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codes of practice prescribe procedures for selecting patch 'cq'n_figuration and materials based on test

| for evaluating new pavement materiais. This study is aimed at examining the special consideration to be
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‘result of the experimental study, it is concluded that the proposed biaxial testing set-up has been

rovide a better.understanding by which the strength and behavior, of brittle repair materials can be fully

d. ltis observed that the strength of the repair material under combined tension and compression is
‘under uniaxial compression, and the strength decreases as the applied tensile stress in increased.
econd part of this study, a mechanistic patched pavement analysis program is developed to assist in
ion of patching procedures and materials. Such'a program can be used to develop curves which aid in
‘process. It can also be used for a case by case analysis for specific problems. This program can
tact and patched concrete pavements considering different loading and support conditions,
les, patch configurations, and depths. In this study, for the first time a complete distress
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. “iMost codes of practice prescribe: proceduras for selecting pateh- bt juration
_ -z?a‘frrdffm-a:ér‘ia’fsé-b"ase'dffbhéf‘estgfdévised"forfe‘vafuatihé“fﬁew‘ pavement materiais TR
stuidyis-aimed: at'examining the special considerations'ta bis'giviai'to st
procedures and to siiggest im proved procediires for Bittle  repair materals;
édditibh'a!‘?teStS‘i‘a"ndf-‘compUtEF:ﬁﬁﬁalySisx.?%fisft«i R d
IS The firgtipart 10f3:theii’préé'e“ntéinVestiQEi'tiéh'é’cb'\fé'rsiﬁi‘tﬁé--'ekpe'rih‘!éntaf study; iniool
which: three- differant repair matérials; namely,: plain‘conirete; ‘steel fiber concrets; dnd
rapid patéh material (Duracal cement) are investigated; Tests are conducted on two:
différent patch configurations (transition and rectangular) and three different patch:-
depths (2, 4 and‘6-inches). The experimental’procedire to evaluate a britile. repair -
méterial consider four tests, namely; uniaxial'strength test, biaxial strength test, bond
strength tests, and shear test of g repaired pavement joint. As a result of the
experimental study, it is concluded that the proposed biaxial testing set-up has been
shown to provide a better understanding by which the strength and behavior of brittie
repair materials can be fully investigated. It is observed that the strength of the repair
material under combined tension and compression is lower than under uniaxial com-
pression, and the strength decreases as the applied tensile stress is increased.

In the second part of this study, a mechanistic patched pavement analysis .‘
program is developed to assist in the evaluation of patching procedures and materials.
Such program can be used to develop curves which aid in the selection process. |t
can also be used for g case by case analysis for specific problems. This program can *
analyze both intact and patched concrete pavements considering different loading and.
support conditions, material properties, patch configurations, and depths. In this study, -
for the first time a complete distress simulation capability has been built into a three-
dimensional analysis program and it is expected hat analysis using this program would
enable better understanding of pavement behavior, which can lead to proper guidelines

for evaluation of different materials and repair procedures in rehabilitating rigid-jointed
pavements.

This report is presented in two volumes. Volume Il contains the Appendices. A
separate Summary Report is issued as report number FHWA/I_LA-92/253,

(i
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- A mechanistic patched pavement anain|s program has been developed to -
a53|s' in the evaluation of patching procedures and materials. The program could be ..
used_ fo develop curves which aid in the selection process. It could also be used for a '
as_,ﬁbyecase analysns for specific problems Further, detailed nnformatlon of stresses.

ogrem': can be enhanced by minor modifications. Only the- development of the curves
'necessary for. evaluating the patch repair materials and conf;guranons need some -
speelal know!edge which can be obtained through special training. Not much training
_-‘effort is necessary to use these curves. If guidelines for basic inputs and range of
venatlon are supplied the authors assure assistance in deveEoplng these curves, or in
_itrainmg the personne! of the user departments in the use of the program.
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Chapter 1. -,

c;ét,e pavements constitute-substantial-mileage.of the.U.S.-road net-
Louisiana has most of.its. interstate roads ‘made of this type-‘of

v_elyﬁ poor,f_;subgrad.e;z f;_};i,owever;-seyeral' pro_b,lems_ are. encounte‘red iin
gonstruction, and malntenance of jointed-concrete:pavements: Structural
' peakpnl;ty failure of: pavements are:encountered: due-to:improper:design;::

Ictign;;maintenance; and.use. . ~Structural, failures: of. rigid: pavements. can:occur.
he:slab center.or. :near:the: Jjoints.: -Genter-slab failures-are:mostly: due to:the-
fsupport because curhng of: pavements lead: to crackmg dunng the passage of

(2) Ioss of subgrade suppert due {o. dramage preblems and; pumpzng
er, more common failures occur at joints: Such-failures:could beydue: to.the. loss -
ort, restraint at.joints, and. Jmpact action.of;heavy axieloads.;; The cause of
“ ,these fal!ures is-no-fully.understood.::: it may be.impessible:to.avoid failure: of-
concrete pavements, Hence,arepalr procedures-have.beegn:developed:to.: ..
bilitate falled‘,concreteg pavements.: ;The repair. procedures.are-based on; hmlted

resuitsfand empirical guzdelmes, Howeverr inerease: m;axLe !oads speed 0f iz

fodS

‘and for seiectmg thermost appropnate rehabll;tation
cggu,rej _For thrs purpose,rpaye,mentgfazlure sheuld:be:clearly understood: The cost
aterla!s and.experimental investigations -has, made full:scale testing.of pavements
Qlﬁicult proposition.. .The ©bjective; of this study is to devise, .evaluationmethods-for.

e repai-materials.employed; for: rehabilitation; of,damaged pavements-based.on .
mple; experimental procedures and. @ computer, based analytical, procedure: - For. thls
purpese; special testing procedures are developed:to-obtain.data:for.use.in the ;. -+
ga!ytzcal study.. The.causes for.pavement- failure are. then«examined through:a - s
pecially: ,devejoped computeriprogram: Elnatly,qthe experimental data;is:employed:in:.
siudy:ng the effect of pavement repair procedures: and:materials by:using the:: computer
program. The methed of evaluating: the: suitability, of the selected.material-is: proposed.
‘ -Most:standard. tests,for r.determining.the. quality and: :suitability .of the materials
~for pavement, rehabilitations are.based. on simple: one- -dimensional load-applications,
such;as, the; standard, cyhnder test for.compression. and:the: splitting-or:tensile tests for
tension. However, the field stress conditions-are quite: different from these test
conditions. In general, the state of stress is three-dimensional. For pavements, the




erty is the flexural or tensile strength of the material. It is well

strength of concrete and most other similar materials depends

ompressive stresses Underg high lateral compression, the tensile
ent of its original value. In spite of this knowledge,

op to about 50 per

procedures still employ only the standard tensile strength, disregarding the
ssiconditions in the’ field::‘Althoughthe permitted tensile ‘stresses Are only a
the'tenisile'strength and-are: ot exceeded even if-the dedreass’in strength -
atéral compression: isicdﬁ‘sidétedi-‘u'nd_énife'péat‘ed applications of load, it is
siblethat/fatigue effects redtice the actual’tensile:stréngth to a'much smaller value.
_ Th:s flect depends: upon:the: ratio - of maximunmitensile stress to'the-tensile strerigth at
that stress.state: (biaxiaf«:or"'tri'aXEal),,:-and-:hends‘r,; Under biaxial compression:tension -
stressfields;: the: fatigue: iife: of ;SaveméritS'-ﬁ'ia"yibe reduced drastically. Hithero, no test
pr,oiée‘du‘re?ha’sebe‘enfé‘deveiopedst@*ﬁdet‘e‘rmiﬁe the'strength: of the: pavemeht matériais
under biaxial stfess'states: The present study attempts.to do this tsing testing
equipmentrhormally: avdilable i any'materials testifig laordtory. THe paraitigters
obtained from stich: tésting will b compared and:validated with: féspect fo more-
sophisticated test résults: availdbie in litgraturey wov o
"~ “The'next'phase oftha eXperimental Work ifvolves da
repair-proceduresiofi i strangth ofrehabilitatsepaveiidnt-spacifisis: In‘particufar,
the study-coricentrates o ivtistier orR6P tha bond'bétiwesn the old and rnew fiaterials
is sufficient,. Eﬂfthérf:tégtiﬁguisﬁssrs”oﬁzdé’ﬁézﬁ%'to?é“é‘taiﬁ?itiﬁ*é‘?ﬁréﬁe-‘rﬁés-*bfﬁfWé‘- differerit'r
materialsiwithrespect to:the ! strengths and iriitial elasticmoduli for use in'the
computer-based’ andlyticalimodelys » e ottt e 0 sl
‘The analytical part: 6 the' studye ivolves the
sophisticated:model'to’ analyzerpaveriiarits consider
involved, such'asloss 'of:

epair

dé‘fieloprﬁ-eht‘oféa~-réasdh'ab!y
ing the‘various nonlinear effacts
UPPGIt, 1085 of doivel fores transférstifingss due t fosal
yielding-and-cracking, ‘cracking of pavement siabs, and alsg the’ effects of temperature,
selt weight;:and initial-strains such as shrinkage 'strains="To dchieve this objective, a -
speciaf-ipiﬂpbsé=.fiﬁite“'%*éfeméntfp’rcg‘rﬁméis**déiféléié’éifj‘fﬁ”r@*tﬁ’ré’é‘fdiﬁh“’éﬁs'fb‘ﬁﬁl‘"h’orf]'i‘h'”e‘a‘r
analysis ofjoifited conerete pavemerits. This ‘Program is employed t6'avalusdte the
causes of failure: of-pavements.under condition ofwheel loads, térmiperatire effects,
and effects of loss. of 'support. - Finaily; stﬁ-"é:?cam‘p"ﬁte’r<‘prégr‘amisi§ffeﬁf'p1oyé‘d-’fo study the
effect of shrinkage:of various: 'repain:rﬁatei'rials?err?i“pfayéai%iﬁﬁff‘éh“éﬁifitétl‘o“h‘s'-'Of‘"damag'ed
pavements' o the operational life' of paverments; s6: . - #movan tn. .
' ““The main: objectives of thig study ‘are as-follows: 4ov i

(1} “Devisingrsimple test ‘procediires tsing e mimorily availablé testing '

- requipmentto test'pavement concreté ihdar géneral biaxial loads:

(2)+  Developing: test methads for ‘studying- the'interaction betweeri: repair

v materials’and Bxisting miaterialgl i v Co '

v - T L A e '
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Studying the effect of different. materials on the effectiveness of patching
procedures. ' '

Deveiopment of a computer based analytical model to simulate and
study the response of jomted concrete pavements

Studying the effect of axle and temperature loads on the static response
+ of iconcrete pavements under different conditions of dowel-support and
subgrade support. -

- Studying the effect of patch matena[s and patching procedures through
numerical simulation.on the. stresses in-concrete pavements.
Development of additional testing and-analysis procedures to evaluate
and:select repair: materials for rehabilitation of damaged rigid
pavements. : ;




Recent research- reiated to bnttle fepair:material- indlcates that repalnng exlstmg
_s and bndges will reduce expenses effort and time needed for new

Y preventmg L her cracks (2) strength and stn‘fness propertles of the
; irepalra matertal shiould:be simiilar to.those .of the parent.material; and. (3)'the
material should provnde adceptabie workabmty and ieasy finish of the: surfaces Based

{dures: for obtaining- numencai solutlonS‘ato structura!senglneerlng probiems and model
“Simulation-of- non!;near structural: behavior:: Infortunately, our. capability for numerical-
‘prediction of-the behavior of-such structires-is’ frequently ilmlted by the madequacy of
the material model for.concrete. . =i wov s i o s
saurs Inspite:of thestheoretical and expenmental advances pertammg to the: study of
concr_ete behavior; it-has not been:possible t_o,_understand_, and-formulate all-the - =



important features of materig| response;which wouid make it possible to predict
element or structural response. Therefore, it is necessary to develop sophisticated
analysis capabifities,,fgr} urate predictions of the response. of such structures.
Theoretically, one may (sé '3 Hiode involving a largé nimber of state variables and
parameters in order to accurately predict the responses of the material. However,
consideration of the statistical scatter of the concrete properties, combined with the
- desire.for computationalsfeasibility;. calls for the development of a mathematically
s -.-vBefore.&tagﬂmg&th&&scepe% of:this investigation, it is necessary to review.the main
aspects: of concrete:behaviorswhich will: lead to a-better: 'un'derstanding of the previous
studies and:the:appropriate:choices in:the theoretical formuiation-of concrete: .+ -
S Concreteis considergd:an:aggregate-matrix-com posite:material ‘consisting of: -
three: components:ithe:ceme nt:matrix; the: aggregate; /and the-interface betweeh e -
matrix and aggregate. Thel}ﬁst'component is the most porous part of this compasite -
materialtfand*ztkfefre?fé.&ez&‘ii’fsﬁaiavé‘ékéét&zone::"':‘ The: fdilure behavior of concrete’is governed
by\fcomp‘!ex«'"de'g*radét'ibh}pab*ééé“‘sé;sg;wnhi nthe :aggregate-mattix interface: ' An imiportant
feature-of th .e?:fag"g'ré‘gat‘eém’atrix:a’fﬁtéﬁface is‘thatit:contains veryfing stacks 3
(microcracks)evignbefore anyleadihas besh ‘applied: to-the:conerete shown'in’ -
Figure 2+ g%;z?z”lihe'-ifOT’fﬁ'm‘atiQ'I'%'l%b.ﬁ%’Sﬁi‘JblElgf’gr?érek‘sgjsifdE;;é‘?-;iprim;arily%' to the strain and stress
concentrationsiresulting fromik .ﬁf@pmﬁbatibiiity ‘ofzéth\e}:’e!a“sticfm*Odul'ii‘Ofnthe?a‘ggregate
and;spaste?com’ﬁi’onefmt‘sf.:f:;fs\fédl_um e ngesm concretedue toushrinkage’or thermal::. -
effectsican-cause strainiconstrationsia ég’ére‘“g‘”a_’feipa‘stié interfacet "ThHese microcracks
{bond: cracks)‘z@spre’z?idifc»:‘aﬂ_sfiﬁ'g}m"éijfo‘ri%c’sa‘ -"s.%éit%;féi[&réﬁa-.iz.s; b oyinrg mr oogp e
‘Many:investigationss; Sl 6] [7] have show ithat! fractiure characteristics and"
behavior o.f:,co,'nc‘ret‘ess:ubj;eﬂdté“d%;te}%ﬁ?:itg}(iﬁk omy _e”§§ié_“’néﬁayéﬁ’é?é‘kpiéimedsiby' the"
creation and propagation of mié’zb‘cﬁ:a”éRS%Witﬁiﬁ&éth*e%(«féin@r"e‘téi.}éiu“n‘de:ﬁ?aﬁp!iéd”{éading,
four stages. of-behaviorican-ba ;-’d_is_;ti:"m‘g‘&iéfhé;t:!e@'i'n;?th‘eéfstﬁe‘é‘sgs*fﬁaiﬁé‘ﬁéS’pcm‘éé&:&r ‘Consider,
as an:example; th e*st‘ress‘éstﬁain?:cﬁnzeiemeﬁ‘%ﬁm‘iaakli"éi- Compressionyshiowniin: oo
Figure 2.2 . . g i e UL AR SRR Ente i v e
As afirst stage, corisider the regionup:toi30:60 ‘peicentiofthe tltimate ‘strength
(shown as 45 percent in Figure 2:2).-n tﬁiSz:in,iti-aIé‘s_t_-ag,effé:mifcr;ecr‘a’eksatiri:?addition to i
those pre-existing.in; thesmatecialﬁa‘r.e;;,initia‘te:d:zat—ziéo?"l-’éit"e:d%p‘oi:n ts whereithe tensiie-strain
concentration is-the: highest. shown-in. Figure:2.1bu At this: load:stage; localized cracks
aresinitiated, but they do:not: pcopagatey“:.Str:‘éss’e‘s‘;gu';}j- 07090 péreent:of the ultimate-
strength (shown as-85 percent. in Figure:-2.2) -cfaata’cte?iz_e?.-thezz’-se‘co'nds‘*stage-(stage ilin
Figure 2.2). ‘In this stage; as the applied:load dsHincredsed; the’ crack! System ‘multiplies
and.propagates: (Figure; 2.1 c), althoughin: a:siow; statle.man ner.f:foading isstopped
and the stress level is maintaineg at a certain vaiue, crack'propagation ceases. . The
inereasing internal damage,-—:reveafed.fbyrde.\’/‘iat_ien of:the linear:elastic: behavior, causes
irrecoverable:deformation: uponrunioading:' Although the relief 'of"strain concentration. -
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continues dunng thls stage vou:t formatlon causes the rate of mcrease at the tensute
strain. in the direction: ncrmalg’to that of:branching to.increase with’ respect to the rate of
increase of the. stran in'th S ton of:branching [8]. The start of. such deformation
behavior has beei ) H___seof stable fracture. propagatron" (OSFP) In this load
stage, the mortar. cra Igs tend 0 bndge bond cracks. ...

.- A third. stage (stage,lll in.Figure: 2. 2) is applred up to. the ulttmate strength
Interface microcracks-are.linked. to each other by mortar cracks (Figure 2.1¢), and void
formation (dilation) begins to have its effect on deformation. The start of this stage has
been termed. "onset-of unstable. fracture propagation” (OUFP). This level is easily
defined since:it coincides. with.the level at which the overall volume of the material
becomes:-a mm:mumw tn thls%stage the progressive fanlure of concrete is pnmanly

[or ,ck.,zenes of mternal darnage Then ‘a smoothly

vt ihange and. further detormatlon&s may be localized.

A1 g|en beyond:the. ultlmate stren th In this region
released by the pmpagatzon ef a crack is greater

In this stage the major
ausmg fatlure of the concrete.

e E o o

case, the three- majcr deformatsen
toadlng cases, i.e.,.the: llne ‘ala;

ehave:to be cons:dered in the

Py Rl e b yrm B

t Ioss”' of-accuracy
L e Ilnear elasttc brittle

behav:or assumptlon for concrete has generalty ted to*”seﬁu{:eable;and safe de31gn

However, whether the same. s:mphstlc assumpt:en on:mal erial. respense and test

I N
procedures will contmue 10 lead to safe, serwceabl ; 'an‘d%eié% er % destgn ‘with the
constantty wnprowng composutlon and characterrsttcs r~--alon_g§gﬁ %th{ hfe mcreasmg!y
, s’e;gi brittle repair. materials,
e aets
J stre:

ia tre condltlons are

TE %

structures WhlG]’] are sub;ected to sever loadmgs and/or envi ‘cnmental condrttons

-The state-of-the-art.in tes_tmgpotmgﬁetegagd.jggmulaﬂt_[ng;u;c_onst:tutrve relations and
failure theories for-this material has advanced significantly. - The.advances in the
analytical. and. computational aspects of brittle: material have led to a wide range of

constitutive laws.and, farlure reEatlons som’e’of Wh!Ch are based on esoteric theories of
e 1% R I RE S LN |

LRSRE SR




ac}ture&m”ephanlcs A variety of.equations-that describe the behavior. of
us:loading.conditions.has:been proposed.;[n. most:of these -
ic:mechanism. of; concrete:behavior: is: neglected «The;

'.-M‘,Iisﬂ.éend Zl= mem nf 12],- Launayland 4Gechc'nr[1f3]~ and.Gerstle:et ai.. [ 14]

onstrateq thelrgapejgg%b “th,gj% enl 1i lted cembmatlons

3 diFaylor-and:

, WA WL, Roveralmor blaXIal behavior
At should%,be&netec;i;ghat fthes,eig.thf ée_gmeejjels Jare: mtable«#er usesin -
{] ;ﬂgge have:generally: been: incorperated: wlth stensien cut:off?,

ogf katch

R ard S

;Cocn and.Bvans, [17].developed. afmodelgfﬁcrwmqlpgex:al loadmgwf plam
: 10-nonmo otonic. and nenproportlonalf foadinga ot o
i “approachs, ;Eprand?,Murray [18:developed:a

[ tlenshlp; fo =;_concrete which mcorperatesf«

ntg,zfer thes dependence of

F A it

__’[heyeaccou

-
HAC I o) Sl

10: plashcnty theorles and damageéconcepts (f_ract,unng model)

e s gl

developed,,_. These lnclude the: endcchromc mcdel [22], [23] plast:c-

%Modelsg mvoiv:n

L

dmg surface model [29] [30] S Lo e L T 6 st s b e

LRI
LR NN

In the second part of:-the experlmentai study, mwell be atte pted to ;prevade ar;:

rej}e, =a,t;I‘d rapida,pat,ch materlai partlcularly when subjected te. btamal tens&cn--
ession, state: of SIeSS. 11 nuy met v wr e iy 5 s
. Before stamng the scope of this. Jnvestlgatlon lt is necessary to rewewcthe -main
ct of the behavior of steel -.f!bfsus.,sqnegete-saed the rapid:patch.material,.which; will
one to the:better understanding. of the previous.s;ueje,sfand,;tzle;eppropnate
ices in the theoretical formulation of concrete. ' S3
soncrete is considered an aggregate-matrix composate matenal consnstmg of
_e components: - the cement:matrix;. theeaggregate,.and the.interface between the

and: aggregatev The last.component is the most porous: part: of.this composite




tnaterial and therefore; its weakest'zone. - It éontains microcracks’ éven before a load
has been dpplied 1o the concrete: "THe' formation of ‘stich ‘¢racks'is due ‘primarily to the
strain and stress’ ccncentratlons resultmg from' the mcompatlbmty ‘of the elastic moduli
of:the’ aggregate ‘and paste compcnents"“' Introducrng Steel fiber to the doncrete will

make Up the Weaknhess:in- resisting tensile- ‘stresses.Indeed, the rapid propagatlon of
the microcracks:under applied’ stredslis! cons@ered«responssble for the weakness of

concrete in’ tensﬂe strength [31]. ‘jt's6émis reasonable to assume: that tensile propertles
of concrete can: be iincreased by’ addmg»th‘e stedl fibet; These fibers would arrest the
mrcrocracks prcpagatlon and-w-hence»deiay ttfé onset of tensﬂe cracks and incredse: the

tensne strength of the concrete

i e g

tt’tSmceﬁthen aleoratery restiits® and-ﬁe!dexperlence have

e F o o AL 3

s“igmﬁcan '|mprovement in many of the'
i %dramatlc smprovements re ‘geenin the

“fzs’ﬂrz ***** ;3 s ern it {%

behavrer 'Few sﬁu*dres have been'm 286 6n the behawor cf

'cempress'icn i6ading: " The‘feason might bé&'that"

i ntaizﬁstudies 32‘ 33]t‘*‘[34f*i’fév shoxivn*that mtro‘c’i’&rng frbers to th f“concrete

ga;m

studre [10] 357 1867 avetdemonstrated%
der b Farn fcom“gS‘ress:on Ioadlng Hence '|t seem‘s reasonab!e tc

tensrle‘pro
stantiallybythie's
shown that the-biakial compresswe strength of tconcretet |s mcreased mgmfucantly by "

matériat sub]ected to: blax:alatens:on compressron”state ‘of stress The'inflience of
addmg steel flber tc the concrete on the uitlmate strength and onthe deformat:onal

sin? 5,;: o I r“ﬂ ""g et

present work, the Rrbtecs XOREX steel fiber will be used ds'réin orcement for the

'concrete To get ‘the 1gher Ievel of property lmprovements gamed from the selected

En TR ccncrete‘mlx deSIQn
2. concrete age L IS
i@ steel fiblr Gontent ' i R
i 'f'tﬁ:; + steal’ f|ber aspects ratlo (Eength/drameter)
SBy o fibabinatrix bond T T e
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“are? the mest lmpertant factors 'since’ the Efficiency of the
It sheuld’ be noted that the

Névenh'eleee-. ‘moﬁét‘f?of" the: ‘é)t‘peﬁm'énteii : inve"stigétiens ‘on‘the-éon crete
ployed.father sophisticated” ‘costiy‘testing: apparatus: and data
ystems which-are not:normaily AvailableTin testing ldboratories: - On'the
ith the introduction: of the-new: and expensive ‘Bfittle’ repair matérials
Strofit-and/or rehabilitation tasks;: Bvaldatingtheir improved stiffness
‘ %’é’éﬁi:titi‘bﬁ‘:‘é*iis%?ﬁ"e‘beﬁ“ﬁhg- vital. .

steel’ flbrous concrete’“and re‘pid* pa’?ch matenat’as ‘tHey respond in
:l‘he fotlowmg factors,

mproving:the :standard
répairmaterials:by subjectmg thes matenal! tof“’a‘*‘bnaxxai ‘state-of stress .
‘Devising arsimple testingietho d:torstudy: therinteraetion: between repa:r

-+ materials’ and:erdinary: congratest v R AT DR TEN
+ Testing repaired doweled joints"ir I’Igld pavements up to'tailliret s
investigate thefperormiarice otihefépairimateriar i the’ figld® and*to“ i

- asgess the effectiveness: off«th”'“‘jomtifehab:t:tation’nﬁéasureSw B Ry
¢ *uAnalyzing: the*"t“é’s?tis‘;?)"ec:n”t“e"'ﬁ@towenfy»thetaﬁﬁlytl’é‘ehmethodé and

- Atfierical procedires e di:

30 the' parameters affactingéthe ﬁtesttspemmeﬁ%‘ ¢ i
- The:influence of-addingzsteel fivers toithe friormalconicrete; part:cularly

on the ultimate: strength iand:the: deformatlonal charactenstlcs- of 'steel

R A LR

ST

fsbrous cencretef

-i &
QEs

ompressnonxstate of?stress% s

Biaxial stress«stram re[atlonshlp*for both steel flbrous concrete and rapid

patch material < 3 : SR I R S

- sMaRing recommendatnons* regardmg the use- of repalr materlais in r:g|d
pavements rehabilitation projéets 77 0 Lo e -

oo [ TR A WP
S SFS S AR S

‘; .“ R ;gr; J";

\x_"l. I 1

SCOPE OF WORK‘ I R A
-“Nost of:the materials laboratories in ‘regedrch centers have not' adopted the

arit-advances in laboratory test techniques. The experimental capability available in

11




a@;ggg§@9@q=Jﬂ:sﬁte.l;lai;;;tg%tzla;?er@tmmyfci

:be, capable. of subjecting a sample of :
‘material to.a. general multiaxial state of:stress. «:Signifieant.analytical and. computati

capabilities are required to.complete the,experimental. activitiesin such.a laborato
Most of the research related to steel, fiber. concrete has investigated the effec
of adding steel fiber, on the.uniaxial tensile. or flexural behavior. Few s

tudies. have el
been made on the. deformational and.microcracking behavior:of steel fiber congrete:

subjected to. the biaxial tension-compression:state of stress.c.. ... ..

s

.. The.overall approach; of; this-study. is:to.investigate. the properties of-brittle. repai

materials, particularly: plai . concretes; fiber:concrete, and. rapid pateh:-material. . It.wil

general approach include

T (SRR » nare;realistic;sampling aan.g;,tes,_tjng.apr,'e_e_dures:_fgr.tbrittle repair;
~.Materials:and:their:bonding-behavior withthe-surrounding: regular : «.csg -
concreter icii L fe

A IR IR M Radgiloay

3. . Investigating.the: behavior. f.repair:materials:under:service conditions-by
s o testingrasnug ber:ofire >r'gjhdfpaygmg@mt";ir;;;5§.with-{diﬁerentzpatching._-
on:and-depth .

e TEQJG HEStepjective;:repair: mate;ia{,:_tests;,saranplagﬁ;wiiﬁfbezd_es_igned; cast,
cured, and tested to-explore. practical but.reaiistic manners.of.improving the existing
-standard:sampling. and desting. procedures.-. In addition, ‘samples:of:composite: repair
(mat%ﬁi@lﬁ?ﬂ?@t%awi!!‘:Qﬁéiﬁéiﬁdﬁlg&?;_ssgﬁs3- the:bond, characteristics:between regular
congrete and.patching materialused.in- pavement. i B Paerem
. -do e%@i?--tbﬁg.sgggmgsQl:aigct,iye»,afseimpleast;eﬁsgs;strainﬂ~rrg.pde!:=.unQerf: biaxial state
of stress will.be formulated. .In <calibrating this: model,: the. experimental results. will be
utilized. Also, basec on:the bond test: results; appropriate-criteria.to establish

unbonding. gaetygeen;cﬁegﬁg}ear-copcrete :used in roadway. construction and brittle repair
- materiahwill be employed. . -vovove ;

Ry Sy

FENL O e

chhe:

5 i ; Ed

reoLy LIty taiyloglo
°d g1 uFigr

To reach the third objective, specimens of repaired. rigid. bav.em_ent joints will be
prepared and;tested under transverse loads applied:at:the joints:: Different patching
sizes and.depths will be included to. identify the, patehing progedure.

ST
5

TF cda R #

24 EXPERIMENTAL DESIGN AND PROCEDURE . . .- SR

.- Strength. properties are. not-the only. criterig-in the:performance of patching
material. Durability is also considered. —:E)achagﬁntheses,g,\e.ngrajg,c-,ategories, however,
involves several parameters. Bond strength and the strength of the repair material
itself fail under the strength-category. Freeze-thaw durability, shrinkage; and thermal
movement fail,under.the durabiiity,category. ... ..
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Figure 6
Load calibration of the miniature cone penetrometer

18

2.0

P

i
L
TN, e

R N

,__.k.

B N R U i T e e,

iy

P e,

e

B
§ Lol &

L



3

Figure 7
The complete data acquisition system
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sleeve friction. For the data collection of five measurements (penetration depth, tip resistance,
sleeve friction, pore pressure, and_inclination), a system of dedicated smart-digital-sensors modules
are used to collect, hold, and communicate to a personal computer the measured data from each
sensor. The schematics of the DGH modules are given in figure 8. These modules along with a
power supply housed in a metal box comprise the data acquisition hardware (figure 9).

The dedicated smart-digital-sensors modules, manufactured by DGH corporation, are sensor
to computer interfaces, designed primarily for data acquisition based on personal computers with
standard serlal VO ports. These modules collect analog or digital output signals from sensors, within
and/or out of the cone, convert them into digital signals, and send them to a computer's standard
RS-485 or RS-232C serial port. The computer itself can be used to communicate to the DGH module
to program the module's various data conditioning features, such as scaling of data output,
smoothing of data, and noise filtration. Also, interfacing communication parameters between the
computer and module, such as baud rates and parity, can be set through the serial port. All
communications to and from the modules are in printable ASCII characters, which allows for easy
deciphering of output signals. This means a high level computer language such as BASIC, Pascal,
or C can be used for programing a data acquisition system by issuing a simple ASCII command and
getting back a result in an ASCII string.

Physically, each DGH module is enclosed in a plastic case measuring 7.7 x 3.6 x 1.1 cm, with
a labeled screw terminal on one of its edges. DGH modules are selected by model number for the
type of sensor to be monitored. A total of five DGH modules are used for a miniature piszocone data
acquisition system, one for each sensor. The following is a list of the different DGH modules used.

e One DGH D1622 event counter module is used as a pulse counter for counting digital pulses
from a optical incremental encoder. The encoder is axially mounted to a wheel, which is
located within the cone pushing device, that rotates as the cone rod is unwound and pushed
into the soil.

e Two DGH D1102 voltage modules are used to capture millivolt readings from the tip and
sleeve strain gauges.

® One DGH D1512 bridge input module is connected to an Entran miniature accelerometer,
located within the cone, to measure the inclination during intrusion.

L One DGH D1532 bridge input is use to measure the millivolt readings from the an Entran
miniature pressure transducer. '
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All modules are mounted on a panel within a weather-resistant 30 x 43 x 18 cm metal box.
The metal box also houses 2 5 and 12 volt power supply to supply power to the DGH modules and
excitation voltage to the cone's sensors. To exhaust the heat generated by the modules and the power
supply, an electric fan, rated at 32 CFM, is used to vent air though two 3-inch diameter holes fitted
with air filters and finger guards. Also housed within the box is a serial signal converter for
converting RS485 to RS232C, which is compatible to the standard serial ports of almost any
personal computer. Converting the serial signal before it comes out of the box allows for any
personal computer to be hooked up to the minicone data acquisition system without the need to
install special equipment in the computer itself.

A data acquisition, processing, and display software has been developed in Turbo C ++ to
acquire and display data on screen in real time. The software part of the data acquisition system
consists of two main parts; the communications part and the graphic paft.--The communications part
consists of the software interacting with hardware to get data. Once the data from the modules are
acquired, the software converts the data into engineering units and plots them onto a computer screen
in a graphic form in real time. Simultaneously, the data is written to a data file. The graphical user
interface is designed to be user-friendly. A pentium notebook computer running at 100 MHz with
16 MB RAM and 810 MB hard drive capacity is used for data acquisition, processing, and analysis.
A printer is also available to obtain hard copy output and plots of the cone penetration profiles.

Global Positioning System (GPS)

A Global Positioning System (GPS) installed in the vehicle outputs test locations directly to
the computer via an RS-232 port. This is accomplished by a MARCH I unit, an all purpose Global
Positioning System (GPS) Data Recorder and navigator, developed by Corvallis Microtechnology,
Inc. (figure 10). The unit is practically a handheld computer. It uses a ten MHz CMOS 80c88 CPU
with one megabyte internal RAM disk as its main operating platform to run an eight channel
Motorola GPS module. Its physical dimensions are 7.9 x 4.9 x 3.0 and weighs 33 ounces. For
corrections a Leica differential receiver, tuned to marine Coast Guard frequency is used. With Coast
Guard RTCM corrections and a dilution of precision (DOP) less than four (DOP < 4) it has an
accuracy of 2 meters under CEP (50 percent), 2.5 meters under RMS (63 percent), and 5 meters
under 2DRMS (95 percent). Without any corrections the unit on its own has an accuracy anywhere
from 40 to 100 meters. The MARCH GPS unit essentially consists of a MARCH Field Data
Recorder, a built-in GPS antenna, and a GPS receiver for satellite signals. The unit is used to collect
accurate position data. When the GPS unit is turned on, the tracking status indicator on the sereen
indicates the quality of the constellation of satellites being tracked by the unit.
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The appropriate status is "N3D4" which means MARCH GPS is navigating in 3-D and tracking four
or more satellites. If differential correction is being used with the RTCM_104 function, the "D" in
the indicator will become a "C" indicating correction. The differential correction 1s received from
the Coast Guard radio beacon receiver.

A program module written in Turbo C receives data from the COM port and extracts the
latitude and longitude from the reading. The program receives ten corrected readings and computes
the average of the latitude and longitude. A listing of the program code is given in appendix 1a. The
MARCH GPS unit is provided with two RS-232 interface ports (COM ports) for communication
with the external PC. The NMEA function enables the MARCH GPS to output its current calculated
coordinates through a COM port for use by the external device. The RTCM_104 function is used
to apply the differential correction to the data collected by the GPS unit. These two functions are
used in conjunction with each other to produce corrected data and output it to the computer port. The
RTCM_104 message is received on COM1, and the NMEA message with the corrected GPS
position is sent from COM2 to the PC. It is essential to maintain the same baud rate and other
communication parameters between the device providing the correction (LEICA beacon receiver)
and the GPS for the RTCM_104 function. Similarly the same parameters are set between the NMEA
function and the PC. In this project, the following communication parameters have been set:
Baud Rate 9600

Data bits 8

Parity None

Stop Bit 1

RTCM_104 Auto (This indicates that the March GPS will use the RTCM_ 104

message whenever it is received.)
Output Frequency 3 (This indicates how often the NMEA messages will be outputted
1n this case it is 3 seconds)

A typical output from the GPS is shown in appendix 1b.
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DISCUSSION OF RESULTS

Field testing and calibration of the CIMCPT system

The implementation of the miniature cone penetrometer was tested and verified by
comparing the penetration profiles with those obtained using a standard 10 cm? cross-sectional area
reference cone penetrometer developed by Fugro. The 10 cm? electronic cone penetrometer has a
friction sleeve area of 150 cm? and a 60° cone apex angle. For field calibration, it is essential to
conduct tests at well-documented sites with homogeneous soil deposits to minimize the effect of soil
variability on the measured data. The miniature cone is capable of detecting thin layers compared
to the large size cones and this feature must be taken into account while mterpreting MCPT data.
Penetrations by the 10 cm? reference cone penetrometer and the 15 cm? cone penetrometer have
greater radial influence, than the MCPT’s. Hence the MCPT’s were conducted first before
conducting the reference CPT’s to minimize interaction and influence of soil disturbance on the tests
results. In situ calibration of the CIMCPT system was conducted at a highway embankment site in
Baton Rouge, Lowisiana; and also at two of the National Geotechnical Experimentation Sites
(NGES): University of Houston, and the Texas A & M University. A description of the soil
properties at the sites followed by the in situ test results are given below.

Site description and results of in situ tests

Highland Road Site in Baton Rouge, Louisiana. The CIMCPT was field tested and
calibrated near the intersection of Highland Road and Interstate 10 (LA SR-42) in Baton Rouge,
Louisiana /6], {7]. The soil at the test site was overconsolidated, desiccated silty clay/clayey silt
formed during the Pleistocene period and deposited in a deltaic environment. The soil is of stiff
consistency, low moisture content, and fissured with slickensides and occasional sand pockets [8].
The ground water table was located at a depth of 4.5 m. Detailed piezocone penetration tests, soil
sampling, and laboratory tests have been performed by Chen and Mayne /9] to a depth of 34 meters.
Since the CIMCPT system was used to test only the top eight meters, the description of soil
properties were limited up to this depth. The liquid limit ranges from 52 to 76 percent with an
average of 64 + 12 percent. The plasticity index ranges from 26 to 40 percent with an average of 33
* 7 percent. The soil is classified as CH material in the Unified Soil Classification System (USCS).
The natural water content varies from 30 to 42 percent (36 + 6 percent) and is very close to the
plastic limit, indicating a stiff deposit. The liquidity index ranges from 0.142 t6 0.154. Consolidation
test results indicated an overconsolidated deposit with OCR decreasing from 15.6 at a depth of 5.5
meters to an OCR of 11.9 at a depth of 7.9 meters. The compression index (C,) varies from 0.47 to
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0.62, and the swelling index (C,) ranges from 0.14 to 0.22 (C; = 0.18 + 0.04). Isotropically

consolidated undrained triaxial compression tests (CIUC) show that the undrained shear strengths

range from 60 kN/m?to 120 kN/m*[9].

Figure 11 shows the location and test plan at the calibration site: Five MCPT’s (MCPTI,
MCPT2, MCPT3, MCPT4, and MCPTS5) were performed at the corners of two equilateral (2.22 m
each side) triangular grids. Two 10 cm? reference cone penetration tests (CPT1 and CPT2) were
conducted at the centroid of each triangles. The distance between two adjacent MCPT’s was 2.22
m, and that between the two reference CPT’s was 2.56 m (144 times the radius of the reference

‘ cone). Hence the influence of soil disturbance and effects of consolidation (due to the proximity of
tests) on the data was minimal. At this site it was possible to conduct MCPT’s to maximum depths
ranging from 7.75 m to 8.75 m. Beyond this depth the total resistance due to friction and tip load
exceeded the thrust capacity of the continuous push device. The homogeneity at this site can be
easily seen in figure 12 that compares the CPT1 and CPT2 profiles. Figure 13 shows CPT1 profiles
compared with those of MCPT1, MCPT2, and MCPT3. Figure 14 shows CPT2 profiles compared
with those of MCPT3, MCPT4, and MCPTS5. Very good comparison is seen between the 2 cm?
MCPT profiles and the standard 10 cm* CPT profiles. Soil classification by the computerized
probabilistic method by Zhang and Tumay, 1999 /0] using the mean CPT profiles and the mean
MCPT profile are shown in figures 15 and 16.

National Geotechnical Experimentation Sites. A system of test sites is now available in
the United States through the National Geotechnical Experimentation Sites (NGES) program funded
by the National Science Foundation (NSF) and the Federal Highway Administration
(FHWA)[//],[12]. The NGES system of multiple user test sites provides easy access to
well-documented field sites, allowing geotechnical researchers to select the most appropriate site for
their needs on the basis of soil type, site location, and available geotechnical data. These
well-documented field, well-referenced test sites greatly facilitate the development and validation
of new techniques for soil characterization. Associated with the NGES program is a central data
repository which provides a database designed to promote exchange of information, resulting in a
more cost effective use of available research funds.

Five of the forty-two sites have been selected at an NSF/FHWA workshop and classified as
level T or level 11 sites. The remaining sites are classified as level IT1. level I sites are those sites

which most closely fit the combined criteria of research areas identified through several workshops

as being of significant national importance and possessing favorable site characteristics. Theme
research areas are geotechnical earthquake engineering (liquefaction, site amplification,
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and permanent deformations), calibration of new equipment, proof-testing site improvement
techniques, geo-environmental problems, expansive clay problems, and foundation prototype testing.
Sites qualifying in the theme areas were also screened based on a short list of site characteristics
consisting of soil types, stratification, site size, interest and energy of site proponents, security, and
long-term accessibility. For level I and II sites, detailed individual field and laboratory test results
are accessible on the Internet to potential users and researchers, allowing them to review the quality
and numerical details of the results.

The CIMCPT testing at the National Geotechnical Experimentation sites was conducted using the
newly developed MPCPT. The MPCPT has the same frame size and geometric configuration of the
MCPT, however, in order to accommodate the pressure transducer for pore pressure measurment,
a circular cavity in the load cell component of the probe had to be created. CIMCPT results have
indicated that this configuration tends to increase the moment sensitivity of the probe which leads
to lower friction sleeve readings when tip resistance is higher than two MPa, especially in sandy
soils. The sleeve resistance correction due to moment sensitivity was investigated by subjecting the
minicone to a simple four-point bending test in the laboratory which resulted in the following
empirical relationship based on statistical analysis:

f; (corrected, MPa) = f; (measured, MPa) + 0.015%[q, (measured, MPa)]'”

This correction is reflected in the MPCPT data presented for CIMCPT investigations performed at
the National Geotechnical Experimentation Sites of Texas A&M University and University of
Houston, Texas.

National Geotechnical Experimentation Site at Texas A&M University. The CIMCPT
system was tested in the clay site, at Texas A&M University, Riverside Campus, College Station,
Texas/12], [13]. This Level I site (with Site LD.: TXAMCLAY) essentially consists of highly
plastic, stiff clay (CH) up to a depth of 6.5 meters. Below this is a hard clay deposit 5.7 m thick, with
high shrink-swell potential, over hard clay/clay shale 23 m thick. The ground water table is normally
located between 7 and 7.3 m. The site has been used in the past by various investigators for a variety
of tests on full-scale deep and shallow foundations, as well as for extensive in situ testing.

Figure 17 shows the test plan layout for the in situ tests performed at this site. In figure 17
the test numbers with prefix MPCPT are the miniature piezocone penetration tests, those beginning
with letters CPT are the 10 cm? standard friction cone penetration tests. MPCPT profiles MPCPT-
TXAMI1, MPCPT-TXAM3 and MPCPT-TXAM4 are compared with the mean of CPT18 and CPT22
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profiles in figure 18. Soil classxﬁcatlon by the computerized probabilistic method (/0] using the ~

mean CPT profile and the mean MPCPT profile are shown in figures 19 and 20.

National Geotechnical Experimentation Site at University of Houston, Texas. The
CIMCPT system was tested in the level 11 site at the University of Houston (figure 21). This site
(with Site I.D.: TXHOUSTO) essentially consists of overconsolidated stiff to hard clay (CHto CL)
up to a depth of 30 meters [12], [/4]. The ground water table is located at 2.1 m. The site has been
used in the past by various investigators for individual and group behavior of deep foundations.
Extensive in situ and laboratory testing data are available.

Figure 22 shows the test plan layout for the in situ tests performed at this site. MPCPT
profiles MPCPT-UHI1, MPCPT-UH2, MPCPT-UH3 and MCPT-UH4 are compared with the mean
CPT profile in figure 23. The mean CPT profile is the mean of C3, C4, C4A, and C5 (figure 22).
Soil classification by the computerized probabilistic method [10] using the mean CPT profile and
the mean MPCPT profile are shown in figures 24 and 25,
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CONCLUSIONS

The validity of the CIMCPT system is readily verified by comparing the 2 cm?® MCPT and
MPCPT profiles with the 10 cm? CPT profiles performed at the Hi ghland Road site in Baton Rouge,
Louisiana, and at the Natjonal Geotechnical Experimentation Sites at Texas A&M University and
the University of Houston (figures 13, 14, 18 and 23).

At each of these sites, comparison between the MCPT, MPCPT and CPT test profiles
indicate “scale” (size and rate) effects. Table 1. summarizes the scale effects at the three test sites.

TABLE 1
Scale effects at the test sites

TBST SITE Depths qC(Z cm2) /qc(EO cm2) fs(Z cm2) /f;(lO cm2)
(Minicone Type)

Highland Road(1) 45m-7.5m 1.10 0.89
Baton Rouge, LA

NGES (2) ‘ 1.5m-7.0m 1.13 0.91
Texas A&M Univ.

NGES (2) 1.0m-85m 1.11 0.87
Univ. of Houston
(1) MCPT

(2) MPCPT (Sleeve resistance corrected for moment sensitivity)

The CIMCPT was field-tested at sites where the tip resistance of the sediments were less than
eight MPa. The range of depths chosen for analyses at these sites are such that the probability of
clay is about 75 percent, using the computerized probabilistic method for soil classification [10].The
scale effects are valid provided the probability of sand is less than ten percent.

A continuous intrusion miniature cone penetration test system (CIMCPT) was developed for
transportation applications. CIMCPT was validated by testing at a Highland Road test sjte in Baton
Rouge, Louisiana and also at two well documented, well referenced, National Geotechnical
Experimentation Sites (University of Houston, and at the clay site, at Texas A&M University). -
Penetration profiles obtained using the 2 cm? cross-sectional area miniature cone penetrometers
showed the existence of “scale effects” when compared to penetration profiles obtained using a 10
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cm?® cross-sectional area reference cone penetrometer. The average CIMCPT (MCPT and MPCPT) "

tip resistance was found to be 11 percent higher than that of the reference CPT. The average
CIMCPT (MCPT and MPCPT) sleeve friction was found to be 11 percent lower than the reference
CPT sleeve friction. These correction factors can be easily implemented into the computer programs
for calculation of the tip resistance q, and sleeve resistance, f,. These trends in the results compare
very well with previous research.

Penetration records of CIMCPT generally render much more detailed soil
identification/classification profiles than penetration records obtained by CPT.
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RECOMMENDATIONS
The CIMCPT system may be used for shallow and semi-deep subsurface investigations for
highway subgrade characterization, embankment construction control, and for the assessment of
ground improvement effectiveness for transportation applications.

The following recommendations are proposed for future enhancement of the equipment and
for field testing:

1. The 2 cm? miniature cone penetrometer that has been implemented and tested in this
project is a basic friction cone penetrometer, MCPT, which gives cone resistance and sieeve
friction profiles with depth. With the inclusion of a pressure transducer and an inclinometer,
the capabilities of MCPT were modified to measure pore pressures generated during cone
penetration and the inclination during intrusion. It is recommended that the 2 cm? miniature
“piezocone” penetrometer test (MPCPT) capability of the CIMCPT system be further
developed for locating the depth of the ground water table, detailed profiling of soil
stratigraphy, and for estimating flow and consolidation characteristics of fine grained soils
from the dissipation of excess pore pressure data.

2. The inclusion of the pore pressure transducer and the inclinometer in the limited
space of the MPCPT probe requires a hole in the load cell configuration thus increasing the
moment sensitivity. This sensitivity tends to decrease friction sleeve readings in stiffer
layers where tip resistance in excess of 2 MPa are encountered (i.e. sandy soils). It is
recommended to modify the sleeve friction load cell design to strengthen the structural
integrity of the probe to remedy this hardware problem.

3. More in situ calibration tests in well-characterized and well-documented sites should
be conducted to further refine and correlate MCPT and MPCPT data with engineering soil
properties (such as resilient modulus, shear strength, deformation, consolidation, and flow
characteristics) needed for highway design and construction control.
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APPENDIX 1
la. Listing of the GPS program code

1b. Typical output from the Global Positioning System



la. Listing of the GPS program code:

/* GPS MDDULE ********************************************************/
/* *f’
/* by Ramya Sarma */
/* */
/* This module uses Borland C++ function bioseccm to initialize com */° )
/* port and collect data from GPS on COM 2. Ten latitude and */
/* longitude values are collected and averaged. GPS correction x/
/* reception is verified. If coxrections are net present, the *f
/* module notifies operator and asks if another collection should =/
/* occur. */

/*********************************************!’***********************/

/* The following variables and functions are responsible for receiving
GPS data and convert them into suitable form to be displayed in
th computer screen */

#define coMz 1

#define COM1 0

#idefine DATA_READY 0x100

#define TRUE 1

fidefine FALSE 0

#defire SETTINGS (OxEO0]0x00]|0x%00|0x03)

struct gpsreading {

char readingfl00];
char slatitude[30};
char slongitude{30]:
Float flatitude;
fleat flongitude;
char f£ix;

} gpsdatalio];

char latitudedirection,longitudedirection; -

int gpsnumber=0;

int uncorrected=FALSE;

void gps{void)

{

int count = 0;
char ch;
/*Declare variables*/
int in, out, status, DONBE=FALSE:
int gpscount=0;
char format [7];
char o;
/*set the communications parameterss*/
bioscom (0, SETTINGS, COM2) ;
gpsnumber=0;
printf{"\n\n");
printf (" GPS Readings®);
printf{"\n") ;
while ({DONE) {
status=bioscom(3, 0,C0M2) ;
if ({status & DATA READY})
{

if(((out=bioscom{2, 0, COM2) & OX7F} != 0} && (out!='\n'} ){
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gpsdata [gpscount] . reading {count ] =out ;

- count++;
if (count==71) {
- . if ((strncmp("$GPGGA“,gpsdata{gpscount].reading,6}==0)) {
gpsdata [gpscount] . reading [count]='\0";
gpsnumber++;

printf{"\n#%d: . .

%s",gpsnuhbar,gpsdata[gpéééunt].reading);

}

count=0;

gpscountegpsoumber;

delay (2000) ;

DONE=FALSE;

if {(gpsnunber==10) {
DONE=TRUE;
getlatlong{);

getaverage () ;
return (i) ;

/* Subroutine to display latitude and longitude*/
getlatlong(}

{

int i=0;

char *promptstring;

char degrees[3}
int count=0;
int gpscount=0;

.minutes [71;

for (gpscount=0; gpscount<=gpsnumber-1; gpscount++) {

count=0;

/*get the latitude reading*/

for (i=14;i<=21;i++} {
gpsdata[gpscount].slatitude[count]=gpsdata[gpscount].readingii];
connt++;

}

latitudedirectionsgpsdata[gpscount].reading[ZB];

/*make it a string*/

gpsdatafgpscount] .slatitude [count]="\0";

/*convert slatitude into a float and £ill the array element*/

gpsdata[gpscount].flatitude:atof{gpsdata[gpscount].slatitude);

/*reinitialize count to get the longitude reading+*/

count=0;

/*get the longitude string*/

for (i=26;i<=33;i++) {
gpsdata[gpscount].slongitude[count]=gpsdata[gpscount].reading{i];
COUNE 4+ }

longitudedirection=gpsdata [gpscount] .reading [35] ;

/*make it a string*/

gpsdata [gpscount] .slongitude [count]="'\0"';

/*convert slongitude into a float and £ill the array element>*/
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gpsd&ta[gpscount].flongitude:atof(gps&ata[gpscount].slongitude);

/*store the fix*/
gpsdata[gpscount].fix:gpsdata[gpscoun&l.reading[39];
/*check «for corrected fix*/
if (gpsdatalgpscount].reading[37} = '2')
uncorrected=TRUE;

else uncorrected=FALSE;

}

/* get the latitude and lonitude direction*/

return;

getaverage ()

{

float avglatitude=0.0, avglongitude=0.0:

char *stemplatitude, *stemplongitude;

int
int
int
int

int

ilatdigits=7;
ilongdigits=8;
idec, isign;
count=0;
gpscount=0;

char c;
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/*get the average of the ten latitude readings obtained in flatitude=*/

for (gpscount:O;gpscount<=gpsnumber—l;gpscount++} {
avglatitude=avglatitude+gpsdata{gpscount] .flatitude;

1

avglatitudezavglatitude/gpscount;

/*convert the latitude into a string*/

stemplatitude= fevt(avglatitude, ilatdigits, &idec, &isign);

/*get the degree component - the first two characters*/

count=idec-2;

strncpy(sfinallatitude,stemplatitude,count);

sfinallatitude [count]='\0"';

/*attack "deg" string to it*/

streat (sfirallatitude, " deg "};

count=strlen{sfinallatitude);

/* get the minute component*/

sfinallatitude [count] = stemplatitude(2];

count++;

sfinallatitude [count]=stemplatitude[3];

COUnt++;

sfinallatitude [count]l=".";

count++;

sfinallatitude [count)= stemplatitude[4]:

count++;

sfinallatitude {count]=stemplatitude [5] ;

count++;

sfinallatitude [count}= stemplatitude[§];

count++;

sfinallatitude [count]='\"'";

COUNT++;

/*get the direction¥/

sfinallatitude [counti=latitudedirection;

count++;
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sfinallatitude [count]='\0";

/*get the average of the ten longitude readings obtained in flongitude*/

for (gpscount=0;gpscount<=gpsnumber-1;gpscount++} {
avglongitudEuavglongitude+gpsdata[gpscount}.flongitude;

1

avglongitude=avglongitude/gpscount ;

/*convert the longitude into a string*/ s .

sfemplongitude: fé;t(avglongitude, ilongdigits, &idec, &isign);

/*get the degree component - the first two characters*/

count=idec-2;

strncpy {sfinallongitude, stemplongitude, count) ;

sfinallongitude [count]='\0";

/*attach "deg" string to it*/

strcat (sfinallongitude, " deg ¥};

count=strlen{sfinallongitude) ;

/* get the minute component*/

sfinallongitude [count]= stemplongitude 2] ;

count++;

sfinallongitude [count] =stemplongitude [3] ;

count++;

sfinallongitude [count]='."';

count++;

sfinallongitude [count]= stemplongitudel4];

COUNE b4 ;

sfinallengitude [count}=stemplongitude [5] ;

count++;

sfinallongitude [count] = stemplongitude [6];
count++;

sfinallongitude {count]=*\'';

count++;

/*get the direction*/
sfinallongitude [count] =longitudedirection;

count++;

sfinallongitude {count]="\0"';

/*print the average latitvde and longitudex/

printf ("\n\n") ;

printf ("\n\n Average Latitude: %s",sfinallatitude) ;
printf ("\n Average Longititude: $s",sfinallongitude) ;

print £ (*\n\n\n\n") ;
gotoxy (1, 24) ;
if {uncorrected==FALSE || uncorrected==TRUE)
{
if (uncorrected==TRUE)
{
puts("The gps data contains uncorrected values. Proceed to redetermine
the location?");
do
{
gotoxy (80, 24) ;
c=getch () ;
if {toupper{e)=='¥Y') gpsmain();
else return;
} while(toupper(c}!='¥' || toupper{c)!='N'};
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) {
else - . ’ ,_-~{.-
(
=puts("The.gps data contains corrected values. Proceed to redetermine the -
location?"); i
do o
{ S -
) gotoxy (78,24) ; {
c=getch(}; {
if (toupper(c}=='Y') gpsmain{); e
else return; ("
} while(toupper{c)!='Y' || toupper{c)!='N'); g
! %
} ¢
. {
/*subroutine to create the ocutput window*/ E
makewindow (left, top, right, hottom, text,back) £
int left, top,right, bottom, text,back; r
{ -
window (left, top, right, bottom) ; (-
textcolor (text); s
textbackground (back) ; :
return; {\'ZI
} ‘.
£
gpsmain() - o
-
int o N gv' ;
int text=15;
int back=4; é‘ .
(.
clrscr(}; gf':' .
/*make a window*/ ‘5
makewindow (1,1, 80, 25, text,back) ; ;
clrscr(); -
¢
/*prompt the user to get the gps reading*/ e
/*gotoxy (5,12); b
puts{"Press G to get the GPS reading or Esec to quit.®); {
do ’g\_‘
{ L
gotoxy (60,12) ;*/ S
/*get a keystroke from the keyboard+/ N
/*e=(getch(}) ; (o

gotoxy (60,12) ; -
putch{c) ;

delay{500);

if (toascii(c)!=27 || toascii(c}!=71)

(o
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gotoxy (60,12) ;
cputs{" ") ;

Frso. .

/*if Esc is pressed+/

/*if (toascii(c)==27) {*/
/*quit the program*/
/4}eturn;

1=/

/*if G or g is pressed*/

/*if (toascii(toupper(e))==71) { */
text=1i5;
hack=1;

makewindow(l,l,80,15,text,back);

clrscr();
/*run the gps modulex/
gps();

/* }

Jwhile (ei='g* || ct=ta@' |j toasecii(c) =27} ;*/}
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APPENDIX 2 CD-ROM (1)

(a) Continuous Intrusion Miniature Cone Penetration Test (CIMCPT) 9:00 min.
(b) Research Vehicle for Geotechnical In Situ Testing & Support (REVEGITS) 4:30 min.
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" "INTRODUCTION

sociation of State Highway and Transportation

shed their Guide for the Design _of Pavement

: A;ﬁ;:_SHTO) publi

‘Significant changes were made from the 1972 AASHTO interim

procedures for new flexible highway pavements and for

ot_.mix.asphalt (HMA) were revised and expanded. The Louisiana

£ Transportation and Development (LaDOTD) immediately began

ASHTO Guide as the “building block™ upon which to base new

avement and overlay designs for both rigid and flexible pavements.

One major change occurring in the 1986 AASHTO Guide was the use of

es l'cnt._.fno_dulus (Mp) to characterize the materials used in flexible pavement

andrehabilitation. Mg became the definitive characteristic of pavement

_§ngth. The resilient modulus is a value that, theoretically, can be
ined either from testing samples of material in the laboratory or from

ndestructive deflection testing (NDT) on in-service pavements. Unfortunately,

1986 the state-of-the-art for determining My from either method was still in

evelopment stages. Researchers in highway and transportation departments,

n consulting firms, and in universities began a concentrated effort to determine

hich laboratory and field techniques could provide consistent and dependable

sults for this critical pavement design parameter.
With the change to resilient modulus, the use of NDT with linear elastic

ayer theory for determining the My of pavement layers began to get more serious

attention. Up to this point, linear elastic techniques had been widely used to




calculate pavement stresses and strains using surface loads plus assumed layer

strength characteristics, including modulus and Poisson's ratio, as program inputs,
" With wi;ier use o.f NDT devices and the use of deflection data to estimate
pavement “layer M,, many of the linear elastic cdm;;ﬁter programs, such as
Chevron, Shell, and Bisar, became the "core" Programs in backcalculation
routines.

In general, the backcalculation Programs require inputs of a surface load
and deflection basin from an NDT device, along with pavement layer thicknesses
and "seed" (injtial estimate) moduli for each pavement layer, Using these inputs,
a theoretical surface deflection basin for the given load and pavement inputs is
calculated and then compared to the actual NDT deflection basin. If the
differences meet certain tolerance limits, then the program stops, and the moduli
are considered valid. If not the computer program adjusts the moduli,
recalculates the surface deflection basin, and rechecks the basin tolerances. This
iterative process continues until the required tolerances are met, and the final
backcalculated moduli values are reported.

Several problems have occurred when using these newly developed
programs. First, there is not a unique set, but multiple sets of layer moduli that
can produce the same deflection basin. Secondly, the set of resulting layer
moduli are extremely sensitive to the selection of the seed moduli. Thirdly, thin
surface layers (HMA of less than 2 inches) created problems with convergence

between the actual and theoretical surface deflection basins, Fourth, a rock or

other very stiff layer within a 20’ to 30’ depth under the pavement affected the

calculated deflections. Finally, there were no "correct” moduli to which the




ackcalculated moduli ¢ould be compared; there was only a reasonable range of
nicduli against which th‘_e__bac;kcaiculated values could be compareq. "

Researchers have spent much of the last few years modifying these
;programs to corre-c‘:.t observed deficiencies.  They have also compared
. packcalculated moduli with laboratory moduli of recompacted samples and have
compared the backcalculated moduli values obtained among the many routines
available. Results have been mixed leaving many researchers puzzied as to what
to try next. Much work is still required before these programs are reliable and
before the results can be used without a critical analysis. Meanwhile, users must

carefully evaluate these backcalculation programs to determine which gives the

most reasonable results for their combination of soil, pavement, and NDT device.

LITERATURE REVIEW

Resilient modulus is a fundamental material property that is similar in
concept to Young's modulus of elasticity since both are measured from stress-
strain data. However, it differs from the modulus of elasticity in that it is
determined from the unload portion of the load pulse in a repeated-load, triaxial
compression test while Young’s modulus is determined from the load portion of
the test. Therefore, the resilient modulus is determined using the resilient
(recoverable) portion of the axial strain (1). The resilient modulus (Mg) is
defined by the ratio of the repeated axial deviator stress ( 4 ) to the recoverable

axial strain (¢, ) (2):
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Mp=_g, = load/area of the Specimen_ (Eq. )
€, recoverable deformation/original height

With the recent emergence of the use of resilient modulus in pavement
design, NDT methods have gained popularity as an economical technique for
securing material property estimates. The Falling Weight Deflectometer (FWD)
1s gaining popularity because it can measure the whole deflection bow] while
applying loads of the same magnitude as used in design (18 kip single axle loads).

There are two distinct parts to collection and use of NDT data: 1) the
mechanical functioning and reliability of the instrument, and 2) the interpretation
and utilization of the measured data (3). This report deals principally with the
second, use of the FWD deflection data to backcalculate resilient modulus of
pavement materials,

Backealculation is defined as the process of estimating elastic stiffness
properties of pavement materials by matching a measured deflection basin with
a theoretical basin calculated from a computer program which receives as input
the measured deflections produced by a test load Plus other information about the
pavement materials such ag layer thickness, Poisson’s ratio, and range of
allowable modulus values (3). There are a whole host of backealculation
programs discussed in the literature, Several of the most common programs are

briefly discussed in the following paragraphs.




R layered elastic program to compute the deflections, stresses, and
he structures under investigation (4). BISAR has a unique capability

g he bond between layers in the pavement, i.e. variable slip between

However, this capability makes the program run time quite long.

allfi'-BISAR is also a proprietary program and can only be used Dy

'_o'-determine the layer moduli, the basic inputs include initial estimates
astic layer pavement characteristics, as well as the measured deflection
basin. Inputs for each layer include:

a) Thickness of each layer,

b) Range of allowable modulus,

¢) Initial estimate of modulus (seed modulus), and

d) Poisson’s ratio (4).




BOUSDEF

BOUSDEF is a backcalculation program created at Oregon State

ﬁniversity to de‘t:armine in-situ pavement layer moduli using deflection data
through bacl%éalculation technique. The program was. developed for use with
conventional flexible pavements built on a fine grained subgrade which included
a coarse grained aggregate base/subbase. The analysis methodology is based on
the method of equivalent thicknesses and Boussinesq theory. BOUSDEF utilizes
the seed modulus and layer thickness to determine the equivalent thickness of the
pavement structure. Deflections for the given NDT load and load radius are then
calculated. The calculated deflections are compared to measured deflections. If
the sum of the differences is greater than the tolerance specified by the user, the
program will begin iterating in an attempt to produce convergence between the
calculated and measured deflections by changing the moduli before computing a
new set of deflections. This iteration process continues until the sum of the
deflection differences is less than the tolerance or until the maximum number of
iterations has occurred. The backcalculated moduli may be used to evaluate the
existing pavement structural strength and/or for use in mechanistic overlay design
procedures (3).

BOUSDEF can be operated on any IBM or compatible microcomputer
with a DOS version 3.1 or higher. BOUSDEEF is an integrated program which

includes the capability for creating, editing, and analyzing a data file (5).




_ CHEVDEF is similar to BISDEF except it uses CHEVRON n-layer
@_omputer program in the forward calculation scheme. CI—IEVDEF uses the sum
Qf the squares of the absolute error as the convergence criterion rather than the
sum of the differences as in BISDEF. This program can backcalculate reasonable
-.modulus values for conventional flexible pavement sections, l.e., pavement
sections having a layer arrangement that has decreasing stiffness with depth.
.However, it gives poor results for pavements having thin HMA layers or

pavements with intermediate soft or hard layers such as cement stabilized bases

or subbases (6 and 7).

COMDEF

COMDEF is an interactive, user-friendly, public domain FORTRAN
program which backcalculates layer moduli for composite pavements based on
deflections measured by a FWD. COMDEF is based on a new method which
uses a matrix of precalculated solutions stored in 33 standard data base files. The
method used in COMDEEF is completely automated and numerically approximates
the theoretical deflection basin which would be calculated by layered elastic
theory. The data compression technique and interpolation routines used by
COMDEF allow deflections to be calculated almost instantaneously from a
relatively small data base with a high degree of accuracy. The COMDEF data
base was developed for composite pavements which include portiand cement
concrete layers with moduli in excess of 3 million psi. As such it is not

applicable to pavements included in this study (8).




ELMOD

ELMOD is a microcomputer program based on the‘ method of equivalent
ghicknesses, originally developed by Odemark. This is a process where by a
layered pav;a;nent structure is transformed into an equivalent Boussinesq system
above the subgrade using the same process as described for BOUSDEF. ELMOD
used the layer transformation approximation rather than one of numerical
integration. The advantage of this approach is that nonlinear materials may be
considered and the computational process is much faster than "conventional”
layered elastic analysis backcalculation computer codes (9 and 10).

The basic ELMOD inputs include layer thickness and pavement surface
deflections (a total of seven). The program can analyze up to a 4-layer pavemen.t
structure; it automatically calculates the subgrade nonlinear-stress relationship for
each FWD drop, and it can be used to evaluate other significant factors such as
remaining life and required overlay thickness (10).

The program computes moduli by using the outer deflections to first
estimate the subgrade modulus. The moduli of the HMA and base courses are
determined by an iterative process which uses the center deflection and the shape
of the deflection basin. The subgrade modulus at the center of the loading plate
is adjusted for stress level, and the outer deflections are checked. At this point
a new iteration is made if needed. The program generally takes less than five

seconds to run (10).




£ is similar to BISDEF, except that ELSYMS is the elastic layer

tﬁér than BISAR. An iterative procedure is also used to determine the

layer thickness, Poisson’s ratio, seed moduli, and allowable range of moduli (10).

The number of layers with unknown moduli cannot exceed the number of
'.';f]1_ea_sured deflections. No provision is available for nonlinear material behavior,
-and limitations to the approach are related to this fact. The program can be run
with or without a rigid base. The procedure is sensitive to the choice of seed

moduli (10}).

EVERCALC

EVERCALC is a mechanistic-based pavement analysis computer program

that includes the Chevron N elastic layer program. This microcomputer program
uses an iterative procedure of matching the measured surface deflections with the
theoretical surface deflections calculated from assumed elastic moduli. The
program has converged on a solution when the summation of the absolute values
of the differences between the measured and calculated surface deflections falls

within a preset allowable tolerance (generally 10 percent or less for a deflection




basin described by- five deflections). Lower tolerance levels will produce more
accurate solutions; however, the 10 percent tolerance results in modest computer
run time o‘r:five minutes for a three-layer pavement (10).

MThe program develops estimates of initial "seed” moduli internally and
backcalculates the modulus for each pavement layer. The seed moduli are
estimated using internal equations, developed from regression. relationships

between pavement layer moduli, load, and various deflection basin parameters

(10).

ISSEM4

ISSEM4 is a mechanistic-based pavement analysis computer program
based on the ELSYMS program. As in most programs, it uses an iterative
procedure of matching the measured surface deflections with the surface
deflections calculated from ELSYMS using assumed elastic moduli. The program ~
uses five deflection points in the backcalculation process for three-layer
structures; however, these points are from a fitted curve of the actual deflection

measurements. A typical three-layer run takes about 5 minutes on a PC (10).

LOADRATE

The LOADRATE program uses a series of regression equations between
load and deflection based on results generated using ILLI-PAVE, The program
was developed specifically for use with surface-treated pavements typical of
secondary roads. Regression equations were developed to relate the nonlinear

elastic parameters of the buik stress model (for the base material) and the deviator

10




2

(for the subgrade material) with the deflections at the load point and

at oﬁ{é distance away’ from the load (6). Since the principal roadway surface

"'jpé:“of interest in-this present study is HMA, and LOADRATE was developed

- surface {reatments, it was not given any further consideration.

The MODCOMP2 program utilizes the Chevron elastic layer computer
program for determining the stresses, Strains and deformations in the pavement
system. Since there is no closed-form solution for determining layer moduli from
surface deflection data, an iterative approach is used that requires an input of seed

moduli for each layer. The basic iterative process is repeated for each layer until

the agreement between the calculated and measured deflection is within the
specified tolerance or until the maximum number of iterations has been reached
. (4 and 10). -

The program capabilities include the following:

1} Up to eight layers can be included in the pavement system.

2) The layer combinations may be linear elastic or nonlinear Stress
dependent.

3) The program is capable of accepting data from several typical
NDT devices (e.g., FWD, Road Rater, and Dynaflect).

4) It is capable of accepting up to six load levels.

The input data required by the program are:

1) Surface deflection and radial distances of geophones from the

center of the load,

11



2). - Applied-load,

3) Poisson ratio,

4) Base and subgrade soil type, and

5) Seed modulus for the pavement layers.
The computed deflections are compared with measured deflection, and the ratio
of adjustment of layer is based on the magnitude of the difference in calculated
deflections. This process is repeated until the difference between the computed

and measured deflection is within the specific tolerance (4 and 11).

MODULUS
MODULUS is a backcalculation program that generates a data base of
modulus deflections using WESS , @ linear-elastic program created by the U.S.
Army Corps of Engineers Waterways Experiment Station in Vicksburg,
Mississippi. This program uses the Hooke-Jeeves® pattern search algorithm for
minimizing the sum of the squared error between calculated and measured
deflections. The algorithm is applied to a data base consisting of a large number
of calculated deflections and their corresponding squared errors for various
predetermined modulus combinations assigned to the pavement layers.
Computation of the data base is performed automatically in MODULUS before
the deflection matching process begin. Once the minimum squared error is
determined from the data base by the pattern search algorithm, a 3-point

Lagrange interpolation technique is used to estimate the calculated deflection basin

and the corresponding layer moduli (6 and 7).

12




Using an ,IBM-AT 286 with an 8086 math co-processor chip,
approximately 30 minutes is required for MODULUS to calculate and develop the
data-base for a fou‘f;Iayer pavement section; however, once- th;: data base is
éomputed, only one to two minutes is required to backcalc;ula—te moduli for each
deflection bowl. The data base, moreover, can be saved and used repeatedly on
similar pavements for analysis of other deflection data. Because of the short turn-
around time to backcalculate moduli, it is now practical to perform the
backcalculation analysis in the field in order to check the reasonableness of data

before moving away from the test site. The program has the capability to handle

both linear and nonjinear material behavior (7 and 12).

-
>
,-n

The OAF program was developed to utilize the deflection data from the
FWD. The procedure requires measurement of deflections at 0, 30, 60, and 100
cm from the applied load. Backcalculation of layer moduli for a specific site
requires inputting the following information into a OAF which uses the ELSYM
program to calculate surface deflections:

1. Surface deflection measurements and load configurations

2. Base type

3. Layer thickness

4. Poisson’s ratio for all layers, and

5. HMA modulus at field pavement test temperature (11)

Essentially, the program solves for the moduli of the various layers by

attaining compatibility between measured and computed deflections (11).

e

S R




SEARCH
: SEABCH was developed at the Texas Transportation Institute, and uses

a pattern-search technique to fit deflection basins with curves shaped like elliptic
integrai functions which represent solutions to the differential equations used in
elastic layer theory. To account for multiple layers, a generalized form of
Odemark’s assumption is used to transform the thickness of all layers to an
equivalent thickness of a material having a single modulus. The input data
include:

1. Thickness of HMA and granular base layers

2. Force applied and radius of loading plate, and

3, Measured deflection values, and their radial distances, from center

of loading plate (4)

The program searches for a set of elastic moduli that fit the measured

basin to the calculated basin with the least average error. The output includes ~

calculated moduli, computed and measured deflections, force applied, and squared

error of the fitted basin (4).

WESDEF

The WESDEF computer program also utilizes WESS5. WESDEF, was
developed by the U.S. Army Corps of Engineers, Waterways Experiment Station.
The program can calculate modulus values for one set of deflections ahd multiple
loads. The deflection data can be entered manually by utilizing the INDEF

program which accompanies the WESDEF program.

14
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COMPARISONS OF PROGRAMS

Ali and Khosla ran four different programs (ELMOD, VESYS,
MODCOMP2, AND OAF) on the same sample data and compared the results to
each other and to laboratory test resuits of pavement materials. Their findings
showed both ELMOD and VESYS had great potential for pavement analysis.
VESYS had the least variation between predicted and laboratory moduli values
with the ratio Mggay/Mrera) Tanging between 0.48 and 1.08 with most values
between 0.77 and 0.97. The ratio values for ELMOD varied between 0.54 and
1.56, with most values between 0.80 and 1.26. Both MODCOMP2 and OAF
predicted moduli which showed large variations from the laboratory values (11).

Lee, Mahoney, and Jackson examined the program EVERCALC and
verified it in two different ways. The first verification approach was to compare
theoretical and backcalculated moduli for a range of three-layer pavement
systems. This was accomplished by using the Chevron N-layer elastic analysis
program to generate deflection basins for specified layer moduli and thickness
conditions. These comparisons showed modest differences (about 8 percent for
HMA, 6 percent for the base course, and less than 2 percent for the subgrade).
The largest differences for HMA were observed for thin surfaces with low
stiffness. As the HMA layer thickness increased, both the base and subgrade
moduli differences increased. The second verification approach was to compare
backcalculated and laboratory moduli based on FWD tests and field material
sampling along with appropriate laboratory testing. The results show the greatest

range of differences for the HMA layers (438 percent to 1 percent difference)

16
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OBJECTIVES OF RESEARCH -

Select an appropriate backcalculation procedure for estimating pavement layer

resilient modulus from FWD deflection measurements.

Compare FWD estimated resilient modulus values with those determined from

laboratory tests.

Develop a preliminary procedure for estimating the resilient moduius of

pavement layers using deflection measurements.

19



Because of the limited time and funds available for this study, no

laboratory testing of pavement materials was possible. Therefore, the evaluation
of candidate programs was made using deflection data taken on a series of
experimental projects built on US 71-167 in 1975-76 for which extensive material
test data was available (15 and 16). Additionally, the initial selection of computer
programs was made on the basis of comparisons and evaluations included in the
technical literature.

To verify the use of the backcalculation approved to other pavement
materials, additional field data should be collected as well as laboratory moduli
determination for those pavement materials. Comparisons between moduli
predicted from backcalculation procedures and moduli measured in the laboratory

will indicate their applicability to other materials.

21



: - METHODOLOGY

In this study the process for selecting a computer program for
backcalculation of pavement layer moduli involved several steps. First a
literature survey was conducted to identify the computer programs which have
shown the best promise for calculating reasonable estimates of pavement moduli.
Once the programs were identified, the results from comparative studies which
used more than one program were reviewed in order to develop a smaller set of
candidate programs which appeared to work best, which required the minimum
amount of prior information about the pavement matcrialé and which could be
used by operators with limited experience. Based on these factors, a set of six
computer programs was selected for use in this study.

After selecting the programs, a series of deflection measurements were
taken by the LTRC research staff on each of the experimental base sites on US
71-167 south of Alexandria. Five deflection tests for each of four different loads
were performed on each of the 18 control and test sections. These deflection data
along with pavement layer data were input into each computer program and the
layer moduli estimated. The average moduli were calculated two different ways:
1) calculating moduli of each layer from individual deflection basins and
averaging the resulting moduli for each layer and 2) averaging all deflection basin
readings for a given load and computing the moduli from this averaged basin and
loading. The estimated moduli were compared to moduli determined from

laboratory tests conducted as part of the experimental base project (15 and 16).
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Statistical comparisons were made using analysis of variance (ANOVA)

techniqu§§_ and the Student-Newman-Keuls, Duncan Multiple Range, and Least
Significant Difference tests. Detailed studies of the results from the 18,000
pound axle load led the authors to conclude that two programs, MODULUS and
WESDEF, provided the best match-up between predicted and measured moduli.

Other factors considered in making a program selection included:

D Seed moduli and range of moduli input requirements,

2) Adjustments for temperature effects on moduli of the HMA

materials,

3) Efficiency of operations when large deflection data sets were being

processed,

4) Ease of use of the program,

5) Ease of keeping the program up to date, and

6) Documentation available on the program.

Based on the above factors, MODULUS 4.0 step 3 was selected as the
most appropriate for use in Louisiana. Additionally a preliminary procedure for
collecting NDT data was prepared as a part of the effort. The principal objective
of the field data collection effort was to provide pavement layer moduli input for
use in overlay rehabilitation, and original design according to the 1986 AASHTO

Design Guide,

24



: ANALYSIS OF RESULTS

BACKCALCULATION PROGRAMS SELECTED FOR THIS STUDY

The original research plan included securing as many of the programs as
possible and then using a common set of field deflection data to determine which
programs performed best in backcalculating pavement layer moduli. Project staff
encountered considerable difficulty both in securing copies of the computer
programs and getting them to work on the project computer. Additionally the
LTRC staff experienced unavoidable delays in taking delivery of the FWD and
tow vehicle. As a result project staff were unable to secure deflection data in
enough time to evaluate a large group of the computer programs. Therefore, the
selection of candidate programs was made using results from the technical
literature described in the previous sections.

Project staff initially selected six computer programs for use in the balance
of the study:

1. BOUSDEF

2. ELSDEF

3. EVERCALC

4. MODCOMP2

5. MGDULUS

6. WESDEF

25




These programs appeared to be representative of those discussed in the literature
and typically used in comparisons studied. Additionally, most of the programs
have been developed for and adopted for use by agencies involved in routine
NDT evaluations.

The developers of each of these programs were contacted and copies were
received for all but MODCOMP2. However, the project staff was unable to get
ELSDEF to work on the available PC and, after considerable effort, eliminated
it from the study. Several telephone calls were made to determine the status of
MODCOMP2 but because of some variations in surface deflections in the vicinity
of the load experienced with the CHEVRON elastic layer program, MODCOMP?2
was withheld from project staff unti] the problems were solved. Consequently,
the programs listed in Table 1 represent the four candidate backcalculation
programs utilized in the balance of the project. All programs are in the public
domain.

BOUSDEF is a new program based on the method of equivalent
thicknesses which has not been widely tested and it is reported to have short run
times. A new version of EVERCALC (EVERCALC 3.3) was just distributed in
February 1992. MODULUS 4.0 was chosen because it has fared very well in
comparisons both in the literature and by reputation among the pavement modulus
research community. WESDEF was readily obtained from the Corp of Engineers
and has been used extensively in their pavement evaluation work, and fared well

when predicted moduli were compared with laboratory determined moduli.

26




Table 1.

Backcalculation Computer Programs

e Layered Number
g Program Elastic of Saff Creator Ref.
' Name Program Layers Layer
Method
of (for)
BOUSDEF Equiv- 5 NO Oregon 5
alent DOT
Thick-
nesses
(for)
EVERCALC | CHEVNL 5 YES | Washington 17
33 State DOT
Texas
MODULUS WESS 4 YES | Transportation 18
4.0 Institute
U.S. Army
WESDEF WESS 5 YES | Corps of 19
Engineers
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DESCRIPTION OF TEST SITE AND LABORATORY DATA

This proje‘c,;; utilized a series of test sections located in central Louisiana,
between the communities of Meeker and Chambers in Rapides Parish as shown
in Figure 1. The test sections are located on a portion of US 71-167 which
accommodates a moderate volume of mixed vehicular traffic. The terrain at the
site is generally flat with poor drainage and the subgrade material is a relatively
uniform, fine-grained soil. The average daily air temperature at the test site
ranged from 39°F to 84°F and the annual rainfall ranges from 55 to 60 inches
(15).

The test site contained eighteen sections; fourteen test sections and four
control sections arranged as shown in Figure 2. The control sections were used
as control sections in the previous study by Hadley (15); however, in this
research study the control sections were treated the same as the test sections.
Included in the cross sections are three different base types (black base, soil
cement, and cement stabilized sand-clay-gravel) of several thicknesses, and two
hot mix asphalt (HMA) surface thicknesses. Each section is approximately 550
feet long with a 50 feet transition zone between adjacent sections. Construction
of the test sections began in 1975 and was completed 1976 (15). All sections
were recently overlaid with a 3-inch layer of HMA.,

The properties of each test section material were measured in the
laboratory as part of a previous LTRC research project and reported by Hadley
(15). The average of the laboratory values were determined in order to compare

the computer backcalculated values obtained from each computer program to the
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laboratory determined values, in order to assess the ability of each program to

estimate the measured moduli.
The average layered modulus (tn psi) values from Hadley (15) are given
in Table 2. Hadley determined the properties of the surface and base materials

using the indirect tensile test. Values used in this report were determined by first

calculating the mean and standard deviation of all the data; next the outliers were

removed using a 5 percent significance level; the mean was recalculated using the
remaining data. Properties of the subgrade soil were determined using a tri-axial
resilient modulus test. Values used in this report were determined in the manner
described for surface and base materials. The individual test values were
extracted from Tables 46-50, 52, and 56 of reference 15. The resilient modulus
values from field cores taken from each of the materials are summarized in
Volume 2-Appendix 1.

Poisson’s ratio for the materials is shown in Table 3. These values were
determined from laboratory tests on field cores secured after construction using

the material described in reference 15.

FEATURES TO BE CONSIDERED DURING THE SELECTION PROCESS

When selecting a backcalculation program several features should be
considered. To begin with, it is important to determine how extensively the
program has been used in past research studies and, if possible, how well the

backcalculated moduli from a program compare with moduli values determined.
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Table 2.

Average Laboratory Moduius Values for Layers
2, 3, and 4 As Secured From Hadley (15)

Section Layer 1* Layer 2 Layer 3 Layer 4
c-1 500000 540000 371400 6175
C-2 500000 540000 449100 6384
C-3 500000 540000 477500 8769
C-4 500000 540000 378600 13074
T-1°¢ 500000 563000 494500 6546
T-2 500000 563000 449400 7229
T-3 500000 563000 494500 11367
T-4 500000 563000 594000 12851
T-5 500000 563000 494500 11282
T-6 560000 563000 560900 8397
T-7 500000 563000 494500 7479 —
T-8 500000 563000 616000 9620
T-9 500000 563000 408300 13415
T-10 500000 563000 564000 14710
T-11 500000 563000 494500 12812
T-12 500000 563000 500000 11266
T-13 500000 563000 500000 11827
T-14 500000 563000 494500 14257

*The modulus values for layer 1 (overlay) were not determined in the
laboratory, but were assumed to be reasonable values.

*C-1 indicates control section 1 as shown in Figure 2.

°T-1 indicates test section 1 as shown in Figure 2.
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Poisson's Ratio for Each Material As Determined
From Test On Field Cores (16)

Table 3.

Material Poisson’s Ratio
HMA 0.35
Soil Cement 0.18
Sand Clay Gravel 0.10
Subgrade 0.49
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It is also desirable to determine how often the program predicts moduli that are
~ out of a reasonable range for the material being evaluated. -

Finally, the program requirements, ease of use of the program, and the
required technical expertise of the Operator are important also. Included in this
last group of factors is the basic mathematical theory used in the program, type
and size of computer required, length of run time for the program to generate
output, availability and ease of understanding the user’s guide, and availability of

help from the developers of the program.

DETERMINATION OF SEED MODUL]

The range of typical modulus values expected for various pavement
materials has to be determined and input for some of the computer programs.
These initial estimates of moduli are called the seed moduli. Range of the seed
moduli for the pavement layers were estimated in the following manner, The
range of test results for the HMA material tested by Hadley (16) was from
100,000 psi to 1,200,000 psi for a standard reference temperature of 77°F. Since
the FWD data were performed at temperatures other than 77°F, the HMA seed
moduli had to be corrected for temperature. The temperature correction was
secured from a semi-log plot of "stiffness correction factor" vs temperature shown
in Figure 3 (18). The seed modulus for a particular test was estimated by
multiplying the correction factor derived from Figure 3 by the range of moduli

secured from Hadley’s laboratory data,
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The range of moduli for the cement stabilized layers was estimated to be

from 100,000 psi to 1,000,000 psi with Hadley’s mean laboratory value used as
the seed modulus. The range of moduli for the subgrade was estimated to be
from 1,000 psi to 25,000 psi, with the seed modulus being the mean laboratory
value. Volume 2 -- Appendix 2 contains a procedure for estimating seed moduli
for various layers that was secured from reference 19 and 20. This procedure
can be used for pavements where the pavement properties are unknown. The
procedure was checked for the experimental test sections and appears to work
well, except for cement stabilized bases, where the estimated values were found
to be too small when compared to Hadley’s laboratory results for the cement

stabilized materials.

PROGRAM OPERATION TO ESTIMATE Mg

Each of the four computer programs required the same types of input data
and each creates an output file of backcalculated moduli. A brief description of
the operation of each program is included in the following paragraphs. The

program and option designations used in this portion of the project are defined

below:
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1 = MODULUS step 2.

2 = MODULUS step 3.

3 = EVERCALC with no rigid layer.

4 = EVERCALC with rigid layer.

5 = EVERCALC with rigid layer and high water table.
6 = WESDEF

7 = "BOUSDEF

Program 1, MODULUS step 2, is designed for a user who is familiar with
material information but who has limited experience with modulus backcalculation
techniques. For this option the user selects the material types, thicknesses for the
pavement layers, and pavement temperature at time of testing, and the program
assigns the range of acceptable moduli and Poisson’s ratio values to be used in
the analysis. MODULUS is a menu driven program. To begin the program, the
following inputs for the data input option of the program are required:

- file name,

- highway and location, ,

- station number where the tests were performed,

- number of deflection bowls included in the data
set,

- load apphed to pavement,

- lane tests were performed in, and

- deflection reading for each sensor.

Once the input file has been generated and saved, the backcalculation step in the

program can be run. This step requires that the input file name and the data set
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be defined by indicating beginning and ending stations, then it is necessary to

select Step 2) "input material types.” Now the program requires:

1

load plate radius,

number of sensors and their distance from the

center of the plate,

surface thickness,

aggregate type,

- average or range of values for the HMA modulus
adjusted for temperature at time of test,

- HMA temperature at time of deflection testing,
the program automatically adjusts the moduli
to standard temperature of 77°F,

- base and subbase type and thickness, and

- subgrade type.

Now the program backcalculates the modulus value for each layer of the
pavement. Once the program has completed the backcalculation process, the
output is stored and can be printed. The run time for this program is
approximately two minutes on a 386, 40 megahertz IBM PC or compatible”
computer.

Program 2, MODULUS step 3, is designed for the more knowledgeable
user. Program 2 has the same input option as program 1. After the input has
been entered and saved, the backcalculation option can be executed. As for
program 1, the operator must enter the input file name and define the data set
with beginning and ending station, then it is necessary to select Step 3) "Run a
Full Analysis." In this option the user supplies all of the input parameters needed
to perform the analysis.  The user has full control over all of the inputs used in
the analysis. This is in contrast to MODULUS step 2 where the computer

program assigns layer moduli and Poisson’s ratios using typical values for similar
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{erials as def’méd by staff at TTL For step 3 the program requires the

sllgwing input: - o
- load plate radius,
- number of sensors and their distance from the

center of the plate,

. thickness of each pavement layer,

- range of moduli values for each pavement layer,
_ Poisson’s ratio for each pavement layer, and

_ seed modulus and Poisson’s ratio for the

subgrade.

- Now the program backcalculates the modulus value for each layer in the

pavement structure and stores the output which can be printed. MODULUS step

3 takes approximately 2.5 minutes on a 386, 40 megahertz IBM PC or a

compatible computer.

Program 3 is EVERCALC without a rigid layer and is also menu driven.

To begin option 1) "Edit General Data File" must be selected to begin preparing

the input file:

- file name,
- number of layers,
- units {english or metric),

- load plate radius,
number of sensors and their distance from the

center of the load plate,

temperature correction option,
method of temperature measurement (direct or

Southgate method),
method of estimating seed moduli (internal

equations or engineering judgment),

stiff layer option,

maximum number of iterations before terminating
the run,

- deflection tolerance in percent, and

- modulus tolerance in percent.

i

For this option of EVERCALC, "no" was selected for the stiff layer option.

Program developers suggest that the maximum number of iterations be set at 3,
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5, or 10 (all are considered acceptable) and that the deflection tolerance range
from 1 to 10 percent. After the general data file has been generated and saved,
step 2) "Enter Deflection Data Interactively” is selected for each pavement cross

section. In this step the following input is required:

file name for each layer,
Poisson’s ratio for each layer at standard

temperature of 77°F,

- seed modulus for each layer at standard
temperature of 77°F,

modulus range,

station number where test was performed,

thickness for each layer,

number of deflection data sets,

temperature of the pavement at the test site, the
program automatically adjusts moduli to
standard conditions,

- load applied to pavement, and

- deflection at each sensor.

Once this file is saved, the program goes back to the main menu and step 3)
"Perform Backcalculation” can be selected. In this step, the program
backcalculates the modulus for each layer and saves it in an output file. The run
time for the EVERCALC program is approximately 1.5 minutes on a 386, 40
megahertz IBM PC or compatible computer.

Program 4, EVERCALC run with a rigid layer, is run just like program
3 except in the general data file the stiff layer option is indicated by a "yes" and
in step 2 the stiff layer modulus value and Poisson’s ratio must be input. The
developers recommend that the stiff layer modulus value be 10 times the modulus
value for the subgrade (17). This version of EVERCALC also takes

approximately 1.5 minutes on a 386, 40 megahertz IBM PC or compatible

computer.
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C run with 2 rigid layer and a high water table, 18

the developers suggest that the stiff layer

o 2 or 3 times the modulus value for the subgrade

f EVERCALC also takes approximately 1.5 minutes on 2

gM PC of compatible computer.
is not menu driven. Data is input through a

WESDEF,

NDEF with the following input required:

- file name,
- number © r distance from the

center O

f sensors and thei
f the load plate,

- deflection for each sensor,
_ pumber of loads pet deflection bowl,
- 1oad applied 10 the pavement,

- load plate radius,

- number of pavement layers,
- layer type,
. seed moduli and range for each layer,
- layer thickness, and -
he

(adhesmn between t

- ship condition
from full adhesion

layers, ranges

to full slip).

he input information 18 entered and stored, the INDEF program can be
and the WESDEF program can be executed. After identifying an output

ute the backcalculated modulus

name, the WESDEF program can comp
The WESDEF program takes approximately 0.5 minutes on a 386, 40
lahertz IBM PCor compatible computer. However, only on¢ deflection basin
ram. Fora second deflection basin, INDEF

rime can be input into the prog
t entered for the second basin and then WESDEF is run.
us job using the WESDEF

.ust be called, the Inpu

evaluate an extensive set of deflection dataisa ted1o
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Program 7, BOUSDEF, is menu driven and requires the following input:

- input file name,

- number of layers,

- thickness of each layer,

- Poisson’s ratio of each layer,

- seed moduli and range for each layer,

- density of each layer,

- load plate radius,

- number of sensors and their distance from the

center of the load plate,

- load applied to pavement,

- deflection at each sensor,

- deflection error tolerance in percent, and

- maximum number of iterations.
Once the input file is stored, the backcalculation step of the program can be
executed. The program predicts modulus values one load at a time, and requires
that the key-board operator be present throughout the program run to finish its
backcalculation technique. The program does not automatically create an output
file and therefore the final results must be printed, using the print screen key on
the computer before continuing with the next deflection basin. This program

takes approximately 0.5 minutes on a 386, 40 megahertz IBM PC or compatible

computer.

PROCEDURE FOR STATISTICAL ANALYSIS

In this project all statistical work was performed by the Statistical Analysis
System (SAS) computer package which can perform regression procedures,
analysis of variance, and many other statistical operations. The analysis of

variance (ANOVA) procedure was utilized during this project to develop
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information with which means can be tested to determine if one set of
observations are significantly different from another. ANOVA calculations are

recorded in an ANOVA table similar to that shown below.

Source DE SS MS F-value

Model Df, SSM MSM F %
Error Df, SSE MSE
Corrected Df, SST

Total

The output table has the following column titles: source, degrees of freedom (df),
sum of sgquares (SS), mean squares (MS), and F-value, The source column
includes model, error, and corrected total categories. The degrees of freedom .
section includes the degrees of freedom for each of the three categories listed in

the source column. The sum of squares column includes the sum of squares

results for each of the three source categones. The mean squares column
includes the mean squares of the model and error, the values for these two are
calculated by dividing the S8 by the df for the respective categonies. The F-value
18 calculated by dividing the mean square of model (MSM) by the mean square
of error (MSE) and this calculated value is compared with a tabulated F-values
for the number of degrees of freedom as the model and the error terms to
determine whether the source elements are significant or not.

In an attempt to determine which of the backcalculation programs

produced average moduli most like the laboratory determined values, three
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signiﬁcance__ tests were _utilized; 1) Student-Newman-Keuls (SNK) Test for
Variance, 2) Duncan’s Multiple Range Test, and 3) Least Significant Difference
(LSD) Test. All three tests use results from the ANOVA i)roncedure.
Student-Newman-Keuls test is a good test because it allows investigation
of all possible pairs of means in a sequential manner, has very good power, and
keeps the level of significance constant for investigation of all pairs of means.
The SNK test procedure is as follows. First arrange the means in rank position

from largest to smallest.

RANK NUMBER 1 2 3 4
GROUP NAME B D C A
GROUP MEAN 8.7 6.8 5.7 5.0

Then prepare a table of differences between means from the largest differences
(column K) to the smallest (column K-2) in all possible pairs forming a triangular
arrangement. The differences for the first row are computed by subtracting from
the largest mean (1) each of the other smaller means: 1-4, 1-3, 1-2 which
correspond to the means for groups B-A, B-C, and B-D. The second row is
computed by subtracting from the next largest mean (2) each of the other smaller
means: 2-4, 2-3 which correspond to the means for groups D-A and D-C
beginning with the largest difference for the K® column. The third row is
computed by subtracting from the next largest mean (3) each of the smaller

means: 3-4 which correspond to the means for group C-A.
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4 3 2
B-A B-C B-D
D-A D-C

C-A

Next a list of the least significant ranges is calculated for each of the columns K,

K-1, and K-2 using the following procedure:

where:

q.(k.df) =

MSE =

R, = q.(k,df)S, (Eq. 2a)
Ry, = g.(k-1,df)S, (Eq. 2b)
Ry, = q.(k-2,df}S, (Eq. 2¢)

upper percentage point for Studentized range for desired o (found
in statistics tables).

Level of significance.

Number of means evaluated.

Degrees of freedom from error from the ANOVA table.
Standard error of the mean (MSE/n)*.

Mean square of error from the ANOVA table.

The next step is to compare the values in the triangular table to the

calculated value for R,. Look at each diagonal element and compare R, to the

values in the column for k. If any value in the diagonal element is larger than
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the calculated value, R,, then the two means are significantly differen. Repeat
the comparison for R, and the differences in the diagonal element k-1 angd for
Ry, and diagonal element k-2 (22).

Duncan’s Multiple Range Test is a test that determines if a group’s mean
is significantly different from each other. The test is performed by taking all of
the sample means (k), arranging them in increasing order of magnitude, and then
calculating the differences between the adjacen-t sample means. Next, the
existence of significant variation between each of the two groups of (k-1) adjacent
ordered means is checked. The range of group one is computed by subtracting
the first mean (the smallest) from the (k-1) mean, this value is compared to a
standardized R, value (defined later). If the standardized valye is less than the
calculated range then the first mean and the (k-1)} mean are significantly differeng”
The same procedure is repeated for the range of group 2, the second mean in
order of magnitude is subtracted from the k® mean (the largest). If a set does not
give a significant result, it is concluded that the variability of means within that
group of (k-1) is random and no further testing for differences within that group
of (k-1) means is warranted. This result is indicated in the table of means by
underlining with a common line the range of means that produced the not
significant result. If there is a significant difference between the means, all the
sets of (k-2) adjacent ordered means in the block are examined, and so on. This

procedure is illustrated in the following section (23).
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Group Means T A B C D E

k =35)

where A is the smallest and E is the largest.
In the (k-1) step the interval for testing is 5-1=4, therefore mean A is compared
to mean D and mean B is compared to mean E as these 2 sets are the only sets
with a difference of 4. (D - A) and (E - B) are calculated and compared to the
calculated R, value. If (D - A) is larger than R, then all means from A through
D are significantly different and it is time to repeat the process but using (k-2)
and an updated value for R,. If (D-A) is smaller than R, then there is no
significant difference between the means from A through D, and no other tests
are required for means A through D.

At each stage, the test consists of comparing the range of the group of

adjacent means under study with a critical limit, R,, which is calculated as:

R, = C(g,»,a)(MSE / n)* (Eq. 3)

where

C(g,r,a) = a constant found in statistical tables,

g = number of groups,

v = degrees of freedom for error, from ANOVA table,

significance level,

o
MSE = mean square of error, from ANOVA table,

n = number of observations in group.
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Least Significant Difference (LSD) is a measure of how far apart the
group means need to be to show significance. Significance can be determined if

the difference between group means is greater than the LSD value.

LSD = (t., pre)(S)(@/m)* | (Eq. 4)

where o = significance level,
DFE = degrees of freedom for error, from ANOVA table,
(t. pre) = t-table value,

S

I

root mean square of error = (MSE)%, from ANOVA table,

n = number of data per group.

These tests were selected because they represent the most commonly used
tests in statistical research. Three tests were used because multiple comparisons
using any one of the three tests, such as used in this project, are not faultless
indicators; therefore three were used to see if any of the three would indicate
significant differences from the different types of tests. However, it is important
to note that when multiple comparisons are interpreted, failure to reject the
hypothesis that two or more means are equal should not lead to the conclﬁsion
that the population means are in fact equal. Failure to reject the null hypothesis
implies only that the difference between population means, if any, is not large

enough to be detected with the given sample size (24).
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STATISTICAL COMPARISONS OF MODULI

The deflection data collected by LTRC staff from the KUAB Falling
Weight Deflectometer for each section is included in Volume 2 -- Appendix 3.
Each section was tested at five different locations within the 500 feet length and
at each test location four different loads were applied. The loads ranged from
approximately 3,500 up to 14,000 pounds which correspond to axle loads of
7,000 to 28,000 pounds. Measured deflections from each load were input into
each of the programs in order to backcalculate the layer modulus values for each
pavement layer.

Initially, all of the load and deflection data were included in a single

analysis and interpretation was found to be very difficult. All of the predicted
modull were significantly different from the laboratory data, primarily because
of the stress sensitivity of some pavement layers. This can be expected since the
laboratory moduli were developed for an 18 kip load stress level; therefore it was
more appropriate to compare laboratory data with predicted data from the 9 kip
wheel load.

Therefore, since the 18 kip single axle load is the design load for highway
pavements, the project staff decided to concentrate on results with that load to
determine if any of the backealculation programs appeared to be superior to the
others. This decision decreased the number of deflection basins to one per
location, or five per section. Each program was run using both these individual
deflection basins, which were evaluated for each section, and an average of the

five deflection basins for each section with the average deflection basin used as
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input for eaz:h program. These average values are included in Volume 2 --
Apﬁen&ix 4, and-the computer generated moduli generated from both individual
and average deflections are shown in Volume 2 - ‘Appendix 5.

When performing a statistical evaluation of the results from the programs,
the sections were grouped by similar characteristics, i.e, the sections with black
base layers were grouped together, the sections with a soil cement base were
grouped together, and the sections with a cement stabilized sand clay gravel base
were grouped together. Also sections with a soil cement base were analyzed
separate from the control sections since the control sections had an unusually
thick HMA bases (after combining the old surface and old base into one layer).
Since Hadley’s laboratory data showed the stabilized sapd clay gravel and the soi]
cement material had virtually the same modulus value, these two base types were
combined into one group, and analyzed both with and without the contro]
sections.  All of the above mentioned groupings were also evaluated using
average moduli estimated from both individual and averaged deflections.

A comparison between predicted moduli and measured laboratory moduli
that showed no statistical difference is denoted in the output Tables 4-10 by "no
significant difference.” Comparisons that were significantly differnt are denoted
in the output tables by a blank. The statistical analysis output data have been
summarized for each computer program to show for each pavement layer which
base type results are not significantly different from the laboratory values and
which statistical test produced the not significantly different result. The summary

from this series of SAS output are contained in Tables 4-10 (the actual SAS
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AP E—TIILE

Table 4.

3

Results of Significance Test Which Compared The Various Material Moduli Predicted
From Program 1 With The Laboratory Measured Moduli for Pavements With
Different Bases

BASE TYPE LAYER | | LAYER 2 | LAYER 3 | LAYER 4

BLACK BASE! 12,3

AVG.} BLACK BASE 123

SOIL CEMENT! 1 1,2.3

AVG. SOIL CEMENT 1.2.3 1.2.3 i

SOIL CEMENT! 1,2,3 1 :
NO CONTROL

AVG.? SOIL CEMENT 1,2,3 1,2,3
NO CONTROL

CEMENT TREATED 1 1,2,3

SAND CLAY GRAVEL!

AVG.2 CEMENT 1,2,3 1,2,3

TREATED SAND CLAY

GRAVEL

SOIL CEMENT AND -
CEMENT TREATED
SAND CLAY GRAVEL'

AVG.” SOIL CEMENT 1,2,3 1,2,3
AND CEMENT TREATED
SAND CLAY GRAVEL

SOIL CEMENT AND 1

CEMENT TREATED

SAND CLAY GRAVEL'
NGO CONTROL

AVG.? SOIL CEMENT 1,2,3 1,2,3

AND CEMENT TREATED

SAND CLAY GRAVEL
NO CONTROL

1. Moduli backcalculated from individual deflection basins.
2. Number Key
I = No'significant difference from Student-Newman-Keuls test.
2 = No significant difference from Duncan Multiple Ranfge test.
3 = No significant difference from Least Significant Difference test.

3. Moduli backcalculated from the average of five deflection basins.
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- Table 5.

Results of Significarice Test Which Compared The Various Material Moduli Predicted
From Program 2 With The Laboratory Measured Moduli for Pavements With
Different Bases

BASE TYPE LAYER 1 | LAYER 2 | LAYER 3 |LAYER 4
BLACK BASE! 1,2,3 1,2,3
AVG.’ BLACK BASE 1,2,3 1
SOIL CEMENT! 1,2,3 1,2,3
AVG. SOIL CEMENT 1,2,3 1,2.3 1,2.3
SOIL CEMENT! 1,2,3 1,2,3
NO CONTROL
AVG.’ SOIL CEMENT 1,2,3 1,2,3 1,2,3
NO CONTROL
CEMENT TREATED 1,2,3 1,2,3
SAND CLAY GRAVEL!
AVG.? CEMENT 1,2,3 1,2,3 1,2,3

TREATED SAND
CLAY GRAVEL

SOIL CEMENT AND 1,2,3 1,2
CEMENT TREATED -
SAND CLAY GRAVEL!

AVG.’ SOIL CEMENT 1,2,3 1,2,3 1,2,3
AND CEMENT TREATED
SAND CLAY GRAVEL

SOIL CEMENT AND 1,2,3 I,2

CEMENT TREATED

SAND CLAY GRAVEL!
NO CONTROL

AVG.? SOIL CEMENT 1,2,3 1,2,3 1

AND CEMENT TREATED

SAND CLAY GRAVEL
NO CONTROL

1. Moduli backcalculated from individual deflection basins.

2. Number Key
1 = No’significant difference from Student-Newman-Keuls test.
2 = No significant difference from Duncan Multiple Range test.
3 = No significant difference from Least Significant Difference test.

3. Moduli backcalculated from the average of five deflection basins.
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Table 6,

Results of Significance Test Which Compared The Various Material Moduli Predicted
From Program 3 With The Laboratory Measured Moduli for Pavements With
Different Bases -

BASE TYPE LAYER 1 | LAYER 2 LAYER 3 | LAYER 4
BLACK BASE' i,2,3?
AVG.? BLACK BASE 1,2,3
SOIL CEMENT!
AVG. SOIL CEMENT I 1,2.3 1,2.3 : f
SOIL CEMENT! l 1,2,3
NO CONTROL
AVG.? SOIL CEMENT 1,2,3 1,2,3
NOQ CONTROL
CEMENT TREATED I 1,2,3
SAND CLAY GRAVEL!
AVG.? CEMENT 1,2 1,2,3

TREATED SAND
CLAY GRAVEL

SOIL CEMENT AND o
CEMENT TREATED
SAND CLAY GRAVEL!

AVG.’ SOIL CEMENT 1,2,3 1,2,3 1,2,3
AND CEMENT TREATED
SAND CLAY GRAVEL

SOIL CEMENT AND 1,2,3 1,2,3

CEMENT TREATED

SAND CLAY GRAVEL!
NO CONTROL

AVG.® SOIL CEMENT 1,2,3 1,2,3

AND CEMENT TREATED

SAND CLAY GRAVEL
NO CONTROL

1. Moduli backcalculated from individual deflection basins.
2. Number Key
1 = Nosignificant difference from Student-Newman-Keuls test.
2 = No significant difference from Duncan Multiple Range test.
3 = No significant difference from Least Significant Dif erence test.

3. Moduli backcalculated from the average of five deflection basins.
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Results of Sign'iﬂcance Test Which Compared The Various Material Moduli Prcdicteé
From Program 4 With The Laboratory Measured Moduli for Pavements With

Different Bases

Table 7.

AND CEMENT TREATED
SAND CLAY GRAVEL
NO CONTROL

BASE TYPE LAYER 1 | LAYER2 | LAYER3 |{LAYER 4
BLACK BASE! 1,2,3 '}
AVG.? BLACK BASE 1,2.3 1,2,3 ;
SOIL CEMENT! 1,2,3
AVG. SOIL CEMENT 12,3 1.2.3 123
SOIL CEMENT! 1,2,3 1
NO CONTROL
AVG.> SOIL CEMENT 1,2,3 1,2,3
NO CONTROL
CEMENT TREATED 1,2,3 1,2,3
SAND CLAY GRAVEL!
AVG.? CEMENT 1 1,2,3 N
TREATED SAND
CLAY GRAVEL
SOIL CEMENT AND 1,2,3 1,2,3
CEMENT TREATED .
SAND CLAY GRAVEL'
AVG.? SOIL CEMENT 1,2,3 1,2,3 1,2
AND CEMENT TREATED
SAND CLAY GRAVEL
SOIL CEMENT AND 1,2,3
CEMENT TREATED
SAND CLAY GRAVEL!
NO CONTROL
AVG.> SOIL CEMENT 1,2,3 1,2,3

1. Moduli backcalculated from individual deflection basins.

2. Number Key

1 = No significant difference from Student-Newman-Keuls test.
2 = No significant difference from Duncan Multiple Range test.
3 = No significant difference from Least Significant Difference test.

3. Moduli backecalculated from the average of five deflection basins.
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Table 8.

Results of Significance Test Which Compared The Various Material Moduli Predicted
From Program 5 With The Laboratory Measured Moduli for Pavements With

Different Bases :
BASE TYPE LAYER 1 | LAYER 2 LAYER 3 LAYER 4
BLACK BASE' 1,2,3?
AVG.? BLACK BASE 1,2,3 1
1
MENT 1’2"3 15213
AVG. SOIL CEMENT 1,2,3 1.2.3 1,2,3
OIL CEMENT! 1,2,3 1
SNO CONTROL
AVG.2 SOIL CEMENT 1,2,3 1,2,3
NO CONTROL
ENT TREATED 1,2,3 1,2,3
gE%J{D CLAY GRAVEL'
AVG.? CEMENT 1 1,2,3

TREATED SAND
CLAY GRAVEL

SOIL CEMENT AND 1,2,3 1,2,3
CEMENT TREATED =

SAND CLAY GRAVEL!

AVG.’ SOIL CEMENT 1,2,3 1,2,3 1,2,3
AND CEMENT TREATED

SAND CLAY GRAVEL

sOIL CEMENT AND 1,2,3 1

CEMENT TREATED
SAND CLAY GRAVEL!

| NO CONTROL

AVG.? SOIL CEMENT 1,2,3 1,2,3
AND CEMENT TREATED

'AND CLAY GRAVEL
NO CONTROL

1. Moduli backcalculated from individual deflection basins.
2. Number Key
1 = No significant difference from Student-Newman-Keuls test.
2 = No significant difference from Duncan Multiple Range test.
3 = No significant difference from Least Significant Difference test.

3. Moduli backcalculated from the average of five deflection basins.
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Table 9.

Results of Significance Test Which Compared The Various Material Modyj; Preg;
From Program 6 With The Laboratory Measured Moduli for Pavements With
Different Bases - -

——

BASE TYPE

LAYER 1

LAYER 2

LAYER 3 f_LAYER

BLACK BASE!

AVG.® BLACK BASE

1,232

1,23

SOIL CEMENT!

1,2,3

1,23

AVG. SOIL CEMENT

1,2.3

1,2.3

1,2.3

1.2.3

SOIL CEMENT!
NO CONTROL

1

1,2,3

AVG.’ SOIL CEMENT
NO CONTROL

1,2,3

1,2,3

1,2,3

CEMENT TREATED
SAND CLAY GRAVEL'

1,2,3

1,2,3

1,2,3

AVG.2 CEMENT
TREATED SAND
CLAY GRAVEL

1,2,3

1,2,3

1,2,3

SOIL CEMENT AND
CEMENT TREATED
SAND CLAY GRAVEL!

1,2,3

1,2,3

AVG.’ SOIL CEMENT
AND CEMENT TREATED
SAND CLAY GRAVEL

1,2,3

1,2,3

1,2,3

1,2,3

SOIL CEMENT AND

CEMENT TREATED

SAND CLAY GRAVEL!
NO CONTROL

1,2,3

AVG.? SOIL CEMENT
AND CEMENT TREATED

1,2,3

1,2,3

1,2,3

1. Moduli backcalculated from individual deflection basins.

2. Number Key

1 = No'significant diffe
2 = No significant difference from Duncan
3 = No significant difference from Least Sj

3. Moduli backcalculated from the average of five

rence from Student-
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Table 10.

ce Test Which compared The Various Material Moduli Predicted
with The Laboratory Measured Moduli for Pavements With

Different Bases

_AYER 1 | LAYER2 |LAYER3 |LAYER4
1,22
BASE 1,2.3
g 1.2.3
MENT 123 1123 12
1 12,3
MENT 12,3 1,2,3
EATED 12,3 12,3
RAVEL! o
123
AND 12,3 )
EATED
GRAVEL'
CEMENT 1,2,3 1,2,3 1,2
ENT TREATED
Y GRAVEL -
NT AND 1 123
TREATED
AY GRAVEL'
IL CEMENT 1,2,3 1,2
ENT TREATED
AY GRAVEL

oduli backcalculated from individual deflection basins.

umber K
1 S Ngysigniﬁcam gifference from Student-Newman-Keuls test.
2 = No significant difference from Duncan Multiple R'fmfgc test.
3 = No significant difference from Least Significant Difference test.

' Moduli backcalculated from the average of five deflection basins.
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output is included in Volume 2 -- Appendix 6). In order to more easily digest these
resulis a summary table has been prepared to show the number of results which were
not significantly different results by layer and by prégrgam. This analysis is described
in the next section.

When attempting to evaluate all the programs to determine which one appears
to work best for Louisiana materials, three things were considered; 1) results from the
statistical analysis which determined for each program the number of times that
calculated moduli results for each layer were not significantly different from the
laboratory moduli determined by Hadley (15); 2) the percentage of times that the
predicted modulus values g0 to either the upper or lower limit of the moduli range
during the iterations in the backcalculation process; and 3) the capabilities and ease of

use of each program, -

Results of the Statistical Analysis of Modulus Results

In the statistical analysis, the backcalculated modulus for each layer was
compared to the laboratory value determined for that material by Hadley (15). If the
difference between the backealculated and measured modulj was not significant, the
program which generated the modulus from deflection data was Jjudged to be an
adequate prediction of modulus, Using the deflection data on all test sections, the -
results from the statistical analysis are summarized in Table 1] which was prepared

from the data contained in Tables 4-10 showing by sections which layers had
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Table 11.

Y

Number of Section Types By Layer Where the Moduli Predicted From Fwp
Deflections Were Not Significantly Different From Measureqd Laboratory Moduli

Program Layer 1 Layer 2 | Layer 3 Layer 4

1 11 3 5 0
2 12 5 8 4 5
3 11 2 8 0

L 4 12 4 7 0 T
S 12 5 8 0

L
6 11 4 8 Y
7 11 2 8 0 )
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predicted moduli not significantly different from laboratory moduli for eac
Inall caseé a 5 percent I-evel of significance was used. Based on the modul; res
-program 1 as shown in Table 11: oo |
a) The predicted moduli for layer 1 were not significantly different §
measured laboratory moduli for 11 of the 12 test sections,

b) The predicted moduli for layer 2 were not significantly different .
measured laboratory moduli for only three of the 12 section types

the remaining nine sections types, the predicted moduli were signiﬁ_'

different from the laboratory values.

¢) The predicted moduli for layer 3 were not significantly different ffﬁ
measured laboratory moduli for only five of the 12 sections types

the remaining seven sections, the predicted moduli were significant]

different from the laboratory values.

d) For the subgrade moduli from program 1, all predicted moduli for the.

section types were significantly different from the laboratory values.

The remaining six programs can be analyzed in the same manner as program
by examining the data in Table 11.
From Table 11, four of the programs appear to more accurately predict modui
than the rest. The programs with the larger overall numbers recorded in Table 11 ar
2, 4,5, and 6, with 2 and 6 having the largest numbers of non-significant results. Th

next section contains a program to program comparison of the output from these four.
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(2 vs4) -~ For layers 2 and 3 program 2 has one more section where the predicted
| moduli are r-10t significantly different from the lab data than does program
4, and for the subgrade program 2 has four sections where the predicted
moduli are not significantly different from the laboratory data while
program 4 has none (Table 11). Output from program 4 is not
significantly different from the lab data for the average of all the black
bases for layer 2 (Table 7) while output from program 2 is significantly 3
different {Table 5). However, output from program 2 for individual
deflection basins is not significantly different from the lab data for both
black base and soil cement for layer 2 (Table 5) while outputs from
program 4 are significantly different (Table 7).
(2vs5) - For layers 1, 2, and 3 program 2 has the same number of section types
where the predicted moduli are not significantly different from the lab
values as program 5, however, for layer 4 (subgrade) program 2 has four
sections showing results that are not significantly different while program
5 has none (Table 11). Results from programs 2 and 5 flip flop when
comparing black base results from individual deflections, and average
deflections. Output from program 2 has layer 2 for the black base section
being not significantly different (Table 5) while program 5 does show
significance (Table 8). However, output from program 5 is not

significantly different for layer 2 for the average black base sections

(Table 8), while program 2 does show significance (Table 5).
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(2 vs 6) --

(4 vs 5) --

For layers 1 and 2 program 2 has one more section where the Pl'ecilc te
moduh are not significantly different from the lab moduli than ¢ e
program 6 (Table 11). Both programs have eight of the 12 layer 3 sect
types being not significantly different from the measured laboratg
moduli, while for layer 4 the predicted moduli for the subgrade is ng
significantly different for five more section types for program 6 than fo
program 2. For layer 2 black base materials, program 2 shows non
significant results (Table 35), while program 6 does not (Table 9). For the’
following section types, program 6 predicts subgrade modulus not
significantly different from lab data (Table 9) while, program 2 shows
them being significantly differ?:nt (Table 5): average of soil cement, soil
cement no control, sand clay gravel, average of soil cement and sand clay

gravel, and soil cement and sand clay gravel no control.

For layer 1 both programs have the same number of not significantly
different results. Program S has one more section being not significantly
different than program 6 for both layers 2 and 3. For layer 4 neither
program has any not significant values. Output from program 5 has a not
significantly different value for layer 2 of the soil cement section (Table
8) while output from program 4 does not (Table 7). Program 5 also has
a not significant result for layer 3 of the soil cement and sand clay gravel

no control section (Table 8), while program 4 does not (Table 7).
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(4 vs 6) --

(3 vs 6) --

For layer 1 program 4 has one more section being not significantly

different than program 6. Both programs have four of the 12 layer 2
section types being not significantly different from the measured
laboratory moduli, while for layer 4, program 6 has one more section
being not significantly different than program 4 for layer 3, and nine more
for layer 4. Output from program 4 has layer 1 of the black base section
type showing not significantly different results (Table 7), while output
from program 6 does not (Table 9). For layer 2 program 4 has the
average black base section type being not significantly different (Table 7),
while program 6 is significantly different (Table 9). Also for layer 2,
program 6 has the soil cement section type being not significantly different
(Table 9), while program 4 is significantly different (Table 7). Program
6 has the soil cement section type for layer 3 being not significantly

different (Table 9), while program 4 is significantly different (Table 7).

For layers 1 and 2 program 5 has one more section type where the
predicted moduli are not significant different from the lab data than does
program 6, but the same number of not significantly different values for
layer 3 (Table 11). Program 6 has nine section types being not
significantly different for layer 4 (Table 9) while program 5 has none
(Table 8). Program 5 has layer 2 of the black base section type and layer
3 of the average black base section type being not significant (Table 8),

while program 6 does not (Table 21).
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After notmg the above comparisons, programs 2 and 6 (MODULUS Step 3 ap
WESDEF) appear to more adequately predict values comparable with laboratory result

more often than the-others.

Percentage at Limit

It is also important to determine the number of times that a computer program
reaches the limit of the moduli range i an attempt to converge on a solution. When a
Program goes to a limit before converging, the predicted moduli may be suspect since
the program tried to go beyond the limits of the moduli range. ‘These limits are set at
a reasonable range to give the program considerable flexibility in converging on a
solution, however, when the predicted values are at a limit the results may be questioned.
Output from the statistical analysis shows which programs predicted moduli that were not
significantly different from the measured laboratory moduli. These two types of
information have been summarized in Tables 12-23 by type of base material and
pavement layer by indicating with 1) an asterisk (*) if the moduli predicted by the
program are significantly different (not desirable) from the laboratory measured moduli,
and 2) by a number, if the predicted moduli are not significantly different (desirable)
from the laboratory measured moduli, which represents the percent of time that the
predicted modulus is at either the upper or lower limit of the allowable range input by
the user or as calculated internally by the program. Tables 24 and 25 contain a summary
of Tables 12-23 for the percentages of predicted moduli values that are at either the

upper or lower limit for each program.




Table 12.

Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Black Base Section Results for
Each Program From Individual Deflection Basins

Percent of Values at Limit
Test Program Layer 1| Layer 2 Layer 3 Layer 4
SNK 1 L1 * * *
SNK 2 14.4 26.7 * *
SNK 3 40.0 * * *
SNK 4 22.2 * * *
SNK 5 28.9 * * *
SNK 6 * 3% * *
SNK 7 511 * * *
DUNCAN 1 1.1 * * *
DUNCAN 2 14.4 26.7 * *
DUNCAN 3 40.0 * * *
DUNCAN 4 22.2 * * * -
DUNCAN 3 28.9 * * *
DUNCAN 6 * * * *
DUNCAN 7 51.1 * * *
LSD I 1.1 * X *
1LSD 2 14.4 26.7 * *
LSD 3 40.0 * * *
LSD 4 22.2 * * *
LSD 5 28.9 * * X
ISD 6 * * * *
I_SD 7 * * ¥ *

* Means there is a significant difference between program predicted and laboratory
measured moduli.
! Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and
laboratory measured moduii.
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- " Table 13.

Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Black Base Section Results for
Each Program From Averaged Deflection Basins

Percent of Values at Limit 1
TEST Program Layer 1 Layer 2 Layer 3 Layer 4
SNK 1 1.1 * * *
SNK 2 14.4 * *
SNK 3 40.0 * * *
SNK 4 22.2 38.9 * *
SNK S 28.9 27.8 * *
SNK 6 28.9 * * 0
SNK 7 51.1 * * *
DUNCAN ] 1.1 * * *
DUNCAN 2 14.4 * * *
DUNCAN 3 40.0 * * *
DUNCAN 4 22.2 38.9 * *
DUNCAN 5 28.9 * * *
DUNCAN 6 28.9 * * 0
DUNCAN 7 51.1 * *
LSD 1 1.1 * * *
LSD 2 14.4 * * *
LSD 3 40.0 * * N
LSD 4 22.2 38.9 * *
1LSD S 28.9 > * *
LSD 6 28.9 * *
LSD 7 51.1 * * *

* Means there is a significant difference between program predicted and laboratory
measured moduli.

! Numbers in the column is the percent of values at either an upper or lower

modulus limit for results showing no significant difference between predicted and

laboratory measured moduli. .
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Table 14,

Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Soil Cement Section Results for
Each Program From Individual Deflection Basins

Percent of Values at Limit
Test Program Layer 1 | Layer 2 Layer 3 Layer 4
SNK 1 1.1 8.8 * *
SNK 2 14.4 26.7 * *
SNK 3 *x H * e
SNK 4 22.2 * * *
SNK 5 28.9 27.8 * *
SNK 6 28.9 42.2 * *
SNK 7 51.1 * * *
DUNCAN 1 * 8.8 * *
DUNCAN 2 14.4 26.7 * *
DUNCAN 3 * * * *
DUNCAN 4 22.2 * * *
DUNCAN S 28.9 27.8 * *
DUNCAN 6 28.9 42.2 * *
DUNCAN 7 J1.1 * * *
LSD 1 * 8.8 * *
LSD 2 14.4 26.7 * *
LSD 3 * * * *
LSD 4 22.2 * * *
LSD 5 28.9 27.8 * *
LSD 6 28.9 42.2 * *
LSD 7 51.1 * * *

* Means there is a si

measured moduli.

' Numbers in the column i
modulus limit for results showin
laboratory measured moduli.
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- Table 15.

- Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Soil Cement Section Results for
Each Program From Averaged Deflection Basins

Percent of Values at Limit
Test Program Layer 1 Layer 2 Layer 3 Layer 4
SNK 1 11! 8.8 * *
SNK 2 14.4 26.7 38.9 *
SNK 3 40.0 34.4 48.9 =
SNK 4 22,2 38.9 62.2 *
SNK 5 28.9 27.8 48.9 *
SNK 6 28.9 42.2 33.6 0
SNK 7 31.1 42.2 54.4 *
DUNCAN 1 1.1 8.8 * *
DUNCAN 2 14.4 26.7 38.9 *
DUNCAN 3 * 34.4 48.9 *
DUNCAN 4 22.2 38.9 62.2 * -
|_DUNCAN 5 28.9 27.8 48.9 *
DUNCAN 6 28.9 42.2 35.6 0
DUNCAN 7 J1.1 42.2 54.4
| __1SD 1 1.1 8.8 * *
LSD 2 14.4 26.7 38.9 *
LSD 3 * 34.4 48.9 *
LSD 4 22.2 38.9 62.2 *
LSD 5 28.9 27.8 48.9 *
LSD 6 28.9 42.2 55.6 0
LSD 7 51.1 42.2 *

* Means there is 3 significant difference between program predicted and laboratory
measured modulj.
! Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and

laboratory measured moduii.
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Table 16.

Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Soil Cement (No Control} Section
Results for Each Program From Individual Deflection Basins

Percent of Values at Limit
Test Program
Layer 1 Layer 2 Layer 3 Layer 4
SNK 1 1.1 * 22.2 *
SNK 2 11.1 * 27.8 *
SNK 3 25.6 * 26.7 *
SNK 4 17.8 * 42.2 *
SNK 5 16.7 * 27.8 *
SNK 6 26.7 * 36.7 0
SNK 7 41.1 * 34.4 *
DUNCAN 1 0.0 * * *
DUNCAN 2 11.1 * 27.8 *
DUNCAN 3 * * 26.7 *
DUNCAN 4 17.8 * * * .
DUNCAN 5 16.7 * * *
DUNCAN 6 * * * 0
DUNCAN 7 * * 34.4
LSD 1 0 * * *
LSD 2 11.1 * 27.8 *
LSD 3 * * 26.7 *
LSD 4 17.8 * * *
LSD 5 16.7 * * *
LSD 6 * * * 0
LSD 7 * * 34.4 *

* Means there is a significant difference between program predicted and laboratory
measured moduli.
! Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and
laboratory measured moduli.
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Significance Test Results and Percent
or Lower.Modulus Limit for Soil C
Results for Each Program From

Table 17.

of Values at Either the Upper
ement (No Control) Section
Averaged Deflection Basing

Percent of Values at Limit -
Test Program Layer 1 Layer 2 Layer 3 I_ay;r—cr- _.
SNK 1 0! * 22.2 *
SNK 2 11.1 * 27.8 0 |
SNK 3 25.6 * 26.7 *
SNK 4 17.8 * 42.2 *
SNK 5 16.7 * 27.8 *
SNK 6 26.7 * 36.7 0
SNK 7 41.1 * 34.4 *
DUNCAN 1 0 * 22.2 *
DUNCAN 2 11.1 * 27.8 0
DUNCAN 3 25.6 * 26.7 *
DUNCAN 4 17.8 * 42.2 *
DUNCAN 5 16.7 * 27.8 *
DUNCAN 6 26.7 * 36.7 0
DUNCAN 7 41.1 * 34.4 *
LSD 1 0 * 22.2 *
LSD 2 11.1 * 27.8 0
LSD 3 25.6 * 26.7 *
LSD 4 17.8 * 42.2 *
LSD 5 16.7 * 27.8 *
LSD 6 26.7 * 26.7 0
LSD 7 41.1 * 34.4

* Means there is a significant difference between program predicted and laboratory
measured moduli.
' Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and

laboratory measured moduli.
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Table 18.

Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Cement Treated Sand Clay
--Gravel Section Results for Each Program
From Individual Deflection Basins

Percent of Values at Limit
Test Program
Layer 1 Layer 2 Layer 3 Layer 4

SNK 1 1.1 * 40.9 *

SNK 2 14.4 * 38.9 *

SNK 3 40.0 * 48.9 * )}

SNK 4 22.2 * 62.2 *

SNK 5 28.9 * 48.9 *

SNK 6 28.9 * 55.6 0

SNK 7 51.1 * 54.4 *
DUNCAN 1 * * 40.9 *
DUNCAN 2 14.4 * 38.9 *
DUNCAN 3 * * 48.9 *
DUNCAN 4 22.2 * 62.2 * )
DUNCAN 5 28.9 * 48.9 * i
DUNCAN 6 28.9 * 55.6 0
DUNCAN 7 51.1 * 54.4

LSD 1 * * 40.9 *

LSD 2 14.4 * 38.9 *

LSD 3 * * 48.9 *

LSD 4 22.2 * 62.2 *

LSD 5 28.9 * 48.9 *

LSD 6 28.9 * 55.6 0

LSD 7 51.1 * 54.4

* Means there is a significant difference between program predicted and laboratory

measured moduli.

' Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and

laboratory measured modull.
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Table 19.

Significance Test Results and Percent of Values at Either the Upper
or Lower Modulus Limit for Cement Treated Sand Clay
Gravel Section Results for Each Program
From Averaged Deflection Basins

Percent of Values at Limit
Test Program Laver 1 Layer 2 Layer 3 Laver 4
SNK 1 1.1} * 40.9 *
SNK 2 14.4 * 38.9 0
SNK 3 40.0 * 48.9 *
SNK 4 22.2 * 62.2 *
SNK 5 28.9 * 48.9 *
SNK 6 28.9 * 55.6 0
SNK 7 * * 54.4 *
DUNCAN 1 1.1 * 40.9 *
DUNCAN 2 14.4 * 38.9 0
DUNCAN 3 40.0 * 48.9 *
DUNCAN 4 * * 62.2 *
DUNCAN 5 * * 48.9 *
DUNCAN 6 28.9 * 35.6 0
DUNCAN 7 * * 54.4 *
LSD 1 1.1 * 40.9 *
LSD 2 14.4 * 38.9 0
LSD 3 * * 48.9
LSD 4 * * 62.2 *
LSD b * * 48.9 *
LSD 6 28.9 * 55.6 0
LSD 7 * * 54.4

* Means there is a significant difference between program predicted and laboratory
measured moduli.
' Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and
laboratory measured moduli.
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Table 20.

Significance Test Results and Percent of Values at Either the Upper or
Lower Modulus Limit for Soil Cement and Cement Treated

Sand Clay Gravel Section Results for Each Program
From Individual Deflection Basins

Percent of Values at Limit
Test Program
Layer 1 Layer 2 Layer 3 Layer 4
SNK 1 %l * # e
SNK 2 14.4 26.7 * =
SNK 3 x * = g
SNK 4 22.2 38.9 * *
SNK 5 28.9 27.8 * *
SNK 6 28.9 42.2 * *
SNK 7 51.1 * * *
DUNCAN 1 * * * *
DUNCAN 2 14.4 26.7 * *
DUNCAN 3 * * * *
DUNCAN 4 22.2 38.9 * *
DUNCAN 5 28.9 27.8 * *
DUNCAN 6 28.9 42.2 * *
DUNCAN 7 51.1 * * *
LSD | * * * *
LSD 2 14.4 * * *
LSD 3 Ed * #* #
LSD 4 22.2 38.9 * *
LSD 5 28.9 27.8 * *
LSD 6 28.% 42.2 * *
LSD 7 51.1 * * *

* Means there is a significant difference between program predicted and laboratory

measured moduli.

' Numbers in the column is the per
modulus limit for results showing no signi

laboratory measured moduli.
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Table 21.

Significance Test Results and Percent of Values at Either the Upper or
Lower Modulus Limit for Soil Cement and Cement Treated Sand
Clay Gravel Section Results for Each Program
From Averaged Deflection Basins

Percent of Values at Limit
Test Program Layer 1 Layer 2 Layer 3 Layer 4
SNK 1 1.1 8.8 * *
SNK 2 14.4 26.7 38.9 *
SNK 3 40.0 34.4 48.9 *
SNK 4 22.2 38.9 62.2 *
SNK 5 28.9 27.8 48.9 *
SNK 6 28.9 42.2 55.6 0
SNK 7 51.1 42.2 54.4 *
DUNCAN 1 1.1 8.8 * *
DUNCAN 2 14.4 26.7 38.9 *
DUNCAN 3 40.0 34.4 48.9 ull
DUNCAN 4 22.2 38.9 62.2 *
DUNCAN 5 28.9 27.8 48.9 * :
DUNCAN 6 28.9 42.2 55.6 0
DUNCAN 7 Sl.1 42.2 54.4
LSD ] 1.1 8.8 * *
LSD 2 14.4 26.7 38.9 *
LSD 3 40.0 34.4 48.9 *
LSD 4 22.2 38.9 * *
LSD 5 28.9 27.8 48.9 *
LSD 6 28.9 42.2 55.6 0
1L.SD 7 S51.1 42.2 *

* Means there is a significant difference between program predicted and laboratory
measured modulj.
' Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between predicted and
laboratory measured modul;.
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Table 22.
Significance Test Results and Percent of Values at Either the Upper or Lower
Modulus Limit for Soil Cement and Cement Treated Sand
Clay Gravel (No Control) Section Results for Each
Program From Individual Deflection Basins

Percent of Values at Limit
Test Program Laver 1 Layer 2 Layer 3 Layer 4
SNK ] o * * *
SNK 2 11.1 x 27.8 - |
SNK 3 25.6 . 26.7 .
SNK 4 17.8 * * *
SNK b 16.7 * 27.8 *
SNK 6 26.7 * 36.7 0
SNK 7 41.1 * 34.4 *
DUNCAN 1 * * * *
DUNCAN 2 11.1 * 27.8 *
DUNCAN 3 25.6 * 26.7 * .
DUNCAN 4 17.8 * * *
DUNCAN 5 16.7 * * * -
DUNCAN 6 * * * 0
DUNCAN 7 * * 34.4
LSD 1 * * * *
LSD 2 11.1 * * *
LSD 3 25.6 * 26.7 *
LSD 4 17.8 * * *
LSD 5 16.7 * * *
LSD 6 * * * 0
LSD 7 x * 34.4

* Means there is a significant difference between program predicted and laboratory
measured moduli.
' Numbers in the column is the percent of values at either an upper or lower
modulus limit for results showing no significant difference between preg'::ted and
laboratory measured moduli.
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Table 23.

Significance Test Results and Percent of Values at Either the Upper or Lower
Modulus Limit for Soil Cement and Cement Treated Sand Clay
Gravel (No Control) Section Results for Each
Program From Averaged Deflection Basins

Percent of Values at Limit
Test Program Layer 1 Layer 2 Layer 3 Layer 4
SNK 1 0 * 22.2 *
SNK 2 11.1 * 27.8
SNK 3 25.6 * 26.7 *
SNK 4 17.8 * 42.2 *
SNK 5 16.7 * 27.8 *
SNK 6 26.7 * 36.7 g
SNK 7 41.1 * 34.4
DUNCAN 1 0 * 22.2 *
DUNCAN 2 11.1 * 27.8 *
DUNCAN 3 25.6 * 26.7 *
DUNCAN 4 17.8 * 42.2 x|
DUNCAN b 16.7 * 27.8 *
DUNCAN 6 26.7 * 36.7 0
DUNCAN 7 41.1 * 34.4 *
LSD 1 0 * 22.2 *
LSD 2 11.1 * 27.8 *
LSD 3 25.6 * 26.7 *
LSD 4 17.8 * 42.2 *
LSD 5 16.7 * 27.8 *
LSD 6 26.7 * 26.7 0
LSD 7 41.] * *

* Means there is a significant difference between program predicted and laboratory
measured moduli.
' Numbers in the column is the percent of values at either an upper or lower _
modulus limit for results showing no significant difference between predicted and
laboratory measured moduli.

76




Table 24.

Frequency and Percentag-;e of Times the Predicted Moduli Was At a Limit, When
Control Sections Were Included

'- Layer 1 Layer 2 Layer 3 Layer 4

Program | # at %at | #at | % at | #at %o at | #at % at
mit | Hmit | lUmit | limit | limit limit { limit | limit

1 1 .1 | 8 | 881 36 | 40| o | 00
2 13 14.4 24 26.7 35 38.9 0 0.0

3 36 40.0 31 34 .4 49 48.9 1 i.1
4 20 22.2 35 38.9 56 62.2 0 0.0
5 26 | 289 | 25 | 278 44 | 489 | o 0.0
6 26 28.9 38 42.2 50 55.5 0 0.0
7 46 51.1 38 42.2 49 54.4 12 13.2

J
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Frequency and Percentage of Times Predicted Moduli Was At a Limit, When Contrgj

Table 25.

Sections Were Not Included

Layer 1 Layer 2 Layer 3 Layer 4

Program | # at %oat | HFat | %at| #at % at # at % at
limit | limit | limit | Limit { limit limit | limit | limit

1 0 0.0 4 4.4 16 22,2 0 0.0

2 10 11.1 18 20.0 25 27.8 0 0.0

3 23 25.6 27 30.0 24 26.7 0 0.0

4 16 17.8 20 22.2 38 42.2 0 0.0

5 15 16.7 17 18.9 25 27.3 0 0.0

6 24 26.7 30 33.3 33 36.7 { -0 0.0

7 37 41.1 33 36.7 31 34.4 4 4.4
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Results from Tables 24 and 25 indicate that predicted moduli for programs
1 and 2 were at a limit less than the other programs. However, when looking at
the g;revious step »-vul_here the programs were compared by number of not
significantly different output values, it was observed that programs 2 and 6 gave
the best results compared to the rest. When comparing the results from Table 24
for programs 2 and 6 it can be seen that program 2 goes to the limit 58 percent
less for layer 1, 40 percent less for layer 2 and 24 percent less for layer 3 than
for program 6. Table 25 shows a similar trend with both programs going to
limits less when the control sections are eliminated from the analysis. Only
program I consistently performed better than program 2 in going to the limit a
smaller number of times. However, based on the results from Table 11, program
2 1s superior to program 1 in backcalculating moduli that are not significantly

different from the laboratory determined moduli.

Capabilities and Ease of Proeram Use

Now comparing the two best programs, 2 and 6, one very important
difference between the two is that with MODULUS multiple deflection bowls can
be run at the same time, while WESDEF can only evaluate one deflection bowl
per run. Secondly, the MODULUS program comes with an extensive user’s
manual while the projects staff received no formal user’s manual with WESDEF.
Additionally, the authors are of the opinion that updates to MODULUS will be

well documented and easily obtained since it has been adopted for use in the
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Strategic Highway Research Program (SHRP) Long Term Pavement Performance
(LTPP) program. Finally, the WESDEF output values were at either the upper
_or the lower limits of the moduli range more often than the output from

MODULUS.

COMPARISONS OF RESULTS FROM AVERAGE DEFLECTIONS
vs INDIVIDUAL DEFLECTIONS

When considering the procedure to be used in collecting field data for use
in backealculation of moduli to be used in pavement design, the engineer is faced
with a decision as to whether to 1) take individual deflection basins and
backcalculate moduli from each or, 2) make multiple drops at each location,_
average the deflections and use the average deflection basin to backcalculate
moduli.

In an attempt to determine which of these procedures is superior, the
project staff first backcalculated moduli from each deflection basin as shown in
Volume 2 -- Appendix 5. Each of the five deflection basins taken on each section
for the 18,000 pound axle load were then assumed to be replicate drops even
though each was taken from a different location. The average deflection basin
was generated by averaging the five readings at each sensor and then using that
average basin as input for each program. Project investigators recognize that the
variation among these five drops at five different locations should exceed the

variation that would occur if the five drops had occurred at the same location.
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Therefore calculating th¢ average in this manner should be a worst case test to
determine if the moduli from the average deflection basin was superior to the
maoduli from individual deflection basins. The data which forrﬁs ;he basin for this
comparison are found in Tables 12-23.

The comparisons between the averaged deflection data and the individual
deflection data can be made by studying the data in adjacent sets of tables: for
example, to compare the modulj results from individual and average deflection
basins for the black base type pavements the reader is directed to Tables 12 and
13; for soil cement base type pavements see Tables 18 and 19; and for the
combination of soil cement and cement stabilized sand clay gravel see Tables 20
and 21. These tables contain the significant test results for all seven programs.
However since programs 2 and 6 have been identified as the best candidates for
potential use in Louisiana, results for €ach base type for programs 2 and 6 have
been summarized in Table 26. The comparison data in Table 26 is arranged in
each block of the table so that the results from individual deflection basins are
shown to the left of the slash and the results from the average deflection basin are
on the right of the slash. Results form each different base type is also separated
in the table, A careful review of the data in Table 26 will show that for the soil
cement, cement stabilized sand clay gravel and the combination of all cement
stabilized bases the moduli predicted from the average basin was always superior
to the moduli predicted form the individual basins for both programs 2 and 6.
That is to say, there are fewer asterisks on the right.side of the slash than on the
left side of the slash. The only base type that did not show uniform improvement

when using the average deflection basin to calculate moduli was the black base
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and specifically layer-?. using program 2. The authors have no reasonable
explanation for thi;: occuﬁe:;ce. Because of the improvements in the prediction
of moduli for layers'3 and 4 that arise from using the average deflection basin,
the authors recommend that backcalculated moduli be predicted frorm an average
deflection basin rather than from individual deflection basins.  Since the thrust
of this investigation has been directed toward developing information for use in
pavement design using the 1986 AASHTO Design Guide, the researchers suggest
that deflection data be secured using only the 9,000 pound load which
corresponds to an 18,000 pound single axle load and that the deflection from five
replicate drops be averaged as input into program 2, MODULUS 4.0 step 3.
Moduli predicted from this procedure can then be plotted along the highway
section to determine where any subsections need to be divided up for individual

designs.

SUMMARY

After analyzing the programs on the three different levels presented in this
chapter, it appears that program 2 (MODULUS 4.0) is the best choice for use in
Louisiana. It was observed in the significance comparison that programs 2 and
6 were about the same with program 2 being a little better for layers 1 and 2,
while program 6 was a little better for layer 4. The next level of comparison,
number of times a predicted value went to the limit, showed program 2 to be

much better than program 6. Finally, in the third level of comparison,
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+ capabilities and
gase of use;'i |
; it can be seen that program 2 1
is superior t
0 program

6 in both capabilities and ease of
use.
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- CONCLUSIONS

As stated in the results, MODULUS 4.0 run utilizing step 3 the "Run a
Full Analysis" option (step 2) appears to be the best choice for use in the state of
Louisiana. It was observed to be one of two programs to give the best
comparison between predicted and laboratory moduli values than the other five
programs in the statistical analysis. Also it was judged to be the best program
in the other two analysis, number of times the predicted value went to the limit,
and the capabilities and ease of use.

For MODULUS 4.0, the statistical analysis showed the moduli values
predicted from the average deflection data to be better estimates of laboratory
moduli than those predicted from the individual deflection data for all base types
except for layer 2 of some sections with a black base. The results indicate that
moduli predicted from an average deflection basin calculated from five individual
deflection basins from a 9,000 pound load produced better estimate of laboratory
moduli than moduli predicted from individual deflection basins.

Future users of the MODULUS 4.0 program should be reminded,
however, that results from program must be evaluated using sound engineering
judgement. Because the modulus values approached the Iimifs of reasonable
values for 14.4 percent of the deflection bowls for Jayer 1, 26.8 percent for layer
2, and 38.9 percent for layer 3 and that layer 4 compared favorably to laboratory
test data in only 33 percent of the section types, one must conclude that the
method may not always produce reasonable results. Good engineering judgement

must be applied to recognize these output which might be questionable. Such
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cases may require that the deﬂec\tion data Be looked at, that checks be made on
cross-section elements, or that the deflection survey be repeated.

A limitation of this analysis of programs is that the backcalculated moduli
are compared to laboratory moduli which were assumed to be the correct values.
Current testing underway as part of the Strategic Highway Research Program
indicates that there can be significant variability in My values measured in the
laboratory. However, improvements in the testing procedure and equipment have
been and continue to be realized in this area, so that confidence in future
comparisons such as these will continue to grow as these improvements are made

and as experience is gained.
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RECOMMENDATIONS

The authors recommend that the program MODULUS 4.0 be used to

predict moduli from the FWD data, and that the average of five deflection basins

be used to estimate the moduli of the pavement layers. The users manual for

MODULUS 4.0 is included in Volume 2 -- Appendix 7. However, future studies

are necessary to further evaluate the validity of using MODULUS 4.0.

A.

MODULUS 4.0 should be evaluated with a wider variety of
pavement structures and subgrade types that are spread throughout
the State of Louisiana to provide a broader assessment than was
possible in this project.

The deflection data from the FWD should be taken repeatedly (at
least five drops) for the same point at many different points per
section. This will enable researchers to evaluate and determine the
"optimum" number of drops and test locations needed to properly
evaluate a pavement.

Only the design load (approximately 9,000 pounds for a wheel
load on an 18 kip single axle load) needs to be applied unless the
stress sensitivity of the pavement materials is of interest.
Laboratory tests, using the improvements continually being
realized in M; laboratory testing, should be conducted in
conjunction with the field testing to provide a wider basis of
comparison between backcalculated and laboratory measured My

values. Since LTRC currently has a project underway to develop
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: Table 26.
Comparisons of Results from Programs 2 and 6 Showing the Effects of
1

sing Individual and Average Deflections On Significance Test
Results and Percent of Moduli Values at Either the Uppe

r or
Lower Limit for Both Test Sections and Control Sections

Test Program '1%%3 Lafrer Laler Lairer Lazer
Percent of Values at Limit
SNK 2 Black | 14.4Y14.42 | 26.7/% “/* */0
6 */28.9 =/ w/ */0
Duncan 2 14.4/14.4 | 26.7/* */* )
6 */28.9 */* x/% */0
LSD 2 14.4/14.4 | 26.7/* x/* */0
6 */28.9 x/ x/* */0
SNK 2 Soil 14.4/14.4 | 26,7267 | */38.9 */0
6 Cement | g 0/08.9 | 42.2/42.2 | */55.6 */0
Duncan 2 14.4/14.4 | 26.7/26.7 | */38.9 x/*
6 28.9/28.9 | 42.2/142.2 | */55.6 */0
LSD 2 14.4/14.4 | 26.7/26.7 | */38.9 */*
6 28.9/28.9 | 42.2/142.2 | *I55.6 */0
SNK 2 Cement 14.4/14.4 *f* 38.9/38.9 w[*
6 | SEoieel | 28.0128.9 x/% 55.6/55.6 | 0/0
Duncan 2 Gravel | 14.4/14.4 */* 38.9/38.9 */0
6 28.9/28.9 */* 55.6/55.6 | 0/0
LSD 2 14.4/14.4 */* 38.9/38.9 */0
6 28.9/28.9 */* 55.6/55.6 | 0/0
SNK 2 Soil 14.4/14.4 | 26.726.7 | */38.9 */*
6 Cement | 9g0/28.0 | 42.2/42.2 | */55.6 */0
Duncan 2 Cement | 144144 | 267267 | */38.9 x/*
6 Sand Clay | 28.9/28.9 | 42.2/42.2 */55.6 */0
Gravel

LSD 2 14.4/14.4 | 26.7/26.7 | */38.9 */%
6 28.9/28.0 | 42.2/42.2 | *55.6 */0

! First number is percent of moduli at upper or lower limit as calculated from individual

deflection basins.

? Second number is percent

deflection basins.

3 * means there is a significant

measured moduli.

32

of moduli at upper or lower limit as calculated from average

difference between program predicted and laboratory




laboratory procedures for measuring M, this recommendation is

a

a logical extension of that work.
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generally involves casting fresh repair material against a hardened concrete and
pulling. in standardtensnle testmg machine standard ASTM E149. In order to carry out
this test, twenty-, cylinders of 3" X 6" dlm 10= -__shown in Figure 2.6¢, were cured

joints were teste nder transverse jOiI"lt shear Ioadlng Different patching
configurations and depths shown in Flgure 2 7 which are usualiy used in the field,
were studied. The répairéd doweled joints were subjected to lateral loads, simulating
the traffic axle: Ioads,; to.investigate the perfo" e-of the repaired region under
loading condttlonscsxmllar to servicg condltlo ese experlments will determine the
merits of a specnflc repalr material and its bonding performance with the surroundmg

concrete in different,repalred Jomts RS
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245 Steel Fiber Concrets”

The contentéofttheffIQQLs for a given concrete depends primarily on the matena!
properties that need to be: improved and to what level. The upper limit of fiber content
is dictated by the effect that the tlbernhas pngithe workablllty On the other hand, the
steel fiber content should: nqtgbe belt e g in: order to get the acceptable
benefit gained from the presence‘ of the hber In' the present work, 88 Ib/yd3 of XOREX
steel fiber of 2- inch. Iength and 57 aspect ratio (tength/dlameter) was added to the
concrete producing acceptab!e werkablllty of the stee! fibrous concrete. The volume of
the fiber was 0.67 percent... -

Aggregate shape and. conteqt;are wnportan -facte | shou!d be considered.

from 550 to 700 Ib/yd3 for 3/4" aggre
the present work

B T e B S I e

24.6 Rapid Patch Materiai (Duraqal Cement)
Duracal cement contains Portland and gypgt;t'nmcements which develops high,
early strength, and expands slightly. It can be used neat or aggregated. In the pre-
sent work, the proportlons of Duracal eement.to:sal d weight Wds '1:1 as recommended
by the manufacturer... o . i e
A honzontal shaft mortar mixer was used in mixing’ the rapld patch material.

Mixing was done by pounng in water and then adding one hatf of the sand while the
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e propemes : ihe spemmens were cured under
atory room-‘and: tested aﬁer? days., oo

-:'si,%ui‘_‘e S

Wi 3

cedure:2Procedure for the:! Biaxial Testmg"b'f Brittie Repair

RS U

'tf-,capacity

"‘,".'ﬁ EE

s ahgnment JS very. t‘mportant,golherwase unstab!e condltlons may anse
The testmg set—up iss equped wﬁh three steel beanngxblocks (each one mch

whlch,ﬁls allgned at the Centersof the steel plates ,’.3T hese plates are;placed on
thegupper surface-of; the specimen: in;order:to; ensure transfer of-a uniform
coimpression load, to the specimen:. ' -




nv stlgatton empioyed a Pbrtland cement concrete of standard mix for
'parent material and the patched material. The;standard mix consisted of
: Type/l Portiand. -cement:with. weight:proportions. of cement-to-sand-to-coarse
‘agg& gate of 1.2.3.6. Cement content was,3576 lbfyd3 (344 kg/m ),Jand the. water-

was:air entrained. wrth .air, content as: rgeasuredsby the pressure method (ASTM c23 _1;),

ranging-from 4.6.t0°5.3 percent by velumew :Slump: ranged:from 2 to 3:in. (50 to

i bt

75 mm):. Unlt welght ofithe fresh’ concreteﬂranged from;142.6:0 144.8- it (2300 to:-
2335 kg/m ) L

propertres from each batch In order tc obtarnl averagegpqopertles the specrmens of
each test.were distributed. over thesg batches: . Propertiestof the.fresh concrete of each
batch are tabulated in. ;Fable A.1, (Appendlx A) The. dltference between. the maximum

recommended?by ASTM Cl§2 and: 'aresltorrlrrt in Table A2

i BY €omparing. the _precision of the obtained values; wath the ASTM standard in
Table A.27itcanibe. concluded that the results of slump, arr content, and unit welght of
these batches;a“ -’éac i

hardened'

25,1 ;,gniaxlali_Strength of Concrete ... -.. i o . g
- Results, ¢ ompressive e,trge“ngth of ; patch mate,rgal,a(normal concrete) are
tabulated in Tabtes A3:and A4y Tweégroups of (6% 12 i) cylinders were. tested:

The first.group was tested:in.ord i {thegunlaxralﬂagrob\ertlescpf thenpatch

material; while the second grou S| heicontrolgroup:in testing the material
under the biaxial state of stress.: The

W ivalugs:of.concrete: compressive strength
at 28 days and'3 months are 4700 psi-ari 400:psizrespectively. - The specimens that
were tested after: 28 days were. cured under:rogri ' temparatiire; conditions, while the
specimens that were tested: after:three months%were;guredgunder normal temperature
and moisture.. -Hengce;the:deviation in‘the: Tesults;of a%concret_e.- strength: of three
months is due to randomness of the environment. e e '

: Some. of the cylindrical concrete specimens were,ysed to: determme the values
of the modulus of elasticity-E, and- Porsson;s ratio.v:»Based:on ASTM C469, the
values of these properties are tabulated in' Table' A.5 hieg‘average values of the
modulus of elasticity' E, and Poisson’s ratio v:were obtained, 5.0 x 108 psi and 0.16,
respectively. ' -

A_.,g.

26




ed to determine tensne strength is the split-c yllnder (Brazrlian) indirect
t. The popularity of this test may be because it is easy to perform:and uses
cylindrical specimen-and testing equment that are used in compress;on

e flexural test is also'an indirect tensﬂe strength test however, |t does not

re tensile strength but measures: the ‘modulus of rupture ot

in the present study, tensﬂe fpropertres of brittle repair material were. obtained

es of tesis: sp[tttlng,=-t nsﬂe strength and a flexural test using. srmple beam
'-pomt loading. The results of splitting-cylinder test aré tabulated i’ Table A.6
rage values of 368 psn of 28'days and 382 psi of 90 days Flexural. beam tests
es results on modulus of rupture as shcwn |n Tables A7 and A 8 The average

,. v.ﬁgd.w

,..-testmg is shown in F:gure 2 8 and tabulated in Tables A.9 and A 10 lt should

e LT A e e v - s

iihat the: concrete of 28 days was cured under. controf ternperature and
ture, while the 90-day concréte: was cured’ iirder environmental conditions. The
te at 90 days is stiffer than the concrete beam at 28 days. This is clear by
paring the results shown in re § i

Generally, i indirect terltsﬂ rstrength tésts such as the spllt-cyhnder and the

m flexural test, the actual: state of stress in the test specimen is unknown: and

=ot be accurately predrcted-fw om.the applied load. By the. proposed set-up in”

re 2.3 used in the present stﬁdy, it was possible to i%adt‘the spemmen in drrect

ton In this case, the stress is uniformly dlstrlbuted zoveethe test cross sgctaon In
tion, the special sh“ape Sgecin‘ien shown in Ei_g‘;gre"'ﬁA afsfgges‘?ithat t;ailure oceurs
c:ently faf'from the'énds ef the-specimen. The stress- straan relatlcns,for uniaxial
ion of the concrete specnmen are tabulated in Tables A 11 to A 14 and shown-in
res 2.9 to-2.14. The results of the present study werg compared wnth the avatlable
ious work. A comparrson wrth the stress-strain relation of unraxral tensmn*

oposed by Gopalartnam and Shah [39] is shown in Flgure 2.9 and With the curve
oposed by Meier, et al. [40]' IS shown-in Figure 2. 10 From these flgures good
agreement was achieved, and 1t can:be concluded that the proposedlset—up and
ecimen shape together with the approach may be used to study the behavror of

ttle material subjected to brai al tension-compression. SRLE

* Testrng of brittle- matertal as concrete, in tension poses the problem of inability

N Y

possess any descending branch bedalise of theirtest technique. In the present
udy, it was not difﬂcult to: get some! “of the descendlng braneh..:

: From the stress-strain relation of unrax:al tension of concrete shown in Fugure
2.9 it can be shown that the straln at fallure (300 ttstr) is almost tW|ce as large as the

-
CHC e :

a7

ost-peak response... The stress-stram curve.obtained by Meier, et al. {40} did
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nducted-for- 18 spe
these groups-are cong
er two are patched concrete-specimens of

Figure 2.15 shows the reiation
uniaxial compression loading. The p
3055 psi for this specimen. Howeve
strength from rectangular cross secti

Principal strains e, and e, are in the
respectively.

ship of stress to strain for plain concrete under
eak stress, f

- Of the uniaxial rectangle strength s
r, the average value of uniaxial compressive
ons was obtained 3170 psi. In Figure 2.15, the

direction of the_prin_cipa_[ stresses o, and Gy,

The stress-strain behavior (Figure 2.15) is almost linear when the stress is less
than 35 perqeh't of the ultimate stress, At this stress level, it is called the elastic limit- -
[10] or discontinuous point [13]. 1t should be noted that this point is equivalent to the
initial yield point in the theory of Plasticity. itis a‘well known fact that in uniaxiaj
Compression test, the microcracks develop Parailél to the axis of ioading. In the
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The senes of ultlmate strength tests.were performed ‘using a sequentiai Ioadl ,
pa" e than proportlonal loadrng, :n whrch the compresswe stress was applied firs
to.a prescrrbed Tevel relative to’ ‘the uniaxial compressnve strength and then held
constant followed by tensile. stress along another: axrs of the spemmen until failure
occlrred. The: loadmg path usedthere is shown rn Figure 2.20. The reason why we i
select this type of loadlng is to adequately' rnvest:ga e‘ the' shape of the falture envelop

in the tensrle compressrv‘" regron”- Prew m':estrgatlons [ 10] [43] :ndlcated that the

quququ

which representa transutlon‘from tensale mode of fatlure dt'a lower compressrve stress -
Ievel to compresswe fallure at hlgher compressnve stress levels o

L

“fcompressfoén‘“’ahd y lh'derf-tests’ were conducted as a’
2ong g T {;, P -

prelidiétd the élnvestrgatlonf FETHE UnifkiAl compressron ‘and' tenssle strengths of plam

A0 MLt
concrete.at:28 days; as measured:by:thes ‘tests iwere :-4 ' 8 5(32.:4 MPa) and
SR ?“'.‘i,".ztl’ih‘i gsr 0§ }H‘}Hm{i gt 1l 2 i;i%

365" psi‘(2i5" MPa), redpactivai *r-\Th err
1k Pogy B ~{§"> rars F
c{ombresstl}é ard’t é?t%lle Sty

and tenisil str‘rezﬁgthsx %B%él}lgdf i 'EF'[ ’né’\}v.’se u’“p -were 3170 ps: (21 9 MPa) Ahd 535 | p3|

v “”T'he ulttmatel”streng data of the concrete subjected to braxlal tensnon-

N T £y nf

' ultlmate strength |n blaxial tens:on compressron is
mpress‘ IO R

smaller than 'rn"unraxlal co

With"p prewous Jnvesttgatlons“[ 11] 30] and shown in
Py et SLIEE 1 ’g,:f"g"g (A T o Pt :

u"déd that a good"agreement was’ achleved)_

2 g

The snfluence of patch shape and depth were“‘studred by testmg’ cohcrete

specrrnens “of tWo difterant: tch shapes namely rectangular and transrtrdn;shape
Each shape ncludes three't fepths 2 7, and 15 mches Specumens vénth transition
patch were’ stronger tha .spec}rnens Wlth a rectangular patch Wrthm each patch

strength was deoreased 4 depth was mcreased f om 2 to 7 to 10 mches The effect
of patch shape-and depth:on-udigxial’ strength reductlon is Shown in ‘the followmg table.
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fey @nd f,, are the uniaxiai génﬁbr,_essive and tensile strength of the non-patched

rectangular specimens which éire-equaf to 3170 and 500 psi, respectively.

Table A.24 and Figure 2,25 §_nqyy the stress-strain relationship for concrete
subjected to biaxial loading at different stress ratios. Comparison with Chen and Ch
[20] and Tasuiji, et al. [11] shows godd.,ﬁéigfr;eement with the present experimental:
investigation. -~ - . . I o ‘

Figure 2.26 shows the effect of principal stress ratio (04/03) for plain concrete
oye: \Whep tensil siress g, was introduced; botf
strain décreéased. The al became
produc elf-propagation microcracks unde
uriigxial Gotripresiont » 17 w1 o -

Sar é’FEbm%’;tfj‘"éée’f‘%figtfrfé"‘si‘;fiﬁ‘?iwhi’gﬁﬁﬁe typical relationships of stréss-strain for the
various ratios of biaxial tension-compression are shown, the compressive strain _
corresponding to peak stress of uniaxial compression was about -2000 microstrain and’
the average value of the Corresponding tensile ‘s"trgin was about +530 microstrain. In
biaxial tension-compression, the average ﬁ?@[ue=;’at‘th‘e peak stress of both the principal
compressive strain and the principal tens:ie train decr eased as the applied tensiie
stress increased.  In uniaxial tension, shown in'Figure 2.9, the average vaiue of the
principal tensile-sirain at the ultimate stress. (g) was about +160 microstrain.

The stress-strain relations of the' concrete subjected to biaxial tension-
compression is shown !_in'-F;{gﬂ;e 2.26. They all have similar shapes for different SV
ratios. it can be éegn that for a g;ii)en value of the axial stress (03),the strain in the
corresponding direction g3 is increased by increasing the tensiie Stress. For example,
for the ratio (,/a) = - 0.034, the increase in strain, &, compared with uniaxial is
about 63 percent at 65 peércent of uniaxial ulimate load. |

The stress-strain relationship of concrete
of biaxiai tensioh—‘compression is tabulate
The effect of patching shape and de
2.28 to 2.30.

atg@ da.gs!‘gu;bjécted‘ to different ratios
d in Table A.25-and shown in Figure 2.27.
pth is shown in Tables A.26 and A.27 and Figures

Two q;{fgrent,sets of patched spé_c;_ime_r;s were tested under biaxial tension-
compression state of loading. The first set consists of a transition patch of two
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figure: shows the _cempanson between the- regponse of the trar%siltfon patched
“gpécimens ‘and-the 'esponse of the rectangutan p"atched specnmen when subjected to 4
biaxial:state of str S8 w:th 01/03 - - 0.28. Flgur '29 shows the, behawor of the
transition patch’ when sub;ected to three different stress ratlos nameiy, G.22, -0.28,
and - 0.38. - Ry i . Y

in the braxra[ test of both trans;t:on and rectangular patched specrmens it was
observed that for a patch depth of 7 inches, three dszerent modes of failure occurred
depending on the stresg, ratios. Tensile failure was observed when the ratio of the
tensile stress- to compressrve stress S (64/05) was, between 1/15 and 1/2. When the
stress ratio was smallergthan 1/15; compressmn falture was dominant. For ratlos
higher than 1/2, the bond mode of failure was observed.

Frgures 2.31 to 2. 33 show photographs of faildre patterns of plain and patched
concrete under uniaxialiand biaxial Igadmg Tens:te splitting is the dominant failure

x!:

_{ {rnjoge fnotgc . u&m%aéial ia‘n}d gax:al states cf st’ %:SL; swﬁh the fracture surface
perpendlcutar to the dlre ion of the maxzmum ‘tensile strain. The failure surface inafl -
specimens tested here. show that there are no cracks that passed directly through the '
coarse aggregate Thls is perhaps because the aggregate used in this study forced
the cracks to.go around. :

Under uniaxial compressron fracture occurred by the. formation of cracks
paraliel to the applied load and orthogonal to the unloaded stirfdce’ of the specimen.
Under uniaxial tension, failure was by the. formation of a single crack perpendrcular to
the direction of the maximum tensile stress.

Under a biaxial state of stress, concrete .cracks or crushes 4t tensile or
compressive stress levels smaller than uniaxial tackmg, iy OF uniaxial crushlng,

In the present tests, under combined tension and compresswn a smgie contrnuous
crack normal to the maximum tensile strain direction was formed except for ratios of
the tensile stress to:compressive-stress smaller than @ .03, for WhICh several cracks
were observed and‘crushing fractirre occurred. In the expenments_ conducted by
Kupfer, et al. [ f 0] when the ratio of the applfed tensile to, compressfve stress was more
than 0.07, a crackmg fode of farlure was observed in the spec1mens For smaller
ratios, a crushing mode was domlnant This supports the observat:on made in the
present investigation. : L o




conducted using 3 x 6 in cyhnders w:t
specn‘:cat:ons requ:rew

h a 45 degree cut although, ASTM Ccss2 -

-Oklne tes g-prograr
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tvf Results of Flber Concrete and’ Duracal Cement

r’nforced “with- randomly d:stnbuted steel fxbers‘ > They obfamed the
with continuous wires, “hamely, that for spacing Iess than 0.4in
”nsnle strength is’ proportional to the inverse square root‘ of fiber

'has been’ concentrated on umaxral tensne or flexural behavior. To investigate
née of fibers on crack mmat!on of the repalr matenal in the present work,
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lgure 2 38‘shows the teffects of addmg steel flber on the ﬂexurat strength and

%{!‘%

L T AL o

953 S,,more

y th u. S Army Corgps of
s.(1965) They found that addlng 2 percent of chopped steel af tenszte

. H
It -?11375 sr to concrete zncreases the 28 day flexural strength twme The mcrease

n. the present mvestrgatlon |t was found that addlng a 2 Jnch tength of mlld-
of steet fiber of. tensue strength 140 ksg to concrete sncreases the ﬂexurat strength

her awaa

: Flgure 2 39 shows the load deﬂectton curves for the emptoyed matenals The
rea under the complete Ioad deftectlon curve was taken as a rneasure of toughness

I resi a,_,ﬁ_e_ gamst crack propagataon Duracal cement mater:al was hrgher in

¥,

gth nd more ductt[e than plaln concrete

In addltlort to the ftexurat beam test a spl:ttmg test was conducted on the three
e plcyed materrats The results of thISE 'test are tabulated in Table A.37. The splitting
test was used to rneasure the duct:llty This is because the f|n|te measure rn the

ductility cannot be reported due to. ,Iack of mfermatlon espematly tn the falrmg branch




le:' _ropertl' \ |
shown in Frgure 2. 2"from each employed matenat were cast cured,

A higher ultimate strength and Iarger strain occur dt the ultlmate load
ecxmens which are reinforced by the steei f;ber it was observed that the
eei fibér to the concrete had no etfect on the eiastlcrty fimit of the stress~

ncrete, although the flexural strength was approxrmately twice as targe

3] tso found that the stress-stain relationship of concrete remforced wrth

£ upﬁsto 3 percent of volume is the same.as for. plam concrete up t about 80
fthe ultlmate load.

e"'mcrease in ultimate strength and ductlltty of fiber concrete sub;ected to
oaq may be due to the interface bond (shearing stress) between the fiber and
x, in which some of the tensile forces go to the matrix while the balance is

\ the fiber. Shah and Rangan [46] observed that during tensile testmg of fiber
crete, a crack appeared and the load dropped by a certain amount. The remammg

e g Y

er the format :_on of crack, rndlcated the resistance of steel fiber agamst the
*@opagatron This may be due to the bond wh;ch is responsxble for the

ssion of force into the uncracked elements of the matrix after cracking has

d. Theréfore, the composrte “does riot necessarily fail once the cracks

ed because the bond at the mterface transfers the forces that cannot be carried
ed part of the matrix. ... .- e s
In order to study the terisile propertles of the rapud patch matenat specimens of
| cement were cast, cured, and tested in uniaxial tension after seven days. The
stress-strain relationship is shown in Figure 2.41 and tabulated in Table A.39 as
arison with both fiber concrete and plain concrete. It can be seen that Duracal

material behaves similarly as plain and fiber concrete.

SR T

Compression Properties
Fiber concrete and plain concrete specimens similar to the one shown in
2.2 were tested in uniaxial compression. The fiber concrete specimens were
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... . .urve up to approximately 50 percent of,,the-..p.eakaStres§§eﬁ:plain
s TLiconcretEr e ‘
2. - . Theaddition ofmﬁ_‘t‘ée‘rs- increases the ductility of concrete.. :
The extensive tests of Newman [49; éhpw that concrete subjected to uniaxial
compression exhibits cleavage failure wafiil'ejjgoncrete subjected to confining
compression failed by faulting failure ('shéar“failyre). ‘When adding fibérs to cong
can be aSjsumed that the effect of fiber is equivélq_nt to providing a small confinin
compression in the unioaded. direction. With this confining pressure, the failure

will be changed from spiitting to faulting. =~ . .

- From the'above argumment, it can be congluded that the increase in duc ty:

fiber concrete may be due'to the- inicreased resistance against crack propagatior
The comp’ressive‘i-;téét of fiber concrete in the present work demonstrated: th,

there was little effect on the compressive strength. Table A.40 shows'_t!;lgi there: we

an increase in the compressive strength of about 5 percent due to the-addition of .-

fibers. e

P oy N PRSHEE
Sriments 101, [35].. [36] have shown that plain concrete fails by tens

splitting wﬁgﬁigubjected to uniaxial compression. This proves@fﬁ’;ai't faiié:re; of concre
when subjéctédito GRigKial cofipression is governed by the tensile property, and th
compressi\re'stﬂyength should be increased by adding the stee! fibers. On the other
hand, the strength of concrete under triaxial compression is considerably higher tha
that under uniaxial or biaxial compression, Hence, adding steel fibers {equivalent to. -
small confining pressure) will change the failure mode, and will incr@%sé the ulimate -
strength. However, the increass of ultinate strength is small in nieaxial compressiol
because the equivalent conﬂ?ung Bréfs*?;ure;_gig%:the un!oadlgg direcfi;fi"’?“rfffé?fgﬁiaéll.
In order to investigate the response of Duracal cement material to unjaxial

compression, two:specimens of:this:rapid: pateh-material ‘Weré cdst, ‘cured for seven
days, and then tested. The stress

e plain and the fiber concrete. It can

ol

For all employed materials tested in the present work, the average compressive
strength as measured in the new test set-up was less than the cylinder compressive
strength found by the ASTM compression cylinder (tabulated in Table A.37). The
difference could be due to a difference in size, shape, and boundary conditions. in the
ASTM cylinder test, the loading system produces uniform displacement. On the other
hand, in this work five one inch plates were placed at the bottom and top of the
specimens in which full contact of loading was achieved, and hence, uniform stress
was produced. In addition, the friction between the steel plate and the concrete




2

er tO

LRy 24 s(g@}gv ER

s b 1R

]
oo, nﬁaw ot

dzmatenal is subjected ma;n!y to a blax:al tensmn compress;on  state of

E‘&

. k s,
ess after seven dayi of cunng The material mvestigated with the new

It with the material strength and stress straln behavior. in order to verify the
capabmties ASTM standard umax:ai cyhnder compression and spllttmg
onducted as a prelude to the mvestlgat:on The results of these

f,g"a

,e ulttmate stre?gth data of the employed materlals subjected to btamal

Epr

s It‘should be noted that al the stresses in Flgure 2. 44 are non-
onalized by the-uniaxial- compressive rectangular strength of plain cog;crete.

verage compressive strength of plain concrete is (- 2645 psi) after seven days.
‘ Generally, fiber concrete possesses hlgher strength than plain concrete.

' ensnon-compresel . As ghown HEFIQUI'G 2.44;%4 16 increase in strength due to
ddition is about 9 percent at stress ratio of c4/05 = -0.08. In contrast, the

se in strength is up to 20 percent in uniaxial tension and up to 5 percent in

axial compression.

‘As shown in Figure 2.44, Duracal cement material behaves similarly to concrete
igh stress ratio of tension to compression, while in compression, Duracal cement
onger than both plain and fiber concrete.

A comparison of the biaxial stress-strain refationship of the three employed

rials is shown in Figure 2.45. [t should be noted that plain and fiber concrete
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. !t:zgiis...known~ftha§: microcracks in plain concete subjected
conibréééion are started sigﬁifingtly prior to the maximum load;;x‘;
effect of fiber addition on crack initiation, previous studies [31)5tate
deflection curves for flexural as well as e stress-strain relationship
compression show that the point where the -ﬁ'on‘line‘arity started ¢a
an indication of crack initiation. o '

material is subjetted-to: uhjaxial l6ading, the microcracks graduallys:
direction of the load, which causes splitting failure. However, wher
pressure (fiber in our case) is applied together with loading, the gre
will slow down and the material will fail by interconnecting inciineé%
zone that cag_seg__fguﬁing or shear failure. '

2.6 CONCLUSIONS AND RECOMMENDATIONS

2.6.1 Conclusions |
An investigation has been presented on the performance of re
such as plain concrete, fi‘b_er“cqncrete,'aﬁd ,Iﬁﬁi{g_pal cement, ag, th
repaired regions of rigid pavements. Based on consideration of { e
described herein, the following conclusions can be drawn concerning
brittle repair materials: '
1. The availability of a biaxial testing set-up for simultane
tensile and compressive loads with a minimum of boun
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10.

11.

12.

13.
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In uniaxial compression and.tension, the compressive strain and the

_tensile strain at peak load are about -2000 and +160 microstrain,

respectively.; The. peak stress in tension is 15 percent of the peak stree:
in compressnon ;

- Thé uriiaxial tensu!efstrength of concrete can be satisfactorily predicted

by the expressmn 8\/ where f~, is the uniaxial compresswe cylinder

In un axial compressron the;s“ ) ' 'n,behawor |s aimost Itnear wher,
the stress is. Iess than 35 percent of A :uitlmate stress Small cracks
paral!el to the a;us of Ioadmg appear on}he specimens at a stress leve!
of 80.percent of the uitimate load.

The nonlmearrty of the tensrle stress- stra;n?;k" .Iatlons indicate that some
metastrc deformatlon occurs under tensrle Ioadlng The pre- peak stress:
curve is. retatlvely more nonlinear in com”‘p"g?essmn than |n tension.
ts show that the strength of concrete under combmed tensior:

[Saih

;_\n and. compressron is !ower than. the strength under umexmt Ioadlng Ths
_strength d_ecrease 1s dependent onithe pnncupal stress ratio, 1. e., the
strength decreases as herapphed_

nsrle stress. mcreases s
For dn‘ferent blax:al stress. rat:es (04/0,), the stress- strain curves

| . possess. the same general shape. However,;both peak stress and.

corresp _dlng strain. decreased as the tensile stress (01) sncreased
The blax1al' tensron compressron test program presented herein.is
srmple. The results are m agreement with previous mvestrgatlons

For all umaxral and biaxial tests, failure occurs by tensile sphtt;ng, witl
e surface orthogonal Ao the direction of the maximum tensile

strain a

_ Under: combihed-tension and- :gompression, a single continuous crack
normal to the. maximum tens:le strain direction was formed except for
ratios of the tensﬂe stress toscompressive. stress smaller than 0.05 for

which. crushmg% fracture; ;oceurreds i
The bond strength tests used in thts study mclude the slant shear, dir:

~lension, and direct shear tests. These tests are required to determine

the bond strength and guality of the bondmg system.

Addition.of steel, frber to concrete mcreases both flexural strength anc
toughness. . However .the increase in toughness was more significant,
and much, hrgher than the increase in strength. -

Duracal cement matenal has higher flexural strength and is more duc:
than plain .concrete but less, ductlle than fiber concrete.

O LA s 1

70




. . - Y L SR L B S T P VT
ny W ey > wEe e e i v e e i b

Adding steel fibers increases both the tensile peak stress and the

corresponding strain.

15.  The addition.of steel fiber to concrete had no effect up to the efastic limit

" of thie fensilé stress-strain behavior. _

6. In uniaxial compression, the increase in strength due to the addition of
*. steel'fibers is msrgruflcant Duracal cement was stronger in compres-

sionin.comparison with plain and fiber concrete:.

A7. For:all-three.employed materials; depending on the principal stress ratio

(o3/04), the:ultimate streng‘th'*in biaxial tension-compression is smailer

than in uniaxial compression;...::...- - Sl :

Generally, fiber concrete: possesses . hlgher strength and. duct;llty than

plain‘concrete. However;:thé ‘effect:of-adding fiber is-different in the

uniaxial state of stress than:the bidxial tension: :compression.

Duracal cement material behaves similar to concrete at a high stress

ratio of biaxial tension-compression.

Plain’concrete subjected to uniaxial compression and biaxial tension-

compression-failed by tensile splitting. Fiber concrete failed by faulting
or shear failure. : :

Recommendat]ons S : fi

For more: practical and realistic: apphcatlons modlfymg the avaflable biaxial test
‘set-up proposed-here-to-be used for-multiaxial cyclic toading is recommended.
The biaxial stress-strain response:and the biaxial ultimate: strength criterion: for
concrete in the form of a SImple stress enve!ope is recommended for: design
purposes. - R : e - o

For a better understandlng of the effect of addlng steel-fiber to plain concrete,
investigate the behavior of fiber concrete reinforced with different volume
percent of steel fibers. ‘

To improve properties of Duracal cement material, it is recommended that the
cement material be reinforced with the availabie fibers.
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gonhnear and hme dependent rnatenaf It: hasf‘Wfde!y
ensmn and compressaon The |mportant nonhneanhes B
>areas follows: - L i e i e AT o

‘ _ncrete is a heterogeneous material consneting of hard.aggrégate .
inclusions in-a: relatively:soft mortarmatfix; whlch ‘conSists -of fing
gregates-and: cement-gel:= Voids ‘and it

1 "ra’éRs atthgliritial stage cannot
Oadingcauses ﬁpropadation :ef-?cracksand“ alters the
fstmcmralfrespense sy : g :
i ie-Gonereteihas: d:fferennstrengths fintension ang: ”éemp‘ré"e;s:on lts“sensnle
Frey -st:engthr:ns{about%aftenthfofﬂats?cempressnve st‘ieﬁ‘gtthrackmg in.
fo . tension leads:to stress-induced anisotropy:- ... . : TN
.- The; constitutive relationship o ¢oficrate’ is éﬁr’ﬁplex; The main. cause’ of
the-nonlinearity is microcracking, which is a random and discrete.
process: - Post-peak strain softening under tension. andicompression is a
<peculiar: behavior: of:concrete; :Multiaxial load-résponseris: complex,
involving:hydrostatic pressure ‘sensitivity, lnelastic Volumie changes
-dilatancy; and:load>path dependency: oo o n 1 : SO
- Edilure. cnterla are:compiex:and depend:en: several parameters +
-+ Timesdependent behavior adds. tosthe: ‘complicdtions:" Shr:nkage due to
loss of:water-ard -creep-under ‘sustained loading are present I
addition, there is-algain-in:strength: with: [agesnie o -
The:distribation: of-local‘strength’ in: concrete. is random ‘There'is'a”
<relatively.high:variation:of: strength: and other propertles fer identical
- specimensstésted under: simildr "conditions. - 1y mor sl |
« Additioniaf:steglreinforcemients anddowels: cause add|t|onal
" nonlinearities: throdghi intetfaee: behavier: Bond-slip- and tensnon w
- sstiffening: effectslare;‘rnherently ‘nonlinear.phenomena; '

~:Bé&havior: of concrete undar: repeatedlgads and load reversais 15 rather
- complex ‘and'is 'not thoroughlyiunderstaod;: =5 o in Hiideig..

f,
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Ravements.in:this, study.: The.effect.of the;various-support conditionsand lo ding
conditions. will also be considered. . ‘The; study-of the effect of different: rehabilitatio;
measures, was. aiso. proposed.. It\was: necgssary-to. develop and implement:a_thf
dimensional-nenlinear finite .elemer-_]t-prog,’ram;:; The;input.parameters;: necessargwf
material model are, calibrated, based on, existing and. new specially-conducted test|
results, With-such. analyses the effect of. the: various parameters involved:can-be+z
studied :nlsplatlon— R T P S T . Lo b

The following stages are involved in the development of the analytical/n
procedures:, . iye . S P T PRI o

.- formulation. of a.materiat m del for concrete .
*oui :8Ralytical, medelling-of interface behavior between dowel bars and
L .4 gonerete-and fQISQ>b§MQem;-grepair.,-.majterialk,and::;old Gconcrete

simulation of subgrade conditions and the effect of curling of slabs

. zgimu!,a,tigb goffgf,u,lkamdf.gpar;ti_al;fgepthazpatche‘S‘:amd*éthe::eﬁ&dt of the patching
<z Procedure-on stress: distribution-im; jointed:.pavement siabs
NQUNOBING Lo oo o

3.2 .BAQKQBQUNB{ANB OBJECTIVES cpisipriii i, o

BRI S A UaE 5 20 AR L prig o s e

3.2.1 Bagk_g;oumdi:; ST RO B N e e

-.Westergaard /5 t];;wasa_the;;ﬁESt%te;de\;alopﬁanalytical iexpressions for stresses
and deformations. ‘oj-.pavem.ents-{tzzasgd;eom the:theory:of plates-on elastic foundation.
Bradbury [52] analyzed an Enfinitelyz{ong;be;am:re’siiqg;aon; elastic:supports and used
this analysis: to, gomp.u.te;zs,tressss_;e_irafQsawefs:';;amﬂ{goncrete-. ibater, Frieberg [53]:
simulated. dowel;embedment: in:conerete throughi aniinfinitely long:beam on elastic
Supports.: Holl,{54] and gﬂoggg[55];p‘;;gs,e,utesaf;amal,y“s"es ofithin: plates .on.eiastic
foundation which was considered as, a:semisinfinite: glasticssolid.. - Kushing and Fremont
[56] developed-a method for evaluating load:ransferacross:a:doweled joint. Burmister
57], (58] developed. methads. for, analysis: of multilayered:elastic.-systems. Later, they
published [58] influence charts. as @des-ig_n-aidszeb,agadz-;on:$az>b~@eIayer:»z_r,igid soil base
system. Picket and Ray {59] developed i;;n_ﬁ,u,en,c_e.z:ﬁhajrtszft@icdmputefth.e stresses
under a pavement.subjected to generalJoading:arrangements: Niu.and- Picket 60}
studied the effect of-a-single crack-on-the stress: distribution: in & concrete pavement. :
o - The development of the-finite- element-method as a.powerful.analyticaltool and -
the availability of computers led-;;tgfawn.umbgrfof,sanalyticaf studies of concrete




slab Ena subgrade;-and
‘ie rgodeled‘through‘specmed

' grade to'b& an’ elast:c foundatlon capable

TN "E BN

T R L TE

' *’p‘rogra' o ‘analysis 6 doncrete pave--
ments. The program employed the plate elementfor coneréte’ Shd Winkisr ; spnng

lement for subgrade. The welght of the slabs was considered. Load transfer at the
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s:introduction:ofshear and rotational springs.:Th
V:.l'os of upport:was simulated:. A nonlinear subgrade,

AT e

_'}response was consrdered. ikhe effectof. inplane:stresses was-considered: through;g
second analys:s usmg a pla ‘stressielement..;An, extensron 1o;consider. skew joi

u‘a b e N g e W

3 P@ramet studres w;th ~yariation rn, the subgrade rot

Y fag i }h}

stresses in, case of{ skewed jOlntSzWE

U A s T iEhe

curi_t_ica!, conditi:o.n:.for:stresse_s:é.in
FA I EH R i bk g S b Y -w
most of the., heavyrt ffic.tr,

ravels;du

smgm,ths !gwt
6 Saxena and Dounias: L7

nias:. analyzed*centlnueusty remforced concrete pav ,_m;
by employmg a three drmens;gnat in

betweeﬂ the pav}ementaarfd tsuegrage t_g. consrder fnct[onai. effects Ieﬂectroni along%
surface W&S;LQE‘E@QQQ by.employing coarse mesh .whereas a finer-mesh.was. usegd:}

compute. stresses; i /A heatgtransfer anaiysrs;was performed:to obtain the: drstnbutloneg
temperatureg thatewas*used rn?istress analysrsw Mechamcal effects: of the load and:th

> E )

employtp!ate eiements_ fer .modeling the, pavement' :One, of—«the- mam-dlsadvantagesg
thesg- models. is:theit nabrhty to-considert
the stresses around.the dowels. Part[cularly, ,cencrete around the dowels is h|ght
stressed, and’locaikyteldlpg, crushlng, and crackmg of. concrete are, encountered,.

;avau[able;-ggmputer'prcgranqs{indiceted;—tbatf most.of the program

Because of these consrderatlons a33pe0|al purpese three—dlmensmnal nonlmear finite#
efement, program,was developed during:the- ccurseﬁof ‘this.study. ORI RE

The. program ‘employs:a special. constitutive: :model-for. characterrzmg the
response of. concrete < he:parameters; required.for. usmgnthrsgconstrtutlve ‘model ha

hrtherto beer: obtalned from; sophlstlcated testingitechniques.;.in:the: experimental - =
phase of this study; simplé testing procedures using.the :available-equipment have

been developed to:obtain, ‘the-necessary data::These. procedures: have been-shown to;
beacapable. of: reproducmg,a the. results. obtained. from more- sophrstrcated tests:

The main: Ob]eCtIVES of: thrsrstudy are:_
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. To.develop a specialized finite element
 lointed concrete pavements = o
to bga_:c:apgblg of simulating, jointed rigid pavement distresses due to Jogs

of.support, concrete.deterioration due to fatigue, looseness of dowels,
etc. -

computer program for analyzing

to be able to co'nsidéf the develo
pavements and inelastic deforma
fo,include the effects

p}‘n'en't' énd propagation of cracks in
tions of concrete
o_f-njgm-_‘tjmenand day-time.curling and warping of

St

parnafdepthpatched s_lab seétidné; and fo
EEREE K ,a-u;,r-_‘,\.\ e LT L

n .themrespdnseﬂ,:dq!g?.;gqns. and stress

N

fsagwf,i: \“‘. .

the*apalyses i
»&xampies of full three-dimensiorial analyses of

repair sections under combmanon_s\l of self weight, whee|

ératuretare presented;and discussed, The study is only

_, ofan explgrﬁagqtqu,g?turjé;\’"l_t does not include. parametric studies on the

- various pavement configurations and.different loading. conditions. It also
d_geﬁk_nptf,:coyer the distressgs;jgue to blow-up which may need a

., geometric nonlinearity modéling’capability. _‘

2:be/of real value to practicing engi?r?%”fgf;s\{ the program will have to be used to
) - :__ent,Eggnfig_u;gtjggsﬁ,}g}gf.gg;gé‘sewb¥g,gs§§§‘;s_tu.dy, and the resuits of

be employed fruitfully. in. arr _?at;é[feriiiggt_ii?_e rehabilitation

e
o bk

......

3t pavement-are:

L

A slab.cast in portland ceme

1d cement concrete

A subgrade, cemented, bonded, or unbonded
Joints.- Doweled o undoweled
Shoulders - concrete or asphalt

3. Reinforcement |

I.section. of _aii.goqcfete pgyémen't is Shown. in Figure 3.1 - .
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s To.develop a specialized finite element ¢

 lointed concrete pavements © SRR |
to be, capable of simulating jointed rigid pavement distresses due o ioss

- of.support, concrete deterioration due to
ete. . A
to be able to consider the develo
pavements and inelastic deforma
fo include the effects of night-tim

omputer program for analyzing

fatigue, looseness of dowels,

pmeht and propagation of cracks in
tions of concrete
e and day-time curling and warping of

slabs.. ..

 10.be able.to analyze full ang partia oy thipatohed siab sections, and to
studne ftect o pateing on e respanie, cesogore, snd apee

Pl

w e \\

, apalyses

fion .\examples of fuil three~dimeqiiona! analyses of

. Pavements: ‘”F’_‘e'pai“\-,_sections under combinationg‘of seif weight, wheel

loads, and'temp erature'are presented.and disc'ussé{;i.‘_ The study is only
. ofan exploratory pature, It does not 'inc!udaparamé’tfg'c; studies on the

. various pavement configitaions And.different Joading conditions. It aiso
-~ does, not cover the dfstreé:'s&e:s}gue: to-blow-up which may need a.

b g‘é;qmetric noniinearity modé‘lj@é:zgapébﬂity.

110, be;of real value to practicing engingers, the

A

program wilt have to be used to

ment configurations,gn, % tase by case study, and the results of

ngfat alternative rehabilitation

L Al LA~ oy Wy Mm‘ent‘are
A slab,cast in portiand cement concrete
. A subgrade, cemented, bonded, or unbonded
Joints - Doweled or undoweled .
Shoulders - concrete or asphalt
Reinforcement...

Ieal section of a concrete pavement is shown in Figure 3.1
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- To develop a specialized finite elemen

- Jointed. concrete pavements -

- to be, capable of simulatin
of.support, congrete deter,
ete.

_gsjp;in'te'dfgrigid pavement distresses due to loss
ioration due to fatigue, looseness of dowels,

to be 'abie to consider the development and propagation of cracks in
pavements and inelastic deformations of concrete
- 10.include the effects of night-time and day-
to be able.to analyze. full and partial depth Patched sfab sections; and to
studythe effe patching.on fhénrésbé‘ﬁ‘seﬁ.’_dqf_lgégon_s, and stress
H Y K

time.curling and warping of

; ‘5, !? \‘
At i .

T irmdya i i

N ot ¥ L 12

ins. dtie tg "¢ rmkagefih‘_t'h:é‘:é 'élyses"'a_‘
-examples of full three-dimé@_ﬂsioriaf analyses of

_ pair sections under combinatioh\s\l of self weight, wheel
o temperature’are presented \

s, an i.and disdusséij, The study is only
of.an exp!gr:gtq_gr_yh_rj; ture.\'it does not include paramétrfjg studies on the
< various pavement configiyations And.different joading. conditions. 1t aiso

--does. not. cover the distréssééz:duef‘to"'b!ov'v:up which may need a.

. geometric nonlinearity modéling:capability. L
e’ of Féal value to practicing engi"“ﬁ.‘*%i‘e‘%s;, the program will have to be used to
nt pay ‘{I}en_t,;qqnf:igu_r_‘gtjppsﬁgg; ai?g‘é:ée_;bgr case study, and the results of
ouid be. employed fruitfutly,in "’iQgﬁi"at;la_f;féria‘atwe._ rehabilitation

P N O L T AP

_ ortland cement concrete

A subgrade, cemented, bonded, or unbonded
~Joints.- Doweled or undoweled ,
Shoulders - concrete or asphalt .
Reinforcement,

Wt
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oncrete Slab - ST <
The pavement slab is usually made up of a‘concretaslab at least 10 mches
astrand:-cured in‘place: The minifuim ‘strength’ specmcatlons vary from state to
d ig'usually ‘specified as‘a ‘minimuri’modilus of* rupture A desngn value of 550
5 'Mpa)'is’ suiggested for-pavemerits in *Loursuana [76] The suggested value ‘of
fodulus is 4;200;000 psi {29020°MP4: AR SR

Subgrade
The subgrade for concrete- pavements may consist of natlir:
¥ some’ places, ‘spécial concrétepases are’ usedwTheépurpose ofthe base
;Bcr'\a%‘,

.t provided aruniferm stirfadéfor easting th se courses are
g < o
g 4r'n pe’“s e :

ime'st ised: under figid pavermeftior tﬁé“fotlo@t\ng" purpos s:
1. Control pumping damage - WU
2. Controlfrost-action.

Provide dralnage

2 “Controlshirinkage -and swélling of subgrade R A

"‘:Expedite cofstruction HE e ' S -

eft‘ The:AASHTO design: guide: [4] prov:des for a“' ductlon ln slab thlckness for

'df'subgrades b e Uy CURIE ‘

A

Evonm b baha Lodu B
“Soil” or stablllzed"

Jomts
Joints in concrete pavernents are provided for two purposes
To provide:for: the felease’ of«stress's dugto shnnkage of concrete

' "dunng?cunng G R TP R | ST

fthe slab under temperature ‘

.‘:u SCEE T

fépavementz é ab T hey arg’ about .75 to one’ ineh-Wide" and- dre’ spaced mére thain 60
apart Expansronfjomtsvaref expenswe to construct»and marntarn Dowe! bars are

uf ping distresses.” Many’ states Hiave' dlscontmued fre'ise of expansmn ;omts
Contraction Joints: These’ Aresprovided to control *crackmg‘due to“"hnnkage of

ey riay or may ot havé dewels to trafsfer the' Ioad ‘acrdss; Ftecent mvestlgat:ons
77]dve dérronstrated” the! ‘stiperiority’ of doweled’ Jomts sDiweldtare® plaln*steel*rods
stdlly-one inchi in: diafiieter’ and*1.5'to two-ft. “I’dﬁg’“TheyiaTé'ﬁreased to* permlt frée
xpansgion’and contractionof slabs:Irisome States, the~pract|ce is'to- cutf’“a groove to
bout:half the:depthiiof sl and’ rntroduce ‘the dowels ‘at onezft‘ c/c The ‘rast of the M

oint forms during shfinkage. : oy

Bey sl g .{ [N I > , Tty
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oncreteér hese are? usualty Japout: 0:25 inch wide* and arg spaced at- 45 to 20 ft apart.




Construction joints: These are empioyed to transfer load across old and new:
castings. Sometimes. dowel.bars, are ysed.., .Use of keys is also prevalent. -
. Longitudinal. joints:  These are used, between two lanes: of a muiti-lane highway
: and between the roadway i and the shoulder...Thesiwo lanes or the shoulder and lane;
are sometames taed with tie- bars. whlch are, usually deformed steel bars. two ft. long -
and 0.5 to 0. 75 inch in diameter placed.atdwo:to: three ft. rnterva!s The tie bars are
firmly anchored into the concrete at both ends.

3.3.4. Reinforcement .- ... . g tonaen

Ftemforcement is- prov:ded in concrete pavements to control cracks This. . : =
consrsts of a small drameterﬂwrre mesh.or a barﬁmat However, in case of continuous!
reinforced pavements, the, reinforcementsztake up '_the;_st_r;es_ses due to temperature an
shrinkage, and are desrgned accordlngly e T ' h

3.3.5 Shoulders :
Shoulders protect the highways: from, dramagegrelate

serve as servnceflanes They may be paved or';cnpaved Uscally paved shoulders a

madeg, of, asphaltlc;;,concret,e: Cement- -coneréte; shoulders.are semetimes tied-to the

lanes through tie bars. The AASHTO Gurde [4] perm|ts a reduction;in: the::thickne
pavements if they are tied to paved shoulders recognizing the structural part:clpatr n

the shoulders.

g e IS [y

3.3.6. Dlstresses and Causes of. Fallure of Concrete PavementSa

A concrete pavement is subjected to stress from traffie, change: in temperatl
IS sup shiditions, and:boundary. condit

Occasnonally when poo

sfarlure_ insufﬁcrent mamtenance,{partlcular!ygyv 0
at the joints.. The maln types- ofgsfaliureldlstress encqggtered in. jom'ted plam concrete_
pavements are. -raveling,-spalling, faulting, pumplng,ébtow up, failure of keyways; .z
corner cracks, and compressron cracks Flgur% shows typical failure modes an
Table 3.1 describes. each of. them brleﬂy AM
functional fa;lures, and others lead, to structural;f fastures. ST

A ;Fautting: is maln!y a functional failure;; thcugh with- tlme lt Ieads to. other
structural failures. This is due to an insufficient. transfer. of loads across: the joint. /B h“
dlfference in deﬂectton of loaded and unioaded; slab. is: high enough-to.cause a roug
riding surface, . Water may seep- mto the subgrade .through such a joint-and repe te
pumping.of water at htgh pressure during the passage ¢ of vehicles leads to pumping;
failure. .In this mede, . subgrade, material is removed through-the joint and sides alomn

with water under pressure. This gradually leads to loss of support and a resulting i
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Figure 3.2 )
Typical failure modes [66]




Table 3.1

‘Distresses in pavements

S o :
Typeof |- . - oy
No. Dises Severity De.scnpnon
i |Pumping | Highto Ejection of mixtures of -
. Very High | water and finte subgrade
‘ materials through ‘joints
_ .or cracks :
2| Fauting - | Hightto - Differential vertical .
T Very high a-_drspiacement of adjommg
v slabs, creating a differen-
tial'displacement on the
ol . surface
31 “I"High to A crack or break in.the .
Very high ;. | middle-third. of- the slab.at
rrght;engles to the .pave-
ment'centerllne E
4 |Comer-- - !agonal crack extendrng
Cracking’ | fromithe: joint to edge of-
the pavement slab ;
upward curling; or
‘weakness in subgra
7 7 - support- TR
§ | tongiudinal | High “A’crack or'break é‘rip’r’o:(i-’*-,
Cracking mately parallel to the
pavement centerhne
b {Salng | High . Breakdown of slabs at
' joints or cracks, resultlng
in the'removal of sound
_ concrete R
7 [Bking- | Vesyhigh | Lateral break up of con- - | Joifit lockiip due to |nt| i
Blowtip \ . crete near.the jOIﬂt with, | tion of mcompressnbfe,
two sides of joint lifted off | resulting in excessive
the subgrade bendlng stresses
§ |Suface~ | Moderate Progresswe dlsmtegra- - Concrete surface erosiol
deferoation . tion and loss of the con- | by de-icing chemicals;
{Scalng, crete wearing surface improper‘construction
Raveling) : techniques; repetitive
freeze-thaw cycles

L T

00
TR

T YN




e pavement cracks, higher stress levels lead to a faster fatigue deteriora-
'Pumping by itself does not cause structural failure; but-actelerates the ..
gh side effects and is considered to be a severe distress condition:

ni uﬁ:crent prov:sron for: expansson and contractlon under temperature

5|nteriock wrth tlme and a numben of Ioad repetltlons,.the Ioad transfer

y is lost. This condition leads~tc faulting;: pumplng, and resultlng structura!
T ALY IEERAEE =‘»:'.' TR s SR Lt 1A SR L :

orf’ .ccurs;zat*;theem ,dle-of:the-slab.
hecpassagésofianehicleiover s
e nednthemiddleofittie slab.,
nlght the reverse phenomenon occurs. The temperature of the bottomisurface
hnighier:than-that at the top.surface:and; therslab 'Q;”S congavelyiupwards, and a lift-
the pavementiisiobserved.at ther jointsz: ‘Because of arreduétiontini stiffness at the
his lift-0ff is much more than. the"hft—offf Qeeurring: durmgf the rday:The void

' ed below: the. slab leads: to-collection: of water and pumping distress. It should
e noted that on the majority of highways; most-heavy, vehicles:travel at night and
he upward concave curling.of: the-slab-is: the more criticahmode [66].

When the traffic travels along the edge of a pavement; particularly in case of
oments without tied concrete shoulders, the stresses developed at the corner are

giand lead: to-corner: cracks. .

MATER!AL MODEL FOR; CONCRETE
Before describing the implemented matertal mcdel for concrete, itis necessary

ighlight the response -of concrete. toloads. . ... - wa+
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3.4.1 Behavior of Concrete Under Load

3.4.1.1 Uniaxial Behavior
Compression’: i _ _
A typlcal stress-strain curve of congcrete; under uruaxrel compressmn i sh
in Figure 3.3:The fo!iowrng observations: can- be made: - - AR
(1} Compressnve stress- compresswe straun dragram is linear up to'a
: . percent-of the ultimate’ compressive strength o
(2) If & dlsplacement conirolied test'is’ performed in*a rigid testmg _
the strain softening portlon of the stress-strain’ Surve beyond' the:
strength stage‘can be: observed ‘Thé final failure of concrete n
w2 compression. occurs: at a E:mmng compressrve stra:n 51:5'
(8)+ « The: |ateral strain: Iongztudmai stress plot is Imear up to-about 80¢
: -,«_'of the- uItlmate compresswe strength iRl s

Lo

Under cychc Ioadlng, the foiiowmg observations can‘be- made as: shown
FIQUI‘BGS i '?"':* "‘ss B3 10 PR a3 EUT R STHERER S E PR L U PR ok -
(1)

L

Ain. the nonllneanty
Tensmn SgEh i TRy o e _ Ty, ; T ALY
The following observations can be made it'a umaxzai dlsplacement contro!l'
tensile test is conducted in a stiff testmg machlne as shown in Frgure 3.6.
(1 The umax:ai tensile stress , 'rorwls linéar Gp t_o about’
: 60 percent of tensile: strength BT Lt e G e
(2) The initial modulus is nearly-equalto that of the” compresswe stress
strain plot.
(3) Beyond the ultimate stress, a region of strain softening can be observe:
along with the appearance of microcracks. The final failure is by the
coalescence of microcracks and the formation of a macrocrack.
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1.:Behavior of Concrete

*i

3.4.1.1: Uniaxial: Behavmr
Q.Q_fﬁm T
oA typlcaf stress—stral

CUWe
in F:gure 3.3i “The foflowmg obs

: Crete under untaxial - com
(1) - Compressiyg. . ‘Strg, oms‘ N-be made: S
percent.of thy . e Dressw € strain. d:agram is i ear
(2)  iadisplacemq ont g __°|° *eSsive strength,
-~ the strain: Softap, ing eled Estiig® Performeq in- a figid test

strength. stageg a {2"_{““{ '€ stressstrajy curve: bey
7 compression .- - S - “The fing) failure: of
(3) - The Iateraf Stz Qifud ng ompresswe strain:
Cov o ofithe: ult:mat gl “Stress plotis lin
) APt of volype, PrEssy

R F[gure :

loadm AN Core SRV
() - onun ML ,,
: "’-:'f"'-“”I°ad’"9§a”ﬁ eloadf; o beyeﬂd 30 percent of ultrmate:; é
deformation; ‘ean: also: be-=-c ey Show marked nonhnearlty |
@ . Upto about:gs, er _“?_bsewe b .
appromrnateiy th
(3) Beyond thxs
: i 0

The fol!owmg obsema i
tensile test is conducteq i, a

de |f a umax:a! dlsplacement-
(1)  The unlamal ten a Ching’ as shown i Figure 3.6.
. 60-percent of ter le I thé"i?ioms lmear up to- about
itia) Mogdy SN D ' o

(2} The ini S ig e

strain plot. ne ¥ equay
(3) Beyond the Ultim Mate Strg

along with th Sara. > & reg;

coalescencg f mi ce ic

der Load

ear up tozabe
Vi, Strength _ ks
Vgt
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:'é series of tests conducted by Kupfer et al.’f10] is considered to be
; *'mparison of results of most numerical models and other tests.
)-indi¢ate some of their observations.

€ maximum compressive strength increases for biaxial compression.
‘At a principal stress ratio of 0.5 it ig about 27 percent more than the
uhiaxial compressive strength and at g principal stress ratio of 1.0, it is

about 16 percent in excess, as shown in Figures 3.7 and 3.8. The
biaxial tensile strength remains almost constant and is equal to the
uniaxial tensite strength, as shown in Figure 3.9. In compression-
tension, the compressive strength decreases almost linearly with the

increase in thé tensile stress. ’
Concrete ductility under biaxial stress fields depends.upon the state of
stresses. -Under. tiﬁiaxial-»a_ncfjmbiaxiah compression, the average

B 0 Py

§_,ma>iidjﬁ;&wjfcb'rpﬁﬁrfé'ési{/é.‘.Si'raiﬁ is-about 0.003 and the average maximum
~tensile strain 18”801t 0.002-0:0047 Unéiér uiiaxial and biaxial tension,
~the:maximum-tensile strain is-about-0:00008: -

. f_,Né_ar the failufe-t*é',tiriess;e the total: ifqli.-]mfe in_cré%jz‘sejs under compression.
““This is due to-crack formation =r:fi!;ic:l;,is:tc:iz_z.'.l:ffl.t=.3t{ifd.ile(tancy.

Failure ocours due to tensile splitting in the direction perpendicular to the
~maximum principal tensile strajp. |

The -maximum s‘tre“h;éjthéfgﬁiié}”q’éikéwéﬁzﬁn in Figure 3.10 seems to be
‘largely independent of the-load path.” G T

[T R A —

o

3--Triaxial-Behavior.. ... . .-

~Experiments.indicate that.concrete. does not fail in. hydrostatic compression.
n.and Zimmermann (78] reached triaxial stresses of the order of 79, times the

compressive strength without observing failure. Under lateral compresive
s, the axial compressive strength and ductility increase as indicated in
3:11. The Stress-strain curves under hydrostatic compression are nonlinear and

unloading curve follows the initial modulys.

Depending on the stress level, concrete behaves in é brittle or a ductile manner
er triaxial loadings. Insufficient data is available regarding the triaxial behavior of
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. Analysis Procedure

The followmg are the steps |n the analysis:

Py S

“ts are dlscretlzed as three

LT e

An. elastic: ana[ysrs :| rriédout with the temperature° strains and a
small proportion-of the total:.wheel:load. - The strains and stresses at
various integration pcints are computed. These sirains and stresses are
- then: checkect for cracklng and/or y:eldmg '

(a)

(e)

The fractlon of [oad mcrement reqmred to reach the crrtrcal
»condrtlon (entheri crackmg or yieldlng) |s computed as a ratio of

L "‘changed : : :
T The remamrng pomon of thes current strain. mcrement is divided

rnto a prescnbed number of- sub mcrement Sk
ch’sub-increment: is added _and the current materlal matrix is
computed based on the current statengf;;stress he increment in

“stress: correspondmg to thé sub- mcrement of strain ‘considered is
'computed The: strarns stresses and other state variables are -

updated.

After considering all the sub-increments of strain the results are
stored, and the final stresses are integrated to obtain the
equivalent nodal forces. The next stress point is then examined.

- After completrng the above calculations for aﬂ the. stress point:in the. .




{o}%'= (D] [e}® - {e}¥] + fopl®. -

where {c}‘a is the eIement stress vector [D] |s the const:
'{Eo} is the initial strain’ vector and {00} is the mrtlal stres
The' equmbrrum equatlon at the- globa[ Ieve! can now be ob
pnncrpte of wrtual work and represented as o s

{F+ {Fb} +; {FS} o+ {F(Eg)} + {F(Go)} = [K]{d}

where {F} is the applred nodal force vector, _and {Fb} rs thi
nodal force vector due te ‘?QX. forc_e_e b, glven by, ..

{Fb} = >:e I\, [N]Tz!{b} dV

ét ’ 5. ‘__f_;

(Fsh = z'e"fé NI fshav

by; :
= 52, :[éji{co} av

i

[K] IS the structure stiffness matrlx represented as,

[Ki. z° IV [B]T [D][B] dV.

available. Of those, the Newton;{-'taphson and_ the modified Newt
most popular. in thls techmque the structure: stiffness-matrix’ IS
salved at every lteratlon or after a prescnbed number of rteratlons is:
present study, this technique of solutton is employed




elements. Three-differ_ent concrete strengths are considered for. f
material properties are given in Table 3.2. The steel dowel bar w:
distance of 12 inches from the face of.the joint. Spring dcwel--sup
concrete and dowel nodes. A shear load was applied at the tip of
load is increased gradually. and the. analyses performed.--The- rea
support springs.and the displacement of the. corresponding. nodes:
Figure 3:28'showed the distribution of stresses: around the dowel.:
tion of tensile stresses-in-the elements.above the dowel and large:
stresses:.in:the: elements below the dowel can be observed. Figur
shear load vs: verttcal displacement of the node: at which the dowe
concrete.joint. The CUIVes are rionlinear and-a gradual“loss of: stl,
mloadcanbeobserved I o
In the analyses of: ‘pavements dunng this: study, a stsz dowe
spring representl no Iocal effects and a soft dowel- concrete mte_
representing log: leEQIng:;and cracking:have been employed and

necessary to get ;easonably accurate results Particularly, |n ap
thlckness dlmensmn |s very small when compared to the plan dim

than five for lmear elements and 10 for quadrat:c elements.- Furth‘
accurate stresses and strains-for the nonlinear analysis, parttcular

refinement study was ccndueted. - Three 'meshes, shown:ln E‘igu"'re
3. 32 wuth d:fferent reftnement levels were chosen The support
meshes were. chosen to.be identical.:’

© joint were. appiied: - Elastrc analyses wer

and.compared:#Table \

selected poits




nd-¢orresponding: testing set-up:igiintroduced for
material...Accurate measurements-and-a;minimum

nta! techmque gy BT AT

2. 4 snon cognpress:en,test program presented hereln s snmple The

resultsfare in: agreement withprevig ‘s;:mvesttgat:ens SR _
3. ‘tjgg tgs§ jused:in: th|s study;mclude, the slant shear« d:rect : .
a.

of two differen 'atch shapes amely, rectangutar and transmon
shapes Each shape mcludes three different depths. Specimens. with:transition
shape patch were stronger.than. specimens: w ,[th rectangu[ar patch ‘Within each
patch, strength decreases 'as:depth’ increases.:
5. -Adding steel fibers.to. conerete-increases. flexural strength
tensile peak stress and the correspondlng strain.




10.

11.

premature local failures. These failurés, though highly localized, redu
shear transfer efficiency of the joint. :
The dowel con%rete% Lnterface sttffness has been found to, sgmf:cantl'

deflecﬁen p;'oﬂ!es under normal support conditions. ThlS in turn affect
shear transfer efficiency, which decreases with an increase in load. .

support conditions,
Nighttime curling of siabs leads to a loss of support ‘at the joints: 14
thejoint; allowing:entry of water-atthe joirt. - Most of the heav‘y’t‘reff
hlghways travel-at night, and-hence;:the nighttime curlmg COHdEt[O
“iiszmore. critical from:a structural: point: of view:: U R e
- “Thesnighttime:curling of islabs;.because oftheloss of suppott underthi
+leads to a lift-off-of the:far end of the:slab during the passage ‘of hea :
loads. This effect is also present due toloss ‘of :support condition
pumping.:- Thus; faulting. ofslabs at:a’ joint: may aiso md:cate a !os
at the far jolnt of that pavement slab PR A T T

gradlents and. wheel Ioads is sum:iar o that caused by no tempe tuire
gradlents T E R ] ot ;

; “’i

stresses in both repair and-existing matertals.

Due to shrinkage, cormer cracks iri‘the ex:st[ng matenal at Ihe Junctl
repalr matenals can be expected T ; SET:

the ‘existing and repalr matenals ang’ w1th the maximum dlffer' '
. for the two materials. o My sih s e o e e
Shrinkage' effects are: ssgnlflcant only for:-low traffic loads.
loads, the difference in maximum stresses for pavements with"and:wi
shrinkage stresses decreases.

Because of the mcrease in stress ratios at iower Ioad Ievels;'" hi




14:4 Partlal«patchmg procedures -are-mere:cl ,;

depth patching because. ofgsthe N%addltlo
materlals In these-.\procedures,,;subgrade;

4.2

It is: smportan
to check for oC

.mtngh&xf

to »mamtam?se eahll

those of the emstmg matenai to reduce;the s-hrinkage stresseseczv TG
- Fatigue:( of existing.and. repasr materials at low traffic:loads:should:be: -
mvestzgated in the selection of a rehabilitation procedure by estlmatmg and
including the shrinkage, stresses.. T LT 3
in some cases,sstrengthemng -of: the extstlng materlals near the damaged reglon
may. be.necessary for a satisfactory:performance: .of the:repair. procedure.

10. The computer program developed in; thls study can befused as;an-ef ctlve tool

distr y ectmg the

11,




existing: material; particularly: at:the corriers; ¢an be improved:thoug
grouting:or by suitable-modifications-ir- patch geormetry. Such'mo
however; should: again:bé checked: through analyses before :mple

43 SUGGESTIONS-FOH FUTURE RES’EARCH

Based.on the observations -and conclusions of thls study, the f5 ic wi
suggestions:cansbemade:far: future: research"‘ : 2
1. . Thes:simple test setupdeveloped:in:
further study on fatigue: charactenshcsﬁ;”f,:r"ﬁe‘tenals under bsaxl
cychc loading: - Thrs ige :mportant because‘ most Eof the structurai'

shou!d be made The totat shrmkage 'of these:@ atenal
parts: «Thefirst part takes place before the thatefial has’
nottlikely:to !ea;dvt()“ffaddition'altf’st’r'esses*::Tﬁ‘e*'éﬁseé:ondspartaoff's'hr:
stresses in both repalr and eXIStzng materlals Th:s part is: E:ke[

3. ‘Testmg should be done
partacularly under- freeze-thaw condltlons and surface-moastu

be’ made to decrde on‘an: optrmum levél-of-fibers. -

5. Ana!ytrcai methods: of cons:dermg tHe: cycilcal damage of ¢
pavements Shat RN TR R

6. The program developed in-this study can-be |mproved'
software to enable-itsitiseé by engineé&rs in transportation

7. An investigative study ‘'of dctual highway patches done un

P R T
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10.
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