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“FOREWORD

"This report presents part of the results of research conducted by the University
of 111inois for the Federal Highway Administration (FHWA), Office of Research,
under contract DOT-FH-11-9175. The research study was part of FCP Project 5D,
"Structural Rehabjlitation of Pavement Systems." An analysis and design
procedure for plain jointed concrete shoulders was developed, based on joint
spacing, traffic use, fatigue, load transfer, and other factors. A design
example is included, as well as a computer program 11st1ng for fatigue analysis.

Other reports resulting from this same study are;»

,FHNA/RD 81/077, "Improving Subdra1nage and Shou1ders of Existing
Pavements - State of the Art"

FHNA/RD 81/078, "Final Report - Improving Subdrainage and Shoulders of
N Ex1st1ng Pavements v .

FHWA/RD- 81/079, "A Pavement Moisture Accelerated Distress (MAD)
Ident1f1cat1on System - Volume I" :

FHNA/RD-SI/OBO, A Pavement Moisture Accelerated Distress (MAD)
Identifﬁcation System - Volume II {User Manual)" :

Sufficient copies of the report are being distributed to provide a minimum of
two copies to each FHWA regional office, two copies to each FHWA division
office, and three copies to each State h1ghway agency Direct distribution is
being made to the division off1ces :

Gl & bt
Charles F, Sch Y

Director, Office of Research _
Federal Highway Administration

NOTICE

This document 1s disseminated under the sponsorship of the Department‘of .
Transportation in the interest of information exchange.  The United States -
Government assumes no liability for its contents or use thereof. -

The contents of this report reflect the views of the authors, who are
responsible for the facts and the accuracy of the data presented herein. The
contents do not necessarily reflect the official policy of the Department of
Transportation..

This report does not constitute a standard, specification or regulation.
The United States Government does net endorse products or manufacturers.

Trademarks or manufacturers' names appear herein ionly because they are
considered essential to the object of this document
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CHAPTER 1

A

INTRODUCT ION

A "we]]-ﬁesigned and properly maintained?,shouldér is considered
by Taragin (ljlto be a necéssity.with any "appreciable vo]umehof'traffic."
'He adds that the shoulder function is "multifold and éf] segments of
traffic receive benefits from“the additional cosf over that qfian im-
properly designed shoulder." Barksdale and Hicksi(zj suégest:thét
'design approaches that can be taken to minimize the paved shoulder dis-
tress should include, among others, the.se1ection of an adequate,stru;-

tural section for the shoulder as well as the provision of a positive

means of removal of water .from the V1c1n1ty‘of,the‘Tongitudiné1ljoint.

1.1 Purpose
The purpose of this reseérch effoft?was to develop a rational
structural analysis and design procedgré for p]afn jointed portland !
cement concrete (PCC) highway shoulders. The'design procedure may be
used for the design of PCC shoulders for rehabilitation of existing
pavements, and also for new pavehent construction. ‘A PCC shoulder
must meet certain design requirements:
1.  The shoulder must remain structurai}y sound in all kinds of
weather to withstand: |
a)  the standing loads of disabled or otherwise stopped
vehicles, and of maintenance equipment;b_ |
b) occasiona] traffic whén the shoulder is uged as a.detdur
during maintenance operations;

c) - regular traffic if.the shoulder is used as an extra lane



for peak per1ods, and |
'd)r encroach1ng mov1ng Toads from the adJacent traff1c 1anes
_ 72. The 1qng1tud1na] traffic 1ane/§hou1der Jo1nt must prOV1de h1gh
load transfer to reduce deflections and stresses in the traff{c lane'from
edge loads. This will improve the performance of the traff1c lane.

'3. The traff1c 1ane/shou]der Jo1nt must rema1n t1ght over the
design 11fe Th1s w111 1mprove the dra1nage of the pavement by d1rect1ng
runoff beyond the outer shou]der edge ‘The reduct1on in water entry at
the traffic lane edge wpu]d e11m1nate or greatly reduce pumping potent1a1
under the joint which would also add to the service ]1fe of both the traf-
fic Tane and the shoulder..

4. If possible, .the shoulder should be wide encugh to accomodate-
parked vehicles. dObjecte on the shoulder that leave a clearance of 3
ft (0.9 m) or less frompthe‘pavement edge have heen estab1ished to consti-
tnte a hazard (3).

5. The surface must be in such a condition that a motorist can
safely leave the travel lane at high speed when necessary to avoid or
lessen the severity of an accident. This .condition further requires
the PCC shoulder to. be:.

a) continuous {intermittent turnouts on some facilities do
not provide the distance needed for decelerating or re-entering the
traffic stream quickly and safely).

b) . flush with the pavement edge: Brittenham, Glancy, and.
Karrer (4) fouﬁd_shou]der heights uneven with the edge of the pavements
because of ‘settlement or heave of fhe‘shou1der structure at nearly three-

fourths of all. the accident 1ocations‘they.5tudied.



¢} sloped sufficiently tolqrain surface water acrbss, Eut
not §Topedrtoo stéep]y to constitute é hazard or creite driver fear of
ro]]ing‘off.’w | |
d) - reasonable skid rgs{stance.‘
6. The pavéd shoulder shbu]d haQe Tow mafntenance;‘ Shou]de} main-
fenance'requires workerg;and equipﬁent to be working c1osé]y to traffic;
and in spite of all precautions taken, ﬁhfs is a constant source of

danger'to the workers as we11las the traveling public.

1.2 Background

Many concrete pavements in urban as well as rural areas are being
subjected to heavy traffic volumes and severe enVironments‘which may
cause deterioration and premature failure. Pumping of fine materials
due to the high def]ecfions at the outer edge of the slab caused by
heavy traffic loadings and free water results in the most ‘serious types
of pavement distress such as severe‘cracking in jointed concrete pavément
and edge punchouts in continuously reinforced contrete pavement.  An
important question is-"how to rehabilitate a distressed pavement‘effét-
tively and economically to serve the highway user for a suESténtiaT‘
period of time with relatively low cost?” One alternative is the con-
struction of ‘a-tied portland cement concrete shoulder. There is no -
drop-off at the shoulder inner edge when properfy tied concrete shoulders
are used with concrete traffic lanes. Thfs eliminates a safety hazard
which exists all too frequently with other types of shoulders. Properly
tied concrete shoulders prevent the development of an open longitudinal

joint between mainline and shoulder pavement. This open joint, which



is quite common where other types of shoulders are used, permits much of
the surface water to drain down at the slab edge and thus saturate the
subbase and subgrade directly under the mainline slab outer edge of the
truck lane. Free water in this joint frequently causes erosion along
the slab edge, upward heave or drop-off at the joint, severe shoulder
base erosion, and'pemping and faulting at transverse joints or cracks
in the mainline pavement. In 1967, I11inois constructed an experimental
shoulder project on I-80 "to deve1op definitive information that would
permit the selection from among alternative shoulder pavement designs
and materials, thoee that will afford the best service and overall econ-
omy of construction and maintenance.“(§) After five years in service,
the f0110w1ng was concluded: - |

”The performance of the PCC shoulders is s1gn1f1cant]y better

than that of any other type (Bituminous Aggregate Mixture,

Cement Aggregate Mixture, and Pozzolanic Aggregate Mixture)

that were included. Tiebars appear to be a desirable feature

that can be used to keep the shoulder-pavement joint closed

only in connection with PCC shouiders . . . It would seem

that of the various types of paved shoulders included in the

experiment, the PCC shoulders may have the best chance of

serving the Tongest time without need for special maintenance

and can be considered as a satisfactory alternative paved

shoulder type. ”(6)

The other shoulders had deter1orated 50 exten51ve1y that they were
replaced in 1977. Very Tittle maintenance has been required on the
PCC shoulders as of 1980.

Des1gn of PCC shou]ders has been based upon trial and error, engi-
neerIng Jjudgment and past performance of a few exper1menta] sections,
since no structural design procedure is available. A most recent study

by Hjcks, Barksdale, and Emery (11) clearly demonstrates the lack of

PCC shoulder design procedures. A rational method of structura]lana1ysis,



as well as design procedure for highway shoulder system is, therefore,
greatly needed. This procedure should provide, forlboth rehabilitation
and new construction, a PCC shoulder that is structurally adequate to
support trafffc Toads within a very aggressive environment and effective.
in improving the performance of the adjacent traffic lane throughout

the design life.

1.3 Research Approach

The research approach used to develop the design procedure is i]]usF
trated in Figure 1.1. Literature review and field studies werelconduéted
and several experimental plain jointed concrete shoulders were exémined
and some relevant data were collected. The major design variables fhat
affect the performance of PCC were identified based upon the experience
of the project staff, previous résearch stﬁdiég;'aﬁd analytical studies
conducted as part of this research. Current PCC shoulder design practice
was critically evaluated as to its ability to provﬁde a structurally
adequate sﬁou]der that can withstand fraffic 1oadihgs and be effééfive
in improving fhe performance of the édjacent traffic lane. Lfmiting
criteria were determined for structural design 1nc]ud1ng.the aT1owab1e.
concrete fatigue consumption. Degign guide]ihés'for'factors suﬁh as
traffic lane/shoulder joint, shoulder traffic, tapering of shoulder,
and joint spacing are developed. All available data of PCC shoulders
werelcompi1ed which included severa] sections that have been undér
regular fraffic since 1965 on Route 116, I-§4; and I-80 in I1linois.
Analytical models and procedures for slab stress/strain computation and

fatigue damage were developed. A comprehenﬁive fatigue analysﬁs-proce-



durevwas developed dnd Qerif{ed fhét;gives accumulated fatigUe damégé
at both edges of the PCC shoulder so-as theﬁfétiguefdamége”ofifhé en-
croached traffic from the mainline at thé inner edge:of the‘shpﬁfdér‘
could be comhafed With the fatigue damage b%vthé pafked‘traffic at the

outer edge of the shoulder in all circumstances.

1.4 General Design Approach

The general design approach consists of determination of material
properties and structural thicknesses of.the PCC shoulder slab and the
subbase and on the degree of load transfer across the mainline/shoulder.
joint to ensure the compatibility between the shoulder and'the traffic
Tane as a system. A flow diagram showing the major design steps is.
shown in Figure 1.1.

The structural design procedu?e is basicé]ly a shoulder sTab fatigue
analysis. A computer program is included that provides fatigue damage
data used for selection of the structural design. The program is named
JCS-1 and 1is written in FORTRAN.

The procedure shbwn fn Figure 1.1 is iterative, indicating that
there are, of course, more than one structural design alternative that
could meet the Timiting criteria. The design that gives the minimum
construction costs 1s'genera11y selected as the optimum design as Tong
as it meets all of the 1imiting design criteria. |

The justification for construction of a well-designed PCC shoulder
over that of another method of rehabilitation for the mainline pavement
as well as the shoulder itself must be chpared.with the costs resulting

from maintenance,. rehabilitation, and user de]ay if another methdd of



rehab111tat1on or d1fferent type of sh0u1der 1s used These costs must
be computed over a g1ven ana]y51s per1od . ‘ _' | -
The resu]ts.of th1s research are presented 1n the foTIow1ng sequencelj
Chapter 2 ‘ L1terature review and f1e1d stud1es of PCC shou1ders _
and the1r current des1gn practlce - | | 7 '_
Chapter 3: Structural analysis of port]ahe cemehf concfete shoﬁ]ders;
Chapter 4: Development of a structural design prOCeerebfon portiland
cement ‘concrete ‘shoulders based on the fatigue of concrete. .
| Chapter 5::Demonstration of the use of the design method by solving
a detailed example problem...
Chapter 63+ Conc1u$ion3'and?recommendatfohsffor‘imp]ementation of

the design procedure. = -
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Figure 1.1. Structural Design Procedure for Plain Jointed Concrete Shoulders.



‘CHAPTER 2
PCC SHOULDER STATE-OF-THE-ART

2.1 General

PCC shoulders have been constructed for many years on some urban
expressways, but on]y.during the past 15 years on rural'highways. The
first experimental concrete: shoulders were built 1n-11]inois in 1965 as
a part of a modernization project on Route 116. The good performance
of these and other expEfimenta] éhou]ders built in I?]inois on 1-74
and I-80 resulted in favorable report by I1linois and NEEP project on
PCC shoujders by FHWA in 1970. \Since that time the use of concrete
shoulders has sbread to many other states for both newvc0nstruction and
as a ﬁart of sevefai pavement rehabilitation projects. In 1974, FHWA
published a notice rehoving concrete éﬁop1ders from the experimental
-status and from the NEEP program, and in 1976 ﬁewﬂstandards were‘issued
- for PCC shoulders. At the end of 1976; thefe wefé over 11 million square
yards of PCC shoulders in service (8). An extensive literature review
led Taragin to conclude that the use of portland cement concrete shoulders
is 1hcreasing partly because "recent studies have shown them to perform
better and may be more economical in thé'1ong run than other types of
shoulders" (1).

The types of PCC shoulders that have.been bﬁi]t so. far consist of
a concrete slab placed on a prepared mqterialf

a)  integrally with the mainline pavement,

b) after the new mainline pavement has been placed or,

c) adjacent to existing mainline pavement for rehabilitation’

purposes.



2.2 PCC Shoulder Distress

fhe devé]opment of design procedures to provide a structuraily—adequﬁte
PCC shoulder requiréslthe4considerati0n and preVéntion of all the distress
that cause premature~fai]ure and a substahtia] amount of maintenance.
Results from a field étudy and other information were analyzed to determine
the distresses occurrfng in existing PCC shoulders (14, 15, 16, ]7)?

i. Lane/Shoulder Drop-0ff or Heave and Joint Separation: Lane/
shoulder drop-off or heave occurs wherever there is a difference in ele-
vatfon at the joiht betweén the traffic lane and PCC shbu1der. Joint
separation is the widening of the joint between traffic lane and the PCC
shoulder, generany due to dirop-off of heave in the shoulder. Typically
the outside shoulder settles due to consolidation, settlement or |
pumping of the under]yiﬁd granular or subgrade material. .Héavé‘of the
shoulder may occur due to frost action or sweT]inQ sdi1s.

2. Transverse, Longitudinal and Diagonal Cracking: Cracking is
caused by a combination of .heavy ]Qad repetition, thermal and moisture
gradient stresses and drying shrinkage stress.

3.  Joint Spalling: Spalling is characterized by cracking and
breaking or ;hipping of the pavement at the joint edge by some sttess;
producing action. Spalling is caused by infiltration of highly resistant
particles to compressibility, often called incompressib]e;, into the
jointS. These pdrtic]es resist joint closure quring warmlweather and -
produce horizontal shear stresses that can exceed the concrete shear
strength. Spalls in pavements with short slabs usually are relatively
sma]];'howevér, in those with Tong slabs, larger spalls have occurred

due to large movements and infiltration of incompressibles.
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4. Pumping: Pumping is the ejection of water under pressure through
cracks or joints under moving Toads. As the water 1s‘ej§cted‘if carrieé
fine material resulting in progressive mater?al deterioration aﬁd loss. of
suppert. Surface staining or accumulation of materia] on the surféce‘l
close to the crack or joint is evidence of pumping. 'quping becomes
serious when the volume of dispEaced material is such that a ]arge.érea
of the slab is Teft unsupported. vThis results in increased surface deflec-
tions and permanent deformations under loads and ultimate failure..

5. B]ow—ups{ Blow-ups sometimes occur extensively in long jointeq
concrete pavementsr(> 30 ft [9.15 m] joint spacing). They occur in hot
weather at a transverse joint that fs not.wide enough fo permit expansion
of the concrete slabs. The insufficient width is usually caused by infil-
tration_of,incompressib1e materials iqto\thq.jgint Space during cdo]

weather when the joint is open.

2.3 Current Shoulder Design Practice

During the 1972 Annual Meéting of the Transportation Research Board -
(TRB), a conference session was held on “"Current Practices in Shoulder
Design, Construction, Maintenance, and Operations" {18). This session
showed a need for:

1. Construction of fu11§depth monolithic pavements throughout the
entire width of the shoulder’ area;

2. Eliminating the "drop-off" or "raised shoulder" at the right-

hand pavement edge; and- |
3. Eliminating shoulder structural distress due to traffic loadings.

Since that session was held, a considerable amount of research about

the problems encountered in-shoulder serviceability and maintenance and

11



the basic needs for good PCC shoulders has been conducted. One ¢f the
most important conclusions that the overwhelming majority of researchers
agree upon is that the PCC shoulder design in current use has_deveToped
pfimar11y by trial and efror (2) and pést experienbe. ‘Two recent surveys
were conducted by Portigo (3) and Hicks, Barksdale, énd Emery (11),
illustrating the current’stétus of shoulder desién. Portigo (3) deter-: -
mined the following: S

a. Only fifteen states have documented po]icies regarding shou]de}
design. |

b. Twénty-eight statés have nbrdocumentéd policies, but have
shou1derlpaving standards. Six of'thésé gtates evaluate individual proj-
ects before making decisions or paving. |

C. Five states pave the shoulder 1ntégra11y with the mainline pave-

ment.

~California and Iowa .are the only states with a design procedure for
their shoulders (3). -The shouldérs are designed for one percent of the
mainline traffic with a minimum.traffic index of 5 in Cé1ifornia. Towa
designs its shoulders for the maximum wheel load, using'the same design
procedure as used for the mainTine‘pavement (19).

Thus, most states  do not have a set policy for design of PCC shoulders
and the process of trial and error-and engineering experience determined
the shoulder construction practices that havé‘deve1opéd. Hicks, Barksdale,
and Emery (11) conducted a survey of portland cement concrete shoulder
designs which is reproduced in Tab}e 2.1.

During February, 1977, Taragin (1}, as a part of NCHRP Project 20-5,

"Synthesis of Exiéting Information Related to Highway Problems," (Topic

12



8-03 entitled "Design and Use of 'Highway Shoulders")(1), sent a question-
‘naire that consisted of a series of items divided into three main areas
of concern related to highway shoulders: a) policy and procedures, b)
designr(geometr1C‘and structural), and c) operations (traffic and main-
tenance). Highlights of the replies from 43 out of all the 50 states
that received the questionnaire are summarized in the following paragraphs:

In response to a question about the criteria used by the states to
select the shoulder type, only one state (1 of 43) considers the percent-
age of trucks in the traffic stream as their criteria and uses it in
design.

lwith respect to the criteria used to determine shoulder thickness,
interestingly enough, no state reported using the truck traffic as their
criteria. Eight stateé use past experience and trial and error, and
another 8 states have no established po]iéy for shoulder thickness.

Nearly two-fifths of the states (17 of 43) do not construct the
shoulder originally for use as a travel lane, but they reconstruct the
shoulder when'ahd“if needed for traff1C‘usé, ahd as mentioned earlier,

‘none of these 17 states reported using truck traffic as a criterion for
'reconstructioﬁ. A 1ike number 6f states (17 of 43)'ha;e no provision or
pé]icy to upgrade thg shoulder, even when needed as a travel lane.

The predominant rigﬁt shoulder width used by the states 'is 10 feet.
The Teft shoulder width varies considerably more than-the right shoulder
width. Although 16 states of the 39 reporting this information specify
a 4 feet (1.22 m) median shoulder, the remaining 23 states vary the median
shoulder width from 3 to 10 feet (.91 to 3.0 m) depending on the traffic

volume and on the number of traffic lanes.
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On the quest1on whether the states have spec1a1 shoulder des1gn,

36 states prov1ded negat1ve answers. Of the 7 rema1n1ng states that do
have spec1a1 des1gns for the1r shou]ders, only 3 states are exper1ment-
ing w1th shou]der mater1a1 and fu]]-depth paved shou1ders Of the 4
other states, on1y Pennsy]van1a requ1res that paved shou1ders be pro-
vided for reconstruct1on, rehab111tat1on, or resurfac1ng prOJects on
Interstates and other major arter1a1s and/or co11ector roads.

One of the b1ggest prob]ems of shou1der ma1ntenance is the Jo1nt |
between the shoulder and the travel lane. Twenty-fonr of the 43 state; d
reporting replied that they have no effective method to proper]y main- '
tain the joint of the rema1n1ng 19 states a var1ety of methods have
been tried most]y exper1menta1, w1th 'more or 1ess sat1sfactory resu]ts

Are shou]ders presentTy des1gned ahd constructed su1tab1e for traff1c _
operat1ons7 A]though 25 states are sat1sf1ed w1th the su1tab111ty of
thetr shou1ders for the present t1me, and 7 states 1nd1cated that the1r
shoulders are su1tab1e only for certa1n cond1t1on, 10 of the 43 states
indicated that the shou]ders are not suitable for traff1c operatlons

Temporary use of shoulders during maintenance, construction or emer-
gencies is allowed in 36 states at all timee, in 4 states sometimes,
and not allowed at all in only 3 states. The use of shoulders as a tem-
porary lane during peak traffic is allowed only in 3 states. One state
permits such use only as a turning Tane. The reason tor this restricted
use of shoulders in most of the states is believed to be due to the struc-
tural and geometrical inadequacy of these shoulders in carrying the loads.
On the other hand, nearly all of the states permit the shoulder to be used

for disabled vehicles.
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From the prev1ous rev1ew of the state of the art for PCC. shou]der
design and use, it 1s concluded that the 1ack of adequate PCC shou]der |
design is one of the magor research areas that is of concern to researchers
as well as to the states ' The use of the AASHO Inter1m Gque procedure R
(21) to des1gn PCC shou]ders is h1gh1y quest1onab1e and shou1d not be o
_ adopted w1thout extens1ve study "The cr1t1ca] 1oad1ng cond1t1on at the g
edge of the shou]der produces a stress and deformat1on state that is |
d1fferent from that caused by the 1argeTy 1nter1or 1oad1ng cond1t1on in
the ma1n11ne s]ab that occurred at the AASHO Road Test (trucks were 1nten-_
t1ona11y kept away from the s]ab edge) Excess1ve m01sture concentrat10ns'
due to surface dratnage at the edge of the shou]der and the resu]tant o
pump1ng of the f1ne mater1a1 from under the shou]der can accentuate the o
d1fference and make the behav1or of pcC shou]der under cr1t1ca1 1oad1ng
conditions even more comp11cated The ]ack of con51derat1on of t1e1ng
the PCC shou]der to the concrete trave1 ]anes and 1ts effect on stresses
and deformat1ons in the shou]der makes the AASHO procedure ‘even 1ess ”

app11cab1e
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~ CHAPTER 3
STRUCTURAL ANALYSIS OF PCC SHOULDERS

3.1 General

The structural analysis of conérete shoulders and adjoining traffic
lanes requires a structural model with wide ranging capaBi]ities. None
of the classical methods have the required capabilities (22-27). The develop-
ment of the finite element method of structural analysis has provided the
technology for accurately characterizing concrete shoulders and traffic

lanes.’

3.2 Finite Element Model

The finite element model presented here was origindlly developed
by Huang and Wang {28) for determining tﬁe stresses and deflections in
concrete slabs with‘1oad transfer at the tran§versé joints.  This method
has béen modified at the University of I11inois to handle pfob]ems such
as ﬁCC shoulder design. - The method is based on the theory of minimum
poténtfa1 energy by dividing the‘sléb fnto small elements interconnected
only at a finite number of nodal boints. The major advantages of the
finite‘eTement methad are‘thatle1Ementsyof varying sizes can be easiiy
incorporated in the analysis'and that no special treatment is needed at
aifree edge. As a result, the finite element method generally yields
a stiffness matrix that is §ymmetric, posifive, and definite, and the
large number of simultaneous equations can-be solved by an effective
scheme, although this symmetric ;haracteristic was not fully utilized

in this model because of the assumption of load transfer at the joint.
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3.2.1 Deseripfion of Mode]

The'finite'e]ement mode1 emp]eyed in this researeh|is'baeed on thE‘
classical theohy of thin plates by assum1ng that ‘ |

a. 1 The pTane before bend1ng remaTns a pTane after bending,

b. . The aTabs are‘homggeneous,_1§qtrqp1c, and e]astyc,

-c. . The subgrade acts as a Winkler nynqation?'T.e{; the reaetive |
pressure“behweeh subgrade and sTab_at any given pejnt js proportiona]
to the deflection aththat.point,(dense Tiegig approximation»df the $Hbfh
grade). | | h A hhb |

The procedere follows eseentiaTTy that of Zjenkiewicz and Cheuhgp,
{29) and its general approach is as foTTows |

The rectangu]ar plate element used in th1s mode], originally developed
by Melosh (30),_15 shpwn in Figure 3.].,“At”eagh‘node of ehjs e1ement
there are three”forces andnthhee cqrreSpohdiqg djspTaeements. The three :
forceshare;auvereigal fprce; Fw,wa eoupleabout.the xfaxis, Fex’ and a -

coupTe about the y-axis, F The thhee disp]acements are‘the defTection

Oy’
in the z- d1rect1on, W, a rotat1on about the x-ax1s, 6*,,and a rotat1on

about the y—axns,.ey,_ These forces and d1sp1acements are reTated by

s ey —-— L . —
F 8L 18
1 1 1
F. Ss [ - ~.‘-(S}" - ; . :
Slcma | ] T @
- o ey 8k -
Fol 5 1o
SCIT S R _ T

in-which [K] = stﬁffness matrix, the coefficient of which depends on.
the d1men510ns, a and b, of the eTement, and the Young s modu]us and
Ponsson s ratio of the sTab k= moduTus of subgrade react1on, and at

any given ‘node. i:

18



n - - —‘ - 3
Fui Mol Y
CFLm | Py o 8= B s 8 = 0 (3:.2)
Foo.| IIEEPU - I 0

The stiffness matrix for a rectangular eleflent was tabulated by Zienkiewicz
(29) and is used in this model. By sUperimposing the stiffriess matrices
over all elements and replacing the nodal forces with the equivalent of
the extérha11y apﬁlied loads, a set of simultancous eduations was obtained
for soﬁvingithe‘unkhown nodal displacements and a;force-dispTacement rela-’
tionship for all nodes of the pavement model in the global system is :

developed as

{F}g,= [K]g {6}9‘ L (3.3)
where {F}g is a vector containing all the global farces, {G}Q'Cdntafns
all g195a1 displacements, ‘and [Kjd‘ﬁs the'glbbaT'stiffneSs matrix. The =
~nodal moments and Stresseé were then computed from the hbda] dispTaCements,'
usiﬁg the stress matrix tabulated by Zienkiewicz {29). Because the stresses
at a giveh node are'comﬁuted by means of one e1emént, they might be‘differ¥ﬁi

ent from than by the neighboring elements. Thus the stresses in all

adjoining elements were computed éhd their average values obtained.

3.2.2 Transverse and Longitﬁdinal Joints
The finite element mode1 provides an effective method for analyzing
concrete slabs with doweled or febar tied joints.. The effjciency of load

transfer at the joint can be defined in terms of either deflection or stress:

(o8

| Effdef = dL‘x‘1OO “ | | | (3.?&?

19



>y

Effstress = EE %x 100 (3.4h)
where: EFF = efficiency of deflection or stress in percent
du = deflection at unloaded side of joint
dL = deflection at loaded side of joint

stress at unloaded side of joint

(23
]

stress at loaded side of joint

When no load is transferred across the joint the du = 0, Sy = 0, and
the efficiency is zero. When du = dL and Su T SL both sides of the jo{nt
have the same deflection and stress, and the efficiency is 100 percent.

By assuming the discontinuity of the two adjacent slabs at the joint,
equilibrium equations for the whole system of nodal pgints in terms of
unknown displacements are developed. In-this.step it is assumed there
is neither moment nor shear transfer across the joint. Since dowel bars
transmit only a small moment from one slab to the other, addition of the
dowel bars can be assumed to effect only those equations that give verti-
cal forces at each node. Finally, by equating the sum of two eguations
corresponding to vertical forces at every two adjacent nodes at the joint,
to the external force_appiied at that node, the number of equations is
reduced. However, at every two adjacent nodes at the joint the efficiency
equation (Eg. 3.4) is added to the set of the equilibrium equations and
the total number of equations remains unchanged.

The finite element model used in this analysis of concrete shoulders
(called MODKEN) provideé for an equality between load transfer between
deflection and stress. For example, if the deflection load transfer EFF

is 50 percent, then the stress load transfer EFF is also 50 percent. Thus
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all graphs and ‘equations contained herein follow this definition. In
reality, there is a difference between déf]ection and stress load transfer.
A more comprehensive FE model called "ILLI-SLAB" (59) was used to account
for the difference between the two efficiencies. Figure 3.2 was prepared
using the "ILLI-SLAB" program. This plot shows that, for example, if
deflection load transfer is 80- percent, the stress load transfer is only
42 percent. This difference will be considered in the design of concrete

shoulders in Chapters 4 and 5.

3.2.3 Computer Program

The finite e1emént modé]'compufer program can determine the slab
stresses and deflections due to applied traffic Toadings. The pfogram
can handle one slab, two or three slabs connected by transverse joints,
or four or six slabs connected by 10ngitudiﬁa]‘and trahsvérse joints.

The efficiency of load transfer at each joint can bé specffied as defined
in Equation 3.4.

The tire imprints of the wheel load are specified as rectangular
areas, and the coordinates of their sides must be input so that the
prdgram can distribute the wheéf ]Oads among the adjacent nodal points
by statics. The program can hand]é any numbef of wheel loads at the same
time. The additional computer-time due to these additional loads is very
small because Gﬁass e1iminatidn 6f the coefficient matrix is carried out
only once regardless of the number of loads involved.

The program can be used to investigate the effect of partial subgrade
contact on stress distribution. The nodal number, at which subgrade -

reaction resulting from loss of subgrade contact does not exist, can be

- 21



i
{

assigned, and the second term on the right side of Equation 3.1 will be’
automatically eliminated at these nodal points when forming the simul-
taneous equations. The modified version of the program (called MODKEN) -
was written in FORTRAN IV for the IBM 360 computer-and is available at

the University of'111fnois‘computer center.

3.2.4 Comoarison of Measuhed and Computed Load Stress and Deflection

A comparison is made between the finite e1emenc so1utions and exper-
imental measurements so that the validity of the method as applied to
actual pavements can be tested. The results of the strain and deflection
measurements from the AASHO Road Test (13) provide excellent data for making
- such comparisons Tests were conducted on fhe hain traffic 1oops where
the strain and deflect1on due to mov1ng traffic were measured at the slab
edge far from a transverse 301nt The length of slabs: cons1sted of 15
ft (4.6 m) non-reinforced sections and slab thickness ranged from 5 to
12.5 in. (12.5 - 31.25 cn), |

The finite element program requireshthe modulus of e]asticity and
the.Po1sson s rat1o of concrete, the modulus of subgrade react1on, k?,
and the axle load. The measured dynam1c modu1us of concrete was 6. 25
X 106 psi‘(4 31 x 107 kPa) and the Po1sson S ratio was 0.28. The deter-
m1nat1on of the subgrade k- va]ues 15 much more d1ff1cu1t because 1t changes
apprec1ab1y with the t1me of the year, The elastic k-values on the subbase
obtained by the plate bearing test at the AASHO Road Test varied from

3 (231 to 543 kPa/cm) over all the loops

approximately 85 to 200 1b/in.
thhoughout the two years. Two k-values of 108 and 150 pci (293 and 407

kPa/cm) were used in the FE analysis conducted to verify the c]oseness
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of the program to the-measured values at the AASHO Road Test. . The first
value, 108 pci (293 kPa/cm), is the mean k-value that was measured during
the spring trenching program between April 23 and May 25, 1960. The
second. value, 150 pci (407 -kPa/cm) is somewhat of an overall average from .
the loops as indicated from Figure. 3-8, Reference 13.

The single and tandem axle loading configurations are shown in Figures

3.3 and 3.4, respective?y.

The stress compar1son for s1ng1e axles is shown in Figure 3. 5 and
for tandem axies is shown in Figure 3.6. The def]ect1on comparison for
single axles is shown in Figure 3.7 and for‘tandem axles is shown in Figure
3.8. The d1stance from the edge of the s]ab to the center of the whee1
Toad was 20 in. (50 cm) in the FE analysis, whlch 1s s1m11ar to the 17-22
in. (43—56 cm) meaSured:for the actua1 1oadingst -Compresefve strain at |
the top of the slab was measured in the 1ongitudina1 directfon, 1 in.
(2.5 cm) from the edoe of the stab. The strain and edge deflection measure-
ments were correlated with axle load PCC s]ab thtckness, and temperature
d1fference (standard d1fferent1a]) and regress1on equattons were developed
(13). fhe theory of e]ast1c1ty was used to convert the strain equations
into stress equations (31). The axle loads used for these p]ots were 18
kfp (80 kN) s1ng1e and 36 kip (160 kN) tandem The results show good
corre]at1on between the stresses and def]ectnons computed with the f1n1te
element program and those computed w1th the AASHO equations for both751ngle‘
and tandem axles. Thus,'the finite e]emeht program can be used with

confidence to computer stresses and deflections cuased by axle loads.
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3 3 Major Des1g_ Factors and Gu1de11nes

The two major eng1neer1ng des1gn ob3ect1ves for th1s research a}e'
(1) provide a shou]der that will have structural adequacy to support
encroaching and parking traffic 1oads for long-term ]ow maintenance per- 
formance, and (2} provade a‘shou1det:that w111_reduce the rate of deter-
ioration of the adjacant pavement traffic lane (which is usually the ' |
heaviest traveled truck_]ane). If Eoth abjectives can be accomplished
economically, thea there is Considérab]e benefit in placiag éCC shoulders
during new constru;tioﬁ, or in rep]acing'deteriorated shoulders on exist-
ing highways with PCC SaaQTders.

As. a result of the field surveys and the ]i;erature review conducted
- in this research, the major desigh variables tﬁat affact the structural
behavior of PCC shoulders are: (1) slab thickness aad tapering of thick-
ness, (2) joint spacing, (3).foundation support and‘IOSS'of subport; (4)
tie between shoulder and traffic lane (including load transfer across the
Tongitudinal joint), (5} width of shoulder slab, and (6) design and _
condition Qf the adjacent traffié 1ana. The ﬁCC shoulder must withstand
both repeated moving loads and static loads from parked vehicles. Each of
these conditions involve an edge loading condition from heavy trucks.
The critical stress for this 105d position is at the bottom of the slab
edge, parallel to the edgé beneath the wheel load, at midpoint between
transverse joihts as shown in Figures 3.3 and 3.4, .The edge Tloading
condition has been proven to be the most critical for fatigue damage (32)
and the stresses and deflections resulting for that condition are, therefore,
referred to in this study as critical strésses‘and deflections. -The actuatl

amount of loading has to be eétimated; and it varies widely along a given
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project and from one project to another. The effects of moisture and loss
of support from pumping and settlement should also be considered because
of the edge Toading conditions.

The critical effect of edge Toadings on the pérfdrmance of all types
of PCC pavements has been studied several times through the years. Recent
field and analytical studies have concluded that the edge loading condition
results in transverse cracking of jointed concrete slabs, and edge punch-
outs of continucusly reinforced concrete pavements (32, 33, 34, 35). Traffic
encroachment studies have shown that there exists much more edge loading
of the traffic lane slabs and shoulder encroachment than previous1y>be11eved
(11, 36).

The influence of the major design factors on the structural performance
of PCC shoulders is determined using both the finite element (FE) model

previously discussed and results from field studies.
3.3.1 Major .Design Factors

Shoulder Thickness

The effect of thickness of the PCC shoulder on the critical tensile
stress caused by an encroaching wheel load (18-kip single axle load (80
kN)) is shown in Figure 3.9. The design configuration is typical and
consists of a traffic lane thickness of 8 in. (20.3 cm), width of 12 ft
(3.6 m), andllength of 15 ft (4.6 m). The PCC shoulder is 10 ft (3.0 m)
wide and ranges in uniform thickness from 4 to 12 in. (10 - 31 cm). Three
different lane/shoulder longitudinal joint stress load transfer efficiencies

are shown.
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As the thickness (hs) increases from 4 to 12 in. (10 - 31 cm), tensile
stress decreases. The rate of decrease is much more rapid for slabs less
than 8 in. (20°cm) when stress 1oad‘transfér~efficienCy is low(i.e., 0
to 50 percent). When the shoulder is not tied to the lane (i.e., EFF = 0
percent) the stresses approach or exceed the range of erxufal'strength'of
PCC, for slabs less than 8 in. {20 cm). - Stresses greater than about 500
psi (3450 kPa) will result in cracking of the shoulder with only a few
heavy Toad applications.- The effect of joint load ‘transfer is large as
subsequently discussed. .If there is reasonable load tranéfer'(i.e;, 50 -
percent) and slab thickness (3’8yihches) the effect of increased thickness-
on stress is reduced at the lane/shoulder joint. For parking trucks,
wheel load will occur at the outside eage of the shoulder where the: load
transfer is, of. course, 0 percent. Thus, thé thickness design of PCC
shoulders should consider both loading positions'and.the number. of appli-

cations at each position.

Width of PCC Shoulders (B)

The width of shoulder affects both critical stress and deflections
in the shoulder slab. Figures 3.10 and 3.11 show thesé effects over-a
range of design conditions. The load transfer‘efficienéy is 0 percent, -
hs, varies from 6-12 in. (15-30 cm), and-foundation support varies from -
“poor” (k = 50 pci or 136 kPa/cm) such aSlgéturated ciay, to "stiff". -

(k = 500 cpi or 1360 kPa/cm) such as a thick stabi1ized subbase. The
deflection increases Very rapidly for a width of less than about 5 ft
(1.5 m)l- For “poor“‘foﬂndations nérrdw PCC shoulders experieﬁcé‘high
deflections with thicknesS'(hé)'héving minimal effect. wider-Shou]def§

(B > 5 ft) show thickness having a more significant effect on deflections.-
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The effect of width on critical stress is shown in Figure 3.11..
Widening the shoulder from 3 ft to 5 ft (0.9 - 1.5 m) reduces stress
20 percent. for an 8 in. (20 cm) thick s]ab for example, and widening .
the shoulder from 5 to 10 ft (1.5 - 3.0 m) causes a decrease of only
5 percent.. The,effett of shoulder width on tensile stress is about the
same regardless of slab thickness. Thus, for structural purposes, a shoulder
wider than 5 ft (1.5 m) has a reduced effect on the critical stresses from
encroaching truck. traffic near the Tongitudinal joint. If a narrow
shoulder is required, the critical stress can.be reduced to allowable levels
by increasing the shoulder slab thickness and/or joint efficiency.  For
éxamp]e, a 10 ft (3.0 m) wide shoulder of 8 in. (20 cm)} thickness has a
tensile stress of 370 psi (2551 kPa) under an encroaching truck wheel .
load shown in Figure 3.11. If the shoulder were to be constructed only:
3 ft (0.9 m) wide, the thickhess required for the same stress is 10.1

in. (25.6 cm).

Tapering of PCC Shoulder

Tapering of the PCC shoulder has been used on some existing CRCP
projects. Thebeffect of tapériﬁg-on defiecfions and sfresées in the »
shoulder and. the CRCP traffic lane is shown_jn Figures 3.12 through 3:17.
Uniformly tapered, stepwise tapered, and uniform-equivalent thickness
of concrete shoulders (Figure 3.12) were analyzed andrcompared-for three
different loading conditions. Traffic lane loading (Figure 3.13), en-
croached loading (Figure 3.14), and parked traffic loading (Figure 3.15
and Figure 3.16) conditions were used for comparison. The thickness of

the uniform-equivalent shoulder was chosen such as it will result in the
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same cross-sectional area as the other two shoulder types (equal quantities
of concrete are used in the three shoulder seﬁtions). |

The effect of shoulder tapering on stresses and deflections in the
traffic lane due to traffic lane loading is shown in Figure 3.13. There
is only a minimal effect on stresses and aimost no effect on deflections.
The ]oad transfer syStéms-USed in this example kept the stresses within
an'acceptable range (about 250 psi}(1723 kPa) for the different shoulder
designs.

The effect of shoulder tapering on stresses and deflections in the
concrete shoulder due to encroached traffic is shown in Figure 3.14.
The effect is minimal to none also in this case, and the load transfer
system used kept the stresses within an acceptable range (about 300 psi)
(2070 kPa) for the different shoulder designs. The effect of shoulder
tapering on stresses and deflections in the shoulder due to‘parked traffic
is shown. in Figure 3.]5'and Figure 3.16. In this case the effect on
stresses near the outer edge of the shoulder is relatively higher than
the previous two cases. Using a shoulder with uniform thickhess of 7
in. (17.8 cm) will reduce the stresses to 400 psi (2758 kPa) from the
500 psi (3447 kPa) when 6 to 8 in. (15-20 cm) tapering is used {Figure
3.15). Using a shoulder with a uniform thickness of 8 in. (20 cm) will
reducé the stresses even more to 320 psi (2206 kPa) from the 450 psi
(3102 kPa) when 6 to 8 in. (15-20 cm) tapering is used (Figure 3.16).
The effect on deflections, however, is ménima] to almost nil.

The previous figures show that shoulder ﬁapering does not have ény
effect‘on the critfca] stress in the traffic lane or in the shéu]der near

the longitudinal joint. However, critiéal stresses, in the shoulder
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near the outside edge, occuring from parked trucks on the shoulder with

the wheels at the outer edge, make the use of uniform-equivaleht thickness
more favorable. Figure 3.17 shows that, with the levels of stress shown

in Figure 3.16 and Figure 3.17, from the concrete fatigue side point

the ratio of allowable load applications at the inner edge of the shoulder
to those at the outer edge, is very high. This indicates that the outside
shoulder edge will probably need far fewer load apb1fcations until cracking
than the inside edge near the traffic lane. On the other hand, the ratio
of the allowable load app]icatipns until failure of both edges of the PCC
shouTlder when tapered shou]der is used is higher than the ratic when
uniform-equivalent shoulder thickness is used.. Then the uniform-equivalent
thickness of PCC shoulder will provide a cross section that experiences
fatigue consumptions at both edges closer to each other than is the case
with the tapered shoulder. This is an important step for optimization

of PCC shoulder structural design since the fatigue lives of both edées

of the shoulder are closer to each other.

Foundation Support and Loss of Support

The impact of varying subgrade support is illustrated in Figure 3.18.
The influence of the subgrade is much greater for thin shoulder sections
(e.g., bins).

The effect of loss of support beneath the shoulder edge near the lane/
shoulder joint is shown in Figure 3.19. A loss of suppbrt of 12 in. (50
cm) is considered, which could be causéd by, for examp]e; the settlement

of a subsurface drain trench beneath the shoulder. The increase in critical
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stress, when this‘12‘in. {30 cm) loss of support occurs, is about 25
percent.. This increase in stress can be adjusted by increasing shoulder .
slab thickness by approximately.1.4 in. (3.5 cm) for an original. 6 in.

(15 cm) .shoulder, for example.

Lane/Shoulder Tie (Load Transfer (EFF))

The extent of "tie" between’the concrete traffic lane and PCC shoulder
affects load trgnsfer; separation‘of sﬁou]der f;om lane, and settlement
or heave of the PCC éhou]déf. The effect of thelléne/shdﬁlder tie as
indicated by joint stress load transfer efficiency on ;ritica] stress
in the shoulder is shown in Figure 3.9.. At the 4-8 in. (10-20 cm) range
of thickness, the extent of stress joint efficiency has a very large
effect on-stress. Changing from O to 50 percent efficiency reduces
stress by a factor of 2.1, and to 100 percent a factor of 3.3 for a 6 in.

(15 cm) shoulder slab. The reduction in critical stress for a joint

efficiency from 0 to 50 percent is most significant.

VShou1der Joint Sp;ciqg

Thé effecf-of jointispacing on the ﬁerformancé of PCC shoulders is
shown 1in Figures‘3.20 and‘3.21. Theée are pased‘on data obtaiﬁed from
the %ié]d survey‘of the fhéee sections of 10 year old plain PCC shou]derﬁ‘
1ocated'in I1]fh0isﬁ Most of.the sections were tied with rébars to £he
mainline paveﬁent,‘ Fiéure 3.20 shows the effect of joint spacing oﬁ
percént joints.spa11ed. As the shou]der'joint spac{ng exceeds 20 ft
(6.1 m),lthe proportibn of spalled shou]der'joiﬁts increased }apidTy to

~the point where, with a spacing of 100 ft (30 m), all joints are spalied.
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The relationship between shou]der'jdihtfspacing and percent shoulder slabs

cracked is shown in Figure 3.21. "Again, as théfjoint spacing exceeds’

20 ft (6.1 m) a very rapid increase in slab cracking occurs. A number

of the transverse cracks had spalled. Also, numerous blowups were fouhd '

in sections having joint spacings of about 40-100 ft (12-30mm), and only

one blowup for joint spacing of 20 f; (6.1 m). . . o
Other fie]d'surveys on mainline pavéhenfé apd experimental field |

tests have shown the benefits of using short joint spacings (32, 35).

PCC Shoulder Effect on Traffic Lane

The PCC shbu]der also has an influence on'the'performance of the
adjacent traffic lane. Figurés 3.22 and 3.23 show the influence of fjed
PCC shoulder to continuously reinforced concrete pavements (CRCP) on
stresses at the top of the slabs and def]gctions along section x-x (see
figures). Using a load trahsfer‘systém that consists of #3 tiebars at.
24 in. (61 cm) center to center, for examﬁ1é, reduced the maximum Stresées
by about 50 peréent. Also Figure 3.23 (where a 2 ft (60 cm) loss of support
under the traffic lane exists) sh@@s that it reduced the stresses from
a very high Iéye1 (more than 500 psi (3447»kPaj) that Qi]] result in
the start of an edge punchout after only a few load applications, to an
acceptqble stfess value {about 25b psi‘(1723 kPa) in either of the two
s]abs.‘ The def1ectioﬁs, especially in Fjgure‘3.23, afe reduced drastically;
consequenf]y, the possibi]ity‘of pumping of fine materials fs also réeduced.
Figures 3.24 and 3.25 show the influence of PCC shoulder thickness andlthé
load transfer effi;iency across the 1ane/shou1def? respectfve]y. An

increase from 4 to 8 in. (10-20 cm) in shoulder thickness in Figure 3.24
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will decrease the tensile stréss at point B (see figures) by only about
15 percent and will decrease the deflections at point A by only about
10 percent. - However, Figure 3.25 shows that by improving the load transfer
system from no tie (0 pergent) to a perfect load transfer {100 percent),
the tensile stress at point B will be reduced by almost 70 percent and the
deflections at point A by almost 50 percent. The importance of points
A and B is in the fact that point A is the critical point in the CRCP
traffic lane for deflections that cause pumping of the fine materials from-
underneath the slab. Point B is the critical point for the initiation
of punchouts in CRCP pavement due to high stresses.
PCC shoulders also influence stresses and deflections when built
and tied to jointed concrete pavements (JCP) as shown in Figures 3.26
through 3.28. Figure 3.26 shows the influence of PCC shoulder on the .
critical traffic lane edge stress. As the stress load transfer effi-
ciency increases from 0 percent (no effect) to 100 percent, the critical
edge stress reduces about 50 percent. ,The-decreése is more rapid for
up to 50 percent efficiency. The influence of the PCC shoulder on traffic
lane deflections is shown in Figure 3.27. If the joint has 100 percent
efficiency, the deflection decreases about 50 percent for this example.
The influence of both shoulder width and Toad transfer efficiency
on critical stress is shown in Figure 3.28. The width of the shoulder
has a large influence in reducing stress in the traffic lane for a width
up to 3 ft (0.9 m). Beyond that width there is almost no effect. The

strong influence of joint load transfer is again indicated.
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These analytical results show that PCC shoulders should have a bene-
ficial influence on the'performance of the adjacent traffic lane if the
load transfer is reasonable. Field surveys were conducted along the
entire length of two projects (I-74 and 1-80) where PCC shoulders .were
located. A1l distress types were recorded in the traffic lane adjacent
to the PCC shoulders. Both projects were constructed about 10 years pre- .
vious and contained CRCP in the traffic lanes. In general, extensive
structural distress was fbund in portions of both projects that did not
contain PCC shoulders, and 1ittle distress was found in the portions
containing the shoulders. Results are given in Table 3.1. On I-74
there was evidence of pumping in areas not including the PCC shoulders.

Joint separation and settlement of ‘the shoulders were also deter-
mined on the two projects. On I-74, it was found that the sections with
tie bars experienced virtually no joint separation while the sections
without tie bars experienced joint separation that ranged between 1/2 - -
1 in. (12.5 - 25 mm). On I-80, all sections with PCC shoulders that
were surveyed are tied to the tfaffic lane with anchor bars. It was:
found that some joint separation up to 0.5 in. (12.5 mm) had occurred
where the bars had pulled out (the anchors were only embedded 2 ins.

(51 mm) into the‘traffic lane slab).

The survey on I11inois Route 116 showed that the sections that have
tie bars had joint separation of less than 0.2 in. (5 mm) while the
section that ‘had a longitudinal keyway only had é joint separation of
up to 0.5 in. (12.5 mm). The section that has neither tie bars nor keyway
experienced a joint separation up to 1 in. (25 mm). Thus, tie bars embedded

sufficiently into the traffic lane and shoulder slabs are absolutely
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required to maintain a tight joint so that high load transfer efficiency

can be maintained over a long time period.

3.3.2 Design Guidelines

S]ab‘Thicknes; and Tapering -

The PCC shoulder thickness has a very significant influence on critical
stress from encroaching traffic 1oads'(Figure 3.9).  Two load positions
must be considered to determine required thickness: (1) the inéide‘edge
near the lane/shoulder longitudinal joint, and (2)1the outside “"free"
edge. The inside longitudinal joint edge is-subjected to many more load
applications than the outside edge, but if the shoulder is tied to the
lane with reasonable 16ad transfer, the inside edge stress will be signi-
ficantly reduced (i.e., from 580 - 290 psi (4000 to 2000 kPa) for a 6 in.
(15 cm). shoulder with 50 pefcent joint efficiency). as shown in Figure 3.9.
Because the stress reduction is‘so‘large, it is believed that the oute?
free edge may control design thickness»whgn a reasonable lane/shoulder
tie is provided (Figures 3.12 through 3.&7}. A minimum thickne§§ of 6 in.
(15 cm) is pfésent]y récomménded;éince thiﬁner slabs will have very High
stresseé when loaded witﬁ f&pica] heavy trucks, that woﬁld tendhtd crack
the'élab with only a few apb]ications. Thicker shodeers may be réquired
'depending on truck traffic, fhe amount of traffic lane edge stfucturd]
support desired, foundafion supﬁoft, Toad tkansfe} at joint, and shoulder
width. - o

A summary of performance data from two IT]iﬁois projééés is éhowh
in Table 3.2. Both pavemenfs carried heavy truck traffic (espeéia11y
1-80). >The 50 pefcgnt.s]abs cracked on I-74 are some cause for concern,

but the 1ong 25 ft (7.6 m) joint spacing had an effect on the cracking
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since similar adjacent 10 ft (3'm) long slabs did not show-any cracking.:
The 8 - 6‘in. (20 - 15 cm) tapered shoulders on I-30 under heavy traffic
performed very well with only 5 percent cracked s]abs .

Although tapering of the shoulder thickness between the two edges
has been considered to save on concrete quantities,'it may-not bhe the
best design for the following reasons:

a. The critical stress load position is the outside free edge when
reasonable load transfer is used across the lane/shoulder joint, caused
by either parked trucks or moving traffic usihg'the’éh0u1der‘as a detour
around a closed lane.

b. Tapering tends to put the entire pavement section in a "bathtub" -
which entraps water in the structural Sectibﬁl(i;e.; water may seep back
under the shoulder slab towards the traffic lane)-

c. It is doubtful.-if:there is any construction economic benefit.

due to the additional grading required for tapering.

~Shoulder Nidth

Requ1red shou]der w1dth is genera11y d1ctated from geometr1c/safety
cons1derat1ons However, the w1dth 1nf1uences stresses and def]ect1ons ‘
in the shou1der and in the adJacent traffic 1ane 1f they are, tied together.w
Tied shou]der width should be at 1east 3-5 ft (91- 152 cm) to prov1de
maximum structural benefits (stress and def]eet10n) to the trafflc lane
and shoulder. A narrower shoulder coﬁ]d be used (w1th load transfer)
to help reduce edge stresses in the traffic lane, bqt a thicker PCC |

shoulder slab is»required.
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Lane/Shoulder Tie

The Tane/shoulder tie is a very effective way of reducing the crit-
ical stress and deflection to prevent separation at tHe joint. The effect
of joint efficiency (or extent of load transfer) on the critical shoulder
stress is shown in Figure 3.29 for a typica] design situation. The pro-
vision of a tie system that provides at Teast 50 perceht_Ioad transfer
would reduce critical stress to acceptable levels. The shape‘of the curves
show that there is rea]]y‘on1y a sma]f advantage in providing more than 50
percent load transfer.

There are essentially two methods of obtaining this level of load
transfer and tieing the laneé and shoulder together atong the longitudinal
joint:

a. Use of a keyed joint with tie bars thét-ho1d the joint
very tight.

b. Use of a butt joint with tie bars that hold the joint
very tight. |

‘Tie bars or anchor bolts have been used on most PCC shoulders con-
structed to date. Field -studies were conducted and the long term deflection
load transfer of the experimental shoulders in I11inois was determined.
Results are shown in Table 3.3 and Table 3.4. On 1-74, after 10 years
in service (2.7 million 18 kip (80 kN) ESAL), the deflection 1oad.transfer

efficiency for rebar tied shoulders with a  keyway ranged from 70 to 298

percent. . Those without tiebars had very Tow deflection efficiency (i.e.,
16 percent) due to lane/shoulder separation (See Table 3.2 for the design).

On 1-80 after 9 years in service (7 million 80 kN (18 kip) ESAL; the load
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transfer efficiency for anchor bar tied shoulders without a keyway (butt

joint) ranged from 31-47 percent. The I-80 joint had opened an average
of about 10 mm (3/8 in.) and some of the 2 in. (51 mm) embedded anchor
bars had pulled out. Thus the joint design on I-80 was not adequate-
to provide long term deflection joint efficiency of 50 percent or greater.
Some of the anchor bars had pulled cut and spalled the surface of the
traffic lane.

Laboratory tests by PCA‘(B?) showed that steel tie bars are effective
in extending the endurance of aggregate interlock and. keyed joint under .
repeated loading. Load transfer efficiency after about 5 million load
applications was greater than 70 percent for aggregate interlock, keyway,
and smooth joints all having steel tieé} |

Thus, if a‘tied shoulder has at least 50 percent stress load transfer
efficiency,strésses in both the traffic lane and shoulder are significantly
reduced. A 50 percent stress transfer efficiency corresponds approximately
to an 85 percent deflection transfer actording to Figure_3.2. Figures 3.23
and 3.25 show a reduction of almost 50 percent in critical tensile stress
in CREP traffic lane (Point B). -Figures 3.28 and 3.29-show 30 and 55
percent reduction for JCP traffic lane and PCC shoulders, respectively. -
One problem that has been noticed is when the PCC shoulders are on high .
fills there is a tendency for the outer edge to settle and some joints
have separated either by pulling out the tie bars from the PCC or rupture

of the steel. Consideration should be given, therefore, to increase

the number of tie bars for greater Joad transfer reliability and t0

prevent separation.
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Foundation Support

" The PCC shoulder can be placed directly on'thé‘éubgrade'soi1;'a'
granular subbase, dr a stabilized subbase;l These foundation conditiohs:
can genera]]y be cohsfderéd as "boor“, "moderéte“, and "stiff", respectively.
Analysis shows that PCC shoulders having "poor” Support (1.g,, k = 50 pci
(136 kPa/cm)) have high deflections and‘gtresses. The prdvfsioh of a
”moderate” support‘]evel (i.e. ; E & 200 pci (544 kPa/cm)) appéars jﬁﬁti—
fied. However, u51ng a st1ffer foundation support is not very effect1ve ‘_
in reducing deflections or stresses further. F1e1d resu]ts (5, 6) in
I1tinois have shown little difference in performance to date for those
sect1ons hav1ng granular subbase or f1ne gra1ned soil subbases However,
dra1nag¢ continuity considerations and the effept of mo1sture on the types
of materi$1s used should be_coﬁsjdered;when selecting fhe subbéses to o
avoid a ”bathfub” cross section and to minimize the tendency_of‘frqst

hgave under the shoulder.

Slab Length

Based  on resu]ts from the field survey, a maximum slab length of
15 ft (4.6 m) is recommended. The rat1ona1elbeh1nd th1s choice is shown
in Figures 3.20 and 3.21: These two figures clearly show that using
slabs longer than 15-20 ft (4.6 - 6.1 m) will result in shoulder dis-.
tresses, namely joint spalling and increased transverﬁe crackiﬁg.. .

Short slab lengths ‘eliminate the need for steel reinforcement and .
reduce the joint movement to a small enough level that it does not force:
cracks to open up on the adjacent traffic lane for either CRC or JCP

pavements. For plain jointed pavements, the shoulder joint pattern

should match the traffic lane, although intermediate joints may be

38



placed if the traffic lane joint spacing is greater than 20 ft (BfJ m).
Intermediate‘joints should be placed where the traffic lanes are Jointed
reinforced concrete. None of the transverse joints.require dowels,

unless the-shou]der is to be used as a regu]ar traffic lane.

Effect of Shou]der on Traff1c Lane

The effect that the shou]der has on stress and def]ect1on of the
trafflc 1ane is through (]) the load transfer of the ]0ng1tud1na1 Jo1nts,
and (2) m1n1m121ng the edge pump1ng potent1a1 As shown in Figures 3.22
through 3.28, the eff1c1ency of load transfer between the traff1c 1ane
and shou]der is of s1gn1f1cant 1mportance to the traffic 1ane F1gures_.
3.23 and 3 25 show that CRCP traff1c 1ane ¢critical stress (Point B) could |
be reduced by more than 50 percent 1f a reasonable 1oad transfer (e. gr,

#3 tie bars @ 24 1n (6] cm) corner to corner) is used. Deflect1ons

at Point A would be reduced-by more than 40 percent frdm the same load
transfer systemf' Figures 3.26 and 3.28 show that JCP traffic lane critical
edge stresses ceu]d be reduced by more than 30 percent if jeint stress
transfer\efficiency of 50 percent fs,used.‘ Figure 3.27 shows that the
traffic lane edge def]ectionlconId be reduced by about_one-third‘with

50 percent efficiency. - Reduction of stresses and deflections would,
therefore, improve the performance of the traffic Tane as indicated by

the data in Table 3.1 for CRCP. From figures-3.22 through 3.28 an optimum
design of a shoulder with regard to improving the performance of the

- traffic lane is to provide‘maximum load transfer across the longitudinal
jeint with a-thickness (> 6 in. (15 cm)), width (> 3 ft (.9 cm)}), and

foundation support (= 200 pci (54.2 MN/mB)). Provision of a PCC shoulder
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either on new construction or for rehabilitation of an existing shoulder
is expecfed to have a beneficial effect if these design fequirements
are provided.

The condition and design of the existing traffic lane should be
determined. If distress associated with edge traffic loadings are
occurring, then specia]-consideration should be given to provide high
load transfer and adequate shoulder thickness to reduce the critical

stresses and deflections in the traffic lane.

40



24

N

/

J
| Y
2b
i . K .
_ [ )

<P

w(Fy)

Fig. 3.1. Rectangular Plate Element

41



% Load Transfer (Deflection)

100F

80
70t
601

50

301
20T

1o}

5 —d 1 2 h i i 1 1 [

10 20 30 40 5 60 70 80 %0 100

% Load Transfer (Stress)

Fig. 3.2.- Relationship Between Load Transfer Efficiency Based

on Deflection and That Based on Stress to be Used
for Adjustment. '

42



"pPeoy 3Lxy a{butrs 404 nofe qelS juawa|3 d3tuly £ 34nbiy

@9 Gl

_ Asm (wd
(wd 97) (wo 19) (w3 19)) 0€)) 0€))(wo 19) j (wo 19) ;. (w2 9¢)
02 | e | pe | cllz2ll v2 | v2 | ,0¢
v — 5
| 72 N2
13
IR
EoEm_m I
|poiIdA| | 72
| o 5
+ 5
-2
— Ju104
~ | 1PPON [P0 133U NE 3
- |jooidA} 77 | "3
s wroET Wl T
~ _ _ —/u\WJ./
3 (w gg) | Gl b.nm
INIED
|V3
=2
NG
£



"PPOT 3|XY WIpuUR] 404 IN0AET ge|S juawa(3 ajtutd ‘g aunbiy

(wo

(wo

(wo9y) Gi

(w3 97); (wd t9) AEU‘—mv_.omv 0g) , (wd 19), (wd> 9) , . (w3 97)

:Om :.VN :.ﬁVN __N_ :N_ :.wVN :,ﬁVN :Om :
| 27 I S
LA \\& ‘uu
| wawa3) o
jpoidh || =
N

| juiod -

| 1PPON |PooT UM~ N
~ _DU_Q>.._. : \\\ 1 , 7 rn
“ , (ud og) nCl , .\\,\K\\ ‘ ‘\\\\\ 7 |
= | (w2 we___mw_ _, N _w.
_ T Y - 1 =
AV
|V“
q_
™
_ 1 =

(w> 19)  (wd
- 08)

(w3 19)

-(ma 19)

(wd 19)  (wd {9)

(wd 0g)

44



Ul -SSANMIIHL av1s 09d

1 5 4 c ¢

‘ ‘ _ . ~(9bpa 3e bounseaul
uteals 3nq ‘qels jo 9bpd wouy “ul C¢ paoe|d PeO|) peOT J|XYy B|BULS 403 3S3] peCY QHSYY 2Yd
© 3R paJnsesly 9S8yl pue weabodd Jusw|J I1Lul{ 9Yy] Ul LM paindway S9559473§ 9bp3 40 uoSLaedwo) -G 34nb14

c| |
I T M
(/W1 0L0) ( 1ad OG[=Y) T 5 B

¢mm ®

(cu/wt Lig6e) (10d 8O=Y)

( H Ol

LIEC0O0

8221

2e6el 0D
(sdooT ulbW) OLHSVYV

D

=

@)
Qd

sd  Qv0Tl JIXV 3TONIS

kS

5904

g1S

SERISE

1sd

45



.nmmvm e ‘paanseau :meum pue ucwow‘eogw.ﬁsE 806 |
"ul Qg pade|d) SO|Xy wlpuel 40} 3S3] PROY QHSYY 3U3l e psansesdly asoyl
pue weabodd Juswa |3 3Lul4 Y3 YItm pPaINQwo) $assasls abp3 40 uoStaedwoy -9-¢ a4nbiy

mmcoc_ ‘ssauddIyl go|s

4 4 Ol 8 9 b2 0
] 1 T T 0
c Lo : —
(gumwrouow) (19d Gl = %) 34 @ S m
L : oo o ale
T (cu/wi Lig6z) (10d gOL =) 34 & - c |Q
o 0 . , B ‘ w :
>| D
- —p x|3
o |8
— w
o |
B —9 a|
= mu
B o | —8 o |L
mmmm.oI 6520000/ : 9 @
/8°G< T i,

©

_ I | S N .e

46



inchs
kips -

-4

Edge Deflection
Tandem Anle Load *'©

: Slob fhic,knessl ivn.‘ L

0 2 4 & 8" 0 2" 14
14 T~ l T T + ]
L2} | -
1o~ 8 . 000279 .

‘ L, fIOQmT AL - "
8 ' | 4;

. o - - ]

6 : o0 a ) .

© k = 150 pci (407 kPa/cmy G} 5 ‘

4l— k=108 pci (293 kpa/cn) 9 -

0 5 10" 157 . 20 25 | 30 35

Slab Thickness , cm

Figure 3.7, Comparison of Edge Deflections Computed with the Finite

Element Program and- Those Measured at the AASHO Road Test
for Single Axles (Load placed 20™in. [508 mm] from joint
and deflection measured at edge).
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Figure 3.8, Comparison of Edge Deflections Computed with the Finite

Element Program and Those Measured at the AASHO Road Test
for Tandem Axles (Load placed 20 in. [508 mm] from joint
and deflection measured at edge).
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Figure 3.9. Effect of Shoulder Thickness and Lane/Shoulder Tie on

Tensile Stresses at Bottom of PCC Shoulder,
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50

Deflection Under- Load on Shoulder, ins. (107%) (3)

o "5 4 4
4.5f= T T [ T | %0
| ett=0m
40L—— —160
' E
0
<
35— Lane Shoulder —1140
| 36m.| B
30— §§ — 120
\\ ——.-h-|524mm(6)
] \ —— = 203mm(8)
2.5|— \\ ————h =305mm (12"} —lioo
20— —180
Lsé; —160
=544 kPo/cm (200 Yoo ~ :
1 ¢m{200epc S~ “ke136kPazem |,
0 “ '~ | (50pci) '
. | N3 ‘
-_.\ e ‘ - k=1360kPa/cm
— . . TR
T ‘ - (500pci)
O | 2 3 .4 .



~Longitudinal Tensile Stress, kPa.{o )

: 300
. T l b T B )
6000 |— ,
Eff. =0%
k =136 kPa/cm(50pci ) —ls00
. n M N
hy, =152.4mmi(6") el 1 E85™M) e
v - <
- 5000
' : Lane Shoulder —700
36m | B
ok —s00
40001 :
—i500
3000 —
— 400
2000 +— —4300
' B=0.9I5m |
B=I‘.525m —] 2C0
B=2.135m :
1 B=3.05m
GO0 p—
— 100
- 150 200 250 300 350 - 400 . - . 450

Thickness of Shoulder, inches

4 6 8 o

12

14

Thickness of Shoulder, mm

Figure 3.11. Effect of Thickness and Width of PCC Shoulder on Tensile
‘ Stresses at the Bottom of PCC Shoulder.
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Figure 3.13. Tensile Stress at the Top of the PCC Slab and
' Deflections Along Section X-X Due to MainTline

Traffic Loading.
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Figure 3.14. Tensile Stress at the Top of the PCC Slabs and Deflec- -

tions Along Section X-X Due to Encroached Traffic
Loading, :
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Figure 3.14. Continued.
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Figure 3.15. Tensile Stress at the Top of the PCC S1abs

Along Section X-X Due to Parked Traffic Loading (6 to 8 in.

tapering).
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Figure 3.18. Effect of Encroachment of Truck Wheel Load on Tensile

Stresses at Bottom of PCC Shoulder for Various Conditions
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Figure 3.20. Effect of Joint Spacing of PCC Shoulder on Joint Spalling

(Data from 10 year old I11inois Projects).
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Figure 3.28. The Effect of Lane/Shoulder Tie and Width of PCC

Shoulder on Tensile Stress of Traffic Lane.
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Table 3.1. Distress in Traffic Lane from Two CRCP Projects Having
PCC Shoulders Along a Portion of Their Length.

Length
Age of Project PCC Edge Wide N
Project Years in Miles Shoulders  Punchouts/mi. Cracks/mi,
1-80 9 5.7 "~ No - 6.0 7.9
1.8 Yes 1.1 5.0
1-74 10 5.0 No 4.0 1.6

0.8 Yes . 0.0 0.0

(1 mile = 1609 m)
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2.
3.

6.

7.

Traffic Lane Thickness

PCC Shoulder Thickness : 15 cm (6 in.)

Table 3.2.

TRAFFIC/
DESIGN
PARAMETERS

1. Age, yééfs

Summary of Performance, Traffic, and Design Data
from Two I11inois Experimental Projects.

Highway

1-74 o 1-80

[ S |
. 18 cm (5 in.) CRC - 20 cm (8 in.);CRt
20 cm (B in.) at joint,
tapers to 15 cm (6 in.)

at outside edge

4. Jt. Spacing 3-30.5 m (10-100 ft.) 6.1 m (20 ft.)
5. Tie Tie bars and no tie bars Anchor bars
#4 Bar 76 cm (30 in.) Tong - 2 in. Embedded
. in Traffic Lane,
76 ¢m (30 in.) ¢. to c. 15 in. shoulder
Mean ADTT (in adjacent ' a5 2140
truck lane)
80 KN ESAL (18-kip) 2.7 x 10° | 7.0 x 10°
in adjacent lane
over life _
8. Percent Slabs 0 (3.05m Joint Spacing) 5
5 (6.10m " woTy
Cracked 60 (7.60m " ")
90 (12.20 m  ® "y
100 (15.25 m ! ")
100 (18.3¢ m. " L
100 (24.40 m " " )
100 (30.50 m " ")
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Table 3.3. Field Measurement Data on 10 Year 01d I11inois PCC
Shoulders to Determine Longitudinal Lane/
. Shoulder Joint Efficiency (I-74 sections
described in Table 3.2).
, Deflection
Mean Edge* Mean Edge* Load Transfer
Shoulder Deflection - Deflection - Efficiency
Design Traffic Lane Shoulder (%)
1
Tiebars, 0.1143 mm 0.1118 mm 97.8
keyway, (0.0045 in.) (0.0044 in.)
and Granular
Subbase
2
Tiebars, 0.1448 mm 0.1076 mm 70.2
keyway (0.0057 in.) (0.0040 in.)
no subbase : :
!
3. | _ ¢
No tiebars, 0.2108 mm 0.0330 mm 16.0
keyway, with (0.0083 in.) (0.0013 in.) :

granular
subbase

)

*Deflections measured with Benkleman Beam using 84.4 kN (19,000 1b)

single axle. Procedure similar to that used at AASHO Road Test (Ref. 13)

with outside of duals 7.5-15 cm (3-6 in.) from traffic lane slab edge

and beam probe at traffic lane edge and at shoulder edge (creep speed

deflection).
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Table 3.4 field Measurement Date on g vear 01d I11inois PCC Shou]dérs

to Determine Longitudinal Lane/Shoulder Joint Efficiency

(1-80 sections described in Table 3.2).

o " Deflection
- Mean Edge Mean Edge Load Transfer
Shoulder Deflection= Deflection- Efficiency
Design Traffic Lane Shoulder (%)
©N.2311 mm 0.0889 mm 38.5

Tiebars, .

and Granular (0.0091 in.) (0.0035 in.)

Subbase
(Intermediate)

Tiebars,Granularm 0. 2464 -mm 0.0762 mm 31.0
Subbase

(Coarse) (0.0097 1in.) (0.0030 .in.)
Tiebars, 0.2159'mm 0,1016 mm L7.0

with .
No Subbase (0.0085 in.) ('0.0040" in.)

Deflections measured wijth

tandem axle,

Benkleman Beam using 121.3

kN (27,300 1b)

Procedure similar to that used at AASHO Road Test (Ref, 13)

with outside of duals 7.5-15 e¢m (3-6 in.) from traffic lane slab edge and

beam probe at traffic lane edge

and at shoulder edge (creep speed deflection).
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CHAPTER 4
DEVELOPMENT OF PCC SHOULDER DESIGN PROCEDURE

This chapter djsqusses theldevelopment of a fatigue design
procedure for p1aiguj61n£ed conérete shoulders. Thé dbieé¥f§e ﬁf
the fatigue design is to provide adequate slab thicknéés to contro]
cracking of the slabs, which is one of the most serious types of

distress requiring maintenance.

4.1 Critical Fatigue Location in Shoulder:

Location of the critical point at WH1Ch”CEacking initiates in
the PCC slab is vital to the development of a fatigue analysis with
an objective ‘of controliing $1ab ckaéking, The Tocation of the criti-
cal point is determined using both field and slab fatigue analysis
results. : S N |
4.1.1 Initiation of Cracking-Field Resilts
‘ .- "A few road tests haveﬂbeen.condthed where the cracking of plain
jointed PCC slabs was,C§refu11y recorded. Results from the AASHO and
Michigan Road.tests and also observations made on‘in;service pavements
during a prévious reséérch a}é presented. | | |

The AASHO Road Tést provides data relative td fhe_initiation of
cracking. Transverse.cfgcking occurred first on 5i out of 91 plain
and reinforced concrete sections and "usually began with a crack
originating at a point on the edge of the pavement at least 5 feet
(1.5 m) from the transverse joint" (13). Altholgh longitudinal
cracking ihftiated first in the bther"30, it usually Océurs in thin
slabs 2.5 to 5.0 in.{63-127 mm) and not on thicker slabs of 6 in.

(15 cm)‘or'gréatékﬂWHiéh are undér consideration in this study. The
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location of the first crack in 31 plain jointed concrete sections is

as follows:
Distance from Joint "-_ Number of
to Transverse Crack, ft : Failed Sections
0-5 | 5
5-10 ' 20
10-15 : 6

(1 ft = 0.305 m)
An example of crack initiation and progression for an 8 in. (20 cm)

plain slab section is shown in Figure 4.1. The initiation of most
of the cracking at the s]ab edge near the midpojnt of the slab is
apparent. .

Resu]ts from the Michigan Test Rgad {38) also show transverse _
cracking to be the dominant type occurriﬁg for slabs of‘é in. (20 cm)

thick having joint spacing ranging from 10 to 30 ft (3 to 9 m).
Cracking per mile (1609 m) in 1955 is as follows:

Joint Spacing, ft (1 ft = 0.305 m)
30 20 15

Transversel 296 139 50

Diagonal 7 6 0

Longi tudinal a2 1

Transverse cracking occurred much more than any other types of
cracking.

Several heavily trafficked plain jointed concrete pavgments were
examined during the field survey as a part of the zero-maintenance
pavement research project (32) and the types of cracking noted and

summarized. Transverse cracking was observed in 12 pavements, corner
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cracking occurred in one, and 1ongitudina1 cracking occur?ed in
three projects.
4.1.2 Initiation of Cracking-Fatigue Analysis

As a part of the research project, "Design of Zero-Maintenance
Pavements" (32) that was deve1opéd at the University of I1linois,

a compfehensive fatigue analysis was conducted'using the - finite
element method and Miner's fatigue .damage hypothesis to determine
theoretically the critical point. in the slabuwhere ¢racking should
initiate. Two positions in the slab werelevaluaie&:

1. Near the transverse joint where ]oﬁgitudina] cracking
initiatés.

2.. At mid-slab between the transverse joints where transverse
;racking initiates.

- These locations and .the directjon’of critical stresses aré shown
in Figure 4.2.

A fatique anaiysis s howed that when the mean Tateral placement
(D) of the axle loads using the slab is less than 36 in. (0.9 m),
the critical fatigue‘démage Té.ét'D,= 0 or the slab -edge, and,
therefo}e, cracking should definitely initiate at the outer edge of
fhe slab.

The fatigue analysis also showed that the magnitude of damage for the
mid-slab edge position,fs_much Higher than the transverse joint posi-
tion whén both were subjected-to~thé same average lane traffic. Thus,
transverse cracking would theoretically be expected to occur long
before longitudinal cracking occurred. o

Hence, both field and‘analyﬁicél resu]té.indicate tﬁat for
normal highway loadings and slab widths the critical fatigue damage

is at the slab edge.
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4.2 Development of Fatiqgue Damage Analysis

A comprehensive PCC shou1dgr fatique damage ana]ysis‘was developed
based upon the following:
- The critical fatigue damage location in the shoulder is at the
slab longitudinal edge midway between the trénsverse joints.
- Critical edge stresses caused by-traffic~10ads are considered
to cause transverse cracking.
- Load stresses are computed using ‘a finite element program which
"has been shown to provide cidse'results.
--.The proportion of mainline traffic encroaching on the shoulder
inner edge and/or parking on the shoulder is used in the
fatigue analysis.
- Fatigue "damage" is computed ahd'aCCUmuiated according to Miner's
hypothesis (52). | ' _
= A correlation between computed fatigue "damage" and measured
cracking was determined and 1imiting “damage" for PCC shoulder
design. is selected.
4.2.1 PCC Fatigue
Several laboratory studies haQe shown that plain PCC beams
experience fatigue failure when subjected ‘to high repetitive flexural
stresses {39 through 48). Also, sévera] road tests and many in-sefvice
PCC slabs have been observed to experience fatigue.cracking when
suybjected to many applications of heavy truck traffic (13, 34).
‘ RésU]ts from laboratory studies showed that the number of repeated
loads that PCC canVSUSfain-in-erxure before fracture-depeﬁds upon ‘the
“ratio of applied flexural stfess to the u]tiﬁate Static f]exura]
strength or modulus of rupture. - The results also showed that Miner's

damage hypothesis, which assumes 1inear accumulation of damage, does
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not give exact prediction of failure of PCC. However, data from
recent tests indicate that the inaccuracy of MIner's hypothesis is
not very significant compared.to the large variability in strength
and fatique life that is typical-of PCC (49). ' Hence, it was con-
cluded that Miner's hypothesis represents the cumulative damége
characteristics of concrete in a reasonable manner (49)..

Fafigue data were obtained during -a previous-study for plain PCC beams
from three studies (40, 49, 60). A R-N plot-of 140 tests from these studies
is shown in Figure. 4.3. The plot shows a large scatter of data, and the data
from the three studies generally overlay each other. A least square

regression curve was fit through the data as shown (Curve 1) (32).

Log10 N =17,61 - 17.61 (R) (4.1)
where:
N = number.of streSS'app11catﬁons to failure of beam.
ratio of repeated flexural stress to modulus of”

X
(|

rupture.

Standard error = 1.4 (of log N).
This eﬁugtian'ié a'meanlregréssion curvé fn th§£ 1f represents a
failure probabi]ify’of 0.5 or 50 percent. ﬁ%]sdorf and Kés]ér (42),
for exémp]e;‘esfablished‘curves far’various probabilities of failure
based upeon their data, and the‘cukvé for a probabi]fty of 0.05 or
5bpercentwisrplotted‘in Figure 1.3 (Curve 2).I The fatigue curve
qged fn design by PCA is aigo shown in Figure 4.3 (Curﬁe 3) which
is mu;H”Towék than the.P = 0.05 curye for lower stréséifatioé.

| Thé‘apﬁlicab11ity of‘fhese 1abo%at0ry fatigue results from beam

specimens to the fatigue of actual pavement slabs under field conditions
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has never been estab1ishéd. Many differences, such as age of slab,
thickness variatioh, variation of PCC strength, etc., exist‘betweeﬁ
\ 1aborétofy and field conditions that probably result in different
fafigue responses. The cohp]exities due to these differences are so
great and available information is so limited that any laboratory
curves used to estimate the fatigue damage in field slabs must be
 -"ca1ibrafed“ based on field data as presented in Section 4.3, Addi-

tional research on PCC sTab fatigue is greatTy needed. |

The concrete fatigue curve used for design purposes was the same

one used in the zero-maintenance design for plain jointed concrete by

Darter (32):

Log N = 16.61 - 17.61 (R) ’ (4.2)

" This expressioﬁ provides a safety margin of one decade of load
applications as shown in Figure 4.3 (Curve 4), and represents probability
of 24 percentf This cﬁrve will also be used in this research.

4.2.2 Shoulder Truck Traffic

Truck traffic on shoulders consists of hoving ehcroachmenté near
the 1ongitudina1 joint,‘pérked trucks with wheel Toads neér the»out-
side edge, and use'aé an‘additional‘traffip lane. One of the most
important factors that affects the lateral distribution of truck
traffic in the Qutgide traffic lane is the existence of Shdu]ders, and
whether the shou]deh is paved. The encroachmenf of truck traffic onto
the shoulder depends mainly oh‘the lateral plaﬁemént in the adjacent
traffic lane. Available evidence (32) indicates that when there is a

paved shoulder and no lateral obstructions, there is a definite

t

- 87



tendency of trusks traveling on the outer lane, to shift several
inches (cm) towards theslab edge. Data collected by Taragin (51)
in 1956 for 12 ft (3.6 m) concrete traffic lanes found that the mean
lateral distance of mainline truck distribution to be 11 in. (28Icm)
from the edge when paved shoulders are used and 25 in. (63.5 cm) when
~gravel or grass shoulders are used. This lateral shift towards the
slab edge increases the number of truck encroachments onto the shoulder
accordingly. |

Similarly, there are some important factors that affect the amount
of parkedi;rycks along a given highway section. Factors such as the
geométfitl1ayout of the section, its location relative to a weighing
station, and its proximity to an 1n£érchange all affect the amount of
parked trucks.

~ In addition, and as discussed in Chapters 1 and 2, PCC shoulders

are sometimes used for regular traffic as a detour around a closed
lane orlas an additional lane during peak traffic hours. Then, conse-
quently, these conditions will have an effect on the structural and
geometrical adequacy of PCC shoulders and, therefore, must be consi-
dered in design. |

For a PCC shoulder to perform its functions, the truck traffic
used in design should be based on the actual future uses of the shoulder
under its Tocal conditions along the project. This is a very crucial
factor in shoulder design.
4.2.3 PCC Fatigue Computation

A fatigﬁe analysis procedure was developed based upon the results
of previous sections to provide a method of estimation of traffic

“damage" that could result in cracking of the slab. The basic fatigue
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design philosophy for plain jointed concrete shoulders is that Tinear
cracking must be controlled. This is possible through direct consi-
deration of traffic loadings, joint spacing, lane/shoulder tie,
shoulder width and, foundation support or loss of support. Fatique
"damage" is investigated at two critical Tocations in the concrete
shoulder, the inner edge as well as the outer edge. These two loca-
tions are very important in design, as was discussed earlier and
therefore must be analyzed separately in the design procedure.

The major steps in the fatigue analysis are as follows:

1. Determine axle applications, at each of the two c¢ritical
edge locations, in each single and tandem axle load group.

2. Select trial slab/subbase structure, lane/shoulder load
transfer, PCC variability, PCC shoulder width, and other required
factors, |

3. Compute the fatigue damage occurring at each-of the shoulder
edges for a given year using the Miner's accumulative damage hypo-

thesis (52) and sum yearly over the entire design period.

Jj=p i=m n.. .
DAMAGE = & I gt (4.3)
J=1 1i=1 "ij.
where:
DAMAGE = total accumulated fatigue damage over the design
period occurring at either of the siab edges.
”1j = number of applied axle load applications of the ith
magnitude for the jth year.
Nij = number of allowable axle load applications of the

1th magnitude for the jth year determined from PCC

fatigue curve.
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a counter for magnitude of axle load, botﬁ’sing]e

-
1]

tandem axle.

a counter for years over design period.

j =
m = total number of single and tandem axle l1ead groups.
p = total number ofyears in the design period.-

The fatigue damage is computed at each of the s]ab'1ongitudtna1 edgeé\
because results from fiéﬁu observations of many jointed-concrete pave;; o
ments and analytical fatigue ana]ysis'(Sec. 4.1} showed tHé:uidpoint
between the transverse joints atthes]éb edge to be the critica1" o
point where cracking initiates. |

Applied Traffic, n, The n,; is computed using the traff1c data

ij’ i3
for the year under considerat1on It is computed us1ng the o

following expression:

g = (ADTy)(T/ioo)(DD/]OO)(LD/]QO)(A)(365)(P}100)(C/1oo)(c0N)' (4.4)

where:
%
average daily traffic at tneend of the specific“year

ADT
Y
under consideration . B}
T = percent trucks of ADT.

DD

= percent trucks in direction of traff1c ]ane adJacent
to shou]der
LD = lane d1str1but1on factor percent trucks 1n des1gn

lane in one d1rect1on.,
A = mean number of axles per truck.
P = percent axles in the ith load group.
C = percent of total axles in the truck traffic ]ane

that park on or otherw1se use the adJacent PCC
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shoulder (used for computing the fatigue damage at

the outer edge), or

percent of total axles in the traffic lane that encroach
on or otherwise use the adjacent PCC shoulder (used

for computing the fatigue damage at the inner edge}.

It

CON = 1 forsingle axles, 2 for tandem axles.

Allowable Traffic, Nij: The Nij is computed from PCC fatigue considera-

tions (as was q7§cussed4ear11er in Section 4.2.1). The loading stress
is computed atAe{ther'of the two edges of the shoulder for a givén axle
load (singte or tandem) usiﬁg the finite element model discussed earlier
(Sec. 3.2). The spress mode]s were derived using multiple stepwise
regression tecﬁniques from a factorial of data obtained from the

finite element program over a wide range of the design variables:

| Shoulder Slab Thickness (H1): 6, 8, 12 1n.(]5, 20, 30 cm)
Traffic Lane Slab Thickness (H2): .8, 10, 14 in. (20, 25, 36 cm)
Shoulder Width (B): 3, 5, 7, 10 ft. (.9, 1.5, 2.1, 3 m)
Stress Transfer Efficiency Be tween
Shoulder and Traffic Lane (EFF)}: 0, 50, 100 percent ({See Sec. 3.2 for
. definition) 3
Foundation Modulus {K): 50, 200, 500 pci (13.5, 54.2, 135 MN/m”)
Loss of Support (ERODE): 0, 12 in, (0.30 cm) (a]ong_the inner
o shoulder edge).
The finite e]emént'combuted stresses for all possible combinations of
these factors were obtained and individual equations were derived
for traffic load stress (STRT) at each of the shoulder edges due to
loading condition at the edge under consideration.
The regression-equations determined for these stresses are as

follows:

91



Load Stress for single axle load at the ocuter edge of the shoulder:

STRT = [LOAD/(18.0 H12)][116.36335 + 0.64672 H1 + 17.6412 H10->

-+ 15.6341 K92 _ 53.74884 109, K - 2.4917 HI
- (4.5)
0.25 -0.25

- 37.44179 K~ 10910 B + 6.50848 K H1

-0.25,,0.25

- 115.5093 K H1 - 0.00123 BK + 5.00214 B/H1]

Load Stress for tandem axle load at the outer edge of the shoulder:

2 0.5
)

STRT = [LOAD/(36.0 H1°)J[-12.1686 + 12.36292 H1"*> - 2.09608 Hi

-0.25 -0.25

31.73886 K

Tog,, B + 4.87304 HIK

96.50225 K~ 0-2% 11923 _ 0 00096 BK + 0.031011 H1°

6.75862 10 7°/k9+2% _ 0.06193 B(]og1o(H13/K))3

-+

4.11229 B/H1 + 140.71457 K™0-2%] ‘ (4.6)

+

Fquations 4.5 and 4.6 are valid only when the Qidth of the PCC
shoulder (B) is less than 7 feet (2.1 m);in this césé only one whee1'(the
wheel at theedge) of the axle Toad is applied due to the geometry of‘
the shoulder (the other wheel is still on the hain]ine s]ab); then
the width of the shoulder {B) is 7 feet (2.1 m) or more, under which both
wheels of the axle load are applied on the shoulder slab simulta- |
neously, the effect of the other wheel on the critical edge stress
should be considered. Previous Studiesl(32) had shown that fhe other
wheel will increase the edge stress by 5 to 15 percent over that
caused by one whee1. 'Therefore an average increase of 10 percent in
the stress obtained by Equations 4.5 and 4.6 is used for that condi-
tion. Then,

Load Stress for B > 7.0 ft (2.1 m):
STRT = 1.10 x STRT {Eqs. 4.5 or 4.6) (4.7)
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Load Stress for Single Axlé Load at the Inner Edge:

STRT = [LOAD/18.0 H12)][78.06105 + 0.6472 H1 + 17.6412 H10-

0.5 0.5

+ 10.51771 H2 + 15.6341 K - 63.74884 10910 K

14441502 (EFF + 1)72 + 0.63417 HIH2

+

025 -0.25

37.44179 K

I

log,q B + 0.81356 H1H2K

40.8387 K023 41170-25 o0.5 _ 4 00274 ERODE H1H2

0.00123 BK + 0.08268 H1 ERODE - 0.35561 H1H2 EFF
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+
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Load Stress for Tandem Axle Load at the Inner Edge:
0.5

STRT = [LOAD/(36.OH12)][-57.69734 + 12.3629 H1
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- 34.1187 K 0.0012 HIH2 ERODE
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2 0.75

+ 6.75862 H1 - 0.29443 HIH2 EFF

+

0.031011 H1 K0-25

/

+

0.00102 BK EFF = 0.06193 B(]og]O(H13/K))3

0.76851 HIH2 (EFF + 1)"! - 0.01283 H2 ERODE EFF

+

4.11229 B/H1 + 0.03 (H2 EFF/H1)5] (4.9)
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where:

LOAD

‘total load on single or- tandem axle, pounds

H1 PCC shoulder thickness, inches

"2 = traffic lane slab thickness, inches

B = width of the shoulder, feet

EFF = 16ad trangfer effiéﬁéﬁcy between éhbu]der And
traffic lane, percent. |
K = modulus of foundation support (top of subbase, pci)
ERODE = erodabi]ity of support'aﬁong shoulder slab edée, inches

Standard estimate of error based on 504 data points:

Single axle of STRT = 16.0 psi (110 kPa)

" Tandem axle of STRT = 12.9 psi (89 kPa)
These standard éﬁtimates of error are believed to be éccebtab]e when
comparedrtd'theother uncertainties invo]ved. |

A compufer program, called JCS-i, was developed to compute the.
accumulated fatigue damage over the désign 1ife of the PCC shoulder, |

This data can be used to évaluate and design a plain jointed concrete

shoulder considering fatigueidamage.. - .

4.3 Limiting Fatigue Consumption

The fatigue analysis that has been developed considers directly
theeffects of traffic loadings, éhou]der width, traffic lane/shoulder
tie and the loss of foundation support (i.e., pumping). However, there
are several factors that are not considered due to insufficient infor-
mation. One of the most important chtors may be the use of PCC
fatigue curves obtained from small beams to estimate the fatigue life -

of large fully supported pavement slabs. Traffic loading conditions
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also differ considerably between Iaboratorj and field. Other inade-
quacies could be cited; however, the point to be made is that the final
accunulated fatiéué.”damage“'bésed'on Equations.4.§ through 4.9 computed
for a pavement slab must be correlated with measured slab cracking before
a limiting fatigue consumption can be selected with confidence for design.

. According to the Miner's hypothesis, a materia1 should fracture when
the accumulated "damage" equals 1.0. Even if Miner's hypothesis weré
exact, variability of material strengths, loads, and other properties
would céusé a variation in accumulated "damage" ranging from much less
than 1.0 to much Qreater. |

In order to determine a limiting fatigue damage value to be used
in the design procedure, a fatigue analysis using the expression ﬁhbwn
in Eq. 3.4.was‘used on many in-service pavements. The ffe]d data from
27 projects needed for the analysis were obtained by Darter for the
Zero-Maintenance design project (32): The cracking index of these pave-
ment sections was also obtained. From the analysis on the sectfons having
15 to 20 ft (4.67— 6.1 m) joint spacing, the curve shown in Figure 4.4
was deQe]oped. The data used for the curve were from plain jointed concrete
pavements 1ocafed in variqus stafes. The designer,_wifh the use of this
curve, can select a limiting design fatigue damage value to 1imit the
cracking of the pavement slabs, or once the fatigue damage value is com-
puted for a given design, the cracking index over'the'design period can
be estimated.

As was dislcussed earlier in Chapter.3;,during the field survey con-
ducted on I-74, it was found that about 60 percent of the 25 foot (7.6 m)

shoulder slabs had transverse cracking. The level of these cracks, however
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is of low-medium severity, and therefore, did not affect the performance

of the PCC shoulder and it is to]erated by the highway users. The crack-
2 (0,08 m/m°).
1

ing 1ndex for th1s amount of cracking 15 25 ft/1000 ft

Us1ng F1gure 4 4, the correspond1ng fatigue damage 1s between 10

102.

and

The amount of transverse crack1ng is much 1ower (0-5%) for the 10-

20 ft slabs and is the reason shorter slabs are recommended in this research.
" This means that shorter7§1abs ﬁnder simf]ar environmental and traffic

conditions can carry much more traffic before they reach the cracking
index of the 25 foot slabs. It is believed that the highway user will

tolerate a higher level of cracking index when driving on the shoulder
than that found on the shoulders of the two projects surveyed. There-

fore, a cracking index of 35 ft/1000 ft?

(0.08 m/mz) is recommended to

be used as a design 1im1ting.criferia for PCC shoulders on heavily traf-
ficked highways (this corresponds to a fatigue damage of 103 from Fig. 4.4).
Recemmended fatigue damage values for high, medjum, and Jow traffic volume

pavement shoulders are as follows: ‘ ,
Low Traffic Volume = 107> (Crack Index % 60)

(ADT of the mainline < 2000}

Medium Traffic Volume = 10"  (Crack Index % 48)

{2000 < ADT < 20,000)

*+3 (Crack Index % 35)

High Traffic Volume = 10
(ADT > 20,000)
A computer program was written to ﬁ}ovﬁde fatigue data for use
in design. The program is designated JCS-1 (Jointed Concrete Shoulders-1)
and is written in FORTRAN computer language for the IBM-360 digital

computer. The program can be adapted for usage on other computers
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with oqu minor modifications,“ fhe cdmﬁuter processing time for a
design probiem is about 9 seconds for analyzing a range of shoulder
thicknesses. The storage requirement for the program is 40,000.by£e§'
(storage area). An input gquide, sample input/output,_f]ow>c%grt,
and program listing are given in the Appendix. The &ésigner muét
specify trial structqraT desigﬁs, determine thevrequired inpﬁfs,.
run the JCS-1 computer program, and analyze the output fatigue data.
The .program is written to analyze any one 6r a combination of shou]def
thickness, mainline slab thickness, shoulder width, and mainline/
shoulder tie and preovide outputs for each combination, while holding
all other inputs constant,

The designer can therefore exanﬁne a range of shoulder designs
for a given traffic, and foundation support with only one run of the
program. A complete detailed example of PCC shoulder structural design

is given in Chapter 5.

4.4 Strhcturé] Design Inputs

The PCC shoulder design procedure requires ihe se]ectioﬁ and/or
determinatién of several impdftant factoré related tb the PCC shoulder
sTab, traffic, foundation support, and traffic lane/shoulder tie.
Specific guidelines for the determination of each required input are
provided in this gection. -

4.4.1 PCC Shoulder Design Lif% |

The actual shoulder life %n years over which it s desifed to
provide structural low-maintenance perfofmance is input. This time
period may range from 1 to 40 years. Normally, the design 1ife would
range from 15 to 40 years for new conétructibn. In certain instances,

such as rehabilitating the traffic Tane by constructing PCC shoulder
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adjacent to.it, a shorter interval may be desired. This interval
depends mainly on fhe remaining deﬁign‘life of the traffic lane..
The computer program developed cannot accept a fraction of a year,
$ucﬁ as 20.5 years, Only whole yearé sﬁbuid be. input. |

A design ]ife can be separated into fwo or more aﬁa]ysis périods
if conditions warrant. For example, coﬁsidéf a PCC shdufder under
design for 20 years. If it is expected that legal load limits will
increase significantly after 10 years, the program could be run for
the first 10 year period with one axle load distribution, and then |
the program could be re-run for the next 10 years with a modified axle
load distribution, and other necessafy changes in input parameters,

4.4.2 PCC Slab Properties

Slab Thickness: Any number of either traffic lane or shoulder trial

s]abthickness can be selected for analysis. Based upon the results of
this trial, other combinations of traffic 1ane/shou1der thicknesses can
be tried {f needed until the 1imiting design criteria are.met (maximum.
fatigue damage). The range of the traffic lane slab thickness that

was used to develop the design procedure is between 8 and 14 inches
(20 and -35 c¢cm). For the PCC shoulder the thickness range between

6 and 12 inches (15 and 30 cm). The computer program is set up so that
the designer can input several combinations of traffic lane/shoulder
slab thicknesses and obtain results for each combination by adding
appropriate cards at the end of ;he original data deck to specify
other trial thickness combinations as 1nd1§ated in Appendix A input
quide. Since both traffic lane and shoulder slab thicknesses are
fnputs, this compufer program, could bé"useq for either new construc-

tion of PCC shoulder adjacent to new PCC traffic lane (which should
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be designed using different procedures) or rehabilitation of an existing
PCC traffic lane by constructing PCC shoulder adjacent to it.

Shoulder Slab Width: "Shoulder slab width is an important input

because of its effect on the structural behavior of the shoulder under
traffic loading. Its importance extends to the geometric layout of the
whole highway pavement and its safety standards. If the geometric

layout of the highway imposes a certain shoulder width such as 10 feet (3 m)
then this width should be input in the computer program. On the other
hand, if the shoulder width is to be chosen from the shoulder structural
behavior standpoint, then any number of shoulder widths can be analyzed
until the limiting design criteria are met. The range of the shoulder
width that was used in development of the design procedure was 3 to 10 ft
(0.9-3.0 m). The computer program is set up so that the designer can
input several shou]der;widths'in combinétion with any slab thicknesses -
as was discussed in the preceding section and on the same slab thick- -
ness cards added at the end of the original data deck as will be shown

in Appendix A input guide.

Mean PEC Modulus of Rupture: The mean modulus of rupture at

28 days as determined by the test proceduré specified in AASHO

Designation T-97, usihg‘third‘point‘1oading, is the basis for deter-

mining concrete flexural strength. Current practice for conventional

pavements indicates that this value ranges from 600 to 750 psi (4140 to 5170‘kPa).
Alternate designs using a range'of cdncretELEtrengths may be developed

to compare the economics pf designs. Agencies use compressive

strength to determine the modulus of rupture from compressive

strength. This relationship was derived from strength correlation

studies (32):
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FF = 10.0 (cs)9-2 | (4.10)

where:

- FF = modulus of rupture, 3rd point loading, psi

CS compressiVe strength, psi

Coefficient of Variation of PCC Modulus of Rupture: The modulus

of rupture of the concrete varies from point to point in the slab
and this variation has significant effect on pavement performance
(53, 54). Therefore, it is important to consider this vériabi]ity in
structural design where a high dégree of reliability must be obtained.

The coefficient of variation is defined as follows:

stdndard deviation
~mean modulus of rupture

x 100 (4.11)

Coefficient of variation (%) =
Many transportation agencieshave studied the qua]ityAcontro] of
concrete and have information 5vai1ab1e for their construction proce-
dures and specifications. Field data indicate that the coefficient
of variation ranges fromsapproximatgly 5 to 25 percent for. excellent
to poor quality controT, re;pective]y. A mean of about 12 percent can
be considered typical for highway paving, and most projects range
between 10 and 15 percent. It is recommended that construction
control be adequate to limit the coefficient of variétion of concrete
to 15 percent or less. | ’
The 28 day mean modulus oflrupture (F28) adjusted for concrete

variability that is used in design, is obtained from the following

expression:

= FF(1 - Cyex) (4.12)

Fag T00
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where:

FF = mean modulus of rupture of the PCC at 28 days, 3rd
point loading, psi
FCV = coefficient of variation of modulus of rﬁpture, %
C = 1.03, & constant representing a confidence level of 85%

4.4.3 Traffic-

Traffic data are needed to estimate the number of applications of
single and tandem ax]és for each load group that will use the PCC
shoulder throughout the design period. These data are used in PCC
shoulder fatigue analysis.

fhé prediction of traffic for desfgn purposes must rely on infor-
mation from.past traffic, modified by factors for growth and other
expected chadges. Most states accumulate past traffic information
in ihe format of the Federal Highway Administration W4 loadometer
tables, which are tabulations of number of axles observed within a
series of axle load groﬁps. These tabulations are in a convenient
form for use in fatigué analysis. Special consideration must be
given to heavy axle loads that are outside Tegal limits (overloads).
The effect of the overloads on the 1ife of the concrete shoulder
is very serious andmust be fully considered in PCC shoulder
structural design.

Average Annual Dajly Traffic (ADT) at Beginning of Design Period: The

average annual number of vehicles {trucks and automobile) that use

the highway daily in both directions at the beginning of the design

analysis period, when the highway is open to regular traffic is

input.
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Average Annual Daily Traffic (ADT) at End of Design Period: The

average annual number of vehicles that use the highway daily in both di-
rections at thé end of the design period. The average daily traffic is
assumed to increase uniformly from the beginning to the end of the anal-

ysis period.

Percent Trucks of ADT (T): The number of trucks expressed as a
percent of ADT over the entire design period is required. If pickups
and panel trucks are included in this percentage, their effect must be

included in the axle load distribution.

Percent Trucks in Heaviest Traveled Lane (LD): The 1aha] distrij
bution of trucks varies with many factors including number of lanes,
urban/rural location, traffic volume, and percent tfucks. This parametérﬁ
can be best estimated through manual vehicle counts on the existing or
similar highways in the area. The approximate lane distribution can be
estimated using the following equations for the various types of high-'
ways. These equations were developed by Georgia DOT (55), and were -inde-
pendently checked at a few locations and found to give reasonable predic-

tions with measured data:

a. Four lane rural
LD = 96.39 - 0.0004V _ . (4.12)

b.  Four lane urban
Lﬁ = 95.76.- 0.0005V
o Six lane urban
LD - 60.76 - 0.0008V + 1.3174T

where:
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LD = percent total trucks in one direction in heaviest traveled

I_]ane-(i,e.,‘TOO'percent indicates all trucks in heaviest

traveled lane).

.V = traffic volume in one direction (use average ADT over
design period/2)
T = percent trucks of ADT

d. Eight and ten lane urban freeways have lane distribution values

ranging from approximately 40 to 60 bercéntﬁ

\ Percent Directional Distribution (DD): The percent of trucks in one

direction is normally 50. This parameter converts the two-directional

truck traffic to one-difectioha1'truck traffic.

Mean Axles Per Truck (A): This parameter can be computed using data

from manual counts of W4 Tloadometer tables by dividing the total number
of truck axles that pass over a section of the highway (single axle plus
tandem ax1e;;which are counted as one axle) by the number of.trucks that
pass thé_same_séction. The value of mean axles per truck ranges from 2.1
to 3.0 depending upon the,yraffic mix. When pickups and panels are ex-
cluded, it raﬁges from about 2.5 to 3.0 wifh a mean of_2.75 for major

highways.

'Trucks That Use the Shoulder: The number of trucks that use the

shoulder is an important factor for PCC shoulder design. Shoulder usage

should be estimated from traffic surveys on either the highway under design

or a highway of similar design and traffic. There are three types of traffic

that use PCC shoulders: encroached traffic, parked traffic, and regh]ar

traffic.
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a. Encroached Traffic: Is the part of the mainline traffic that
encroaches on the shoulder occasionally and then merges back to the main-
1ine. The encroached traffic travels normalily in the vicinity of the main-
1ine /shoulder Jjoint and within a transverse distance of 12 in. (30.5 cm)
on the shoulder. The percent trucks that encroach on the shoulder should
be obtained as a part of a field survey in the area where the PCC shoulder
is to be constructed. A stretch of several miles is recommended for such
‘a survey. Trucks should be selected at random and followed by observers
over the selected distance. Records are made of the time the truck travels
on the shoulder to determine the longitudinal distance for each encroach-
ment (by using the average truck speed which would be approximately the
same as the observer vehicle's speed). The following information should
be obtained from the shoulder field survey:

® Average number of encroachments per truck (NE) in the

surveyed stretch (LS)

. Average longitudinal distance on the shoulder per

encroachment, miles (ED)

The above information cah be used to compute the number of locad abp1i-
cations on the shoulder edge near the lane/shoulder joint in terms of per-
cent of mainline truck traffic as follows:

(1) Obtain the ADT, T, and LD for the design section. Compute
the average daily truck volume in the lane next to the concrete shoulder
(LTT). LTT = ADT x T x LD.

(2) Determine the total number of daily truck encroachments
in the surveyed stretch by multiplying the average number of encroachments
per truck (NE) times the average daily ]éne truck traffic‘in one diréction

(LTT) (Step 1).
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(3) Determine the total encroachment distances in the surveyed
stretch by multiplying the total number of encroachments {step 2) by
the average longitudinal distance on the shoulder per encroachment {(ED)
(obtained from the survey) in miles.

{4) Then the number of encroachments for a given point (or
section of ED length) in the surveyed stretch isﬁobtained by dividing
the total encroachment distances in the surveyed stretch (step 3) by.
the length of the surveyed stretch (LS).

(5) Hence, the proportion of eﬁcroaching trucks on the shoulder

(PET) is the ratio of the number of encroachments for a given point (step

4) over the average daily truck traffic in one direction (step 1).

PET

_LTTxNEX ED -
y [S X LTT (4.13)

This expression can be reduced to the following:

NE x ED

PET = s (4.14)
where | | |
NE x ED = Average length of total encroachments per truck
| ~in the surveyed stretch, miles -
LS = Length of surveyed shdufder stretch, miles

The NE x ED and LS are inputs to the computer program.l Various calculations
show the PET may vary over ranges of approximately 0.01 to 0.08 (1 - 8 percent)
of the adjacent lane truck volume.

This abpve procedure was used on I-75 at Perry, Georgia (2). OQut of
all the trucks that use the nighway, approximately 2.4 percent encroach
on the outside shoulder. The truck wheels were found to be concentrated

primarily within about 12 in. (30.5 cm) of the longitudinal joint with
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an average transverse encroachmeht distance of 7.1 15} (18 cm). This
tends to justify the use oF‘the full percentage of enéroached~trUck
traffic for structﬁra] PCC shoulder design.

Tafagin (56), as a part of a study by the Highway‘Research'Board to
determine the relative effects of different magnitudes and configura-
tions of axle Toads on PCC paveménts, also reported that an average of
2.5 percent of the mainline truck traffic encroached on the outside
shoulder of the test section to the extent of 12 inches (30.5 cm).

The above studies were conducted wifh either unpaved or different
types of paved shoulders other.than PCC in service. This suggests‘that
the above percentages could be different when PCC shoulders are in
service. The location of the shou]déf stretch under design could also
affect this percentage. These factors make the traffic survey of the
Tocal condition of the highway a ngcessity. |

b.  Parked fraffic: Is thé percent of maiﬁ]ine truck tfafffc that
parks on the shoulder for emergency reasons or 6thérwi$e. This iﬁput
may be estimated for the design section based upon traffic counts on
similar highways. It varies greatly along a given project depending
on geometric and interchange conditions. A much higher proportion of
trucks typically park ne&r to ramps at intérchanges. If this occurs,
specific design sections should be selected. / |

As for encroaching -traffic, it‘is‘necessary to computé the number of
expectéd load applications that will occur along thelouter shoulder edge
in the seTected deéign éection. This is computed as fol]ows}

(1) A'1ength of project mﬂst bé selected that fs representative

of the design section (OL).
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(2) The ADT, T, and DD in.the section must be determined,

{3} The mean length that a truck drives on the shoulder during
a typical stop is determined from actual observations. (PL).

(4) ' The mean number of trucks that actually used the shoulder
in the design section for parking-is determined by visual counting over
a typical 24 hour.period. - It :should be noted that most parking occurs
during the very early morning hours and.therefore this: period of time
must be included.

(5) The percentage of trucks that park on the shoulder .is then
computed.: The design section is divided conceptually into "subsections”
of length PL. It is assumed that probabi?fty of -a truck to park on

each "subsection".is equal . to P, where

DL/PL
Thus, the percentage of tota] truck traffwc in one d1rect1on that parks

on any random subsect1on (PPT) is ompute as

pp7 = N x p x 100 S | - (4.15). -

~ ADT x T x DD
where N = average number of parked trucks/day

Pre]ﬁminary surveys and calculations show that the PPT may range frdh
percentages of 0.0005 to 0.005. | |
The total of the proportion of encroached as we]] as parked truck
traff1c 1s used as an 1nput for encroached traffic percentage due to the
fact that any truck has to encroach in order to park on the shou]der
c. Regular Traffic: If it is anticipated that the PCC shou]der would

be used by régu]ar traffic at any stage of its design 1ife, then this extra

amount of traffic should be counted for as a part\ot the shoulder design
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traffic. The amount of traffic at both edges. of the PCC shoulder should

be increasedlaccordinQTy. The ultimate case is to design.the shoulder as
an extra lane by considering its traffic to be simiTar to the mainiine .
outer Iane_truck traffic. The.outer.apq thghinner edges of the PCC shoulder
would carry such traffic_and, therefore, the; percent of encroached and

parked truck traffic‘in the computer pfogram should be adjusted accordingtly.

- Axle Load Distribution: The average percent of total load applica- .

tions occurring within specified fdadldroupé (usua11y 2000 pounds (8.9 kN)
range) must be estimated for the entiré design‘ana]ysis period. If a legal
load 1imit change is éxpected; it éhoqu'bé?inCiuded in fhe analysis. Most
important by far is thevdiétributidn‘of Toads in the heavy axle loads
groups (i.e., above 18;000'p0und,(80 kN) siné]e‘and 32,000 pound (142 kN)
tandem).  Results from fié]d:sﬁrveys and;interQiéws (35). ind{cate thatv‘
for néérly all major highwé&s,ta éig;ifiéant'percéntage of axles are above
the ]ega1.Tim1tsl _Estimates indicate that the total percentage of axles
above these values is 3 to .20 percent. .The results also indicate that the
data from loadometer stations do not usua11y give accurate estimates of
the overload distribution due to enforcement, and an accurate estimation
of the upper load distribution can only be obtained from spot weight
studies or from police enforcement tickets.

It is, therefore,,reconmended that spot;weight studies be -conducted -
on the existing or similar highways to establish the existing distribution,
and then that this distribution be modified to account for any‘anti¢ipated

Tegal load increases or other load changes over the design period.
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4.4.4 Foundation Support

Modulus of Foundation Support' The f1n1te e]ement mode] used in

this research uses the assumpt1on that the subgrade acts as a dense
liquid which is the same assumption made by westergaard The k-va1ue,
representing the'modulus of subgrade reaction, can be determined by run;
ning a plate bearing test using a SO in. (76 cm) plate. Details ot this
test are.given in ASTM designations D1195 and D1196 or AASHO Designation
T-221. The k- va]ue of the subgrade can a1so be est1mated from 5011 class1-
fications (57) A set of curves were developed at the Un1vers1ty of
I]]1no1s (35) based on the AASHO c1ass1f1cat1on system ‘ |

If a subbase is used In the design, the k- value on top of the subbase
must be determ1ned Us1ng a subbase st1ffens the foundat1on Curves have
been deve]oped using the e]ast1c 1ayer theory relat1ng the k- va]ue of the
subgrade to the k- va]ue on top of the subbase for various mater1a]s and
thicknesses in Reference 32 for unstab1]1zed granu]ar, aspha]t stabilized,

and cement stab111zed mater1a1s

‘Erodability of Foundation: The amolint of erosion of the subbase
at any time js"expressed as the nidth'in'inches of -a rectangular strip
pana11e1 to the PCC shouldér inner-edge (longitudinal joint) that has
no contact with the pavement slab. The erodability in inches at the end
of the design period is input into the computer program. The erodability
at the beginning of the.design period is assumed to bé zero in the phogram.
The amount of erodability at any time after the pavement is opened to
traffic is linearly interpolated between the initial and final erodability

factors.
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The erodability of the subbase will depend on many factors, including
subbase type, available moisture, settlement of subsurface drainage, etc.
Subbases that are densely graded and contain considerable amount of fines
nay pump significantly in a wet region.: An eredability of up to 12 in.
(30.5 ¢m) under the inner edge of the shoulder is considered to be a
reasonable amount which is equivalent to a settlement of a subsurface

drain, for example.

4.4.5 Traffic Lane/Shouider Tie (Joint Efffciency)

Properly-tied PCC shoulders to e1ther new or ex1st1ng concrete pave—,
ment serve to stiffen the traffic lane and thereby decrease the def]ect1on
and consequent pump1ng near the 1ong1tud1na1 Jo1nt The method of t1e1ng
the PCC shoulder to the mainline concrete pavement is a primary factor
in determ1n1ng the magnttude and the extent of the load transfer effi-
ciency across the 1ong1tud1na1 Jo1nt throughout the des1gn 1ife. Therefore,
some recommended methods for construct1ng twed concrete shou]ders to both |
new and ex1st1ng traff1c lanes are discussed. _’ |

Prov1s10n of adequate ]oad transfer when prov1d1ng a PCC shoulder for |
an ex1st1ng s1ab can be accomp11shed through c]ose}y spaced t1ebars |
Holes are dr1]]ed in the edge of the existing slab. This could be done>
with a tractor mounted drill that can dr111 seVera1 holes in the side of
a mainline slab at one time. T1ebars are 1nsta1]ed in the holes w1th epoxy
or a non—shrinkage cement grout. The length of p]ac1ng the bars into the
slab should be adequate to develop full bond strength, but not less than |

9 in. {23 cm) to avoid spalling over the base.

Malleable tiebars of small diameter (#4 or #5) and spacing (12-24 in.
(0.3-0.6 m)) midway across the slab depth are preferable to. stiffer short

bars with large spacing intervals. This will substantially reduce the
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possibi]tty of stress concentrations above the tiebar which will cause
the joint to spall in the vicinity of the bar and the eventual breakage
of the slab and the loss of the load transfer, The possibility of upward
heave or drop-off of the shoulder in the area between the bars will a];o
be substantially reduced when-a short-tiebar spacing is used (< 24 in. (60 cn)
is recommended) since there will be more steel to hold the lane/shoulder
together. A shouider upward heave and ;pa)]ing of the 1ane concrete
prob]ems were experienced in Pennsy]van1a and New York where two- p1ece
tie bo]ts 60 in. (152 cm) center to center, were used to tte a6 in. ()5
cm) concrete shou]der w1th the ex1st1ng ma1n11ne pavement
| On I- 80 in IT1inois the shou]ders were tied to the ma1n11ne s]ab
(Smoother edge) w1th No. 4 hooked bo]ts of 15 in. (37 5 cm) in Iength
(embedded in the shou]der) turned 1nto a 2in. (5 cm) snapoff expand1ng
end anchors set 1nto the edge of the ma1n11ne s)ab at 30 in. (75 cm)
‘intervals w1th a pneumat1c hanmer Recent measurements of thTS progect
showed that the traff1c 1ane/shou1der JO1nt def]ect1on eff1c1ency was
poor and ranged from 31-47 percent The 301nt had opened an average
of about 3/8 in. (10 mm) and many of the bars had spa])ed the concrete
directly over the bar in the traffic 1ane (where the 2 in. (5 cm) snap-
of f expand1ng and anchors were set) Some of the bars were set.wtthin
2 in. (5 cm) of the surface whlch a)so contr1buted to the spa]11ng and‘
]oss of oad d1str1but1on transfer It is be11eved that p]acement of d
bars at slab mid- depth wou]d minimize any potent1a1 spa111ng

The practice of not pTac1ng t1ebars within 30 in. (75 cm)rof‘the‘
transverse shou]der joint results in ]oss of load transfer a1ong 60 in.

{150 cm) of traffic lane. On one CRCP pFOJECt in Indlana (I-65); severaT
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edge punchouts have occurred within this area because of no load transfer.”
Based upon results from the I-74 and I1-80 projects in I11inois, tiebars

' may be placed much c1oser‘to the transverse shoulder joint, such as one-
half the normal tiebar spacing without any problems.

In the case of new construction, tiebarsﬁcan be insertedlinto the
plastic concrete near the rear of the slip form paver. Bent bars can
be installed by mechanical or manual means. :The bent portion can be
straightened later to tie the shoulder to the mainline. A 3 piece tie
bolt can be used in which the one half and the coupler are inserted
in the traffic lane by machine, ahd then the other half is screwed into
the coupler before the shoulder is added (6, 8, 58). A keywaylcan alsd
" be formed in addition to the tiebars to provide for additional load
transfer capability. |

A keyed joint with tiebars was used in the construction of the
expefimenta] shoulder secfions built on I-74 in I1linois. The extent
of load def]ection transfer'éfficiéncy on I-74 is still quite high (70-
100 percent) after 10 years in service. This shows that Qith proper
joint design and construction a high efficiency can be -attained over
a long period of time (i.e., more than 70%):

It was also found in the field survey conducted as a part of this
research on I-74 (see Section 3.3.1) that a joint opening of up to 1 in.
(25 mm) is experienced‘on keyed joints where no tiebars are used. This
opening results in comb]ete loss of joint efficiency along with an upward
heave or a drop-off in the PCC shoulder. |

‘The fo]]oﬁing tentative recommendation§ are provided for longitudinal
design efficigncies for various types of joints. These values represent
approximate efficiencies after 10-15 yeafs of heavy trafffc loadings. The

estimates of deflection joint efficiencies are based on the data from inservice
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measurements and engineering. The joint stress efficiencies are determined

from Figure 3.2 (this is the value used in the design computer program).

Deflection ' - Stress
Joint Type Efficiency - % Efficiency - %

Tied and Keyed 70-100 30-100
Tied Butt | 5 -

30 in bar spac- 60-80 25-42

ing :

12-24 in bar : 70-95 30-75

spacing .
Non-Tied 0-20 0-5

These values are tentative only and need further verification.

The longitudinal joint between traffic lane and shoulder should be
provided with a sealant reservoir and séa]ed with an effective sealant. This
will reduce the possibility of‘foreign materials to collect %nside the joint
and consequently reduce the potentiaT of the joint to spall, and also minimize
the amount of deicing salt to penetrate to the tiebars. There was significant -
corrosion of tiébars on I-80 after 11 years which shows the necessity of either
a good seal or provision of-corrosion—resistant tiebars to insure a ]ong-term
structural adequacy of the bar in transferring fhe load 5cross the jofnt (if

pavement is subjected to deicing salts).

Cross-slope of the bottom surface of the concrete shqu]der should be great
enough to permit drainage away from the longitudinal shou1der/paveﬁent joint
and avoid pocketing water at this critical location. This will directly contri-
bute to a more effective and lasting load transfer system across the joint.
Finally, for plain jointed concrete pavements, the shoulder joint pattern
should match the traffic lane, although intermidiate joints may be placed if
the traffic lane joint spacing is greater than 20 ft (6.1 m). Intermediate
contraction joints must be placed whére the traffic lane is jointed reinforced
concrete with long joint spacing. None of the transverse shoulder joints require

dowels, unless the shoulder is to be used as a regular traffic lane.
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4.5 Selection of Alternative Trial Designs

The desigper must specify trial structuralldesigns, determine the
requiréa inputs, run the JCS-1 computer program, and analyze the output
fatigue data at the\twﬁ_PCC shoulder critical locations. The program
is written to analyze any one or a combination of shoulder thickness,
mainline slab thickness, shoulder width, and load transfer efficiency
across the longitudinal joint and to provide outputs for each combina-
tion, while holding all other inputs constant. The designer can there-
fore examine a range of coébinations of the above four factors for.a
given ;raffic and foundation support with.only one run of the program,

An examp]évof_fatiguefresu]ts has been plotted in Figure 4.5 for. ..
design of PCC shoulder‘of_a major highway as will be described in Chapter.
5. Trial slab thicknesses of 5, 6, 7, 8 and 9 in. (12.5, 15, 17.5, 20,
and 22.5 cm) were analyzed, and the data as obtdined ffdm the JCS;1
program is plotted as shown, to select minimum s1ab thickness bas-
ed on limiting fatigue damage criteria. The minifum slab thickness

3

allowed for a limiting fatigue damage of 107 s 7.3 in. (18.5 cm). S1ab

of any 1eSs'thjckhess would exceed this Timit. For example, if a 6.5 in.
(16.5 cm) slab were constructed, a fatigue damage of over 107 would occur
at 20 years design period and hence would not be acceptable for struc-
tural design.

N The ﬁrogram requires the input of a specific structural section as
well éé shoulder wﬁdth;‘materi&? propérties,lfoundation, and>traffic"
inputs.’ -Pardmeters'which are fixed for a g{ven désign'situation include:
mainline slab thickness (iﬁ case of rehabi]itatioﬁ);'traffit, and founda-

tion support factors. Parameters which can be confro]]éd by the designer
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and their typical ranges include:
a. PCC slab - shoulder slab thickness (6 to 12 inches (15 to 30 cm))
mainline slab thickness (in case of new construction
8 to 14 inches (20 to 36 cm)
shoulder width (3 to 10 feet (0.9 to 3 m))
modulus- of rupture (600-900 psi (4140-6200 kPa))
b. Load transfer across the main]ine/shod]der Jjoint
¢. ‘Subbase - type (granular or stabilized)
- thickness (4 to 24 inches (10 to 61 cm))
There are many possible alternatives that can be developed that meet
the PCC shoulder Timiting -design criteria and several should be examihed
so that the least cost design that is also compatible with mainline pave-

ment and subsurface drainage requirements‘can be selected.

4.6 Structural Design Verification

Complete verification_of the aesign proce&ure requires construction
of the recommended designs'in various climatic regions and observation
of their performance cver the structural design life. 7In 1ieu of this
costly and time consuming procedure, & reasonable verification can be
obtained by comparing the designrof the two experimental plain joinﬁed
concrefe shoulder projects built in I1]1n0151(1-74 and I-BO).with the
new design, using JCS-1 computer program, of the same projects. The
new design period would be set equa] tofthe_existing life of the projects
under consideration, the design inputs would be the as-built consfructionVI
data and the traffic applied to the project since its construction. Thus,J;
the two projects are used to provide a partial verification of the procedure.

The following steps were followed for each project:
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1.. As-built construction data for both the mainiine pavement and
the shoulder (materia] strength, geometry, mainline/shoulder tie, thick-
nesses, etc.) were obtained from IDOT. Traffic data over the life of - °
the pro}ect were also obtained.

2. The foundation including subbase and subgrade and the mainline/ .
shoulder tie and the shoulder width were kept the same as the existing
projects, and all other necessary inputs to the structural design proce-
dure were determined.

3. The new design 'slab thickness was compared with the actual
slab thickness of the shoulder. Conclusions were made upon this compar-
ison.

The results from each of ‘the projects 1srdiscussed'1n the'fol]bwing:

1.  I1-74 (near Peoria, I1linois): The egisting shoulder is 10
years old with PCC shou]der.siab‘thickness of 6 inches (15:cm), mainline
CRCP slab thickness of 7 inches (1é cm), shoulder width of 10 ft (3.05 m).
The 1oad fransfer éystem uséd across fhe traffic lane/shoulder joint
consists of‘#4 tiebars 30'1n.'(76 cm) Tong with 30 in. (76 tm) bar spacing.
The foundétion'that supports the*éhoulder'is 5 .in. (T2;5Icm)'of‘granu]ar
subbase on top of a ffﬁe;textured subgrade. |

The.10'and 25_ftv(3 and 7.6 m) long shoulder slabs did not reqﬁire
maiﬁténan;e so far and are performing quite safisfgctor11y. The thick-
ness of shoulder slab provided by thé.strﬁctural design procedure developed
in this research‘wés 6.b in.”(JS.O ch) with fatigue controlling the thick-
ness as shdﬁﬁ in Figure 4.6. As could be séeﬁ, the existing shoulder
slab thickness is cohpatib1e with the one provided by the new design
procedure. fhus, the new design pfocedure would be expected to provide
a PCC shoulder that will last for at 1east-i0 years with a minimum mainte-

nance required.
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2. I-80 (near Jo]iet;rIT11nois): This pavement is 9 years old,
it has an 8.in. (20 cm) CRC mainline pavement tied to a PCC shoulder
with slab thickness of 8.in. (20 cm) at the inner edge -that tapers to
6 in. (15 cm) at the outside edge of the shoulder.. The shoulder width
is 10 ft (3.05 m). and the joint spacing is 20 ft (6.1 m).

Simi]ar to those on I-74, the shoulder slabs did-not require any
maintenance and are .in a very acceptable Conditjonw ~The existing struc-
ture of this PCC shoulder was redesigned (Figure 4.7) using the new
design procedure and=foﬁnd to be -compatible with the existing structure.
Thus, here also the new design procedure is expected to provide a PCC
shoulder that‘wiJI last at least 9 years with a minimum-mafntenance
required under .the same traffic and otﬁerwise‘conditions that exist on
I-80.

Overall, while it is desirable to obtain additional data for further
verification, the available results show that the new design procedure
gives designlthatlis compatible with the existing design practices fhat
have provided long-term no-maintenance performance.

The design inputs and the assumptions that were used in re-designihg
the above two projects will be discussed in detail in Chapter § when a
PCC shoulder is designed, using the new design procedure, under typical
conditions {such as those on 1-74 and I-80), as a PCC -shoulder design

example.
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Accumulative Foligue Damoge at 20 Years

PCC  Shoulder Thickness, in.
5 6 7 8 9

o

M ] I, ] _ !

Design Limit

_ : IB,S cfn'(7;3 in) : p
l 1 [ B S l I

12 |4 ) |8 20 - - 22 24
PCC Shoulder Thickness, ¢cm

Figure 4.5. Fatigue Damage Plot Used to-Determine.PCC Shou]dér"
Design Thickness.
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'PCC Shoulder Thickness,

i in.
5 6 7 8 0
[ ] I 1
I(fd"' —
|012 | -
10— .
108 2
[} ]
g" .
61 -
g [0]
3
o 4l |
2 0| Design Limit.
=3
“ o d | B
10° | -
10— |I .
1074 | ‘ .
Ill5 cm (59 in, min of 8in)
-6 - . ]
I
° L1 | | | |
12 14 16 8 20 22 24
. PCC. Shoulder Thickness, ¢cm
Figure 4.6.

Peor1a, I111n01s
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Structural Re- des1gn of PCC Shou]der on I-74, Near



Fatigue Damage

PCC Shoulder Thickness, in.

5. B 7 : 8 9 [o]
| I | RS |

10'® = - ]
10— ]

12
10—

10
10— x .

25 Parked Trucks / Day
108 [~ | ' .
*
| Parked Truck / Day

108 - 1

¢ | | ]
'O Design Limit
10° [— =
10° :
10°— i
10— S

17.5cm{6.9in) 1I83cm (7.2in.).
S o I A R 1 MR N DR S
12 4 |6 18 20 22 24
PCC Shoulder Thickness, cm
*For details see Section 5.13.
Figure 4.7. Structural Re-design of PCC Shoulder on I-80, Near

Joliet, I11inois.
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" CHAPTER 5

SHOULDER DESIGN EXAMPLE

This design example is for a PCC shoulder Tocated on a stretch
of I-80 near Joliet, I11inois. The existing paved shoulder has
reached a point of severe deterijoration requiring complete reconsfruc-
tion. Moreover, the main]ine is an 8 in. (20 cm) CRC pavement that
is experiencing excessive edge deflections due to the combined effect
of heavy truck traffic and the loss of support at the vicinity of the
outer edge of the pavement due to the excessive pumping of fine |
materials from under the CRC slab. Edge punchouts ‘have occurred to
the extent that major rehabilitation of the pavement is needed
before deterioration becomes excessive. Construction of a PCC shoulder
was selected as a method of rehabilitation to replace the existing
deteriorated shoulder and to improve the performance ¢f the adjacent
traffic lane through edge support. The desired shoulder de;ign period
is 20 years. Details on selection of structural design inputs, inter-
pretation of the computer program output, and selection of structural
design are described. A sensitivity analysis of some of the design '
parameters is given in Section 5.5, to illustrate their relative
effects on the design.

The design 1ife, shoulder slab propertﬁes, traffic, foundation
support, and traffic lane/shoulder tie are determined as reconmended

in Chapter 4.

5.1 Structural Design Inputs

5.1.1 Design Life

The desired period of the PCC shoulder life is 20 years. However,
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tHe‘péveﬁent should perform for several additional years beyond éO
with routine maintenanée beforebmajor rehabilitation is needed.
5.1.2 Slab Properties |

1. Slab Thickness: Trial thicknesses of 5, 6, 7, 8, and 9 in.
(12.5, 15, 17.5, 20,‘and 22.5 cm§ are chosen for the shoulder s]ébs
to provide élrénge 6f resul ts which should éncombass the aﬁpropriaté
slab thickness. The adjacent CRCP traffic lane is 8 in. (20 cm) thick.

2. Slab Width: A shoulder slab width of 10 feet (é m) is
standard practice for useon Interstate highways td accohodate emergency
stops and other uses by the traveling vehibies.‘

3. The PCC shoulder slab length is not an input variable for
the desfgn ﬁrocedure. Recommended iength is 15 ft (4.6 m) as was
previously discussed (Section 3.3).

4. Mean PCC Modulus of Rupture: The mean modulus of rupture,
third point loading, at 28 days curiﬁg-that will be used in this
design example is 750 psi (5171 kPa).

5. Coefficient of Variation of PCC Modulus of Rupture: An
average coefficient of variation of 10 percent for the PCC used in
the shoulder construction will be used in this design.
5.1.3 Traffic

1. Average Daily Traffic at Beginning of Design Period: The"
initial ADT in both directions, as was obtained from the traffic data
of the highway, is estimatéd to be 17,100 vehicles.

2. Averagé Daily Traffic at End of Design Period: '~ The final ADT
after 20 years is estimated from the transportation planning studies
to be 39,100 vehicles. The increase over the 20 year period is

expected to be reasonably linear.
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3. Percént Trucks of ADT- The average percent of trucks 1nc1ud1ng
panels and p1ckups, is obta1ned to be 21 percent for the highway. This
percentage will be used over the entire 20 years period.

4.  Percent Trucks in Most Heavily Traveled Lane: The percentage
of trucks in the most heavily traveled lane (oﬁter lane) is caleulated
using the‘4-1ane rura] equation, as recommended in Section 4.4.2, as
follows: ) '

LD

96.39 - 0.0004V

96.39 - 0.0004 (17:000 : 39,100,

96.39 - 0.0004 (28,100)

85.15%

5. Percent Directional Distribution: Travel is approximately equal
in each direction, and therefore, a value of 50 percent traffic in the
design direction is selected.

65 Mean Axles Per Truck: Traffic data of thé highway show an
average of 2.6 axles per truck (including pickups and panels)..

7.  Percent Trucks That Use the Shoulder:

~.a. . Encroached traffic: For this design example, a 10 mile
(16.1 km) shoulder stretch was surveyed and an average length of total
encroachments per truck over the length of the surveyed stretchlwas 0.24
mites (0.39 km) (obtained by multiplying the NE = 4.8 by the ED = 0.5 mi.
as described in Séction 4.4;3). This provide; 2.4 percent trucks encroach-
ing on the shoulder (0.24/10.x 100). This estimate was obtained by f0110w-
ing behind randomly selected trucks and recording the length Qf,their

encroachment over the 10 mile (16.1 km) section.
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b. Parked traffic: The percent trucks pafked on a specific
slab of the sHou1der is estimated as follows: The surveyed shoulder
stretch is 2 miles (3.2 km). . Observetions indicate that a truck drives
on the shoulder an average distance of 200 ft (61 m) during-a typical
stop. Results from brief surveys of the project area show that the number
of parked trucks could range from 1 to 25 with a mean of about 9 per day.
This range is used in design as an examp1e.' Following the procedures
in Section 4.4.3, the percent of parked trucks ef total truck traffic
in one direction is computed as follows:

1 Parked Truck/day

N x p x 100
ADT x T x DD

PPT

o |
X v5ee07350 X 190
58700 x .21 x 0.5

0.00064 .percent .

_25 Parked‘Trﬁcks/day
PPT = 0.00064 x 25 = 0.016

8. Axle Load Distribution} The axle load distribution was esta-
blished from weighings of axle loads at a loadometer station near the .
project. This distribution is shown in Table 5.1. This axle load dis-.
triBufion should be modified if eonditions indicate future legal load

changes during the 20 year period.

5.1.4 Foundatlon Support
The shoulder will be p]aced on embankment materials mostly fine-

textured | The $01i1 15 an AASHO Classification A- 6 and A-7-6 mater1a1s
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The materials are principally relatively thin g]aciai‘dfift of Wisconsian
age overlaying dolomitic limestone bedrock (6). The k-value on top of
the subgrade is estimated using Reference 32. An 8 in.(20 cm) layer of
opengraded granular materials was evaluated as a subbase for the shoulder
concrete sTab. The k-value on top of the subbase is estimated using
Reference 32 to be about 200 pci (54.2 MN/mB).

The initial erodability of thelshou1der foundétion'is zero and
the final erodability i§ estimated to be 8 1in. (20 cm) for the granular

subbase.

5.1.5 Traffic Lane/Shoulder Tie
'As was discussed in Section 4.4.5, tiebars could be installed in
the existing mainline pavement and the new PCC shoulder to provide some
load transfer across the joint. For this example, a load transfer system
consists of tied-butt joint with #4 tiebars, 30 in. (76 cm) long, placed-
18 in. (46 cm) center to center will be used to provide the 1oadltransfer
across the longitudinal joint. S |
An average value of 80% (based 6n deflection) will be used for the
Joad transfer efficiency. of this joint to account for the effect of

millions of repeated loads applied near the joint (as recommended in Section

4.4.5). The degree of Toad transfer efficiency, which is defined as the
ratio of the deflection of the unloaded slab over that of the loaded slab

at the joint is not ﬁecessari]y the same degree of the efficiency when it is
defined as the ratio of the f]e;ﬁral‘stress experienéed by both slabs at the
joints. The finite element model usediin the ﬁna]ysis does not take this
factor into considefation. Thus, an adjustment for fhe»differencelbetween

the two efficiencies is needed. A more comprehensive FE model (59) which
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accounts for the difference between the two efficiencies is used to’
establish an adestmeni curve which can be used in design.'Figure 3.2

is plotted to show the relationship between the Load Transfer efficiency
based on deflections and that based on stresses and used forladestméht.
Thus, for this design example, with 80% LT efficiency (bésed on deflection)
and using Figure 3.2 for adjustment, 42% LT efficiency (baséd on'stress)

is obtained and will be used for design.

5.2 Interpretation of Program Outputs

‘The proéram outputs a complete listing of inputs and results for
each trial design configuration (trial slab thickness for this example).
Trial analysis were run-for 5, 6, 7, 8, and 9 in. (12.5, 15, 17.5, 20,
and 22.5 cm) PCC shoulder slabs placed -on thé granular subbase. A listing
of pregram inputs for the 9 in. (22.5vcm)uPCC‘s]ab trial is shown in
Table 5.2. The inputs should be carefully checked to eliminate any .
possible errors.

Results of the fatigue damage_accumu]ated,during each year of the
shoulder design life, as printed out for 9 in. (22.5 cm) slab, are. shown
in Table 5.3. The total fatigue damage during the whole design period
is also printed in the same table. The results are shown for two differ-
ent locations of the shoulder slab; due to parked traffice (at the outer
edge) and due to encroached traffic on the shoulder (at the inner_edge).
A summary of the results for 5, 6, 7, 8, and 9 in. (12.5, 15, 17.5, 20, -
and 22.5 cm) slabs is given in Table 5'4,Wh1Ch will be used to select

the design,structure in Section 5.3.
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5.3 Selection of Structural Design

The resﬁ}ts given in Table 5.5 are plotted as shown in Figure 5.1.
The minimum.design slab thiﬁknesg at the inner and oyfer-edge of the
shoulder are detérmined as indicated (although the inner edge thickness
'is‘shownlés 5.1 in. (13.0 cm), a minimum of 6 in. (15 cm), as recormmended

in Section 3.3 will be used):

Outer edge minimum thickness = 7.3 in. (18.5 cm) due to parked
traffic

6.0 in. (15.0 cm) due to encroached

Inner edge minimum thickness
traffic with 80% LT Eff. across the
joint

‘Therefore, for this design-1ife, slab properties, traffic, founda-

tion support, and traffic lane/shoulder joint lcad trgnsfer conditions,
a structural design thickness would be 7.3 in. {18.5 cm) minimum of PCC
over an 8 in. (20 cm) of open-graded §ranu1ar”subbaée.

By decreasing the volume of shoulder parked traffic in the 2-mile

(3.2 km) surveyed stretch from 25 trucks per day to only one tfuck per
day as discussed earlier in Seétion 5.1.3, the structural desfgn thick-
ness of the PCC shoulder would be reduced to 7.0 in. (17.8 cm) as shown
in Figuré 5.3.

The previous structural design selections (Figure 5.1) were obtained "

for a specific subbase, shoulder width and concrete strength. There are

other alternatives, however, which could be analyzed in order
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to obtain the most economical structufal design. A summary of a few
alternatives is shown in Table 5.5. The other design inputs were
held constant for each of these alternatives as a single parameter
was Qaried as sﬁown. Required thickness varies from 6.0 in.'fo 7.4 in.
(15.0 to 18.8 cm) depending upon the values of the design parameters
contrdl]ed by the designer. Each alternative should be further
designed and economic ana]jgis conducted to determine' the most

economical alternative.

5.4 final Design Selection Relative to Cost

A complete cost ana1ysi§ of the alternative designs that meet the
1imiting criteria must be conducted. Since low shoulder structural
maintenance is expected over the 20-year design period, the cost
analysis can be based upon the first cost of the pavement. The
design alternative providing the lowest initial construction cost

should be chosen as the optimum structural design alternative.

5.5 Sensitivity Analysis

A sensitivity analysis is conducted to illustrate the effect of
changes in several of the design parameters on required shoulder slab
thickness and to show the reasonableness of the design procedure.

The average conditions are set as described in the design of the
example project, and then one parameter at a time is varied over a
range . that might exist in actual situatjons. Shoulder width is the
first parameter varied form 1.5 to 10 ft.‘(0.46 - 3.05 m) as shown
in Figure 5.3a. The shoulder slab thickness required decreases from
7.9 to 7.0 in. (20-17.8 cm) as shoulder width increases from 1.5 to

10 ft (0.46-3.05 m). A change in the 28-day modulus of rupture from
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650 to 900 psi {4500 to 6200 kPa) produces a change of about 1.4 in. (3.6
cm) in PCC shoulder slab thickness as shown in Figure 5.3b. A change fn
foundation conditions from no subbase over clay subgrade tb 8 in. (20
cm) granular ;ubbase to‘6 in. (15 cm) of cement stabilized subbasé reduées
the required shoulder slab thickness by abou£ 0.2 in; ké.SO cm), and 1.i
in. (2.8 cm), respectively, as shown in Fiéure 5.3c. The variétion‘of
PCC strength shown in Figure 5.3d is 1ndic$ted by the coefficient of
variation ffom excellent quality control (5 percent) to poor (20 percenf)
causes an increase in required PCC shoulder slab thickness of approxi-
mately 0.7 in. (1.8 cm).

The effect of increasing the numbgr of trucks that park on. the
shoulder stretch from 1 truck to 25 trucks per day as shown in Figure
5.3 produces a change in regquired PCC shoulder slab thickness of 0.3

in. (0.8 cm).
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Table 5.1. Determination of Axle Load D1str1but1on for
‘Use in Design of Project.. ,

Axle Load Group Design Axle Load Distribution
(kips) . (percent)

Single Axles

0-3 5.75
3-7 10.33
7-8 7.76
8-12 20.54

12-16 4,37
16-18 1.77
18-20 1.02
20-22 0.54
22-24 0.34
24-26 0.14
26-30 0.04
30-32 0.01
32-34 0.01

Tandem Axles

0-6 0.27
6-12 ‘ 13.34

12-18 T " 7.05
18-24 ' 5.51
24-30 ' 14.92
30-32 © 3,61

32-34 1.4

34-36 0.5
36-38 0.25
38-40 0.16
40-42 0.1
42-44 0.08
44-46 0.07
46-50 - 0.07
50-52 0.02
52-54 0.01
54-56 B 0.01
TOTAL - 100.00

(1 kip = 4.444 kM)
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Table 5.2.

CONCRETE PLAIN JOULNTED
PAYLUAENT SuOhLu;?S DCSIGH PROGKAN (JCS-1)
tlttts‘-ust:tttatt.t*tt#t;tttttsast-ns-lt-tt‘---tt-a-;t-nlfct=i#

PROBLEY # 5

-tttat#*#tt#tﬁ*ﬁ*#“##tt#it#tttt*ﬁ*'ttil-t.tll‘&tttt‘.ta‘liti-ilitaltlllllltﬂt‘#‘*.t*

P AN Y v

Listing of Computer Program Inputs for Example Design Problem
for 9-in. Shoulder Slab.

PORTLAND CEHENT
PCC SHOULDZR DZSIGH ON I-87 NZAR JOLIET,ILLINOIS

IN2UT DATA
ssudvATEaE

‘DESicN CRITERIA
SRR EESX

L JAREERY S

SHOOLDZR DESIuN LIFZ (YEARS) 20.00
SLAB PLOPERTIES
PE D EEv TV SIS R
SHOULDLR TUICKNESS - IN 9.7
TRAFSLC LANL TLICKNES3 - INS. 8. 00
SHOULDLEE WICTH - FT. ! 10.00
MZAN PCC NMCDULUS OF RUPIURE (28-DAYS) - PSI 750.09
COLFTLICICNT OF VARIATION 02 PCC MOLULUS OF RUPTURE - 3 10.00
LOAD THANSPZI CFF. DETWEEN SHOULDZIR AND TRAFFIC LaANE - % 42.00
TRAFFIC
PRAESE NG
AVERAGE DAILY TRAPFIC AT DEGIHNLNG OF D;SI,H PZHIOD 1712,
AVEXAGZ DALLY TRAFFIC AT END OF DESIud PZRIC 39190,
PZL T TRUCKS OF ADT 21.00
PERCENHT TRUCKS IN H-AVIEST TPRAVELED OR DESIGMN LAWE 85,19
SERCSNT DIRUCTIONAL DLSTRLIBUTIOW 50.00
¥CAN KLLS PZR TRUCH 2.60
LENGTS OF SURVEYED SUOULDIR STHETICH - MI. 10. 00
AV, LENGTH OF IOTAL EMURCACHNENTS PEX TRUCX IN THE Sii. STRETCT - MI. D.203
PENCINT OF TRUCKS TiHAT PAEX 0¥ Tul SIOULDER i 0.01600
NUJSBER OF SINGLL AXLE LCAL INTEAYALS 13
NULADER 0P TANDZM AXLE LCAD IKTERYALS 17
(1 in. = 2.54 cm)
(1 psi = 6.894 kPa)
(1 ft = .3048 in.)
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Table 5.3. - Results From JCS-1 Computer Program for 9-in. Shoulder

PO:\TLAhD CFH-P\T CONCHETL PLAMIN JOINTED
’ PAVERANT SuQULDLHS DESIGY HuOuitAM (JC5-1)
-t"'ttnuataootttttlittttittsntn.lul*-y‘ AAB S A sV A ha R bAS OB BRSO NISEEULSFNVPETROANRGIRBRNS

PROBLEH & 5 . ' S
PCC SUOULDEER DESIGN ON I-BJ KEAR JOLIET,ILLINOIS

BEN NS NAE NP N R AN SR A R PR NN F LR S F NS N S B RS S SN SN BN F A RSN R S S AP P AR N AN N SN E P E O AT A ER R NS E bk
RESCLTS - ACCUHULAIED FATIGUE DAMAGE OP P.C.C. SHOULDER
T s ;

SUXMARY FOR DESIGN PLRIOD

PARKED TRAPPIC ENCROACHED TRAFFIC

YEAR
1 0.332C0-04 0.332p-07
2 0.352D-08 0.450Dp-07
3 0.372D-04 9.638D-27
4 0.392C-04 0.820D-07
) 0.412D-04 0.111D-06
6 3.432D-9u 3. 149D-06
7 0.452D-04 0.200D-06
a 0.472D-04 : " 0.269D-06
9 0.492L-04 "' 0.361D-06
10 0.512D-04 0.u434D-06
1 ).532D-04 3.649D-26
12 0.552D-04 : 0.869D-06
13 0.572D-04 0.116D-05
1w 9.592D-04 . J.156D-05
15 C.6120-04 0.208D-05
16 ©0.632D-04 3.279p-95
17 0.6520-04 0.372D-05
18 0.672D-04 0.498p-05
19 0.692D-24 0.665D-25
20 0.712L-04 0.888b-05
TOTAL PATIGUE DAMAGE TO3 LESIGN PEKIOD DUE TO PAXKED TRAFFIC IS 0.104p-02
TOTAL PATIGUE DAMAGE PCR DLSIGSN P2hIOD DUE TO LNCKOACHED TRAPPIC IS5 0.351D-0u
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Table 5.4. Summary of Fatigue Data for Example
‘ Problem Design. '

Fatigue Damage

S1ab Thickness

in inches Pakkggef:gf%ic* Enggsazﬁed
Traffic
5 4.81 x.10% 3.53 x 10°
6 5.74 x 101" 6.95 x.io‘1'
2 ©3.34 x 10° 6.52 x 1073
8 .06 x 10° 3.16 x 107
9 1.06 x 107 3.51 x 107°

* The volume of parked traffic used in this table is 25 trucks/
day in the 2 mile shoulder stretch surveyed.
(3.2 km)
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Table 55. Summary of Structural Alternate Designs for

PCC Shoulder Example Problem

Design Parameter

Alternative Subbase PCC Strength  Design Thickness
' Slab Width (ft) Type (psi) (ins.)
1 10 8 in. Granular 750 7.3
2 10 6 in. Stabilized 750 6.4
3 10 8 in. Granular 900 6.6
4 10 6 in. Stabiiized 900 5.8 (min. 6.0)
5 7 8 in. Granular 750 7.4 |
7 6 in. Stabilized 750 6.5
7 7 8 in. Granular 900 6.7
8 7 6 in. Stabilized '900 5.9 (min. 6.0)
(1 in. = 2.54 cm)
(1 psi = 6.894 kPa)

(1 ft = .3048 m)
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Fatigue ‘Damage

PCC Shoulder Thickness ', in

s s 7 g g 10
I T I 1 T T

~Parked Traffic (Outer Edge)

Encroached Traffic

(Inner Edge With - .
80 % L.T. Eff.)

- Design Limit

-6 -~ 130em(5.1in) ©  18.5em{7.3in) o |
I — | N S
I Y T A e IR

12 4 16 18 20 22 = 24 26

PCC Shoulder Thickness, ¢m

*The parked traff1c voTume used in this figure is 25 trucks/day in
the 2 mile shoulder stretch surveyed

Figure 5.1. The Effect of PCC Shoulder Slab Thickness on the Accumulated
o Fatigue Damage at Both Shoulder Edges.
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Fatigue Damage

PCC Shoulder Thickness , in.

PCC Shoulder Thickness, cm

Figﬁre 5.2 The Effect of Parked Truck Volume on the Accumulated

Fatigue Damage at the Shoulder Outer Edge.
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Figure 5.3. Continued.



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Concluéions

A comprehensive design procedure for plain jointed concrete’
shoulders has been developed. This rebort describes the PCC shoulder
performance and current design practice, field and analytical studies.
upon which the procedure is based, and provides research documentation.
Based upon these resuits a PCC shoulder desién example was prepared
that contains all necessary procedures needed for actual design.

A computer porgram designated JCS-1 was developed that is used to
obtain fatigue damage data for use in structural design. The

program is written in FORTRAN and is easily adaptab]e to most computefs.
The design procedure developed in this research can be used for both
new construction and rehaﬁi]itation purpgses.

1. From a review of the.Titerature about PCC shoulder pérformance
and current design practice, it has been concluded that a) highway
shoulders have been Qf concern to highway officf§1s ffom the vefy
beginning of highway construction. Their importance is multifold
as they are used to provide structural support for encroaching traffic
loads from the adjacent traffic lane, emergency parking, and regular
traffic 1f the shoulder is used as a detour around a closed lane or as
an additional lane during peak traffic hours; b) a need was found for
construction of full-depth monoiithic pavement throughout the entire
width of the shoulder area, eliminating the "drop-off" or “"raised
shoulder" with maintaining a tight joint at ﬁhe shoulder inner edgé,

construction of paved shoulders that will help improve the performance
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of the adjacent mainline pavement, and eliminating shoulder structural
distress due to traffic loadings; c¢) the use of Portland cement con-
crete shoulders is incrgasing because recent studies have shown that
they perform better and may be more economical in the long-run than
other types of paved shoulders; d) there is no rational structural
design procedure for PCC shoulders availabie and the éurrent design
practice of PCC shoulders is based mainly upoﬁ trial and error,
engineering judgement, dnd past performance of the few experimental
PCC shoulders in service at the present time,

2. Field surveys of three experimental plain jointed concrete
shoulders built in I11inois showed that PCC shoulders have performed
satisfactorily over time periods of over 10 years under heavy traffic,
and are egpected to contiﬁue to perform as well in the future. There-
fore, it is possib]e'to construct a concrete shoulder thatwill last
throughout its intended design 1ife with only routine maintenance
applied. Some sections, however, exhibited distress that has required
maintenance. Thé following distress types commonly occurring in PCC
shoulders must be considered in design and thereby prevented: a) lane/
shoulder drop-off or heave and joiht separation, b} transverse
cracking, c) spalling, and’d) blow-ups.

3. A comprehénsive fatigue damage énalysis procedure was
developed that permits direct control of slab cracking. Stress due
to traffic loadings are considered in the analysis through the use
of the finite element method. A fatigue damage Timiting design
criteria was determined from field data.

4. Design recommendations were developed for joint spacing, the

use of uniform shoulder thickness, determining the traffic that uses
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the shoulder, and load transfer across the traffic lane/shoulder

joint. .These‘factors were found to have a major.effect on the .
structu;a1'adequacy of ?CC shoulder as well as its effect on improving
the performance of the adjacent traffic lane.

5. An example design application is provided that describes the
use of the procédufe in detail. The economic justification of the
selection of the final PCC shoulder design is an important factor
and should be a criterion in giving the priority of one design over
another.

6. Adequacy of the design procedure is assessed in terms of
structural sufficiency and also through a sensitivity analysis. The
results show that the procedure provides designs that are structurally
compatible with those projects that have performed in a satisfactory
manner over long periods of time and subject to heavy traffic.

7. The design procedure and results docﬁmented herein can be used
for new consfruction of PCC shoulders and also for rehabilitatidn of
existing concrete pavements. The effect of the folfbwing variables
can also be-ana]yzed: shoulder slab thickness, mainline slab thick-
ness, concrete strength and variation, shoulder width, traffic that
uses the shoulder, traffic overloads, foundation support (subbase aﬁd
subgrade including degree of saturation), joint efficiency across

the traffic lane/shoulder longitudinal joint, and athers,

6.2 Recommendations

The structural PCC shoulder design procedure documented herein is
ready for trial implementation. It has been partially verified and

shown to give adequate shoulder structures. Many additional findings
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related to the design of PCC shoulders are believed to be signifi-
cant and usefu]lin minimizing the occurrence of distress and thus

reducing maintenance costs.
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APPENDIX A

INPUT GUIDE - JCS-1 PROGRAM

Design of Plain Jointed Concrete Shoulders

IDENTIFICATION .OF PROBLEM

Three Cards:

20A
20A
20A
Enter descrfptive identification of design project; date of run, project 80
number, designer, etc. (Any or all of the cards may be left blank).
DESIGN CRITERIA DATA
One Card:
[Fi0.0
i 10 80
DLIFE
DLIFE = PCC shoulder design life (years)
SLAB PROPERTIES
One Card:
' F5.0[F5.0|F5.0|F5.0[F5.0/F5.0
1 5 10 15 20 25 30 80
Hl HZ B FF FCV EFF
H1 = PCC shoulder thickness - inches
HZ2 = PCC traffic lane thickness - inches
B = shoulder width - feet
FF = Mean PCC modulus of rupture (28 days) - psi
FCcV = Coefficient of variation of PCC modulus of rupture - percent
EFF = Load transfer efficiency between shoulder and traffic lane - percent
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TRAFFIC DATA

One Card:
[ Fl0.0 | Fl0.0 | F10.0 | F10.0 Frw.o F10.0 [ F5.0 F5.0  F10.
1 10 20 30 40 50 60 65 70 80
ADTI ADTF T LD 0D A LSS~ "LEPT = PEPT
ADTI = Average daily traffic at beginning of design period - two direction’
ADTF = Average daily traffic at end of desjgn,perfod -‘two'dfrection_
T = Percent trucks in ADT |
LD = Percent trucks in heaviest travelled or design lane
DD = Percent direction distribution
A = Mean axles per truck
LSS = Length of surveyed shoulder stretch - miles (use 10 miles)
LEPT = Average length of total encreachments per truck in the surveyed -
shoulder stretch - miles :
PEPT = Percent of trucks that park on the surveyed shouIder stretch
relative to the design lané truck traffic. ’
One Card:
I5 I5
1 5 10
KK KSAL
KK = Numbek of axle load distribution groups‘(sing1e p1d§ tandem) (right
justify), (maximum 40)
KSAL = Number of single axle load distribution groups {right justify)
As many cards as needed:
F10.0 F10.0 F10.0 F10.0 F10.0 F10.0 F10.0 F10.0
F10.0 F10.0 Fi0.0 F10.0 F10.0 F10.0 F10.0 F10.0
' 10 20 30 40 50 60 70 80
LOAD(1I)
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[LOAD (1), I =

T, KK]

LOAD(I) = The highest value of each axle load distribution group (firét

enter single axle loads [KSAL] and then tandem axle locads) - pounds

As many cards as needed:

Flo;Or F10.0 | Fl10.0 F10.0 F10.0 F10.0- F10.0 F10.0
£10.0 F10.0 | F10.0 F10.0 F10.0 F10.0 F10.0 | F10.0
10 20 30 40 50 60 70 L
DIST(I) "
[DIST {1}, T =1, KK]
DIST(I) = The percentage axle loads in each of the KK axle load groups
input in the previous card (first enter single axle percentage
and then tandem axle percentage). 3
FOUNDATION SUPPORT DATA
One Card:
F10.0 F10.0
SR [ 80
K ERODEF
K = Design modulus bf-foundation suppert - pci
ERODEF = The amount of erodability of foundation under the PCC shoulder

- at the end of design 1ife - inches (max. 12 inches)
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The following four cards may be added for each additional PCC shoulder-
traffic lane configuration to be analyzed:

IDENTIFICATION OF PROBLEM

Three cards (same as first trial thickness):

20A4
20A4
20A4
80
SLAB_PROPERTIES
One Card:
F5.0 FSﬂ]FEO F5.0
5 10 15 20 S 80
H1 H2 B EFF
H = Shoulder thickness - inches
HZ = Traffic lane thickness - inches
B = Shoulder width - feet
EFF = Load transfer efficiency between shoulder and traffic lane - pertent'

(Note: this is stress efficiency - use Figure 3.2 to determine
stress efficiency from deflection efficiency).

FINAL CARD OF DATA DECK

/*

80

/* indicates end of data deck
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APPENDIX B
SAMPLE INPUT/OUTPUT
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PORTLAND CENENT CONCRETE PLALN JOILNTED
PAVLMENLI SHOULLcES DISI[UN PLOGRAM (JC3-1)-
IR R R R R R Ly e e e e P T L P PP T I e PR PRI IR S YRR SRR L L T

PROBLEN # 1 ) ‘
. PCC SUOULDER DZSIGH ON I-82 NEAR JOLIET

tttltttttttitttttttt‘#tittt!tttt‘t*itttitt-ttt#lltt*itl"#itilt#i#ttttt‘tt*ttittttt

INPUT DATA"
bk kb kkE

DESLIGN CRITERIA
LR PR T L

.

SHOULDER DESIGN LIPE {YEARS) 20.00

SLAB PRQPERTIES

EEECRAREGRREREDR

SHOULDER THICKNESS .- IN 5,29
TRAFFIC LANE TdICKNESS INS. B.00
SHOULUER WIDTH - PT. : _ 10.00
MLEAN 2CC MODULUS OF RUPTURE (28-DAYS) - PSI . 750,00
CO:FFLCILNT OF VARIATLON OF BCC EODULUS OF BUPTURE = % 10.00
LOAD TRANSFER EFF. BETWzEN SHOULDER AND TRAFFIC LANE - % 50,00

TRAFPIC

kxEphhdd )
AVEKAGE DAILY TRAPPIC AT GEGINNING OP DESIGN PERIOD 1713).
AVERAGE DAILY TRAFPIC.AT END OF D:SIGN PERIOD 39100,
PERCENT TRUCKS OF ADT 21.00
PzRCENT TRUCKS 1Y UEAVIEST LULAVEILED OR DESIGN LANE 85,13
PEHCERT DIAZCTLONAL DLSTRIBUTION 50,00
MEAN AXLES PER TRUCK 2.60
LENGTH OF SURVEY.ZD SHCOULDZR STRETCH =~ MI. 1G. 00
AV. LENGTH GP TOTAL LNchUACnﬂnuTb PER TROCK IN TUE SH. STRETCH - MI. 0.24)
PERCEST OF TRUCKS THAT PARK ON TiZ SHOULD:IR 0.01600
NUYBE4 OF SLINGLE AXLE LCAD INTZRVALS 13
NUMBER OF. TANDEA AXLE LOUAD INTE4VALS 17
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POLTLAND CEMZINT_COMCRETE PLALN JOLYTED ‘
PAVEMINT 'SOOULJRS DESIGH PLOGRAN TJCS=1)
(2 2SRRI PR R S R R R N S R R R R A R PRt Rl R i R R R L A A R AR AR R T R A 22 2R SRR E L 2 )

PRODLEY # 1
BCC SUOULDER DESIGN OX¥ I-BO KEAZ JOLIET

t!i‘l#‘t‘tl*#*ttttt*tti*tl*tti#ttttttttttttt#tttititttt#ti#ttt&tttt*t*sﬁtti#tt‘ttt#itttttaa

RESULTS - ACCUMULATED FATIGUE DAMWAGEZ OF P.C.C. SHOULDER
FPEERkERE ‘ -

SUMMARY POR DESIGN PERIOD

TEAR PARKLD TRAFFIC ENCROACHED TRAPFIC
1 3.133D 24 0.148D 00
2 0.141D 24 0.243D 00
3 0.149D 24 2.3980 32
4 0.157D 24 0.6500 00
5 0.165D 24 0.106D 01
6 2.173D 26 3.172D 01
7 0, 181D 24 0.279D 01
4 0.189D 24 0.451D 01
9 0.197D 24 0.729D 01
10 0.205p 24 0.118D 02
11 3.213D 24 3.189D 92
12 0.22tC 24 0.395D 02
13 0.229D 24 0.490D 02
14 7.237D 24 - J.747D 02
15 0.245D 24 0.126D 03
16 0,253D 24 0.2020 23
17 0.261C 24 0.324D 03
18 0.270C 24 0.518D 03
19 3.2780 20 ).828D 13
20 0.2860 24 0.132D 04
TOTAL FATISUZ DAJAGE FOR CLSIGHN VIRIOUD DUE TO PAEKED TRAFFIC IS l 0.u18D 25
TUTAL FATIGUE DAMAGE FOR DESIGYN P2thIVD O3 TO IZNCROACLED TRAFFIC I3 0.353D 04
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EXEESREXEES SR EAAT RS EXRRE

PROBLEN # 2

PO
PAVE
s548

P

EIIIT I I TR P TR L 3

L T R Y T PV P TR T P L PR L e TRy

SUMMARY FOR DESIGN -PERIOD

«SESNLIS

YEAR PARKED TRAFF
1 0.1820
2 0.193L
3 9.234D
4 0.215D
5 0.226D
6 3.237D
7 0.2468D
8 ©0.259D
;) 0.270C
10 0.281D
1 9.292D
12 0.3030
13 0.3150
14 9.326D
15 0.337D
16 9.348D
17 0.359D
18 0.370D
19 2.3810
20 0,392

TOTAL FATIGUZ DAMAGE F

TOTAL FaTIGUEL DAMAGE F

Ic

1
11
11
IR
"
1"
11
11
11
11

ACCUMULATED PATIGUE DAHAGE OF

P.C.C.

ENCROACHED TRAFPFIC

.

11
11
i
11
11
11
11
"
11

Oou

CcR

DES1GN PERIOD DUZ TO

CnSIGK PnE1OD DUE TC
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0.851D-04
0.131D-03
J.2)10-33
0.338D0-03
0.4722b-03
J3.719D-13
0.110D-02

0.167D-02

-3.155D

0.2530-02
0.384D-02
2.5810-92
0.879D-02
0.1330-01
0.200D-01
0.3020-01
). 4560-)1

0.686D0-01

0.133D 00
00

0.233D 00

SHOULDER

PARKLD TRATFIC IS

TRCRUALHED TRAFTIC

5

3.574D 12

0.695D Q0
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RESULTS - ACCUMULATLED FATIGUE bAHAGE 07 P.C.C. SIIOULDER

LEEREEXS
SUMMARY FQR DESIGN PLRIOGD
YEAR PARKED TRAFFIC . ._'ENCROACHED TRAFPFIC
1 0.106D 04 0.184D-05
2 0.1120 04 0.269D-05
3 0.119D 04 9.392D-35
4 0.1250 04 8.5710-05
5 G.1320 04 o 3.830D-05
6 0.138D 4 3. 120D-234
7 0.144T 04 0.175D-04
8 0.151D 04 0.253D-04
9 2.157D 4 3.365D-04
10 ~0,16u4D 04 0.527D-04
1" 0.1705 04 0.760D-)4
12 0.176C 04 0,1100-03
13 0. 183C 04 0.158D-03
14 2.183D 3.227D-)3
15 0.196D 04 0,326D-03
16 80,2020 04 0.468b-03
17 2.218D0 My J.6720-03
18 0.215D 0 0.9630-03
19 0.22t0 04 0.1380-122
20 0.228C 0u 0.198D-02
TOTAL FATIGUE DAMAGE FCR DESISN PﬁthJ DU fé bARKED TRAPffC IS 0.334p 05
TOTAL PATIGUY DASAGE PCR DESIGN PRLIGD DUR TO ENCHOACULD TRAFFIC IS 0.652D-02

167



D
>

INTE
(Jcs
FEEE

AT EIERERERARERARSERARA

1
$)# L2 ES 2R SRR R YR L N EOD

PROBLEHW # 4

I 2 2 T S R R R R AR LS R R LA R RS R AR R LY

DESIsN CRITERIA
IR T L T

20.1)

SHOULDZR DESIGY LIFE (YZARS)

[ao LonlanTop-T o Juo ]
OO0
. v v 8 8
RDOOOD

-

P
D
E

LAd
W
“

N
S

[~ IO
RIS I R
33
el By

Dy DO
Qm Ot 14
hatichiftv ke
nHwnnUL

TRAFFIC
EERFETRE

s aOIQOOM O MM
MO ONQ T D e -
D e e s s aNDO
—e U NG e
PO O
M .

0

gcg IN TUE SH. STRaTCH - Kl.

(=]

(=] ]

4 =

o] <t

31 -

[«¥)

A o=

zZ0

9 ed o

I T= ]

a1 .

it O L Eog |

(=] e

P = (o]

oy O ) o=

CH v nn

Ee T | =T P

L5 TY D} L Rt

R I | ol 7g P g

— 1m Mg

mba O S b

Pt Bl I~ H AR ]

— M D=

2 B4 e S ¥

P m L

MEY 4 MaetTZIO0
L OO0

4 e A0

L I T I I
= Ot

QUEestra  mhigi=lie]

Qi sl M 2l

I CHO = M F
[ =SR] [ IEe | ok P TN ]
WL DAD
E b b A Y ] =2
1D QR S
HHDMSE 0 e

e I
[aFato) S Juih] (M Cle] (V)
=10 OO

I g LR
3 Ao e e | -1
A B IS I SR LA RS IS |
flioYo=n o.am
HY IRV IET SR SRS 2Tl
= =0 IR TR IR TSR R=p o bope Joue }
L OO P e O

168



" PEECENT

. S«A.L.

D = P P N 2 T o o —

A Y I M e O O
4 4 28 3 & 4o v

NSO~ O OO0
- o~

IR ERREEEERER
[alalolplwlelylelslolelale)
OMOmOANOOmNO0O™
OTOODOMNOOMNODN
M D ORO D N LN

— NN N MY

LR RN I I SR A Y
O e e
[alelalalslalalelalelal )
A DD IO NDY OO
Lt ol e N T [ae by |

PLRCENT

T.A.L.

P P N OO R O

NIV O T AT OO0O00OM
L I L R R N A R R A N I )

[olag o i Ta i Lalelale lelelelelalele)
L Lad

% o 8 & % g 8 v &b e s u
[=lolulelelalalolelelolelels lnlelel
e lalalololelelolelalaley Lo lolnlerle]
DOMNOODDNAOSCOOOOM
ONOIONI L DONTODNTO

bt ase Earlaslan Lo s Tug Bodi= 0= b T [Tg[Vp io}

L T T BRI I T I I
O = = T o -
[elalelelols lalelelalelelelelele]
[>lal=lelalelololielolelelelplels)
Lanknt t laa it Tho Tad Bag B 3. B o Vo [N TV )

200,00

(k) - pCI

SUPPORY

DESIsN MODULUS OF FCUNDATION

L=ls

D {I[NS.)
|

PLRIO
(1¥S.

N
Qo

or

3
ND GF DESIGH

BEGINNLIXS
E

169



EAEEE KSR RN ER TR R AR XA AL BEAEBERRACAXCAREEPE BTN RS

PROBLEN ¢ 4

AN AR I N AR X N RN N AR R AN R SRR NS A R A A RS S E S NI IR T U R E ISR A KU SR I NS RIS I AR P AR T AN K

.6552355 - ACCUMULMATED FATIGUE DAMAGEZ OF P.C.C, SHOULDEER
SUMMARY FOB DESIGN PERIOD
YEAR PARKED TEFFFIC ENCRBOACIHED TRAFFIC
1 0.336D-01 0.173D-06
2 0.356C-01 0.242D-06
3 0.3765-01 0.3395-76
u 0.397C-01 0.474D-06
5 0.4170-01 0.662D-06
6 ).437D-01 3.922D-96
7 0.458C-01 0.128D-05
8 0.4780-01 0.1780-05
9 9.496D~N 3.247D-05
10 0.518D~01 0.343D-05
11 1.5390-71 3. 476D-25
12 0.559C-01 © 0.6590-05
13 0.5790~01 - 0.9120-05"
14 2,6930-31 ). 126D-04
15 0.6200-01 0.174D-04
16 0.640D-01 0,241D-34
17 0.6600-01 0.332D-04
18 0.6810-01 0.458D-04 .
19 S 2.7210-01 0.632u-)4
20 0.721L=01 0.8720-04

TOTAL FATLGUE DAMAGZ FOR DrSIGN PERIUD DUE TO PARKED TWAPFLC 1S 0.10eD 01

TOTAL PATIGUT DAMAGE POR DESIGN PERIOD DUL TO LNCROACLED TRAFFIC IS 0.3145-03
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SARACE PRI L EHFENNEENRV SR LEOEEREN XA R R R Y LR S Y

PROBLEY ¥ S o .
PCC SYOULDER DESIGHN ON I-8Q NEAR JOLILT,ILLINOIS

CREEN AR R R IR XN AR RN A SRS S USSR S R R RSO A SR SRR E B A RN UK F2 b s bs bt ndbv kscdNbunER S

RESULTS ~ ACCUMULATED FATIGUE DAMAGE OF P.C.C. SHGULDER .
Tyt ’

SUMMARY FOR DESIGN PLRIOD

YEAR

L~ E LN =

B v et o el ek et md ok o e
L= T <JE ¢ R SR < R Y. RN B PR X R R = N ]

0.,332C-04
0.352D-04
0,372D-J3&k
0.392LC-04
0.4120-04
0, 432D-34
0.452D-04
0,472D-04
0.492LC-04
0.512D-04
3.532D-04
0.5520-04
0.572D-04
J.592D-34
0.€12C-04
0.632D-04
0,.652C-04
0.6720-04
J.6920-24
0.712C-04

PARKED TRAPFIC

LNCROACHZD TRAFFIC

0.3320-07
0.4500-07
0.638D=27

0.8200-07 -
0.111D-06 |

3.149D-06
0.200D-06
0.269D-06
0.361D-06
0.434D-06
3. 649D-26
0. 4690-06
0.116D-05
J.156D-05

- 0,208D-05

0.2790-3%
0.3720~-05

0.498D-05

J0.665D-35
0.88dD-05

GUTAL PATLUGUE DAYAGE FOR LCESIGN PEZKiOD DUE T0 PARKED THAFFIC IS

TOTAL PATIGUE DAMAGE FCR DESLGN PZhIOD DUE TO LNCROACHED TRAT?IC I5
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APPENDIX C

FLOW CHART OF COMPUTER PROGRAM

N

(:: START -

READ
INPUTS

PRINT
INPUTS

|

MAKE SEVERAL
CALCULATIONS
FOR TRAFFIC,
PCC, ERCDA-
BILITY, SHOULDER
TRAFFIC

DO 1000 NY=1, NYEARS

{YEARLY ANAL.)

DO 85 I=1, KR
(AXLE LOAD DIST.
ANALY . )

CALCULATE FATIGUE
DAMAGE FOR NY YEAR,
AND KK AXLE LOAD
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ACCUMULATE FATIGUE
DAMAGE UP TO NY YEAR

¥

PRINT YEARLY
FATIGUE DAMAGE

1 IF REQUIRED

—~ 1060

RINT SUMMARY OF RESULTS
AT END OF BESIGN PERIO

¥
DO NEXT PROBLEM

=
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