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Abstract
The movement of superheavy load (SHL) has become more comrapgears since it is
a vital necessity for many important industries. Superheavy load (SHL) hauling units are
much larger in size and weight compared to the standard trucks. SHL vehicles may involve
gross vehicle weights in excess of a few million pauofien requiring specialized trailers
and components with nestandard spacing between tires and axles. Such moves require
the determination of whether the pavement is structurally adequate to sustain the SHL
movement and involves the analysis of theliil@d of instantaneous or rapid lead
induced shear failure.

In this studywhich is part of &ederal Highway Administration (FHWA) project
on Analysis Procedures for Evaluating Superheavy Load Movement on Flexible
Pavementsa comprehensive mechanistiesed methodology was developed which
consisted of the following analysis procedures: (1) segmentation of SHL analysis vehicle,
(2) subgrade bearing failure analysis, (3) sloped shoulder failure analysis, (4) buried utility
risk analysis, (5) localized shéailure analysis, (6) deflectiebased service limit analysis,
and (7) cost allocation analysis

Thesegmentation of SHL analysis vehitdea procedure to identify a segment (or
element) of the SHL configuration that can be regarded as representatigeenfire SHL
vehicle, this element is referred to as Load Nucleus. The vertical stress distribution (or any
other pavement response) under the entire SHL configuration can then be estimated by
superimposing the stresses calculated under the Nucleug akminating the need to

model the entire SHL vehicle.



Subgrade bearing failure analyss an dtimate shearfailure investigation that
reveat the adequacy of pavement structure to withstand the shear failure. To this end,
Meyer hof s g e acikyreguationdseadoptednaginvesigate the possibility of
ultimate shear failure.

Sloped shoulder failure analysigich falls under the ultimate failure investigation.

A method to investigate the stability of a sloped pavement shoulder under a SHe vehic
move was developed by modifying the waticept Wedge Method for slope stability. This
method in conjunction with the use of 3Wove Analysis software are capable of
considering layered medium with distinct layer stiffnesses along with the unconvéntiona
SHL vehicle loading configuration. In order to account for existence of sloped pavement
shoulder in 3BMove Analysis software, which assumes pavement layers extending
laterally to infinity, computed SHL vehicknduced stresses are modified using a Stres
AdjustmentFactor (SAknouide). The SAkshouiderwas determined based on results from
large-scale pavement experiments conducted in this study.

In order to conducburied utility risk analysisprocedures to investigate the risk
againsthe failure of eisting buried utilities due to SHL movement on flexible pavements
was developed. The available and widabcepted statef-practice procedures to examine
the structural integrity of flexible and rigid buried utilities subjected to standard traffic live
load were adopted in thistudy However, significant shortfalls in the existing
methodologies, which are the impact of the layered nature of the existing flexible
pavement, role of unconventional surface loading from SHL vehicle, and the effect of
vehicle peed, were addressed by the use ofMdve Analysis software. In order to

account for the discontinuity due to existence of buried utility as well astsodture



iii
interaction, the results of existing 3Move Analysis software which assumes continuous
pawement layers extending laterally to infinity, needs to be modified. This is accomplished
using a StressAdjustmentFactor (SAftiity). The SAfiy was determined based on
results from largescale pavement experiments conducted on-sttdle pavement
structures

In localized shear failure analysifikelihood of localized failure (yield)in
pavement subgrade layisrexamined using Druckétrager failure criterioruch analysis
is conducted by computing the leamiuced stress level on top of subgréalger. Stress
level higher than subgrade failure criterion indicates likelihood of localized failure (yield)
and need for mitigation strategies.

In addition to the shear failure analyses, defleebhased service limit analysis is
conducted since excessiserface deflections resulting from SHL vehicle move may give
rise to the rapid deterioration of pavement structure and development of premature surface
distresses, (e.g., permanent deformation). To avoid rapid deterioration, the SHL-vehicle
induced surfae deflection is limited to an allowable surface deflection.

Complementary verification and calibration processes of a number of important
theoreticalbased aspects that were incorporated in the analysis approach were conducted.
To this end, a comprehensivexperimental program that included five fallale
pavement/soil testing performed at UNR Lafyale Box facility was designed and carried
out. Supplementary numerical modeling as well as measured data from Accelerated
Pavement Testing (APT) facilitiesrqvided additional justifications to the procedures

adopted in this study. The developed analysis procedures were then implemented into a



userfriendly software package call&lperPACKSuperheavy Load Pavement Analysis

PACKage) to evaluate SHL movemeopts flexible pavements.

Keywords: Flexible Pavement, Superheavy Lo&iibgradeBearing Failure Analysis
Sloped ShoulderFailure Analysis Buried Utility Risk Analysis Localized Shear Failure

Analysis DeflectionBased Service Limit Analysis
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CHAPTER 1. INTRODUCTION

The need to move superheavy |l oad (SHL) on |
for many important industries such as chemical, oil, elect@l Many of such
superheavy components are very large in size and weight and they often requirespgeciali

trailers and hauling units. The movement of such loads has become more common over the
years. The SHL vehicles are often oversized and exceed legal gross vehicle weight (GVW),

axle and tire load limits. Therefore, they require special permits to eperatU.S.

highways [1,2]. Such vehicles usually operate under sidgle permits and require

pavement structural analysis to determine that pavenent is structurally adequate to

sustain the superheavy load movement

1.1.Problem Statement

SHL hauling unitsare much larger in size and weight compared to the standard trucks and

they travel at much lower speeds. They often require specialized trailers and components
that are assembled to suit the SHL vehicle
transport are often conventional, which enables the use of existing methodologies in
addressing critically important issues such as pavetireninteraction stresses etc., the

axle and tire configurations to be used in the hauling are variable. This maaiiseth

spacing between tires and axles is not standard and the tire imprints as a whole can span
more than the entire width of a lane. Two examples of permitted SHL vehiclbspaceed

in Figurel.1l andFigurel.2.



e 2 B T s 3 2 o - 1 - - P S, - = 2 - —
O/ MANEIONT LINCEe
[
(=] | % - i
et s et S I T s — 1y S i ) — e i T T A~ _‘(.
N3 A 2R : e 4 | 8
) L3 F
7 b el i =
; R [
48, L | s
RLACTOR VESSEL
e Y o ek e i it M e e Wy '*l“""::;;'h“"' -
* - -
v e W W R e Ve W ey S g = LS Ban g
WL D N oL TR T b Rt
. S 4 C For Permit )
m . _ s sl Gl - - i oo -1t - —— ]
. ] e THAL Wk S ot o 1hieh R oo ol ASBLMLED PR s
) N _—_MI
RS o DRBEHI A < S = %_.-.—. e = (r B Seomves e __%
) ‘m. . A . . : . * 1 o o
T S S S 8 T 7.2 - ] P e S SR AT
SREE. . - ACAOLIND ROV OLORORTROLORONT) OMOMOAONOMCY Ol o | s e e et s ot

-

e
(e 1908 b i (00 S ——

NS O A .
fraw 1 ety T . ne Priyety
NS U U B U T N U N U N U S S I T
4 5 2 » 3 5 &8 2 § & 32 EBE 3 F 3 3 3 2 3 3 3 3 32 : 5 3 3 3
B 2 2 2 A & 3 2 2 2 2 & & 2 % 2 3 2 & % 2 2 2 & A B A & ML e e e
2§ g 8 8 2 28 £ 2 388 5 35 2% ¥ § 5 ¥ 28 g8 35 2 3 o | g e e e L s 10 P
G E55 S’ I s o -

Ofs Bupnt som ;/_U-.?'C‘D &) v s -~ o
A o 3 ] ) %—% L/ ) " :_‘::m:.::lummmm-m ™

| CUMIACT ARGAD 10 PRORIRC f RICHON.

[ x l 7 : N
R 2 A
p & T wd - 22 I
2 - - . 3 e - (1 L T — i gﬂ
iﬁ ts* 233:  ; z/'6 ) 5 '-S_..____..L-:E*- [ouo
Fig s, gt Ry - T R
§ o ad l o = {5/0_.( PZ N Y T .
g ot S EracdrAN e R~ fransac of Rasstss D 3
1L [RMANE R e - » . - w]e]wlw][w]w]u]=]wln]a]u]lo]a]ln]v]=
o - 1l % 24 L it venmns | wowncs | s | 11anen | conme] senons g T |
o f 3 e [ oo ] ] e | o | | ] e e [ [ ] e o] o] MAMMOET -—r,;._'.'.-;‘.g‘;.r?" ?
§'-: J N - o vl ooy e e e e TRt~ SRRy
7 LA ol 5 5 5 3 50 5 5 5 e ) ) w5 =i |
1 1y eI e e = oo e oo o e = Tol Tl el =T e Tl T o T = s i o o ¢ T35 138

Figure 1.1. Example configuration of a permitted SHL vehicle (continuous axle configuration).
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Figure 1.2. Example configuration of a permitted SHL vehicle (fragmented axleonfiguration).




Tablel.1 summarizes examples for axle and tire configurations obsem@HL

vehicles from past permits collected from select dtaghway agencies (SHA). The axle

weights for the SHL vehicles varied between about 25,000 Ib and 131,000 Ib. An axle can

have between 4 and 12 tires with an axle width anywhere between abib@ant225ft.

The distance between the adjacent axles rahgédeen 4ft 7 inch and 12t 1 inch.

Depending on the SHL configuration, the tire load was as low as 3,538 Ib and as high as

16,341 |b. Efforts to study SHL axle and tire configurations revealed th&Hheehicles

cannot be categorized into one or mooenmon and generic configurations. Therefore, it

is imperative that nogeneric nature of the axle and tire configurations is considered in a

realistic manner for studying pavement distresses under a SHL vehicle move.

Table 1.1. Examples for SHL Vehiclebs Axl e and
SHA Permits.
SHL information State
Arizona Louisiana Nevada New York
Gross Vehicle Weight| 647,855 402,240 250,041y 200,000i
GVW (Ib) 1,180,000 3,660,551 6,215,938 855,000
Axle Weight (Ib) 46,3051 25,6391 18,0001 28,300
51,687 130,734 75,000 52,600
Number of tires per 8 4, 8,and 12 4 and 8 4 and 8
axle
Axle width (measured 18 ft 4 inchi | 17 ft 5 inchi 24 T 12 ft 10 inchi
outto-out edges of thg 20 ft 4 inch ft 7 5/16 inch 13 ft 6 inch
outside tires)
Centerto-center 6fti 12ft1 | 4ft7inchi 11 i 4 ft 11 inchi
distance between inch ft 3/4 inch 5ft
adjacent axles
Tire load (Ib) 5,0001 6,460 | 7,028 16,341 | 2,580i 11,500 | 3,538i 6,575
Tire width 81/4inchto | 1ft1/2inchi 1 T 1 ft 1/2 inchi
11 inch ft 2 inch 1ft2inch




As a representative example, the case of aliineeload model is shown iRigure
1.3 (plan view) andrigurel.4 (elevation view). The surface load configuration congibts
a uniform spacing between the axilesehicle directionOn the other hand, spacing in the
transverse direction is not uniform through the entire width. The elevatior-gat¢1.4)
shows the overlapping of vertical stre&g at deeper locations within the pavement. These
overlapping stresses at any interior plane can fall under one of the three cases shown in
Figure 1.5 throughFigurel.7. Case 1 represents no overlappiRgy(re 1.5), while Case
3 shows substantial overlapping of vertical stresfagufe 1.7). The Oy resulting from
surface tire loads of the SHL vehicle is expected to overlap beyond a specific depth within
the pavement structure. The extent of overlapping is highly affected lputfaee load
magnitude and configuration as well as the pavement layer properties and thicknesses.
The vertical stress distribution below the pavement surface under a SHL vehicle
can become important since such high tire loads as well as overlappisgigtelutions
under the tire loads can render a critical condition of instantaneous ultimate or localized
shear failure, especially in the influenced zone of the subgrade. It should be noted that the
most vulnerable layer for shear failure is mostly paement subgrade layer since it
represents the weakest layer in the pavement structure. Furthermore, unexpected excessive
surface deflections leading to premature pavement distresses (e.g., permanent deformation)
need to be accounted in the cases of SHlvaments. In addition to the likelihood of
instantaneous shear failure, critical concerns exist with respect to the stability of sloped
pavement shoulders as well as the integrity of existing buried utilities under a SHL vehicle
move. Last but not leastetermination of the pavement damage associated cost attributable

to a SHL movement also needs to be addressed.
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In order to scrutinize the aforementioned concerns associated with SHL movements
on flexible pavement in a mechanistic manner, the properties of existing pavement layers
need to be realistically characterized. The stoaving SHL vehicle plays a major rale
the viscoelastic behavior of the asphalt concrete (AC) layer. On the other hand, the stress
dependent resilient behavior of unbound layers is highly influenced by the non
conventional axle configuration and tire loading of a SHL vehicle. Such aspeatd e
regarded when determination of pavement responses under SHL movement is undertaken.

In summary, the evaluation of SHL movements on flexible pavements should be
cognizant of the following important factors:

1 Non-conventional SHL vehicle axle anddiloadings and configurations;

1 Slow-moving nature of SHL vehicle in relation to viscoelastic properties of AC
layer;

1 Role of higher magnitude stress states induced by a SHL vehicle move on stress
dependent behavior of unbound materials;

1 Likelihood of ultimate and localized shear failure in the influenced zone of the
subgrade layer;

1 Likelihood of excessive pavement surface deflections;

1 Role of SHL vehicle move on the stability of a sloped pavement shoulder;

1 Impact of SHL vehicle on the integrity of existibgried utilities; and

1 Pavement damage associated costs attributable to SHL vehicle move.



1.2.Objectivesand Scopeof Work

In this study which is part of d&ederal Highway Administration (FHWA) project on
Analysis Procedures for Evaluating Superheavy Loaddvieent on Flexible Pavemerds
comprehensive mechanistiased analysis approach consisting of several analysis
procedures was developetlhese developed analysis procedures seek to address the
critical factorsassociated with SHL movement on flexible pavements.

Figure 1.8 shows the flowchart of the overall approach developed as part of this
study. In general, the approach consists of the following four major components: Ultimate
Failure Analyses, Buried Utilit Risk Analysis, Service Limit Analyses, and Cost
Allocation Analysis. It should be noted that mitigation strategies may be needed at any
stage of the evaluation process when the calculated results fail to meet the imposed
respective requirements.

The fird step of the approadhvolves a risk analysis of instantaneousapid load
induced ultimate shear failure. As subgrade (SG) is generally the weakest layer in
pavement structureshe bearing failure analysis investigates the likelihood of general
bearhg capacity failure under the SHL vehicle within the influenced zone of the subgrade
layer. The sloped shoulder failure analysis examines the bearing capacity failure and the
edge slope stability associated with the sloping ground under the SHL vehide Orme
the ultimate failure analyses are investigated and ruled out, whenever applicable, a buried
utility risk analysis is then conducted. In this analysis, the induced stresses and deflections
by the SHL vehicle on existing buried utilities are evaldated compared to established
design criteria. Subsequently, if no mitigation strategies are needed, service limit analyses

for localized shear failure and deflectibased service limit are conducted. The localized



shear failure analysis investigates pussibility of failure at the critical location on top of

the subgrade layer under the SHL vehidlbe deflectiorbased service limit analysis
assesses the magnitude of the {oatliced pavement deflections during the SHL
movement. For instance, this aym$ may suggest the need for mitigation strategies in
order to meet the imposed acceptable surface deflection limits. After successfully
completing all previously described analyses (i.e., Ultimate Failure Analyses, Buried
Utility Risk Analysis, and Seree Limit Analyses), a cost allocation analysis is then
conductedlIt should be mentioned that the procedure to evaluate the pavement damage
associated costs attributable to SHL vehicle move is not presented in this dissertation and

can be found in the elaere[3].
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11

This dissertation presents the aforementioned analysis procedures and
corresponding theoretical concepta detailed mannefs discusse the next chapters
complementary verification and calibratioropesses of a number of important theoretical
based aspects that were incorporated in the proposed procedures are also presented.

As part of the verification and calibration processes, a comprehensive experimental
program was designed and carried out at Wniversity of Nevada, Reno (UNRJhis
program ut i |-scaleepdvenmeit/Bod estirfg factility (UNRwrgeScale Box)
which is a largescale square box with internal dimensions of 124 inch by 124 inch by a

height of 72 inchFigure1.9 shows the drawing of the UNR Larzale Box.

/Gﬁ\ ( (GEnERALNOTES )

Figure 1.9. Three-dimensional BD) schematic of UNRLarge-Scale Box.
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A total of five LargeScale Box experiments were performed and they all represent
typical pavement structures. Specific characteristics of the experiments are presented in
Tablel.2. All experiments had, whenever applicable, the same layer thicknesses for asphalt
concrete (AC), crushed aggregate base (CAB), and subgradd (&@&xperimental setup,
characterization of matersthat wereused in the experiments, construction prastiaad
instrumentation plans for each experimenta@maprehensivelgxplained Appendix A.

Each experiment was extensively instrumented to provide a comprehensive
database of the system responselllnases, the vehicular loading was simulated using a
11.9 inch circular plate. Linear variable differential transformers (LVDTs) were used to
record surface pavement deformations up to 60 inch from the center of the surface load.
Surface and embedded alertemeters (ACC) were installed to measure accelerations at
various locations that in turn can be used to estimate the displacements at the same
locations. Total Earth Pressure Cells (TEPC) were used to capture the stresses induced in
the CAB and SGayersdue to surface loading.

At different stages of verification and calibration process, as needed, numerical
modeling using 3EMove Analysis softwargelLLI-PAVE, and BAKFAA software wer
employed £,5,6]. In addition, FWD measurements as well as laboratory material testing
were obtained from National Airport Pavement Test Facility (NAPTF) of the Federal
Aviation Administration (FAA) and from Accelerated Pavement Testing (APT) at the

University of Costa Rigaknown as LanammeUCR.
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Table 1.2. UNR Large-Scale Box Experiments.

Experiment Description® Loading Protocol®
No.
1 1 SG only (No AC or CAB) 1 Apply dynamic loadsf different
1 Apply loads on top of SG amplitudes simulating the FWD
2 f Unbound materials only (CAB an¢  loading duration for low number o
SG) cycles
1 Apply loads on top of the CAB 91 Apply increasing static load until
3 1 Control sectior(full pavement failure using 11.9 inch circular ste
structure: AC, CAB, and SG) plate
1 Apply loads on top of the AC laye
4 1 Impact of sloped shoulder (Full | Apply dynamic loads of different
pavement structure: AC, CAB an¢  amplitudes simating the FWD
SG with 1:1.5 side slope) loading at three locations: 12, 24
1 Apply loads on top of the AC laye| and 36 inch from the edge of the
slope.

1 Apply increasing static load until
failure using 11.9 inch circular ste

plate
5 T Impact of loading on two buried | Apply dynamic loads of different
utilities (Full pavement structure: amplitudes simulating the FWD
AC, CAB and SG) loading duration for low number o
1 Apply loads on top of the AC laye| cycles
at three different locations 1 Apply increasing static load until
failure using 11.9 inch circular ste
plate

& AC, CAB, and SG denotes Asphalt Concrete, Crushed Aggregate Base, and Subgrade,
respectively.
® FWD denotes Falling Weight Deflectometer.

In this study,3D-Move Analysis softwarewas employed as the computational
model to evaluate pavement responses under a SHL vehicle Bidove Analysis
software uses a finite-layer approach and account for viscoelastic material behavior.
Furthermorethe 3D-Move modelis capable of analyzinghi. vehicle axles moving at
constant speed with namiform and/or nortircular tire loads. The ability to model SHL
vehicle speed is critical because SHL vehicles operate at notably low speeds which can
cause significant pavement damage. Furthermore, cgurkhear stresses in both

longitudinal and transverse directions can be modeled independently with no limitation
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such as symmetry. This is very important when analysis of interface shear stresses from
vehicle breaking are to be investigated.

As part of ths study a comprehensive usérendly software package which is
called SuperPACK(Superheavy Load Pavement AnalysiACKage) was developed.
Incorporating 3BDMove ENHANCED analysis engine in conjunction with the
implementation of developed analysis prages resulted in a comprehensive and-user
friendly package to evaluate the impact of SHL movements on flexible paverients.
should be noted th&D-Move ENHANCED in particular is capable of providing three
dimensional (3D) surface plots for a specific @aent response at a desired depth, where
the distribution of a critical pavement response needs to be generated. Additionally, layer
interface conditions such as debonding or slippage can be modeled usiigveD
ENHANCED.In addition to the aforementionedpability of 3DMove Analysis software,
theserecently addediunique features make 3Move ENHANCED a robust pement
response analysis model.

As mentioned earlier, mitigation strategies may be needed at any stage of the
evaluation process when the calculated results fail to meet the imposed respective
requirementsTable 1.3 presents mitigation strategies that can attenuate the SHL vehicle
induced distresses and damages, while some of the strategies are limited to only one type

of distress (or failure).
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Table 1.3. Select Mitigation Strategies Applicable to SHL Movement.

Mitigation Strategy

Advantages

Additional
Considerations

Surface Deploy 1 Spread the load over larger ar¢ § Cost (e.g., heavy
Protection | steel plate | § Easy to deploy hauling equipment an
and Load f  Applicable for ultimate failure, supervision)
Dispersion buried utility failure, and 1 Safety
service limit failure
Deploy 1 Spread the load over larger ar¢  Efficiency (e.qg., labor
timber mat | § Easy to deploy intensive)
1 Applicable for ultimate failure,
buried utility failure, and
service limit failure
Deploy 1 Spread the load over larger ar{ § Cost (e.g., design,
concrete 1 Applicable for ultimate failure, materials and
slab buried utility failure, and placement)
service limitfailure 1 Time-consuming
Provide 1 Spread the load over larger ar¢ 1 Cost (e.g., relatively
aggregate |  Applicable for ultimate failure, lower cost fordesign,
base cover buried utility failure, and materials and
service limit failure placement)
1 Time-consuming
Increase the clearance | § Easy to apply 1 Applicable only for
from the sloped edge sloped shoulder failur
Reducing the operating | § Easy to apply 1 Applicable only for
pressure in the pipe flexible buried utility
failure
Reassemble SHL vehicle| § Applicable for 1 Cost
configuration ultimate failure, 1 Constraints related to
buried utility failure, and axle spacing and
service limit failure capacity
Reroute 1 Applicable for 1 Traffic control
ultimate failure, 1 Longer hauling

buried utility failure, and
service limit failure

distances
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CHAPTER 2. SUPERHEAVY LOAD CONFIGURATIONS AND NUCLEUS OF

SHL VEHICLE

SHL vehicles consist of specialized trailers and components witltarorentional axle

and tire configurations. They are much larger in size (spanning more than one lane) and
weight andmay involve gross vehicle weights in excess of a few million pouhils.
information regarding the tire and axle loads and configurations collected from a select
number of State Highway Agencies (SHAs) revealed that existing tire and axle
configurations of SHL hauling units cannot be classified into one or more identical and
generic configurationgseeTable 1.1) [7]. Accordingly, the evaluation of SHL induced

pavement distresses requires a realistic simulation of the SHL vehicle considering-the non
generic nature of the axle and tire configuratioh®s do s o, the foll owi

Grouping of SHMud&ledus!| @ S HIldarefooweédy si s Vehi

2.1. Axle Grouping of SHL Vehicle

In general, SHL vehicles fall under three categories. In the first category, similar axles (i.e.,
similar number of tires per axle, spacing between the tires, and tire loadyesly e
distributed along the entire length of the SHL unit. In this category, the spacing between
the axles are close enough so that the stress distributions from the tires on two adjacent
axles clearly overlap beyond a specific depth (e.g., top of SG)inBtance, in the
permitted SHL vehicle illustrated iRigure 2.1 (see the original permit ikigure 1.1),

similar axles were evenly distributed with the spacing of 4.6 feet along the entire length of

SHL unit. In this case, all the axles can be treated as belonging to one group
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In the secondategory, the SHL unit consists of two or more separate dollies where
the gap between the dollies are relatively large in comparison with the spacing between the
axles present within the dolligsigure2.2 illustrates a permitted SHL vehiatensisted of
4 individual dollies where each dolly had 6 axles and 12 tires per(sedethe original
permit inFigurel.2). The spacing between the dollies is as much as 38 feet. In such a case,
each dolly should be considered as one group (i.e., total of four groups).

The third category covers general caséh any axle configuratior-igure 2.3 shows a
schematic of a SHL vehicle configuration retrieved fronNevada Department of
TransportationNDOT) permit. The axle configuration for the SHL vehicle showrthis
figure is dividedinto seven axle groups: the steering single axle, a tridem axle, and five
tandem axles.

In order to accommodate all three categories outlined altbgeaxle grouping
defines the groups within the SHL truck domain when each group contains axle(s) with
identical tire configurationand loadand spacing between the axiesess than 60 incHt
should be mentioned that the selected limit of 60 inch is consistent with the routinely used
assumption to consider tire groups present on only one side of therdtamdh. In other
words, when the pavement responses from a standard truck are evaluated, the influence of
the tire groups in the transverse direction is not included. Furthermore, previous studies
revealed that when the spacing between two adjacentang@sore than 60 inch, there is

no significan interaction between the tire§| [
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Axle Spacing = 4t - 9 Y1ginch
-—> «—>

Length of Vehicle = 12& 1 4.8 inch Width of Vehicle = 17t T 5.8 inch GVW = 3,660,552 Ib

Figure 2.1. Example configuration of a Louisiana permitted SHL vehiclgcontinuous axle configuration).

Spacing between Dollies = 37- 11 inch
AxIe Spacing= Axle Spacmg: Axle Spacing= Axle Spacing=
4ft-7inch 41ft-7inch 4ft-7inch 41ft-7inch

Length of Vehicle = 20% i 4.8 inch Width of Vehicle = 17/t 1 5.8 inch GVW =1,754,2201b

Figure 2.2. Example configuration of a Louisiana permitted SHL vehicle (fragmented axleonfiguration).
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5ft 5ft 4 ft 9 inch 4 ft 9 inch 4 ft 9inch 4 ft 9 inchft 9 inch
16 ft 14 ft 14 ft 38 ft 14 ft 14 ft
}|| | | | | S | I I | |
21,600 Ib 52,500 Ib 48,0001b 48,000 Ib 48,000 Ib  48,008000 Ib
Axle A B C D E F G

Group

Figure 2.3. Exampleconfiguration of a permitted SHL truck in Nevada.

2.2.Nucleus of SHL Analysis Vehicle

Nucleusis defined as aegment (or elementf each axle grouponfiguration that can be
regardeds representative of the agjeup. Usinghis elemen(i.e.,Nucleus, the vertical

stress Oy, distribution (or any other pavement responses) under the entire SHL
configuration can be estimated by superimposing the stresses calculated under the Nucleus,
hence eliminating the need model the entire SHL.

To identify a representative Nucletm an axle groupan incremental tire load
approach is used. First, a single tire load is applied at the surface of known pavement layer
thicknesses and propertieeFigure2.4). Thely response is then calculated at the point
of interest (i.e., centerline of the tire load at the specific depth which is generally top of SG
layer). Afterwardsas illustrated irFigure2.5, the next tire load presents in travel direction
is added, where th& at the point of interest is observed. Additional tire loads are applied
one at a time and the paveméntalues at the point of interest are ritored (seeFigure
2.6 andFigure2.7). The tire addition process continues until the last added tire load does

not influence the point of interest. It means that the load indiicatthe interest point is



20

not affected by addma new tire in that direction. In a similar fashion, the number of tires

in the transverse direction of the Nucleus configuration can be identified. It should be

mentioned that axle configurations and tire loads, vehicle speed, pavement structure and

mateaial properties, and AC layer temperature play major role in the identification of the

Nucl eus of

aforementioned factors can be found elsewf&83.

SHLG6s axl e group(s).
D — -
53 =0.635m
R — - —— - —— P
52=0.815m
s — DD ——
51=0.635m
o OO
X (TRAFFIC DIRECTION)
L1 = 1.400m —=f=—LZ = 1. 400m —={=—L3 = 1.400m —=|

Compr ehensi

Figure 2.4. Incremental tire load approachi single tire (red filled circle).
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Figure 2.5. Incremental tire load approachi two tires (red filled circles).
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Figure 2.6. Incremental tire load approachi three tires (red filled circles).
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Figure 2.7. Incremental tire load approach’ four tires (red filled circles).

2.2.1.lllustration of NucleusDeterminationfor a SHL Configuration
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SHL case No. LA8T-14 shown inFigure2.1 (see the original permit iRigure1.1) has

been selected to illustrate the variety of the steps associated with the approach for

determiration ofSHL Nucleus The vehicle had 28 axles and 8 tires per arldthe GVW

was over 3.6 million Ib with a tire load of 16,342 Ib. Since the entire SHlicle consists

of uniformly spaced axles of less than 60 inch, there exists only one axle group for this

caseThe axle and tire configuratiod the SHL vehicle are summarizedTiable2.1.

As summarized ifable2.2, three conventional pavement structures with different

|l ayersd thi

cknesses

cons.i

st

ng

of

asphal-tt

base (CAB) and Subgrade (SG) layer were setert this illustrative exercise. The AC
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behavior was considered as linear viscoelastic, while unbound material (CAB and SG)

were assumed to behave linear elastic.

Table 2.1. Summary of SHL Characteristicsfrom Louisiana Sample Permits.

GVW No. of Number of Axle Width Center-to-center Tire load
(Ib) Axles Tires per distance between (Ib)
Axle adjacent axles
(ft) (inch) (ft) (inch)
3,660,552 28 8 17 5316 4 9 Y16 16,342

Table22.Layer sé6 Thicknesses of the Three

Pavement Structure Layer Thickness (inch)
AC CAB SG
PSNo.1 6 8 Semtiinfinite
PSNo.2 9 10 Semiinfinite
PSNo.3 12 12 Semiinfinite

Table 2.3 summarize the material properties of each layer. The viscoelastic
properties of the AC layer were characterized using the dynamic moéijusiporatory
data and asphalt binder propertiesadsinction of temperature and frequency ($able
2.4 and Table 2.5). The dynamic modulus data are for a typical degragled Hot Mix
Asphalt (HMA) with a PG642 unmodified asphalt bindgtQ].

The 3DMove Analysis software was used to compute the stress distributions
within the pavement structure. It may be noted that AC layer temperature of 100°F and the

SHL vehicle operationapeed equal to 10 mph was considered in the analysis.

Table 2.3. Material Properties of the Three Pavement Structures

Layer Type Material Unit Weight (pci) | Poisson's Ratio| Mg (psi)

AC Linear Viscoelastic 0.08 0.40 Variable
CAB Linear Elastic 0.06 0.40 30,000
SG Linear Elastic 0.06 0.45 5,000

P
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Table 2.4. Dynamic Modulus Values for a Typical Densé&arde HMA with

PG64-22.
Temperature Dynamic Modulus, E* (psi)
(°F) 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
40 693,889 | 1,012,294| 1,163,463| 1,530,813| 1,690,524 | 1,898,005
70 141,296 | 262,736 334,941 554,052 670,382 842,418
100 21,439 45,076 61,705 123,984 164,420 233,925
130 4,025 7,934 10,801 22,592 31,147 47,465

Table 2.5. Phase Angle Values for a Typical Dens&arde HMA with PG 64-22.

Temperature Phase Angle (Degrees
(°F) 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
40 22.1 19.0 17.3 15.5 15.9 18.1
70 31.2 29.8 30.1 27.8 27.4 26.3
100 28.5 29.9 31.3 35.0 35.5 36.8
130 23.2 26.8 27.0 33.9 34.1 40.1

As illustrated inFigure 2.8, consideringhe SHL move ofPSNo.2 (i.e., 9 inch of
AC layer, 10 inch of CAB, and SG)wo additional tires in each direction were influential
and therefore, to generate the maximum vdrsicass, the representative Nucleus becomes
a group of five by five tires.
Summary ofthe sensitivity analysidy changingthe AC layertemperatureand
using similar pavement structure and SHL configuration is presenfeabie2.6. It can
be seen thas AC layer temperature decreases that indicates increase in AC layer stiffness,
the number oftires that createthe Nucleus increases. In a similar manner, as pavement
structure become thicker (i.e., stiffer), the Nucleus contains higher number ddtirdse
other hand, as shown Figure2.9, the maximum loaithduced vertical stress at ti%&
he increase 1in hi

surfacedropswi t h t | ayerso6 t

temperature (i.erjsein thepavement stiffness)

ckr
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Table 2.6. Summary of the Sensitivity Analysis
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Pavement Analysis Nucleus Size Ov max
Structure | Temperature Number of Tires in Number of Tires in (psi)
(°F) Travel Direction Transverse Direction
PS No.1 100 1 1 14.9
70 1 2 10.3
40 2 2 7.3
PS No.2 100 2 2 9.8
70 2 3 6.6
40 2 4 4.6
PS No.3 100 2 1 7.1
70 2 3 4.8
40 4 4 3.2
16
14 -
-
P -
— 12 _ ~ -~
[72]
2 “e
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Figure 2.9. Maximul load-induced vertical stresses on top of SG layer

2.3.Overall Summary

Superheavy load (SHL) hauling units are much larger in size and weight compared to the

standard trucks. They often require specialized trailers and components that are assembled

to suit the SHL vehicl ebs

char actiresrands t i

CcsS.
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axles is not standard and the tire imprints as a whole can span more than the entire width
of a lane.

Theinformation regarding the tire and axle loads and configurations collected from
a select number of SHAsvealedhat existing tire and & configuratios of SHL hauling
units cannot be categorized into one or more identical and generic configurations.
Therefore, it is imperative that nageneric nature of the axle and tire configurations is
regarded in a realistic manner for studying tlegment distresses subjected to a SHL
vehicle move.Accordingly, two steps of analyses includingAx | e Gr ouping o
Vehicled and fANucl eusrefollbwe®&® HL Anal ysi s Vehi

As a first step of analyside entire SHL vehicle load configuration isidied into
individual axle groups depending on the interaction between tires that are present in the
axle groups. The interaction between the groups are minimal because of the wider spacing
between them.

Afterwards arepresentativelementfor the axle goup(s)configurationwhich is
referredto as Nucleuss identified The vertical stress distribution (or any other pavement
response) under the entire SHL configuration can be estimated by superimposing the
stresses calculated under the Nucleus, henoéneliing the need to model the entire SHL.

Subsequentlythe critical axle group defined by the highest induced vertical stress
under its Nucleus is determined. This critical axle group is employed to compute the state
of stresses in the unbound layers leading to the determination of representative material
propeties for these layers. The Nucleus of each axle group is then used to investigate the
likelihood of ultimate shear failure in the subgrade. However, service limit analyses

including localized shear failure analysis and defleebased service limit anadis are
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conducted for the critical axle group, as a conservative measure. In addition, slope stability
analysis as well as buried utility risk analysis utilize the stresses induced by the Nucleus of

the critical axle group.
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CHAPTER 3. MATERIAL CHARACTERIZATION FO R SUPERHEAVY LOAD

MOVEMENT ANALYSIS

The pavement responses are critical inputs to assess the risk of instantaneous shear failure
in the pavement structure under a superheavy load (SHL) vehicle move. In addition,
investigation of sloped pavement shouldelufa, risk analysis of buried utilities, service
limit failure criteria, as well as pavement damage associated costs require reliable
estimation of pavement responses dutheSHL movement. Therefore, one of the major
tasksis to estimate pavement resmes (i.e., stress, strain, and deflections) under SHL
vehicle moves. Focus is to be given to understandingrpactof governing factors such
as lower SHL vehicle speed compared to normal truckstamdard vehicle loading (e.g.,
tire and axleconfigurations, tire loading and inflation pressum@) pavement layer material
properties
A critical input for the analysis of a SHL vehicle move using numerical models is
the material properties of the existing pavement layers. These properties should
approprigely represent the characteristics of the materials that exist at the time of the SHL
movement.Dynamic modulusE*, is the primary material property of asphalt concrete
(AC) layers which is function of temperature and loading frequency. On the other hand,
the stiffness of unbound layers, such as the crushed aggregate base (CAB) and the subgrade
(SG), is affected by the load induced stresses, however independent of loading frequency.
On the other handt is a routine practice to assume pavement layemsess lelastic
when considering customary truck traffic loading. This assumption may result in

inappropriate computation of pavement responses undemnstaxing SHL vehicles, often
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with nonconventional axle configuration and tire loadifignerefore, he fdlowing two
main concerns need to begardedvhen the analysis of a SHL move is undertaken:

1 SHL vehicles usually move at a lower operational speed (typically at 10 to 30 mph)
compared to the standard traffic speed. Hence, the role of lower speed needs to
addressed when characterizing the existing AC layer.

1 Since the resilient modulus of unbound layers are sthegsendent, it is essential
to consider the effect of loadduced state of stresses in the stiffness properties
(i.e., resilient modulus) of lnound layers.

The 3D-Move modelis an efficient dynamic finite layer based model that uses
frequency domain approach to calculate pavement responses under static and dynamic (i.e.,
moving) surface load3he software can account for the viscoelastic ptaxeof the AC
layer and the nonniform tirepavement interface stresses (normal and shear) on any shape
loaded area. As detailed subsequently, the use of the dynamic modulus master curve for
AC layer, which is a readily accepted input for-Bdve can adrkss the issue related to
the lower SHL vehicle speed (i.e., role of the SHL vehicle speed). Furthermore, with the
use of the master curve, it is possible to account for the difference in temperature between
the time of Falling Weight Deflectometer (FWD)easurement and the time of SHL
vehicle move. Under such circumstances;NBve Analysis softwaravasseen as an ideal
candidate to evaluate pavement responses. lottagerthe approach to develop dynamic
modulus master curve for an existing AC layer for use 8id¥HMove Analysis softwarés
presented.

Though the finite element method may be a choice to characterize thieasn

stress dependent behavior of unbound meltera much simpler FWAbased approach has
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been adopted. In this approach, the fitéiger based 3BMove Analysis softwarevhich
uses a uniform layer stiffness value that does not vary in lateral direction, is used in
conjunction with appropriately select uniform stiffness values for the existing unbound

pavement layers. This approach is also described ichhjster

3.1.Characterization of Asphalt Concrete Materials

Dynamic modulusk*, is the most important asphalt mixture material property that is used
in mechanistieempirical (ME) pavement analysis and design procedures such as the
MechanistieEmpirical PavemenDesign Guide (MEPDG)1[l]. The E* measurement
considers the frequency and temperature dependency of an asphalt material.

Asphalt mixture samples are usually subjected to sinusoidal cyclic axial loading
with varying frequencies at different temperatures (i.e., dynamic modulus test). The
amgitude of the dynamic modulug*, is strongly dependent on the testing temperature
and frequency of the loading. By conducting series of dynamic modulus tests at various
temperatures and frequencies, dynamic modulus master curve can be developed. The
master curve is a representation leé dynamic modulus as a function temperature and
loading frequencyFigure 3.1 shows the dynamic modulus master curve for an asphalt
mixture at two diferent temperatures. The dynamic modulus increases with an increase in
loading frequency or a decrease in temperature. Subsequently thexsus frequency

relationship at the appropriate AC layer temperature can be derived from a master curve.
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Figure 3.1. Typical dynamic modulus master curve for an asphalt mixture.

3.1.1.0verviewof Dynamic Modulus Master Curve Development

Master curve is constructed using the principle of {ieraperature superposition by
shifting the measured dynamic modulus d&4, at different temperatures to a reference
temperature with respect to frequency. This process continues until the data merge into a
single smooth curve (seEigure 3.2). As depicted inFigure 3.3, the temperature
dependency of the material is represdny the amount of shifting required at each

temperature to form the master curve. The shift fa@(r), is a direct function of

temperature.
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Figure 3.3. Shift factor as a function of temperature.

Dynamic modulus master curve is represented by a sigioidction expressed

by Equation3.1. The shift factor as a function of temperature (a€T)) is described by
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Equation3.2. Since the viscosity of an asphalt bin¢#ris a function of temperature, the

shift factor can be determined as a function of viscosityEseation3.3) [12].

ae@ 3 Equation3.1
AERMY e aed Equation3.2
AERY o 11T€¢ 11T Equation3.3
where:

E* : dynamic modulus;

tr : time of loading at the reference temperature

Uandu : fitting parameters

b ando: parameters describing the shape of sigmoid fungction

t : time of loading at temperature of interest

d: viscosity of asphalt binder s#mperature of interest

dref : Viscosity of asphalt binder at reference temperature

Cshit : fitting parameter.

Equation 1 to 3 can be combined to arrive at the master curve sigmoidal function
expressed by the equationEguation3.4. It should be noted that U, b, 2 and cshit are

determined by nonlinear optimization.

ae@ Equation3.4
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The relationship between an asphalt binder viscosity and temperature is highly
nonlinear. However, proper transformation can be applied to the viscosity and temperature
to establish a linear relatiship between these paramef{éfd. The viscositytemperature
susceptibility rel ationshi pvVTwhi creliast i 0 a i
expressed bigquation3.5. Accordingly, by knowingA andVTSparameters, the viscosity

of asphalt binder at the temperature of interest can be deéstm

AEXXQ O OYHE Equation3.5

where:
d: viscosity of the asphalt binder at the temperature of interest
Tr: temperature in Rankine
A intercept of ViscosityTemperature Susceptibility relationshgnd

VTS: slope of ViscosityTemperature Susceptibility relationship.

3.1.2.Field Damaged Dynamic Modulus Master Curve

It is obvious that a deteriorated pavement is more vulnerable for failurdueher
deterioration under traffic loading, particularly when it is subjected to acanwentional

SHL vehicle move. Therefore, the pavement material properties utilized in the pavement
analysis under a SHL move should represent the actual conditiqgpawEeent structure.

For the AC layer, reduction in the AC layer stiffness due to existing damage (i.e., cracking)

can be addressed by using the field damaged dynamic modulus master curve.
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In this section, a stepy-step approach to establish the dynamadoius master
curve for an existing AC | ayer which is re€
mast er cur v digureB.4illugiratestheconerakt approach which is expanded
from the current approach used in the AASHTOWare Pavement ME sdttusen
conducting a rehabilitation design of AC overlay of AC pavemjdrifis

The illustrated approach consists of determining the field damaged dynamic
modulus master curve of the existing AC layer following two major steps: (1) the
determination of viscosityemperature susceptibilitielationship of the asphalt binder
(Step }, and (2) the construction of the damaged dynamic modulus master Stepel(

The first step (i.e Step )} is accomplished by either calculatiAgndVTSparameters from
measured dataOption 1A, or by estimating theA andVTSparameters from a database.
The second step is accomplished by either collecting and conducting dynamic modulus
testing on cores from the wheel pa@®pfion 2A, or by estimating the damaged dynamic
modulus master curveOption 2B. The later requires first the characterization of the
undamagediynamic modulus master curve which can be done by either collecting and
conducting dynamic modulus testing on cores from between the wheel Patien(2B

1A), or by using the Witczak predictiveodel. The predictive model requires inputs related

to asphalt binder propertieaggregategradation and mixture volumetric properties that

can be determined from testing on core samples collected from between the wheel paths or
estimated from historicalata. The final step und@ption 2Bis to characterize the damage

due to fatigue cracking in the AC layer. This is done by either conducting FWD testing in
the most trafficked wheel pattOption 2B2A), or by estimating the damage from a

condition survey{Option 2B2B), or a general condition ratin@ption 2B2C).



36

In this approach, the damaged dynamic modulus of the AC layer can be either
determined from laboratory testing of core samples collected directly from the pavement
where the SHL movement is @ipated to take place, or from naestructive techniques
through the use of FWD measurements along with field survey and historicdfidata.

3.5 shows the measurements and properties needed for determining the damaged dynamic
modulus of the AC layer from testing of core samples or fromdestructive techniques.

The following sectioa describe the various steps of the approiach detakd manner
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Option 2B-1A: Measured Dynamic
Modulus on Cores from Between Wheel
Paths

Step 2B-1: Construction of Undamaged
Dynamic Modulus Master Curve

Option 2B-1B: Dynamic Modulus
Predictive Model (e.g., Witczak)

¥

Step 2B-2: Damage Characterization

Option 2B-2A: Backcalculated AC Layer
Modulus

Option 2B-2B: Condition Survey Data

Option 2B-2C: General Condition Rating

Figure 3.4. Step-by-step approach for determining the fielddamaged dynamic modulusnaster curve of the AClayer.
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3.1.2.1.Step 1: Determination of Viscosifiemperature SusceptibiliRelationship of

Asphalt Binders

As shown inFigure 3.4, the first step to establish the damaged dynamic modulus master
curve for the existing AC layer is to determine Wiscosity Temperature susceptibility
relationship for the asphalt binderegksin the asphalt mixturd.o this end, two options
were considered for determining tAeand VTS parameters: (a) calculated directly from
measured rheological properties of the asphalt binder (herein referre@pbias 14, or

(b) estimated from a ddiase ofA-VTSvalues based on asphalt binder grade (herein

referred to a®ption 1B. These two options are described in the following sections.

3.1.2.1.aOption 1A: Calculated A and VTS Parameters from Measured Shear Modulus

and Phase Angle

The asphalt binder shemodulus,G*, and phase angl&,, obtained from Dynamic Shear
Rheometer (DSR) testing (i.e., AASHTO T315) at certain temperatures (at least three
temperatures) are used wilguation3.6 to calculate the viscosity of the asphalt binder at

the respective temperaturigsl,14]. Using the calculated viscosities aBduation3.5, A
andVTSparameters are calculated. It should be noticed that a representative asphalt binder
recovered from the existing AC layer should be utilized in this process. The FMASH

T319 procedure can be used to extract and recover the asphalt binder from core samples

collected from between the wheel paths (reftceas undamaged core samplasip|.

p
i Q¢

_ 2 pTTT Equation3.6
p T
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where:
d: aghalt binder viscosityn centipoise
G* : shear modulus in Pascahd

Uo : phase anglen degree.

3.1.2.1.bOption 1B: Estimated A and VTS Parameters from Database

The ViscosityTemperature Susceptibility parameters (ifeandVTS can be estimated
using Performance Grade (PG), viscosity grade, or penetration grade of asphalt binder.
Table 3.1, Table 3.2, andTable 3.3 represent the recommendédand VTS parameters

based on asphalt PG, penetration, and viscosity grade, respeldiljely



Table 3.1. Recommended A and VTS Parameters Based on Asphalt PG Grade.

41

High Low Temperature Grade

Temperature -10 -16 -22 -28 -34 -40 -46
Grade VTS A VTS A VTS A VTS A VTS A VTS A VTS A
46 -3.901| 11.504| -3.393| 10.101| -2.905| 8.755
52 -4.570| 13.386| -4.541| 13.305| -4.342| 12.755| -4.012| 11.840| -3.602| 10.707| -3.164| 9.496 | -2.736| 8.310
58 -4.172| 12.316| -4.147| 12.248| -3.981| 11.787| -3.701| 11.010| -3.350| 10.035| -2.968| 8.976
64 -3.842| 11.432| -3.822| 11.375| -3.680| 10.980| -3.440| 10.312| -3.134| 9.461 | -2.798| 8.524
70 -3.566| 10.690| -3.548| 10.641| -3.426| 10.299| -3.217| 9.715| -2.948| 8.965 | -2.648| 8.129
76 -3.331| 10.059| -3.315| 10.015| -3.208| 9.715 | -3.024| 9.200 | -2.785| 8.532
82 -3.128| 9.514 | -3.114| 9.475| -3.019| 9.209 | -2.856| 8.750 | -2.642| 8.151

Table 3.2. Recommended A and VT3arameters Based on Penetration Grade.

Penetration Grade A VTS
40-50 10.5254| -3.5047
60-70 10.6508| -3.5537
85-100 11.8232| -3.6210
120-150 11.0897| -3.7252
200-300 11.8107| -4.0068

Table 3.3. RecommendedA and VTS Parameters Based on Asphalt Viscosity Grade.

Penetration Grade A VTS
AC-2.5 11.5167| -3.8900
AC-5 11.2614| -3.7914
AC-10 11.0134| -3.6954
AC-20 10.7709| -3.6017
AC-30 10.6316| -3.5480
AC-40 10.5338| -3.5104
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3.1.2.2.Step2: Construction of Damaged Dynamic Modulus Master Curve

The role of damage due to fatigue cracking in the AC layer should be reflected in the
stiffness property of the asphalt mixture through a field damaged dynamic modulus master
curve. After determining thA andVTSparameters, the field damaged dynamic modulus
master curve for the existing AC layer can be developed using one of the following two
options (se&igure3.4): (a) by directly measuring the dynamic modulus property of an AC
field core sampled from the most trafficked wheel path (herein referredQptam 2A,

or (b) by estimating the dynamic ehalus from a comparison between the undamaged
dynamic modulus for the asphalt material between wheel paths and the backcalculated
modulus from FWD measurements conducted in the most trafficked wheel path (herein

referred to a®ption 2B. These two optionare described in the following sections.

3.1.2.2.a0ption 2A: Measured Dynamic Modulus on Cores from Wheel Path

Pavement deterioration is expected to start and continually accumulate in the wheel path.
Therefore, when conducting dynamic modulus test on the cotemedt from the wheel
path, the role of accumulated AC damage (i.e., fatigue cracking) will be reflected in the
stiffness property of the AC layer. To this end, the measured dynamic modulus test results
at different temperatures and frequencies conducted!toeel path cores according to
AASHTO T378 should be used to develop the dynamic modulus master curve for the
existing AC layef[17].

It should k& noted that according to AASHTO T3#%t methoddynamic modulus

testing is performed on-hch diameter by énch tall test specimens. However, the
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following two circumstances might be encountered in the field based on the total thickness
of the existig AC layer.

1 The total thickness of the AC layer is greater than or equal to sixlmthis case,
the dynamic modulus test in accordance with AASHTO T378 can be performed on
a 6inch tall specimen cored vertically form the constructed AC layers. However,
the existing AC layer will most likely be composed of multiple lifts (typically in
two to three inch lifts) of either, the same asphalt mixture type or, of asphalt
mixtures with different types or ages (e.g., a wearing course AC layer placed on top
of a binder course AC layer, an AC overlay placed on top of an existing AC layer,
etc.). In either case, the dynamic modulus test should be conducted on a
representative six inch core sample assuming that a good bond exists between the
different lifts. In the case of a core sample composed of lifts with asphalt mixtures
of different types or age the measured dynamic modulus is considered to be an
equivalent modulus for the total AC layer thickness that can be used to calculate
pavement responses under a SHL vehicle move. This is consistent with the FWD
backcalculation standard of practice whehese different lifts are combined
together and a single backcalculated modulus is determined for the entire AC layer.

1 The total thickness of the AC layer is less than six ilncthis case, test specimens
smaller than the standard geometry (i.e., faahidiameter by six inch tall) can be
obtained from the existing AC layers to measure the dynamic modulus. According
to AASHTO T37817, the dynamic modulus test can be performed oaAntid
diameter by 4.3nch tall test specimens. The specimens can beddoorizontally

from within the bounds of construction lifts that are at least two inch thick. In this
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case, for the calculation of pavement responses under a SHL vehicle move, the lifts
can be modeled as two separate sublayers using their respectiveathelymamic
modulus properties. In the case where the lifts are composed of the same asphalt
mixture type, the dynamic modulus can be measured on one of the lifts and assumed
to be the same for both lifts. Though, recognizing the fact that the stiffniees va

of the asphalt mixture form the two separate lifts are likely to vary as a result of
differences in the Hplace density and in the asphalt binder oxidation level

throughout the AC layer depth.

3.1.2.2.b Option B: Estimated Damaged Dynamic Modulus Master Curve

In order to estimate the field damaged dynamic modulus master curve, the undamaged
master curve needs to be determined first (herein referredSteps2Bl). This can be
accomplished by either, (1) directly measuring the dynamic modulus on core samples
collected from between wheel paths (herein referred t@p@ton 2B1A), or (2) by
estimating the undamaged dynamic modulus using a predictive model such as the Witczak
predictive equation (herein referred to@gtion 2B1B). The two options for establisty
undamaged dynamic modulus master curve is represenkaglire3.4.

In Option 2B1A, the dynamic modulus testing on specimens cored from between
the wheel paths is conducted in accordance with AASHTZBTRefer to the discussion
in section3.1.2.2.a,0ption 2A: Measured Dynamic Modulus on Cores from Wheel, Path
for further details. It should be noted that, when a state highway agency (SHAS select
conduct testing on field core samples, collecting cores from the wheel path is then preferred

allowing for a direct measurement of the damaged dynamic modulus of the AC layer.
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However, some SHAs may restrict the sampling of cores from the wheelqhtinby
allow it between the wheel paths. In such circumstar@eton 2B1Awill be applicable.

In the case when measured dynamic modulus data on cores between the wheel paths
are not available, the master curve for the undamaged dynamic modulus exelbpet
from the Witczak predictive equation shownkuation3.7 (Option 2B1B) [11]. The
predictive model incorporates mixture volumetrics, aggregradation, and asphalt binder

viscosity of the asphalt mixture under consideration.

[ PR T WWOMRIC WG O THITMP XX TG YT p
, w
T8t v mmwn@ccg—ep—(b

oYX P WX P TE MO WUAP  TEUTTTTTUP X TBU T VT 5
0 Q 8 8 8

Equation3.7

where:
E* : dynamic modulus of mix (PQsi);
d : viscosity of binder (1Dpoise)
f : loading frequency (Hz)
}200: percent passing No. 200 sieve
} 4 : cumulative percent retained on No. 4 sieve
} 358 - cumulative percent retained on 3/8 inch sjeve
} 314 : cumulative percent retained on 3/4 inch sjeve
Va @ air void (percent by volumgand

Vhbett : effective binder content (percent by volume).
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The various inputs for the Witczak model can be either determined from testing of
core samples collected from between the wheel paths, or estimated from hictorical data.
The mixture volumetrics can be deteretiby testing the core samples in accordance with
AASHTO T166 and AASHTO T209. The AASHTO T319 can be used to extract and
recover the asphalt binder and aggregates from the core samples. The recovered asphalt
binder is tested in accordance with AAHTO T3d%rder to determined the asphalt binder
viscosity. The recovered aggregates are used for sieve analysis in accordance with
AASHTO T30.

Once the undamaged dynamic modulus is determined, the next step is then to
incorporate the existing AC damage (i.e.aaking) to obtain the damaged dynamic
modulus master curve of the AC layer. As expressdhjumtion3.8, the role of existing
damage in the stiffnegsroperties of AC layer can be considered by adjustingEthe

computed from the undamaged master c{ibig

Equation3.8

where:
E*dam: existing AC layer modulys
E*undam : Undamaged AC layer modulus for specific reduced time (from master
curve)
4 : fitting parameter (from undamaged master curaajl

dac : fatigue damage in AC layer.
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The fatigue damage in the AC layer (i.dac) can be determined using FWD
measurement(ption 2B2A), condition survey dat&ption 2B2B), or general condition
rating (Option 2B2C) as shown irFigure3.4. It should be noted that the FWD analysis is
expected to provide a more accurate estimation for the AC damage and subsequent field
damaged dynamic modulus master cyi/g.

In Option 2B2A, the estimation oflac using FWD measurements requires the
following inputs: (a) backcalculated modulus of the AC layer; (b) FWD loading frequency;
and (c) temperature at the nwdépth of the AC layer at the time of FWD testing. The
damaged dynamic modulus master curve is obtained through a vertical downward shift of
the undamageB* in such a way that it passes through the backcalculated moduhes at

corresponding FWD loading frequency and AC layer temperaturd-igere3.6).

F Undamaged
L master curve
Damaged ™ N
Z master curve
E
E o | i Y P —
= Eprep
S
—

tewp Log reduced time

Figure 3.6. Estimation of damage in AC layer using FWD backcalculated modulus.



48

In the case when FWD measurements are not available, condition survey data can
then be utilized@ption 2B2B). To this end, the amount of alligator cracking (i.e., bottom
up fatigue cracdkg) in the AC layer is used in the calibrated transfer function, expressed

by Equation3.9, to determine the fatigue damage in the AC lagiet)(

pTT

"00 5 Equation3.9
® cQ Equation3.10
Q cdnyxogty O 8 Equation3.11
where:

FCac : area of alligator cracking as percent of total lane;area

Cr-bot aNddr.bot : field calibrateditting parameters; and

Hac is the thickness of AC layer.

When neither of FWD nasurements and condition surveys are available, the
existing AC damage can be estimated using the general condition @ptign( 2B2C)
given inTable3.4. By knowing the damage and using the undamaged dynamic modulus

master curve, the damaged master curve can be obtainedeasiagon3.8.
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Table 3.4. Recommended Damage Based on Pavement Condition Rating.

Pavement
Condition Rating

Description

Damage

Excellent

No cracking, minor rutting, and/or minor
mixture-related distresses (e.g., raveling),
little to no surface distortions or roughness.

0.0-0.2

Good

Limited load and/or notoadrelated
cracking, moderate rutting, and/or moderate
mixturerelateddistresses, some surface
distortions or roughness.

0.2-04

Fair

Moderate load and/or ndpnad-related

cracking, moderate rutting, moderate amou
of mixturerelated distresses, and/or some ¢
roughness (IRl > 120 inch/mile).

0.41 0.8

Poor

Extensive noroad related cracking, modera
loadrelated cracking, high rutting, extensive
mixturerelated distresses, and/or elevated
levels of roughness (IRl > 170 inch/mile).

0.8-1.2

Very Poor

Extensive loagtelated cracking, and/or very
rough surfaces (IRl >20 inch/mile).

>1.20

3.2.Characterization of Unbound Materials

The resilient modulusMR) is an important material property for unbound materials (e.qg.,

CAB and SG). The repeated triaxial resilient modulus test is performed on the unbound

materials over avide range of confining stres&) and deviator stressid) to capture the

stress dependency (i.e., nonlinearity) of unbound matdf&|s As presentedquation

3.12, theMris defined as the applied deviator str@s} divided by the recoverable strain

(§) when the applied load istracted from the specimen.

Equation3.12
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It is commonly accepted to treat an unbound layer as linear elastic in the traditional

pavement analysis procedures (e.g., standard tla#uing). The FWD backcalculated

unbound layer moduli are seen as appropriate since the stress conditions induced by FWD

at common load levels (aroung0O0 Ib to 12000 Ib) and standard traffic loading are
considered similar. In the case of SHL vehiclevmanalysis, considering the same FWD

backcalculated properties for the unbound layers may lead to improper estimation of

pavement responses since different state of stress conditions are induced in the pavement

layers. Hence, it is necessary to considerssdependent resilient modulus that reflects
the stress state induced by the SHL vehicle on the unbound layers.

However, considering thr relationship as a function of stress state for unbound
materials in a pavement analysis requires a finite eletyeatof analysis while 3DMove
Analysis softwar@assumes uniform properties that do not vary in the lateral direction. To
overcome this limitation, an iterative approach incorporating nonlinear -skepsndent
Mr relationship and the existing state aesses in the unbound layers was employed in

this study This approach is described in teection

3.2.1.Determination of Resilient Modulus Relationship

Various relationships have been developed to represeMrhelationship as function of
stress state. In thedudy, Uzan modeéxpressed biquation3.13was adopted. This model
is capable of considering both hardening and softening behavior of unbound material by

incorporating bulk stresgj( and deviator stressid), respectively.

0 0—, Equation3.13
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where:

K, n, andm are the regression constants.

These regression constants can be obtained by conducting the repeated triaxial
resilient modulus tedtl8]. However, time consuming and destructive process of sample
collection, testing, and associated cost are objectionable limitations. Thelsfresdency
of unbound materials are usually reflected in the backcalculated moduli when multiple and
distinct FWD load levels are applied9). Therefore, the use of FWD measurements at
multiple load levels to estimate the regression constants of stress depéroationship
was proposed. The set of backcalculated moduli in conjunction with the corresponding load
induced state of stresses carubibzed to identify the regression constants. The following
steps outline the approach.

1 Step 1. The backcalculated layer moduli values at each load level are used in 3D
Move Analysis softwareto compute the stress tensakj)(at a representative
elemenin the unbound layers when the applied load is simulated by uniform static
loading. For the SG layer, an element located at the depth of six inch from the top
of subgrade and centerline of the load is treated as the representative element. For
the other ebsting unbound layers in the pavement structure (e.g., base and subbase),
the representative element is selected at the middle of the layer.

1 Step 2 The calculated induced stress tensp) &t the representative element are
Atransformedo into an equivalent | abor a
use of stress invariants, inveay similar to previous studie2(,21,22]. Stress
invariant values are the same regardless of the orientation of the coordinate system

chosen. The octahedral normabd) and shearztcy) stresses, which are invariants,
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are used to conveil; computed in the representative element under the FWD loads
to deviator 64) and confining §c) stresses in a triaxial testing-$gt usingequation
3.14 through Equation3.17. In these equationssi, S»2, and s3 are the major,

intermediate, and minor principal stresses, respectively.

e b ” Equation3.14
o]
P £ .
S o " ” " ” " guation3.15
O- -
—sF 8 Equation3.16
C
. — Equation3.17

1 Step 3. As presented quation3.18, the calculated deviat@isg) and confining
(sc) stresses values at each load level can be used to compute the corresponding
bulk stress ).

o, " Equation3.18

1 Step 4 By knowing the backcalculated moduli at each of the load levels and the
corresponding bulk stresg)(and deviator stress{), the regression constants for
the Uzan modelEquation3.13) are then determined using Mean Squireor

(MSE) technique.
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3.2.2.Determination of Representative Resilient Modulus

As mentioned earlier, 3IMove Analysis softwareés a finitelayer method which assumes
uniform linear elastic properties for the unbound pavement layers and subgrade. In order
to implement the nonlinear stredependent resilient moduldisr any unbound layer or
subgrade, the resilient modulus relationship for &yel needto be determine which is
discussed in the previous section. By knowingNhgaelationship and state of stresses in

the representative elements of the layer under consideration, the representative resilient
modulus value for the layer can béaddished. The following steps outline the approach.

1 Step 1 Initial resilient moduli for the unbound layers are assumed (i.e., seed
values). The material properties for the AC layer is identified utilizing the approach
described irsection 3.1

1 Step 2 The Nucleus of SHL vehicle is determined using theMdive Analysis
softwareand the seed moduli for the unbound layers. It should be mentioned that
the methodology to determine the Nucleus of a SHL vehicle can be found in
Chapter 2

1 Step 3Knowing theNucleus and material properties specifie®tap 1the stress
tensor (ij) at a representative depth in the unbound layers within the domain
specified by the length and width of the Nucleus is computed. To be consistent with
the determination of resili¢nmodulus relationshipséction 3.2.}, six inch from
the top of subgradsurfaceand middle of the layers for the other existing unbound
layers (e.g., base and subbase) are selected as the locations where the stress tensors

are computed.
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1 Step 4 The calclated induced stress tensotg)(at the representative depth are
employed to identify deviatos(), confining (sc), and bulk stresgj stresses using
equations presented Eguation3.14 throughEquation3.18.

1 Step 5From the calculated deviatasd) and bulk @) stresss, the resilient modulus
can be determined using the resilient modulus relationshigE(pestion3.13).

1 Step 6 The calculatedVr for each unbound layer is compared against the seed
value chosen istep 1 If the difference between the two values is more than the
threshold value (say 5 percent), the calculated resilient moduli from Step 5 are used
as seed values Btep Zor 3D-Move Analysis softwarego calculate the new stress
tensor (ij) at the locations specified Btep 3

1 Step 7 Until the difference between the calculated resilient modulus from two
consecutive iterations are say within 5 perc8mep 2o Step 6are repeatk The
calculated resilient modulus from the last iteration is considered as the

representativ®r for the unbound layer under the evaluated SHL vehicle.

3.3.Characterization of Chemically Stabilized Materials

The chemically stabilized materials consist ofnleaoncrete, cement stabilized, open
graded cement stabilized, soil cement, lime treated materials. This material are considered
as linear elastic with constant elastic modulus which can be determined from the existing
correlations with compressive strengtfor instanceEquation3.19 and Equation3.20

present the equation for calculating elastic modulus for lean concrete and cement treated
base (CTB) as well as soil cement. Héds the compressive strength (psi) apds the

unconfined compressive strength (g4i}].
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0 vy mT@ Equation3.19

O pgmTm Equation3.20

3.4.Overall Summary

Estimation of pavement responses under a SHL vehicle are required inputs for
investigating the pavement structural adequacy. For determination of the pavement
responses using numerical models such a$/8e Analysis softwargthe first critical

step is tle material characterization for the existing pavement materials. Though pavement
layers are traditionally assumed as linear elastic, such an assumption in the case of SHL
move may result in inappropriate estimation of pavement responses due to theadifferen

in the characteristics of SHL vehicle compared to the standard truck (e.g., vehicle speed,
axle and tire configurations, tire loading, etc.).

Dynamic modulusg?*, is the primary material property of AC layers which is a
function of temperature and loadji frequency. The role of lower SHL vehicle speed in the
pavement analysis can be addressed using the dynamic modulus master curve for the AC
layer which is a readily accepted input for -BIdve Analysis software In order to
incorporate existing damage the existing AC layer, a methodology to estimaté i e | d
damaged dynamic modulus master curveo whic
stiffness was proposed. The overall methodology which is consistent with the current
approach used in the AASHTOWdPavement ME softwafds summarized iTable3.5.

In the case of unbound materials, it is well accepted that the resilient modulus of

these materialare a function of stress state. It is believed that the induced state of stresses
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by FWD loading at the common load levels (around 9,000 Ib to 12,000 Ib) and a standard
truck are similar. Therefore, the FWD backcalculated moduli for unbound materidls can
viewed as a representative stiffness in the pavement analysis when the standard truck traffic
is of concern. However, in the case of SHL vehicle, higher state of stresses compared to
those observed under a common FWD load level are expected. ConsedqherfWD

based backcalculated modulus of an unbound layer may not represent the stiffness of the
layer expected under a SHL vehicle move. In order to overcome this issue and consider the
stress dependency of unbound layers and subgrade, an iteratieacipmcorporating
nonlinear stresdependenir relationship and the existing state of stresses in the unbound

layers was employed in this study (exble3.6).
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Table 3.5. Determination of Field Damaged Dynamic Modulus Master Curve for an AC Layer.

Main Steps Options Sub-Steps Sub-Options Required Inputs
Step 1 Option 1A: Calculated A | Not applicable Not applicable 1 Recovered asphalt binder accordingh®@SHTO
Determination of and VTS Parameters fron T319.
Viscosity Measured Shear Modulus 1 Measured asphalt binder shear modulus and
Temperature and Phase Angle phase angle at a minimum of three temperatur
Susceptibility according to AASHTO T315.
Relationship of Option 1B: Estimated A | Not applicable Not applicable 1 Asphalt binder PG grade, viscosity grade, o
Asphalt Binder and VTS Parameters fron peretration grade
Database
Step 2 Construction| Option 2A: Measured Not applicable Not applicable 1 Measured dynamic modulus according to
of Damaged Dynamic Modulus on AASHTO T3780n core from wheel path.
Dynamic Modulus | Cores from Wheel Path
Master Curve Option2B: Estimated Step 2B1: Option 2B1A: Measured | 1 Measured dynamic modulus according to
Damaged Dynamic Construction of Dynamic Modulus on AASHTO T3780on core from between the whee
Modulus Master Curve | Undamaged Cores from Between paths.
Dynamic Modulus | Wheel Paths
Master Curve Option 2B1B: Dynamic |  Asphalt mixture Volumetricsya andVpes
Modulus Predictive (AASHTO T166 and AASHTO T209 or
Model (e.g., Witczak) historical data).
1 Aggregate gradation (AASHTO T319 and
AASHTO T30 orhistorical data).
9 Asphalt binder viscosityXASHTO T319 and
AASHTO T315 or historical data)
Step 2B2: Damage | Option 2B2A: Using 9 Backcalculated modulus of AC layer.
characterization backcalculated AC layer | § FWD loading frequency.
modulus f Temperature ahe middepth of AC layer.
Option 2B2B: Condition | § Condition survey data (percent bottamp fatigue
Survey Data cracking).
1 Bottomup fatigue cracking calibrated transfer
function.
Option 2B-2C: General 1 Pavement condition ratindgexcellent, Good,

Condition Rating

Fair, Poor, Very Poor).
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Table 3.6. Determination of Representative Resilient Modulus for an Unbound
Layer.

Main Steps

Options

Sub-Steps

Step 1
Determination of the
Resilient Modulus

Option 1A: Laboratory
Measured Resilient
Modulus According to

Not Applicable

Relationship AASHTO T307
Option 1B: Using FWD | { Step 1B1. Determine the backcalculated
Data at Multiple Load modulus aktach load level.
Levels 1 Step 1B2. Compute the stress tensor at
the representative element of the layer.

1 Step 1B3. Calculate the equivalent
triaxial confining, deviator, and bulk
stresses.

9 Step 1B4. Determine the regression
constants for resilient modulus
relaionship.

Step 2 Not Applicable 1 Step 21. Assume seed value for the
Determination of resilient modulus of the unbound layer.
Representative { Step 22. Determine the Nucleus of SHL
Resilient Modulus vehicle.

Under a SHL 1l Step 23. Compute the stressnsor at the
Vehicle

representative element of the unbound
layer.

1 Step 24. Calculate the equivalent triaxia
confining, deviator, and bulk stresses.
9 Step 25. Estimate the resilient modulus
using the developed resilient modulus
relationship inStep 1in conjuncton with
calculated deviator and bulk stresses.

1 Step 26. Compare the estimated resilier
modulus with the seed value. If the
difference is high (say more than 5
percent), use the estimated value as a1
seed value istep 22.

9 Step 27. Repeatep 22 to Step 27 until
the differences between two consecutiv
iterations are less than 5 percent.
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CHAPTER 4. ESTIMATION OF SUBGRADE SHEAR STRENGTH

PARAMETERS USING FALLING WEIGHT DEFLECTOMETER

As noted in Chapter 1 and @jperheavy (SHL) load components are miacger in size

and weight and they often require specialized trailers and hauling units. These loads may
sometimes approach to as much as 6 million pourfisaXle and tire configurations to be
used in the hauling are variable, assembled to suit the regwr components being
transported.

The vertical stress distribution below the pavement surface under a SHL vehicle
can become important since overlapping stress distributions under the tire loads can render
a critical condition of instantaneous failureamset of yielding, especially in the subgrade.

The subgrade thickness can be substantial in many field situations, however, the
contribution of the zone in the subgrade which is affected by the truck surface load is the
concern. This influencing zone ihda subgrade which isereinreferred to as pavement
subgrade layer, needs to be characterized. It should be mentioned that in general, the most
vulnerable layer for failure under a SHL move is the pavement subgrade layer.

Shear gength parametersafigle d internal friction, f and cohesiong) of the
subgrade layer are the necessary inputs for investigating the bearing capacity (i.e.,
instantaneous) failure and the onset of yielding of subgrade layer under the superheavy
load configurationHowever, he skear strength parameters are not readily available and
are not used in routine pavement design processes. Many researchers have questioned the
validity of using existingdatabase off and c valuesto characterize the strength of

pavement subgrade layer. &ddition, because of the nature of the variability of the
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subgrade, a realistic estimation undessitu conditions for thenfluencing zone in the
subgrade (i.e., pavement subgrade laigeelssentialAlthough laboratory testing provides

the mostreliable measurements for shear strength parameters of unbound materials (e.g.,
base and subgrade), time consuming and destructive process of sample collection, testing,
and associated cost are objectionable limitations. On the other hand, use of emgineeri
judgement can lead to an inaccurate determination-sitinshear strength parameters.
Hence, reasonable estimation ofsitu shear strength parameters of unbound pavement
layers in a notdestructive manner is a desirable undertaking.

Falling Weight Reflectometer (FWD) is one of the most acclaimed{destructive
Testing (NDT) devices that simulates pavement responses under a moving truck wheel. A
stationary impact load of known magnitude is applied to the asphalt pavement surface. The
applied load irconjunction with the measured vertical surface displacements at different
radial distances, called deflection basin, is routinely utilized to backcalculate the resilient
moduli of the various pavement layers using computational backcalculation techniques.
Estimated | ayersdéd stiffness derived using
of the structural adequacy of pavement structures.

Despite the fact that FWD device has been successfully employed to estimate the
stiffness of pavement layers andavement structure loachrrying capacity, the
applicability of this device to determine thesitu shear strength properties of pavement
layers has not been examined by researchers. A novel-6&8&d methodology for
estimating insitu shear strength paraters (angle of internal frictiorf,and cohesiong)
of the subgrade contained within the influencing zone (i.e., pavement subgrade layer),

which has the contributing role to the pavement performance, has been developed as a part
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of this study. The methadbgy includes the consideration of the strdspendent behavior
of subgrade material assessed based on the backcalculation process using deflection basins
from different FWD load levels.

In this chapter the feasibility of FWD measurements to estimdie $trength
parameters of a subgrade layepresented. The validity of the proposed approach was
explored using numerical simulation of FWD measurements and FWD data collected from
large-scale experimentn full-scale pavement structuras well as Acderated Pavement
Testing (APT) facilities. Variety of unpaved and paved pavement structures were utilized

in the verification process.

4.1.Methodology
4.1.1.Nonlinear Hyperbolic StressStrain Relationship of Soils

The laboratory triaxial compression tests have keadfitionally used to determine the
shear strength properties of soils. A typical stsssin relationship in the triaxial

compression test is often expressed by a hyperb@gpaesseih Equationd.1 [23,24].

S Equationd.1

where:
Uq : triaxial deviator stress
{ : axial strain corresponding to deviator stress

Ei : initial tangent modulusand
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Uaf : deviator stress at failure.

The Uqr is the asymptotic values of the deviator stress whimturs near failure
(large displacement). By rewriting the hyperbolic equation in a linear form in tefti§of
andU, deviator stress at failure and initial tangent modulus can be estimated by inversing

the slope and intercept, respectively (Egeation4.2).

p
— "~ 90 Equation4.2

In the triaxial compression test, the deviator stresses and corresponding axial strains
are measured during the entire test that includes the soil behavior near failure. Therefore,
fitting a linear line through available measured data (l¥Cs versus ) enables
determination of the hyperbolic strestgain relationship for the entire loading process.
Similarly, multiple datasets af; and{ induced in a representative element of subgrade
layer resulting from multiple FWD load levels can be implemeirténl the hyperbolic
equation. It should be mentioned that the FWD load levels are not expected to reach to the
failure state which means that fitting a line through available datadetardU] in essence
extrapolates the measured data up to and hedfatiure condition®r asymptotic value
(seeFigure4.1 andFigure4.2). In other words, identifying an equivalent triaxial condition
for the representative element of subgrade layer under FWD loading can lead to the

estimation ofigt.
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Figure 4.2. Estimation of deviator stress at failure using linear form of hyperbolic
relationship.
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4.1.2.Equivalent Triaxial Condition under FWD Loading

It is commonly accepted that the resilient modulus of unbound materials such as crushed
aggregate base (CAB) and subgrade (SG) soils is a function of the stress conditions. Such
a characteristic of these materials are usually reflected in the backcalcutzdeali when
multiple load levels are appli¢il9]. The set of backcalculated subgrade moduli at different
load levels in conjunction with the wesponding computed loadduced state of stresses

are utilized in the proposed procedure to determine the multiple datasetdia. These
determined set of values are then used to fit a hyperbolic relationship (feteratord.1
andEquation4.2). The following steps outline the proposed approach.

1 Step 1The bakcalculated layer moduli at each load level are used with a layered
Linear Elastic Program (LEP) to compute the stress tefigpat(a representative
element in the subgrade layer. An element located at the deBtwsR (Brwo is
the diameter of theWD plate) from the top of subgrade and centerline of the load
can be viewed as the representative element to determine thadoadd stresses.

The representative element Binp /2 from top of subgrade surface) is bounded

by shearing zones in tlseibgrade and experiences the largest vertical strain under
circular loaded aref®5]. Note that incorporating backcalculated layer moduli with

a linear elastic program have been conventionally used steps in the mechanistic
empirical pavement analysis and design procedures to obtain the needed critical
pavement responsgkl].

1 Step 2 The calculated induced stress tenspy &t the representative element are

Atransformedo into an equivalent | abor a
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use of stress invariants, in a way similaptevious studief20,21]. Stress invaant

values are the same regardless of the orientation of the coordinate system chosen.
The octahedral normab{c) and shearftc) stresses, which are also invariants, are
used to convert the stress tensor computed in the representative subgrade elemen
under the FWD loads to deviatargf and confining §c) stresses in a triaxial testing
setup usingEqudion 4.3 throughEquation4.6. In these equations;, sz, and sz

are the major, intermediate, and minor principal stresses, respectively.

P ,
5" " " Equdion 4.3

P :
s 6_ n ” ” ” ” ” Equat|0n4.4

o o s ,
Vic Equationd.5
; — Equation4.6

1 Step 3 Calculatedsq values at each load level are then used to compute the
corresponding triaxial axial strait}] as expresseith Equation4.7, where(Mg)sc

is the backcalculated subgrade resilient modulus at the corresponding load level.

-5 5 Equationd.7



66

| Step 4 Using the linear fit of computed multiple datasetsqdnd(, the deviator
stress at failured), which is equal to the inverse slopelfis versus can be
determined. It should be mentioned that in the case when the backcalculated
subgade modulus decreases with increasing load level (i.e., dominant softening
behavior), the slope dii/ds versusl is positive which is a characteristic of fine
grained soil. On the other hand, a negative slope indicates a hardening behavior. In
such a cse, there is no asymptotic value that represents failure and therefore the
proposed approach is not applicable.

{1 Step 5Based on the determinégt and computedc.avgWhich is the average of the
confining stresses at each load le&dfation4.6), it is possible to establish only
one single Mohr circle of failure. Hajj et al. showed that the variatiai eélues
at different lod levels given byEquation4.6 was low (within 10 percent),
indicating that a singléc.avg Value may be appropriaf@2]. Accordingly, a range
of subgrade cohesion values can be estimated &sjogtion4.8 by assuming an
acceptable range for the angle of internal friction, based on the known soill
classification of the subgrade. It may be noted that reliable data exist in the literature
for seleting an appropriate range of angle of internal friction based on the soll

classification26,28,29,30).

wom , ., DAL fic D DOt L fig Equation4.8

Note that using linear elastic theory in conjunction with FWD measurements is the

common practice to evaluate-situ resilient moduli of the pavement layers. Subsequent
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determination of loa@ghduced state of stresses and strains using LEP also usesnihe sa
set of assumptions (i.e., stationary static-sghmetric loading). However, the stress
dependency of subgrade material is incorporated in the process because it employs the

backcalculated subgrade modulus obtained from multiple FWD load [@@ls

4.2.Validation of Proposed Methodology

To validate the proposed FWhased methodology, the applicability of extrapolating
datasets ofsq and a to the near failure level to estimafgs was investigated first.
Afterwards, numerical simulation of FWD testing as well as field FWD measurements
conducted on variety of unpaved and paved pavement structures were employed to verify

the applicability of the proposed procedure.

4.2.1.Nonlinear Hyperbolic Stres-Strain Relationship of Soils

As noted earlier, the FWD load levels and associated state of stresses in the subgrade layer
do not reach the failure state of the materials. The extension of the data obtained at lower
stress levels to the failure state deabthe estimation of maximum deviator stress
(asymptotic value). However, extrapolation of hyperbolic relationship using the measured
data at lower state of stresses should be examined by means of measured triaxial test results.

To this end, the result$ oonsolidated undrained triaxial tests without poweger
measurements conducted on two different types of soils were employed. The first soil, used
as subgrade material in largeale experiments in this study, was clayey sand with gravel
(SC) with a- of 38 degrees and@of 2 psi. The second soil is called Dupont clay with a

L of 18 degrees andof 3.5 psi which has been used in National Airport Pavement Test
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Facility (NAPTF) of the Federal Aviation Administration (FAA3Q]. Figure 4.3 and
Figure4.4 show the deviator stress versus axial strain for the SC soil and Dupont clay at
different confining pressures, respectively. Triaxial test results for the SC soil was only
available at two confining pressu

For each sets of triaxial test results, deviator stress up to the cutoff levels of 20
percent, 30 percent, 40 percent, and 50 percent of deviator stress at failure and
corresponding axial strains were separately used to develop the linear form dfoligper
relationship. Consequently, the estimat (i.e., inverse slope) using many sets of
truncated data was determindgigure 4.5 and Figure 4.6 depict the estimatedis
normalized by the measurég (i.e., from triaxial tests) for different cutoff levels of 20,
30, 40, and 50 perneof the measuredi.

As presented ifrigure 4.5 and Figure 4.6, regardless of soil type and confining
pressure, the use of measudada from higher cutoff level results in better estimatéifor
In other words, by engaging more data pointslofnd U, better estimation ofi is
possible. It can be seen that, at the cutoff level of 50 percent, the estilmaedasonably
closeto the measured value (i.e., less than 15 percent difference). Hence, it can be
concluded that when the state of deviator stress in a triaxial test reaches to about 50 percent

of Ggr, hyperbolic relationship can be utilized to obtain the needed asymyabte:
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Figure 4.4. Result of triaxial tests on Dupont clay.
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Figure 4.5. Normalized estimated deviator stress using datasets at different cutoff
levels of measured data for clayey sand with gravel.
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Figure 4.6. Normalized estimated deviatorstress using datasets at different cutoff
levels of measured data for Dupont clay.
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4.2.2.Estimation of Subgrade Strength Parameters: Single Subgrade Layer

In this section, the verification of proposed methodology for estimating subgrade shear
strength parameterby applying FWBEype loading directly on top of subgrade is
presented. Numerical modeling of FWD testing as well as field FWD measurements
collected from the largecale experiment (Experiment No. 1) and Light Weight
Deflectometer (LWD) measurements abtd from NAPTF were used. It should be
mentioned that the applied load levels in the numerical simulation and-slkeatge
experiment are the typical range that can be handled by LWD device. The concept behind
the LWD device is very similar to FWD but timapulse load levels are lower and is often

used with unbound materials.

4.2.2.1.Numerical Modeling of FWD Testing: Single SG Layer

In order to investigate the validity of proposed methodology, numerical simulation of FWD
testing using ILL4PAVE software wasonducted. Substantially lower computational
effort because of the use of ayimmetric finite element formulation and the consideration

of stress dependency (ntinearity) along with failure conditions of unbound materials (
andc) are the main advantag of ILLI -PAVE software $]. Subgrade responses under
LWD-type of loading for two different subgrade materials with different properties were
simulated. To capture stredspendent behavior of subgrade materials, bilinear
(arithmetic) model (sed-igure 4.7) and Uzan model (seEquation4.9) along with
representative shear stiggh parameters were selected for Subgrade | and Subgrade I,
respectively. Material properties which were adopted from the literature and used in the

current analysis are summarizediable4.1 for Subgrade | and Subgradd $|31].
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Figure 4.7. Bilinear (arithmetic) model for representing stress dependency of
unbound materials.

0 0—, Equation4.9

Ugi : breakpoint deviator stress

Eri : breakpoint resilient modulyus

Kz andKs: slope of linear line showing the change in resilient modwltisrespect
to deviator stress;

Uan : deviator stress lower limit

Caul : deviator stress upper limit

MR : resilient modulus

g bulk stress

Uq : deviator stress



K : regression constant

n: bulk stress exponerdand

m : deviator stress component.
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Table 4.1. Material Properties and Layer Thicknesses of Subgrade | and Subgrade

Properties Subgrade | Subgrade |l
Layer Thickness (inch) 276 276
Density (pcf) 100 100
Lateral Earth Pressure Coefficient | 0.85 0.80
Resilient Modulus (psi) Bilinear Model Uzan Model
Uai = 6.2 psSi K=1,793 psi
Eri = 3,000 psi n=0.19
Kz =1,110 psi/psi m=-0.36
K4 =-178 psi/psi
ljd|| =2 psi
ljdu| =129 psi
Poi ssonds Ratio 0.45 0.45
Angle of Internal Frictionf (degrees) 0 12
Cohesiong (psi) 7 19

The LWD tests were simulated by applying various loads (500, 1000, 1500, 2000,

2500, and 300@b) on a circular plate with 5.91 inch radius. The corresponding surface

displacements at 0, 8, and 12 inch away from the center of the loading plate were computed

(seeFigure4.8 andFigure4.9).
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Figure 4.8. Computed surface deflections oSubgrade | under LWD loadings.
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Figure 4.9. Computed surface deflections of Subgrade Il under LWD loadings.
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Since the proposed methodology relies on the stress dependency and softening
behavior of subgde material (i.e., positivéd/Gs versus U relationship), such a
characteristic of subgrade layer should be examined first. Deflection Ratio (DR) is a
methodology for investigating the nonlinearity in pavement layers (e.g., subgrade only)
which can be callated by dividing the normalized deflections under the higher load level
by the normalized deflections under the initial load level (i.e., 500 Ib). This methodology
is capable of capturing the stress hardening or softening characteristic of material
different radial distances®]. A DR value of 1.0 indicates linear elastic behavior for the
unbound materiaFigure4.10andFigure4.11depict the calculated DR values resipeely
for Subgrade | and Subgrade Il at different locations (i.e., 0, 8, and 12 inch away from the
center). An increase in DR when applying higher load levels can be inferred from this

figure, indicating a dominant softening behavior in the subgradesr gndsideration.
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Figure 4.10. Evaluation of nonlinearity in Subgrade 1.
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Figure 4.11. Evaluation of nonlinearity in Subgrade II.

To undertake the backcalculation process, BAKFAA&mource software was
utilized [6]. Repeated attempts at the backcalculation process with owemsols on the
variability of the elastic modulus revealed that the subgrade layer should be subdivided to
t wo sublayersamsAppgarmidretpt Ri g38dThit procedure Met h o
enables the consideration of the stress dependency of unbound material in the
backcalculation. The outputs of backcalculation process for both Subgrades revealed that
the ingease in LWD load level resulted in the reduction in backcalculated subgrade
modulus, indicating the softening behavior which is consistent with the Deflection Ratio
analysis.

Based on the backcalculated moduli at each of the load levels, the stres@liignsor
at 5.91 inch (i.e.B/2 whereB is the plate diameter) below the subgrade surface was

computed by assuming static loading conditions using thé18ize Analysis software.
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The deviator stress at failure which is equal to the inverse slog&iofersusU can be
estimated using the transformation of the stress condition to the corresponding triaxial
testing condition. As previously stated, by assuming a range of values, fiire
corresponding cohesion)(values can be determined for the subgradesa: equal to 0

degree for Subgrade | and aqual to 12 degrees for Subgrade Il, which are the values
used in the ILLAPAVE simulations, cohesion values of 7.8 psi and 19.4 psi were
determined for Subgrade | and Subgrade II, respectively. Thesd sstsrated cohesion
values are consistent with the assumed cohesion of 7 psi and 19 psi which were used in
ILLI -PAVE simulations.

Note that, the calculated deviator stresses at the highest load level are 39 percent
and 31 percent of estimatég for Subgrade | and Subgrade I, respectively. Even though
these values are less than 50 percent of estindiatetlis simulation exercise implies that
the proposed approach by incorporating nonlinear behavior of subgrade in conjunction with
the hyperboli stressstrain relationship can provide a good estimation of subgrade
cohesion when appropriate range of angle of internal friction is assumed. The calculations
associated with the proposed approach for Subgrade | and Subgrade Il are summarized in
Table4.2 andTable4.3. It should be mentioned that the analysis was stopped at the load
level of 2,000b for Subgrade | and 3,00b for Subgrade Il since gradual increase in the
applied load and subsequent cédtions revealed negligible increase (i.e., less than 5

percent) in the estimated deviator stress beyond these load levels.
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Table 4.2. Estimation Process of Shear Strength Parameters for Subgrade | and

Subgrade |II.
Material | Load | Subgrade| U U2 Oz | UOoct | Get | QGd Hyperbolic
Level | Modulus | (psi) | (psi) | (psi) | (psi) | (psi) | (psi) Datasets
(Ib) (psi) q | Q/dd
(micro
strain)
Subgradeg 500 7,962 2.95|047|0.46|1.29|1.17| 1.29 | 3119 | 125.6
I 1,000| 6,118 6.09 | 1.06| 1.05| 2.74| 2.37| 2.74 | 823.1 | 163.4
1,500| 4,098 9.50|1.81|1.80| 4.37| 3.63| 4.37 | 1,878.4| 244.0
2,000 3,233 |12.90| 2.55| 2.53| 5.99| 4.88| 5.99 | 3,204.9 | 309.3
Subgradeg 500 1,965 2.85|10.44|0.43|1.24| 1.14| 2.42 | 1,230.9| 508.9
Il 1,000| 1,807 5.71|0.88| 0.87| 2.48| 2.28| 4.84 | 2,677.0| 553.4
1,500| 1,658 8.56 | 1.29|1.28| 3.71| 3.43| 7.28 | 4,393.0| 603.1
2,000 1594 |11.42|1.72|1.70|4.95|458| 9.71 | 6,092.6 | 627.3
2500 1513 |14.28|2.11|2.09|6.16| 5.74| 12.18| 8,050.9 | 660.9
3,000 1,430 |17.14|2.53|2.51|7.39| 6.89| 14.62| 10,223.4| 699.3

Table 4.3. Estimated Shear Strength Parameters for Subgrade | and Subgrade II.

Material | Ccavg(psSi) | U (psi) | Normalized (g at highest | t (degree)| c (psi)
load level with respect to
Ular
Subgrade | 1.47 15.6 39% 0 7.8
Subgrade I 1.48 48.0 31% 12 194

4.2.2.2 Measured Surface Deflection Data: Single SG Layer

In order to experimentally evaluate the applicability of the developed methodology-a large

scale experiment (Experiment No. 1) thatluded FWDtype testing on the 66 inch

subgrade layer was designed and conducted. Béthdcussiosregarding the largscale

experiments (e.g., construction procedure, instrumentation, material properties, etc.)

conducted as part of this study carfdaend in Appendix A.

The subgrade material was classified as clayey sand with gravel (SC). The results

of the unsaturated triaxial tests indicated af 38 degrees and @of 2 psi. Surface
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deflections using surface Linear Variable Differential Tramsfms (LVDTS) at the center

of loading plate (LVDT1), 8 inch (LVDT2) and 12 inch (LVDT3) away from the center of

the plate were measured. In addition to the surface measurements, Total Earth Pressure
Cells (i.e., P1 and P5) embedded in the subgrade laparred the load induced vertical
stresses during the experimemhe instrumentation plan resentedn Figure4.12 to
Figure4.15as well asTable4.4.

In order to further assess the applicability of the developed methodology, the LWD
measurements obtained from Construction C\
employed[30]. The LWD testing on the compacted Dupont clay subgrade at 2 nearby
locations along the length of the section were analyzed where each location included 4 load
levels (around 600, 800, 100dhd 1200b). In addition, the study reported the results of
strength parameters from triaxial tests- asf 18 degrees and of 3.5 psi for this same

clayey subgrade material (S€gure4.4).



1

1

PLAN (SG Surface)

ﬂ GENERAL NOTES

* All Dimensions are in inches.
* Sensor Types:
-L=LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.

- 8G = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-8G = Subgrade.

\ J
)

University of Nevada, Renc

Department of Civil and Env. Eng.
University of Nevada

1664 N. Virginia St./ MS258

\_Reno. NV 89557 Yy

(PROJECT:
FEDERAL HIGHWAY ADMINISTRATION
CONTRACT NO. DTFH61-13-C-00014

ANALYSIS PROCEDURES FOR
EVALUATING SUPERHEAVY LOAD
MOVEMENT ON FLEXIBLE

LPAVEMENTS J
rLarge—Sc:alE Box W
Experiment 01:
Date: 09/19/2017 5G surface
Plan
Scale: TO FIT

Drawn By: Mohamed Nimeri

\Chsckad By: Elie Hajj

Figure 4.12. Plan view for UNR Large-Scale Box instrumentations in Experiment No1l.

80




123 L4
A13
| 114 Ja15

IUT L6 L7
1 | A12 A11_A10 A9 ABATPS P6 P7 P8 1
_2 P4 P3 P2 ATAZ2A A4 A5 A6 2
1
Z
[ = e X —]
Section A-A

* Material Types:

-L=LVDT.
- P = Total Earth Pressure Cell.
- A = Accelerometer.
- SG = Strain Gauge.

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-SG = Subgrade.

"

f 3
University of Nevada, Renc
Department of Civil and Env. Eng.
University of Nevada
1664 N. Virginia St./ MS258
\ Reno, NV 89557 .
fPROJECT:

FEDERAL HIGHWAY ADMINISTRATION
CONTRACT NO. DTFH81-13-C-00014

ANALYSIS PROCEDURES FOR
EVALUATING SUPERHEAVY LOAD
MOVEMENT ON FLEXIBLE

AVEMENTS

rL_an_:je-Scale Box )

) Experiment 01:
Date: 09/19/2017 Section AA.
Scale: TO FIT

Drawn By: Mohamed Nimeri

SHEET

20F 4

Checked By: Elie Hajj
\ /)

81

( . ——

f  GENERAL NOTES ‘\

* All Dimensions are in inches.
* Sensor Types:

—/

Figure 4.13. Section AA view for UNR Large-Scale Box instrumentations in Experiment Nol.



82

ﬂ GENERAL NOTES

* All Dimensions are in inches.

* Sensor Types:
-L=LVDT.

| - P = Total Earth Pressure Cell.

J_ _L J_ & - A = Accelerometer.

- 8G = Strain Gauge.

* Material Types:

> -AC = Asphalt Concrete.
< w - CAB = Aggregate Base.
A 1 -S8G = Subgrade.

]f

‘ J
*() ( h

| University of Nevada, Renc

Department of Civil and Env. Eng.
University of Nevada

\d _I. 1664 N. Virginia St./ MS258

J h Reno, NV 89557 y

1

(PROJECT: A
\"_ % FEDERAL HIGHWAY ADMINISTRATION
?r_\'\ g inch CONTRACT NO. DTFHE1-13-C-00014
q = ANALYSIS PROCEDURES FOR
Y'“\ EVALUATING SUPERHEAVY LOAD

@ MOVEMENT ON FLEXIBLE
LF'AVEMENTS

J

rLarge—Suale Box 1
Experiment 01:
| Date: 09/18/2017 Section 1-1

10 inch below
[ | se.
Scale: TO FIT

Drawn By: Mohamed Nimeri
SHEET

30F4

Section 1- 1 (10 inch below SG surface) \ﬁ““"“ i

Figure 4.14. Sectionl-1 view for UNR Large-Scale Box instrumentations in Experiment Nol.



83

ﬂ GENERAL NOTES \

* All Dimensions are in inches.
_ _ * Sensor Types:
mm [ -L=LVDT.
| - P = Total Earth Pressure Cell.

_L _L _L rfL - A = Accelerometer.

- 8G = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-SG = Subgrade.

\ y
b
Ly r )
v{]{v’b University of Nevada, Renc
N

1
s
-
]‘d

L Department of Civil and Env. Eng.
M1 University of Nevada

1664 N. Virginia St./ M5258

qu | _Reno, NV 89557 J

(PROJECT:
FEDERAL HIGHWAY ADMINISTRATION

Q”J ¢ "48 Inch } [ CONTRACT NO. DTFH81-13-C-00014

b ANALYSIS PROCEDURES FOR

Q EVALUATING SUPERHEAVY LOAD
MOVEMENT ON FLEXIBLE
LPAVEMENTS

Vv,

rLarge—Sc:alE Box W

Experiment 01:

- - | Section 2-2
| Date: 09/19/2017 20 inch below

| | SG.
Scale: TOFIT
iy AN
Drawn By: Mohamed Nimeri
SHEET
Checked By: Elie Hajj 40F4
Section 2- 2 (20 inch below SG surface) \L J)

=/

Figure 4.15. Section2-2 views for UNR Large-Scale Box instrumentations in Experiment Nol.



Table 4.4. Details of Instrumentation Plan for Experiment No.1 (SG Layer Only).

84

No | Tag Sensor Brand Capac | Specifica Coordinates Notes
Name ity tion Radius (inch) | Angle () | Depth (inch) | X (inch) Y (inch) | Z (inch)

1 L1 LVDTO1 | Novotechnik 4 inch TR-0100 0 48 0 0 0 66 LVDT

2 L2 | LVDTO2 | Novotechnik | 4 inch TR-0100 8 48 0 -5.3 -6 66 LVDT

3 L3 LVDTO03 | Novotechnik 4 inch TR-0100 12 48 0 -8 -9 66 LVDT

4 L4 | LVDT04 | Novotechnik | 4 inch TR-0100 24 48 0 -15.9 -17.9 66 LVDT

5 L5 LVDTO5 | Novotechnik 4 inch TR-0100 36 48 0 -23.9 -26.9 66 LVDT

6 L6 LVDTO6 | Novotechnik | 4inch TR-0100 48 48 0 -31.9 -35.9 66 LVDT

7 L7 LVDTO7 | Novotechnik | 4inch TR-0100 60 48 0 -39.9 -44.8 66 LVDT

8 P1 PO1 Geokon 87 psi 4inch cell 0 228 26 0 0 40 Pressure Cell (Vertical)
9 P2 P02 Geokon 36 psi 4inch cell 24 228 20 15.9 17.9 46 Pressure Cell (Vertical)
10 P3 P03 Geokon 36psi 4inch cell 48 228 20 31.9 35.9 46 Pressure Cell (Vertical)
11 P4 P04 Geokon 36 psi 4inch cell 60 228 20 39.9 44.8 46 Pressure Cell (Vertical)
12 P5 P05 Geokon 362 psi | 4inch cell 0 48 10 0 0 56 Pressure Cell (Vertical)
13 P6 P06 Geokon 87 psi 4inchcell 24 48 10 -15.9 -17.9 56 Pressure Cell (Vertical)
14 pP7 P07 Geokon 87 psi 4inch cell 48 48 10 -31.9 -35.9 56 Pressure Cell (Vertical)
15 P8 P08 Geokon 87 psi 4inch cell 60 48 10 -39.9 -44.8 56 Pressure Cell (Vertical)
16 | Al ACCO01 Vernier + 5g 3-Axis 0 48 20 0 0 46 Accelerometer

17 A2 ACCO02 Vernier + 59 3-Axis 6 48 20 -4 -4.5 46 Accelerometer

18 | A3 ACCO03 Vernier + 5g 3-Axis 12 48 20 -8 -9 46 Accelerometer

19 | A4 ACC04 Vernier + 5g 3-Axis 24 48 20 -15.9 -17.9 46 Accelerometer

20 | A5 ACCO05 Vernier +5¢g 3-Axis 48 48 20 -31.9 -35.9 46 Accelerometer

21 | A6 ACCO06 Vernier + 5g 3-Axis 60 48 20 -39.9 -44.8 46 Accelerometer

22 A7 ACCO07 Vernier + 59 3-Axis 6 228 10 4 4.5 56 Accelerometer

23 | A8 ACCO08 Vernier + 5g 3-Axis 12 228 10 8 9 56 Accelerometer

24 | A9 ACCO09 Vernier + 59 3-Axis 24 228 10 15.9 17.9 56 Accelerometer

25 | A10 | ACC10 Vernier + 59 3-Axis 36 228 10 23.9 26.9 56 Accelerometer

26 | All1 | ACCl1 Vernier + 5g 3-Axis 48 228 10 31.9 35.9 56 Accelerometer

27 | A12 | ACC12 Vernier + 59 3-Axis 60 228 10 39.9 44.8 56 Accelerometer

28 | A13 | ACC13 Vernier + 5g 3-Axis 0 0 0 0 0 66 Accelerometer

29 | A14 | ACC14 Vernier + 59 3-Axis 12 48 0 -8 9 66 Accelerometer

30 | A15 | ACC15 Vernier + 5g 3-Axis 24 48 0 -15.9 -17.9 66 Accelerometer

31 | Al6 | ACC1l6 Vernier + 5g 3-Axis - - - - - - Frame Accelerometer
32 LCSTO1 Applied LoadString Pod
33 LCO1 Applied LoadLoad Cell
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Table 4.5, Table 4.6, and Table 4.7 present the surface deflection recordings

measured in Experiment Nd. as well as FAA study (Location 1 and Location 2),

respectively. As a first step, the stress dependency for the subgrade layers were examined
using the measured surface deflections. Deflection softening behavior was identified in
both cases (i.e., Experent No. 1 and FAA study) according to Deflection Ratio approach,

outlined above (sed@able 4.5). The backcalculation process was then conducted by

adpting

ADept h

to an

Apparent

Ri gi d

subgrade modulus was backcalculated uBiogssinesq solution (s&guatiord.10) since

only the center deflection was available. In this equabbiis the resilient modulu$max

is the maximum contact pressures the plate radiugi s t

he

be equal to 0.4); and is the maximum surfacgeflection at the center.

Poi

ssono6s

Table 4.5. Surface Deflection Measurements in Experiment No. 1 and
Corresponding Backcalculated Moduli.

. Surface Deflection . . Backcalculat
Applied : Deflection Ratio o
Ega d (mils) ed Subgrade Ud. Gl o U%)
(Ib) 11 | L2 | L3 | L |L|Ls M‘ZS;')“S (psi)
1,154 | 592 | 5.10| 4.79 | 1.00|1.00| 1.00 39,800 5.33 25
1,589 | 850 | 7.59 | 6.92 | 1.04| 1.08| 1.05 37,200 7.36 35
2,079 | 12.18| 10.76| 9.22 | 1.14|1.17| 1.07 31,200 9.70 46
2,514 | 16.39| 13.71| 13.08| 1.27| 1.23| 1.25 24,100 11.82 56
3,072 | 22.62| 17.71| 16.63 | 1.43| 1.30| 1.30 17,500 14.70 70

Table 4.6. Surface Deflection Measurements in FAA Study (Location 1) and
Corresponding Backcalculated Moduli.

Applied Center Surface Backcalculat Qo
Load . . Deflection Ratio | ed Modulus A0 Gal o Q00)
Deflection (mils) . (psi)

(Ib) (psi)

597 5.2 1.00 10,200 3.04 27
796 7.6 1.10 9,300 4.02 36
921 9.3 1.16 8,800 4.68 42
1,258 17.6 1.61 6,400 6.21 55

Layer

r

at
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Table 4.7. Surface Deflection Measurements in FAA Study (Location 2) and
Corresponding Backcalculated Moduli.

Applied Center Surface Backcalculat Qo
Load D . . Deflection Ratio | ed Modulus A Gal o @00)
eflection (mils) . (psi)
(Ib) (psi)
613 2.9 1.00 18,800 3.04 30
811 4.5 1.17 16,100 4.02 40
943 6.7 1.50 12,500 4.68 46
1,251 10.5 1.77 10,600 6.21 61
0 L 1P Equation4.10

The correctness of backcalculated modutlitierent load levels was confirmed by
the review of the calculated Root Mean Squam®r (RMSE) which is a routine practice.
In addition, in the case of Experiment No. 1, the vertical stre§spat(the location of P1
and Pmatdifferent load levels wre calculated using the 3dove Analysis software along
with the corresponding backcalculated layer moduli associated with the load levels under
considerationFigure 4.16, which presents the calculated versus measuredindaded
vertical stresses in Experiment No. 1, indicates a good agreement between the two. These
results indicate the reliability of the assumptions used in the backcalculaticisexés.g.,

incorporating apparent rigid layer and stress dependency in the unbound materials, etc.).
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Using typical ranges for the angle of internal friction of the subgrade material types
used in the experiments (i.e., Experiment No. 1 and FAA), shear stigargiimeters can
be estimated (seEable 4.8). These sets of estimated values when compared with those
obtained from triaxial laboratory testing for theme subgrade materials implies that the
proposed methodology is capable of estimating the shear strength parameterssitam in
LWD measurements. Reasonable estimations of cohesion value for totally different
subgrade material properties supports tHeliy and applicability of the proposed LWD
based methodology. As presented able4.5, Table4.6, andTable4.7, at the highest load
levels in both experiments, the leamtluced deviator stress at the representative element
was higher than 50 percent of estimat@d Caution should be exercised whaistvalue
is much lower (say below 30 percent) since the extrapolation of the hyperbolic relationship

to near failure condition may not provide proper estimatég.dfinder such circumstances
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the LWD load level needed to induce an acceptable deviagmsdevel in the subgrade
layer can be estimated by extrapolating the data obtained at the lower load levels to reach
the target percent aiy. Consequently, the LWD field testing and associated analysis

should be repeated to include such load levels.

Table 4.8. Surface Deflection Measurements in Experiment No. 1 and FAA Study
and Corresponding Backcalculated Moduli.

Experiment Saoll Typical Estimated Average of Measured
Classifi- | Values of | Shear Strength Estimated Shear Strength
cation | Angle of Parameters Shear Strength Parameters

Internal Parameters

Friction L c L c L c

(degree) | (degree) | (psi) | (degree) | (psi) | (degree)| (psi)

Experiment| Clayey | 32 to 42 32 3.9 37.0 3.0 38.0 2.0
No. 1 Sand 34 3.6
GV\rlei;Cel 30 3.2
(SC) 38 2.8
40 2.5
42 2.1

FAA Study | Dupont | 12 to 20° 12 3.8 16.0 3.4 18.0 3.5
Location 1 Clay 14 3.6
16 3.4
18 3.3
20 3

FAA Study | Dupont | 12 to 20° 12 4.3 16.0 3.8 18.0 3.5
Location 2 Clay 14 4
16 3.8
18 3.6
20 3.4

*see referenci7]
**see referencé28]
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4.2.3.Estimation of Subgrade Strength Parameters: Two Layer8ake and Subgrade

In this section, the verification of the proposed methodology using the-fétesting

in Experiment No. 2 conducted at University of Nevada, Reno (UNR) is described. The
pavement structure in this experiment composed of crushed atpybege and subgrade.

Note that the applied load levels in this experiment are the typical range that can be handled

by a LWD device.

4.2.3.1.Measured Surface Deflection Data: Two Layers of CAB and SG

In Experiment No. 2, the pavement structure consisted of Ginmushed aggregate base

and 66 inch of subgrade. Detadldiscussion regarding the largeale experiments (e.g.,
construction procedure, instrumentation, material properties etc.) conducted as a part of
this study can be found in Appendix Rigure4.17 to Figure4.20 as well asTable4.9
representhe instrumentation plan in Experiment NoNate that, similar to Experiment

No. 1, clayey sand with gravel withof 38 degrees andlof 2 psi was used as the subgrade

material.
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Figure 4.19. Section1-1 view for UNR Large-Scale Box instrumentations in Experiment No2.
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Figure 4.20. Section2-2 view for UNR Large-Scale Box instrumentations in Experiment No2.




Table 4.9. Details of Instrumentation Plan for Experiment No.2 (SG and CAB Layers).
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No | Tag Sensor Brand Capac | Specifica Coordinates Notes

Name ity tion Radius (inch) | Angle () | Depth (inch) | X (inch) Y (inch) Z (inch)
1 L1 LVDTO1 | Novotechnik | 4 inch TR-0100 0 48 0 0 0 72 LVDT
2 L2 | LVDTO2 | Novotechnik | 4 inch TR-0100 8 48 0 -5.3 -6 72 LVDT
3 L3 LVDTO3 | Novotechnik | 4 inch TR-0100 12 48 0 -8 -9 72 LVDT
4 L4 | LVDT04 | Novotechnik | 4 inch TR-0100 24 48 0 -15.9 -17.9 72 LVDT
5 L5 LVDTO5 | Novotechnik | 4 inch TR-0100 36 48 0 -23.9 -26.9 72 LVDT
6 L6 LVDTO06 | Novotechnik | 4inch TR-0100 48 48 0 -31.9 -35.9 72 LVDT
7 L7 LVDTO7 | Novotechnik | 4inch TR-0100 60 48 0 -39.9 -44.8 72 LVDT
8 P1 PO1 Geokon 87 psi 4inch cell 0 0 26 0 0 46 Pressure Cell (Vertical)
9 P2 P02 Geokon 36 psi 4inch cell 12 228 3 8 9 69 Pressure Cell (Vertical)
10 P3 P03 Geokon 36 psi 4inch cell 24 228 3 15.9 17.9 69 PressureCell (Vertical)
11 P4 P04 Geokon 36 psi 4inch cell 36 228 3 23.9 26.9 69 Pressure Cell (Vertical)
12 P6 P06 Geokon 87 psi 4inch cell 24 48 12 -15.9 -17.9 60 Pressure Cell (Vertical)
13 pP7 P07 Geokon 87 psi 4inch cell 48 48 12 -31.9 -35.9 60 PressureCell (Vertical)
14 P8 P08 Geokon 87 psi 4inch cell 60 48 12 -39.9 -44.8 60 Pressure Cell (Vertical)
15 P9 P09 Geokon 87 psi 4inch cell 12 48 12 -8 -9 60 Pressure Cell (Vertical)
16 | P10 P10 Geokon 145 psi | 4inch cell 0 0 12 0 0 60 Pressure Cell (Vertical)
17 Al ACCO01 Vernier + 59 3-Axis 0 48 6 0 0 66 Accelerometer
18 | A2 ACCO02 Vernier + 5¢g 3-Axis 6 48 6 -4 -4.5 66 Accelerometer
19 | A3 ACCO03 Vernier + 5¢g 3-Axis 12 48 6 -8 -9 66 Accelerometer
20 A4 ACC04 Vernier + 59 3-Axis 6 48 3 -4 -4.5 69 Accelerometer
21 | A5 ACCO05 Vernier + 5g 3-Axis 12 48 3 -8 -9 69 Accelerometer
22 A7 ACCO07 Vernier + 59 3-Axis 6 228 12 4 4.5 60 Accelerometer
23 | A8 ACCO08 Vernier + 5g 3-Axis 12 228 12 8 9 60 Accelerometer
24 | A9 ACCO09 Vernier + 59 3-Axis 24 228 12 15.9 17.9 60 Accelerometer
25 | A10 | ACCl10 Vernier + 59 3-Axis 36 228 12 23.9 26.9 60 Accelerometer
26 | Al11 | ACC11 Vernier + 5¢g 3-Axis 48 228 12 31.9 35.9 60 Accelerometer
27 | A12 | ACC12 Vernier + 59 3-Axis 60 228 12 39.9 44.8 60 Accelerometer
28 | A13 | ACC13 Vernier + 5¢g 3-Axis 0 0 0 0 0 72 Accelerometer
29 | A14 | ACCl4 Vernier + 59 3-Axis 12 48 0 -8 -9 72 Accelerometer
30 | A15 | ACC15 Vernier + 59 3-Axis 24 48 0 -15.9 -17.9 72 Accelerometer
31 | Al6 | ACC16 Vernier + 5¢g 3-Axis - - - - - - Frame Accelerometer
32 LCSTO1 Applied LoadString Pod
33 LCO1 Applied LoadLoad Cell
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Table4.10 presents the surface deflection recordings measured in Experiment No.

2 along with the backcalculated subgrade modulus at each of the applied load levels. Steps

similar to the preceding casé Experiment No. 1 with subgrade alone were undertaken.

Deflection softening behavior was identified according to Deflection Ratio approach,

outlined above (sedable 4.10). The backcalculation process was then followed by

adopting

ADepth

to

an

Apparent

Ri gi d

Layer

The vertical stressegz) at the location of P1, P6, P9, and P10 under different load

levels were calculated using the -Bbve Analysis software utilizing with the

corresponding backcalculated layer moduli associated with the load levels under

considerationFigure 4.21, which presents the calculated versus measuredifwhced

vertical stresses in Experiment No. 2, indicates a good agreement between the two. These

results indicate the reliability of the assumptions used in the backcalculation exercise, (e.qg.,

incorporating aparent rigid layer and stress dependency in the unbound materials, etc.).

Table 4.10. Surface Deflection Measurements in Experiment No. 2 and
Corresponding Backcalculated Moduli.

. Surface Defection . . Back-
Applied (mils) Deflection Ratio calculated fig .
Load Subgrade | (psi) o/ ar 1)
(Ib) L1 L2 L3 | L1 | L2 | L3 |\ 0iie (0si)
2,908 | 7.00| 4.36 | 3.31|1.00| 1.00| 1.00 36,300 6.83 39
3,960 | 11.28| 4.97 | 3.57| 1.18| 0.84| 0.79 31,800 9.15 52
5,018 | 15.72| 6.88 | 4.49| 1.30| 0.92| 0.79 25,400 11.21 64
6,014 | 19.56| 8.24 | 5.55|1.35|0.91| 0.81 19,000 12.80 73
7,061 | 22.87| 10.75| 6.24 | 1.35| 1.02| 0.78 14,500 14.01 80

The estimated shear strength parameters for the subgrade materials is presented in

Table4.11. These sets of estimated values is reasonably close to those obtained from
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triaxial laboratory testing indicating the ability of proposed methodology for estimating

shear strerty parameters of subgrade when a two layer pavement system exists.
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Figure 4.21. Comparison between 3BMove calculated versus measured vertical
stresses in Experiment No. 2.

Table 4.11. Shear Strength Parameters Estimation for Subgrade Materials Used in
Experiment No. 2.

Typical Estimated Ave_rage of Measured
Values Estimated
: Shear Strength Shear Strength
Soil of Parameters Shear Strength Parameters
Experiment | Classifi- | Angle of Parameters
ction Internal . . )
Friction c c c
(degree) (degree) | (psi) | (degree)| (psi) | (degree)| (psi)
cl 32 3.7
ayey 34 3.4
Experiment Sand 36 3.1
P with 32 to 42 - 37.0 2.9 38.0 2.0
No. 2 38 2.8
Gravel
(SC) 40 25
42 2.2

*seereferencd 28]
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4.2.4.Estimation of Subgrade Strength Parameters: AC Pavement

In this section, the verification of proposed methodology using FWD testing conducted on
pavement structures including AC layee., conventional flexible pavement) is presented.

Numerical modeling of FWD testing as well as field FWD measurements collected from
the largescale experiment (Experiment No. 3) and accelerated pavement testing facility at

University of Costa Rica (LammeUCR) were used as a part of verification process.

4.2.4.1.Numerical Modeling of FWD Testing: AC Pavement

The validity of the proposed FWDased methodology was investigated using the
numerical simulation of FWD tests. Synthetic pavement responses under FWD loading
were generated using ILIRAVE program.

The FWD simulation was conducted on two different higptital pavement
structures with different layer thicknesses. Layer thicknesses and material properties used
in the simulation are summarizedTliable4.12. As shown, the asphalt concrete (AC) layer
was represented with constant linear elastic properties. In order to capturdepresdent
behavior ofunbound materials, Theta model, expressedgyation4.11, for crushed
aggregate bases, bilinear model (Bepire4.7) and Uzan model (sdgquation4.9) along
with representative shear strength paramsetegre selected for the subgrade layers in
Pavement Structure | and Pavement Structure I, respectively. In Theta Madelthe
resilient modulusgis the bulk stres¥ is the regression constant, ami thebulk stress

exponentMaterial propertiesf unbound materials were adopted from the literdtBS).
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Table 4.12. Material Properties and Layer Thicknesses of the Hypothetical
Pavement Structures.

Properties Pavement Structure | Pavement Structure
AC CAB Subgrade AC CAB Subgrade
Thickness 9 10 276 6 8 276
(inch)
Density 145 135 100 145 120 100
(pcf)
Lateral 0.67 0.36 0.85 0.67 0.36 0.80
Earth
Pressure
Coefficient
» Ko
Resilient | 500,000 Theta Bilinear Model 300,000 Theta Uzan
Modulus Model Model Model
(psi) K =9,000 g = 6.2 psi K=5,358| K=1,793
n=0.33 Eri = 3,000 psi n=0.32 psi
Kz =1,110 psi/psi n=0.19
K4 =-178 psi/psi m=-0.36
Can = 2 psi
ljdu| =129 pSi
Poi ss| 0.35 0.35 0.45 0.35 0.35 0.45
Ratio
Angle of NA 45 0 NA 39 12
Internal
Friction, f
(degree)
Cohesiong NA 0 7 NA 0 19
(psi)
NA denotes Not Applicable.
0 0— Equation4.11

The FWD tests were simulated by applying various loads (9,000; 12,000; 16,000;
21,000; and 27,000 Ib) on a circular plate with 5.91 inch radius. The corresponding
pavement surface displacements at 0, 8, 12, 18, 24, 36, 48, 60, and 72 inch away from the
certer of the FWD plate were computdegure4.22 andFigure4.23 show the deflection
basins of the hypothetical Pavement Structure | and Pavement Structure Il under the

applied load levels, respectively.
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Figure 4.22. Deflection basin at different load levels for Pavement Structure I.
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Figure 4.23. Deflection basin at different load levels for Pavement Structure II.
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Figure 4.24 and Figure 4.25 depict the calculated Deflection Ratios at different
locations (i.e., 0, 24, and 60 inch away from the center) for the Pavement Structure | and
Pavement Structure Il, respectively. It can be seen that the softening behavior (DR greater
than one) is not only observed at the center, but also it increasemaevehsing radial
distances. This observation reveals the dominant softening behavior in the subgrade since
linear elastic properties for AC layer and hardening constitutive model (Theta) for crushed

aggregate base material were assumed in-RAYE simuldions.

1.05
1.04
1.03
9
g o
E 1.02 e
i3]
D 1.01 ®
(]
. Softening Behaviong
1
Hardening Behavior ®Load Level = 12,000 pound
0.99 M Load Level = 16,000 pound
' Load Level = 21,000 pound
Aload Level = 27,000 pound
0.98
0 24 60

Radial Distance (inch)
Figure 4.24. Evaluation of nonlinearity in the hypothetical Pavement Structure |
using Deflection Ratio at different radial distances.
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Figure 4.25. Evaluation of nonlinearity in the hypothetical Pavement Structure I
using Deflection Ratio at different radial distances.

The BAKFAA software was also utilized he
moduli. It should be mentioned that the assumeastant modulus for AC layer in the
FWD simulation was also specified as input during the backcalculation process. The review
of the calculated Root Mean Squaheor (RMSE) during backcalculation process which
compares the input FWD surface deflectiwith those that were computed confirmed the
accuracy of backcalculation exercise.

Figure4.26 and Figure 4.27 depict the backcalculated moduli for unbound layers
(i.e., crushed aggregate base and subgrade) of Pavement Structure | and Pavement
Structure 1, respectively. These figures imply thatitfeeease in FWD load level resulted
in the reduction in backcalculated subgrade modulus, indicating the softening material

behavior. On the other hand, the increase in the FWD load level resulted in the increase in
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the base resilient modulus, revealing tmardening behavior of the base material. Such

observations are consistent with the Deflection Ratio analysis.

45,000
—@— Crushed Aggregate Base

40,000 - 4= - Subgrade
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Figure 4.26. Backcalculated moduli for the unbound layers of Pavement Structure I.
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Figure 4.27. Backcalculated moduli for the unbound layers of Pavement Structure
1.
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The stress tensotij) at 5.91 inch (i.e., B/2 where B is the plate diameter) below
the subgrade surface was computedasuming static loading conditions using the 3D
Move Analysis software, utilizing the backcalculated moduli at each of the load levels. The
deviator stress at failuréif) was then calculated by transforming the stress condition to
the corresponding tridgal testing condition (i.e . anddy).

Fort equal to O degree for subgrade layer in Pavement Structure | and equal to 12
degree for subgrade layer in Pavement Structure Il, which are the values used in-the ILLI
PAVE simulations, cohesion values of @& and 20.6 psi were determined, respectively.
These sets of estimated cohesion values are consistent with the assumed cohesion of 7 psi
and 19 psi in ILLIPAVE simulations. The results of analysis for Pavement Structure | and

Pavement Structure Il aremmarized inTable4.13 andTable4.14.

Table 4.13. Shear Strength Parameters Estimation Process for Pavement Structure |
and Pavement Structure |I.

Pavement| Load | Subgrade| (. V3 Oz | Ooct | Get | COd Hyperbolic
Structure | Level | Modulus | (psi) | (psi) | (psi) | (psi) | (psi) | (psi) Datasets
(Ib) (psi) u /G

(micro

strain)

Pavement| 9,000 8,405 | 2.09]|0.23|0.23|0.85|0.88] 1.86| 221.08 | 118.98
Structure | 12,000{ 7,362 | 2.55|0.28| 0.28| 1.04| 1.07| 2.27 | 308.68 | 135.83

I 16,000/ 6,873 | 3.24|0.37|0.37| 1.32| 1.35]| 2.87| 417.99 | 145.50
21,000f 6,553 [4.11],048|0.48]1.69|1.71| 3.63| 553.42 | 152.60
27,0000 6,336 | 5.16|0.62]| 0.62] 2.13| 2.14| 454 | 716.85| 157.83
Pavement| 9,000 3245 3.02| 0.30| 0.30| 0.30| 1.28 | 2.72| 838.96 | 308.17
Structure | 12,000f 3170 3.98]|0.40| 0.40]| 0.40| 1.69| 3.58| 1129.91| 315.46

Il 16,000) 3090 5.221 053] 0.52| 0.53] 2.21 | 4.70 | 1520.36| 323.62
21,000 3006 6.73] 0.68| 0.68| 0.68| 2.85| 6.05| 2012.93| 332.67
27,000 2923 8.50| 0.87| 0.86| 0.87| 3.60| 7.63| 2611.04| 342.11




104

Table 4.14. Estimated Shear Strength Parameters for Pavement Structure | and
Pavement Structure Il.

Pavement Structure |  Ucavg Clat Normalized Uq at L (degree) | c(psi)
(psi) (psi) | highest load level with
respect tollys
Pavement Structure 0.4 13.7 33% 0 6.8
PavemenStructure II|  1.48 48.0 31% 12 194

As presented iifable4.14, the calculated deviator stresses at the highest load level
are 33 percent and 15 percent of estimakgedor Pavement Structureand Pavement
Structure 1, respectively. Although reasonable estimation of shear strength parameters was
obtained by the procedure, caution should be exercised when the load induced deviator
stress {ig) at the highest load level is less than 30 percktiite estimatedr. In such cases

(e.g., Pavement Structure Il) application of higher FWD load level may be needed.

4.2.4.2 Measured Surface Deflection Data: AC Pavement

The applicability of the proposed methodology was experimentally investigated by
conductinga largescale experiment (Experiment No. 3) that included FWD testing on the
full pavement structure composed of 5 inch of AC, 6 inch of CAB, and 66 inch of SG.
Detailed discussion regarding the largeale experiments (e.g., construction procedure,
instrumentation, material properties etc.) conducted as a part of this study can be found in
Appendix A.Figure4.28 to Figure4.31 as well asTable4.15 showthe instrumentation

plan in Experiment No. JFigure4.32 shows the surface deflection measurements in this

experiment.
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A (1 GENERAL NOTES

I l"_:l/ * All Dimensions are in inches.
| | * Sensor Types:
I I I -L=LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.
- SG = Strain Gauge.

1

* Material Types:
-AC = Asphalt Concrete.
- CAB = Aggregate Base.

H L10® N — -8G = Subgrade.

o
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\_Reno, NV 89557 y
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| | Experiment 03:
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Figure 4.28. Plan view for UNR Large-Scale Box instrumentations in Experiment No3.
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ﬂ GENERAL NOTES ‘\

* All Dimensions are in inches.

* Sensor Types:

-L=LVDT.

- P = Total Earth Pressure Cell.

- A = Accelerometer.
- 8G = Strain Gauge.

11213 L4 L5 L6 L7

* Material Types:
-AC = Asphalt Concrete.

| - CAB = Aggregate Base.
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Figure 4.29. Section AA view for UNR Large-Scale Box instrumentations inExperiment No. 3.
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ﬂ GENERAL NOTES \

* All Dimensions are in inches.

* Sensor Types:

-L=LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.

- SG = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-SG = Subgrade.
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Section 2-2 (6 inch below SG)

(F GENERAL NOTES

* All Dimensions are in inches.
* Sensor Types:
-L=LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.

- SG = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-SG = Subgrade.
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Figure 4.31. Section2-2 view for UNR Large-Scale Box instrumentations in Experiment No3.
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Table 4.15. Details of Instrumentation Plan for Experiment No.3 (Full Pavement Structure).

No | Tag Sensor Brand Capac | Specifica Coordinates Notes

Name ity tion Radius (inch) | Angle () | Depth (inch) | X (inch) Y (inch) Z (inch)
1 L1 LVDTO1 Novotechnik | 4 inch TR-0100 0 48 0 0 0 77 LVDT
2 L2 LVDTO02 | Novotechnik | 4 inch TR-0100 8 48 0 -5.3 -6 77 LVDT
3 L3 LVDTO3 Novotechnik | 4 inch TR-0100 12 48 0 -8 -9 77 LVDT
4 L4 LVDTO04 | Novotechnik | 4 inch TR-0100 24 48 0 -15.9 -17.9 77 LVDT
5 L5 LVDTO5 Novotechnik | 4 inch TR-0100 36 48 0 -23.9 -26.9 77 LVDT
6 L6 LVDTO06 | Novotechnik | 4 inch TR-0100 48 48 0 -31.9 -35.9 77 LVDT
7 L7 LVDTO7 Novotechnik | 4 inch TR-0100 60 48 0 -39.9 -44.8 77 LVDT
8 L8 LVDTO8 Novotechnik | 4 inch TR-0100 8 90 5 0 -8 72 LVDT
9 L9 LVDT09 | Novotechnik | 4 inch TR-0100 12 90 5 0 -12 72 LVDT
10 | L10 | LVDTO010 | Novotechnik | 4 inch TR-0100 24 90 5 0 -24 72 LVDT
11 P1 P01 Geokon 87 psi 4inch cell 0 0 31 0 0 46 Pressure Cell (Vertical)
12 P2 P02 Geokon 36 psi 4inch cell 12 228 8 8 9 69 Pressure Cell (Vertical)
13 P3 P03 Geokon 36 psi 4inch cell 24 228 8 15.9 17.9 69 Pressure Cell (Vertical)
14 P4 P04 Geokon 36 psi 4inch cell 36 228 8 23.9 26.9 69 PressureCell (Vertical)
15 P5 P05 Geokon 362 psi | 4inch cell 0 0 8 0 0 69 Pressure Cell (Vertical)
16 P6 P06 Geokon 87 psi 4inch cell 24 48 17 -15.9 -17.9 60 Pressure Cell (Vertical)
17 P7 P07 Geokon 87 psi 4inch cell 48 48 17 -31.9 -35.9 60 Pressure Ce[Vertical)
18 P8 P08 Geokon 87 psi 4inch cell 60 48 17 -39.9 -44.8 60 Pressure Cell (Vertical)
19 P9 P09 Geokon 87 psi 4inch cell 12 48 17 -8 -9 60 Pressure Cell (Vertical)
20 | P10 P10 Geokon 145 psi | 4inch cell 0 0 17 0 0 60 Pressure Cell (Vertical)
21 | A1 ACCO01 Vernier + 5¢g 3-Axis 0 48 11 0 0 66 Accelerometer
22 A2 ACCO02 Vernier + 59 3-Axis 6 48 11 -4 -4.5 66 Accelerometer
23 | A3 ACCO03 Vernier + 5¢g 3-Axis 12 48 11 -8 -9 66 Accelerometer
24 | Ad ACC04 Vernier + 59 3-Axis 6 48 8 -4 -4.5 69 Accelerometer
25 | A5 ACCO05 Vernier + 5¢g 3-Axis 12 48 8 -8 -9 69 Accelerometer
26 | A7 ACCO7 Vernier + 5¢g 3-Axis 6 228 17 4 4.5 60 Accelerometer
27 A8 ACCO08 Vernier + 59 3-Axis 12 228 17 8 9 60 Accelerometer
28 | A9 ACCO09 Vernier + 5¢g 3-Axis 24 228 17 15.9 17.9 60 Accelerometer
29 | AlO ACC10 Vernier + 59 3-Axis 36 228 17 23.9 26.9 60 Accelerometer
30 | A1l ACC11 Vernier + 59 3-Axis 48 228 17 31.9 35.9 60 Accelerometer
31 | A12 ACC12 Vernier + 5¢g 3-Axis 60 228 17 39.9 44.8 60 Accelerometer
32 | A13 ACC13 Vernier + 5¢g 3-Axis 0 0 0 0 0 77 Accelerometer
33 | Al4 ACC14 Vernier + 59 3-Axis 12 48 0 -8 -9 77 Accelerometer
34 | Al5 ACC15 Vernier + 5¢g 3-Axis 24 48 0 -15.9 -17.9 77 Accelerometer
35 | Al6 ACC16 Vernier + 59 3-Axis - - - - - - Frame Accelerometer
36 LCSTO1 Applied LoadString Pod
37 LCO1 Applied LoadLoad Cell
38 | SG1 SG1 TML 0 0 5 0 0 72 AC strain gauge
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Figure 4.32. Deflection basin at different load levels in ExperimeniNo. 3.

In order to further assess the applicability of the proposed methodology, the FWD
data obtained from accelerated pavement testing facility at University of Costa Rica
(LanammeUCR) was also utilized. The FWD tests at three load levels (around 9000,
12000, 16000 Ib) were applied on two pavement structures. These sections, called
Lanamme UCRAC2 and Lanamme UGRC3, were composed of 2.55 inch and 5.1 inch
of an AC layer, respectively. The AC layer in these sections are supported by 9.4 inch of
granularbase and 11.8 inch of granular subbase materials, on top of a subgrade layer
classified as high plasticity silt with California Bearing Ratio (CBR) of 3. Additionally, the
result of triaxial tests reportSof 7 degree and of 3.9 psi for the subgrade teaal. The
FWD measurements at different load levels for Lanamme-48CR and Lanamme UGR

AC3 are respectively depicted kiigure4.33 andFigure4.34.
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Figure 4.33. Deflection basin under at load levels in Lanamme UCRAC2.
Radial Distance (inch)
0 10 20 30 40 50 60 70 80
0
5
©
E 10
c
Q
8 15
©
a
o 20
Q
8
@ 25

—o—Load Level = 9,000 pound
30 ——Load Level = 12,000 pound

Load Level = 16,000 pound
35
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The stress dependency in the pavement structures was examined using Deflection

Ratio approach (s€kable4.16, Table4.17, andTable4.18) . A Dept h t o an Aprg
Layer Methodo was adopted for considering
backcalculation process. Observation of substantial reduction in the subgrade

backcalculeed modulus with increasing the load level confirmed the deflection softening
of subgrade materials. On the other hand, increase in the base modulus by increasing the

state of stress showed the hardening behavior in this material.

Table 4.16. Surface Deflection Measurements in Experiment No. 3 and
Corresponding Backcalculated Moduli.

Applied Surface Deflection Deflection Ratio | Backcalculated | Uq Oa/ o U
Load (mils) Subgrade (psi) (%)
(Ib) L1 L5 L7 | L1 [ L5 | L7 | Modulus (psi)
8,971 | 18.11| 280 | 1.40 | 1.00| 1.00| 1.00 18,500 6.58 30
11,857 | 26.83| 3.42 | 1.71 | 1.12| 0.93| 0.93 16,900 8.35 38
15,860 | 40.99 | 536 | 3.82 | 1.28| 1.08| 1.55 13,100 10.95 50
21,146 | 57.72 | 8.80 | 4.58 | 1.35| 1.33| 1.39 10,000 13.55 62
27,087 | 79.76 | 11.24| 5.77 | 1.46| 1.33| 1.37 7,500 16.46 76

Table 4.17. Surface Deflection Measurements in LanammeUCHRAC2 and
Corresponding Backcalculated Moduli.

Applied Surface Deflection| Deflection Ratio | Backcalculated | UOg | G/ o (
Load (Ib) (mils) Subgrade (psi) (%)
L1 [ L2 [ L3 | L1 | L2 [ L3 | Modulus (psi)
8,905 32.22| 4.74| 3.10| 1.00| 1.00 | 1.00 12,200 3.40 32
11,958 43.35/ 6.39| 4.19| 1.01| 1.01 | 1.01 10,200 4.27 40
15,247 57.12|1 8.56| 5.50| 1.04| 1.06 | 1.03 9,000 5.21 49

Table 4.18. Surface Deflection Measurements in LanammeUCRC3 and
Corresponding Backcalculated Moduli.

Applied Surface Deflection| Deflection Ratio | Backcalculated | Uq Ga/ o
Load (Ib) (mils) Subgrade (psi) (%)
L1 L2 L3 L1 | L2 L3 Modulus (psi)
9,001 15.13]4.21| 2.60| 1.00| 1.00| 1.00 11,700 2.26 25
11,686 20.08| 5.64| 3.44|1.02|1.03| 1.01 10,200 2.83 32
15,404 27.70|/ 7.82| 4.70] 1.07| 1.09| 1.04 9,300 3.60 40
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In order to examine the correctness of the backcalculptamess, the loashduced
vertical stresseslf) at the location of pressure cells in Experiment No. 3 were calculated
using the 3BMove Analysis software and the corresponding backcalculated layer moduli
for the load levels under consideratiGiigure4.35, which presents the calculated versus
measured vertical stresses for Experiment No. 3, indicates a good agreement between the
two. These resultagain imply that the appropriate assumptions (e.g., incorporating
apparent rigid layer and stress dependency in the unbound materials etc.) were made in the

backcalculation process.
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Figure 4.35. Comparison between 3BMove calculated versus measured vertical
stresses in Experiment No. 3.
Results of stress tensor at 5.91 inch below the SG surface was computed and

converted to the corresponding triaxial testing conditions as outlined abalvie.4.19

presents the result for the shear strength parameters estimation using the esginfsed
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before, by assuming an acceptable range for the angle of internal friction based on the
identified soil classification, corresponding cohesion values were estimated. The results of
thet andc can now be compared against the measured values for the subgtzdial. A

close match between measured and predicted soil strength parametersTsdxeii9.

These reasonable estimationstofind c for totdly different pavement structures and
material properties can substantiates the validity and applicability of the proposed FWD

based methodology.

Table 4.19. Shear Strength Parameters Estimation for Subgrad®aterials Used in
Experiment No. 3 and LanammeUCR Facility.

Experiment Saoll Typical | Estimated Shear| Average of Measured
Classifi- | Values Strength Estimated Shear Strength
cation of Parameters Shear Strength Parameters
Angle of Parameters
Internal L c L c L C
Friction | (degre@ | (psi) | (degre@ | (psi) | (degred | (psi)
(degred
Experiment | Clayey | 32to 42 32.0 3.8 37.0 2.7 38.0 2.0
No. 3 Sand 34.0 3.4
with 36.0 3.0
Gravel 38.0 25
(SC) 40.0 2.1
42.0 1.6
Lanamme High 5 to 15** 5.0 4.8 10.0 4.3 7.0 3.9
UCR-AC2 | Plasticit 7.0 4.6
y Silt 9.0 4.4
11.0 4.2
13.0 3.9
15.0 3.8
Lanamme High 5 to 15** 5.0 4 10.0 3.5 7.0 3.9
UCR-AC2 | Plasticit 7.0 3.8
y Silt 9.0 3.6
11.0 3.4
13.0 3.2
15.0 3.1

*see referencf27]
**see referencé28]
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4.3.Overall Summary

The shear strength parameters (angle of internal fricti@and cohesiort) of the subgrade

layer contained within the loaded influence zone (i.e., contributing pavement subgrade
layer) are necessary inputs for assessing the risk of instantaneous shear failure under SHL
movement of flexible pavements. These subgrade shear thtrpagameters are also
critical inputs for the stability analysis of a sloped pavement shoulder under a SHL
movement. In this study, a novel methodology to estimaséurshear strength parameters

of pavement subgrade layer based ondestructive FWDdsting undertaken at multiple

load levels has been developed and verified.

In this methodology, the stress tens@) (at a representative element in the
subgrade is calculated first by using a layered linear elastic program (e:lylp\8D
Analysis softvare using static condition) to simulate each of the applied FWD load levels.
The analysis utilizes the backcalculated pavement layers moduli at each of the respective
FWD load levels. Such an approach inherently takes into account the role of stress
depenéncy in an unbound material. The implementation of backcalculated moduli in a
linear elastic program is a common practice in mecharestigirical pavement design and
analysis procedures to obtain pavement responses. The calculated stress tensors are
trangormed to the equivalent stress conditions associated with triaxial compression tests
(sq4 and s¢) for each of the FWD load levels using the stress invariants (i.e., octahedral
stress components). A hyperbolic relationship is subsequently fitted to thealeqti

triaxial test datasets of deviator stresg @nd axial straind) to obtain the deviator stress
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at failure (sq). Mohr-Coulomb failure envelope equation is then used for estimating the
cohesion of the subgrade by assuming an acceptable rartige &mgle of internal friction.

The validity of the proposed approach was explored using numerical simulations
of FWD measurements and FWD data collected from {acgée experiments on fedlcale
pavement structures as well as APT facilities. A varietyrgdaved and paved pavement
structures was utilized in the verification process. It was found that the proposed FWD
based methodology is able to reason&slymate the shear strength propertiesndc) of
a subgrade layer with softening behaviseeFigure 4.36). Such results were achieved
when the highest induced deviator stress levels in the subgrade layer under the FWD
loading were in excess of about 30 percent ofithebtained with the propes approach.

The hardening behavior for a subgrade material at the FWD state of stress indicated by a

negative slope dfi/dq versus] is recognized as a limitation of the proposed approach.
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Figure 4.36. Estimated versus measured shear strength parameters.
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CHAPTER 5. ULTIMATE FAILURE ANALYSES

Superheavy load (SHL) components are much larger in size and weight and they often
require specialized trailers and hauling units. These loads may sometimes appfeach to
million pounds Such a nosstandard heavy loading at the pavement surface can render a
critical condition (distress modes) of instantaneous ultimate shear failure, localized shear
failure, or excessive surface deflectiparticularly in the subgradin addtion, likelihood

of sloped shoulder failurdue to SHL vehicle movin the routes where there exists an
unpaved shoulder and/or a deep slégdes under the ultimate failurdn this chapter
investigation of the subgrade bearing fail(ire., ultimate $iear failur¢ as well as sloped

shoulder failures presented.

5.1.Subgrade Bearing Failure Analysis

I n order to examine the risk of instantan:t
capacity equation is viewed as an ideal selection since it is-#saddlished and validated

foundation design analysis procedure under static or slowingnovehicle loading

conditions R6]. Accordingly, the distributed vertical stress on the top of subgrade induced

by SHL vehicle in comparison with the bearing capacity of subgrade layer is used to
identify the possibility of ultimate shear failure in the pavement structure. The ultimate
failure analysis focuses on the subgrade layer as it is generally the weakest layer in

pavement structures.
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5.1.1.Bearing Capacity FailureConcept

The load per unit area of the foundation at which shear failure in soil occurs is called the
ultimate bearing capacitylhe three principal modes of shear failure under foundations
are: general shear failure, local shear failure, and punching shear [fadure
1 General shear failur¢Figure5.1): If a foundation resting on the surface of a dense
sand or stiff cohesive soil, an increase in the load on the &ondwill be
accompanied by an increase in settlement. The variation of the load per unit area
on the foundationq) with the foundation settlement is also showrkigure5.1.
At a certain pointdy) a sudden failure in the soil supporting the foundation will
take place and it is called general shear failure. It may also be possible that the curve
reaches the maximum load without a prominent peahagn, but with a sudden
clear change in its slope. General shear failure is characterized by the existence of
a welldefined failure pattern consisting of continuous slip surfaces extending to
the ground surface. An important noticeable feature of gefagaie is bulging of
adjacent soil on both sides, which can also be seen in the figure.
1 Local shear failurgFigure5.2): When a foundation is supped by sand or clayey
soil of medium compaction the failure mechanism is different. The load per unit
area on the foundation equalsswhich is usually called the first failure load, will
be typically accompanied by a series of jerks. The failurerpag®bservable only
below the footing and consists of a wedge and slip surfaces originating at the edges
of the footing. Hence, a considerable additional movement of the foundation is
required for the failure surface to appear on the ground surfacéoddh@er unit

area at this point is the ultimate bearing capacity. It should be mentioned that, the



119

load-settlement curve does not show a clear peak in local shear failure.

Furthermore, bulging adjacent to the sides of foundation may not be evident.

1 Punchng shear failurgFigure5.3): If a foundation resting on a fairly loose soil
and the load on the foundation increase gradually, the compressioa sbith
immediately below the footing occurs. In this case, there is no movement of the soil
on the sides of the foundation and the failure surface will not extend to the ground
surface. It is difficult to specify ultimate load in the punching shear fabute
beyond the ultimate failure load, the lesettlement plot will be steep and
practically linear. This type of failure is called punching shear failure.

Terzaghi presented a comprehensive theory for the evaluation of the ultimate
bearing capacity dftrip shallow foundations, replacing the effect of soil above the bottom
of the bundation by a uniform pressur2g]. Several studies followed Terzaghi work,
aiming to improve the ultimate bearing capacity estimation. Meyerhof suggested a more
general form for the bearing capacifsee Equation5.1), accounting for continuous,

rectangular, square and circular foundations, and for any inclination in thi2@ad

Je—B—l -~~~ -~

Load per unit area, g

T4,
1

>

Settlement, S

Figure 5.1. General shear failure
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Settlement, S

(a)

Load per unit area, g
>

>

du

Settlement, S

A 4

Figure 5.3. Punching shear failure.

9,= ¢' Nc Fcs Fcd Fci§QB+oIHosqod:NiE| Equation5.1

where:
c: cohesion
q' : effective stress at the level of the bottom of the foundation
2 unit weight of soil

B : width of foundation (or diameter)
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Fcs, FgsandF o:shape factors
Fcd, Fqd,andF o :dlepth factors
Fci, Fqi, andF 2:1oad inclination factorsand

Nc, Ng,andN a bearing capacity factors.

512Appl i cation of Meyerhofés Equation with

As mentioned in Chapter 2, the SHL vehicle may consist of several individual axle groups
while each axle group has a Nucleus. To identify the possibilititioiate shear failure in
the pavement subgrade layer, each axle group is individually assumed to be a bearing
capacity investigation zone (i.e., loaded area). Accordingly, the distributed vertical stress
on the top of subgrade induced by the Nucleus abxd® group is compared against the
bearing capacity of subgrade layer. It should be noticed that the dimension of bearing
capacity investigation zone in Meyerhofods
width of the axle group.

It is expected thathe Nucleusnduced vertical stress on top of the subgrade
represents a nemniform distribution. As an example, computed vertical stress distribution
for the Nucleus of SHL case No. L&T-14 (seeFigure2.1) is depicted irFigure5.4. On
the other hand, Meyer hof 6s equation assume
with a uniform pressure distributioAs expressed iEquation5.2, the average uniform
vertical stress induced by the Nucleug.d can be calculated by first integrating the
volume of the Nucleushduced vertical stress distribution on top oé t8G and then

dividing it by the affected are@\{sected, as illustratedrigures.5.
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Vertical Stress (psi)

m0-2 m2-4 m4-6 76-8 m8-10 m10-12 m12-14

Figure 5.4. Vertical stress distribution on top of SG (Case No. LABT-14).

. AsBADE8AU :
Nioag—— Equation5.2

m0-2 m2-4 m4-6 "6-8 m8-10 m10-12 m12-14

Figure 5.5. Vertical stress distribution on top of SG andAafrected (Case No. LA8T-
14).
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As a conservative measurgyeis assumed to cover the entire rectangular area of
the axle group. This stress distribution can be considered as the most critical possible
scenario. It should be noted that, a smaller subset of tires or axles within the SHL truck
may be assumed to be thearing capacity investigation zone (i.e., loaded area). However,
it is physically impossible because of the intennectivity of the axles to have one part of
the vehicle develop a general bearing capacity failure mechanism, while the rest is not. The
entire vehicle moves as a unit and load redistribution will take place when one part of the

vehicle is undergoing large deformations.

5.1.3.Bearing Capacity Associated with Sloping Ground

The limit state analysis to investigate the stability of sloped pavementden is
elaborated in section 5.2. Another failure mode that may be important is the global failure
mode where the pavement layers along with the surface loading from the vehicle undergo
failure as a single unit. This problem is analogues to the slapditst investigation of
foundations placed on top of the flat surface on a sloping ground. Meyerhof extended the
bearing capacity theory and combined it with the theory of the stability of slopes to cover
foundation on slope. However, his solution was garely cohesive soil or for purely
granular soil[35]. Saran et al. provided a solution to determine the ultimate bearing
capacity of shallow continuous foundations on the top of a slope, using limit equilibrium
and limit analysis and considering one sided failure mechanism as shéwgurg 5.6.

Saran et al. indicated that the failure mechanism in the foundation soil with a slope is
affected by the type of foundation s§86,37] According to this theory, the ultimate

bearing capacity faa strip foundation is expressed Bguation5.3.
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N5 A . A rN r. N € Equation5.3

The values of the bearing capacity factdis Ng, andN oneed to be modified to
take into accounthe presence of the slope. These factorsgaren in Table5.1, as a
function of the inclination of the slope, distance from the edge of the sipdepth of
foundation Dy, angle of internal frictionf, and width of foundation, B, as showrFigure
5.6. In this study, the approach presented by Saran et al. was adopted to investigate the

bearing capacity failure under SHL movement associated with sloping ground.



Table 5.1. Bearing Capacity Factors Associated with Sloping Ground.
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Soil Friction Angl

Factor | b (deg) o g 20 | 35 | 30 | 25 | 20 | 15 | 10
N, 30 0 0 | 25.37[12.41]| 6.14| 3.20| 1.26 | 0.70 | 0.10
20 53.48 | 24.54| 11.62| 5.61 | 427 | 1.79 | 0.45
10 101.74| 43.35| 19.65| 9.19 | 4.35 | 1.96 | 0.77
0 165.39| 66.59| 28.98| 13.12| 6.05 | 2.74 | 1.14
30 0 1 | 60.06 | 34.03] 18.95| 10.33| 5.45| 0.00 | 71 1
20 85.98 | 42.29| 21.93| 11.42| 589 | 1.35| 711
10 125.32| 55.15| 25.86| 12.26| 6.05 | 2.74 | 11
0 165.39| 66.59| 28.89| 13.12| 6.05 | 2.74 | 11
30 1 0 [ 9187[4943[2639| 17 | 11 | 171 ] 171
25 115.65/59.12{28.80| T 1 | T 1 | 11 | 11
20 143.77/66.00{28.89| T 1 | T 1 | 117 | 11
015 165.39/66.59(28.89| T 1 | T 1 | 11 | 11
30 1 1 [131.34/6437[2889| 11| 11| 11| 11
25 151.37/66.59(28.89| T 1 | T 1 | 171 | 11
020 166.39/66.59(28.89| T 1 | T 1 | 11 | 11
Nq 30 1 0 | 12.13[16.42| 898 | 7.04| 500 | 360 | 1 1
20 12.67 | 19.48| 16.80| 12.70| 7.40 | 440 | 11
010 81.30 | 41.40| 22.50| 12.70| 7.40 | 440 | 71 1
30 1 1 | 2831[2414[2250] 11| 11| 11| 11
20 4225 (41.40( 2250 T 1 | 11 | 1771 | 171
010 81.3041.40( 2250 11 | T T | 11| 11
Ne 50 0 0 | 21.68] 16.52| 12.60| 10.00| 8.60 | 7.10 | 5.50
40 31.80 | 22.44| 16.64| 12.80| 10.04| 8.00 | 6.25
30 44.80 | 28.72| 22.00| 16.20| 12.20| 8.60 | 6.70
20 63.20 | 41.20| 28.32| 20.60| 15.00| 11.30| 8.76
010 88.96 | 55.36| 36.50| 24.72| 17.36| 12.61| 9.44
50 0 1 | 38.80[30.40| 24.20] 19.70[ 16.42| 11 | 11
40 48.00 | 35.40| 27.42| 2152|1728 11 | 11
30 59.64 | 41.07| 30.92| 23.60| 17.36| 11 | 11
20 75.12 | 50.00| 35.16| 27.72| 17.36| 11 | 11
010 95.20 | 57.25| 36.69| 24.72| 17.36| 11 | 11
50 1 0 | 35.9728.11| 22.38| 18.38| 15.66| 10.00| 1 1
40 51.16 | 37.95| 29.42| 22.75| 17.32| 12.16| 11
30 70.59 | 50.37| 36.20| 24.72| 17.36| 12.16| 1 1
20 93.79 | 57.20| 36.20| 24.72| 17.36| 12.16| 1 1
010 95.20 | 57.20| 36.20| 24.72| 17.36| 12.16| 1 1
50 1 1 | 53.65[42.47[35.00{24.72] 11 | 11| 11
40 67.98 | 516136692472 T 1 | 11| 11
30 85.30 | 57.25/36.69|24.72| T 1 | 11 | 11
020 95.20 | 57.25/36.69(24.72| 11 | 11T | 11




126

5.2.Sloped Shoulder Failure Analysis

SHL vehicles are usually moved under traffimtrol so that it is often possible to keep the
SHL far away from the pavement edge and shoulder. It is recommended that the vehicle
stay away from the pavement edge, particularly in the routes where there exists an unpaved
shoulder and/or a deep slopen tBe other hand, it is not always possible to keep the SHL
vehicle far from the pavement edge (e.g., narrow lanes and/or wide SHL vehicle).
Therefore, it is necessary to investigate the stability of a sloped pavement shoulder under
the SHL movement.

While slope stability is one of the common problems in geotechnical practice, it has
not been a major concern for a pavement shoulder subjected to the standard truck loading.
However, substantial higher surcharge load resulting from the SHL movements might lead
to a critical condition for failure. The only relevant study by Fernando hypothesized that
the role of SHL can be investigated by comparing the pavement responses at edge and
interior of the lane under Falling Weight Deflectometer (FWD) loadi88). However,
stability of sloped shoulder, which is a shear induced failure has not been undertaken. Such
an analysis requires element of soil slope stability investigation including geometry, failure
planes, and shear strength parameters, etc.

To evaluate thetability of sloping layered medium consisting of typical pavement
layer configurations and properties subjected to a SHL vehicle, the use of Wedge Method
is proposed in this study. Although this methbds been used extensively in the
geokchnical slope stability investigation, it needed to be modified for the stability analysis
of sloped pavement shoulder (i.e., layered medium). §éstiondescribes the proposed

method.
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In geotechnical practice Boussinesq theory which is limited todhegenous soil
medium is routinely used to determine the stress distributiothis study,3D-Move
Analysis softwards usedto compute stresses distribution within the pavement layered
medium. The 3EMove Analysis software was seen as an ideal carelidat since it can
account for the viscoelastic properties of the asphalt concrete (AC) layer as well as for the
moving load with noruniform tirepavement interface stresses on any shape loaded area.
However, this software assumdiat pavement layers #nd laterally to infinity.
Therefore, the role of sloping shoulder near the edge of the pavement should be accounted
when this software is used to compute SHL vehiutkiced stresses on the shoulder.
order to address this issue, modification ofl@Dve Analysis software computed stresses
using a StresAdjustmentFactor (SAkhouide) Ne€ds to be implemented. In tisidy, the
SAFshouiderwas determined based on the largeale experiments (i.e., Experiment No. 3

and ExperimenNo. 4).

5.2.1.Slope StabilityAnalysis Methodology

Conventional slope stability approaches are based on the limit equilibrium analysis of a
mass of soil bounded between assumed possible slip surface(s) and slope surface. Failure
is investigated by comparing the corresponding driving) @sisting sliding forces and
moments. All these methods are generally categorized as limit equilibrium method and
they consider various possible slip surfaces for failure to arrive at the most critical one. In
general, the stability of the soil mass degieupon its weight, the external forces acting on

it (such as surcharges), and the shear strengths and porewater pressures along the slip

surface(s). The stability of a slope is investigated by calculating a factor of safety (FOS)
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defined as the ratio dhe available shear strengtlu{ngs) to the induced shear stress
(Ghauced for equilibrium. In the analysis based on total stresses, the factor of safety is

evaluated followindgequation5.4 andEquation5.5 [39].

I | .
"Ou YT— Equation5.4
T ® , 0WE % Equation5.5
where:
c: cohesion

L :angle of internal frictionand

Un : normal stress on the failure plane.

By rewriting Equation5.4, the allowable shear stress to maintain the stability can
be expressed byquation5.6. The terms on the right hand side of this equatepresent
the developed (i.e., mobilized) cohesiop)(and developed angle of internal frictiofb),

respectively (seEquation5.7 andEquation5.8).

T \ o 1 O
T e Bk o Equation5.6
Ou Y '0Ou Y
& > Equationb.7
w prymgrait .
"00 "Y g
L e
0 W& 0 We %o Equation5.8

00 Y



129

By assuming a value fdtOSand calculating the corresponding mobilized shear
stress, a possible static equilibrium condition between resistingl@ridg forces and
moments can be determined. The process is repeated until the minimum vBQOS& of
among all thé=OSvalues is determined.

Many limit equilibrium methods such as the ordinary method of slices, simplified

Bi shop, Modi fied Swedish Method, and Spenc

to achieve a solution since the slope stability problem is sigtindeterminate. Methods

such as the Morgenstern and Price that satisfy all static equilibrium conditions are referred

to as Acompl et eo e quidomplkete iequiibriumenethoosd are Al

t

generally more accur at e daymeed rigorbus and tinfei nc om

consuminganal ysi s. However, the Aincompl eteo
and have been found to be usdtul many practical applicatio89]. It should be noted
that all such methods assume plane strain condition and therefore only vertical cross

sections are used in the analysis.

5.2.2.Wedge Method

A slope stability analysis using the Wedge Method has been usstsieely by the Corps

of Engineersand the geotechnical engineering commuf§]. This method satisfies the
force equilibrium in both horizontand vertical directions, but does not satisfy the moment
equilibrium. While circular failure surfaces have been found to be appropriate for
homogeneous slopes, for layered soils, especially when layers with contrasting strength
characteristics are predeim the domain, the Wedge Method has been recommended.

Accordingly, it was believed that the Wedge Method is an appropriate method to

m
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investigate the stability of a slope shoulder subjected to the SHL vehicle loading. However,
it needs to be modified whehe pavement layered medium exists. Following summarizes
the modified Wedge Method which is developed in this study.

As illustrated inFigure 5.7, various wedges of failure are selected. This figure
shows a number of slip surfaces passing througRdir@ Aas solid lines. In all cases, the
failure wedge is bounded by a vertical plane, and a horizontal or an inclined slip surface
located in the sagrade (SG). The vertical plane is located on the left of the AC layer, as it
is assumed that the vertical plane cannot extend through the AC layer. It is also assumed
that the slip surface is developed in the SG layer, which is the weakest layer wetme pa
structure. Searching for the critical location of the failure wedge involves systematically
varying the horizontal boundaries of the wedges, until the corresponding mik@8ia

found.

Travel Direction

Shoulder | Edge of
Travel Lane SHL Loading
Possible
Failure Wedges AC Layer AC Layer
CAB Layer
/ CAB Layer
A SG Layer

_____ w_ayer

Horizontal Boundaries of Wedges

Figure 5.7. Search schemes for failure wedges.
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The stability of each failure wedge is evaluated by considering it as a rigid sliding
mass or a gravity retaining structure. As showRigure5.8 andFigure5.9, five different
forces acting on the failure wedge can be identified:

1 Weight of the sliding wedgan);

91 Developed resisting cohesion force resulting from the mobilized coheBEidn (
acting on the bottom slip surface;

1 The resultant force from the bottom sdip] that makes an angle with the
normal to the bottom slip siace; and

1 Two components of horizontal deriving forces acting on the vertical plane are: (a)
lateral earth pressure from adjacent sQi, @nd (b) resultant horizontal force due

to surcharge loadPy, i.e., SHL vehicle.

CAB Layer

Q+P
SG Layer

To

Fo Li

Figure 5.8. Failure wedge with horizontal slip surface and applied forces.
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CAB Layer
Q+P

SG Layer

Figure 5.9. Failure wedge with inclined slip surface and applied forces.

In order to determine the factor of safety, the force equilibrium equations in the
parallel and perpendicular directions to the slip surface are applied. ConsequefRB@Sthe
usingEquation5.9 andEquation5.10 can be determined. HergyedgelS the angle between
the slip surface and horizontal surface (Sgrire5.9) andl is the length of the bottom slip
surface. For the failure wedges with horizontal slip surface wipeegeis zero, the FOS
can be simplified td&cquation5.10. It should be mentioned thett investigate the stability
of sloped shoulder under a SHL vehicle load, the slope stability analysis module which is

capable of performing the analysis for all the possible failure wedges was incorporated into

SuperPACK

. Owél O 0 o O ME %o .

Ouv Y — ——— Equation5.9
wi Qe U U we+

e DO DE %o :
Ou YW Equation5.10
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The lateral earth pressure (Q) can be calculated using the Rankine active earth
pressure (se&quation5.11 and Equation5.12) which is a welaccepted theory in the
design of retaining structures. In these equatitfasijs the Rankine active pressure
coefficient,t andc are respectively the angtd internal friction and cohesion of the
unbound layer present at the vertical surfaeés theRankine active pressure, adglis

the vertical soil pressure.

0 OWETUL — Equation5.11
C

., .0 Ul Equation5.12

In order to estimate the resultant horizontal force due to surchargé)o#ue(load
induced horizontal stress distribution on the sliding wedge is routinely calculatztidras
Boussinesq theory in geotechnical pracf@@]. This means that elastic, homogenous, and
isotropic seminfinite soil medium has been assumed. Subsequently, the calculated
horizontal stress using Boussinesq solution is doubled to actmutite yielding soil
continuum. In other words, the stresses given by Boussinesq solution are multiplied by a
StressAdjustmentFactor (SAkhouide) €qual to 2.

However, these assumptions may not hold true for the layered pavement structure
with distincty different strength properties. Moreover, the complex loading configuration
of a SHL vehicle cannot be handled by the Boussinesqg equations. SiheV&Analysis
softwarewasusedto compute the loathduced horizontal stresses at the location of sloped

shoulder. Howeverthe use of 3DMove Analysis softwarecomputed lateral stresses,
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which are obtained assuming that the pavement layers extend laterally to infinity is viewed
as a concern. In order to address this issue, a modificatitve cbmputed sesses using
a SAFshoulder Was proposed. Discussion regarding the determination ofsiadkr is

presented in the negection

5.2.3.StressAdjustment Factor ér Sloped Shoulder

In order to determine the Stress Adjustment Fac®@tFnouide) Suitable for paveent
shoulder stability analysisa largescale experiment consisting of a sloped edge (i.e.,
Experiment No. 4) was conducted in this study. It was believed ttaaeéul comparison
between this experiment and Experiment No. 3 (no sloped pavement shoulder) help to
identify the role of sloped edge in the stress distribution withitypical pavement
structure. The following presents the description of Experimen8idad Experiment No.

4 along with the corresponding observations. Afterwards, the conducted exercise to

determine theSAFshoulde) iS described.

5.2.3.1.Description of LargeScale Experiment No. 3 and Experiment No. 4

Since the main objective of the comparataraalysis is to determine the role of sloped
shoulder in the load carrying capacity of pavement structures under SHL movement, same
pavement structure, materials, and construction practice in both experiments (Experiment
No. 3 and Experiment No. 4) werelizied.

Experiment No. 3 included FWD testing on the full pavement structure composed

of 5 inch of AC, 6 inch of crushed aggregate base (CAB), and 66 inch of subgrade (SG).
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FWD load of 9,000; 12,000; 16,000; 21,000; and 27,000 Ib were applied at the pavemen
surface. The instrumentation plan can be inferred fagyare4.28to Figure4.31.

In Experiment No. 4, a full pavement structure was constructed with a total
thickness of 77 inch with a side slope of 1:1.5 (33.7 degrees with the horizBigafe
5.10 to Figure 5.16 show drawings of the setup in Experiment No. 4. The pavement
structure, similar to Experiment No. 3, consisted of 5 inch of AC, 6 inch of CAB, and 66
inch of SG. The FWD loads were appliedtop of the AC layer at the following three
locations: 12, 24 and 36 inch from the edge of the pavement edge (i.e., slope). They are

referred to as Loc12, Loc24, and Loc36, respectively.
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(r GENERAL NOTES

* All Dimensions are in inches.

* Sensor Types:

-L=LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.

- SG = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-SG = Subgrade.
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Figure 5.10. 3D-View of UNR Large-Scale Box instrumentations in Experiment No4 (depth of 77 inch).
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* All Dimensions are in inches.

* Sensor Types:

-L=LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.

- SG = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.
- CAB = Aggregate Base.
-SG = Subgrade.
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Figure 5.11. Plan view for UNR Large-Scale Box instrumentations in Experiment No4 (depth of 77 inch).
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(riGENERAL NOTES ;\

* All Dimensions are in inches.

* Sensor Types:

-L =LVDT.

- P = Total Earth Pressure Cell.
- A = Accelerometer.

- 8G = Strain Gauge.

* Material Types:

-AC = Asphalt Concrete.

+ L11 - CAB = Aggregate Base.
-S8G = Subgrade.
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Figure 5.12. Front elevation of UNR Large Scale Box instrumentations in Experiment No4 (depth of 77 inch).
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T4
L
193 8o 88 120 8 * All Dimensions are in inches.
* Sensor Types:
/—4_0 -L=LVDT.
89 134 —of=-8.2 157 s0—=H14 - P = Total Earth Pressure Cell.
- A = Accelerometer.
- SG = Strain Gauge.

* Material Types:

50—} q:|7/ -AC = Asphalt Concrete.
- CAB = Aggregate Base.
6.0 -SG = Subgrade.
50 \ y,
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Figure 5.13. Side elevation of UNR LargeScaleBox instrumentations in Experiment No.4 (depth of 77inch).
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Figure 5.14. Plan view of UNR LargeScale Box instrumentations in Experiment No4 (depth of 69inch).











































































































































































































































































































































































































































































































































































































































































