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Ohio Accelerated Pavement Loading Facility

* Owner/Operator: Ohio University
e Location: Lancaster, Ohio, USA

e Constructed 1996-1997

* Enclosed Chamber with Controlled Loading, Air Temperature and
Subgrade Moisture

e -10°Fto 140°F
e Test Pit: (41 ft x 35 ft x 15 ft) 13.7mx 11.6 m x 2.4 m deep
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Performance of Shallow
Cover Thermoplastic
Pipes Subject to
Temperature Change

Billy Jones
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Presentation Overview

* Facility and Project Information
* Project Construction
* Instrumentation & Sample Data

e Summary

Ohio University APLF Facility
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Shallow Cover Experiment

 Tests were done in Accelerate Pavement
Loading Facility (APLF)

* Temperature controlled .

« Fitted with Accelerated Pavement Testing ==

Machine (APTM) 3 W e o R | e

- APTM capable of exerting 30,000 |b dual E==——=——"""+ "t Sl
tire load —

* 3 high density polyethylene (HDPE), and
2 polypropylene (PP) pipes buried in
testing pit

* 48-inch diameter pipes — Ohio DOT ltem
304

e 36-inch diameter pipes — #57 Gravel

* All pipes subject to same cover
conditions
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Presenter Notes
Presentation Notes
Add picture of just facility to prior to pipe picture
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Pipe Material Information
HDPE - 36" HDPE - 42"

L \

' Pipe Nominal Diameter Effective Area MOI , o
Young's MocC \1ateriala (in) - (in%) lodulus Utimate Stress Limit

(Short-terr a6 0.3703 2rm) (Long-term)
PP : :

PP 175000 42 : 0.3786)0 1000
HDPE 36 ) 0.3299

110000 42 _ 0.5295'0 900

Pipe Material
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Pre-Construction Demolition
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Presenter Notes
Presentation Notes
Before we could get started we had to get the old concrete out! Here are images taken during the removal of the previous project. For those of you unfamiliar with the ORITE facility these pictures should help give a sense of scale to the size of the facility. The far right pictures shows the pit prior to the ramp being removed. You can clearly see the two different types of base material.


- . .
I Pipe Installation

FOREVER


Presenter Notes
Presentation Notes
Once the bedding material was down and compacted, pipe transportation and placement could begin. Single lengths of pipe could be rolled around by hand but once assembled were manipulated using the excavator. You can see the pipe assembly and joints clearly in left picture. Sand-Cone Density and GeoGauge/Stiffness Gauge measurements were taking on the base layer of 304. Readings were taken at various locations underneath pipe centerlines (and several other randomly selected locations). 
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Embedment Construction Details

* 36" - uncompacted #57 gravel
48” — 304, compacted 4-inch lifts
4 V4" layer of compacted 304 overtop

' Backfill material
"walked in"

‘ <

Bedding

RUSS COLLEGE, CIVIL ENGINEERING DEPARTMENT

ASTM F1668 Construction Procedures for Buried Plastic Pipe

" - AC SURFACE

5" - ACINTER

43" 304 BASE

6" 304 BASE/FILL
OR
6" #57 BASE/FILL

7 3" 301/302 BASE

December 8
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Presenter Notes
Presentation Notes
ASTM F1668:
Specified minimum trench excavation width
Construction practices
Compacted lift thicknesses allows 12 inches  ODOT requires 4 inches when using a vibratory plate compator
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Embedment Materials - #57 vs 304

ODOT Item 304 AASHTO #57 Gravel
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bedment Material Soil Testing
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RS Embedment Construction
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Asphalt Construction Detalils

13" - AC SURFACE

15" - AC INTER

A

SOANNENNNN NN

|/////// 73" 301/302 BASE
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Construction Details — Plan View

///////////////////////////l ’//////////////////////////// ///////////////////////////// //////////////////////////////////// ///////////////////////// ///////////////////////////

O 00 00

26!_6" 18!_6"
6" DEPTH 304 6" DEPTH #57

BEDDING/BACKFILL BEDDING/BACKFILL
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Presenter Notes
Presentation Notes
As previously noted, the larger 48 inch pipes were placed in 304 embedment, while the smaller 36-inch pipes were placed in #57.
The difference in embedment height was to make up for the difference in pipe diameters, ensuring even cover conditions across all pipes. 
Pipe spacing was chosen to comply to AASHTO LRFD guidelines on adjacent pipe spacing, requiring 2*D of pipe measured between pipe centerlines. 
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Instrumentation and
Data Collection
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Data Collection Intervals

ROOM COLD WARM/HOT
PIPE TEMP - (60-75F) PIPE TEMP - (<60 F) PIPE TEMP - (>75F)
AC TEMP - (65-85F) AC TEMP - (<65 F) AC TEMP - (>85 F)

30K- 50K-
> 0-10K >>1OK—30K>> o >> W
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TemDeratire Asphalt Temperature Pipe Temperature
p. .. (top AC base)| (bott. AC base) Invert Crown
Classification

TCC TCC2 TCC3 TCC4
Temperature Data sz
COLD 43.1 43.3 46.5 45.1

WARM 96.0 89.6 /3.4 79.9
HOT 100.3 99.0 86.7 92.7

Pipe C - Thermocouple Data

10k 30k 52.8k 60k
-L-J-r"

N,

N
o1

o
o1

Temperature (F)

o1
o1

H
o1

W
o1
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Presenter Notes
Presentation Notes
Put 80k load cycles temperature on here instead of 60k. 
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Pipe Nomeclature

CROWN

ARCH/SHOULDER

SPRINGLINE

HAUNCH
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[nstrumentation - Typical Layout

SGAA3 SGAAl1 SGAA2

S s S KFG - 001 (SGA1)

KFG - 002 (SGA2) CROWN

ARCH/SHOULDER

., KFG - 003 (SGA3)
B> Ko oot lcons  SPRINGLIN

TYPICAL INSTRUMENTATION INVERT
LABELING SCHEME
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PRESSURE CELL (18)

~ STRAIN GAGE - ASPHALT (15)
AL1C ‘
STRAIN GAUGE - PIPE (8)
STRING POTENTIOMETER (24
301/302 AC BASE
—304 BASE D E
y
I i
7 . 4
\ SEENOTE 1
/
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Presenter Notes
Presentation Notes
MENTION: redundancy in sensors  1 forward & backward on the 48 inch diameter pipes, 1 forward on 36 inch (less concern)
potentially shoulder have had on at the shoulders of C instead of A 

NOTE: forward pass****** difference in A & B pressure sensor values. 
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Pipe Instrumentation

Strain Gages (SG)
* Biaxial gages placed at crown
and springline on interior pipes
* Placed on corrugation valley to
prevent liner interference

RUSS COLLEGE, CIVIL ENGINEERING DEPARTMENT
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Early Strain Behavior

304 VS. #57

Pipe B - Crown Pipe E - Crown

500
400
300
200
100

Transverse Transverse

—_ —
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= =

c
c =

= (18]
e o
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w o
E ot
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—— Longitudinal —— | ongitudinal

50

Time (s)

Time (s)
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~== Farly Strain Behavior = Equillibrium
304 VS. #57

Pipe B - Crown Pipe E - Crown

300
200

100

train (pE)

Micros
Microstrain (pE)

Time (s) Time (s)

Pipe B - Springline Pipe E - Springline

—Tr Tra

Microstrain (JLE)

— Longitudinal

Microstrain {HE)

— Longitudinal

Time (s)

Time (s)
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Temperature Response — Pipe Strain
10k - ROOM 30k - COLD 80k - HOT

Pipe E - Crown Pipe E - Crown

strain (HE)

0 — —
) | — Transverse
-50 r
~ — Longitudinal
-100

-150

= Transverse

Microstrain (1E)

A Micro

= Longitudinal

-200
a7 a8 a9

Time (s) Time (s)

Pipe E - Springline Pipe E - Springline

100
0
-100

= Transverse

Microstrain (pE)
A Microstrain (pE)

Microstrain (p€)

= Longitudinal

Time (s) Time (s)
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Presenter Notes
Presentation Notes
Temperature drop caused a 60% drop is strain values. 
Higher temperature - 200% increase from previous room temperature runs
Note that values at room and hot temperatures both slowly return to zero rather than immediately like the cold temperature runs
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Pipe Instrumentation

e String Potentiometers (SP)

* 4.7 inch range potentiometers placed
at crown, arch/haunch, springline and
circumferential locations

* Fixed to corrugation valley

 Thermocouples (TC)
 Placed and invert and crown locations
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Early Deflection Behavior — 100 Load Cycles
304 VS. #57

SPB4 - Circumferential

SPD4 - Circumferential
0.005 0.005
0 0
-0.005 o
-0.005
-0.01
-0.01
-0.015

r— —
= =
= —
o =
=) =
= =
v w
o =]
o o

o -0.015
-0.02

o
-0.025 -0.02
-0.03 -0.025

50

Time (s)

ALL VALUES VERY SMALL
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Presenter Notes
Presentation Notes
Progressive vertical deflections:
higher for pipes embedded in 304  unexpected, potentially more movement allows for in the looser backfill material
higher for HDPE pipes than their PP counterparts  higher area of PP pipes, making them stiffer over shorter ranges of motion
ALL VERY SMALL VALUES  could be due to uneven compaction or sensor installation differences. 
Arch deflections follows the same trends
Circumferential deflections: VERY SMALL, nearly identical across the pipes
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0.002
0
-0.002
-0.004
-0.006
-0.008
-0.01
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100 load cycles

SPC1 - Crown

40 50 60 70 20

Time (s)
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-0.004
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Early Deflection Behavior = Equilibrium

1,000 load cycles

SPC1 - Crown

60

Time (s)
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Rusn  Temperature Response — Deflection

SPD3 - Springline

10k 0.0015 in. 0.011@003 in.
ROOM

510]%
COLD

80k 0.015 in. 0.04 i6.015in.
HOT
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Presenter Notes
Presentation Notes
Comparison of room temperature, cold and hot temperature runs.
Using room temperature as a baseline for comparison
Cold temperature deflections are extremely small
Behavior of the pipes between room temperature and hot temperature similar
Nearly 4x the amount of vertical deflection
Arch position return  asphalt movement on the other side of the pipe causes higher value after pass
Spring initial drop  asphalt shoving on side of pipe caused elongation or ovaling (ovaling picture)
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Embedment & Asphalt
Instrumentation

* Pressure Cells (PC)

* |In embedment material at crown,
springline, haunch and arch locations

* Placed in thin layer of sand to avoid
potential load concentrations

e Asphalt Strain Gages (SGA)

* Bottom of asphalt base layer, on top of
compacted 304 layer

* Longitudinal, above pipe crown

 Thermocouples (TC)
* Bottom and top of asphalt base

FOREVER
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Temperature Response — Pressure

Room - 50k

Warm - 51.8k

0
o
v
o
=
Ty}
Ty
v
=

o

Hot - 52.8k
Hot - 80k

30k
HOT

RUSS COLLEGE, CIVIL ENGINEERING DEPARTMENT



Presenter Notes
Presentation Notes
Similar to other sensors, increased temperature, increased sensor reading/response. Most notable response behavior between them is arch pressure becoming higher than crown pressure under cold temperature runs. 
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Early Asphalt Strain Behavior

304 VS. #57

Asphalt Strain - Pipe A Asphalt Strain - Pipe C

SGAAL

—
w
=
=
c
©
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Z
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o

Microstrain (pE)

50 40 50

Time (s)

Time (s)
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Presenter Notes
Presentation Notes
No signs of progressive deflection, but drastically higher than subsequent values  thought to be due to asphalt compaction and settlement with embedment. 

LARGE drop in values once reaching 1,00 load cycles
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Early Asphalt Strain Behavior = Equilibrium

100 Load Cycles 60% + DROP 1000 Load Cycles
200pe /5ue

Asphalt Strain - Pipe A Asphalt Strain - Pipe A

(5] (- (Vg (-] [9g]
) [ = =] = [

—5GAAL

Microstrain (pE)

—5GAA1

—_
w
=1
=
c
©
e
i
=}
b=t
(=]

36.5 13 14

Time (s) Time (s)
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Presenter Notes
Presentation Notes
No signs of progressive deflection, but drastically higher than subsequent values  thought to be due to asphalt compaction and settlement with embedment. 

LARGE drop in values once reaching 1,00 load cycles. ACROSS ALL PIPES.
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Temperature Response — Asphalt Strain
10k - ROOM 30k - COLD 80k - HOT

Asphalt Strain - Pipe B Asphalt Strain - Pipe B

50 pe 20 pue 160 pue
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Presenter Notes
Presentation Notes
Nearly identical overall response, with varying magnitudes. (add asphalt tempertues)
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Embedment & Asphalt
Instrumentation

 Pressure Cells (PC

* |In embedment material at
crown, springline, haunch
and arch locations

* Placed in thin layer of sand

to avoid potential load
concentrations

FOREVER
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e Measure
midpoints —
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Asphalt Profile Results

Profile B - Room Temp & Cold Runs

=
v
b
=
o
=

Inches (in)

10k 2K — — " — G0
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Summary

* No major differences between embedment materials

* No large differences in behavior between two pipe
materials, across the temperature range tested

* Despite not achieving 2ft of cover requirement
(AASHTO LRFD), all pipes performed very well

* Never approached anywhere near 5% deflection limit,
even under most extreme temperatures (0.05” MAX)
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Them oplastic Plpes Perform ance atH gh and Am bient

Tem peraturesUnderShallow Cover

Presenter:
AbdulBasitDahar
PhD Student

OhDb Unwversity

OHID
Civiland Environm entalEngineering D epartm ent May 9,2024
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Presentation Layout

htoducton

Lirmatur Revew

Research Gap

O becties

M ateral and M ethods
Resuls
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Background

* RecentW idfire Devastation:Califoma s w idfires have
ntensified h recentyears, causihg extensive dam age to both
Porests and devebped rrgbns.

°* Historic Scak ofDestruction:Snce 2015, the state has
w Inessed 15 ofis 20 m ostdestuctive fires, Badihg t©
w despread annihibton ofhom es and buidngs across
dierse Bndscapes, fiom the SEna Nevada othilk to the
CoastRange.

* Thtersection ofHum an Habiation and Fie Zones:The fies
are hcreasngl occurrng i popukted areas— orconversely,
m ore peopk are setting 1 fire prone rgbns— ntoducig
new reks forhealh and nfimstmcture.

* Post¥Fir Hazards:Am ong the varbus dangers that olow i
the aftem ath ofthese fies are bured nfiastucture, hciiding
HDPE Hgh-Densty Pokethykne)and PP Polpropykne)
pies.These m aterbk are comm onk used orutlies and are
atrisk ofdam age.

* Thfasttucture atRisk:These buried ppes face threats fiom
both static and m ovihg bads beneadE1) pavem ents, which can
be com prom ed orw eakened by the ntense heatand
subsequentenvionm entalchanges caused by the fies.

FOREVER
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Lirratur Revew

91.2
M aterialdevelTestng | - 2 - s
_’
* Povob etal, 1996 [~ — e 10 ? il
e RW .Bonds,2000 B -._._._._.,_._3_._._._ o
* Memhetal,2003 I &
 Am pdi& Fatem i,2021 \ I
=4\ '
Applied vertical
T j.f’_ pressure L
, —.u—[ T T 4!& P ]
System -LevelTesting LED_ P
* Kwmshehizky & Brachman, 2013 | i
* Zhangetal, 2022 05m ﬂ.114m’©\ v Frion reatment
1 HODFE pipe
0.2Zm
| - k. L |
LL] ]
0Em
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Lirratur Revew

Y1 stress decreases Inearly w ith tem perature hcrease
fom 32 MPaat-10C 6315 K)o 9 MPaat70C 343 15 K).

Ductk fiacture i the predom hantfailire m echanim ,w ih

notabk neckihg atmwom and hghertem peratures.

Lihearconehtion between yeHd stength ofHD PE and
tem perature :

Fomuh:

ys =112 85 -0 305T 263K T 343K
Theoreticalsuppor from Eyring’s theory ofviscosiy .
HN +RA (A T

ys =

* Reference :Adapted fiom Memh etal,2003;RW Bonds,
2000 ;Povob etal,1996.

Civiland Environm entalEngineering D epartm ent
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Lirratur Revew

Kmishehizky & Brachman,2013

* Syniftantfindihgs ndiate HDPE ppe deflectons ncrease w ih AR
tem pernture. T f/— pressurg .
* The study obsered verticaldeflectibons n sand-backfiled HD PE —\ T I7 7 -/4: — '.r'—J
pPes hcrease by 13 tin es when tem perature ose fiom 22 0.186 m
80<C. __+ Backfill soil
I v I : I : I i I T ] x trment
* Thi ncrase ndeflecton b attrbuted to greatercicum ferental 5 i 59,; £
. . e ] =
com pressbn athighertem permatures. 21000nE s o
0dhe— —— e
* Even underprbnged pressure forl000 hours, vertcalpipe L 3 E
deflectbns conthued to rise, although ata sbwermte. g ol
a -
g 1F ;
i AD,
ofbo3ne——__ G
AT ey
1000 hw-————_ _ _ _ —
3 F s0 e R R ]
_4 1 1 1 1 1 1 1

Temperature (°C)
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Lirratur Revew

Am pdi& Fatem 13,2021

0o | 53°C

10.2 MP4

23°C

13MPa

12 MPa
8.8MPa

* The study reveakd a decrease 11 creep strength and an hcrease n
both crrep sttah and strah mte w ih rshg tem perture.

Creep Strain (%)
w
o

Creep Strain (%)
(=)
o

11MPa

* The LarsonM ilkerpamm eter, typirally used form etal, effectvely 30
corehted the tin e to mupture, sttess, and tem permture data OrHDPE. 20

* The Monkm an-Grantehtion and the Fihdkeypowerhw wer

successfuly appled to m odelthe HDPE s creep behavor. Yor wal 61 @ 6§66 0001 001 01 1 10 100 1000
ime (Hr) Time (Hr)
* The rsearch ako hclided bngertem creep tests atroom " (a)(H) 5

tem permture , valdating the exttapohtion accuracy of short-tem creep

resuls to predrtbngertem creep hfe. L 30 ZTETT
20 45 | 23°Q siznle o
afdlli &
80 . 40 e
g HE
-~ 70 =3 o
3 k| !
s £ !
g % & 30 "
£ o il
& 5 z 25 ,1 7
E‘ 40 © 20 /
C 30 15
20 10
10 5
‘
5 | O VU D 1 . it} |
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
Time (Hr) Time (Hr)

© (d)
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Lirratur Revew

Zhang etal, 2022

Sequentialpressure and tem perature varatons
In pactdefom aton and sttatn h HDPE ppes.

Fihdings suggestalemtions h ppe defom aton

and strai dstrbutbn underenvionm entalstess.

Em phaszes the in portance ofunderstandng soil
stifimess around HD PE pes.

Civiland Environm entalEngineering D epartm ent
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Research Gap

* Lin i=d data ofHDPE and PP ppes'm echanialpropertes durng and afferexposure to ekvated tem peratures.

* Lin i=d research on HDPE and PP pjpes undershalbw covers w ih static and dynam i bads afterexposure to high
tEm perntures.

* Lack ofdesygn equations forHD PE and PP ppes considering ekvated tem permtures.

* Need forguidelnes on the them alhteracton between adpcentHD PE and PP ppes.

FOREVER
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O bectwes

* To hvestgate the m echanialpropertes ofHDPE and PP pjes acmss a range oftem peratures.
* To exam e the response ofHD PE and PP ppes undervarying bads when nstaled undershalbow cover.

* To devebp and valdate a fullscak fnire ekm entm odelfOorHDPE and PP ppes undershalbw cover, hcorpomting
a param etric study w ih traffic bad sin uhtons.

* To devebp despn equations OrHDPE and PP ppes thatfactorn ekvated tem pemtures.
* To establish guidelnhes forthe them alhteraction betw een cbsely nstalled HDPE and PP ppes.

FOREVER
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| Start l

A thorough literature review to identify the gaps in knowledge

Mechanical properties of HDPE and PP during and after exposure to elevated temperatures

HDPE and PP subjected to static and moving loads during and after

posure to

i temperatures

Develop a robust soil-pipe interaction finite element model for static and dynamic loading conditions with varying temperatures

Study the behaviour of buried flexible pipes under traffic load at elevated temperatures

Study the behaviour of buried concrete pipes under traffic load at elevated temperatures

Study the behaviour of buried concrete pipes under soil load at elevated temperatures

Investigate the robustness of the BS design equations

Investigate the robustness of the BS total load bedding factors

Investigate the robustness of the BS and AASHTO soil load bedding factors

Develop new design equations

Develop total load bedding factor models

Develop soil load bedding factor models

More ec ical and robust design of buried pipes
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M atermals and M ethods

1-M ateralievelTesting

* Couponsw illbe sub®cted to tensik testing whik beig heated.
* Couponsw iflundergo tensike testihg afftercoolng fiom ekvated
tem permtures.

Enclosed by
furnace

S1.2 2or4
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M atermals and M ethods

2-System LevelTesting atthe APLF Facilty ofO hio University, LancasterCam pus

PIPE INFORMATION

Pipe | Pipe type | Pipe material | Outer diameter (in) | Bedding material
A N12 HDPE 42 ODOT Item 304
B N12 HDPE 42 ODOT Item 304
C HP Storm | Polypropylene 42 0DOT Item 304

D N12 HDPE 36 AASHTO #57

E HP Storm | Polypropylene 36 AASHTO #57

45’
216" |
146" | 139"
76" 73"

[ | ke e e S i e e
ewl ) () () () () v
\ I I\ ) 1l | i ) ( l

| | N/ \_/ NS NS |

255 s

6" DEPTH 304 BEDDING 6" DEPTH #57 BEDDING
266" 186"
304 BACKFILL #57 BACKFILL
NOTES:
1. 1:4 BEDDING SLOPE PICTURED, BASED ON

2.

3.

2-0" CLEAR DISTANCE TO PIPES.

TOP OF ASPHALT TO BE LEVEL WITH
CONCRETE SLAB ON PIT WALLS.

HATCHED BEDDING REPRESENTS EXISTING
SOIL

Civiland Environm entalEngineering D epartm ent

45’

216"

— 146"

| 76" =]

JOINT LOCATIONS

8'-6"

q
3

q -

4

_F_L_'__‘_

384"

NOTES:

1

2,

3.

BOTTOM DIMENSIONS ARE CLEAR DISTANCE B/W
EXTERIOR CORRUGATION WALL.

PIPE LENGTH DIMENSIONS BASED ON 8" CLEAR
DISTANCE TO WALL. ADJUST AS NEEDED.

SLOPED AREA INDICATED BY CROSS-HATCH.
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M aterials and M ethods

13" - AC SURFACE
1§" ACINTER

T T,

PIPE VENT PROVIDED FOR
/7 ADEQUATE VENTILATION
74" - 301/302 BASE ////l/ i
-
i lomcto ks G
A, (D

() .:) MM g

i

o

Pt a4
,_4_.;_L'_'\_J_'i_l_u_n_"'_\_."_‘_l_\_/—_._\_l_\_u_‘-_f’_‘_f_~_‘_\\_,"_'\_J'_'_f_\_f_‘_."—\_--,' 3
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TYPICAL INSTRUMENTATION
LABELING SCHEME

TYPICAL CIRCUMFERENTIAL
INSTRUMENTATION DETAIL

PRESSURE CELL (18)
STRAIN GAGE - ASPHALT (15)
STRAIN GAUGE - PIPE (8)

STRING POTENTIOMETER (24)

om» 11

THERMOCOUPLES (15)
(NOT SHOWN)
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nstrum entation Setup

Propane GasHeater

Sttan Gauges LVDTs
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Parameter
Damping ratio,
Unit weight Elastic modulus Poisson’s =005
No. Layer Material (kg/m?) (MPa) ratio « 8
1 AC surface course SMAI13 2,400 Viscoclastic" 0.30 0.342 0.0069
2 AC middle course SBS-AC20 2,400 Viscoelastic® 0.30 0.342 0.0069
3 AC bottom course HE-ACS 2,300 Viscoelastic" 0.35 0.342 0.0069
4 Semi-rigid base CTB 2,100 14,000 0.25 0.342 0.0069
2] Semi-rigid subbase CTB 2,100 14,000 0.25 0.342 0.0069
6 Cement-stabilized subgrade CS 1,900 6,000 0.35 0.342 0.0069
7 Natural soil In-place soil 1,800 120 0.40 0.342 0.0069
Inputs parameters for defining viscoelastic behavior of each asphaltic layer at 10°C
SMAI3 SBS-AC20 HE-AC5
Ti Gi Ti G; Ti Gi

No. Prony-Dirichlet series for generalized Maxwell model

1 1.947 x 1078 1.593 x 10~ 1.003 x 1074 1519 107! 2921 % 107% 2019 x 107

2 7.661 x 10~* 1.681 x 107! 3.440 x 107 1.326 x 107" 9.227 x 107 2,113 x 107!

3 3.968 x 102 2.089 x 10! 1.651 % 10! 1.884 x 107" 3.689 x 102 1.775 x 107!

4 1.004 x 10" 2,022 x 107 2.472 x 10° 2.603 x 107" 1.248 x 10° 1.797 x 107!

5 2.267 x 10! 1.776 x 10! 4,009 x 10 1.789 % 107! 6.323 x 10! 1.499 x 107!

6 1.279 x 10° 8.091 x 10* 2.857 x 10° 6.813 x 1072 3.399 x 10° 7.165 x 1072

Elastic modulus for viscoelasticity (moduli time scale is instantancous)
10,000 15,000 6,500
Williams—Landel-Ferry equation constants

C1 23.74 27.061 25.44

Cc2 177.80 22290 198.80

RMSE 0.11 0.02 0.07

Note: No. = number of Prony—Series; 7 = relaxation time: and G = dimensionless relaxation modulus.
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Fmie Elem entM odelng

A

|: U(x)=0
UR(y)=UR(2)=0 |: U(z)=0
UR(x)=UR(y)=0

— Displacement

Ux) -
L— Direction \ e

r— Rotation

UR(x)
- Direction 328™

4300 mm 0 87L
- l U(z2)=0
\ : UR(x)=UR(y)=0
: e i
§ &\\\\\\ Equivalent Contact Area . . [ Ux)=U(y)=U(2)=0
() Actual Contact Area UR(x)=UR(y)=UR(z)=0
350 mm I_
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Deflection (mm)

Deflection (mm)

—Loading at Ambient Temperature - Crown
= -Loading at Elevated Temperature - Crown
-0.2
1
1
045
A} p_—
\ b m = m—-—
~ - — e - -
-0.6 -
-0.8
_1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time (minutes)

1—Loading at Ambient Temperature - Spring
= -Loading at Elevated Temperature - Spring

0 1 2 3 4 5 6 7

Time (minutes)
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Deflection (mm)

Deflection (mm)

0.8

o
o
:

N
~

e
to

—Offloading at Ambient Temperature - Crown
= -Offloading and Heat Removal - Crown

.O
w

<
)

e
=

Time (minutes)

—Offloading at Ambient Temperature - Spring
= -Offloading and Heat Removal - Spring

2
e, o
I \D.o -

et
S vay gmept

0 5 10 15

20 25
Time (minutes)

30
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Crown displhcem entversus tim e response undera m oving tuck w ih differenttruck speeds for @) very
fexble ppe (0 KN ) b) fexbl ppe B0 KN ) €)sem ixrgd pjpe (100 KN /) 6) rgd pioe 1000 KN /m )

Am bientTem perature

0.00+ 7 v -
FWT | —
2 —-0.05 W |.
£ vl i
=-0.10 v I
) ' :
c 1 I
9] 1 ]
£ -0.15 1 !
[} \ !
V] \,' I
8_0_20 —— 10 km/h H
2 -—- 30km/h i
fa) —— 60 km/h il
-0.25 :
90 km/h i e)
— 120 km/h {
-0.30
1072 1071 10° 10!
Logio time (seconds)
0.00+
€ -0.05
E
-
=
g -0.10
(]
o
© —— 10 km/h
o
© —0.15{ - 30 km/h
[s] — 60 km/h
90 km/h C)
—0.20{ — 120 km/h
10-2 10-1 10° 10t

Logio time (seconds)
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— 1
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1072 10-1 10° 10!
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0.000 1
—-0.025
E —-0.050
€ -0.075
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@ —0.100
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F70125) . 30kmpmn
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0.0 0.0
=-01 =-01
€ 1S
E E
= —0.2 2 -0.2
£ £
g -03 | Y -03
© — 10 km/h : = — 10 km/h Y !
& _0.4] === 30km/n i 8 --- 30 km/h I
8 — 60 km/h W a) 8 -0.4) — 60 km/h i b)
e 90 km/h ! 90 km/h !
| —— 120 km/h —~0.5{ = 120 km/h 1
162 1671 10° 10 1072 101 100 10!
Logio time (seconds)
0.0 0.00 s~
__—0.05
£ -0.1 €
= £-010
= =
8 —0.2 0 -0.15
IS IS
S i 9
o — 10km/h v i g‘“o — 10km/h
37037 - 30km/h i a === 30 km/h
2 i 870257 __ 60 km/h
— 60 km/h i c) m a)
90 km/h ! 030 90 km/h
=041 120 km/h Y Y] —— 120 km/h
10-2 10-1 100 10! 1072 1071 100 10!
Logso time (seconds) Logio time (seconds)

Crown disphcem entversus tim e response atekvated tem peratures undera m oving ttuck w ih differenttuck
speeds for &) very fexbk ppe (0 KN m ), b) fexbk ppe G0 KN ), €) sem irgd pipe (00 KN m ), ) rigd p]
(1000 KN /).
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