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SUMMARY 

This study is part of the research project Economical Maintenance of Low-
volume Roads. It focuses on the behaviour of roads with low bearing 
capacity by studying the effect of rehabilitation on the performance of a 
steep-sloped pavement structure. The study was commissioned by Finnish 
Road Administration Finnra. The research was in part financed by steel grid 
manufacturers Pintos Oy and Tammet Oy and geotextile manufacturer 
Polyfelt Ges.m.b.H.

The test structures loaded in the Low-volume road project and subsequently 
rehabilitated were tested with the HVS Nordic heavy vehicle simulator. The 
rehabilitation included levelling the ruts and installing various reinforcements, 
as well as spreading a new surface layer. Six structures were being tested: 
two unreinforced reference structures, one structure reinforced with 
fibreglass and three reinforced with steel grid. Two types of steel grid were 
used: B500H - 5/6 - 200/150 and B500H - 5/8 - 200/150. That is, the grids 
differed only in the thickness of the transverse wire (6 mm and 8 mm). The 
structures were loaded using a similar loading programme as for the Low-
volume road project. The loading variables in the tests were axle load and 
water table level. The test wheel was a Super Single tyre. The load varied 
between 30 kN and 50 kN and the water table level was elevated gradually 
from the top of the subgrade to the middle of the base course during the 
heaviest loading phase.  

The aim of the research was to study what effect the reinforcement grid used 
in the rehabilitation of rutted structures has on decelerating rutting in 
structures with low bearing capacity edges. The second aim was to find out 
whether different reinforcement grids differed in decelerating rutting.  

The test structures were designed to correspond to the structure of low-
volume roads and were built in the concrete basin at VTT’s facilities in 
Otaniemi. The loaded structures were rehabilitated by levelling the ruts, 
installing the reinforcements and spreading a new surface layer. The overall 
thickness of the pavement before rehabilitation was 650 mm. 400 mm of the 
pavement consisted of base course crushed rock and 200 mm of subbase 
gravel and the subgrade was clayey silt. The thickness of the levelling mix 
and the new surface layer on the loading area was 139–188 mm, with the 
thickest new surface layer coinciding with the previous steep-sloped 
structure. The three test structures in the Low-volume road project were 
each divided in two, yielding three pairs of structures. The first pair of 
structures (the former structure with no slope), as well as the third pair of 
structures (the former structure with the 1:1.5 slope), contained both an 
unreinforced reference structure and B500H - 5/6 - 200/150 steel grid. The 
second pair of structures contained B500H - 5/8 - 200/150 steel grid and 
fibreglass reinforcement. 

The reinforcements were anchored outside the basin. The anchoring aimed 
at simulating a situation in which the reinforcement extends across the entire 
road and it is also loaded by the weight of the surface layer on the other 
lane. The fibreglass reinforcement was installed according to the 
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1 INTRODUCTION

1.1 Background and objectives

1.2 Test structures

Effect of steepness of
side slope on rutting' et al
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1.3 Load with Heavy Vehicle Simulator (HVS) 

The Heavy Vehicle Simulator (HVS) is 23 m long, 3.7 m wide, 4.2 m high 
and its total mass is 46 metric tons (Figure 1.1). The maximum width of 
HVS’s loading area is 1.5 m. The total length of the loading area is eight 
metres, of which six metres can be used with even wheel load and speed. At 
either end of the loading area, a distance of one metre is necessary for 
accelerating and braking the wheel, and, in one-way application of load, for 
lowering and lifting the wheel to and from the surface. The speed of the 
wheel can be adjusted from 1 to 15 km/h. However, in long-term loading, the 
maximum speed is 12 km/h. Any distribution with 50 mm lateral adjustments 
can be selected as the lateral movement of the test wheel. The load can be 
applied either one-way or in both directions.  

Figure 1.1. The Heavy Vehicle Simulator (HVS).

The maximum load achieved with the simulator is 110 kN and the minimum 
25 to 30 kN. The load can be applied on the structure via either a single lorry 
tyre or twin tyre. In addition, the load can be given a dynamic extra load to 
simulate the additional stress caused by the unevenness of the road. With 
the simulator, it is in theory possible to achieve 25,000 load repetitions in 24 
hours (bi-directional load). 

The simulator includes a heating/cooling unit for keeping the road structure 
to be tested at the desired temperature. Moving the equipment requires 
dismantling the insulation box, and in major moves, also detaching the test 
wheel.
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2 BUILDING AND INSTRUMENTATION 

2.1 Tested structures 

Three structures, 8 m in length, that had become rutted and otherwise 
damaged in the tests for the Low-volume roads project were used as the 
base for the tested structures in this study. The structures were one with no 
slope, one with a gentle slope (1:3) and one with a steep slope (1:1.5). The 
previous tests studied the effect of slope steepness and position on rutting. 
Due to differences in the cross-sections, the structures had clearly rutted 
differently. The deepest ruts were approximately 55 mm (steep slope) and 
the shallowest approximately 28 mm (no slope).  

For this study, the 8-metre long test structures were divided into two 4-metre 
strips each, which could be directly compared. In order to obtain comparable 
results between the different structures, two identical pairs of structures were 
tested, each with steel grid 1 and an unreinforced reference structure. The 
numbers of these structures were 24 and 25, and 28 and 29. The middle 
structures were reinforced with another type of steel grid and fibreglass 
reinforcement. The structures were repaired by filling in the ruts and then 
spreading a new asphalt layer over the entire structure. The reinforcements 
used, the positions of the structures – also in relation to the old structures – 
and their numbering are presented in Figure 2.1 and Table 2.1. 

8 m 8 m 8 m

24 m

Test 25

 Steel grid 1 Reference

Slope 1:1,5

Reference  Steel grid 2

North

 4 m  4 m 4 m

Test 27

Steel grid 1 Fibreglass
reinforcement

 4 m  4 m  4 m

Test 28 Test 26 Test 24

Old structure:
Slope 1:1,5, rut 55 mm Slope 1:3, rut 42 mm No slope, rut 28 mm

Test 29

Figure 2.1. Test structures and their state before rehabilitation. 

Table 2.1.  Test structure and their state before rehabilitation 

Structure LV-structure Rut depth before, mm Reinforcement 
24 Reference with no reinforcement 
25 No slope 28 mm Steel grid 1 (BH500 - 6/5 - 150/200) 
26 Steel grid 2 (BH500 - 8/5 - 150/200) 
27 Gentle slope 1:3 42 mm Fibreglass reinforcement 
28 Steel grid 1 (BH500 - 6/5 - 150/200) 
29 Steep slope 1:1,5 55 mm Reference with no reinforcement 
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The standard cross-section of the test structures is presented in Figure 2.2. 
After the first phase tests were completed, the structures, which had rutted 
during the loading, remained outside unprotected over the winter 2001–
2002. Towards the end of the previous testing phase, the tops of the 
topmost Emu-Coil sensors had been excavated and levelled. Furthermore, 
the bearing capacity of the structures after the tests had been determined 
with Loadman measurements. The structures had visibly rutted in the first 
phase of the study and cracks could be observed. The cracks were mainly 
short and narrow. Only the inside edge of the rut in the structure with the 
steep slope (structure 28–29) showed a crack for the entire length of the rut. 

4000
1400 2000

Structures inside basin:
AC   40 mm
Geotextile / steel mesh
AC 40 mm + levelling AC
Crushed rock  400 mm
Gravel 200 mm

Clay 1350 mm  2500

Sand  600 mm

3000

1:1,5

Geotextile

Wheel: Super single
The anchoring of meshes

Radiometric moisture content tube

Test basin made of concre

Figure 2.2. Cross-section of the test structure with the steep slope.

Figure 2.3. The test structure with the steep slope before repairing 

The structures were rehabilitated by first levelling out the rut with levelling 
mix and then installing the reinforcements on the levelled surface. A 40 mm 
layer of asphalt was finally spread over the reinforcements. A steep (1:1.5) 
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2.2 Pavements

Effect of steepness of side slope on rutting' et al.

et al

2.3 Reinforcements
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2.4 Construction

2.5 Controlling the water table level and the loading programme
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GW basic level +15,70

GW max. +16,15

GW +15,95

Figure 2.4. Ground water level and loading times of the different sections.

Table 2.2. Loading schedule (FWD = falling weight deflectometer).

Structure Date N Load, kN Ground water
level

Notes
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2.6 Instrumentation

Table 2.3. Instruments monitored in the study.

Measured quantity Instrument Number in different
loading areas
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3 LABORATORY TESTS

3.1 Laboratory tests for unbound materials

Table 3.1. Consolidation test. HVS steep slope, clay. Test results.

Density
(g/cm3)

Water content
(%)

m1

(kPa)
ββββ1

(-)
m2

(kPa)
ββββ2

(-)

σσσσ1  [kPa]

εε εε 1

Repeat 1 Unload 2 Repeat 2

Figure 3.1. Consolidation test. Clay. Load-deformation curve.
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Figure 3.2. Triaxial test. Clay. Stress paths.

Table 3.2. Triaxial test. Clay. Strength parameters.

Density,
average
(g/cm3)

Water content,
average

(%)

Angle of
friction

Cohesion

°
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Table 3.3. Results of improved Proctor test on the materials studied.

Material Maximum dry bulk density
/dry density

(g/cm3 / kN/m3)

Optimum water
content

Table 3.4. Condition variables of the materials used in the modulus tests (target
value in brackets).

Material Dry bulk density (target)
(g/cm3)

Water content (target)
(%)

τ

tan φ = Sf /(1 + 2⋅Sf)0.5 ( 3.1)

c = τ0 / (1 + 2⋅Sf)0.5 ( 3.2)

φ

σ τ
τ τ
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Table 3.5. Amended strength parameters of unbound pavements in HVS
structures determined by triaxial tests.

Material
Angle of friction

(°°°°)
Cohesion

(kPa)

Figure 3.3. Strength test. Development of deviatoric stress in different tests as
confining pressure changes.
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σ

Figure 3.4. Strength test. Determining strength parameters on confining pressure
– shear strength axes.

3.2  Laboratory tests for bound materials
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°

Figure 3.5. Determination of stiffness. Determining the resilient modulus with the
ITT test. Illustration of principle.

°

ν

Table 3.6. Summary of resilient modulus determinations for the asphalt layers.

Asphalt layer Topmost, new
AB

Lower AB (Low-
volume roads

study)

°
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4 MEASUREMENTS 

Deformations, both in the pavements and on the asphalt, tensile strain in the 
steel grids, earth pressure and changes in moisture content and temperature 
were monitored during test loading. The responses registered in the 
measurements were both dynamic and static. The results interpreted on the 
basis of measurement signals are given in Appendices 3 and 4–7. 

Radiometric measurements 

Changes in the moisture content of the structures were monitored with 
radiometric measurements. Each structure contained one radiometric 
measuring tube, which was used for measurements on different water table 
levels. There were 9 measurements in all, or 3 from each test structure pair. 
The measurement results are presented in Appendix 3. 

Earth pressure cells 

A total of 18 earth pressure cells had been installed in the structures for the 
Low-volume roads study. Each loading area contained three earth pressure 
cells at two different depths: in the gravel layer and clay layer. The earth 
pressure cells had been installed to measure changes in the vertical stress 
state in relation to the load. The measurements were taken on a bi-
directional pass of the test wheel. Maximum values were sought from among 
the measurement signals and layer-specific earth pressure was calculated 
as the average of these maximum values. Figure 4.1 gives an example of 
the measurement signal of an earth pressure cell and determination of the 
maximum values. Only two of the cells in the gravel layer of structures 26–
27 functioned reliably. The measurement results are given in Appendix 5. 

Figure 4.1. Measurement signal of an earth pressure cell and determination of 
the maximum values. 
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Emu-Coil sensors 

A total of 24 Emu-Coil sensors, or eight in each loading area, had been 
installed in the structures for the Low-volume roads study. The diameter of 
the Emu-Coil sensors used was 100 mm. The sensors measured transient 
and permanent displacements both horizontally and vertically. The 
measurements were taken on a bi-directional pass of the test wheel. The 
results give the maximum value from these two measurements as shown in 
Figure 4.2. There is a large number of measurement results and the 
maximum value for one pass is determined as the moving average of 20 
consecutive measurements. In addition to transient measurements, 
permanent deformations of the sensors were monitored.  

± 1 mm can be considered a threshold value, imposed by measuring 
technology, for permanent displacements. Displacements smaller than that 
cannot be reliably determined /Janoo et al. 1999/. Displacements in the clay 
layer varied between 0 and 1.1 mm and exhibited “illogical” behaviour, that 
is, the displacements diminished as the number of passes increased. This is 
probably due to the inaccuracy of the measurements for such small 
displacements. The measurement results are given in Appendix 5. 

Figure 4.2. Measurement signal of an Emu-Coil sensor and determination of the 
maximum values. 

Accelerometers on the top of the asphalt layer 

The deflection of the asphalt layer during the test was monitored with 
accelerometers installed on the top of the asphalt layer. They were installed 
in all six structures. The measurements monitored transient strain. The 
measurement results are given in Appendix 5. Due to reasons associated 
with the accuracy of the accelerometers and the installation, the 
measurement results are difficult to interpret. 
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Horizontal strain gauges in the slope

Profilometer measurements of the top of the asphalt layer

Strain gauges in the reinforcements
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A1 A2 A3

A4 A5 A6

B1 B2 B3

B4 B5 B6

C1 C2 C3

C4 C5 C6

Figure 4.3. Position of the strain gauges.

Distress in the structures

Opening the structures and taking samples after the test
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Figure 4.4. Asphalt layer sample sawed from structure 25. Asphalt layers have 
come apart. 

The structures were dug open in the middle of the loading area in each pair 
of structures, that is, at the joining of structure 24 and 25, and so forth. After 
being dug open, the surfaces of the pavements were levelled. The levelling 
results, structure by structure, are given in Figures 4.5–4.7. However, only 
one structure per pair is shown, as there were no great differences within the 
pairs.
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Surface
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Figure 4.5. Levelling of the tops of the layers after loading in structure 24 
(reference structure). 
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Figure 4.6. Levelling of the tops of the layers after loading in structure 26 (8 mm
steel grid).

Figure 4.7. Levelling of the tops of the layers after loading in structure 29
(reference structure).
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5 ANALYSIS

5.1 The condition of the structures before rehabilitation

5.2 Quality of construction
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Table 5.1. Falling weight deflectometer measurements during construction,
average bearing capacities E2 by structures, converted to +20º C.

Measurement date and
ground water level

Structure 24–25,
MPa

Structure 26–27,
MPa

Structure 28–29,
MPa

Structure 28 - 29

Structure 26 - 27

Structure 24 - 25

Figure 5.1. Bearing capacity and density measurements during rehabilitation.

−
−
−
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Figure 5.2. Structure 24–25. Cross section of the thickness and shape of asphalt
layers at the centreline of the structure.
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Figure 5.3. Structure 26–27. Cross section of the thickness and shape of asphalt
layers at the centreline of the structure.
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Figure 5.4. Structure 28–29. Cross section of the thickness and shape of asphalt
layers at the centreline of the structure.

5.3 The distribution of permanent deformations in the structure



Reinforcement of the edge of a steep-sloped pavement 33
 ANALYSIS  

study) in fainter ink. The test programme as regards changes in the load and 
the water table level was identical in both phases of the tests, except for the 
test structure with no slope, in which the water table was not elevated to 
level W3 in the Low-volume roads study. However, the number of load 
repetitions in the second phase tests was double that of the first phase. 
Despite this, the displacements were smaller than in the first phase tests 
(Low-volume roads study). 

0
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0 5 10 15 20 25

Deformation by layers, mm

D
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, m

SS 24 - 25
SS 26 - 27
SS 28 - 29
LV without slope
LV slope 1:3
LV slope 1:1,5

Surface layers

Crushed rock, lower part

Gravel

Subgrade: Clay

Crushed rock, upper part

Figure 5.5. Vertical displacements in different tests. 
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Figure 5.6. Share of vertical displacement of pavement in the total rutting of the 
surface. 

Figure 5.6 presents the share of different layers in the total rutting. The data 
for the upper part of the base course could not be determined sufficiently 
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Deformation, mm
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Surface layers

Crushed rock, lower part
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Subgrade: Clay

Crushed rock, upper part

Figure 5.7. Structure 24–25. Changes in vertical displacements under different
loads and at different water table levels.
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Figure 5.8. Structure 24–25. Ratios of permanent and transient vertical
displacement in the crushed rock layer in this and the Low-volume
roads study.

5.4 Rutting of the structures
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Figure 5.9. Longitudinal section on the centreline of loading before and after the
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Figure 5.10. Rutting of the surfaces of the structures.
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5.5 Earth pressures



38 Reinforcement of the edge of a steep-sloped pavement

Figure 5.11. Ratio of earth pressure while loaded, top of the gravel layer (depth
approximately 500–600 mm) (after/before loading).

Figure 5.12. Ratio of earth pressure while loaded, top of the clay layer (depth
approximately 700–800 mm) (after/before loading).
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5.6 Tensile strain in steel grids

rss AEF ⋅⋅= ε (5.1)

ε

5.7  Permanent horizontal displacements
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Horizontal displacement of slope, mm
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Figure 5.13. Permanent horizontal displacements in structure 24 on different
loads.

5.8 Falling weight deflectometer measurements

Table 5.2. Surface bearing capacity values and SCI indices calculated from
falling weight deflectometer measurements (before/after testing).

Test FWD surface
bearing capacity SCI300 (µµµµm) SCI450 (µµµµm)
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5.9 Condition of the structures after the test

5.10 Estimating the lifetime of the structures

A. Linear extrapolation
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Table 5.3. Number of passes resulting in a rut depth of 15 mm for different
extrapolation functions.

Test A. Linear fitting B. Power function fitting
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6 CONCLUSIONS AND SUGGESTIONS FOR FURTHER
RESEARCH
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7 APPENDICES 

Appendix 1 Map and cross sections of test site 
Appendix 2 Quality control measurements during construction 
Appendix 3 Radiometric measurements 
Appendix 4 Earth pressure measurements 
Appendix 5 Deformation measurements 
Appendix 6 Profilometer measurem,,ents 
Appendix 7 Strain measurements of reinforcements 
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APPENDIX 2. QUALITY CONTROL MEASUREMENTS 
DURING CONSTRUCTION  

(LV = Low-Volume test) 

Table A2.1. Levelling results for the upper surface of asphalt layer.  

Before  
rehabilitation Str24-25 Str26-27 Str28-29 Date 
Average +16.37 +16.34 +16.35 3.9.2002 
Deviation 15.2 11.9 7.9  
Min +16.35 +16.33 +16.34  
Max +16.40 +16.36 +16.37  

After 
levelling mass Str 24-25 Str 26-27 Str 28-29 Date 
Average +16.40 +16.38 +16.40 5.9.2002 
Deviation 6.8 7.6 3.9  
Min +16.38 +16.37 +16.39  
Max +16.41 +16.40 +16.40  

After 
rehabilitation Str 24-25 Str 26-27 Str 28-29 Date 
Average +16.43 +16.42 +16.44 26.9.2002 
Deviation 4.9 7.5 5.0  
Min +16.43 +16.42 +16.43  
Max +16.44 +16.44 +16.44  

Table A2.2. The average thickness (mm) of the asphalt layers and their 
deviations on the loading area. The values do not consider to the possible 
changes of the thickness of the LV asphalt layer during the first loading 
phase.

Thickness / deviation. 
mm Str 24-25 Str 26-27 Str 28-29 

LV asphalt layer 42.57 / 4.8 37.71 / 2.6 41.43 / 4.2 
Levelling mass 36.71 / 8.0 48.14 / 4.2 48.57 / 5.5 
New asphalt layer 36.29 / 6.9 39.29 / 7.2 38.71 / 8.5 

Table A2.3. The bearing measurements during the construction phase. E2 is 
converted to the temperature of +20 °C. 

Bearing 
capasity E2.
MPa (+20º C) 

Before LV-
test. W1 

Estimated 
after LV-test 

On levelling 
mass W2 

Rehabilitated
W2

Str 24-25 91 82 127 209 
Str 26-27 81 49 132 216 
Str 28-29 83 41 128 206 
Date 9.7.2001 Autumn 2001 18.9.2002 24.9.2002 





Reinforcement of the edge of a steep-sloped pavement Liite 3 (1/5)
 APPENDICES  

APPENDIX 3. RADIOMETRIC MEASUREMENTS 

Radiometric density and moisture measurements,
Loading area 24-25, 29.11.2002
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Figure L3.1. Structure 24 -25. Radiometric measurements before test  W1. 

Radiometric density and moisture measurements,
Loading area 24-25, 5.12.2002
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Figure A3.2. Structure 24 -25. Radiometric measurements during test, level W2. 
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Radiometric density and moisture measurements,
Loading area 24-25, 9.12.2002

Radiometric density and moisture measurements,
Loading area 26-27,  11.11.2002



Reinforcement of the edge of a steep-sloped pavement Liite 3 (3/5)

Radiometric density and moisture measurements,
Loading area 26-27, 18.11.2002

Radiometric density and moisture measurements,
Loading area 26-27, 20.11.2002
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Radiometric density and moisture measurements,
Loading area 28-29,  11.10.2002

Radiometric density and moisture measurements,
Loading area 28-29, 25.10.2002
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Radiometric density and moisture measurements,
Loading area 28-29, 29.10.2002
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APPENDIX 4. EARTH PRESSURE MEASUREMENTS
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APPENDIX 5. DEFORMATION MEASUREMENTS 
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Figure A5.1. The permanent vertical displacement of  the lower part of the 
crushed rock. 
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Figure A5.2. The resilient vertical displacement of the lower part of the 
crushed rock. 
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Figure A5.13. The resilient displacement of the slope in different structures. 
The negative value is for the pavement's displacement towards the slope. 
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Figure A5.14. The permanent displacement of the slope in differenr 
structures. The negative value is for the pavement's displacement towards the 
slope.
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APPENCIX 6. PROFILOMETER MEASUREMENTS 
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Figure A6.1. Average depth of the rut according to the profilometer 
measurements of the structure 24 - 25 in the deepest part of the rut. 
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Figure A6.2. Average depth of the rut according to the profilometer 
measurements of the structure 26 - 27 in the deepest part of the rut. 
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APPENDIX 7. STRAIN MEASUREMENTS OF 
REINFORCEMENTS
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Figure A7.1. The permanent elongation in the steel grid in structure 25. 
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Figure A7.2. The resilient elongation in the steel grid in structure 25. 
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