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Abstract

Rutting is a very common type of flexible pavemedistress all over the globe. A rut
originates as permanent deformation on low volurafi¢ road, attributing greatly to
repeated traffic load. It may cause uncomfortalblarty experience or even danger to
road users. Consequently it is greatly taken cdran dhe Pavement Management
System (PMS).

Prediction of future rutting is one of the counteasures to the rutting problem and
can elicit solutions for reducing cost on road nemance and improving traffic safety.
There have been many studies about the pavememigrygroblem and plenty of
models have been developed for predicting fututingt These models can be
categorized as empirical, mechanical or empiricatimanical. As the development of
finite element (FE) program, many models are abl@ake material behaviour such as
nonlinearity and anisotropy into consideration ahése models are thus more
sophisticated to a certain degree. However, thertgang is affected by so many
factors, such as weather condition, field moistlweal landscape and nonlinearity
and anisotropic properties of the material thatksgond the predictability of many
models, hence the bias between the predicted gutigpth and the real rutting depth
exists.

VTT model is a model to simulate the permanent mhe&bion behaviour in unbound

granular materials. This model is developed in &idl and during this work, it is

planned to be validated applicable for some road$Sweden. Repeated loading
triaxial (RLT) test is performed for samples takesm the unbound granular layers
(UGLs) of the investigated roads. VTT model is @ated with the knowledge of the
result from RTL tests. By implementing VTT modetdrthe permanent deformation
prediction tool VAgFEM, permanent deformation owvestigated road are calculated
and compared with measured rutting and predictiom f{Gidel model.

Key words: Permanent deformation, unbound granuoiaterial, validation, VTT
model.
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Notations

A B, C MMOPP model factors

al, a2 Asphalt layer permanent strain model factor
b, C VTT Model factors

CBR California Bearing Capacity

D1 Base layer of Dingle

D2 Subbase layer of Dingle

D3 Subgrade of Dingle

DOC Degree of compaction

ESAL Equivalent Single Axle Load

F(t) Function with parameter t

FE Finite Element

FWD Falling Weight Deflectometer

hn Thickness

HVS Heavy Vehicle Simulator

L max Gidel model parameter

LTPP Long Term Pavement Performance

m, s Parameters of the failure line of the malteria
N Number of load cycles

N1 Base layer of Nassj6

N2 Subbase layer of Nassjo

N3 Subgrade of Nassj6

p Mean value of principal stress

Pa Reference pressure (100 kPa) in Gidel model
PD Permanent deformation in layer i

Pmax Maximum mean value of principal stress
PMS Pavement Management System

q Deviatoric stress

Oc Deviatoric stress for plastic creep limit

gf Deviatoric stress at failure of the material
Omax Maximum deviatoric stress

Os Deviatoric stress for plastic shakedown limit
R Failure ratio in VTT model

RLT Repeated Load Triaxial

S Relative value for sensitivity
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Parameter in sensitivity model
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Unbound Granular Material
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Gidel model factors
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1 Introduction

In 2004, Nordic countries (Norway, Sweden, Denmé&ik|land and Iceland) initiated
the NordFoU cooperation program for road autharitrethe area of road research and
development.

The pavement performance model is one project ethrout under the NordFoU
program with the aim to predict future performarared deterioration of flexible
pavements, to evaluate different performance maatadisto validate those models for
each country. By collaborating the study and reseagach Nordic country is able to
improve present prediction tools, to achieve mdiecéve road asset management, to
perform better assessment of road maintenance &mton cost and to reduce the
cost both in construction phase and maintenancgepha

In different categories of pavement performances fhermanent deformation

behaviour of unbound granular material (UGM) rersaim be a problem which has
not been successfully handled for many decadesubecaf the complexity of the

material and its plastic behaviour which is difficto describe in a certain material
model. Scientists have tried to build up the meahiampirical models to simulate the
permanent deformation behaviour in the UGLs andyhwdithose models are capable
of solving the problems well locally. However, teanodels might not be applicable
in an altered environment. So it is always essktdiavalidate the model when the
material model is applied in altered condition.

VTT model is a Finnish model developed by Korkidkatu (2009) to describe the
permanent deformation in unbound granular layer(JJ®uring the work, the VTT
model is going to be validated and later implemeénteéo the Swedish Pavement
Management System (PMS) tool called VAgFEM as domdor predicting rutting
depth. The prediction by VTT model will subsequgntle compared with real
measured rutting and prediction from another madéed Gidel model in order that
the performance of VTT model can be evaluated vgittme recommendations
proposed at last.

The validation of VTT model is performed in threrosen locations in Sweden
(Dingle, Nassjo and Tradet) because of the avdithlof the properties of the roads.
Triaxial tests have been performed on samples t&kem layers of those roads. The
information of these roads has been stored in thed&h Long Term Performance
Pavement (LTPP) database although the data asways completely sufficient.
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1.1  Aim

The aim of this work is to validate the Finnish VTiodel applied to three
investigated Swedish roads and implement this nahterodel into Swedish PMS
(VagFEM). The performance of VTT model is goinglie compared with Gidel
model and the rutting depth by measurement. In dissertation, the following
guestions are going to be answered:

® How can the Finnish VTT model be validated in thsekected roads from
Sweden?

® How good is the prediction of rutting by VTT modeimpared with Gidel
model as well as the real measured rutting?

® \Which parameter in VTT model is the most sensitiue and has larger effect
on rutting prediction?

1.2 Limitation

Rutting on a pavement has been categorized intierdift types. While in cold
climate areas and low volume traffic roads (e.gnynaads in Sweden), permanent
deformation in pavement accounts for most probahtegory of rutting. So in this
dissertation, the term “Rutting” and “Permanentodefation” are deemed to be
identical concept.

In general, this dissertation discusses permargotmation in pavement while there
is an emphasis on permanent deformation behaviounbound granular materials
(UGMs) and the model to describe it, especiallyRhlmnish VTT model.

There has not been comprehensive data for allddyem the three investigated roads.
For those layers without intact data describingghaperties, material properties will
refer to similar known layers.

Although there are some differences between cumal&guivalent single axle load
(ESAL) and number of loading repetitions, when ghklting the permanent
deformation by VTT and Gidel model, the numbera#ding repetitions are replaced
by the value of cumulative ESAL.
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1.3 Method

The method and the procedure of this thesis caiobeluded in four steps:

Shakedown range analysis

Model factor calibration
Permanent deformation calculation
Sensitivity analysis

A

Shakedown range analysis

Several samples from different UGLs are collectemnf three investigated road

sections in Sweden. These samples were deliveréabtwatory where triaxial tests

were made. By using the triaxial test result, perema deformation behaviour in those
Swedish materials can be studied. One importagétaf doing the triaxial tests is to

analyse the shakedown range of the material. Byamlad¢ysis of shakedown range, the
relation between the behaviour of UGMs and stréate sn those layers can be
revealed. Another target of shakedown range arsaly<b exclude the triaxial data at
high stress level which could not be used in factdibration of VTT model.

Model factor calibration

The triaxial tests also give hints about how numifdoading cycles correlate to the
rutting depth. With triaxial data on number of loagl cycles and stress state,
permanent deformation in these samples can be lasduwith VTT model. The
calculated permanent deformation can then be cadpaith measured deformation
in these samples from triaxial tests to back calteuthe factors for VTT model by
regression method.

Permanent deformation calculation

With a validated VTT model, the permanent defororain UGLs can be calculated.
At the same time, the permanent deformation inrddeers other than UGLs can be
obtained from existing models. By summing up th®deation in all layers, the total

rutting depth on the pavement can be calculatec (G&liculation will be solved

automatically by VAgFEM with inputted parametei@)ose values will be compared
with the prediction from Gidel model and the reaktting measurement. Final
conclusion will be the evaluation on VTT model sedpgent to the comparison.

Sensitivity analysis

Sensitivity analysis is performed to learn whicligmaeter in VTT model has largest
effect on the rutting depth. Besides, other paramefrom permanent deformation
model such as the static failure properties oflifeM are studied as well.
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2 Site desription

There are three roads that investigated by Trafikverket, Véastra GotalaSweden,
as apart of the performance prediction model. Seveaai@eshavebeen taken fror
different layers intheseroads and have beesvaluated by laboratory tes The
investigated roads are:

» RvVE6 Dingle
» Rv31l Nassj
» Rv46  Trade

All these three roads lmng to the Swedish LTPdatabase.nformation about th
road such as geometry, material, traffic volume emraddition of the road for examg
rutting and cracks armonitored The information has been storedaifiorm which is
recognizable and applicable FE tool VAgFEM.

Measurement such asitting depthhas been done for thes$ecatiors by a laser
equipped car (RSTIhe measurement di are available in LTPP datase.

2.1 Information about Rv EG6, Dingle

Kongsvifiger Ludvika ‘Avesta =
::g.’ﬁ T 3 ; \u i N = @
g agersta | Sala ppsala
T kim Ny Srrtlie
R e o R "Wﬁ%”"““‘ P
w/ '“‘\S-Mhan‘"\ YOrebro- ockholm
¢ t ': n K“.:)r 15 |

Kt mﬁ Nynishamn
2L

7 Aihus Hols fﬂaaf’ elsingborg /|
ung- Cstnesjn

F Kﬁbenhav&.\ﬁalmo
Figure 2.1 location of Dingle and road Rv | (Huvstig 2009).

Dingle locates on the west coast of Sweden. Testetion of road Rv E6 is seve
kilometers in the west of Dingle. Rv Ehas been built from 1998 and operated s
the spring of 2000. The road has been used as @wat with two driving lanes ar
outer shouldetsadding up to nineteen meters. Agricultural faramds are th
common landscape mostly expected along the |
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Table 2.1Layer information of tested section, Rv Dingle (Huvstig2C09).

Layer Thickness mm | Material Year
Wearing course 35 ABS 11 (B85) 2000

Third asphalt layer 45 ABb 16 (Binding layer, B180) 1999 - 2000
Second asphalt layer 40 AG 16 (Bituminous bound base, B180) 1999 - 2000
First asphalt layer 50 AG 22 (Bituminous bound base, B180) 1999 - 2000
Base 80 Crushed rock: VAG 94 1998 - 99
Sub base 1200 Crushed rock: VAG 94 (0 — 200 mm) 1998 - 99
Subgrade Clay

The triaxial test has only been done with the UGMbase layer. The meured
density of the UGM is 2.3fg/cn?. The high value of density indicates -
contribution to compaction from ttabundantraffic loading. From the investigatic
of the road in the year 2008, it is discovered that rutting has been unexpecte
large. The measured rutting can arrive depth of 20 mm by the year 20

2.2 Information about Rv 31, Nassjo

The city of N&ssjo locates in the county of JOnkgpiSweden. It is about ‘!
kilometers southeast of J6nkdpil

gF-RVS1-1
2 Ormaryd
- Eksjo
- sjo
Nassjo -
Nao i bping \istarvik 836 %
57142 NASSIO o : & 3 (7]
: %
ks \Vetlanda | gekarshamn
892
Kiittogat Slkenbe = Vixja J K
/ Kalmar o? 6y 31.02//
L Stensjd
: o 561
hUS  pigieingerf Katoona L2 Gri @ é:
X Batwrsiin rimstor 2
Kabenhavd - & v i = San
e it

Figure 2.2Location of Nassjo and road Rv (Huvstig 2009).

The tested road is Rv 31, southeast of Nassjwas constructed between the y
1987 and 1988 and opers since September, 1988. The road is located witl
forest landscapeRoad Rv 31 is divided into eleven sections andl¢hgth of eacl
section isa hundred mets. Section number 6 and 9 weseosen for testing. Tt
width of driving lanes i§.5 m and the lengiof the shoulder is 0.2% on each side.
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Table 2.2 ayer information osection 6S and 9S, Rv 31, Nagsjavstig2009).

Layer Thickness mm | Material Year
Wearing course 24 Hot remixing plus 60ABS16 (New wearing layer) | 2007-08-10
Second asphalt layer | 35 80MABT16 (Wearing layer) 1989-07-01
First asphalt layer 50 110AG (Bituminous bound base) 1988-11-01
Base 115 Gravel base material: BYA 6:06 1988

Sub base 500 Gravel of class A: BYA 6:03 1987-88
Subgrade Silty moraine, class 6 (Frost class Il1)

About eight years later in the maintenance, a wegacourse was installed to imprc
the surface performancéhe dry density of the base material is 2.2cm® on section
6S and 2.22 g/cton section 9S. On section 6S, the moisture corgeht€ % under
the base surface and on section 9S, the moisturtertois 1.9 %. It is observed o
section 6S, the rutting depth reached 19.3 mmaeryédar 2007 and on Section 9S, -
number is 13.0 mm.

2.3 Information about Rv 46, Tradet

The road Rv 46 is located the north of Tradet. The road is divided into ni®® nr
sections.

o
o Asarp

2%

<

%,
1859

1887
Tradet (

Figure 2.3Location of Tradet and road Rv (Huvstig 2009).

The road was built from 1985 to 1986 and has beemned for traffic since Novembe
1986. A second asphalt layer and a wearing cowage been added after th

The road was built within an agricultural landscapth two driving lanes which at
7.5 m in total. Shouldemshich ar¢0.25 m were installed on each side of the
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Table 2.3Layer information osection 4, Rv 46, Tradet (HuvstigQ®.

Layer Thickness mm | Material Year
Wearing course 0 Y1B16 (Surface treatment) 1988-07-01
Second asphalt layer 12 MaJu30MABT12 (Adjustment layer) 1987-07-01
First asphalt layer 70 165AG (Bituminous bound base) 1986

Base 125 Gravel base material: BYA 6:06 1986

Sub base 410 Gravel of class A: BYA 6:03 1986
Subgrade Friction material, class | (Frost class 1)

The dry density of the base material is 2.4cm® and the moisture content is %.
The measurement of rutting shows depth of 4.3 mmeeation 4 and 13.5 on sectiol

2.4  Sampleconditions and assumption

Triaxial tests have not been done with D2, D3, Aastthere are 1t enougl data for
these layersin the later calculation, the missing aredealtby the assumption belo
the table.

Table 2.4 Sample condition (Hoff 20(

Road Layer Dry density (g/ Moisture

Base (D1 2.35 1.96
Rv E6 Subbase (D: - -
Dingle

Subgrade - -

Base (N1 2.25 1.85
Rv 31 Subbase (N: 2.25 4.00
Nassjo

Subgrade 2.02 8.00

Base (T1 2.42 1.80
Rv 46 Subbase (T: - -
Tradet

Subgrade 1.90 7.00

Samples for triaxial tests have been collected ftioree locations in differetUGLSs.
Although for some UGLs®f the selected road, no sample is collected faxial tests
(D2, D3 and T2). ius the materigproperties can be obtained only by assump
The assumptions are made as fos:

1. D2 and D3 are the same as D1 because of the gimegan the material use
in Dingle.

2. The material used in T2 is comparable to N2 thespttoperties in N2 can |
usedto model the performance of .
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Samples from base layer in the three roads andaseldayer from Nassjo were sent to
laboratory (SINTEF) at Norwegian Institute of Teology (NTNU), Norway and
triaxial tests were performed on those samples.p&arirom subgrade in Nassj6é and
Tradet were taken and their RLT tests were madskayska, Malmd, Sweden.
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3 Literature review

Flexible pavements have been used for many yeatlseamost common pavement
type in different parts of the world and under dsee climate conditions. The
advantage of flexible pavements such as comfortlewhdriving and easy for
maintenance adds bonus to its superiority compévedgid pavement structure.
However there are some disadvantages and ruttimgei®f them.

3.1 Flexible pavement structure

A flexible pavement structure can be described ‘ddudti-layer” system. Permanent
deformation can take place in all layers of a pasmA typical flexible pavement
profile consists of five layers (Huang 2004):

Bituminous surface layer: The bituminous surface layer is the top layer o th
pavement structure which consists of up to 40 mnbittfmen which is durable to
resist the abrasion and traffic load. It is the mespensive layer of a pavement
structure and will withstand highest stress.

Bituminous bound layer: Beneath the bituminous surface layer, the bitumsnou
bound layer consists of mixtures of bitumen andhgla material which is stable and
can transmit the traffic load downwards. The bitoonis bound layer can be around
170 mm thick.

Unbound base layer:The unbound base layer is made of approximatelyn80 of
unbound granular material placed below the bitumnbound course. The traffic
load will transmit to the layer beneath.

Subbase layer:The subbase layer lies under the unbound base. layawnsists of
about 700 mm of unbound granular material wherallowterial can be used.

Subgrade: The subgrade is the in-situ material which is coctgd to a certain
density and moisture content.

[l

h 'JhDD_Q-
===
ﬁrm. .‘i‘l H

Bituminous surface layer

Bituminous bound layer \

Unbound base layer (UGL)

Subbase layer (UGL)

Subgrade (UGL)

Figure 3.1 Multi-layer system of a pavement.
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Unbound base layer together with subbase layersahdrade belong to UGL, as the
name has told, because they are all made of gramalgerial without bindings.

3.2 Elastic and plastic deformation of a pavement

When a pavement is loaded with traffic, deformatial occur at different layers of
the pavement. Generally speaking, about the detaymaf a pavement, one can
always refer to two types of deformation mechanissssnormally described in
material mechanics:

Elastic deformation

When a pavement structure is loaded with traffigré is one part of deformation
which will vanish after unloading. This type of dahation is called elastic
deformation and it is totally resilient. The resilt behaviour will occurs when the
level of applied load is low.

Plastic deformation

Plastic deformation is also called permanent deéion. It will occur in all different
layers of pavement structure. Plastic deformatiolh take place when the applied
stress is high enough. Plastic deformation is #ferdhation which is unrecoverable
after unloading. It is the main reason for ruttingcold climate conditions under low
volume traffic.

3.3 Rutting and rutting mechanics

Rutting appears as depression on the surface avengent (Figure 3.2). It is apparent
after precipitation where a pool of water can benfib on the pavement. Rutting has
very complicated mechanisms and it could generateany different ways. Abrasion
from studded tires, weak subgrade and permanentrdafion in pavement structure
can all contribute to the growth of a rut. In caiet like Sweden with low volume of
traffic, the major concern is from the permanerfodeation that occurs in different
layers of the pavement structure. This dissertagdimited to describe rutting which
is caused by permanent deformation in the pavestantture.

Figure 3.2 A picture illustrating a rut (PCA 2010).

As rutting may cause damage to the road and ibisrpially dangerous to the road
users, PMS has taken this into consideration aeduhis measured as a part of the

10 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:147



maintenance work. Generally, theree two ways of measuring a . The first and
conventional one is called “beam method” where anbes used as reference
measure the gap beten top and bottom of a rNowadays, as the development
electronic devices and laser technolothere has been a new method “RST «
rutting measurement which is applied by equippienesal laser sensors to the test
car and they will recorche elevation of the beaten roadfarm of section profile.

The rutting depth can be analysed from the lasmrdings

For the bituminousurface layer and bituminous bound layer, therebleas accurat
and precise model for predicting their permaneriormation behaviour. While fc
UGLs, a lot of researches have been done and follemodels have been set up. |
most of the UGMmodels, they have a common is which is called the concept
shakedown, describirggructures’ permane behaviour under peated loadin

3.4 Shakedown concepi

The shakedown concejstwidely adoptedn describing the deformaticbehaviour of

materials under repeated loadiAt first, the shakedown concept was introduced |

to describe the behavioof the metal surfacander repeated loadi and then it is
introduced to describ@ermanent deformatic behaviourof UGM under repeated
traffic loading.

When a pavemerttas bee open for traffic, loading caused by traffic actgegeatec
loading which is imposed on the pawent surface. The upper asphalt layers de
the loadings to the UGLs so that the UGMs 'alsobe under repeated loadir

Many studies have revealed that shaked behaviour exists in UGMs as
consequence of the repeated traffic loac Dawson et al. (199%dvis«d to make use
of the RLT data in plotting the vertical permansetrain rate and permanent verti
cumulative strain. The result shows that the degackearly sorted in three rang

Vertical permanent strain [10 7]
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—&— (140 560 —=— {3140 700 —+— G140 B40

Figure 3.3 Clearlysorted shakedown range plotting vertical permanent strain ra
and vertical permanent stre (Werkmeister 2003-1).

According toWerkmeiste (2003-2), the behaviowf a certain material und
repeated loadings can be describe threedifferent deformation categorit plastic
shakedown range @Rge A), plastic creep rancRange B) and incremental collag
(Range C).
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Generally speaking, the shakedown range of the U@Mbe determined by the
imposed loading and material properties. As showithe figure above, Range A
takes place when UGM is under plastic shakedowit-ith low loading stress level.
As load increases, UGM will experience plastic préehaviour. While the loading
exceeds the plastic creep limit, incremental caéayill occur in UGM.

3.5 Deformation behaviour of unbound granular material
in different ranges

In different ranges of shakedown concept, the hieavof UGM differs both in
macro and micro perspectives. The most common washow differences among
shakedown ranges is to make use of the RLT testdtrand plot the accumulated
plastic strain versus number of loading cycles.

3.5.1 Mechanics in different shakedown range
Plastic strain ‘- Range C
Range B

Range A

-
Number of loading cycles

Figure 3.4 Shakedown ranges plotted aof @ersus N diagram.

Range A

The granular material experiences low level ofsstrvhich will lead to a phase of
initial post-compaction. The disordered granulaterial will be re-oriented and some
will break due to the loosen structure. During thiase, particle attrition will come
about while it is not significant.

In the phase of initial post-compaction, the acclatmn of permanent strain is faster
compared with the following phase which is chanazéel by a linear logef) versus
log (N) plot.

On a plotted number of loading cycles versus plastiain diagram from RTL test,
plastic strain of UGM in Range A will almost stop propagate after a number of
loading repetitions. The permanent deformation lesstc during the first finite
number of loading cycles then the deformation behawwecomes totally resilient.
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Range B

When the imposed stress is higher, the permandatndation of UGM will behave
as in Range B. The accumulation of strain is fasteler Rang B compared to Range
A during a finite number of loading cycles. Aftdrat, the strain accumulates in a
constant rate.

An effect of recoverable particle rotations andadtlitional recoverable slip between
particles is a characteristic micromechanical phssrmon occurs only in Range B
(Werkmeister 2003-3).

Grain attrition is believed to be a main reasontiier collapse of UGMs (Werkmeister
2003-3). At high stress, the volume increase calgedilatation of the material is
another reason for collapse (Hoff 1999-1).

Range C

Whilst the imposed stress level is high enough, &M will collapse. The
permanent deformation from Range C initializes franprimary creep phase by a
post-compaction period which is similar to RangeaAd B. However the strain
accumulates much faster. Afterwards the secondoonek take place, followed by
tertiary creep. Both grain abrasion and particlaskbing may occur in Range C
(Werkmeister 2003-3).

3.5.2 Evaluation of shakedown range

The RLT tests can be used in determining materaahipeters such as resilient
modulus, shakedown range and so on.

Shakedown range analysis

It is necessary to know the shakedown range ofJiB#& in the three selected road.
Because by calculating the shakedown range of M& bne can build up the model
for the permanent deformation in those granularerdayin mathematical ways.
Korkiala-Tanttu (2009-1) has proposed the VTT moidel permanent deformation
calculation for UGMs, this model can be adjustethe same mathematical way into
the selected Swedish road.

The evaluation of shakedown range for UGMs is daceording to Werkmeister’s
theory on the shakedown concept and shakedown rahgiee UGMs. A method

using triaxial data to determine the shakedown eawgs proposed (Werkmeister
2003-4):

€3000 — Es000 < 0.045 1073 Range A (Eg. 3.1)
0.045 * 1073 < €3000 — €5000 < 0.4 %1073 Range B (Eg. 3.2)
€3000 — Es000 > 0.4 %1073 Range C (Eg. 3.3)

Wheregsgno andesogo (10°) are the plastic strain when loading cycles eqo&000
and 5000 in RTL tests.

3.6 Factors affecting plastic deformation

The permanent deformation of UGM is affected byaaiety of factors including
internal factors and external factors. Although ghastic deformation behaviour is
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complicated, the existing models are able to desdhe reality well to some extent.
Factors that affect permanent deformation in UGHI loa concluded as follows.

3.6.1 Number of loading cycles

The permanent deformation is strongly related érthmber of loading cycles and its
importance has been magnified by the power b (E4). &he number of loading
cycles corresponds to the cumulative equivalenglsiraxle load, suggested by
VagFEM program. The real situation is that the namobf loading cycles always
needs to be combined with the stress of each load.

3.6.2 Moisture content

The moisture content alters the mechanical prageertif the UGMs. As there is
always water existing in the UGMs, the water wilirh film and affects on the shear
resistance between grains. The optimum moisturéenbcomes about when the dry
density reaches the maximum value. When optimumstm@ content has been
reached, the UGM is suppose to have maximum beacapacity in resisting
permanent deformation and shear yielding.

3.6.3 Degree of compaction

The degree of compaction (DOC) and moisture comEathes the optimum value at
the same time. The UGLs are compacted during agtgin. The UGM will gain
best ability to resist against axial permanent deétion, resilient deformation as well
as shearing yielding. So the DOC is always a dalitiualification indicator of a good
road.

3.6.4 Density

Density of the UGM can affect the permanent defaionabehaviour. Generally
speaking, larger density will result in better sésince towards permanent deformation.

3.6.5 Grading

Resistance towards permanent deformation incregisiesnore fine contents (Ekblad
2004). Also the maximum grain size affects permaxeformation. UGM will have
lower deformation if the maximum grain size is ggHoff 1999-2).

3.6.6 Stress history

Stress history directly affects permanent deforomatbehaviour of UGMs. When
UGMs have been exposed to rather low stress histbey permanent deformation
could be bigger than common. In the other way, N5 has been imposed to high
stress history, the permanent deformation will piadip be smaller.
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4 Permanent deformation calculation model

Rutting accumulates as plastic deformation in dagkr of the pavement structure
and appears on the surface of a pavement. The penndeformation model consists
of material model of asphalt layers and materiaeh@f UGLs. The material model
of permanent deformation behaviour from asphaledsyand granular layers differs
from each other.

In a perspective of material science, the asphgkrk including bituminous surface
layer and bituminous bound layer present semi-satid viscous properties thus it is
highly affected by the temperature while temperatias much less effect in granular
layers.

4.1 Total Permanent deformation calculation

The total rutting is calculated by summing up tlegnpanent deformation in all the
layers, including deformation in the asphalt laydvase layer, subbase layer and
subgrade.

Layer 1 } n elements

Layer 2

Layer i {

Figure 4.1 the multi—-layer model for calculatingting depth.

In each layer, the depth is divided into finiteckness element (n) from the top to the
bottom of the layer. The permanent deformationaichelayer is calculated by sum the
permanent deformation in each thickness element. @édrmanent deformation in
layer i can be expressed as:

PD; = Y7 _1&,* hy (Eq. 4.1)
where
n number of element in a layer

PD  permanent deformation in layer i (mm)
€n permanent strain in element layer n
h, thickness of element layer n (mm)

By adding the permanent deformation in differentetaof the pavement, the total
rutting depth can be known (Eq. 4.2).
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Rutting depth:

PD = PD, + PD, ...+ PD; (Eq. 4.2)

Where

PD  total permanent deformation (mm)
PD  permanent deformation in layer i (mm)

Generally speaking, the total permanent deformatiora flexible pavement can be
calculated with Eq. 4.1 and Eq. 4.2. The thickrefsslement layer can be fixed after
defining a finite number for elements wanted imyelr. What remains unknown is the
plastic strain in different element layers.

4.2 Permanent deformation models for different layers

The asphalt layers could be described by one muadd on semi-solid and viscous
properties which is affected by temperature as aslinumber of loading cycles.
While for UGLs, various models such as VTT modal &idel model are introduced.

4.2.1 Permanent deformation model for asphalt layer

There has been much study on the permanent defomiahaviour in area of asphalt
layers and the material model has been implemen#didin real conditions. So the

material model for asphalt layers is directly agoptrom the standard NCHRP (2004)
as follows:

Ep =& *ap * N9 x T (Eq. 4.3)

where

€ permanent strain

& resilient strain

N number of load repetitions
T temperature

a;, & regression coefficients

4.2.2 Permanent deformation model for unbound granular lgyer

Rutting caused by permanent deformation of unbamadular material accounts for
the most common damage modes for low traffic flexipavements. In those low
traffic flexible pavements, it is always the perrmandeformation occurred in UGLs
accounts for most rutting depth. Nowadays, thereehaeen many studies on the
material model of the unbound granular material$ arot of models are developed
such as MMOPP model, VTT model, Gidel modal andrso

Although there are plentiful internal and exterfedtors that decide the permanent
deformation model in UGMs, only a few of those @asthave principal effects. The
number of loading cycles is one of the most relévactors.
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According to Korkiala-Tanttu (2009-2), a general dab for plastic deformation
behaviour in UGMs can be expressed as:

& =a- NP (Eq. 4.4)

where

&p axial permanent strain

a,b  regression parameters
N number of load cycles

Most of the UGM models are based on this generalehand they include other
factors into consideration respectively.
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5 VTT model, MMOPP model andGidel mode

VTT model, MMOPP model and Gidel model are all panent deformation mode
for UGMs. They are developed in different countries and dedated according t
their own conditions. First of all is necessarystody the model and make attemg
validate these models for Swedish ro

51 VTT Model

VTT (Technical Research Centre of Finle permanent deformation model is
material model forpredicting permanent deformation in UGLdt is a nonlinea
elasticplastic model. As described in tshakedown limits of UGM by Werkmeis
(2003), the behaviounf UGM under cyclic loads has three categories:st
shakedown, plastic creep and incremental collagsehacorresponding to materi
Range A, B and C. VTT permanent deformation modealegdoped on the base
the shakedown concept and can be applied in desgiiiGM behaviou for Range A
and B but not for Rnge C

5.1.1 Shear yieldinc

According to the study Korkiala-Tanttu (2009-1), grmanent deformation is large
affected by the shear yiBng of the material. So the factor R (failureioais
introduced imo the model. The failure ra can bedescribed as the ra between
deviatoric stress and deviatoric stress at fai

R = qif (Eq. 5.1

where

q deviatoric stress (kP

Of deviatoric stress at failure (kf

The correlation between permanent deformation aildré ratio has been proved
many researches. Regardless of the material, tiiealestrain has strong correlati
with failure ration R and hyperbolic function dribes the correlation be

3.5
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100 000)

25 + Sand >
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20 & Crushed rock

e Sandy gravel

o
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Figure 5.1 Relation between vertical strain a% ; (Korkiala-Tanttu L 2009-1).

Deviatoric stress at failure is measured by stataxial tests. The linear relation
between p and:@an be shown by plots from triaxial data.

L 2

1200

y =2.6116x + 26.35 'S
R2=0.9486

*

1000

800

g (kPa)

400

200

0 100 200 300 400 500 600
p (kPa)

Figure 5.2 An example of static tests result (2609).The green regression line
represents the failure line of a certain UGM.

Plots by static triaxial test show the relationvesn p and q The regression factors
m and s are the gradient and intercept of the segre line. The general expression
for ¢ is:

gF=s+mx*p (Eqg. 5.2)

where

O deviatoric stress at failure (kPa)

p mean value of principal stress (kPa)

m, s model constant

However, the relation between p andsgdetermined by the material properties such
as moisture in a view of geotechnics, thereforet tgsecimens with diverse
geotechnical properties will result in differentamd s.

5.1.2 VTT model parameters

As described, the permanent deformation in UGLeiednined by many factors such
as loading, strength of the material, moisture eotitdegree of compaction and so
forth. While in most of the cases, it would be toomplicated to take all those
parameters into account. Generally, the most comynarsed parameters in
permanent deformation models are number of loadyaes, stress and material
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strength parameters as those factors are the mwsitise factors which dominate the
permanent deformation.

VTT model describes the permanent deformation ésws:

gp = Cx (N)P *% (Eq. 5.3)

where

€p permanent deformation (%o)
N number of loading cycles

R failure ratioR = qif

q deviatoric stress (kPa)

b, C model constant (regression factor in validgtio

VTT model has taken number of loading cycles, stetate in the UGM and material
strength of UGM into consideration.

The failure ratio R describes the ratio betweenapglied deviatoric loading and the
deviatoric loading at failure. It takes both thepligd load and material responds into
consideration. The model is able to describe thenprent deformation of the UGM

for shakedown range A and B, in the same wordtiplakakedown and plastic creep,
but not for shakedown Range C which means the nmen¢al collapse phase of the
material.

When the applied deviatoric pressure q is closdtedailure of the material resulting
R~ 1, the permanent deformation will become infinitthus sometimes, the factor

% can be replaced b%l:TR to adapt to higher loading bearing conditions.

The regression factors b and C are constant vaperndling on the material properties
of the UGM. Korkiala-Tanttu (2009-1) has done maegearches and suggest some
values for b and C. Practically, C is directly degent on the permanent deformation

at the first loading step beca&ée% describes the permanent deformation at the

first loading step. The factor b describes how kwidll be the accumulation of the
permanent deformation. UGM will collapse easily ahd situation is intolerable in
real road construction if the b value for the UGMarger than 0.5.

5.2 MMOPP model

MMOPP model is another model to describe the peemiadeformation behaviour in
UGMs. The model MMOPP (Mathematical Model of Pavam@erformance) was
developed by Danish researchers (Ullidtz et al 200Be method used in MMOPP
model is similar as shakedown concept. While in MRFOmodel, three phases take
place of three shakedown ranges.

Phase 1

Decreasing strain rate is expected in Phase 1diting plastic strain versus number
of loading cycles. This indicates a low stress @l Phase 1 corresponds to
shakedown Range A.
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Phase 2

Constant strain rate occurs in Phase 2. The defommdehavior in Phase 2
corresponds to shakedown Range B.

Phase 3

Increasing strain rate takes place under high stseste. It is the same concept as
incremental collapse (Range C).

Phase 3
Increasing
strain rate

Phase 2
Constant
strain rate

Phase 1
Decreasing
strain rate

Figure 5.3 Phases described in MMOPP model (Hildelr2007).

The material model of MMOPP model is as follows:

Phase 1g, = A * N « (%)C (fore, < &) (EQ. 5.4)

1 1 C
Phase 2&, = gy + (N — Ny) * AB % B x £, 75 * (%)E (fore, > &) (EQ. 5.5)

In which:
i -1 g =C
Ny =¢yB*AB *(?)B
Where:
&p plastic strain
N number of loading cycles
01 the major principal (vertical) stress
o' reference stress (atmospheric pressure, 0.1 Mpa)
A B, C model constant

In the thesis work, effort has been made to vaidstMOPP model in three
investigated road sections by triaxial data. Howeteis attempt came to an end
because of the complexity of the equation and tdditerature.
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5.3 Gidel model

Gidel model is another model for permanent defoionatnodelling of UGMs. As it
has been implemented into the VAgFEM program infikuerket, it is not
collaborated here. The material model of Gidel nhexlas follows:

1

—_ Lmax
gp(N) = efo (1 —=N)"Bx( o )" * 5 Tmax (Eq. 5.6)

Pmax Pmax

Lmax = \/pmax2 + qmax2

Where:
€p permanent axial strain
N number of loading cycles

dmax» Pmax  Maximum values of the mean principal stress pdewlatoric stress q
(kPa)

Pa reference pressure (100 kPa)

e‘l’o, B, n model constant (regression factor in vaiaigt

m, s model constant, parameters of the failuee dihthe material

Need to mention that the denominator of Eq. Gi6-H—— — 222%) would get O

Pmax Pmax

value in the calculation. Thus when this value ¢éxj@a0r even negative value, those
data should be abandoned. This would inevitablyedese the calculated permanent
deformation. However, there is no other way to thatius.
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6 Repeated load triaxial (RLT) test

There have been many different experimental teetshameasure the deformation for
pavements. For example, California Bearing RatiBRE test is used to predict the
behaviour of unbound granular material under stafiding conditions while Falling
Weight Deflectometer (FWD) tests are used to siteulae real traffic loading which
provides dynamic loading conditions. Other tedts full-scale testing such as Heavy
Vehicle Simulator (HVS) have very limited use besmwf the high expense. RLT
tests are one of the most common tests for detargideformation behaviour in
UGLs.

The triaxial tests are performed aiming at studyiogh the resilient and permanent
deformation behaviour of UGMs by imposing a largenber of loading repetitions

on a cylindrical specimen. The loadings are impadsefibrm of deviatoric pressure

(o4) and confining pressured). According to the Swedish Standard for RLT test f

unbound mixtures, there are two different typedraixial tests depending on the
manner of imposed confining pressure: the varigblefining pressure method and
the constant confining pressure method.

The RLT tests used in this dissertation are perdoiras RLT tests with constant
confining pressure according to Swedish standardcfelic load triaxial test for
unbound mixtures (SVENSK STANDARD 2004).

6.1 Preparation of the specimen

Before the test, samples are taken from the inqmitement with sand replacement
method. Specimens are prepared in a cylindricalldnadnere the height should be
twice of the diameter (x2 %). The specimen getpgmed in a way that five times of
the diameter of the largest particle size shouldemoeed the diameter of the cylinder
mould.

The prepared specimen is then encased by rubbebraeento prevent leakage and
then placed in the triaxial apparatus. Accordingthe European standard, the
thickness of the membrane shall not exceed 0.8eperof the diameter of the
specimen. To exclude the effect of the membranéhermechanical properties, it is
required that the unstretched membrane diametdr [shano less than 95 % of the
specimen diameter.

6.2 Deviatoric pressure and confining pressure

During the test, the apparatus imposes three dimesisstresses to simulate the stress
state that UGMs bear under traffic loadings. Threg¢hldimensional stresses are
implemented by imposingy andc.. The deviatoric pressutgis applied on the top

of the specimen and the confining presstrs applied on the side of the specimen.
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Figure 6.1 Stresses imposed on a sample in tridgstl

In a RLT test, there are normally five or six laaglisequences. In each sequence, the
level of o is kept constant whiley increases at different sequences. This is achieved
by imposing a step increasing vertical deviatotiess on top of the specimen. The
confining pressure. steps to a higher stress level when coming toéxe sequence.

In each stepg. is kept constant by stable water pressure suringritie side of the
specimen. The water pressure can be altered bwpparatus. In each sequence,
approximately fifty thousand loading pulses areliapp

During the test, transducers in the apparatus esponsible for recording the strain
responding of the specimen under three dimensisinesses. Information about the
number of loading cycles, confining pressure, devia pressure, elastic strain,
permanent strain and so on are measured by tragrsdand recorded by electronic
devices.

With the result of RLT tests, the shakedown ranfythe samples can be evaluated.
Later, the factor of UGM models (both VTT and Gidebdel) can be calibrated into
local conditions. With calibrated factors, the ingtdepth can be predicted.
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Result

The result can be sorted in three categories:

7.1

Shakedown range analysisvhich consists of shakedown range analysis
calculated from the triaxial data. The shakedowryeais calculated according
to Werkmeister's theory (Eq. 3.1, Eq. 3.2 and Eg).3The shakedown range
calculation is performed in the first few sequenakthe triaxial test and by
plotting shakedown ranges from all triaxial testsip—q diagram, the
boundary between plastic shakedown and plastipaae be revealed.
Regression factor calibrationis made by evaluating the regression factor in
VTT model and Gidel model. The regression fact@eation is made by
calibrating the model prediction with the RLT testeasurement so that the
model represents the real permanent deformatioavii@ir in the tested road.
Permanent deformation calculationis performed by running FE program
VagFEM loaded with VTT and Gidel model each anaeti The program
covers calculation of the stress and strain statkea tested road and the
permanent deformation thus can be handled witihéfe of that.

Shakedown range evaluation

Shakedown range evaluation has been performedyendl, N1, N2, N3, T1 and T3.
The detailed shakedown range analysis can be fiouaopendix 1.

Table 7.1 Shakedown range analysis of Sample Bl&in

Sequence Number of Confining Deviatoric Shakedown
loading cycles | pressure (kPa) | pressure (kPa) range
0 10008 20 43 A
1 1000¢ 21 62 A
2 10007 21 83 A
3 10007 21 10¢ A
4 10007 21 12¢ A
5 1000¢ 21 145 A

Table 7.1 shows shakedown range evaluation for Eafhgrom Dingle under low

confining pressure. The result of shakedown rasgeseful in two ways. Firstly, by
plotting shakedown range analysis result on p—grdma, different shakedown limit
can be defined. Secondly, Range C can be excluded flactor calibration because
only Range A and Range B are valid for factor ¢alibn in VTT and Gidel model.

Shakedown range analysis for D1, N1, N2 and Tlbleas plotted in a p—q diagram.
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There have been clear boundaries among different sangighough some rest
collides, existing on the edges of the limits. Tmay due to the simplification of tt
way to evaluate the shakedownge (Eq. 3.1, Eq. 3.2 and Eg. B\8here only twc
points from the RLT test could decide the rangehef material. However, from
larger scale, it is still feasible to find the boanies between ranges. Two lines w
drawn by hand to distinguish diffeit ranges.
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Figure 7.1Shakedown ranganalysesGreen points for Range A, Red for Rang
and light green for Range The green line represents the plastic shakedowit
and the orange line indicates the plastic creeptli

The gradient anthtercept of th limit line could be decided.
Plastic shakedown limit: qs = 1.64*p + 15 (Eq. 7.1
Plastic creep limit: gec = 196 p + 30 (Eq. 7.2

Where

Js deviatoric stess for plastic shakedown limit (ki

Oc deviatoricstress for plastic creep limit (kF

p mean value of principal stre (kPa)

To conclude, all the values, either calculatedaten from other reports, are sho

below.
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Table 7.2 Shakedown limit line, creep limit linedastatic failure line information.
(The letter “m” represents gradient of the line ated stands for intercept.)

Layer and Plastic shakedown | Plastic creep Static failure
location = 5 = 5 = s
Dingle | D1 1.64 1500 | 1.96 30.00 | 2.64|  36.00

= 164 | 1500 |1.96| 30.00 | 2.64| 36.00
D3 1.64 1500 | 1.96 30.00 | 2.64| 36.00
Nassjo | NI 164 | 1500 |1.96| 30.00 | 2.64| 36.00
N2 1.64 1500 | 1.96 30.00 | 2.64| 36.00
= 077 | 29.00 |088| 72.00 | 1.72| 116.00
Tradet | Tl 1.64 1500 | 1.96 30.00 | 2.64|  36.00
2 164 | 1500 |1.96| 30.00 | 2.64| 36.00
T3 131 2775 | 153 6463 | 1.87| 82.00

It should be noticed that the static value of N8 &8 are directly from Nilsson
(2010). And the values of shakedown range are takemthe average value of m and
s from the report (Nilsson 2010) and are filledhe table. Static values for D1, N1,
N2 and T1 are from Hoff (2009).

7.2 Regression factor calibration

The regression factors for VTT model can be catedldor different location. As the
RLT tests provide data about deformation, numbdoading cycles, stress states and
strength of the UGM which are the parameters in WWidde, the only unknown from
the model are the two regression factors: b andB¥.mathematical regression
analysis using the data, the factors can be solved.

Sample 4, base, Dingle

&\8’ 6
£ 5
o
w4
(&}
g —
L
[a W
1
0
0 10000 20000 30000 40000 50000 60000 70000
Number of loading cycles
Measurement e=\TT model

Figure 7.2 Factor calibrations for Sample 4, D1 nDle.
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As shown in the Figure7.2, the blue curve represtm plastic strain (%o) which is
measured from the RLT test. The red curve is tlast strain calculated by VTT
model (Eq. 5.3). The model parameter b and C dierated by “solver” function in
Excel program in a way that the red curve and the burve fit together and correlate
with each other best. At last, result will predloe optimal value for b and C.

For example in the base layer of Dingle, therefaue samples which are tested by
RLT test and the factor is calibrated judging blythbse four samples. The result
based on those four samples gives b equals 0.2C aglals 0.12. This means with
these numbers as the model factor, the blue cuone YTT prediction and red curve
from RLT test measurement inosculates best. Sirodéibrations have been done for
all tested layers (D1, N1, N2, N3, T1 and T3). Tesult is presented in Appendix 1.
The calibrated factors are listed in table 7.3 @hde 7.4.

Table 7.3 Calibrated factor for VTT model.

VTT model Layer

C b
_ base | o12¢ | 0.27¢
Dingle subbase| 1o 0.27(
subgrade g 1o | .27(

Nassjo

subbase| 4 gs: | .20
subgrade g 115 | (.20

base | o3¢ | 0.20¢
subbase| 5. | .20
subgrade 93¢ | (.34c

Tradet

The calibration has limited the factor to be:
C¢€(0.038,0.12)
be (0.2,0.4)

Those limits are suggested by Korkiala-Tanttu (30B®6rkiala-Tanttu has tested
different material with HVS test and calculatedtfacC and b. She got the range for
different UGMs both for in-situ condition and labtory condition.

In the same way, Gidel model factors are calculbtedorrelating measured strain
from RLT tests and model predicted strain. The @doce for calibration is presented
in Appendix 1.

The calibrated factors are as follows.
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Table 7.4 Calibrated factor for Gidel model.

Gidel model Layer e10p B n
Dingle sfs;:se 4.00C | 0.08C | 0.60(

4.00C | 0.08C | 0.60(

subgrade 4 ooc | 0.08¢ | 0.60¢

Nissio Sj’;‘;;e 0.80C | 0.08C | 0.19(

270 | 0.01¢ | 1.08¢

subgrade g3 45¢ | 0.001 | 1.83

Tridet base | g55¢ | 0.057 | 0.10(

subbasel , 70¢ | 0.01¢ | 1.08

subgrade 53 0g¢ | 0.007 | 0.56¢

The factors have been limited to:
e1op€ Free
Be (0, 0.1)
ne (0, 2)
The factors in D1, N1, N2 and the limit for Gidebdel are suggested by Hoff (2009).

7.3 Permanent deformation calculation

The permanent deformation is recalculated by thepkigram VAgFEM, developed
by Trafikverket. With available traffic and weathewndition in a specific road, the
total rutting depth can be calculated. By compatimg measured rutting depth and
calculated one, the prediction of the VTT model barpresented.

The FE tool “VagFEM” requires users to load dala With road information such as
geometry, layer information and so forth. The didts have been done already in
Trafikverket and available to use. Then parametach as temperature distribution
throughout the year (Appendix 3) and validated dect(Table 7.3 and 7.4) are
required to be inputted. The button “Evaluate” wiiigger the calculation of the
permanent deformation.

7.3.1 Rutting calculation for Dingle and comparison

The input data for Dingle mainly remains missingformation such as subbase,
subgrade is missing. As an assumption, subbassubgiade material are supposed
to be identical as in base layer. The file for VEYFinput only includes temperature
20 'C and 30°C without respective percentage. So it is assumad2a®’C takes up
95 % of the annual temperature while‘80shares the rest 5 %.
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Rutting in Dingle

80

70 =
60 /
- 7//

40 == Measurement

30 Gidel model prediction

20 4"/.’.‘.’.’?-7 =>¢=\/TT model prediction
10

0 [y

2000 2002 2004 2006 2008 2010

Rut (mm)

Year

Figure 7.3 Comparisons between measured rut, VTdemprediction and Gidel
model prediction for Dingle.

The result shows a high prediction from VTT moddiiler a low prediction from

Gidel model. VTT model is good at describing theysh of the rutting which is
judged by the fact that the gradient of the measarg and VTT prediction curve are
similar. Gidel model has closer prediction to tealrutting measurement.

7.3.2 Rutting calculation for Nassjo and comparison

In the eleven sections of road RV 31 Nassjo, raadien 6 and section 11 accounts
for the maximum and minimum rutting depth respeattiv

Rutting in Nassjo
60
50 p—

40 =

30 =l—Measurement
20 Gidel model prediction

__F—_.
10 —g—gy—a—— ==>6=\/TT model prediction

0 | —

Rut (mm)

1996 1998 2000 2002 2004 2006

Year

Figure 7.4 Comparisons between measured rut, VTd@emprediction and Gidel
model prediction for N&ssjo.
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The measurement value in Figure 7.4 is actualleriaky the mean value of the
maximum measured rutting depth and minimum meastuttthg depth. Generally

speaking, the prediction from Gidel model is ldsmnt measurement and VTT model
have a much larger prediction.

As the measurement and prediction starts from #er %997, when the road has
almost been built for ten years, the permanentrdedtion is featured by a slow and
steady increasing which has been correctly prediisyeboth models.

In the permanent deformation calculation using Whddel, the deviatoric stress q
has exceeded the failure value. In another worl failure ration R (in Eq. 5.3) is
approaching to 1. This does not promise the matgelling or failure of the UGMs,
because the granular materials will be bound tateathemselves to adapt to the high
stress and this movement cannot be modelled by Mddel. In VTT model, when R

is exceedingly closed to 1, the shearing pararqé{%ewill lead the plastic strain to an

infinite value. This would cause overestimation the plastic strain, which will
consequently exaggerate the predicted rutting depth

7.3.3 Rutting calculation for Tradet and comparison

Rutting in Tradet
35
» WM
25
g 20
z_:,:’ 15 =fli—Measurement

Gidel model prediction

10 ?—4.7
=>=\/TT model prediction
5

0

1996 1998 2000 2002 2004 2006

Year

Figure 7.5 Comparisons between measured rut, VTdemprediction and Gidel
model prediction for Tradet.

The prediction in Tradet predicts similar resulttlagt from Nassj6. Gidel model has
underestimated prediction while VTT model predictias much bigger than

measurement. VTT model takes advantage of accpratdiction of the increasing

trend of measurement while Gidel model prediceady and slow rutting growth.

In the permanent deformation calculation using Vibdel, the R value still

approached 1 after a finite loading cycles. Sositprobable that the result was
overestimated. As the factor 1 —R switches to =08 when g reaches the failure
value, the calculated result will surely be altene@n unexpected way. For accurate
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prediction, this should be avoided. This indicatest VTT model is not suitable to
deal with high stress condition.
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8 Sensitivity analysis

A sensitivity analysis is performed for rutting gietion model implemented with
VTT model for UGLs to show how the variance in ihparameters affects the output.
This study will indicate which parameter is morenstve towards the predicted
rutting depth.

The method used in the sensitivity analysis isygp# linear function as follows:

AF(t) /
F(t)

TT Ty,
where
S relative value for sensitivity
F(t) function where parameter t is involved
AF(t) increment in function
t parameter
At increment in parameter

8.1 Sensitivity analysis for rutting prediction model
implemented with VTT model

The rutting prediction model integrates modelsdephalt layers and UGLs. In this
study, only rutting prediction model implementedhwi/TT model is analysed. The
calculated rutting deptA(N, b, C,m,s ...) is a function of several parameters such as
number of loading cycles (N), VIT model factors &d C), material failure
properties (m and s). Sensitivity analysis is penked for all these parameters by
increasing them by 1 % as the increment. The aisalyslone only for Nassj6 and it
is believed that the result from Nassjo will beresgntative.
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8.2 Result

Sensitivity analysis

15

0.5

0.5 Parameters

Relative value for sensitivity

-15 - Base layer Subbase layer Subgrade

Figure 8.1Sensitivity analys.

The result has shown that the parameters fthe subbase layer acts as the
sensitivelayer as the relative value for sensitivity is ajadarger compared wit
other layers. Thuthe material in subbase layer should have bettalitgun order to
resist rutting in the pavemel

The VTT model factor lis the most sensitive parametfor each laye which mean
thatthe risk of error in factor b widominate the error in the result. To minimize e
in predicted rutting, the most sensitive parametges always required to be mc
accurate. Among bfactors, it is noticeable that the factor b frembbase layeis the
most sensitive parameter.

It is worthy mentioning that the material failurarameter (m ar s) presents negati\
value for sensitivity. This means when these pataraencrease, trpredicted rutting
depth will decrease. Thisappessin real situation because that the increase ofars
promising better resistance towards shearing danmage will help to reduc
permanent deformatiorSo it would be a priority to use better UGMs fosisting
rutting while limiting heavy vehicle volume comefea.
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9 Discussion

The comparison of permanent deformation by VTT nho@Gé&lel model and rutting

measurement shows that VTT model overestimatesuthieg depth and Gidel model
underestimates the rutting depth. The advantad&dfmodel is that it could predict
the development of rutting which is demonstratedsbyilar shape of the curves
(judging by Figure 7.3, 7.4 and 7.5). The predictioom Gidel model is a little less
than measurement but not as much as the amouregsgsimation by VTT model.

VTT model predicts the development of rutting aithb overestimates it which
means large error in the prediction. This means YiloDel is precise but not accurate
enough. The most probable reason should be thetdeféhe model that it could not
be applied for high stress condition which is atee defect for all other UGM
models. Another reason could be the system ersethby assumptions. This could
be fixed by adjusting the model.

Sensitivity study shows that the most sensitivapeater of VTT model is the factor
b. So it is really important to validate the modalh accurate factors. Despite of its
high expense, HVS is the best test to validataribdel as the author of VTT model
suggested. Triaxial test is applicable but it isthe first choice as long as financing is
not a problem.

As indicated in sensitivity analysis, the statistteesult which reflects the material
failure properties is also of importance. The stédilure line, if possible, should be
plotted for each sample, rather than make oneré&iline for different samples
because they have different resistance towards éail

There is also a hint that all parameters from tiigbase layer are more sensitive than
the same parameter from other UGLs. This meanmtterial in the subbase layer is
very critical in predicting permanent deformati@u for construction, better materials
should be used in subbase to help resist rutting.
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10 Conclusion and recommendation

Judging by the comparison, there is clear eviddhaet VTT model is capable of
predicting rutting in three investigated roads, lelthe prediction is overestimated
because of high stress in the pavement. The makie$ tconsideration of the shearing
property which simply can show the stress levealsyngle parameter R, although the
prediction could be exaggerated by that. A few meo@ndations are proposed for
better application of VTT model:

® The prediction from VTT model is very good at désiag the gradient of
rutting curve graphically which is to say VTT modekcapable of predicting
the development of rutting, although the predict@erestimates the rutting
measurement.

® Better prediction can be made by VTT model withav@gment under low
stress level. High stress level can cause overastimin predicted rutting
depth. This could also be a hint that during pav@menstruction, it is
important to avoid high stress to help accuratéiptig of rutting depth.

® In the view of rutting prediction, it is very imgant to get the accurate factors
for getting better prediction. Because the factilrlvave great impact on the
result. It is recommended using HVS test to sineuthe real pavement
structure under repeated loading. RLT test refldatanaterial properties
however it is affected by many other factors suskample conditions, which
might bias the real material response.

® In the view of construction, to use better matesidh higher failure resistance
capacity is favorable in reducing rutting. Limititlge volume of heavy vehicle
is just a second option.

® The result of static failure test is also of impmite. The sensitivity of failure
parameters m and s are the second most sensitameirs besides factors b
and C from VTT model. Thus it would be much beteeplot static failure line
for each sample in order to predict rutting moreuaately.

® More investigation should be done in the layer whbe material properties
are unknown (D2, D3 and T2) to avoid errors inrggult. Too many
assumptions will bring about larger uncertaintige ithe model.

It is need to declare that one important assumpfmm the validation is the

equivalence of the number of loading cycles fromLR@st (N) and the cumulative
ESAL. They must be relevant to each other but atetime same concept. Further
study should be performed to arrive in a successfuiversion between N and
cumulative ESAL. Another way to implement the casien is by adding a reduction
factor to the result which means to modify the ltgtarmanent deformation by a
certain proportion.
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12.1 Appendix 1

Location Dingle
Layer Base layer
Data

Sample 1 = Dinglel

Sample 2 = Dingle2Elas

Sample 3 = Dingle3

Sample 4 = Dingle4

RTL tests

Sample 1

Table 13.1 Shakedown range evaluation result for@a 1, base, Dingle.

S e DL s Confining Deviatoric Shakedown
g loading cycles| pressure (kPa) pressure (kPa) range
g 20 43 A

10008
1 10008 21 62 A
2 10007 21 83 A
3 10007 21 103 A
4 10007 21 123 A
5 10008 21 143 A

Sample 1, base, VTT model, Dingle

g 4
? prosmmmmm——=
i
o 2
-
©
= 1

0

0 10000 20000 30000 40000 50000 60000 70000

Number of loading cycles

Figure 13.1 VTT model factors calibrations with Riidta, sample 1, Base, Dingle.
Sample 2
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Sample 2 is not taken into validation because tlaglihg step is not plentiful (413
loading cycles in total).

Sample 3

Table 13.2 Shakedown range evaluation result far@a 3, base, Dingle.

Number of Confining Deviatoric
. Shakedown
Sequence loading pressure pressure ranoe
cycles (CGEY) (kPa) g
0 10004 45 79 A
1 10005 45 141 B
2 10010 46 184 B
3 10002 46 226 B
4 2247 46 268 -

Sample 3, base, VTT model, Dingle

Plastic strain (%o)

~

O kL N W b U1 O

0 5000 10000 15000 20000 25000 30000 35000 40000 45000
Number of loading cycles

Measurement  ==\/TT model

Figure 13.2 VTT model factors calibrations with Riidta, sample 3, Base, Dingle.

CHALMERS, Civil and Environmental Engineerin@laster’s Thesis 2010:147 a1



Sample 4

Table 13.3 Shakedown range evaluation result farde 4, base, Dingle.

Number of | Confining Deviatoric
. Shakedown
Sequence loading pressure pressure range
cycles (kPa) (kPa) 9

0 10006 70 98 B

1 10008 70 183 B

2 10003 70 239 A

3 10005 70 296 B

4 10006 70 351 A

5 10006 70 407 A

Sample 4, base, VTT model, Dingle

L 6
g 5
g p—
& 3
o

2 —

7
1
0
0 10000 20000 30000 40000 50000 60000 70000
Number of loading cycles
= Measurement ===\/TT model

Figure 13.3 VTT model factors calibrations with Riidta, sample 4, Base, Dingle.
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Location Nassjo
Layer Base layer
Data

Sample 1 = NalFM10C
Sample 2 = Na2FM20
Sample 3 =Na3FM40
Sample 4 =Na4FM40
Sample 5 =Na5FM80
RTL tests

Sample 1

Table 13.4 Shakedown range evaluation result for@a 1, base, Nassjo.

Number of
loading Confining Deviatoric Shakedown
Sequence cycles pressure (kPa)| pressure (kPa) range
0 10003 18 50 A
1 10008 18 80 A
2 10008 19 110 A
3 10004 21 140 A
4 10005 21 170 A
5 10007 21 200 A

Sample 1, base, VIT model, Nassjo

3 14
£ 12 *—-—-l
©
5 1
[S)  amsaa
2 0.8 f""!——
m '
a 06 /

0.4

0.2

0

0 10000 20000 30000 40000 50000 60000 70000

Number of loading cycles
e leasurement e==\/TT model

Figure 13.4 VTT model factors calibrations with Riidta, sample 1, Base, Nassjo.
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Sample 2

Table 13.5 Shakedown range evaluation result for@a 2, base, Nassjo.

Number of | Confining Deviatoric
loading pressure pressure Shakedown

Sequence cycles (kPa) (kPa) range

0 10006 20 50 A

1 10010 20 80 A

2 10003 20 110 A

3 10005 20 140 A

4 10009 20 170 A

5 10003 20 200 A

Sample 2, base, VTT model, Nassjo

§ 1.4
g 1.2
é 1
f:u‘} 0.8 ]

0.6 -~

0.4

0.2

0

0 10000 20000 30000 40000 50000 60000 70000
Measurement  e==\/TT model .
Number of loading cycles

Figure 13.5 VTT model factors calibrations with Rlidta, sample 2, base, Nassjo.
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Sample 3

Table 13.6 Shakedown range evaluation result for@a 3, base, Nassjo.

Number of | Confining Deviatoric
loading pressure pressure Shakedown
Sequence cycles (kPa) (kPa) range
0 10003 16 50 A
1 10004 16 80 B
2 10009 16 110 B
3 10004 16 140 B
4 10007 16 170 A
5 10003 16 200 B
Sample 3, base, VTT model, Nassjo
~ 3
Z2s //
5 —
o
1
0.5
0
0 10000 20000 30000 40000 50000 60000 70000
Number of loading cycles
Measurement  ==\/TT model

Figure 13.6 VTT model factors calibrations with Rlidta, sample 3, base, Nassjo.
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Sample 4

Table 13.7 Shakedown range evaluation result forde 4, base, Nassjo.

Number of | Confining Deviatoric
loading pressure pressure Shakedown
Sequence cycles (kPa) (kPa) range
0 10006 45 100 A
1 10005 45 180 A
2 10009 45 240 A
3 10007 45 300 B
4 10006 45 360 B
5 9994 45 420 B

Sample 4, base, VTT model, Nassjo

3.5
3

2.5 /

2 /

1.5

Plastic strain (%o)

0.5 —

_0 5 100006 200006 200006 40000 COOOO 0006 70 \OO
. U 1UUUVU LZUUUU SUUVUU =UUUVU SJUUUVU \Sjvjviv v} 70U

Number of loading cycles

Measurement  ==\/TT model

Figure 13.7 VTT model factors calibrations with Rlidta, sample 4, base, Nassjo.
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Sample 5

Table 13.8 Shakedown range evaluation result farga 5, base, Nassjo.

Number of | Confining Deviatoric
loading pressure pressure Shakedown

Sequence cycles (kPa) (kPa) range

0 10007 70 120 A

1 10007 70 240 A

2 10006 69 320 A

3 10007 70 400 A

4 10007 70 480 A

5 10014 70 560 A

Sample 5, base, VTT model, Nassjo

1
g 14 "
v 1.2
z 1
< 0.8
o

0.6

0.4

0.2  l

O ,—/
-0.2 10000 20000 30000 40000 50000 60000 70000
Number of loading cycles
Measurement — ==\/TT model

Figure 13.8 VTT model factors calibrations with Rlidta, sample 5, base, Nassjo.
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Location Nassjo

Layer Subbase layer

Data

Sample 1 = NaF1FM10 (version 2)

Sample 2 =NaF2FM20 cond

Sample 3 =NaF3FM40

Sample 4 =NaF4FM80

RLT tests result

Sample 1

Table 13.9 Shakedown range evaluation result for@a 1, subbase, Nassjo.

Sequence| | Number of Confining Deviatoric Shakedown
g loading cycles| pressure (kPa) pressure (kPa) range
0 20 50 A

10006
1 10009 20 80 A
2 10010 20 110 A
3 10003 20 140 A
4 10007 20 170 A
5 10011 20 200 A
Sample 1, subbase, VTT model, Nassjo
’8~ 1.6
9} 1.4
T 1.2
E 1
*g 0.8 B e
a 06
0.4 r—
0.2
0
0 10000 20000 30000 40000 50000 60000 70000
= Measurement  ==\TT model Number of loading cycles

Figure 13.9 VTT model factors calibrations with Ridata, sample 1, subbase,
Na&ss;jo.
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Sample 2
Table 13.10 Shakedown range evaluation resultdorde 2, subbase, Nassjo.

Confining | Deviatoric

Number of loading | pressure | pressure | Shakedown
Sequence cycles (kPa)

0 20007 70 340 B

The total number of loading cycles is 20007 whishas twice much as a normal
sequence. However sample 2 is still consideretienvalidation to show the effect of
higher confining pressure which is approximatelykP@.

Sample 2, subbase, VTT model, Nassjo
1.4
1.2

"’
0.8 f
[}
0.6 e

0.2

Plastic strain (%o)

0 5000 10000 15000 20000 25000

Number of loading cycles
= \leasurement ====\/TT model

Figure 13.10 VTT model factors calibrations with TRdata, sample 2, subbase,
Na&ss;jo.

Sample 3
Table 13.11 Shakedown range evaluation resultdore 3, subbase, Nassjo.

Confining | Deviatoric

Sequence Numbi;g;‘elgading pressure | pressure Sh‘;";ﬁggwn
(GEY (kPa)
0 10006 44 100 A
1 10006 44 180 A
2 10009 44 240 B
3 10008 44 300 A
4 10009 44 360 C
5 698 44 419 -
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Sequence 0 is excluded in calibration for factdr8/6T model because there is a
sudden drop in the measured permanent strain. &lyisequence 3 is excluded as
well. Sequence 4 and 5 are also excluded becaasmddel can be only applied for
shakedown range A and B.

Sample 3, subbase, VTT model, Nassjo

<
¥ 15
£ //
O
rae)
1
S 4
1
& 05 F
0

0 5000 10000 15000 20000 25000 30000 35000

VTT model Number of loading cycles

Measurement

Figure 13.11 VTT model factors calibrations with TRdata, sample 3, subbase,
Na&ss;jo.

Sample 4
Table 13.12 Shakedown range evaluation resultdore 4, subbase, Nassjo.

Confining | Deviatori

Sequence Numbi;gelsading pressure | C pressure Sh?:ﬁggwn
(kPa) (kPa)
0 10006 20 50 A
1 10008 20 80 A
2 10005 20 110 A
3 10007 20 140 A
4 10002 20 170 A
5 10011 20 200 A
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Sample 4, subbase, VTT model, Nassjo
— 2
£
£ 15
o
2 1
o
o
* o5
0
0 10000 20000 30000 40000 50000 60000 70000
Number of loading cycles
= Measurement ===VTT model

Figure 13.12 VTT model factors calibrations with TRdata, sample 4, subbase,
Na&ss;jo.
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Location Nassjo

Layer Subgrade
Data

Sample 1 =61

Sample 2 = 62

Sample 3 =63

Sample 4 = 64

RLT tests

Triaxial data for subgrade, Nassjo includesr tests. The samples are tested
under different level of confining pressure. Folidation, only the data from the
first few sequences with initial confining pressigeised.

Sample 1

Table 13.13 Shakedown range evaluation resultdor@e 1, subgrade, Nassjo.

Deviatoric
Number of loading | Confining pressure | Shakedown
Sequence cycles pressure(kPa) (kPa) range
0 10000 15 15 A
1 427 15 30 -
Sample 1, subgrade, VTT model, Nassjo
- 1.2
X
c ! —
5 os //
'§ 0.6
o 04
0.2
0
0 2000 4000 6000 8000 10000 12000
Number of loading cycles
Measurement VTT model

Figure 13.13 VTT model factors calibrations with TRtata, sample 1, subgrade,
Na&ss;jo.

The shakedown limit from sequence 1 is unknown b®&eeof the limited loading
cycles. Thus only sequence 0 is considered inatff calibration.
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Sample 2
Table 13.14 Shakedown range evaluation resultdorde 2, subgrade, Nassjo.

Confining Deviatoric

Number of loading pressure pressure | Shakedown
Sequence cycles (kPa) (kPa) range
0 10000 20 50 A
1 10000 20 80 A
2 10000 20 110 B
3 10000 20 140 B
4 10000 20 170 B
5 10000 20 200 C

Sample 2, subgrade, VTT model, Nassjo

.

2.5
i -
15 F%/
1

0.5

Plastic strain (%o)

0 10000 20000 30000 40000 50000 60000

Number of loading cycles
Measurement — e=\/TT model

Figure 13.14 VTT model factors calibrations with TRtata, sample 2, subgrade,
Na&ss;jo.
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Sample 2, subgrade, Gidel model, Nassjo
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Figure 13.15 Gidel model factors calibrations wigLT data, sample 2, subgrade,
Nassjo.

Sample 3
Table 13.15 Shakedown range evaluation resultdorge 3, subgrade, Nassjo.

Confining Deviatoric

Number of loading pressure pressure | Shakedown
Sequence cycles (kPa) (kPa) range
0 10000 20 20 A
1 10000 20 40 B
2 10000 20 60 B
3 578 20 80 -

Only sequence 0, 1, 2 are taken into consideratidime factor calibration.
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Sample 3, subgrade, VTT model, Nassjo
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Figure 13.16 VTT model factors calibrations with TRHata, sample 3, subgrade,
Nassjo.

Sample 4
Table 13.16 Shakedown range evaluation resultdorde 4, subgrade, Nassjo.

Confining Deviatoric

Number of loading pressure pressure | Shakedown
Sequence cycles (kPa) (CGEY) range
0 10000 20 50 A
1 10000 20 80 B
2 10000 20 110 B
3 3620 20 140 -

Sequence 3 is excluded in the factor calibration.
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8 Sample 4, subgrade, VTT model, Nassjo
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Figure 13.17 VTT model factors calibrations with TRtata, sample 4, subgrade,
Nassjo.

For the validation of Gidel model, the first validen is based on data from all four
triaxial tests, however, unreasonable values atairedd (n = 0). Thus only sample 2
is selected for validating.
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Location Tradet

Layer Base layer
RLT tests result
Sample 1

Table 13.17 Shakedown range evaluation resultdorde 1, base, Tradet.

Number
of loading Confining Deviatoric Shakedown
Sequence| cycles pressure (kPa) pressure (kPa) range
0 10003 20 50 A
1 10007 20 80 A
2 10004 20 110 A
3 10011 20 140 A
4 10005 20 170 A
5 10004 20 200 A

Sample 1, base, VTT model, Tradet

o e
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Plastic strian (%o)
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0 5000 10000 15000 20000 25000 30000 35000

Number of loading cycles
Measurement — e=\/TT model

Figure 13.18 VTT model factors calibrations withTRdlata, sample 1, base, Tradet.
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Sample 2

Table 13.18 Shakedown range evaluation resultdorse 2, base, Tradet.

Number of
loading Confining Deviatoric Shakedown
Sequence| cycles pressure (kPa) pressure (kPa) range
0 10002 46 100 A
1 10006 45 180 A
2 10009 45 240 A
3 10003 45 300 A
4 10011 45 360 A
5 10010 45 420 A

Sample 2, base, VIT model, Tradet
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Figure 13.19 VTT model factors calibrations withTRdlata, sample 2, base, Tradet.

Sample 3

Sample 3 has been neglected because of the plenéifative data in permanent
strain which is not a usual situation.
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Location Tradet

Layer Subgrade
Data

Sample 1 =51

Sample 2 =52

Sample 3 =53

Sample 4 =54

RLT tests result
Sample 1

Table 13.19 Shakedown range evaluation resultdor@e 1, subgrade, Tradet.

Confining
Number of pressure Deviatoric Shakedown
Sequence | loading cycles (kPa) pressure (kPa) range
0 10000 20 50 A
1 10000 20 80 A
2 10000 20 110 A
3 10000 20 140 A
4 422 20 170 -

Sample 1, subgrade, VTT model, Tradet

; il

Plastic strain (%o)
o

1 ,
—
0
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
Number of loading cycles

Measurement  e===\/TT model

Figure 13.20 VTT model factors calibrations with TRtata, sample 1, subgrade,
Tradet.
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Sample 1, subgrade, Gidel model, Tradet
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Figure 13.21 Gidel model factors calibrations wigLT data, sample 1, subgrade,
Tradet.

Sample 2

Table 13.20 Shakedown range evaluation resultdar@e 2, subgrade, Tradet.

Confining
Number of pressure Deviatoric Shakedown
Sequence | loading cycles (kPa) pressure (kPa) range
0 10000 20 50 A
1 10000 20 80 A
2 10000 20 110 B
3 10000 20 140 B
4 890 20 170 -
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Sample 2, subgrade, VTT model, Tradet
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Figure 13.22 VTT model factors calibrations with TRtata, sample 2, subgrade,
Tradet.

Sample 2, subgrade, Gidel model, Tradet
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Figure 13.23 Gidel model factors calibrations wigLT data, sample 2, subgrade,
Tradet.
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Sample 3

Table 13.21 Shakedown range evaluation resultdar@e 3, subgrade, Tradet.

Confining
Number of pressure Deviatoric Shakedown
Sequence | loading cycles (kPa) pressure (kPa) range
0 10000 20 50 A
1 10000 20 80 A
2 10000 20 110 B
3 10000 20 140 B
4 632 20 170 -

Sample 3, subgrade, VTT model, Tradet

Plastic strain (%o)

y

0 5000 10000 15000 20000 25000 30000 35000 40000 45000
Number of loading

= \easurement  ====\/TT model

Figure 13.24 VTT model factors calibrations with TRHata, sample 3, subgrade,
Tradet.
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Sample 3, subgrade, Gidel model, Tradet
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Figure 13.25 Gidel model factors calibrations wigLT data, sample 3, subgrade,
Tradet.

Sample 4

Table 13.22 Shakedown range evaluation resultdor@e 4, subgrade, Tradet.

Confining
Number of pressure Deviatoric Shakedown
Sequence | loading cycles (kPa) pressure (kPa) range
0 10000 20 20 A
1 10000 20 40 A
2 10000 20 60 A
3 10000 20 80 B
4 10000 20 100 B
5 10000 20 120 B
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Sample 4, subgrade, VTT model, Tradet

4.5

2.5

Plastic strain (%o)
w
(03]

1.5

o f
0

0 10000 20000 30000 40000 50000 60000 70000

Number of loading cycles

Measurement  e==\/TT model

Figure 13.26 VTT model factors calibrations with TRtata, sample 4, subgrade,
Tradet.

Sample 4, subgrade, Gidel model, Tradet
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Figure 13.27 Gidel model factors calibrations wigLT data, sample 4, subgrade,
Tradet.
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12.2 Appendix 2

The measurement of rut depth has been done arouery esecond year. The
measurement has been inputted into the LTPP dag RST car equipped with 17

lasers has been used in the measurement.

Dingle
Table 13.23 Rut depth measurement data in Dingle.
Year 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008
Rutting depth | 3 7 96 | 122 | 148 | 174 | 20
(mm)
Rut depth measurement, Dingle
25
20
3
E s
=
Q
s 10
2 5
0
2000 2002 2004 2006 2008 2010
Year

Figure 13.28 Rut depth measurements in Dingle.

The information about rut depth in Dingle is avhi&a in NordFoU project
(Performance Prediction Models for Flexible PavetsieRart 2; Project level, Draft
version, 2009). It shows clear evidence that thedepth has been increasing fast in
the past ten years.

Nassjo
Table 13.24 Rut depth measurement data in N&ssjo.
Year 1997 1998 1999 2000 2002 2004
Max rut 9.8 10.4 11.6 12.6 14.4 16.8
depth(mm)
Min rut depth 6.1 4.7 6.9 7.2 8.3 9.5
(mm)
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Mean rut depth

(mm)
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Rut depth measurement, Nassjo
=——1N =15
== 2N S
a5 =je=3N =@®-3S
£ e 4N —A4S
= e 5N ==—5S
s —#—6N —h—6S
b =N k=TS
& 5.00 - 8N =85
9N 9S
10N 10S
0.00 1IN 11S
1995/10/28 1998/7/24 2001/4/19 2004/1/14 2006/10/10
Year

Figure 13.29 Rut depth measurements in Nass;jo.

In LTPP database, there is rut measurement foelellen sections from Nassjo.
Although the traffic and weather condition is ideat in those sections, variant in rut
depth exists because of the difference in geonuétlye section and in- situ condition
(e.g. shadows from surrounding trees). The maximuindepth takes place in section
6 and in section 11 the minimum rut depth occurs.

Tradet
Table 13.25 Rut depth measurement data in Tradet.
Year 1998 1999 2000 2002 2004
Max rut depth 8.7 10.7 11.5 13.3 16
(mm)
Min rut depth 2.9 4.3 4.2 4.8 5.3
(mm)
Mean rut depth 5.8 7.5 7.85 9.05 10.65
(mm)
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Rut depth measurement, Tradet
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Figure 13.30 Rut depth measurements in Tradet.

The rutting from Tradet is smallest on all thread®. The maximum rut happens on
section 6 while the minimum rut depth appears ctce 1.
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12.3 Appendix 3

Table 13.26 Temperature distribution in Dingle thghout one year.

Dingle

Temperature Temperature distribution
(°C) (%)
20 95
30 5

For Dingle, there are only 2 temperatures for VagFmput files without the
temperature distribution. An assumption is made9s% days in a year is with

temperature 2€C while the rest 5% days are with 30°C.

Table 13.27 Temperature distribution in N&ssjo thlgioout one year.

Nassjo

Temperature (°C) | Temperature distribution

(%)
3 22
22

13 17.8

18 20

23 9.9

28 5.8

33 1.9

38 0.6

Table 13.28 Temperature distribution in Tradet thghout one year.

Tradet

Temperature (°C) | Temperature distribution
(%)
0 50
10 20
20 20
27 8
35 2
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12.4 Appendix 4

The traffic data are from LTPP database. The oaigitata includes number of cars,
heavy vehicles and axle information. The equivaleingle axle loads calculated

exclusively from heavy vehicles by multiplying tinember of heavy vehicles and

equivalent standard axles per heavy vehicle. Theutative equivalent single axle

loads (ESALSs) are calculated by accumulating stethda&les each year as time goes.
The standards axle is equal to 10 ton here fogdesy purpose. Need to be specified
that cumulative EASLs whish is going to be filled\VagFEM as number of loading

repetitions is required to approximate to the dosae thousand.

Dingle

Table 13.29 Traffic condition (cumulative EASLsPpingle.

Location Road Cumulative ESALs

section
Dingle E 6

Year
2001 552000
2002 859000
2003 1189000
2004 153100(
2005 1884000
2006 224900(
2007 2627000
2008 301900(

Calculation starts from the year 2000 when the fisampen to public. From 2000 to
2003, the growth in the traffic is 7.40 % from adétion while from the year 2003,
the growth rate decreases to 3.47 %.
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N&ssjo
Table 13.30 Traffic condition (cumulative EASLSN#ss|0.

Location | Road section | Cumulative ESALs

Rv 31
Year

Nassjo 1997 1100000
1998 121700C
1999 1336000
2000 145600(
2002 1701000
2004 195200(

Calculation of cumulative ESAL starts from the yd#88 when traffic has been
loading on the road. The traffic growth is set &1b2 % from the beginning until the
end.

Tradet
Table 13.31 Traffic condition (cumulative ESALSY madet.
Location | Road section | Cumulative ESALs
Tradet Rv 46
Year
1998 788000
1999 860000
2000 932000
2002 107900(
2004 1230000

The road was completed by November in 1986 whigerémaining December in that
year is too short to be considered as one yeacafolation starts from 1987. The
traffic growth is 1.3 % each year.
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Traffic condition
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Figure 13.31 Traffic volume comparisons.

It can be seen that the traffic growth in Dinglemsch faster than that in N&ssjo or
Tradet. The traffic growth in Nassjo and Tradet aeey close, which is about 1
percent each year while Nassjo has almost twicewash cumulative ESALS passed
than Tradet.
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