
CAL/APT PROGRAM: TEST RESULTS FROM ACCELERATED PAVEMENT TEST
ON PAVEMENT STRUCTURE CONTAINING AGGREGATE  BASE-SECTION 503RF

Report Prepared for

CALIFORNIA DEPARTMENT OF TRANSPORTATION

by

John Harvey, David Hung, Jorge Prozzi, Leonie Louw,
Irwin Guada, Clark Scheffy

Pavement Research Center
Institute of Transportation Studies
University of California, Berkeley





i

DISCLAIM ER
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EXECUTIVE SUM M ARY

Th is report is  th e fourth  in a serie s  w h ich  describe th e re sults of tests and th e ir

interpretation on full-scale pavem ents constructed at th e  R ich m ond Field Station (RFS) w h ich

h ave been designed and constructed according to Caltrans procedures.  It describes th e re sults

of th e H eavy Veh icle Sim ulator (H VS) test on th e fourth  of four pavem ent test sections, an

asph alt-concrete s ection containing an untreated aggregate base des ignated Section 503RF. 

Th e te sts on th e s e four test sections h ave been perform ed as part of Goal 1 of th e CAL/APT

Strategic Plan (1).

One objective of th e te st program  is  to obtain data to q uantitatively verify existing

Caltrans pavem ent design m eth odologie s  for asph alt treated perm eable base (ATPB) pavem ents

and conventional aggregate base pavem ents w ith  regard to failure under traffick ing at m oderate

tem peratures (Goal 1), w h ile preparing a uniform  platform  on w h ich  overlays (Goal 3) w ill be

constructed to be traffick ed.  Oth er objectives are:

• to q uantify th e effective elastic m oduli of th e various pavem ent layers, based on

an ad-h oc use of layered elastic analysis;

• to q uantify th e stres s dependence of th e pavem ent layers;

• to determ ine th e failure m ech anism s of th e various layers; and

• to determ ine and com pare th e fatigue lives of th e tw o types of pavem ent

structure.

H VS loading on th is pavem ent section began in M arch  19 9 6 and w as com pleted in

Septem ber 19 9 6 after th e application of about 1.9 1× 106 load repetitions.  At th e end of th e 14
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test, crack ing h ad reach ed a level w h ich , according to Caltrans pavem ent m anagem ent criteria,

re s em bled a new er pavem ent th at h ad failed by alligator crack ing.

Ch apter 2 de scribes th e te st program  for Section 503RF.  Design th ick ne s s e s  for th e

pavem ent com ponents for a Traffic Index of 9 .0 (1.0 m illion ESALs) w ere: aggregate

subbase—229  m m  (0.75 ft); aggregate base—274 m m  (0.9 0 ft); and asph alt concrete—137 m m

(0.45 ft).  Actual th ick ne s s e s  at th e loading s ite w ere: aggregate subbase—305 m m  (1.00 ft);

aggregate base—274 m m  (0.9 0 ft); and asph alt concrete—147 m m  (0.48 ft).

Table 2.1 sum m arize s  th e data collection program  for Section 501RF.  Loading,

applied by dual bias-ply tire s  inflated to a pre s sure of 69 0 k Pa (100 ps i), cons isted of 150,000

repetitions of a 40 k N (9 ,000 lb) load follow ed by 50,000 repetitions of a 80 k N (18,000 lb)

and th en by about 1.71 m illion repetitions of a 100 k N (22,500 lb) load.  At th e term ination of

loading, fatigue crack ing w as vis ible th rough out th e te st section.  Lateral w ander of th e w h eels

over th e one m eter (3.3 ft) w idth  of th e s ection w as th e sam e as for th e oth er th ree te st sections

(500RF, 501RF, 502CT).

Ch apter 3 sum m arize s  th e data obtained during th e course of loading.  Pavem ent

re sponse m easurem ents w ere obtained using Multi-Depth  D e flectom eters (MDDs), th e  Road

Surface Deflectom eter (RSD), th e laser profilom eter, and a straigh t edge.  Fatigue crack

developm ent w as m onitored using ph otograph s and analyzed using a digital im age analysis

procedure.  Th erm ocouples w ere used to m easure th e air tem perature and pavem ent

tem peratures at various depth s in th e asph alt concrete.  To m aintain a reasonably cons istent

tem perature of about 20°C, a tem perature control cabinet (“cold box”) w as installed.  
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As w ith  Sections 500RF and 501RF, crack ing appears to h ave occurred in only th e top

lift of th e aggregate concrete layer.  M oreover, it w as observed, from  a lim ited coring

program  after th e H VS testing w as com pleted, th at th ere appeared to be little or no bond

betw een th e tw o lifts used to ach ieve th e constructed th ick ne s s  of th e aggregate concrete layer

and no bonding occurred under th e H VS traffick ing at 20°C.  In addition, m easurem ents

indicate th at th e low er asph alt concrete lift w as com pacted to an average air-voids content of

4.4 percent and th e upper lift h ad sim ilar com paction, i.e. to an average air-voids content of

about 4.8 percent.

Th e 1.9 1 m illion repetitions applied to Test Section 501RF corre sponds to about

81 m illion ESALs (based on th e Caltrans load equivalency factor of 4.2).  Ch apter 4 provides

a detailed analysis of th e te st re sults using m ultilayered elastic analysis to explain th e observed

beh avior.

Re sults of th e analysis reported in Ch apter 4 indicate a reasonable corre spondence

betw een th e Caltrans design e stim ate of approxim ately 1,000,000 ESALs and th e H VS test

m easurem ent of approxim ately 81,000,000 ESALs.  An im pedim ent to reconciling th e s e tw o

estim ates h as been th e inability to accurately quantify effects of th e layer interface condition. 

Th e follow ing findings of th is  aspect of th e study are cons idered to h ave been reasonably w ell

dem onstrated and to represent appropriate h ypoth e s e s  for future inq uiry and validation:

1.  Fatigue life m easurem ents under full-scale accelerated loading are typically

expected to exceed design e stim ates because des ign e stim ates m ust incorporate a safety factor

to m inim ize th e ris k  of prem ature failure w h ile accom m odating, at th e sam e tim e, expected

variability in testing, in construction, in traffic, and in m ix design.  As it w as s h ow n for Test
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Section 501RF, w h ich  h as th e sam e structural design as Test Section 503RF, for a design

reliability level of 9 0 percent, th e com puted ratio of s im ulated H VS ESALs to design ESALs

estim ated using th e fatigue analysis and design system  w as approxim ately 3.7.

2.  Th e m ix fatigue analysis and design system  proved to be an effective tool for

explaining fatigue perform ance of th e H VS pavem ent.  Th e relatively good agreem ent betw een

th e s im ulation e stim ate and actual H VS m easurem ent suggests th at th e analysis and design

system  m ay prove useful for structural design as w ell as for m ix design.

3.  According to Asph alt Institute’s subgrade strain criteria, s evere rutting as sociated

w ith  perm anent deform ations in th e unbound layers in th e H VS pavem ent w ould not be

expected.  Testing of H VS Section 503RF generally confirm ed th is .

4.  Th e analyses reported h ere in corroborate prior w ork  s h ow ing th e im portance of

good com paction of th e asph alt concrete surface to superior fatigue perform ance.  Good

com paction of th e m ix also reduces th e am ount of rutting contributed by th e unbound

pavem ent layers.

5.  Th e im proved fatigue perform ance of Section 503RF as com pared to th at of Section

501RF w as due prim arily to th e increased th ick ne s s  and h igh er degree of com paction of th e

asph alt concrete in Section 503RF.

6.  Loss of bond at th e interface betw een asph alt-concrete lifts can cause a s ignificant

reduction in fatigue life and an increase in rutting re sulting from  increased stre s s e s  in th e

unbound layers.

7.  D ifferent m ixe s, even w ith  s im ilar binders, can re sult in s ignificantly different

fatigue perform ance.  Th e im portance and effectiveness of laboratory fatigue testing and
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s im ulation to q uantitatively estim ate differences in fatigue perform ance in s itu w ere

dem onstrated by analyses pre s ented in th is  ch apter.

Ch apter 5 contains th e conclusions w h ich  are as follow s:

1.  Th e fatigue analysis and design system  developed during th e SH RP program  and

refined w ith in th e CAL/APT program  h as been used to explain th e difference betw een th e

design e stim ate for Section 503RF of approxim ately one m illion ESALs and th e H VS

m easurem ent of approxim ately 81 m illion ESALs.  Alth ough  som e of th e discrepancy rem ains

unaccounted for (pos s ibly as a re sult of difficultie s in m odeling th e bonding betw een th e tw o

lifts of asph alt concrete), th e overall agreem ent h elps to validate both  th e analysis and design

system  as a m ech anism  for structural design and provides som e indication of th e lim its of

validity of th e current Caltrans design m eth odology.

2.  As w ith  Sections 500RF and 501RF, re sults of th is  H VS test suggest th at th e

Asph alt Institute’s subgrade strain criteria to control rutting re sulting from  perm anent

deform ations in th e unbound layers is  a reasonable design param eter.  Accordingly, th e s e

criteria are suitable for use in m ech anistic/em pirical analyses of rutting to supplem ent routine

Caltrans design procedures in special investigations.

3.  Re sults of th e 503RF test confirm  th ose of th e 501RF th at suggest th at th e Caltrans

structural design procedure m ay not be sufficiently conservative for pavem ents w ith  aggregate

base, typical com paction, and certain asph alt concrete m ixe s.  Th e analysis and design system

used h ere in and be ing refined, in part, th rough  th e CAL/APT program , s h ould provide an

im proved m eth odology for structural pavem ent design perm itting a h igh er level of reliability to
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be obtained in pavem ents of th is  type.  Th e re sults indicate th at th ick er asph alt concrete layers

and better asph alt concrete com paction can s ignificantly im prove pavem ent perform ance.

4.  Th e recom m endations regarding m ix com paction and tack  coat application re sulting

from  th e Sections 500RF and 501RF tests are supported by th e re sults obtained from

Section 503RF.
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CH APTER 1

INTRODUCTIO N

Th is report is one of a serie s  of reports w h ich  describe th e re sults of Accelerated

Pavem ent Testing w ith  th e H eavy Veh icle Sim ulator (H VS) on full-scale pavem ents at th e

R ich m ond Field Station (RFS) of th e Univers ity of California at Berk eley (UCB) designed and

constructed according to Caltrans procedures.  It contains a sum m ary and interpretation of th e

re sults from  th e H VS test on th e th ird of four pavem ent test sections: an asph alt-concrete

section containing a conventional aggregate base, designated section 503RF. Tests on th e s e

four test sections h ave been perform ed as part of Goal 1 of th e CAL/APT Strategic Plan (1).

Th e first report in th is  s erie s , entitled: Initial CAL/APT Program : Site  Inform ation, Te s t

Pave m e nts Construction, Pave m e nt M ate rials Ch aracte rizations, Initial CAL/H VS Te s t Re sults,

and Pe rform ance  Estim ate s  contains detailed inform ation on th e construction of th e te st

pavem ents, as w ell as re sults of tests to define th e propertie s  of th e various com ponents of th e

four test pavem ents (2).  Th e s econd and th ird reports in th is  s erie s , entitled: CAL/APT

Program : Te s t Re sults From  Accele rate d Pave m e nt Te s t on Pave m e nt Structure  Containing

Asph alt Tre ate d Pe rm e able  Bas e  (ATPB)—Se ction 500RF and CAL/APT Program : Te s t Re sults

From  Accele rate d Pave m e nt Te s t on Pave m e nt Structure  Containing Untre ate d Aggre gate

Bas e—Se ction 501RF contain detailed inform ation of th e drained ATPB Section 500RF (3) and

undrained aggregate base Section 501RF (4), re spectively.  To m inim ize th e length  of th is

report, inform ation utilized h ere in and contained in th e above noted reports w ill only be

referenced.  A separate report h as been prepared describing th e perform ance of ATPB under

saturated conditions in laboratory repeated load tests, perform ance e stim ates of pavem ents
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containing saturated ATPB th rough  s im ulations, and a review  of Caltrans experience w ith

ATPB (5).

Th e inform ation and findings presented h ere in support th e recom m endations regarding

ch anges in Caltrans construction and construction control procedures presented in

References 3 and 4.

1.1  O BJECTIVES

As noted in earlier reports, th e prim ary objective of th e four Goal 1 test pavem ents is

to develop data to q uantitatively verify existing de s ign m eth odologie s  for asph alt treated

perm eable base (ATPB) pavem ents and conventional aggregate base pavem ents w ith  regard to

failure under traffick ing at m oderate tem peratures.  Oth er objectives include:

•       q uantification of th e effective elastic m oduli of th e various pavem ent layers,

based on an ad-h oc use of layered elastic analysis;

•       q uantification of th e stres s dependence of th e pavem ent layer m aterials;

• determ ination of th e failure m ech anism s of th e various layers; and

• determ ination and com parison of th e fatigue perform ance of th e tw o types of

pavem ent structures.

Th is  report, togeth er w ith  th e reports on each  of th e four sections, as sociated special

reports, and a final report w ill com plete th e te st plan objectives and th e w ork  defined for

Goal 1 of th e Strategic Plan (1).
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1.2  PURPO SE AND SCO PE

Th is report pre sents th e re sults of tests in Section 503RF togeth er w ith  th e ir analyses

relative to observed perform ance of th e s ection in fatigue.  Th e  s e quence of H VS testing of th e

four test pavem ents w as: 1) 500RF (drained ATPB section); 2) 501RF (undrained aggregate

base s ection); 3) 502CT (drained ATPB section); and 4) 503RF (undrained aggregate base

s ection). 

1.3  O RGANIZ ATIO N O F REPO RT

Ch apter 2 contains a com plete description of th e te st program  perform ed on

Section 503RF, including th e loading s e quence, instrum entation, and data collection sch em e. 

Ch apter 3 pre sents a sum m ary and discus s ion of th e data collected during th e te st including

pavem ent perform ance and tem peratures.  In Ch apter 4, th e actual pavem ent perform ance is

com pared w ith  th e fatigue life predicted for th e te st section by th e Caltrans th ick nes s des ign

procedure.  Analyses are presented th at evaluate th e effects of construction variables and m ix

ch aracteristics on fatigue perform ance and in turn, enable th e re sults of th e H VS testing to be

extrapolated to actual Caltrans in-service pavem ents.  Ch apter 5 contains a sum m ary of th e

re sults togeth er w ith  conclusions based on th e re sults.
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CH APTER 2

TEST PROGRAM

2.1 TEST SECTIO N LAYO UT

Four test sections w ere constructed as part of Goal 1 of th e CAL/APT Strategic Plan:

tw o sections containing an asph alt treated perm eable base (ATPB) (Sections 500RF and

502CT), and tw o w ith  a conventional aggregate base (Sections 501RF and 503RF).  Th e

layout of th e te st sections is described in th e report on Section 500RF (3); a sch em atic of th is

layout is  s h ow n in Figure 2.1.

Th e pavem ent structure (Figure 2.2) w as designed follow ing Caltrans procedures (6). 

It cons ists of a dense-graded asph alt concrete surface, an untreated aggregate base and subbase 

(both  class ified as AASH TO A-1-a m aterials) and a clay subgrade (AASH TO  class ification

A-7-6).  A sum m ary of th e construction control data for th is  s ection is  contained in

Reference 2.  

Th e design th ick ne s s e s  of th e different pavem ent layers for sections 503RF and 501RF

are: aggregate subbase—229  m m ; aggregate base—274 m m ; and asph alt concrete—137 m m . 

H ow ever, th e actual th ick ne s s e s  of th e aggregate subbase vary acros s  th e s ections because of a

2 percent transverse slope on th e entire te st pavem ent.  As-built th ick ne s s e s  of th e aggregate

subbase and asph alt concrete layers e stim ated from  a few  core s are 305 m m  and 162 m m ,

re spectively.  Exact layer th ick ne s s e s  of each  of th e H VS test s ite s  w ill be determ ined from

m easurem ents in test pits after th e overlay testing is  com pleted [Goal 3 of th e CAL/APT

Strategic Plan (1)].  Construction m easurem ents and data from  several cores obtained next to

Section 503RF indicate th at th e aggregate base th ick ne s s  is  approxim ately equal to th e design

th ick ne s s .
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1 Due to th e  overloading of th e  100 k N traffick ing loads and th e  accelerated nature  of th e  loads, th e
effect of beginning th e  te st w ith  th e  100 k N load w ould be to cause  exce s s ive and unrealistic dam age to th e
pavem ent, e specially th e  fre s h  AC layer.  For th is reason, th e  load is  first applied as 40 k N, w h ich  is m ore
repre s entative of real traffic, and later as 80 k N to s ettle th e  pavem ent.

2.2  TEST PRO GRAM

2.2.1  Loading Program

H VS traffick ing of th e te st section w as initiated in M arch  19 9 6 and com pleted in

Septem ber 19 9 6 after th e application of m ore th an 1.9 1× 106 load repetitions. At th is point

crack ing h ad reach ed a level w h ich , according to Caltrans pavem ent m anagem ent criteria,

re s em bled a new er pavem ent th at h ad failed by alligator crack ing. Th e H VS test program

follow ed for Section 503RF, is  sum m arized in Table 2.1.  Th is  table s h ow s th e data collection

sch edule during th e course of th e te st.   Th e loading applied to Section 503RF is s im ilar to th at

applied to Sections 500RF (3) and 501RF (4).  As s een in Table 2.1, a dual-w h eel load of

40 k N w as used to traffic th e s ection for th e first 150,000 repetitions to prevent exces s ive

initial deform ation of th e new ly constructed asph alt concrete.  After th at, th e load of th e

dual-w h eel w as increased to 80 k N for 50,000 repetitions.  After 200,000 repetitions th e

traffick ing load w as increased to 100 k N; th is  load w as m aintained for th e rem ainder of th e

te st to accelerate pavem ent crack ing.1  

Since th e objective of th e te st w as to evaluate th e fatigue perform ance of th e pavem ent,

th e pavem ent w as loaded and m onitored until failure by alligator crack ing at 1,9 08,480

repetitions.  Th e H VS w as  e quipped w ith  bias-ply truck  tire s  inflated to a pre s sure of 69 0 k Pa. 

Lateral w ander over th e 1 m  w idth  of th e te st section w as program m ed to s im ulate traffic

w ander on a typical h igh w ay lane (6).  



Table 2.1 Data collection program  for Test Section 503RF

Repetitions Traffick ing
Load k N

Rut
Profiles

MDD RSD

Centerline 200 m m  Lefta 200 m m  R igh ta

Test W h eel Load,
k N

Test W h eel Load,
k N

Test W h eel Load,
k N

Test W h eel Load,
k N

40 60 80 100 40 60 80 100 40 80 60 100 40 80 60 100

10
10,000 to 50,000
(10,000 incr)
100,000
125,000
150,000
175,000
200,000
225,000
250,000
300,000 to 800,000
(50,000 incr)
Crack  A ppearance
(400,000)
800,000 to final
(50,000 incr)
800,000 to final
(100,000 incr)
850,000 to final
(100,000 incr)
Final (1,9 08,480)

40
40

40
40

40 to 80
80

80 to 100
100
100
100

100

100

100

100

100

X
X

X
X
X
X
X
X
X
X

X

X

X

X

X

X
X

X
X
X
X
X
X
X
X

X

X

X

X

X

X

X

X

X
X
X

X

X
X
X
X

X

X

X

X

X

X
X

X
X
X
X
X
X
X
X

X

X

X

X X

X
X
X

X

X

X
X
X
X

X

X

X

X

X
X

X
X
X
X
X

X

X

X X

X
X
X

X

X

X

X

X

X

X
X

X
X
X
X
X

X

X

X X

X
X
X

X

X

X

X

X

X

a  Look ing in direction of increas ing longitudinal reference points (0-16)
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2.2.2 M easurem ents

To evaluate pavem ent re sponse during H VS testing of Section 503RF, m easurem ents

w ere obtained using th e follow ing instrum ents: 

• Multi-Depth  D e flectom eter (MDD); 

• Road Surface Deflectom eter (RSD); 

• Laser Profilom eter, and

• straigh t edge.

Fatigue crack  developm ent w as m onitored using ph otograph s.  Th erm ocouples w ere

used to m easure air and pavem ent tem peratures at various depth s in th e asph alt concrete. 

Detailed descriptions of th e instrum entation and th e various m easuring e quipm ent are included

in Reference 3.

Surface deflection m easurem ents w ith  th e  RSD  w e re obtained at th e reference points

along th e centerline of th e s ection and at locations 200 m m  on e ith er s ide of th e centerline, as

s h ow n in Figure 2.2.  Th e latter m easurem ents, tak en sligh tly off th e centerline w h ere th e

w ander pattern re sults in few er load applications, as s ist in ch aracterizing th e full test section. 

Measurem ents of surface rut depth  us ing th e laser profilom eter perm it th e determ ination of:

• th e location and m agnitude of th e m axim um  rut depth ;

• th e average rut depth  w h ich  occurred th rough out th e te st section, and

• th e rate of rutting developem ent.

Perm anent deform ations occurring in th e layers during th e course of loading as w ell as

in-depth  elastic deflections during loading are m easured using th e  MDDs  at th e tw o

consecutive locations s h ow n in Figure 2.2 and at th e depth s s h ow n in Figure 2.3.  Surface

deflections m easured at MDD4 provide a ch eck  on RSD deflections m easured at th e sam e

point.
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All pavem ent tem perature m easurem ents using th erm ocouples (locations s h ow n in

Figure s 2.2 and 2.3) w ere obtained at one-h our intervals during H VS operation.  Air

tem peratures near th e te st section w ere recorded at th e sam e intervals, as w ell as at th e tim e of

data collection.

Visual observation of surface distre s s  w as directed to th e identification and dem arcation

of surface crack s as w ell as th e m easurem ent of th e ir length s. It s h ould be noted th at at th e

conclusion of testing of th e overlaid section 503RF (Goal 3), a trench  w ill be dug to allow

visual inspection and m easurem ent of th e th ick ne s s e s  of all th e layers, and to obtain m aterial

for laboratory testing.  Th is  visual inspection w ill provide essential inform ation for data

interpretation and clarify any incons istencie s  generated during th e te st.

Depth s at w h ich  th e  Multi Depth  D e flectom eters (MDDs) and th erm ocouples w ere

placed are s h ow n in Figure 2.2, w h ile th e ir locations on th e surface of th e te st section are

s h ow n in Figure 2.3.  Positions at w h ich  deflections w ere m easured w ith  th e  Road Surface

Deflectom eter (RSD) are also sh ow n in Figure 2.3.  Intervals betw een m easurem ents

(Table 2.1), in term s of load repetitions, w ere s elected to enable adequate ch aracterization of

th e pavem ent as dam age developed.

2.3 ENVIR ONM ENTAL CO NDITIO NS

As w ith  Section 501RF, th e pavem ent surface tem perature w as m aintained at 20±4°C

to m inim ize rutting in th e asph alt concrete and, at th e sam e tim e, to accelerate fatigue dam age

from  load repetitions.  Th e tem perature control ch am ber, developed earlier (4), w as used; as

w ill be seen in Ch apter 3, th e ch am ber provided th e re quis ite tem perature control.

Th e pavem ent surface rece ives no direct rainfall because th e te st sections are built in

th e indoor facility at th e  R ich m ond Field Station.  H ow ever, th e pavem ent test sections in th is
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facility are subject to subsurface w ater infiltration s ince th ey are built on th e natural subgrade. 

W ater can acces s  th e pavem ent due to lateral m ovem ent (of w ater) from  outs ide th e building,

as w ell as from  th e ground w ater table.  Initially, during th e rainy season of 19 9 4-9 5 and

before construction of th e first test pavem ents, exces s ive w ater penetrated into th e building

from  th e w e st s ide.  A drainage system  w as installed around th e outs ide of th e building to

m itigate th e influence of th is  w ater on th e te st pavem ents.  Th e drainage system  is described in

detail in Reference 2.
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CH APTER 3

DATA SUM M ARY: TEM PERATURES, PERM ANENT DEFO R M ATIO NS, 

ELASTIC DEFLECTIO NS, CRACKING

Th is ch apter provides a sum m ary of th e data obtained as w ell as a brief discus s ion of

th e re sults.  Interpretation of th e data in term s of pavem ent perform ance is discussed in

Ch apter 4.

3.1 TEM PERATURES

Pavem ent tem peratures w ere controlled using th e tem perature control box constructed

prior to th e te st on Section 501RF (4).  Both  air and pavem ent tem peratures w ere m onitored

and recorded regularly during th e entire loading period for Section 503RF as noted in

Ch apter 2.  For evaluation of fatigue crack ing, both  th e tem perature at th e bottom  of th e

asph alt concrete (approxim ately 160 m m  for th is  te st) and tem perature gradient are th e

controlling tem perature param eters (8).

Air tem peratures ins ide th e tem perature control ch am ber ranged from  16°C to 25°C

during th e entire te sting period of Section 503RF.  Th e target air tem perature w as 20°C±4°C,

th e tem perature range expected to prom ote fatigue crack ing and m inim ize rutting of th e asph alt

concrete layer.  Th e target w as only exceeded for a few  days in April 19 9 6 w h en th e average

daily tem perature reach ed 25°C.  Th e daily average air tem peratures, calculated from  th e

h ourly tem peratures recorded during H VS operation, are graph ically pre sented in Figure 3.1. 

Th e air tem peratures w ere sligh tly h igh er th an th ose obtained during testing of

Section 501RF (4).
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To illustrate tem perature variation during th e day, air tem perature data w ere divided

into four 6-h our intervals.  In th e first interval, all th e tem peratures collected at th e end of

h our 0100 to th e end of h our 0600 w ere averaged.  Th e oth er periods, 0700 to 1200 h ours,

1300 to 1800 h ours, and 19 00 to 2400 h ours, w ere averaged in th e sam e m anner.  Average air

tem peratures for each  of th e intervals for th e entire te st period are s h ow n in Table 3.1; it w ill

be noted th at average air tem peratures over th e four tim e periods exh ibited only a sm all

variation rem aining w ith in th e range 20±1°C.

Table 3.1  Average tem peratures (°C) over 6-h our intervals for th e air, pavem ent
surface, and at various depth s in th e asph alt concrete

TIM E
PERIOD

Air
Tem p (°C)

Surface
Tem p (°C)

In-depth  tem peratures (°C)

50 m m 137 m m 175 m m

Avg Std
Dev

Avg Std
Dev

Avg Std
Dev

Avg Std
Dev

Avg Std
Dev

0100-0600 19 .9 2.3 20.2 1.7 20.5 1.6 20.7 1.5 20.8 1.5

0700-1200 20.0 2.5 20.1 1.6 20.2 1.6 20.4 1.5 20.5 1.5

1300-1800 20.9 2.7 20.3 1.7 20.4 1.5 20.5 1.4 20.5 1.4

19 00-2400 20.5 2.4 20.4 1.6 20.6 1.5 20.7 1.4 20.8 1.3

Maxim um a

D ifference
1.0 0.4 0.4 0.3 0.3

a  difference betw een m inim um  and m axim um  6-h our interval averages

Th e “m axim um  difference” data in Table 3.1 sh ow  th at pavem ent tem peratures

fluctuated les s  th an th e air tem peratures th rough out th e day.  Th e m axim um  variation in th e

average pavem ent tem perature w as only about 0.4°C at a depth  of 50 m m , w h ile th e average

air tem perature experienced a larger m axim um  variation—1.0°C. 
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 Daily averages of th e surface and in-depth  tem peratures are s h ow n in Figure 3.2. 

Th e se tem peratures h ave w arm ing and cooling trends sim ilar to th ose of th e daily average air

tem peratures.  Average pavem ent surface tem peratures w ere close to th e average air

tem peratures as illustrated in Figure 3.2 and Table 3.1.

Table 3.2 pre sents th e average tem peratures for five periods during th e te st, w h ich

exh ibited th e follow ing tem perature trends: w arm ing, constant, cooling, w arm ing, and

constant. 

Table 3.2  Average daily tem peratures during five periods 

Tem perature Trends W arm ing Constant Cooling W arm ing Constant

Dates (period  length ) 3/6–3/27
(21 days)

3/28–4/30
(33 days)

5/1–5/23
(22 days)

5/24–7/18
(55 days)

7/19–9 /9
(52 days)

Repetitions at End of
Period

275,700 658,423 807,143 1,326,9 22 1,9 08,480

Location

Average Tem p (°C)

Air 18.3 22.3 19 .0 19 .7 20.9

Surface 18.8 22.1 18.9 19 .9 20.6

50 m m 18.9 22.1 19 .2 20.1 20.8

137 m m 18.8 22.0 19 .5 20.3 21.0

175 m m 18.7 21.9 19 .7 20.5 21.1

W h ile a m ore detailed com parison of pavem ent tem peratures w ill be provided in th e

sum m ary report for th e Goal 1 tests, it s h ould be noted th at th e average daily pavem ent

tem perature at a depth  of 137 m m  w as sligh tly h igh er for Section 503RF th an for Section

501RF, i.e. 20.6°C versus 19 .0°C.
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3.2 RAINFALL AND W ATER  CO NTENTS O F UNTREATED M ATERIALS

Th e traffick ing of Section 503RF occurred predom inantly during California’s dry

season.  Th e average rainfall w as about 28 m m  per m onth .  Figure 3.3 sh ow s th e m onth ly

rainfall from  July 19 9 4 to Novem ber 19 9 6 as recorded by th e National W eath er Service at

R ich m ond, California (near th e  R ich m ond Field Station). 

W ater contents of th e unbound m aterials w ere m easured after construction of th e four

sections as sociated w ith  Goal 1 in M arch /April 19 9 5 and prior to th e construction of th e

overlays (Goal 3) in February 19 9 7, Table 3.3.  Both  s ets of m oisture sam ples w ere collected

at about th e sam e period, tw o years apart.  Since th e te sting of Section 503RF took  place

during th e later part of th e tw o year period, Figure 3.3, it w ould seem  reasonable to as sum e

th at th e w ater contents of th e untreated m aterials during th e te st w ould be close to th ose s h ow n

for February 19 9 7 in Table 3.3.

Table 3.3 W ater contents of m aterials in unbound layers

LO CATIO N IN-SITU W ATER  CO NTENT

M arch /April 19 9 5a February 19 9 7b

aggregate base 4.2-6.0 4.6-4.9

aggregate subbase 4.0-7.9 5.3-6.0

subgrade 13.6-23.9 14.4-16.3

a  m oisture te sts conducted on tw elve sam ples per layer
b  m oisture te sts conducted on four sam ples per layer
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3.3  PERM ANENT DEFO R M ATIO N  

Perm anent deform ation (rutting) re sponse at th e pavem ent surface w as m onitored w ith

th e Laser Profilom eter and a straigh t edge.  Tw o Multi-Depth  D e flectom eters (MDDs) w ere

also used to determ ine th e perm anent deform ation at th e surface and at various depth s w ith in

th e pavem ent.  Re sults of th e surface and in-depth  perm anent deform ation m easurem ents are

discussed in th is  s ection. 

3.3.1  Perm anent surface deform ation (rutting)

Asph alt pavem ents deform  under th e action of traffic due to s h ear and densification of

th e pavem ent layer m aterials w h ich  are subjected to dynam ic stre s s e s  produced by th e traffic

loads.  W h en a new  pavem ent (or test section) is open to traffic, it typically undergoes both

additional com paction and s h ear deform ation w h ich  re sults in th e developm ent of surface

perm anent deform ation or rutting.  W ith  th e H VS, th e rate at w h ich  th at rutting occurs is

usually greater initially and typically dim inis h e s  as traffick ing progre s s e s  until reach ing a

steady state.  If th e load level is subsequently increased, th e pavem ent w ill undergo again

anoth er ph ase of rapid rutting developm ent until a new  steady ph ase for th at new  load level is

reach ed.  Th is  initial ph ase is  referred to as th e “em bedm ent” ph ase h ere in.

Figure 3.4 sh ow s th e developm ent of perm anent deform ation w ith  load repetitions as

determ ined from  th e laser profilom eter for Section 503RF.  Tw o sets of data are presented: 

1. average rut depth ; and

2. average m axim um  rut depth .  

Th e se term s are described in Reference 3.  In th is  figure, th e 40 k N and 80 k N em bedding

ph ase s  can be seen. Crack ing w h ich  appeared on th e surface at 400,000 repetitions did not

play a s ignificant role in th e developm ent of surface deform ation. 
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Th e Laser Profilom eter provides sufficient inform ation to evaluate th e perm anent

deform ation of th e entire te st section surface at regular intervals of load repetitions, as

illustrated in Figure s 3.5 th rough  3.9 .  Figure 3.5 illustrates th e pavem ent surface after 15,000

repetitions and sh ow s a m inim al am ount of rutting.  Figure s 3.6 to 3.9  s h ow  th e rutting

progre s s ion at th e surface from  200,000 up to 1.9 1 m illion w h eel load applications.  

At th e conclusion of traffick ing (1.9 1× 106 repetitions), th e average rut depth  w as

approxim ately 7.9  m m  w h ile th e average m axim um  rut depth  h ad reach ed 10.8 m m .  Surface

rutting w as fairly uniform  over all th e te st section; h ow ever, a sligh tly larger rut depth  w as

experienced at Point 12 (w h ere  MDD12 w as installed) and at both  s ections ends w h ere th e

H VS w h eels reverse.  Th is  is  expected since at both  ends th e speed of th e w h eels is  slow er and

loading tim e s are th erefore longer.  In addition, th e pavem ent is  subjected to surface s h ear

forces at th ose locations re sulting from  brak ing and accelerating forces w h ich  also contribute to

rutting developm ent.

Th e data from  th e straigh t edge and laser profilom eter m easurem ents are in reasonable

agreem ent, Figure 3.10.  Th e sligh t differences betw een th e tw o m eth ods result because th e

laser profilom eter is  m ore s ens itive to tiny ch anges and pits in th e surface texture of th e

pavem ent and is m ore accurate.

Figure 3.4 provides th e inform ation to perm it determ ination of th e rate of rut

developm ent at various stages in th e te st.  To do th is , data subjectively w ere divided into

ph ase s  w h ich  w ere determ ined from  ch anges in th e loading, as w ell as from  observed ch anges

in th e rate of developm ent of perm anent deform ation.  Th e se ph ase s  are sum m arized in

Table 3.4, w ith  th e calculated rate of rutting expressed in m illim eters of rut per m illion load

applications (m m /M iLA). 
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Th e first ph ase, 0 to 50,000 repetitions, is  an em bedding ph ase in w h ich  th e asph alt

pavem ent undergoes post-construction com paction as th e re sult of th e 40 k N traffic loading. 

Figure 3.4 sh ow s th at th e em bedding ph ase appears com pleted at approxim ately 50,000 load

repetitions at 40 k N.  Th e te st plan re quired th at th e 40 k N load be m aintained to 150,000

repetitions to ensure th at th is  initial em bedding ph ase w as com plete so th at th e pavem ent w ould

be able to w ith stand th e h igh er w h eel loads (80 k N and 100 k N) w ith out exces s ive dam age to

th e asph alt concrete due to th e accelerated loading. At 150,000 repetitions th e load w as

increased to 80 k N and a rapid increase in rutting rate w as observed (Figure 3.4).  Th e load

w as furth er increased to 100 k N at 219 ,9 72 repetitions and th e rut depth  rate again increased

s ignificantly.

As w ith  oth er te sts, each  tim e th e load w as increased, a new  em bedding ph ase w as

observed; 150,000 to 200,000 repetitions represented th e em bedding ph ase re sulting from  th e

increase in load from  40 k N to 80 k N.  Th e next em bedding ph ase, w h en th e load w as

increased at about 200,000 repetitions to 100 k N, lasted to approxim ately 400,000 repetitions,

at w h ich  tim e crack ing appeared at th e surface.  H ow ever, th e appearance of surface crack s

did not lead to an increase in rut rate as s een in Figure 3.4.  After 400,000 repetitions (th e end

of th e final em bedding ph ase), th e rut rate rem ained steady until th e te st end. 

During th e em bedding ph ase s  for th e 40 k N and 80 k N only approxim ately 25 percent

of th e final average rut depth  occurred.  At 400,000 repetitions, th e approxim ate tim e at w h ich

crack ing w as detected, approxim ately 41 percent of th e final average rut depth  w as obtained.

During th e rem aining 1.5 m illion repetitions, th e average rut depth  increased at a constant rate

of about 3.1 m m /m illion 100 k N repetitions.  Th is  rate is  sligh tly low er th an th at obtained

during th e loading of Section 501RF, i.e. 3.3 to 5.4 m m /M ILA.
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 Table 3.4  Rutting rates during H VS loading on Section 503RF

Ph ase Repetitions
(× 103)

Load
(k N)

Condition Average
Rut

(m m )

M axim um
Rut (m m )

Average Rut
Rate

(m m /M iLA)a

I 0–50 40 Em bedding 0.69 1.2 13.8

II 50–150 40 Steady-State 0.69 1.2 0

III 150–200 80 Em bedding 1.35 2.2 13.2

IV 200–400 100 Em bedding 3.26 4.9 9 .6

V 400–19 08 100 Steady-State 7.9 4 10.8 3.1

a  M iLA=M illion Load Application

 3.3.2  In-depth  perm anent deform ations

W ith  th e aid of th e  MDD m odules it is possible to m easure th e accum ulation of vertical

perm anent deform ation at various depth s in th e pavem ent during th e course of th e H VS test.

By subtracting th e perm anent deform ations m easured at tw o consecutive depth s, for MDDs  at

Points 4 and 12 as s een in Figure 3.11, it is possible to e stim ate th e deform ation occurring in

each  layer.  Table 3.5 contains th e re sults of th e s e analyses.

Table 3.5  Vertical perm anent deform ation in each  layer as m easured by M DD m odules

Layer Th ick ness
(m m )

Vertical Perm anent  
      Deform ation

 at M DDs (m m )

Percentage of 
Total Deform ation

(percent)

Dense-Graded
Asph alt Concrete 

137 5.5 47.5

Aggregate Base 274 3.9 33.6

Aggregate Subbase 307 2.0 17.3

Subgrade s em i infinite 0.2 1.7

Total 11.6 100
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Com pari son o f th e rut depth  (vertical pe rm anent deform ation) m easured by th e s urface

m odule of th e  MDD at Point 4 and by th e s urface pro filom ete r at th e s am e location s h ow  close

agree m ent as s ee n in Figure 3.12.  Com patibility of th ese d iffe rent m easures o f pe rm anent

deform ation pro vide confidence in th e per m anent deform ation da ta to be presen ted in th e next

tw o se ction s .

Figure 3.12  Perm anent deform ation com parison of M DD at Point 4 
and th e laser profilom eter

3.3.2.1 Asph alt concrete.  Table 3.6 s h ow s th at th e asp h alt concr ete layer contributed

alm os t h alf (47.4 pe rcent) of th e obse rved s urface per m anent deform ation. From  an

exam ination o f Figure s 3.5 th roug h  3.10, little uph eaval is obse rved adjacent to th e ruts ,

w h ich  is  s im ilar to th at w h ich  occurr ed Section 501RF, th e oth e r undrained pavem ent tes t (4). 
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Table 3.6  Air-voids contents in th e asph alt concrete 

Specim ena Air-Voids 
Top Lift, percent

Air-Voids 
Bottom  Lift, percent

Outside Traffick ed
Area

1 4.8 5.3

2 4.6 3.7

3 4.9 4.1

Average 1, 2 &  3 4.8 4.4

Ins ide Traffick ed
Area

4 4.7 3.5

5 6.0 3.2

Average of 4 &  5 5.4 3.4

a  Position of specim en indicated in Figure 3.12

To estim ate w h at proportions of th e m easured rutting w ere attributable to volum e

decrease and to s h ear distortion, five core s 100 m m  in diam eter w ere extracted so th at th e ir

air-voids contents could be m easured.  Th ree core s w ere obtained from  about .6 m  outs ide th e

traffick ed area in th e sam e lane and th e oth er tw o from  ins ide th e te st section at Points 1 and

15.5 w ith in th e areas w h ere th e w h eel ch anges direction as s h ow n in Figure 3.13.  Re sults of

th e air-voids determ inations on th e s e core s are sum m arized in Table 3.6.

Th e ch ange in air-voids content during traffick ing w as m inim al in both  th e top and

bottom  lifts as s een in Table 3.6.  Th ese data suggest th at th e m ajority of rutting is due to

s h ear deform ation rath er th an volum e decrease because of traffic densification (7).
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Figure 3.13  Core locations

3.3.2.1  Unbound layers.  From  th e inform ation pre sented in Table 3.5, it w ill be

noted th at one th ird of th e total perm anent deform ation m easured at th e surface occurred in th e

aggregate base.  To verify th e s e re sults, a trench  w ill be dug after com pletion of th e Goal 3

overlay tests.

Th e proportion of perm anent deform ation in th e aggregate base layer is  s im ilar to th at

obtained for th e corre sponding layer in Section 501RF (4), th e oth er undrained section,

i.e. 33 percent versus 26 percent.

Th e rem ainder of th e rut depth  at th e surface re sulted from  perm anent deform ations

occurring in th e subbase and subgrade m aterials, a total of about 19  percent.  On Section

501RF, perm anent deform ations in th e subbase and subgrade w ere re spons ible for about

22 percent of th e total rut depth  m easured at th e surface, an am ount com parable to Section
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503RF.  Th e se re sults re inforce earlier observations th at th e Caltrans design procedure

provides an adequate pavem ent th ick ne s s  to m inim ize perm anent deform ation in th e subgrade,

even under th e 100 k N loading used for th e m ajority of th e te sting for Section 503RF.

3.4  ELASTIC (RECO VERABLE) DEFLECTIO NS

Elastic (recoverable) deflections provide an indication of th e overall stiffnes s  of th e

pavem ent structure and, th erefore, a m easure of th e load carrying capacity.  As th e stiffnes s  of

a structure decrease s , its ability to support load decreases due to dam age in th e pavem ent

m aterials w ith  th e re sult th at for a given load and tire pressure, deflection increase s .  During

H VS testing elastic deflections are m easured w ith  tw o instrum ents: th e  MDD and th e  RSD. 

Th e  RSD m easures surface deflection bas ins w h ereas th e  MDD m easures th e surface

deflections at Point 4 and th e in-depth  deflections at tw o locations, Points 4 and 12 (MDD4

and MDD12 as s h ow n in Figure 2.2 and 2.3).

3.4.1  Surface deflections

In th is  s ection of th e report, surface deflections as m easured by th e  RSD and th e  MDD

at Point 4 are sum m arized.  Since pavem ent tem perature did not vary significantly during th e

te st, th e influence of tem perature on deflections w as neglected.







37

3.4.1.1  RSD surface deflection results.  Figure s 3.14 and 3.15 s h ow  th e individual

RSD deflections for centerline m easuring Points 4, 6, 8, 10, and 12 under 40 k N and 100 k N

dual-w h eel loads re spectively.  Th ese deflections are all w ith in a narrow  band w h ich  m eans

th at th e s ection exh ibited uniform  structural beh avior.  Th e variation betw een th e centerline

deflections at Points 4, 6, 8, and 10 is  approxim ately 20 percent th rough out th e w h ole testing

period.  

Unlik e Section 501RF (4), Section 503RF s h ow ed no m ark ed increase in surface

deflection after crack s appeared at th e surface at about 400,000 repetitions. Th e 40 k N surface

deflections increased from  an initial value of 218 m icrons (at 10 load applications) to9 30

m icrons upon com pletion of th e te st (1.9 1 m illion load applications), a 327 percent increase.

Th e 100 k N surface deflections increased from  approxim ately 9 00 m icrons (at 200,000

repetitions) to 1,500 m icrons at th e end of th e te st, an increase of approxim ately 67 percent. 

Th e surface deflection data s h ow  a m ark ed increase after th e increase of th e traffick ing load to

100 k N.  A sum m ary of th e average of all 40 k N RSD deflection data m easured on th e te st

section before H VS loading com m enced and after 1.9 1× 106 load applications is  contained in

Table 3.7.

Table 3.7  Average of 40 k N RSD Deflections

Deflection (m icrons) Before H VS testing After 1.9 1× 106 H VS
load applications

Average 218 9 31

Standard deviation 12 52
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 Th e average RSD deflections are illustrated in Figure s 3.16 and 3.17 for 40 k N and

100 k N loads re spectively. Ph ase s  w ith  s im ilar trends in th e rate of increase in elastic

deflection are indicated on th e s e figures by Rom an num erals. Deflections in ph ase s  I, II, III

occurred as th e load w as increased from  40 k N to 80 k N to 100 k N, re spectively, and indicate

increased dam age rates as loading w as increased.  Point C (approxim ately 400,000 repetitions)

indicates crack  appearance on th e surface of th e pavem ent. Th e rate of deflection increase

appears to slow  substantially after th e appearance of crack s at th e surface, as indicated in

Ph ase IV (500,000 to 1,9 10,000 repetitions).

Th e  RSD m easurem ents at th e center line and 200 m m  on e ith er s ite of th e th e center

line plotted in Figure s 3.16 and 3.17 also indicate th at dam age w as fairly uniform  laterally

acros s th e s ection.

Figure s 3.18 and 3.19  provide com parisons betw een Sections 503RF and 501RF of

surface deflections versus load repetitions for th e 40 k N and 100 k N test loads, respectively. 

It w ill be noted th at th e deflection relations h ips for th e tw o tests s h ow  about th e sam e

m agnitudes and trends w ith  load repetitions.

3.4.1.2  M DD surface deflection results.  Figure s 3.20 and 3.21 sum m arize th e

surface deflections m easured at MDD Point 4 us ing th e 40 k N and 100 k N loads re spectively. 

Also sh ow n in th e s e figure s are th e re sults of th e  RSD deflections m easured at th e s e points at

th e sam e tim e.  A good agreem ent betw een th e m easurem ents by th e tw o devices is  evident. 

Th ese data em ph as ize th e usefulnes s  of th e  RSD data in defining th e uniform ity or lack  th ereof

in th e perform ance th rough out th e 1 m  by 8 m  test sections, and as an independent ch eck  of

MDD m easurem ents.
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3.4.2  In-depth  elastic deform ations

Figures 3.22 th rough  3.25 sum m arize th e in-depth  deflections m easured at various

stages of traffick ing under th e 40 k N and 100 k N dual-w h eel loads.  Averages of all 40 k N

and 100 k N MDD elastic deflection data m easured on Section 503RF before H VS loading

com m enced and after 1.9 1 m illion load applications are sum m arized in Table 3.8 and

Table 3.9  for th e 40 k N and 100 k N test loads re spectively.  As noted earlier, th e 100 k N test

load deflections w ere m easured only after th e H VS h ad reach ed 200,000 load repetitions, at

w h ich  point th e traffic load w as increased to 100 k N (Table 2.1).  Th e data contained in th e s e

tables represent th e average of 3 deflection m easurem ents per m easuring point.

Tables 3.8 and 3.9  s uggest th at th e dam age w h ich  took  place in th e asph alt concrete

layer (as m anifested by surface crack ing) is  re spons ible for th e increase in surface deflection.

Due to th e decrease in stiffnes s  in th e surface layer re sulting from  crack ing, th e deflections in

th e oth er layers also increased.  From  Tables 3.8 and 3.9  it is  also possible to determ ine th e

proportion of th e total surface deflection contributed by each  layer.  Re sults of th is  analysis are

pre sented in Tables 3.10 and 3.11 for 40 k N and 100 k N test loads re spectively.

As w ill be seen in Tables 3.10 and 3.11, th e proportion of total elastic deflection

occurring in th e aggregate base decreased sligh tly as th e asph alt concrete w as dam aged.  Th is

decrease can be attributed, at least in part, to th e stiffening in th e granular layer re sulting from

increased stre s s e s  in th at layer as a re sult of decreased asph alt concrete stiffnes s .  It w ill also

be noted th at th e proportion of elastic deform ation occurring in th e subbase and subgrade

increased sligh tly due to th e probable increase in stre s s e s  at th e s e levels as w ell.
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Table 3.8  Sum m ary of 40k N M DD elastic deflections

Level
(m m )

Pavem ent
layer

Elastic in-depth  deflections (m icrons): Test Load = 40k N

MDD at Point 4 MDD at Point 12

Before H VS
loading

After 1.9 1× 106

load applications
Before H VS

loading
After 1.9 1× 106

load applications

0 asph alt concrete 238 9 68 230a 9 75a

137 asph alt concrete 228a 9 05a 222 9 05

150 aggregate base 223 889
a a

411 aggregate
subbase

119 542 142 606

640 subgrade 9 0 400b 117 420

820 subgrade
a a

9 6 289

1000 subgrade 87 164 78 212

a  MDD m odules w ere not placed at th e s e locations (s ee Figure 2.3); estim ated value
b  MDD m odule failed; estim ated value

Table 3.9   Sum m ary of 100k N M DD elastic deflections

Level
(m m )

Layer Elastic in-depth  deflections (m icrons): Test Load = 100k N

MDD at Point 4 MDD at Point 12

After
200,000 load
repetitions

After 1.9 1× 106

load repetitions
After

200,000 load
repetitions

After 1.9 1× 106

load repetitions

0 asph alt concrete 871 1761 1085a 1620a

137 asph alt concrete 857a 1700a 1068 1551

150 aggregate base - 1681
a a

411 aggregate
subbase

59 2 1173 757 119 1

640 subgrade 448 558 603 9 34

820 subgrade
a a

450 682

1000 subgrade 29 1 434 341 500b

a  MDD m odules w ere not placed at th e s e locations (s ee Figure 2.3); estim ated value
b  e stim ated value
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Table 3.10  Percentage elastic deflection per layer, 40 k N test load

Pavem ent
Layer

Percentage of total elastic deflection 

MDD at Point 4 MDD at Point 12

Before H VS
loading

After 1.9 1 M
load applications

Before H VS
loading

After 1.9 1 M
load applications

asph alt concrete 4.2 6.5 3.5a 7.2a

aggregate base 43.7 37.5 34.8 30.7

aggregate
subbase

12.2 14.7a 10.9 19 .1

subgrade 37.8 41.3a 50.8 43.1

a  MDD m odules w ere not placed at th e s e locations (s ee Figure 2.2) 
   Note: Calculated from  Table 3.8

Table 3.11  Percentage elastic deflection per layer, 100 k N test load 

Pavem ent
Layer

Percentage elastic deflection

MDD at Point 4 MDD at Point 12

After 200,000
load applications

After 1.9 1× 106

load applications
After 200,000

load applications
After 1.9 1× 106

load applications

asph alt
concrete

1.6a 3.5 1.6a 4.3a

aggregate
base

30.4a 29 .9 28.7 22.2

aggregate
subbase

16.5 34.9 14.2 15.9

subgrade 51.4 31.7 55.6a 57.6a

a  MDD m odules w ere not placed at th e s e locations (s ee Figure 2.2)
   Note: Calculated from  Table 3.9
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3.5 VISUAL INSPECTIO NS

Since fatigue distre s s  in an asph alt concrete pavem ent m anifests itself in th e form  of

surface crack s, crack  m onitoring w as an e s s ential part of data collection for Section 503RF. As

w ith  Sections 500RF (3) and 501RF (4), crack  m onitoring included visual inspection of th e te st

section, direct m easurem ent of crack  length  and ph otograph ic docum entation of th e crack ing

progre s s . In addition to th e s e m eth ods, a new  system  of digital im age analysis w as used to

furth er evaluate th e crack ing progre s s  in asph alt pavem ents.

Th is  s ection discus s e s  th e extent and severity of surface crack ing and details th e

m eth odology used to obtain th is  inform ation w ith  a description of th e digital im age analysis

procedure used for th e first tim e w ith  te st section 501RF.  Reference 4 contains a detailed

description of th e m eth odology for crack  analysis and as s e s sm ent.

3.5.1 Visual inspection of crack s

Th e first surface crack s w ere observed at approxim ately 400,000 repetitions and regular

inspection of crack  developm ent w as continued to th e end of th e te st.  To obtain crack  length

data, th e pavem ent w as illum inated w ith  h igh -pow er ligh ts follow ed by th e m ark ing of th e

crack s w ith  lum ber crayon in order to m ak e th em  eas ily vis ible. Th e total length  of th e crack s

w as th en calculated using th e digital m eth od described in Reference 4. Th e observed average

crack  length  obtained by th is  m eth od as a function of load repetitions is  s h ow n in Figure 3.26. 

As w ith  th e oth er s ections, Section 503RF exh ibited only h airline crack s w h ich  w ere at

tim es difficult to detect visually. Th is  m inim al deterioration of th e h airline crack s observed at

th e pavem ent surface can lik ely be attributed, as noted in References 3 and 4, to tw o factors:  

1. lack  of rainfall and dust on th e surface of th e te st pavem ent, and 

2. lack  of crack ing in th e bottom  lift of asph alt concrete.  
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3.5.2 Assessm ent of crack ing on Section 503RF

From  Figure 3.26 it can be seen th at th e pavem ent crack ed m uch  lik e th e oth er

s ections. Th e first type of crack s th at w as observed on th e surface of Section 503RF w ere

transverse crack s.  In th e field, h ow ever, crack s m ay initiate as longitudinal or transverse

crack s.  For Section 503RF, longitudinal crack ing occurred at approxim ately one m illion

repetitions.  Th e influence of th e overloading and speed of th e w h eel on crack  orientation is

under investigation and w ill be reported later.

Soon after crack s w ere first detected at approxim ately 400,000 repetitions, a period of

rapid crack  grow th  ensued follow ed by a tapering off at about 1.0 m illion repetitions.  Ch arts

of crack s and crack  length  by section, s h ow n in Figure s 3.27 th rough  3.30 and Figure s 3.31

th rough  3.34 re spectively, indicate th e s everity of th e crack ing experienced on Section 503RF

during th e te st.  Th e h igh ly crack ed condition at th e end of th e te st (1.9 1m  reps) is  also sh ow n. 

It can be as sum ed th at furth er traffick ing of th is  s ection w ould h ave lead to additional

longitudinal crack ing w h ich  w ould connect th e already establis h ed transverse crack s and

re sulting in furth er alligator crack ing.

Figure 3.31 sh ow s th e crack  length  as a distribution function. Th is  figure illustrates th at

som e alligator crack ing developed at th e traffic s ide of th e te st pavem ent near Points 4 and 5.

Th is  region is  also a region of sligh tly h igh er perm anent deform ation. Referring back  to th e

initial s ite report (2) th is ph enom enon can be explained by th e fact th at th e initial surface

deflections w ere sligh tly h igh er th ere th an in th e rem aining test section.  As sum ing th e H VS

w h eel load w as distributed evenly along th e length  of th e te st section, th e data s h ow  th at th is

region is  w eak er th an th e re st of th e te st section and th erefore is  les s  fatigue and perm anent

deform ation re s istant.
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Figure 3.31  Crack  length  by sector at 828,000 repetitions
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Figure 3.32  Crack  length  by sector at 9 9 8,000 repetitions
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Figure 3.33  Crack  length  by sector at 1,39 0,000 repetitions
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Figure 3.34  Crack  length  by sector at 1,9 10,000 repetitions
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3.5.3 Cores from  Section 503RF 

Asph alt Concrete.  It h as been noted, from  inspection of core s tak en after construction

for m ix evaluation, th at th ere appeared to be little or no bond betw een th e tw o asph alt concrete

lifts.  No tack  coat w as placed betw een th e lifts because it w as not re quired by Caltrans

specifications for th e conditions experienced during construction, and th erefore w ould not h ave

been used in typical Caltrans practice.  It is  lik ely, h ow ever, th at a tack  coat w ould h ave

contributed to an im proved bond betw een th e lifts.

After com pletion of th e te st, a few  core s w ere tak en from  observed crack  locations to

determ ine w h eth er both  asph alt concrete lifts w ere crack ed.  It w as evident th at th e crack s

w ent com pletely th rough  th e top lift and th ere w as no evidence of crack ing in th e bottom

asph alt concrete lift.  M ore core s w ill be neces sary to fully as se s s  th e crack ing condition of th e

pavem ent.  H ow ever, furth er investigative coring is not pos s ible until Goal 3 testing is

com pleted.

As w ill be seen in Ch apter 4, th e absence of a tack  coat and resultant w eak  bond

betw een th e tw o asph alt concrete lifts re sulted in th e critical h orizontal tensile strain occurring

at th e bottom  of th e top asph alt concrete lift.  As a re sult, crack  form ation probably started in

th is  location rath er th an on th e underside of th e bottom  asph alt concrete layer.

Th e fatigue re s istance of th e asph alt concrete is dependent, inte r alia, on th e air-voids

content of th e layer after construction.  Determ inations of th e s e air-voids contents s h ow ed th at

th e bottom  lift h ad an average air-voids content of 6 percent w h ile th e top lift h ad an average

air-void content of 7.7 percent.  Th e im proved com paction of th e bottom  lift re sulted in th at

layer being m ore re s istant to crack  developm ent th an th e top lift, w h ere th e crack s actually

developed.  In addition, s ince crack s developed in th e top layer, th e tim e neces sary for
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propagation to th e surface w as s h orter th an h ad crack s developed in th e bottom  layer; th is

w ould neces sarily result in few er repetitions as sociated w ith  crack  propagation.

Aggregate Base.  It w as observed th at core s of th e aggregate base tak en outs ide th e

traffick ed area at Point 5, Figure 3.12 in Section 503RF exh ibited som e degree of

cem entation.  Th e cem entation w as sufficient to perm it extracting a com plete core from  th e

aggregate base outs ide th e te st section us ing a w et coring drill.  H ow ever, th e tw o core s

extracted from  w ith in th e s ection did not exh ibit cem entation.  Th e extent and influence of

cem entation, on Section 503RF can only be determ ined after Goal 3 testing is  com plete and a

test pit is dug. 

3.5.4 Com parison of Crack ing for Sections 501RF and 503RF

Crack ing initiated at approxim ately 550,000 repetitions for Section 501RF and at

approxim ately 400,000 repetitions for Section 503RF.  Th e crack  length s at th e end of tests

501RF and 503RF w ere approxim ately 5600 cm  and 39 00 cm  re spectively, as s h ow n on

Figure 3.35.  Section 503RF contained a th ick er subbase; h ence, th e am ount of fatigue

crack ing th at developed th rough out th e te st is  les s  th an for th e th inner s ection, Section 501RF. 

Th e initial identification of crack ing is  fairly subjective, so crack s m ay go unnoticed w h en th ey

first appear.  Th is  m ay explain w h y th e crack s on Section 503RF w ere first observed sooner

th an th e s e on Section 501RF, e specially since th e operators h ad m ore experience at th e tim e of

testing Section 503RF th an at th e tim e of testing Section 501RF.
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2  Load e quivalency factor = (w h e el load in k N/40)4.2.

CH APTER 4

SECTIO N 503RF PERFO R M ANCE EVALUATIO N

At th e end of th e accelerated pavem ent testing us ing th e H eavy Veh icle Sim ulator

(H VS), Section 503RF h ad been subjected to 150,000 applications of 40 k N loading, 50,000

applications of 80 k N loading, and 1,708,480 applications of 100 k N loading.  Using an

exponent of 4.2 in calculating load equivalency factors according to th e Caltrans procedure2,

Section 503RF experienced approxim ately 81,000,000 ESALs during its useful life, m uch

greater th an its design life of approxim ately 1,000,000 ESALs.  Th e prim ary purpose of th is

ch apter is  to investigate th is  large difference betw een th e predicted Caltrans design loading and

th e perform ance of th e te st section.

As stated in th e report of th e te st of Section 500RF (3), th e Caltrans flexible pavem ent

design procedure does not identify and distinguis h  am ong various m odes of pavem ent distre s s

and does not enable detailed exam ination of m any of th e factors th at can affect pavem ent

perform ance.  As a re sult, th e m eth odology described for Section 500RF w ill be used to

analyze Section 503RF s ince th e predom inant distre s s  m ode w as surface crack ing due to

fatigue.  Th e surface crack ing w as vis ible th rough out th e te st section, averaging 6.5 m  in

length  for each  s quare m eter of area. 

Som e surface rutting w as also observed in Section 503RF.  Th e average rut depth  at th e

surface w as approxim ately 7.9  m m .  MDD m easurem ents indicated th at th e asph alt concrete

surface layers contributed approxim ately 48 percent to th is  average follow ed by 33 percent for

th e aggregate base, 17 percent for th e subbase, and 2 percent for th e subgrade.  As w as done

for Sections 500RF and 501RF, an exam ination of rutting, as controlled by th e elastic strain at
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th e surface of th e subgrade, h as been m ade using th e Asph alt Institute's subgrade strain

criteria (10).

4.1  FATIGUE ANALYSIS AND DESIGN SYSTEM

Th e fatigue analysis and design system  used h ere in is  th e sam e as th at used to analyze

Sections 500RF (3) and 501RF (4), and illustrated in Figure 4.1.  It cons iders not only

fundam ental m ix properties but also th e level of design traffic, th e tem perature environm ent at

th e s ite, th e pavem ent structural section, laboratory testing and construction variabilitie s , and

th e acceptable level of ris k .  It h as th e re quis ite capabilitie s  for as s e s s ing th e im pact of th e

structural section on pavem ent perform ance in fatigue.  

4.1.1  System  Description

Th e fatigue analysis and design system  is used h ere in to e stim ate th e num ber of ESALs

th at can be sustained eith er in a de s ign setting or in th e H VS enclosure at th e  R ich m ond Field

Station.  Th e param eters used to determ ine ESALs h ave already been described (3,9 ).   Th e

critical strain, determ ined using CIRCLY (12), perm itted determ ination of th e s h ift factor, SF,

according to th e  e quation (Figure 4.1).

SF = 3.1833 ×  10-5ε-1.3759
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Th e tem perature convers ion factor, TCF, used for in-s itu perform ance s im ulations is

th at derived earlier for a California coastal environm ent (9 ) (Figure 4.1):

TCF = 1.754ln(d) - 289 1

Th e reliability m ultiplier, M , is determ ined from  th e expre s s ion (Figure 4.1):

In th is  expre s s ion, th e factor Z  varie s  from  0 at a design reliability of 50 percent to

2.05 at a design reliability of 9 8 percent (9 ).

Th e variance in th e logarith m  of th e laboratory fatigue life, var(ln N), h as been

calculated using a Monte Carlo s im ulation procedure.  Th is procedure accounts for th e

inh erent variability in fatigue m easurem ents; th e nature of th e laboratory testing program

(principally th e num ber of test specim ens and th e strain levels); th e extent of extrapolation

neces sary for e stim ating fatigue life at th e design, in-s itu strain level; m ix variability due to

construction (nam ely asph alt and air-void contents); and structural variability due to

construction (nam ely th ick ne s s  of th e asph alt concrete surface and th e  e quivalent stiffnes s  or

m odulus of supporting layers).  Variances for th e s e param eters cons idered representative of

prevailing California construction practice h ave been used h ere in (13).  A var(ln ESALs) of

0.3, th e variance as sociated w ith  uncertainty in th e traffic e stim ate, h as also been used in th e

calculations. 

4.1.2  Im portant Differences Betw een Pavem ent Design and H VS Testing

As w ith  Sections 500RF and 501RF, som e of th e im portant factors th at h elp to explain

th e difference betw een th e Caltrans design e stim ate of approxim ately 1,000,000 ESALs and

th e H VS m easurem ent of approxim ately 81,000,000 ESALs are cons idered in th is  analysis. 

Th e unk now n error th at re sults from  as sum ing th at th e Caltrans design e stim ate is dictated

M  = e z var(lnN) +   var(lnESALs)
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prim arily by th e prevention of prem ature fatigue crack ing and not oth er distre s s  m odes is

recognized at th e outset.

One fundam ental difference betw een a pavem ent design e stim ate and th e corre sponding

test m easurem ent is  th at th e design m ust accom m odate a range of m ixe s of varying

perform ance ch aracteristics and m ust incorporate a safety factor to prevent prem ature failure as

a re sult of testing, construction, and traffic variability.  A direct m easurem ent in th e H VS test,

on th e oth er h and, reflects th e perform ance ch aracteristics of a specific m ix; is independent of

laboratory testing and traffic variability; and, because th e te st section is  lim ited to a relatively

sm all area, 1 m × 8 m  in plan, th e influence of construction variability is m inim al.  Th e design

estim ate is  alw ays expected to be m uch  sm aller in m agnitude th an th e te st m easurem ent, w ith

th e difference betw een th e tw o increas ing as th e design reliability increase s .  Th e fatigue

design and analysis system  h as th e ability to distinguis h  betw een design estim ates and test

m easurem ents and to as s e s s  th e im pact of reliability on design estim ates.  No reliability factor

is  as sociated w ith  s im ulations of H VS test ESALs for th e reasons described above. 

Th e next type of difference betw een design and testing relates prim arily to pavem ent

structural effects.  In th e current case, four notable differences distinguis h ed Section 503RF

from  its design scenario including (1) a top asph alt concrete lift th ick ne s s  of 74 m m  instead of

61 m m , (2) a bottom  asph alt concrete lift th ick ne s s  of 88 m m  instead of 76 m m , (3) a

th ick ne s s  of subbase of 305 m m  instead of 229  m m , and (4) a largely unbonded interface

betw een th e lifts instead of a fully bonded one (2).

Im portant differences are also found betw een th e standard m ix used for calibrating th e

fatigue analysis and design system  and th at used in H VS Section 501RF.  Asph alt and air-void

contents for th e standard m ix w ere s et at 5 and 8 percent, re spectively representing th e

approxim ate asph alt content found from  th e Caltrans m ix design procedure and relative
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com paction relative to laboratory test m axim um  density ( LTMD) of about 9 5.8 percent.  Th e

asph alt content for th e m ix used in Section 501RF averaged 4.8 percent, also based on th e

Caltrans procedure.  Air-void contents averaged 4.8 percent in th e upper lift and 4.4 percent in

th e low er lift corre sponding to about 9 9 .2 percent and 9 9 .6 percent relative com paction

re spectively for m ix.  

In addition to differences in degree of com paction, th ere w ere oth er differences

betw een th e standard m ix and th e m ix used in th e H VS test section. th at is :   

1.  Th e aggregates for th e tw o m ixes cam e from  different sources and did not h ave

th e exactly sam e gradations, alth ough  both  constructed gradations m et Caltrans’

standard specifications for 19  m m  coarse Type A m ixes;  

2.  Th e asph alt binders in both  m ixe s w ere identified as being from  California

Valley sources and exh ibited sim ilar rh eological and aging be h avior in

laboratory tests perform ed at TransLab (14); h ow ever, th e binders w ere

produced 6 years apart and not neces sarily at th e sam e refinery or us ing th e

sam e processes; and   

3.  Laboratory test re sults for th e m ix from  th e H VS test w ere obtained from  beam s

cut from  th e te st pavem ent soon after construction, w h ile laboratory test re sults

for th e standard m ix w ere obtained from  laboratory m ixed and com pacted

specim ens.  

In all lik elih ood, h ow ever, specim en com paction is not a source of th e differences; an

earlier com parison of laboratory test re sults on beam s saw ed from  th e te st pavem ent and

obtained by laboratory rolling w h eel com paction exh ibited little difference in stiffnes s  and

fatigue propertie s  (2).  M oreover large differences in m ix propertie s  caused by laboratory

m ixing and s h ort-term  oven aging (STOA) versus plant m ixing are also cons idered unlik ely at



67

th is  tim e alth ough  th ey h ave only been evaluated in term s of m ix and binder stiffnes s  and not

in term s of fatigue propertie s .  M ore data w ill be obtained from  future CAL/APT test

pavem ents as w ell as from  oth er studies such  as  We sTrack  (11) to com pare differences in

fatigue properties betw een laboratory m ixed and plant–m ixed, laboratory com pacted

specim ens.

As reported elsew h ere (3), laboratory testing of th e standard m ix yielded th e follow ing

expressions:

ln N = -22.0012 - 0.164566AV +  0.57519 9AC - 3.71763 ln ε

and

ln S = 10.282 - 0.076AV - 0.172AC

w h ere N = laboratory fatigue life in a th ird-point loading controlled-strain     

flexural test,

AV = air-void content in percent,

AC = asph alt content in percent,

ε = tensile strain, and

S = laboratory flexural stiffnes s  in MPa.

For th e H VS m ix (2), th e follow ing expressions w ere obtained at th e 4.8 percent

asph alt content:

ln N = -21.9 252 - 0.106663AV - 4.14248 ln ε

and

ln S = 9 .5603 - 0.0849 14AV

w h ere S is  again expressed in MPa.

Based on th e s e re sults, th e laboratory determ ined fatigue life of th e H VS m ix is  tw o to

eigh t tim e s th at of th e standard m ix, depending on strain level, w h ile its stiffnes s  is only 1 to
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8 percent larger.  Th us, th e H VS m ix is  expected to exh ibit im proved perform ance over th e

standard m ix.

Th e se re sults em ph as ize th e im portance of laboratory fatigue testing to as s e s s  fatigue

perform ance to insure a realistic e stim ate of pavem ent perform ance and in particular, in

insuring proper interpretation of th e H VS test re sults.

Environm ental differences also distinguis h  th e H VS test conditions from  specific field

pavem ent s ite s .  Th e se include th e effects of tem perature and m oisture differences.

In th e 500RF report (3), for exam ple, it w as dem onstrated th at during th e period of th e

te st (M ay to Novem ber 19 9 5), th e tem perature environm ent of th e H VS w as sligh tly m ore

severe th an th e coastal environm ent, i.e. th e predicted ESALs for th e H VS s ite w ere about

85 percent of th e num ber th at could be sustained in situ.

Th e s econd m ajor environm ental difference is due to th e effects of m oisture.  Th e

protected H VS environm ent lim its th e am ount of m oisture in th e pavem ent and practically

elim inates cyclic w etting and drying.  Th e net effect is  expected to be beneficial.  M oisture

effects are s im ulated in th is  analysis by as sum ing th at effective m oduli of all supporting layers

(aggregate base, aggregate subbase, and subgrade) under in-service conditions are 80 percent

of th ose in Section 501RF.  It m ust be em ph as ized, as stated in th e earlier reports, th at th e

80 percent is  an as sum ed quantity.

Quantification of th e effects of th ese differences, us ing th e fatigue analysis and design

system , is described in th e next section.

4.1.3 General Perform ance Analysis

For th is  analysis, th e com puter code, CIRCLY, w as used in com puting critical strain

levels.  Th e applied load cons isted of a 40-k N (9 ,000-pound) w h eel load distributed on dual
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tire s  (305 m m  [12.0 inch e s] center-to-center) w ith  a contact pre s sure of 69 0 k Pa (100 ps i).  A

distinction w as m ade betw een Section 503RF de s ign conditions and th e as-built and as-te sted

H VS conditions w ith  re spect to layer th ick ne s s e s  and environm ental influences.  Quantitatively

th e differences are as follow s, Table 4.1.

Table 4.1  Com parison of Section 501RF design conditions and H VS conditions

Des ign conditions H VS conditions

Th ick ne s s  of upper asph alt concrete lift (m m ) 61 74

Th ick ne s s  of low er asph alt concrete lift (m m ) 76 88

Th ick ne s s  of aggregate subbase (m m ) 229 305

Moduli of supporting layers (MPa)
Aggregate Base
Aggregate Subbase
Subgrade

240
120
56

300
150
70

Furth er distinction w as m ade betw een a standard m ix and th e H VS m ix.  Th e standard m ix w as

th at used in calibrating th e fatigue analysis and design system .  Com ponents included a

W atsonville granite and an AR-4000, apparently from  California Valley sources.  Asph alt and

air-voids contents w ere as sum ed to be 5 and 8 percent re spectively.  Th e H VS test utilized a

different aggregate but th e grading w as s im ilar to th at of th e standard m ix; both  gradings

conform ed to th e Caltrans specifications for th e Type A, 19 -m m -m axim um  s ize, coarse

gradation.  Th e asph alt w as an AR-4000 from  California Valley sources, and th e asph alt

content of th e m ix w as 4.8 percent.  Air-voids contents averaged 4.8 percent in th e upper lift

and 4.4 percent in th e low er lift.

For th e General Perform ance Analysis, a constant tem perature of 20°C w as as sum ed

for both  design conditions and H VS conditions.  Th is  as sum ption re sults in a TCF of 1.00

because th e laboratory test tem perature is 20°C.  A prelim inary com parison of th e tem perature
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environm ents at th e H VS s ite and for th e California Coastal environm ent is  included in th is

ch apter.

Five different case s , defined as follow s, w ere analyzed as s h ow n in Table 4.2:

Table 4.2  Definition of five cases

Case De scription Critical strain
location

1 Des ign conditions w ith  standard m ix (8% air-voids content
and 5% asph alt content); full friction interface

Bottom  of low er lift

2 H VS conditions w ith  standard m ix (8% air-voids content and
5% asph alt content); full friction interface

Bottom  of low er lift

3 H VS conditions w ith  standard m ix (4.4% air-voids content
bottom  lift, 4.8% air-voids content top lift and 5% asph alt
content); full friction interface

Bottom  of low er lift

4 H VS conditions w ith  H VS m ix (4.4% air-voids content
bottom  lift, 4.8% air-voids content top lift and 4.8% asph alt
content); full friction interface

Bottom  of low er lift

5 H VS conditions w ith  H VS m ix (4.4% air-voids content
bottom  lift, 4.8% air-voids content top lift and 4.8% asph alt
content); frictionles s interface

Bottom  of upper lift

Elastic param eters used in th e CIRCLY com putations are identified in Table 4.3. 

Th e se represent th e best e stim ates of th e stiffnes s e s  of th e pavem ent com ponents based on

laboratory determ ined and in-s itu m easured response ch aracteristics, th e latter h aving been

com puted from  FWD  m easurem ents (2).
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 Table 4.3  Elastic param eters for CIRCLY analyses

Layer Case

1 2 3 4 5

M odulus (M Pa)

Upper Asph alt
Concrete lift

6,729 6,729 8,575 9 ,440 9 ,440

Low er Asph alt
Concrete lift

6,729 6,729 8,839 9 ,766 9 ,766

Aggregate Base 240 300 300 300 300

Aggregate
Subbase

120 150 150 150 150

Subgrade 56 70 70 70 70

Pois son's  ratio

Upper Asph alt
Concrete lift

0.35 0.35 0.35 0.35 0.35

Low er Asph alt
Concrete lift

0.35 0.35 0.35 0.35 0.35

Aggregate Base 0.35 0.35 0.35 0.35 0.35

Aggregate
Subbase

0.35 0.35 0.35 0.35 0.35

Subgrade 0.45 0.45 0.45 0.45 0.45

Th ick ne s s  (m m )

Upper Asph alt
Concrete lift

61 74 74 74 74

Low er Asph alt
Concrete lift

76 88 88 88 88

Aggregate Base 274 274 274 274 274

Aggregate
Subbase

229 305 305 305 305

Subgrade Sem i-infinite Sem i-infinite Sem i-infinite Sem i-infinite Sem i-infinite

Th e first m atter to be addressed includes both  th e effect of reliability on estim ates of

design ESALs as w ell as th e fundam ental difference betw een design ESALs (w h eth er from  th e

Caltrans or th e UCB procedures described in Reference 13),and H VS ESALs (w h eth er

m easured under H VS loading or s im ulated using th e UCB system ).  In com puting H VS
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ESALs, variances of th e s everal param eters (asph alt content, air-void content, asph alt concrete

th ick ne s s , foundation support, and traffic) w ere as sum ed to be negligible.  Com putations using

th e UCB system  for Case 1 conditions yielded th e follow ing ESAL estim ates:

Table 4.4  Sim ulated H VS ESALs for Case 1

Sim ulated 
H VS ESALs

UCB Des ign ESALs for reliability of:

80% 9 0% 9 5% 9 8%

2,446,000 1,030,000 656,000 453,000 29 7,000

Th is  table s h ow s th e influence of reliability on design ESALs; th e 2,446,000 s im ulated H VS

ESALs is  cons iderably greater th an any of th e design ESALs.  For a de s ign reliability level of

9 0 percent, th e com puted ratio of s im ulated H VS ESALs to UCB design ESALs is

approxim ately 3.7.

Th e  9 0 percent design reliability estim ate, as sum ing a constant 20°C asph alt concrete

tem perature, is 656,000 ESALs, les s  th an th e Caltrans design e stim ate of 1,000,000 ESALs. 

Th e UCB fatigue analysis and design system  e stim ate of 1,030,000 ESALs at 80 percent

reliability is nearly th e sam e as th e Caltrans design e stim ate, again as sum ing a 20°C asph alt

concrete tem perature.  Th e prelim inary UCB des ign e stim ates for th e California coastal

environm ent are presented later in th is  ch apter.

Next, in order to dem onstrate th e s ignificant difference betw een as-built and as-te sted

H VS conditions and th e as sum ed Caltrans design conditions, th e s im ulated H VS ESALs

estim ate for Case 2 w as com pared w ith  th at for Case 1.  Re sults are in Table 4.5:
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Table 4.5  Com parison of sim ulated H VS ESALs—Case 1 to Case 2

Sim ulated H VS ESALs for:

Case 1 Case 2

Des ign conditions w ith  standard m ix (8%
air-voids content and 5% asph alt content):

full friction interface

H VS conditions w ith  standard m ix (8%
air-voids content and 5% asph alt content):

full friction interface

2,446,000 8,627,000

Th e ratio of H VS ESALs for H VS conditions to th at for de s ign conditions is

approxim ately 3.5.  Th e enh anced sim ulated perform ance for th e H VS environm ent stem s

from  a com bination of th ick ness differences and th e effect of m oisture.

To dem onstrate th e effect of th e excellent m ix com paction ach ieved in th e construction

of Section 503RF, th e s im ulated H VS ESALs e stim ate for Case 3 w as com pared w ith  th at for

Case 2, Table 4.6:

Table 4.6  Com parison of sim ulated H VS ESALs—Case 2 to Case 3

Sim ulated H VS ESALs for:

Case 2 Case 3

H VS conditions w ith  standard m ix (8%
air-voids content and 5% asph alt content):

full friction interface

H VS conditions w ith  standard m ix (4.4%
air-voids content bottom  lift, 4.8% air-voids
content top lift and 5% asph alt content): full

friction interface

8,627,000 39 ,19 3,000

Th e very significant effect of air-voids content is  illustrated by a ratio of approxim ately 4.2 in

th e H VS ESALs e stim ate for an air-voids content of 4.4 percent in th e bottom  lift and

4.8 percent in th e top lift com pared an 8-percent air-voids content in both  lifts.  Th is  finding

furth er em ph as ize s  th e im portance of good construction practice and th e potential im pact of

im proved com paction above th at re quired in current Caltrans specifications, as stated in earlier

Goal 1 reports (9 ,13). 
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To dem onstrate th e effect of th e superior fatigue perform ance of th e H VS m ix

com pared to th e standard m ix, th e s im ulated H VS ESALs e stim ate for Case 4 w as com pared

w ith  th at for Case 3.  Re sults are in Table 4.7:

Table 4.7  Com parison of sim ulated H VS ESALs—Case 3 to Case 4

Sim ulated H VS ESALs for:

Case 3 Case 4

H VS conditions w ith  standard m ix (4.4%
air-voids content bottom  lift, 4.8% air-voids
content top lift and 5% asph alt content): full

friction interface

H VS conditions w ith  H VS m ix (4.4%
air-voids content bottom  lift, 4.8% air-voids
content top lift and 4.8% asph alt content):

full friction interface

36,19 3,000 216,329 ,000

Th e ratio of s im ulated H VS ESALs for th e s e tw o conditions is  approxim ately 6.0.  Th is  large

difference is not clearly attributable to any one particular com ponent of th e tw o m ixes, and is

lik ely due to a com bination of potential differences in com ponents including asph alt production

and aggregate type and gradation.

It s h ould be noted th at th e s im ulated H VS ESALs for Case 4 (216,329 ,000) exceeds th e

m easured num ber of 81,000,000 H VS ESALs (as sum ing a 4.2 exponent for load equivalency). 

A part of th is difference m ay w ell be due to im precis ion of th e fatigue analysis and design

system , to inappropriate as sum ptions m ade for th is  analysis, and/or to im portant factors not yet

identified and accounted for.

One such  factor relates to th e lack  of bonding at th e interface betw een upper and low er

asph alt concrete lifts. CIRCLY allow s an exam ination of th e interface condition but,

unfortunately, only at th e tw o extrem es, full-friction and frictionles s interfaces.  Th e interface

condition of Section 503RF is lik ely som ew h ere betw een th e s e tw o extrem es:  th e interface is

rough  (but unbounded) and th e w e igh t of th e upper layer com bined w ith  vertical com pres s ive
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stres s beneath  th e load sh ould allow  som e transfer of stre s s  acros s  th e surface.  Even th ough

partial friction conditions cannot be m odeled w ith  available tech niq ue s,  th e notable effect of

interface condition can be dem onstrated by com paring th e H VS ESALs e stim ate for Case 5

w ith  th at for Case 4.  Re sults are s h ow n in Table 4.8:

Table 4.8  Com parison of sim ulated H VS ESALs—Case 4 to Case 5

Sim ulated H VS ESALs for:

Case 4 Case 5

H VS conditions w ith  H VS m ix (4.4%
air-voids content bottom  lift, 4.8% air-voids
content top lift, and 4.8% asph alt content):

full friction interface

H VS conditions w ith  H VS m ix (4.4%
air-voids content bottom  lift, 4.8%

air-voids content top lift, and 4.8% asph alt
content): frictionles s interface

216,329 ,000 17,134,000

Th is  rem ark ably large effect is due to tw o factors, one of w h ich  is  th e nature of friction at th e

interface betw een lifts.  Th e oth er re sults from  a s h ift in th e critical strain location from  th e

bottom  of th e low er lift for th e full friction interface to th e bottom  of th e upper lift for th e

frictionles s interface.  In th e upper lift, th e load repetitions neces sary to propagate crack s to

th e top surface are expected to be sm aller because of th e reduced th ick ne s s  th rough  w h ich  th e

crack s m ust propogate.  Th e com bined effect of a som ew h at larger air-voids content and a

reduced th ick ne s s  re sults in a s ignificant decrease in s im ulated fatigue life.

Alth ough  th is  analysis is not definitive because th e interface condition cannot be

accurately m odeled, th e m easurem ent of 60,000,000 ESALs under H VS loading is betw een th e

17,134,000 ESALs determ ined for Case 5 (no friction) and th e 216,329 ,000 ESALs for Case 4

(full friction).  Th at crack ing w ould occur in th e upper lift before it occurred in th e low er lift

for th e frictionles s interface condition corroborates th e crack ing observations from  th e

Section 503RF cores.  Th us, analysis reported h ere in is of s ignificant h elp in reconciling th e
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difference betw een th e Caltrans design e stim ate of 1,000,000 ESALs and th e H VS test

m easurem ent of 81,000,000 ESALs.  As w ith  Sections 500RF and 501RF, th e analysis h as

h igh ligh ted th e effects of air-void content and interface condition on pavem ent perform ance.

4.1.4  Prelim inary Estim ate of Design ESALs for California Coastal Environm ent

In th e 500RF report (3) pavem ent perform ance in th e H VS test w as observed during th e

period M ay to Novem ber 19 9 5.  By com paring th e perform ance w ith  th at for com parable

periods of tim e in th ree regions of California for w h ich  Tem perature Convers ion Factors

(TCF) h ad been determ ined (9 ), it w as dem onstrated th at th e te st conducted at th e H VS s ite

w as m ore dam aging th an for com parable traffic conditions at th e th ree in-s ervice s ite s .

For th is  report, it w as decided to exam ine an alternative approach  and com pare, acros s

th e entire year, th e perform ance of th e pavem ent at a constant tem perature of 20°C at th e H VS

site w ith  th e variable tem perature regim e for th e California Coastal environm ent.  For Case 1

of th e General Perform ance Analysis (standard m ix, de s ign conditions, 8 percent air-voids

content, 5 percent asph alt content) th e TCF com puted for th e California Coastal environm ent

is 1.702.  As sum ing th at th e m ix used to develop tem perature convers ion factors (8,9 ) h as a

tem perature susceptibility sim ilar to th at of th e standard m ix, application of th e 503RF TCF to

Case 1 of th e General Perform ance Analysis re sults in th e follow ing e stim ates s h ow n in

Table 4.9 .

Table 4.9  Estim ates of design ESALs applying 503RF TCF to Case 1

Sim ulated H VS
ESALs

UCB Des ign ESALs for reliabilitie s  of:

80% 9 0% 9 5% 9 8%

1,437,000 605,386 386,000 266,000 175,000
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It can be seen for th is  as sum ption th at th e e stim ated fatigue life for th e  9 0 percent

reliability is cons iderably les s th an th e Caltrans design e stim ate of 1,000,000 ESALs.  Th e

e stim ated reliability of th e Case 1 pavem ent is 64 percent, indicating a 36 percent probability

th at th e pavem ent w ould fail in fatigue crack ing before carrying 1,000,000 ESALs.  Th e se are

th e sam e re sults obtained for Section 501RF w h ich  h ad th e sam e design structure for Case 1. 

Th e sam e analysis applied to Section 500RF indicated a h igh er level of reliability, i.e. about

9 0 percent for 1,000,000 ESALs.

4.2  RUTTING CO NSIDERATIO NS 

Th e Caltrans pavem ent design procedure is intended to prevent prem ature failure from

rutting due to perm anent deform ation in th e unbound m aterials as w ell as fatigue crack ing. 

Th e average rut depth  at th e surface of Section 503RF at th e term ination of H VS traffick ing

w as approxim ately 7.9  m m .  MDD m easurem ents indicated th at about 50 percent, or 4.0 m m ,

occurred in th e base and subbase layers, and about 2 percent, or 0.2 m m , occurred in th e

subgrade.  A com preh ensive procedure for evaluating th e potential for rutting in th e

underlying layers including reliability (lik e th at for fatigue) h as not been developed as yet. 

H ow ever, an evaluation of th e Section 503RF pavem ent w ith  re spect to rutting in th e

underlying layers w as perform ed by determ ining th e vertical com pres s ive strain at th e surface

of th e subgrade and com paring th e com puted value w ith  A s ph alt Institute criteria (10).  Th is

rutting evaluation w as perform ed for th e five case s  of m ix type, site conditions, and

construction included in th e fatigue evaluation.
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4.2.1  Subgrade Strain Criteria

Th e Asph alt Institute criterion for subgrade strain is  (10):

N = 1.05 •10-9εc
-4.484

w h ere N = num ber of load applications, and

εc = vertical com pres s ive strain at subgrade surface.

Th is  e quation re sulted from  a serie s  of analyses of pavem ents designed according to th e

Caltrans design procedure (15).  It h as been stated th at by using th is  subgrade strain relation:

“if good com paction of th e  pave m e nt com pone nts is obtaine d and th e  asph alt m ix is  w e ll

de s igne d, rutting s h ould not e xce e d about 12.7 m m  (0.5 in.) at th e  surface  for th e  de s ign

traffic, N” (10).  Th e statem ent im plies som e conservatism  in th e criteria; h ow ever it does not

include an explicit factor of safety or reliability estim ate. 

4.2.2 Perform ance Analyses Considering Subgrade Strain

Th e vertical com pres s ive strain at th e top of th e subgrade w as calculated using th e

program  CIRCLY, for th e 40 k N (9 ,000 lb) dual tire w h eel load (305 m m  [12.0 in.]

center-to-center) and 69 0 k Pa (100 ps i) contact pre s sure, and th e pavem ent structures s h ow n

earlier.  Th e difference in th erm al environm ent betw een th e design conditions and H VS

conditions w as not addressed in th is  study. Th e asph alt concrete stiffnes s  at 20°C w as used for

th e subgrade strain com putations s ince th is  w as about th e tem perature m aintained at th e surface

of th e Section 503RF pavem ent.  A tem perature s ens itivity study of th e type used to e stim ate

th e effects on fatigue life of in-s itu tem peratures for typical California environm ents h as not

been perform ed using th e subgrade strain criteria.

Th e perm is s ible ESALs for th e calculated subgrade strain for each  of th e five case s  are

com pared w ith  th e s im ulated H VS ESALs to fatigue failure in Table 4.10.
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Table 4.10  Com parison of perm issible ESALs for subgrade strain to sim ulate H VS
ESALs to fatigue failure for five cases

Case Perm is s ible
ESALs by Asph alt
Institute Subgrade

Strain Criteria

Sim ulated
H VS

ESALs to
Fatigue
Failure

De s ign conditions  w ith  standard m ix (8% air-voids  content and
5% asph alt content), full friction interface (Case 1)

14,614,000 2,446,000

H VS conditions  w ith  standard m ix (8% air-voids  content and
5% asph alt content), full friction interface (Case 2)

107,568,000 8,627,000

H VS conditions  w ith  standard m ix (4.4% air-voids  content
bottom  lift, 4.8% air-voids  content top lift and 5% asph alt
content),  full friction interface (Case 3)

146,129 ,000 36,19 3,000

H VS conditions  w ith  H VS m ix (4.4% air-voids  content bottom
lift, 4.8% air-voids  content top lift and 5% asph alt content), 
full friction interface (Case 4)

165,9 9 0,000 216,329 ,000

H VS conditions  w ith  H VS m ix (4.4% air-voids  content bottom
lift, 4.8% air-voids  content top lift and 5% asph alt content), 
frictionles s  interface (Case 5)

28,69 8,000 17,134,000

Th e perm is s ible ESALs based on subgrade strain for Case 1 are alm ost s ix tim e s

greater th an th e s im ulated H VS ESALs to fatigue crack ing for th e sam e case.  Th is  indicates

th at fatigue crack ing is probably th e dom inant failure m ode for Section 503RF for th e design

conditions and standard m ix, th e m ost critical case w h en a full friction interface betw een th e

asph alt concrete layers is  as sum ed.

Com parison of th e perm is s ible ESALS for Case s  1 and 2 indicates th at th e H VS

conditions w ere les s  critical th an th e design conditions cons idering subgrade strain.  Th e

differences betw een th e H VS and design conditions for th e subgrade strain criteria evaluation

consisted of th e th ick er asph alt concrete layer, th ick er aggregate subbase layer, and increased

base, subbase and subgrade m oduli of th e H VS conditions.  As for Case 1, fatigue appears to

be th e dom inant failure m ode for Case 2, s ince th e perm is s ible ESALs for subgrade strain are

approxim ately 12.5 tim e s greater th an th e s im ulated H VS ESALs to fatigue failure.
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Th e beneficial effect of increased com paction of th e asph alt concrete on subgrade strain

can be seen from  com parison of th e re sults for Case 3 versus Case 2.  Reduction of th e

air-voids content in th e standard m ix from  8 percent to th e air-voids contents obtained in th e

Section 503RF pavem ent increase s  th e perm is s ible ESALs for th e subgrade strain condition by

about 36 percent.  Th e increase is  th e re sult of th e greater protection provided to th e subgrade

by th e increased stiffnes s  of th e asph alt concrete at th e sm aller air-voids contents.  

Com parison of Case 4 w ith  Case 3 s h ow s th at substitution of th e H VS m ix for th e

standard m ix re sults in a furth er 14 percent increase in perm is s ible ESALs based on subgrade

strain, due to th e larger stiffnes s  of th e H VS m ix.  De spite th is  increase in perm is s ible ESALs,

th e ESALs as sociated w ith  fatigue crack ing exceed th ose defined by subgrade strain  due to th e

large difference in fatigue re s istance betw een th e H VS m ix and th e standard m ix.

Sim ulation of a frictionles s interface betw een th e tw o asph alt concrete layers re sults in

a s ignificant reduction in th e e stim ate of perm is s ible ESALs based on subgrade strain, as can

be seen from  com parison of Case 5 w ith  Case 4.  Th e perm is s ible ESALs for th e frictionles s

interface condition are about 5.8 tim e s les s  th an for th e full friction condition.  Th e difference

is due to reduction of th e ability of th e pavem ent to distribute stre s s e s  w ith in th e asph alt

concrete layer because of th e frictionles s interface, re sulting in increased vertical com pres s ive

strain in all underlying layers.  Th e actual interface condition lik ely lies in betw een th e

s im ulated full friction and frictionles s case s; h ow ever, th e e stim ates of perm is s ible ESALs

indicate th at a reduction in th e bonding betw een th e asph alt concrete layers re sults in increased

com pres s ive strains in th e underlying layers (and th us potential for increased rutting), as w ell

as reduced asph alt concrete fatigue life.

For all case s  except Case 4, th e s im ulated H VS ESALs for fatigue failure are les s  th an

th e perm is s ible ESALs based on th e Asph alt Institute criteria for subgrade strain.  Th is
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suggests th at fatigue s h ould be th e dom inant distre s s  m ode for Section 503RF.  Th is  is

supported by th e fact th at th e s ection carried 81,000,000 H VS ESALs w ith  an average rut

depth  in th e com bined base, subbase and subgrade layers of only 4.1 m m  (0.16 in.), and an

average m axim um  rut depth  in th e com bined untreated layers of 5.6 m m  (0.22 in.).  Th e

rem ainder of th e rutting in Section 503RF occurred in th e asph alt concrete layers (about

50 percent).

Lik e th e fatigue analyses, th e s e  re sults em ph as ize th at air-voids content of th e asph alt

concrete surface and th e interface condition betw een asph alt concrete layers can s ignificantly

im pact surface rutting re sulting from  perm anent deform ations in th e unbound portions of th e

pavem ent.

4.3 PERFO R M ANCE ANALYSIS CO M PARISO N W ITH  SECTIO N 501RF

Th e pavem ent structures and m aterials of Section 501RF and 503RF w ere th e sam e

except for differences in th e th ick ne s s e s  and degrees of com paction of th e asph alt concrete

layers and subbase th ick ne s s e s .  Th e perform ance of th e tw o sections differed, despite identical

H VS traffic loading and nearly identical pavem ent tem peratures (Table 3.3).  Th e independent

effects on sim ulated perform ance in fatigue and rutting re sulting from  differences in asph alt

concrete th ick ne s s  and degree of com paction and subbase th ick ne s s  w ere evaluated to provide a

relative indication of th e im portance of th e s e variables in obtaining im proved pavem ent

perform ance.

4.3.1 Sum m ary of 501RF and 503RF Perform ance and Structural Differences

4.3.1.1 Structural Differences.  Subgrade m oduli back -calculated from  Falling

W eigh t Deflectom eter (FW D ) deflections indicated th at th e subgrade stiffnes s  in Sections
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501RF and 503RF w ere s im ilar, alth ough  th e south  end of Section 503RF m ay h ave been

som ew h at stiffer th an th e re st of th at section and m ost of Section 501RF (Figure 4.21 of

Reference 2).  Th e back -calculated m oduli for th e com bined base/subbase layers for both

sections w ere nearly identical (Figure 4.20 of Reference 2).  Th e pavem ent structural m odels

for Sections 503RF and 501RF used th e sam e stiffnes s e s  for th e subgrade, base and subbase

layers, based on th e back -calculated m oduli and triaxial re s ilient m odulus tests perform ed on

th e th ree m aterials (2,3).

Th e back -calculated m oduli for th e asph alt concrete w ere cons iderably sm aller for

Section 501RF th an for 503RF (Figure 4.19  of Reference 2).  Th e differences in asph alt

concrete m odulus m ay be a re sult of th e low er air-voids contents m easured on cores from

Section 503RF, and s h ow  a s im ilar trend regarding th e effects of com paction on th e asph alt

concrete stiffnes s  m easured in th e laboratory flexural beam  test.  Stiffnes s e s  calculated using

th e expre s s ion for th e H VS m ix developed from  th e flexural beam  test, pre s ented previously,

m easured air-voids contents from  th e tw o sections, and asph alt concrete and subbase

th ick ne s s e s  for th e tw o sections are s h ow n in Table 4.11.

Table 4.11  Sum m ary of structural differences betw een Sections 501RF and 503RF

Section 501RF Section 503RF

Asph alt concrete top lift th ick ne s s  (m m ) 63 74

Asph alt concrete bottom  lift th ick ne s s  (m m ) 84 88

Asph alt concrete top lift air-voids 7.2 4.8

Asph alt concrete bottom  lift air-voids 5.6 4.4

Asph alt concrete top lift stiffnes s  (MPa) 7,700 9 ,440

Asph alt concrete bottom  lift stiffnes s  (MPa) 8,820 9 ,766

Subbase th ick ne s s  (m m ) 215 305
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4.3.1.2 Perform ance Differences.  Sections 501RF and 503RF exh ibited sim ilar

patterns of fatigue crack  developm ent and rutting under th e sam e H VS loading program s. 

Tem perature control on th e tw o sections w as nearly identical.  Th e repetitions at w h ich  H VS

traffick ing w as term inated, and m easured distre s s e s  on th e tw o sections are sum m arized in

Table 4.12.

Table 4.12  Com parison of fatigue and unbound layers rutting perform ance for Sections
501RF and 503RF

Section
501RF

Section
503RF

H VS repetitions at test com pletion 1,426,467 1,9 11,823

ESALs at test com pletion (m illions) 59 81

Crack ing first observed (repetitions) 550,000 400,000

Crack  density at test com pletion (m /m 2) 9 .6 6.5

Repetitions to 2,000 cm  of crack  length 9 35,000 9 71,000

Repetitions to 3,500 cm  of crack  length 1,000,000 1,618,000

Rut depth  in unbound layers at test com pletion (m m ) 5.1 5.7

Percent of total rutting in unbound layers at test com pletion 48 52

Percent of total rutting in subgrade at test com pletion 11 2

Section 501RF h ad a greater rate of crack  developm ent, and continued to a greater

am ount of crack ing th an did Section 503RF, alth ough  crack ing w as observed earlier on Section

503RF.  Cores from  both  s ections s h ow ed th at crack ing only occurred in th e top asph alt

concrete lift.  Th e unbound layers rutting perform ance of both  s ections is  very sim ilar, except

th at Section 501RF exh ibited a som ew h at greater proportion of rutting in th e subgrade w h ereas

Section 503RF h ad a greater proportion in th e base and subbase layers.
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4.3.2 Effects of Asph alt Concrete Th ick ness, Asph alt Concrete Com paction, and Asph alt
Subbase Th ick ness on Predicted Perform ance

Sim ulated H VS ESALs w ere calculated for Case s  4 and 5 (H VS conditions, H VS m ix,

as-built air-voids contents; full friction and no friction betw een asph alt concrete lifts,

re spectively) for Section 501RF, for th e follow ing sub-case s :

A. Section 501RF as-built,

B. Section 501RF w ith  asph alt concrete air-voids contents of Section 503RF,

C. Section 501RF w ith  asph alt concrete th ick ne s s e s  of Section 503RF,

D. Section 501RF w ith  aggregate subbase th ick ne s s  of Section 503RF, and

E. Section 501RF w ith  asph alt concrete air-voids contents and th ick ne s s e s  of Section

503RF.

Sim ulated H VS ESALs to fatigue failure for th e as-built 503RF structure is  larger th an

for th e as-built 501RF structure, as can be seen in Table 4.13.  Th e relative better predicted

fatigue perform ance of Section 503RF corre sponds w ith  th e sm aller am ount of crack ing on

Section 503RF.  Perm is s ible ESALs by th e Asph alt Institute subgrade strain criteria are also

larger for Section 503RF th an for Section 501RF, as can be seen in Table 4.14.
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Table 4.13  Effects of air-voids content, asph alt concrete th ick ness, and asph alt subbase
th ick ness on predicted fatigue life

Case 4
(full friction)

Case 5
(no friction)

501RF as-built 66,013,000 6,416,000

503RF as-built 216,329 ,000 17,134,000

501RF w ith  503RF air-voids content 109 ,687,000 15,219 ,000

501RF w ith  503RF asph alt concrete th ick ne s s e s 118,9 56,000 6,49 1,000

501RF w ith  503RF air-voids content and asph alt
concrete th ick ne s s e s

203,248,000 15,9 67,000

501RF w ith  503RF subbase th ick ne s s 70,106,000 6,671,000

Table 4.14  Effects of air-voids content, asph alt concrete th ick ness, and asph alt subbase
th ick ness on allow able ESALs considering subgrade strain

Case 4

(full friction)

Case 5

(no friction)

501RF as-built 45,764,000 8,351,000

503RF as-built 165,9 9 0,000 28,69 8,000

501RF w ith  503RF air-voids content 56,478,000 9 ,340,000

501RF w ith  503RF asph alt concrete th ick ne s s e s 70,247,000 10,582,000

501RF w ith  503RF air-voids content and asph alt

concrete th ick ne s s e s

88,59 1,000 12,074,000

501RF w ith  503RF subbase th ick ne s s 9 0,756,000 19 ,313,000

For Case 5 (no friction, crack ing occurring in top lift only), it can be seen th at th e sm aller

air-void contents and th ick er asph alt concrete th ick ne s s  of Section 503RF each  independently

accounted for about a th ird of th e difference in predicted fatigue life betw een Section 501RF

and 503RF.  Th e difference in air-voids contents, 4.4 and 4.8 percent versus 5.6 and

7.2 percent, increased predicted fatigue life by 137 percent, and th e difference in asph alt

concrete th ick ne s s , 15 m m , increased predicted fatigue life by only one percent.  If th e tw o
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lifts h ad been bonded (Case 4, crack ing starting in bottom  lift), th e difference w ould h ave been

80 percent.  W h en com bined, th e reduced air-voids contents and 50 m m  of extra asph alt

concrete th ick ne s s  increased predicted fatigue life by 149  percent.  For Case 4, th e difference

w ould h ave been 207 percent.  In contrast, th e increased subbase th ick ne s s  of Section 503RF

resulted in an increase of predicted fatigue life of 4 percent for no bonding and 228 percent for

full bonding.  W h ile th e difference in observed perform ance is not as great, w ith  a difference

of 62 percent in th e num ber of H VS ESALs to a crack  length  of 3,500 cm , th e s e calculations

and H VS results indicate th e im portance of increased asph alt concrete com paction and asph alt

concrete th ick ne s s  to im proved fatigue life, as opposed to increased th ick ne s s e s  of unbound

granular m aterials.

For Case 4 (full friction), th e low er air-voids contents and increased asph alt concrete

th ick ne s s  of Section 503RF did not independently affect th e difference in perform ance based

on subgrade strain betw een Sections 501RF and 503RF, as th ey did for fatigue life.  Th e

difference in air-void contents increased th e ESALs based on subgrade strain by 23 percent,

w h ile th e difference in asph alt concrete th ick ne s s  increased th e ESALs by 54 percent.  W h en

com bined, th e reduced air-voids contents and 15 m m  of extra asph alt concrete th ick ne s s

increased com puted ESALs based on subgrade strain criteria by 9 4 percent.  Th e increased

subbase th ick ne s s  of Section 503RF re sulted in a 9 8 percent increase in ESALs relative to

Section 501RF.  Togeth er, all th ree variables re sulted in a 263 percent increase in pavem ent

life based on subgrade strain.

Com parison of th e re sults of th e H VS tests do not indicate m uch  difference in th e

rutting of th e com bined unbound layers, alth ough  th ere w as les s  rutting of th e subgrade in

Section 503RF.  Re sults of H VS tests and calculations of allow able subgrade strain indicate

th at increased th ick ne s s  of unbound granular m aterial does decrease th e lik elih ood reduced
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rutting of th e te st sections.  Increased asph alt th ick ne s s e s  and better com paction also appear to

h ave contributed som ew h at to th e reduced perm anent deform ations in th e unbound layers.  It

s h ould be rem em bered th at th e Asph alt Institute subgrade strain criteria are related to

perm is s ible ESALs to a 12.7 m m  rut at th e surface, w h ile th e rut depth s on Sections 501RF

and 503RF w ere only 8.4 and 7.9  m m , re spectively.  Th us, th e subgrade strain criteria w ere

never ch eck ed against lim iting rut depth s as sociated w ith  th e criteria in th e te st sections as

w ere th e criteria for fatigue crack ing of th e upper asph alt concrete lift.

4.4  FINDINGS

In general, th e analyses reported h ere in found a rath er good corre spondence betw een

th e Caltrans design e stim ate of approxim ately 1,000,000 ESALs and th e H VS test

m easurem ent of approxim ately 81,000,000 ESALs.  As for Sections 500RF and 501RF, th e

m ajor im pedim ent to reconciling th e s e tw o e stim ates s e em s to be th e inability to accurately

quantify effects of th e layer interface condition.  Th e follow ing findings of th is  aspect of th e

study are cons idered to h ave been reasonably w ell dem onstrated and to represent appropriate

h ypoth e s e s  for future inq uiry and validation:

1.  Fatigue life m easurem ents under full-scale accelerated loading are typically

expected to exceed design e stim ates because des ign e stim ates m ust incorporate a safety factor

to m inim ize th e ris k  of prem ature failure w h ile accom m odating, at th e sam e tim e, expected

variability in testing, in construction, in traffic, and in m ix design.  For a design reliability

level of 9 0 percent, th e com puted ratio of s im ulated H VS ESALs to design ESALs e stim ated

us ing th e fatigue analysis and design system  w as approxim ately 3.7.

2. Th e m ix fatigue analysis and design system  proved to be an effective tool for

explaining fatigue perform ance of th e H VS pavem ent.  Th e relatively good agreem ent betw een
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th e s im ulation e stim ate and actual H VS m easurem ent suggests th at th e analysis and design

system  m ay prove useful for structural design as w ell as for m ix design. 

3.  According to th e Asph alt Institute's subgrade strain criteria, s evere rutting

as sociated w ith  perm anent deform ations in th e unbound layers in th e H VS pavem ent w ould not

be expected.  Testing of H VS Section 503RF generally confirm ed th is .

4.  Th e analyses reported h ere in corroborate prior w ork  s h ow ing th e im portance of

good com paction of th e asph alt concrete surface for superior fatigue perform ance.  Good

com paction of th e m ix also reduces th e am ount of rutting contributed by th e unbound

pavem ent layers.

5.  Th e im proved fatigue perform ance of Section 503RF as com pared to th at of Section

501RF w as prim arily due to th e increased th ick ne s s  and h igh er degree of com paction of th e

asph alt concrete in Section 503RF.

6.  Loss of bond at th e interface betw een asph alt-concrete lifts can cause a s ignificant

reduction in fatigue life and an increase in rutting re sulting from  increased stre s s e s  in th e

unbound layers.

7.  D ifferent m ixe s, even w ith  s im ilar binders, can re sult in s ignificantly different

fatigue perform ance.  Th e im portance and effectiveness of laboratory fatigue testing and

s im ulation to q uantitatively estim ate differences in fatigue perform ance in s itu w ere

dem onstrated by th e analyses pre s ented in th is  ch apter.
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CH APTER 5

SUM M ARY AND  CO NCLUSIO NS

5.1  SUM M ARY

Th is report, th e th ird in a series detailing th e re sults of th e CAL/APT program  being

perform ed jointly by UCB and Caltrans, describes th e re sults of th e fourth  H VS test conducted

by th e UCB staff on th e s econd of four pavem ent test sections—503RF, an asph alt concrete

section containing only th e aggregate base.  Also included are: initial analyses of th e te st

section; analyses of th e perform ance of th e te st section; prelim inary com parison of its

perform ance relative to th e perform ance of com parable pavem ents in th e coastal clim atic

region of California; evaluation of th e effect of air-voids content on its perform ance, and

im plications of th e s e re sults relative to current Caltrans pavem ent construction re quirem ents

s ince th e te st pavem ents w ere constructed according to Caltrans’s specifications.

H VS traffick ing of Section 503RF com m enced in M arch  19 9 6 and w as com pleted in

Septem ber 19 9 6.  A total of 1.9 1× 106 load repetitions w ere applied during th is period

cons isting of 150,000 repetitions of a 40 k N (9 ,000 lb) h alf axle load, 50,000 repetitions of an

80 k N (18,000 lb) load, and th e rem ainder w ith  a 100 k N (22,500 lb) load.

Th e first load-as sociated (fatigue) crack s w ere observed at approxim ately 400,000 load

repetitions.  At 1.9 1× 106 load repetitions crack ing h ad reach ed a level w h ich , according to

Caltrans pavem ent m anagem ent criteria, re s em bled a new er pavem ent th at h ad failed by

alligator crack ing.   Th e average m axim um  vertical rut depth  at th e centerline of th e te st

section at th is  tim e w as 10.8 m m , a s ignificant rut but les s th an th e Caltrans failure criteria of

12.5 m m .  It w as noted th at th e crack s w ere h airline (les s  th an 1/32 inch ) and pum ping w as

not observed in contrast to typical field sections.
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Th ick ne s s e s  for th e pavem ent sections w ere s elected on th e bas is of a Traffic Index of 9

(800,000 to 1,200,000 ESALs) and a design “R” value for th e subgrade of 10 (m easured

range—4 to 30) (2).  Th e num ber of ESALs actually carried according to th e Caltrans

convers ion [(actual axle load/18000)4.2] is 81 m illion, w h ich  corre sponds to a Traffic Index of

15.2.

W h en th e construction of th e te st pavem ents h ad been com pleted (April 19 9 5), core s

and slabs of th e asph alt concrete w ere tak en from  th e pavem ent for testing.  As w ith  Sections

500RF and 501RF, w eak ne s s  in th e bond (and even a lack  th ereof) betw een th e tw o asph alt

concrete lifts w as observed.  At th e conclusion of th e loading on th e te st section, a num ber of

cores w ere tak en to ch eck  ch anges in densitie s  of th e lifts.  W h en th e s e core s w ere rem oved it

w as noted th e tw o lifts w ere unbonded and th at th ere w as evidence of m ovem ent betw een th e

lifts re sulting from  th e deflection of th e pavem ent under load.  Also, it w as observed th at th e

crack ing observed at th e surface existed only in th e top lift; th e low er lift w as uncrack ed.

Measurem ents of densitie s  on core s from  th e traffick ed portion of th e pavem ent

indicated th at traffic com paction probably did not occur in th e upper lift of th e asph alt

concrete.  In th e low er lift, th e air-voids content w as reduced by about 1.0 percent (from  about

4.4 percent to 3.4 percent).  Th is  indicates th at nearly all rutting in th e asph alt concrete layer

w as due to s h ear deform ation, not densification.

5.2  CO NCLUSIO NS

From  th e re sults of tests on Section 503RF and as sociated analyses, th e follow ing

conclusions appear w arranted.

1.  Th e fatigue analysis and design system  developed during th e SH RP program  and

refined w ith in th e CAL/APT program  h as been used to explain th e difference betw een th e
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design e stim ate for Section 503RF of approxim ately 1× 106 ESALs and th e H VS m easurem ent

of approxim ately 81× 106 ESALs.  Alth ough  som e of th e discrepancy rem ains unaccounted for

(pos s ibly as a re sult of difficultie s in m odeling th e bonding betw een th e tw o lifts of asph alt

concrete), th e overall agreem ent h elps to validate th e analysis and design system  as a

m ech anism  for structural design and provides som e indication of th e lim its of validity of th e

current Caltrans design m eth odology.

2.  As w ith  Sections 500RF and 501RF, re sults of th is  H VS test suggest th at th e

Asph alt Institute’s subgrade strain criteria to control rutting re sulting from  perm anent

deform ations in th e unbound layers is  a reasonable design param eter.  Accordingly, th e s e

criteria are suitable for use in m ech anistic/em pirical analyses of rutting to supplem ent routine

Caltrans design procedures in special investigations.

3.  Re sults of th e 503RF test suggest th at th e Caltrans structural design procedure m ay

not be sufficiently conservative for pavem ents w ith  aggregate base, typical com paction, and

certain asph alt concrete m ixe s.  Th e analysis and design system  used h ere in and be ing refined,

in part, th rough  th e CAL/APT program , s h ould provide an im proved m eth odology for

structural pavem ent design perm itting a h igh er level of reliability to be obtained for pavem ents

of th is  type.  Th e re sults indicate th at th ick er asph alt concrete layers and better asph alt

concrete com paction can s ignificantly im prove pavem ent perform ance.

4.  Th e recom m endations regarding m ix com paction and tack  coat application re sulting

from  th e Sections 500RF and 501RF tests are supported by th e re sults obtained for

Section 503RF.
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