. The use of dependencies (1)—(4) in Figs. 7 and 8 are
recommended in the range of horizontal tensile strains from 0.0 mm/m to 2.1 mm/m.

50
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Change in the modulus value (%)

-10
b \ T —
Y R AE(-)E1097e <177~ © (2)
FYEEEENERENE Ri=0.78 : [ : : : ' | 1 1 ¢ 1
) REDUCTION
000 050 100 150 200 250
€ (mm/m)

---&---Increase in the modulus value - In situ research
---e---Reduction in the modulus value - In situ research
P olynomial (reduction in the modulus value)
- ‘Polynomial (increase in the modulus value)
Fig. 7. Changes in the modulus values of the subgrade as a function of horizontal tensile strains (Grygierek, 2017)
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Fig. 8. Changes in the modulus values of the unbound aggregate layers as a function of horizontal tensile strains (Grygierek, 2017)

Laboratory tests

The laboratory tests were conducted on the test stand (Figs. 9 and 10), whose basic element is a rigid box
with dimensions of 1.2 m x 1.0 m x 0.5 m. There are two immobile walls and two mobile walls in the test stand
box. The mobile walls are perpendicular to the fixed walls (Fig. 10), and their displacement is forced with the
use of horizontal actuators supported by stiff side frames. Their simultaneous movement simulates the impact of
horizontal strains on the tested layer system. Moving mobile walls away from each other causes the horizontal
loosening of the ground. The test stand enables the simulation of the cyclic loading of the surface of the tested
layer system. This is the simulation of the impact of loads induced by heavy vehicles moving along the
pavement surface. The hydraulic actuator, which is supported under the steel frame with a variable load
induction system with the frequency of 0.35 Hz, was used to induce cyclic loading on the stiff circular plate of
200 mm diameter. Three sensors were used in the simulation to measure the vertical displacements of this plate.
Standard static loading tests were also performed to determine the primary and the secondary deformation
moduli. These tests were performed before and after cyclic loading and after the simulation of the horizontal soil
strain impact on the layer system. The primary and secondary deformation moduli are the basic parameters used
in road construction when checking the quality of layers.

121



Marcin GRYGIEREK et al. / Acta Montanistica Slovaca, Volume 27 (2022), Number 1, 117-134

The main goal of the conducted tests was to simulate both the cyclic loading of the tested layer system and
the horizontal ground strains (Fig. 1) and also to measure the vertical displacement of the pressure plate.
The laboratory tests conducted on the test stand included the following stages:

= stage |
= stage 2
= stage3
= stage4
= stage S
= stage 6
= stage 7
= stage 8
Stage 1

the preparation of a layer system: 30 cm of sand, 20 cm of unbound aggregate,

the performance of the static loading test and the determination of the primary deformation
modulus E; and the secondary deformation modulus E», and the deformation index E»/Ej,

the performance of the cyclic loading test of the layer system — 17,000 cycles at 450 kPa load in
two steps,

the performance of the static loading test and the determination of the primary deformation
modulus E; and the secondary deformation modulus E», and the deformation index E»/Ej,

the simulation of the impact of horizontal tensile strains of 6.0 mm/m on the tested layer system,
the performance of the static loading test and the determination of the primary deformation
modulus E; and the secondary deformation modulus E», and the deformation index E»/Ej,

the performance of the cyclic loading test of the layer system — 10,000 cycles at 450 kPa load,
the performance of the static loading test and the determination of the primary deformation
modulus E; and the secondary deformation modulus E>, and the deformation index E»/E;.

The tested layer system consisted of two layers: a lower layer of medium sand and an upper layer of
unbound aggregate (dolomite) (Fig. 9). The preparation of the layer system began with the compaction of the
medium sand layer of 30 cm thickness, using a mechanical compactor while maintaining optimum moisture of
approximately 5%. The layer was compacted until the modulus tested on the layer system surface indicated a
comparable value of the modulus after successive passes of the compactor. A lightweight deflectometer with a
plate of 30 cm diameter was used to determine the modulus value. The compaction of the medium sand layer
was completed to give the E> modulus value of approximately 60 MPa. The unbound aggregate layer of 20 cm
thickness was compacted into three layers. After compaction, the modulus value, determined using a lightweight
deflectometer, was approximately 80 MPa. After the preparation of the test stand, in order to ensure constant
moisture of the tested layer system, its surface was covered with foil (Fig. 10).

unbound aggregate (dolomite)

] []

(@] o

hydraulic actuator

sensors for
| ___| measuring vertical

pressure plate displacements
& 200
[

20 cm

coarse sand
30 cm

Immobile walls % 1,00 m | tripod independently

f I placed on the floor

Fig. 9. Cross-section perpendicular to the immobile walls of the test stand with the prepared layer system
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mobile walls

immobile walls

Fig. 10. The test stand with immobile sidewalls and mobile walls which are perpendicular to them

The grain size index (Cu) of the medium sand used in the laboratory tests was Cu=2.2 which classifies this
sand as even soil (Cu<5), i.e., hard to compact. The aggregate was characterized by a grain size curve slightly
exceeding the area of good grain size for a 0/31.5 grain base (Fig. 11) according to (The General Directorate for
National Roads and Motorways, 2010). A mix with such grain size is widely used in road construction in Poland.

Subbase - aggregate mix 0/31.5
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Fig. 11. Comparison of the grain size curves of the tested mix with the proper grain size curves for the subbase, where m/m is the weight
ratio used in (The General Directorate for National Roads and Motorways, 2010)

Stage 2
The standard static loading test was conducted using a circular and stiff plate of 200 mm diameter. During

the test, the vertical displacements of this plate were measured using subsequent load increments and
decrements, i.e., 50 kPa, in the range from 0 kPa to 450 kPa (Fig. 17). The load was changed after the
stabilization of vertical displacements, i.e., when the increase or decrease of vertical displacement was less than
0.05 mm/2 min. For each stage of the laboratory tests in which the static loading test was performed (stages: 2, 4,
6, and 8), the primary and secondary deformation moduli were determined (Table 2).
Stage 3

The purpose of the cyclic loading test was to simulate the impact of loads induced by heavy vehicles
moving along the road pavement surface on the unbound aggregate layer. Finally, 17,000 cycles with a
maximum amplitude of 450 kPa and a frequency of 0.35 Hz were applied in two steps — one 7,000 cycles and
one 10,000 cycles. Fig. 12 presents the results of the first step of the cyclic loading test. In this stage, horizontal
loading was not used. The unbound aggregate layer was subjected to the cyclic loading of the circular plate only.
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Fig. 12. Results of the first step of the cyclic loading test of 7,000 cycles, where load and displacement are marked blue and orange,
respectively

Stage 4
The static loading test of the tested layer system was conducted according to the same principles as in stage

2 (Fig. 17) (Table 2).
Stage 5

The impact of horizontal tensile strains (Fig. 1) was simulated by the simultaneous movement of the mobile
walls of the test stand box (Fig. 10). Horizontal strains, among all the surface deformation indices (Fig. 1), have
the most negative impact on the reduction in stiffness of both the subgrade and the pavement layers. Each mobile
wall was moved outside by 3.5 mm, which enabled the simulation of the impact of horizontal strains of
€=6.0 mm/m (2x3.5 mm/1.20 m) on the tested layer system. This value of the horizontal strains corresponds to
the upper range of a category III mining area (Table 1). After the movement of the walls, a crack was observed
on the surface of the unbound aggregate layer. The course of the crack was perpendicular to the direction of the
movement of the walls (Fig. 13). The maximum crack width did not exceed 2 mm.

crack after the impact of
horizontal tensile strains

direction of the impact of
horizontal tensile strains

Fig. 13. Crack on the surface of the tested layer system after the impact of horizontal tensile strains of 6.0 mm/m

Stage 6
The static loading test of the tested layer system was conducted according to the same principles as in

stages 2 and 4 (Fig. 17) (Table 2).
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Stage 7

After the impact of horizontal tensile strains of ¢ = 6.0 mm/m, the cyclic loading test of the tested layer
system was performed for the same conditions as in stage 3. Finally, 10,000 cycles with a maximum amplitude
of 450 kPa and a frequency of 0.35 Hz were applied. Fig. 14 presents the results of the cyclic loading test after
the impact of horizontal tensile strains on the layer system.

After the cyclic loading test, the widening of the crack (Fig. 13) on the surface of the unbound aggregate
layer was inventoried. The width of the crack increased from 2 mm to 4 mm (marked blue in Fig. 15). A new
crack of relatively small width was recorded on the surface of the unbound aggregate layer, on the other side of
the pressure plate (marked red in Figs. 15 and 16).

16,0 - 80
15,0 r
14,0 F70
13,0 r
12,0 - 60
11,0 FE
10,0 ts0 E
- 80 P40 £
g o
6,0 30 -
50 - A
40 20
3,0 r
20 10
1,0 r
0,0 —— —r— — — — — —L 00
0 3600 7200 10800 14400 18000 21600
Time (s) 10000 cycles

Fig. 14. Results of the cyclic loading test after the impact of horizontal tensile strains on the tested layer system, where load and
displacement are marked blue and orange, respectively

Sl A

.'.-7"4:.\
=M _

—t ™
Fig. 15. The surface of the layer system after the impact of horizontal tensile strains and the cyclic loading test of 10,000 cycles

125



Marcin GRYGIEREK et al. / Acta Montanistica Slovaca, Volume 27 (2022), Number 1, 117-134

Fig. 16.

5"
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A new crack on the surface of th

cycles

aggregate layer after the impact of horizontal tensile strains and the cyclic loading test of 10,000

The static loading test of the tested layer system was conducted according to the same principles as in
stages 2, 4, and 6. Fig. 17 presents the results of the static loading tests of the tested layer system at various

stages, i.e., 2, 4, 6, and 8.
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Fig. 17. Results of the static loading tests of the tested layer system at various stages

After the static loading tests, the depth of permanent deformation on the contact surface between the
pressure plate and the tested unbound aggregate layer was visually assessed (Table 2). The subsidence of the
pressure plate at various stages, i.e., 4, 6, and 8, is shown in Fig. 18.

Tab. 2. Results of the static loading tests of the tested layer system

Stage
2 3 4 5 6 7 8

Static Cyclic loading . The impact of Static Cyc.l 1 Static

. Static . . . loading .

loading tests, 17,000 . horizontal tensile loading loading
loading test . test, 10,000
test cycles strains of 6.0 mm/m test test
cycles
Total permanent 28 6.8 8.1 ; 11.6 17.3 18.4
deformation (mm)
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Fig. 18. Subsidence of the pressure plate

Numerical analysis

The numerical analysis aimed to estimate the change in the values of the parameters of individual layers
during subsequent stages of the tests. The elastic model was used in the numerical analysis. Poisson's ratio was
assumed to be 0.3, and the modulus of elasticity E values were determined based on the back-calculation. A load
range from 0 kPa to 250 kPa was considered because, with a higher load range, the effect of bottom stiffness was
observed on the distribution of vertical displacements. Assuming the value of 250 kPa as the upper load limit in
the back analysis of moduli, the values of the secondary deformation modulus were used. These values reach
values similar to the constant (stage 2, stage 4, and stage 8) after exceeding approximately 250 kPa (Fig. 21).
This effect is seen in the partial load being taken over by the rigid bottom, as well as by the walls of the test
stand, and thus lower vertical displacements. Moreover, in the inverse calculations, it was considered sufficient
to use a minimum of 6 points to describe the relationship: load - displacement, i.e., 0 kPa, 50kPa, 100 kPa, 150
kPa, 200 kPa, 250 kPa. The calculations for a three-dimensional model (Fig. 19) were conducted in the Z_Soil
11.03 program (Z_Soil 2011). The estimation of the values of the parameters of the model consisted of finding
such values of the modulus of elasticity of both of the layers so that the values of vertical displacements
calculated in the model and measured during the laboratory tests were as close as possible to reality (Fig. 20).
The parameters were determined for the static measurements in stages 2, 4, 6, and 8. The results of the back
calculations are presented in Table 3. The calculations were performed by the iterative method, which aimed to
obtain the highest possible value of the determination coefficient R? according to formula 1

> (s -(s?)z)
EV _ ZS,E i
sl ) =k

R*=1- (1

where:
n — the number of data points,
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s — vertical displacement of the circular and stiff plate measured during the laboratory tests,
s — vertical displacement (theoretical) calculated in the FEM model.

@ 100 mm

22222
=, ;i"

Zo

7

ZZ=
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Load [kN]

Fig. 19. Numerical model

Tab. 3. Results of the back calculations

Stage
2 4 6 8
Static loading test, after the | Static loading test, after the Static loading test, after
Static loading test cyclic loading tests, impact of horizontal tensile the cyclic loading test,
17,000 cycles strains of 6.0 mm/m 10,000 cycles
Resilient modulus (MPa)
Aggregate 0/31.5 15 70 45 69
Sand 8 33 10 33
R? 0.70 0.94 0.96 0.98
stage 2 stage 4
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Fig. 20. The results of fitting the theoretical and measured vertical displacements
Discussion and results analysis

General discussion

The measurement of vertical displacements under the static plate loading was adopted as the basic test for
assessing the properties of the tested layer system. A plate of 200 mm diameter was used to meet the condition of
the minimum width of the test stand in relation to the plate diameter loading the tested layer system. Compliance
with this condition enabled the assumption that the horizontal dimensions of the test stand did not have a
significant effect on the distribution of stress in the tested layer system. However, when analyzing the measured
vertical displacements (Fig. 17), decreasing displacement in the primary loading (marked blue in Fig. 17)
increases in the successive second loading stages (marked red in Fig. 17), which indicates the strengthening of
the tested layer system. This may be due to the increasing influence of the rigid floor under the test stand. The
effect of the influence of the rigid floor is not observed in stages 2 and 6. In stage 2, the layers were not yet fully
compacted, and in stage 6, the test was performed after the impact of horizontal tensile strains on the layer
system. This effect is visible in the results of stage 4 (Fig.21), where the secondary deformation modulus
(formula 2), calculated for the load range of 200-300 kPa and subsequent load ranges, reaches similar modulus
values (on average 190 MPa).

A
E5" =0,75D —l; )
where:
E\, E; — primary and secondary deformation modulus, MPa,
Ap  — load increase during the primary and secondary loading, MPa,
As — displacement corresponding to the assumed load range during the primary and secondary loading, i.e.
between 100-200 kPa, mm,
D — plate diameter, D = 200 mm.

The results of the static loading tests of the layer system (primary deformation modulus E; and secondary
deformation modulus E», and deformation index /,) for the assumed load range of 100-200 kPa are presented in
Table 4.

Tab. 4. Results of the static loading tests of the layer system in individual stages for the assumed load range 100-200 kPa

Stage
2 4 6 8
Static loading test, after Static loading test, after the Static loading test, after the
Parameter Static loading test the cyclic loading tests, impact of horizontal tensile cyclic loading test,
17,000 cycles strains of 6.0 mm/m 10,000 cycles
E, (MPa) 18.5 73.2 23.1 62.5
E, (MPa) 61.2 88.2 85.7 96.8
1, = E5/E, 3.38 1.21 3.71 1.55
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Fig. 21. Distribution of the primary and secondary deformation modulus for various load ranges in individual stages of the static loading
tests

Analysis of changes in the stiffness of the layer system
The tests results enabled both the assessment of changes in the deformation modulus describing the

stiffness of the full layer system and the assessment of the behavior of individual layers using elasticity moduli.
The values of both parameters are determined by the impact of the boundary conditions of the test stand and the
quality of the compaction of the layer system in stage 1. Taking into account the indicated limitations, the values
of measured displacements in the following ranges of pressure applied on the surface were used in assessing the
behavior of the layers: 100-200 kPa in the case of deformation moduli (Fig. 22) and 0-250 kPa in the case of
back-calculation and elasticity moduli (Fig. 20). The values of the elasticity moduli from the first test (stage 2)
were not analyzed.

Elasticity moduli of both layers after load simulation (stage 3) reached values of 70 MPa (aggregate) and
33 MPa (sand). The sand was even-grained, so its modulus of elasticity was low. The modulus of the aggregate
layer, which was compacted on the top of the sand, also did not reach a high value. However, the modulus of
elasticity was strongly dependent on the foundation conditions of this layer, i.e., it depended on the stiffness of
the sand. This observation confirms formula 3 describing the non-linear characteristics of the unbound mix
modulus in the function of the substrate modulus (Claessen et al., 1977; Judycki et al., 2017). Formula 3 shows
that in the case of the subgrade layer characterized by the modulus value of 33 MPa, the modulus of the built-in
layer on it should be approximately 72 MPa.

E,=kE, 3)
where:
E.. — modulus of elasticity of the unbound aggregate layer,
k= k=0.2h%%,
h — thickness of the calculated layer, (mm),
E, - modulus of elasticity of the subgrade under the layer for which the modulus of elasticity is calculated.
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After simulating the load on the layer system, the secondary deformation modulus reached 88 MPa
(Table 4). According to the experience of road design in Poland, it meets the requirements of the subgrade of
upper pavement course for the lowest categories of traffic class — KR1-KR2 (Judycki et al., 2013, 2017). An [,
index of 1.2<2.0 indicates good compaction of the tested layer system. In the next stage (stage 5), the tested
layer system was subjected to the impact of horizontal tensile strains. The simulated strains of & = 6.0 mm/m
correspond to the horizontal tensile strains of a category III mining area (Table 1). The results of static loading
(stage 6) performed after the impact of the horizontal tensile strains indicate a significant reduction in the
stiffness of both layers. Comparing the value of the secondary deformation modulus before deformation
(88.24 MPa — stage 4) to the primary deformation modulus after deformation (23.1 MPa — stage 6), a reduction
in the value of about 73% is observed. At the secondary loading (stage 6), the modulus increased to a value close
to that of before the impact of the horizontal tensile strains. However, the values of the secondary deformation
modulus for all pressure increase (Fig. 21 — stage 6), and these values are close to a constant value. Comparing
such a distribution to these of stages 4 and 8 indicates that the boundary conditions of the test stand do not affect
the calculation result. This fact may be explained by the loosening of the layers in relation to the situation after
subjecting the layer system to cyclic loads. The effect of the loosening of the layers is also observed in the values
of elasticity moduli (Table 3) (Fig. 23), which were reduced by approximately 36% in the case of aggregate and
by approximately 70% in the case of sand. These are very significant reductions in the values of moduli.
However, when comparing them to the experience of field tests (Fig. 7 — subgrade and Fig. 8 — aggregate), the
results of laboratory tests confirm observations from previous experiences. For the aggregate layer (Fig. 24), a
significant modulus reduction to about 42% is observed in the strain range of 0.0—1.25 mm/m. Further increase
in horizontal tensile strains, i.e., from 1.25 mm/m to 6.00 mm/m, do not cause such a significant reduction in the
modulus value. Taking into account previous experience and the results of laboratory tests, it can be argued that
the reduction of the aggregate elasticity modulus is approximately 35-45% in the range of horizontal strains
from approximately 1.25 mm/m to approximately 6.00 mm/m and is close to a constant value. The distribution
of moduli reduction is slightly different in the case of layers of fine-grained materials that occur in the pavement
subgrade. In this case, the results of field tests indicate a linear increase in the reduction in the strain range from
0.0 mm/m to 2.0 mm/m (Fig. 7). The results of laboratory tests confirm this relationship (Fig. 25). The different
distribution of changes in moduli values for fine-grained materials (for example, sand) and materials with typical
particle size for the layers of base and subbase (aggregate, for example, 0/31.5, 0/63) is related to the grain size
and the resulting angle of internal friction. Stage 7, in which the tested layer system was again subjected to cyclic
loadings, enabled the recovery of the stiffness of the tested layer system. This is indicated by the results of the
tests conducted in stage 8. Both in the case of elasticity moduli (Fig. 23) and deformation moduli (Fig. 22),
values comparable to those identified in stage 4 (i.e., after the simulation of the layer loading in stage 3) and
before the loosening of the layers (stage 5) were obtained. Considering the fact that cyclic loadings were applied
directly to the layer of the unbound mix, these layers were very effectively compacted as they are during
technological works. The obvious consequence of recovering the stiffness of the layers was a significant increase
in permanent deformations expressed by vertical deformation (Table 2), approximately 6 mm between the end of
the tests in stages 4 and 8.
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Fig. 22. Distribution of the primary (E,;) and secondary (E>) deformation modulus in the individual stages of the test
(pressure range 100-200 kPa)

131



Marcin GRYGIEREK et al. / Acta Montanistica Slovaca, Volume 27 (2022), Number 1, 117-134

13
= ] o
sol2e & 8 E
2 ST i =
360185 — S 5— 8
e 50158 e P—nm
40 + & < < S
£ 3 af = g 2
3% .
® N e -
1 2 3 - 5 6 7
Stage
m Aggregate Sand
Fig. 23. Distribution of the elasticity (resilient) moduli of the layers of the tested system according to (Table 3)
%0 i PARTIAL RECOVERY OF STIFFNESS
40 B S I3 92E2 ¥ 36 98ER 058 (3 T T T T T T

30 1

Change in the modulus value (%)

REDUCTION
) =18.48¢2 - 55.62¢ - 3.80 4)
"""""" |, of 3R LS I A O T A O I A O T A A A
,,,,,,,,,,,,,,,,,,,,,,,,,,, mei
2.0 3.0 4.0 5.0 6.0 7.0
€ (mm/m)

~—-&- Increase in the modulus value - In situ research
~-4---Reduction in the modulus value - In situ research
—@— Reduction in the modulus value - Laboratory test

== Polynomial (increase inthe modulus value)
Polynomial (reduction in the modulus value)

Fig. 24. Changes in the modulus values of the unbound aggregate layers as a function of horizontal loosening strains —
according to the field and laboratory tests

ig [T 1 ) PARTIAL RECOVERY OF STIFFNESS BIEERED
) R AE(+) 212.0462420.78e #4547 (4) |

-30

ATT

Change in the modulus value (%)

60 4 REDUCTION | . . S S A A
-70 ‘ ‘ =
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
€ (mm/m)

- Increase in the modulus value - In situ research

---4---Reduction in the modulus value - In situ research

—m—Reduction in the modulus value - Laboratory test

=== Polynomial (reduction in the modulus value)

e Polynomial (increase in the modulus value)

Fig. 25. Changes in the modulus values of the subgrade as the function of horizontal tensile strains —
according to the field and laboratory tests

132



Marcin GRYGIEREK et al. / Acta Montanistica Slovaca, Volume 27 (2022), Number 1, 117-134

Conclusions

There are many causes of subgrade deformation under an aggregate base, including ground deformations in
mining areas. Knowledge of the impact of these types of negative cases on the scale of changes in the stiffness of
the unbound aggregate base is very important in the aspect of pavement dimensioning. The aim of this article is
to determine the scale of changes in the stiffness of the unbound aggregate base layer subjected to cyclic loading
and the mining impact of a category III mining area. This aim was achieved based on the results of laboratory
tests.

Under cyclic loading, the further compaction of unbound aggregate layers is observed. The range of the
compaction and the accompanying depth of permanent deformation (rut) depends on the properties of the
material used and the initial compaction of the layer.

If the impact of the horizontal tensile strains of the subgrade under the aggregate layer occurs, the stiffness
of this layer is significantly reduced and is recovered with each subsequent load. The analogy of the cyclic
loadings during the laboratory tests to the cyclic loadings of the pavement layer system with vehicle traffic of
variable frequency — depending on the traffic volume and the axle configuration of heavy vehicles — was used.

The results of the conducted laboratory tests indicate that under the impact of horizontal tensile strains on
the subgrade, changes in the structure of the aggregate layer in the form of cracks may occur. This corresponds
to the field observations. These cracks can significantly affect the local reduction in the stiffness of this layer, as
evidenced by the results of calculated deformation moduli. In the aggregate, in the strain range of
0.0-1.25 mm/m, a significant modulus reduction to approximately 42% is observed. Further, an increase in
horizontal tensile strains (e=1.25-6.00 mm/m) does not cause such a significant reduction in the modulus value.
The reduction of the value of elasticity moduli of fine-grained medium (sand) is linear in the range of horizontal
tensile strains from 0.0 mm/m to 6.0 mm/m. The laboratory and field research results show that for horizontal
tensile strains of 0.0-6.0 mm/m, the reduction in the elasticity moduli to approximately 35-45% for unbound
aggregate and approximately 70% for fine-grained layers may occur. These are qualitative conclusions and
require further research and analysis, although they can already be used in the assessment of phenomena related
to the impact of mining deformations on the stiffness of road pavement layers.
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