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,FQREWORD

This report presents part of the results of research conducted by the University
of Illinois for the Federal Highway Administration (FHWA), Office of Research,
under contract DOT-FH-11-9175. The research study was part of FCP Project 50,
"Structural Rehabilitation 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,li.sting for fatigue anCilysis.

",,
Other reports resulting from this same study ar~~~;~'

, FHWA/RD-81/0n, "Improving SLibdrainage and Shoulders of Existing
, Pavements - State of the Art II ~

FHWA/RD-81/078, "Final Report - Improving Subdrainage and Shoulders of
E,xi sti ng Pavements II

FHWA/RD-Bl/079, "A PCivement Moisture Accelerated Distress (MAD)
Identification System - Volume I"

FHWA/RD-Bl/0BO, "A Pavement Moisture Accelerated Distress (MAD)
Identification System ~ Volume II (User Manual)"

Sufficient copies of the report are being distributed to provide a mlnlmum of
two copies to each, FHWA regional office, two copies to each FHWA division
office, and three copies to each State highway agency. Direct distribution is
being made to the:division offices.

~d':~
Charles F. Sch~~~
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information ~xchange.' 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 not endorse products or manufacturers.
Trademarks or manufacturers' names appear herein :only because they are
considered essential to the object of this document'.
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CHAPTER 1

INTRODUCTION

A "well-~designed and properly maintainedl~. shoulder is considered

by Taragin (1). to be a necessity with any "appreciable vO,lume'of traffic. 11

He adds that the shoulder function is "mu ltifold and all segments of

traffic receive benefits from the additional cost over that of an im-

properly designed shoulder. 11 Barksdale .and Hicks (2:) suggest that

design approaches that can be taken to minimize the paved sho~lder dis

tress should include, among others, the selection of an adequate. struc

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

means of removal of water from the vicinity of the longitudinal joint.

1.1 Purpose

The purpose of this research effort was to develop a rational

structural analysis and design procedure for plain 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 pavement construction. A PCC shoulder

must meet certain design requirements:

"

a) . the standing loads of disabled or otherwise stopped

vehicles, and 'of maintenance equipment;

b) occasional traffic when the shoulder is used as a detour

during maintenance operations;

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



for peak periods, and

d) encroa~hing moving load~ from the adjacent traf~ic lanes.

2. The longitudinal traffic lane/shoulder joint must provide high

load transfer to reduce deflections and stresses in the traffic lane from

edge loads. This will improve the performance of the traffic lane.

3. The traffic lane/shoulder joi~t ~u~t remain tight over the

design life. This will improve the drainage of the pavement by directing
~ • I

runoff beyond the outer shoulder edge. The reduction in water entry at .

the traffic lane edge would eliminate or greatly reduce pumping potential

under the joint which would also add to the service life of both the traf-

fic lane and the.shoulder ..

4. If possible, .the shoulder should be wide enough to accomodate

parked ~ehicles. Objects on the shoulder that leave a clearance of 3

ft (0.9 m) or less from. the'pavement edge have been e.stablished to consti

tute a hazard (3).

5. The s~rface must be in such a condition that- a motorist can

a) continuous (intermittent turnouts on some facilities do

not provide the distance needed for decelerating or r.e-entering the

traffic stream quickly and safely) ..

b) flush ·with the pavement edge: . Br.ittenham, Glancy, and

Karrer (4) found.shoulder heights unev~n with the edge of the pavements

because of settlement' or -heave of the shoul der structure at nearly three

fourths of all the accident locations they studied.

2.



c) sloped sufficiently to drain surface water across, but

not sloped too steeply to constitute a hazard or create driver fear of

rolling off.

d) reasonable skid resistance.

6. The paved shoulder should have low maintenance. Shoulder main

tenance requires workers and equipment to be working closely to traffic,

and in spite of all precautions taken, this is a constant source of

danger to the workers as well as 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 deflections at the outer edge of the slab caused by

heavy traffic loadings and free water results in the most 'serious types'

of pavement distress s~ch as severe cracking in jointed ton crete pavemen·t

and edge punchouts in c6ntinuriusly ~einforced contrete pavement. An

important question is' "how to rehabilitate a distressed pavement effe'c

tively and economically to serve the highway user for a sUbstantial'

period of time with relatively low cost?11 One' alternative is the con

struction of itied p6rtland cement cbncrete shduldef~ There is no

drop-off at the shoulder inner edge when properly tied concrete shoulders

are used with concrete traffic lanes. This eliminates a safety hazard

which exists all too f~equ~ntly with othe~ typ~s of sh6ulders. Properly

tied concrete shoulders pr~vent the develcipment of an open longitudinal

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

3



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 h~ave or drop~off at the joint, severe shoulder

base erosion, and pumping and faulting at transverse joints or cracks

in the mainline pavement. In 1967, Illinois constructed an experimental

shoulder project on 1-80 lito develop definitive.fnformation that would

permit the selection from among alternative shoulder pavement designs

and materials, those ~hat will afford the best service and overall econ-

omy of construction and maintenance."(6) After five years in service,

the following was concluded:

liThe performance of the PCC shoulders is significantly 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 pee shoulders·~ .. It would seem
that of the various types of paved shoulders included in the
experiment, the pec shoulders may have the best chance of
serving the longest time without need for special maintenance
and can be considered as a satisfactory alternative paved
shoulder type. "(6)

The other shoulders had deteriorated so extensively that they were

replaced in 1977. Very little maintenance has been required on the

pce shoulders as of 1980.

Design of pce shoulders has been based upon trial and error, engi

neering judgment and past performance of a few experimental sections,

since no structural design procedure is available. A most recent study

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

pee shoulder design procedures. A rational method of structural analysis,
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as well as design procedure for highway shoulder system is, therefore,

greatly needed. This procedure should provide, for both rehabilitation

and new construction, a pee shoulder that is structurally adequate to

support traffic loads 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 illus

trated in Figure 1.1. Literature review and field studies were conducted

and several experimental plain jointed concrete shoulders were examined

and some relevant data were collected. The major design variables that

affect the performance of pce were identified based upon the experience

of the project staff, previous research studies, and analytical studies

conducted as part of this research. Current PCC shoulder design practice

was critically evaluated as to its ability to provide a structurally

adequate shoulder that can withstand traffic loadings and be effective

in improving the performance of the adjacent traffic lane. Limiting

criteria were determined for structural design including the allowable

concrete fatigue consumption. Design guidelines for factors such as

traffic lane/shoulder joint, shoulder traffic, tapering of shoulder,

and joint spacing are developed. All available data of pee shoulders

were compiled which included several sections that have been under

regular traffic since 1965 on Route 116, 1-74, and 1-80 in Illinois.

Analytical models and procedures for slab stress/strain computation and

fatigue damage were developed. A comprehensive fatigue analysis- proce-

5



dure was developed and verified that gives accumulated fatigue damage

at both edges of the PCC shoulder so as the:fatigue damage'~of the en-'

croached traffic from the mainline at the inner edge of the shoulder

could be compared with the fatigue damage of the parked 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 pec shoulder slab and the

subbase and on the degree of load transfer across the mainline/shoulder.

joint to ensure the compatibil ity 'between the shoulder and the traff,ic

lane as a system. A flow diagram showing the major design steps is,

shown in Figure 1.1.

The structural design procedure is basically a shoulder slab fatigue

analysis. A, computer program is included that provides fatigue damage

data used for selection of the structural design. The program is named

JCS-l and is written in FORTRAN.

The procedure shown in Figure 1.1 is iterative, indicating that

there are, of course, more than one structural design alternative that

could meet the limiting criteria. The design that gives the minimum

construction costs is 'generally selected as the optimum design as long

as it meets all of the limiting 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 compared with the costs resulting

from maintenance, reh~bilitation, and user delay if another method of

6



rehabil i tati on or di fferent type of shaul der is used.

be computed over a given analysis period.

These costs must, .

The results of this research are pr~sented in the following sequence:

Chapter 2: . Literature review and field studies of PCC shoulders
i

and their current design practice.

Chapter 3: Structural analysis of portland cement concrete shoulders.

Chapter 4: Development of a structural design procedure for pO,rtland

cement 'concrete shoulders base'd on the fat·igue of concrete'.

Chapter 5: c 'Demonslration of the use of the desi·gn method by sol vi ng

a detailed exam~Heproblem..

Chapter,' 6:,' Conel usions and ~recommendat;oris· 'for implementati on of

the des i gn procedure.'

._, .r

'-
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CHAPTER 2

PCC SHOULDERSTATE-OF-THE~ART

2.1 General

PCC shoulders have been constructed for many years on some urban

expressways, but only during the past 15 years on rural highways. The

firstexperimental concrete· shoulders were built in Illinois in 1965 as

a part of a modernization project on Route 116. The good performance

of these .and other experimental shoulders built in Illinois on 1-74

and 1-80 resulted in favorable report by Illinois and NEEP project on

PCC shoulders by FHWA in 1970. Since that ~ime the use of concrete

shoul ders has spread to many other states for both new constructi on and

as a part of several pavement rehabilitation projects. In 1974, FHWA

published a notice removing concrete shoulders from the experimental

status and from the NEEP program, and in 1976 new. standards were issued

for pce shoulders. At the end of 1976, there were 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 increasing partly because "recent studies have shown them to perform

better and may be more economical in the long run than other types of

shoul ders" (1).

The types of PCC s-houlders that have been built so. far consist of

a concrete slab placed on a prepared material:

a) integrally with the mainline pavement,

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

c) adjacent to existing mainline pavement for rehabilitatioi

purposes.
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2.2 PCC Shoulder Distress

The development of design procedures to provide a structurally-adequate

PCC shoulder requires the consideration and prevention of ail the distress

that cause premature failure and a substantial amount of maintenance.

Results from a field study and other information were analyzed to determine

the distresses occurring in existing PCC shoulders (14, 15, 16, 17).
" c

1.. L~neJShoulder Drop-Off or Heave and"Joint Separation: Lane/

shoulder drop-off or heave occurs wherever there is a difference in ~le

vation at the joint between the traffic lane and PCC shoulder. Joint

separation is the widening of the joint between traffic lane and the PCC

shoulder, generally due to drop':'off or heave in the shoulder. Typically

the outside shoulder settles due fo c·onsol ida ti on, settlement or

pumping of the underlying granular or subgrade material. Heave of the

shoulder may occur due to frost action or swelling soils.

2. Transverse, Longitudinal and Diagonal Cracking: . Cracking is

caused by a combination of.heavy load repetition, thermal and moisture

gradient stresses and drying shrinkage stress.

3. JointSpalling: Spalling·is characterized by cracking and

breaking or chipping of the pavement at the joint edge by some stress

producing action. Spalling is caused by infiltration of highly resistant

particles to compressibility, often called incompressibles, into the

joints. These particles resist joint closure during warm weather and

produce horizontal shear stresses that can exceed the concrete shear

strength. Spalls in pavements with short slabs usually are relatively

small; however, in those with long slabs, larger spalls have occurred

due to large'move~entsand infiltration of incompressibles.
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4. Pumping: Pumping is the ejection of water under pressure through

cracks or joints under moving loads. As the water is .ejectedit carries

fine material resulting in progressive material deterioration and loss of

support. Surface staining or accumulation of material on the surface

close to the crack or joint is evidence of pumping. Pumping becomes

serious when the volume of displaced material is such that a large area
,l:. 1

of the slab is left unsupported. This results in increased surface deflec

tionsand permanent deformations under loads and ultimate failure ..

5. Blow-ups:. Blow-ups sometimes occur extensively in long jointed

concrete pavements (> 30 ft [9.15 m] joint spacing). They occur in hot

weather at a transverse joint that is not_wide enough to permit expansion
, ,. , ,- ,~ E , •

of the concrete slabs. The insufficient width is usually caused by infil-

tration of. incompressible materials into the .joint space during cool
. '~ 'J .~ .~. .

weather when the joint is open.

2.3 Current Shoulder Design Practice

During the 1972 Annual Meeting of the Transportation Research Board

(TRB), a conference session was held on "Current Practices in Shoulder

Design, Construction, Maintenance, and Operations" (1S). This session

showed a need for:

1. Construction of fUllidep~h monolithic pavements thrdughout 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 of the

most important conclusions that the overwhelr~ing majority of researchers

agree upon is that the PCC shoulder design in current use has developed

primarily by trial and error (2) and past experience. Two recent surveys

were conducted by Portigo (3) and Hicks, Barksdale, and Emery (11),

illustrating the current status of shoulder design. Portigo (3) deter-'

mined the following:

a. Only fifteen states have documented policies regarding shoulder

design.

b. Twenty-eight states have no documented policies, but have

shoulder paving standards. Six of these states evaluate individual proj

ects before making decisions on paving.

c. Five states pave the shoulder integrally with the mainline pave-

ment.

California and Iowa ·are the only states with a design procedure for

their shoulders (3). The shoulders are designed for one percent of the

mainline traffic with a minimum·traffic index of 5 in California. Iowa

designs its shoulders for the maximum wheel load, using the same design

procedure as used for the ma~nline pavement (19).

Thus, most states do not have a set policy for design of PCC shoulders

and the process of trial and error and engiri~ering experience determined

the shoulder construction practic~s that have developed. Hicks, Barksd~le,

and Emery (11) conducted a survey of portland cement concrete shoulder

designs which is reproduced in Table 2.1.

During February, 1~77, Taragin (1), as a part of NCHRP Project 20-5;
. '

"Syn thesis of Existing Information Related to Highway Problems," (Topic
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8-03 entitled "Design and Use of ,Highway Shoulders")(l), 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)

design (geometric 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.

With respect to the criteria used to determine shoulder thickness,

interestingly enough, no state reported using the truck traffic as their

criteria. Eight states use past ex~erience and tri~l and error, and

another 8 states have no established policy 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 and if needed for traffic use, and as mentioned earlier,

none of these 17 states reported using truck traffic as a criterion for

reconstruction. A like number of states (17 of 43) have no provision or

p~licy to upgrade th~ shoulder, even when needed as a travel lane.

The predominant right shoulder width used by the states'is 10 feet.

The left shoulder width varie~ £onsiderablY mor~ 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 question ~hether the states have special shoulder design,

36 states provided negative answers. Of the 7 remaining states that do

have special designs for their shoulders, only 3 states are experiment

ing with shoulder material and full-depth paved shoulders. Of the 4

other states, only Pennsylvania requires that paved shoulders be pro

vided for reconstruction, rehabilitation, or resurfacing projects on

Interstates and other major arterials and/or collector roads.

One of the biggest problems of shoulder maintenance is the joint

between the shoulder and the travel lane. Twenty-four of the 43 states

reporting replied that they have no effective method to proper.1Y,main

tain the joint. Of the remaining 19, states a variety of methods have

been tried, mostly experiment~l, with "more or less satisfactory results. II

Are shoulders presently designed and constructed suitable for traffic

operations? Although 25 states are satisfied with the suitability of

their shoulders for the present time, and 7 states indicated that their

shoulders are suitable only for certain condition, 10 of the 43 states

indicated that the shoulders are not suitable for traffic operations.

Temporary use of shoulders during maintenance, construction or emer

gencies is allowed in 36 states at all times, 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 lane. The reason for 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 previous review of the state-of-the-art for PCCshoulder

design and use, i't is concl'uded that the 1ack of adequate PCC shoul der

design is one of the major research areas that is of concern to researchers

as well as to the states. The use pf the AASHO Interim Guide procedure

(21) to design PCC shoulders is~~ghly q~estionable ~n~ should not be

adopted without extensive studY'. "The critical loading condition at the
"

edge of the shoulder produces ~ ifress and deformation state that is

different from that caused by the largely inter'ior loading conditi~n'in

the mainline slab that occu~red at the AASHO Road Test (trucks were inten-

tionally'kept away f'rom the slab' edge).
. ,

Excessive moisture 'c'oncentrations'
. .,, - <~;~ ,~;- 1" 1 . ~cli-.i·

due to surface drainage at the edge of the shoulder and the resultant
. • .. ' ; j" >. ,1· ' ~ . . ~ '. ," I

pumping 'of the fine material from under the shoulder can accentu'ate the

di fference and ~ake' the behavi or of PCC shoul'd~'r under cri dca 1 1oadi ng
.. , '. "

conditions even more compli~ated. The"lack of co~sideration of tieing

the pec shoulder to the concrete travel lanes and its effect on stresses
r'·

and deformations in the shoulder makes the AASHO procedure even less

applicable.

, .
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CHAPTER 3

STRUCTURAL ANALYS~S OF PCC SHOULDERS

3. 1 . Genera 1

The structural analysis of concrete shoulders and adjoining traffic

lanes requires a structural model with wide ranging capabilities. 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 originally developed

by Huang and Wang (28) for determining the stresses and deflections in

concrete slabs with load transfer at the transverse joints. This method

has been modified· at the Un-iversity of Illinois to handle problems such

as pec shoulder design. The method is based on the theory of minimum

potential energy by dividing the slab into small elements interconnected

only at a finite number of ~odal points. The major advantages of the

finite element method are that elements of varying sizes can be easily

incorporated in the analysis and that no special treatment is needed at

a free edge. As a result, the finite element method generally yields

a stiffness matrix that is symmetric, positive, and definite, and the

large number of simultaneous equations can be solved by an effective

scheme, although this symmetric characteristic was not fully utilized

in this model because of the assumption of load transfer at the joint.
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3.2. 1 Des~ription of Model

The:finite element.model employed in this research is based on the

classical theory of thin plates by assuming that:. '

a. The plane before bend1~g remains a plane after bending;

b.. The slabs a,re homogeneous,. isotropic, and elastic;
' •• >', '." " ' \ '. .'. •

c. The subgrad~ acts as a Winkl~r foundation, i.e., the reactive
, ,." - . , . -,. ,. -;

pressure betwe'en subgrade and slab at any given point is proportional

The rectangular plate element ~sed in this model, originally developed

by Melosh (30), is sho~n in Figure 3.1. At each node of this element
~1",

there are three forces and t~ree co~respondiqg displacemeDts. The three
,,'

forces areaver~isal forc~~ Fw' a ~oup.l~ about the x~axis, Fex ; a!1d a '.

couple about the y-axis, Fey' T~e three displacements are the deflection

in the z-direction, w, arotation~:aboutthex-a~is"ex; and a,rotation

about the y-axis, e. These forces and displacements are related by:. ..' y ,

O.
J'+ kab

Ok'

.o}

F.,
= [K]

"'0:,
.,.

'6~ .,
0" .

i,.~, J,'

.0" k

0"
.' 1

(3.1)

in which [K]:: stiffness, matrix, the coefficient of which depends on.

the dimensions, a and b, oj the ~lement;and the You~g's modulus and

Poisson's ratio of the slab; k = modulus of subgrade reaction; and at

any given node, i:
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Fwi w. w.
1 1

F. = Fexi O. - e .
"

0'" . = a (3.2)
1 1 Xl 1

Feyi eyi a

The stiffness matrix for 'a rectangular element was tabulated by Zienkiewicz

(29) and is used in this model. By ~~perimposing the stiffness matrices

over all' elements and replacing th,e nodal forces with t.he e'quivalent of

the externally applied loads, a'set of simultanSous e~ua~ions ~~s obtai~e~

for so~ving'the unknown nodal displacements and a force-displacement rela

tionship for all nodes of the pavement model in the global system is

developed as

(3.3)

where W}g is a vector containing all the global forces, M}g contains

all global displacements, and [KJg ~s the global' stiffness ~atrix. T~e

nodal moments and stresse§ were then ~om~uted fro~ the nodal displatements,

using the stress matrix tabulated by Zienkiewicz (29). Because the stresses

at a given node are' computed by means of one element, they might be differ-
. . . -

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

adjoining elements were computed and their average values obtained.

3.2.2 Transverse and Longitudinal Joints

The finite element model provides an effective method for analyzing

concrete slabs with doweled or rebar tied Joints. The efficiency of load

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

.' , d
_ u

Effdef ~ d
L

x 100
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Su
Effstress =SL x 100

where : EFF = efficiency of deflection or stress in percent

du = deflection at unloaded side of joint

dL = defl ect ion at loaded side of joint

Su = stress at unloaded si de of joint

sL = stress at loaded side of joint

(3.4b)

When no load is transferred across the joint the du = 0, Su = 0, and

the efficiency is zero. When du = dL and Su = sL both sides of the joint

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 points 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 equations

corresponding to vertical forces at every two adjacent nodes at the joint,

to the external force applied at that node, the number of equations is

reduced. However, at every two adjacent nodes at the joint the efficiency

equation (Eq. 3.4) is added to th~ 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 MOOKEN) provides 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 deflection 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 8Q 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 element model computer program can determine the slab

stresses and deflections due to appli~~ traffic loadings. The program

can handle one slab, two or three slabs connected by transverse joints,

or four or six slabs connected by longitudinal' and transverse joints.

The efficiency of load tran~fer at each joint can be specified 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

program can distribute the wheel loads among the adjacent nodal points

by statics. The program can handle any number of wheel loads at the same

time: The additional computer time due to these additional loads is very

small because Guass elimination of the coefficient matrix is carried o~t

only once regardless of the number of loads involved.

The program can be used to investigate the effect of partial subgrade

contact on stress distributio~. The nodal number, at which sUbgrade

reaction resulting fro~ loss of subgrade contact does not exist, can be
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assigned, and the ~econd 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 MODKE~)

was written in FORTRAN IV for the IBM 360 computer, and is available at

the University of 'Illinois computer center.

3.2.4 Comparison of Measured and Computed Load Stress and Deflection

A comparison is made between the finite element solutions 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 the main traffic loops where

the strain and deflection due to moving traffic were measured at the slab

edge far from a transverse joint. The length of slabs consisted of 15

ft (4.6 m) non-reinforced sections and slab thickness ranged from 5 to

12.5 in. (12.5 - 31.25 cm).

The finite element program requires the modulus of elasticity and

the Poisson's ratio of concrete, the modulus of subgrade reaction, k,.

and the axle load. The measured dynamic modulus of concrete was 6.25

x 106 psi' (4.31 x 107 kPa) and th~ Poisson's ratio was 0.28. The deter-

mination of the subgrade k-values is much more difficult because it changes

appreciably with the time of the year. The elastic k-values on the subbase

obtained by the plate bearing test at the AASHO Road Test varied from

approximately 85 to 200 lb/in. 3 (231 to 543 kPa/cm) overall the loops

throughout 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 closeness
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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-yalue 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. respectively.

The stress comparison for single axles is shown in Figure 3.5 and

for tandem axles is shown in Figure 3.6. The deflection comparison for

single axles is shown in Figure 3.7 and for tandem axles is shown in Figure

3.8. The distance from the edge of the slab to the center of the wheel

load was 20 in. (50 em) in the FE analysis, which is similar to the 17-22

in. (43-56 em) measured for the actual loadings. Compressive strain at

the top of the slab was measured in the longitudinal direction, 1 in.

(2.5 em) from the edge of the slab. The strain and edge deflection measure-

ments were correlated with axle load, PCC slab thickness, and temperature

difference (standard differential) and regression equations were developed

(13). The theory of elasticity was used to convert the strain equations

into stress equations (31). The axle loads used for these plots were 18

kip (80 kN) single and 36 kip (160 kN) tandem. The results show good

correlation between the stresses and deflections computed with the finite

element program and those computed with the AASHO equations for both single

and tandem axles. Thus, the finite element program can be used with

confidence to computer stresses a~d deflections cuased by axle loads ..
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3.3 Major Design Factors and Guidelines

The two major engineering design objectives for this research are:

(1) provide a shoulder that will have structural adequacy to support

encroaching and parking traffic loads for long-term low maintenance per

formance, and (2) provide a shoulder that will reduce the rate of deter

ioration of the adjacent pavement traffic lane (which is usually the

heaviest traveled truck lane). If both objectives can be accomplished

economically, then there is considerable benefit in placing pee shoulders

during new construction, or in replacing deteriorated shoulders on exist

ing highways with pee shoulders.

Asa result of the field surveys and the literature review conducted

in this research, the major design variables that affect the structural

behavior of pee shoulders are: (1) slab thickn~ss and tapering of thick

ness, (2) joint spacing, (3) foundation support and loss of support, (4)

tie between shoulder and traffic lane (including load transfer across the

longitudinal joint), (5) width of shoulder slab, and (6) design and

condition of the adjacent traffic lane. The pee 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 fbr this load po~ition is at the bottom of the slab

edge, parallel to the edge beneath the wheel load, at midpoint between

transverse joints as shown in Figures 3.3 and 3.4. The edge loading

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 stresses and deflections. The actual

amount of loading has to be estimated,' 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 loading conditions.

The critical effect of edge loadings on the performance of all types

of pee 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 continuously reinforced concrete pavements (32, 33, 34, 35). Traffic

encroachment studies have shown that there exists much more edge loading

of the t~affic lane slabs and shoulder encroachment than previously believed

(11, 36).

The influence of the major design factors on the structural performance

of pee shoulders is determined using both the finite element (FE) model

previously discussed and results from field studies.

3.3.1 r'1ajorDesign Factors

Shoulder Thickness

The effect of thickness of the pee shoulder on the critical tensile

stress caused by an encroaching ....Iheel 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), and length of 15 ft (4.6 m). The pee 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 load transfer-efficiency lslow·:(i.e .. ;O

to 50 percent). When the shoulder "is not tied'to the la"ne (i.e'.", EFF= 0

percent) the stresses approach or exteedthe range of flex~ral str~rigth ~f

PCC, for slabs less than 8 in. (20 cm) .. Stresses greater than ahout 500 .'

psi (3450 kPa) will result in cracking of the should~r ~ith only a few

heavy load applications. The effect of joint load 'transfer is large as

subsequently di scussed. If there i s reasonable load transfer (i. e,., 50

percent) and slab thi~kness (~8 i~ches) the effect of increased thickness

on stre~s is reduced at the lane/shoulder joint~ For parking truck~~~

wheel load will otcur at the outside edge of the'shoulder where ~he load

transfer is. of,course, a percent. Thus, the thickness desi:gnof PCC

shoulders should consider both loading positions and the number of appli~ .

cations at each position.

Width of pce Shoulders (8)

The width of shoulder affects both critical stress and deflections

in the shoulder slab. Figures 3.10 and 3.11 show these effects over a""

range of design conditlons. The load transfer efficiency is 0 percent~

hs ' varies from 6-12 in. '15-30 ern), and,foundation s'upport varies from'

"poor l! (k = 50 pci or 136 kPa/cm) such a~saturated clay, to"stiff", .

(k = 500 cpi or 1360 kPa/cm) ~uch as a thick stabilized ~ubbase. Th~

deflection increases very rapidly for a width of less than about 5 ft

(1. 5 mf· For"poor" fo'undalions narrow pee shoul ders experience high

deflections with thickness (hs ) having minimal effect.· Wider shoulders

(8 > 5 ft) show thickness havin~ a more significant effect on deflections.'
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The e{fect 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 slab for example, and widening

the shaul qer. from 5 to 10ft (1.5 - 3.0 m) causes a decrease of on ly

5 percent. The effect of shoulder width on tensile stress is abo~t 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 longitudinal joint. If a narrow

should~r is required, the critical stress can be reduced to allowable levels

by increasing the shoulder slab thickness and/or joint efficiency.· For

example, a 10 ft(3.0 m) wide shoulder of 8 ind (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 thickness 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. The effect of tapering on deflections and stresses in the

~houlder and the CRCP traffic lane is shown.in Figures 3.12 through 3;17.

Uniformly tapered, stepwise tapered, and uniform-equivalent thickness

of concrete shoulders (Figure 3.12) were analyzed and compared· for three

different loading conditions. Traffic lane load.ing (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 sections).

The effect of shoulder tapering on stresses and deflections in the

traffitlane due to traffic lane loading is shown in Figure 3.13. There

is only a minim~l effect on stresses and almost no effect on deflections.

The load transfer sy~t~ms 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 3.1S 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 thickness of 7

in. (17.8 cm) ·wi 11 reduce the stresses to 400 ps i (2758 kPa) from the

SOO psi (3447 kPa) when 6 to 8 in. (1·S-20cm) tapering is used (Figure

3.1S). Using a shoulder with a uniform thickness of 8 in. (20 cm) will

reduce 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 minimal to almost nil.

The previous figures ~how that shoulder tapering does not have any

effect on the critical stress in the traffic lane or in the shoulder near

the longitudinal joint. However, critical 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-equivalent 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 applications until cracking

than the inside edge near the traffic lane. On the other hand, the ratio

of the allowable load applicatipns until failure of both edges of the PCC

shoulder when tapered shoulder is used is higher than the ratio 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 edges

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 support of 12 in. (30

cm) is considered, which could be caused by, for example, 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/Shoul der Tie (Load Transfer (EFF))'

The extent of "tie" between the concrete traffi c lane and PCC shoulder

affects load transfer, separation of shoulder from lane, and settlement

or heave of the PCC shoulder. The effect of the lane/shoulder tie as

indicated by joint stress load transfer efficiency on critical 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 0 to 50 percent ~fficiency reduces

stress by a factor of 2.1, and to 100 percent a factor of 3.3 for a 6 in.

(15 cm) shoulder ~lab. The ~eduction in critical stress for a joint

efficiency from 0 to 50 percent is most significant.

Shoulder Joint Spacing

The effect of joint spacing on the performance ofPCC shoulders is

shown in Figures 3.20 and 3.21. These are based on data obtained from

the field survey of the three sections of 10 year old plain PCC shoulders

located in Illinois. Most of the sections were tied with rebars to the

mainline pavement. Figure 3.20 shows the effect of joint spacing on

percent joints spalled. As the shoulder joint spacing exceeds 20 ft

(6.1 m), the proportion of spalled shoulder joints increased rapidly to

the point where, with a spacing of 100 ft (30 m), all joints are spalled.
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The relationship between shoulder jdihtspacihg ~nd ~ercent~houlder slabs

cracked is shown in Figure 3.21. 'Again, as the. joint 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 found

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

one blowup for joint spacing of 20 ft (6.1 m).

Other field surveys on mainline pavements and experimental field

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

pee Shoulder Effect on Traffic Lane

The pee shoulder also has an influence on the performance of the

adjacent traffic lane. Figures 3.22 and 3.23 show the influence of tied·

pec shoulder to continuously reinforced concrete pavements (CRCP) on

stresses at the top of the slabs and deflections along section x-x (see'

figures). Using a load transfer system that consists of #3 tiebars at

24 in. (61 cm) center to center, for example, reduced the maximum stresses

by about 50 percent. Also Figure 3.23 (where a 2 ft (60 cm) loss of support

under the traffic lane exists) shows that it reduced the stresses from

a very high level (more than 500 psi (3447 kPa)) that will result in

the start of an edge punchout after nnly a few load applications, to an

acceptable stress value (about 250 psi (1723 kPa) in either of the two

slabs. The deflections, especially in Figure 3.23, are reduced drastically;

consequently, the possibility of pumping of fine materials is also reduced.

Figures 3.24 and 3.25 show the influence.of pec shoulder thickness and the

load transfer efficiency across the lane/shoulder, respectively. 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 stress 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 percent) 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 ;s 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 a percent (no effect) to 100 percent, the critical

edge stress reduces about 50 percent. The decrease 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 load 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 t~o projects (1-74 and 1-80) where PCC shoulders ~ere

located. All distress types were recorded in the traffic ~ane adjacent

to the PCC shoulders. Both projects were constructe'd about 10 years pre

vious and contained CRCP in the traffic lanes. In general, extensive

structural distress was found in portions of both projects that did not

contain PCC shoulders, and little distress was found in the portions

containing the shoulders. Results are given in Table 3.1. On 1-74

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 1-74, 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 1-80, all sections with PCC shoulders that

were surveyed are tied to the traffic 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 111 inois 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 QDlr had a 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

Slab 'Thickness and Tapering

The PCC shoulder thickness has a very significant influence on critical

stress from encroaching traffic loads (Figure 3.9) .. Two load positions

must be considered to determine requir~d thi~kness: (l) the inside edge

near the lane/shoulder'longitudinal joint, and (2),the 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 load 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 percent joint efficiency) as shown in Figure 3.9.

Because the stress reduction is so large, it is believed that the outer

free edge may control design thickness when a reasonable lane/shoulder

tie is provided (Figures 3.12 through 3.17). A minimum thickness of 6 in.

(15 cm) is presently recomm~nded' since thinner slabs will have very high

stresses when loaded with typical heavy trucks, that would tend to crack

the slab with only a few applications. Thicker shoulders may be required

, depending on truck traffic, the amount of traffic lane edge structural

support desired, foundation support, load transfer ai joint, and shoulder

width.

A summary of performance data from two Illinois projects is shown

in Table 3.2. Both pavements carried heavy truck traffic (especia 11y

1-80). The 50 percent slabs cracked on 1-74 are some cause for concern,

but the long 25 ft (7.6 m) joint spacing had an effect on the cracking
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since similar adjacent' lOft (3m) long' slabs did not show' any' cracking.'

The 8 - 6 in. (20 - 15 cm) tapered shoulders on 1-80 under heavy traffic

performed very well with only 5 percent cracked slabs.

Although tapering of the shoulder thickness between the two edges

has been considered to save on concrete quantitie~, it mayn6t be the

b~st design for the followi~greasons:

a. The critical stress load position is the outside free ~dge when

reasonable. load transfer is 'used across the lane/shoulder joint, caused

by either parked truCks or moving traffic using'the shoulder'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 section (Le., 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 Width

Required shoulder width is generally dictated from geometric/safety

considerations. However, the width influences stresses and deflections

in the shoulder and in the adjacent traffic lane if they are tied together.

Tied shoulder width should be at least 3-5 ft (91-152 cm) to provide

maximum structural benefits (stress and deflection) to the traffic lane

and shoulder. A narrower shoulder could be used (with load transfer)

to help reduce edge stresses in the traffic lane, but a thicker pee

shoulder slab is required.
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Lane/Shoulder Tie

The lane/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 typical design situation. The pro

vision of a tie system that provides at least 50 percent load transfer

would reduce critical stress to acceptable levels. The shape of the curves

show that there is really only a small advantage in providing more than 50, .

percent load transfer:

. There are essentially two methods of obtaining this level of load

transfer and tieing the lane and shoulder together along the longitudinal

joint:

a. Use of a keyed joint with tie bars that hold 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 pee shoulders con-

structed to date. Field 'studies were conducted and the long term deflection

load transfer of the experimental shoulders in Illinois 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 load transfer

efficiency for rebar tied shoulders with a keyway ranged from 70 to 98

percent .. Those without tiebars had very low 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 1-80 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 1-80 was not adequate'

to provide long term deflection joi'nt efficiency of 50 percent or greater.

Some of the anchor bars had pulled out and spalled the surface of the.

traffic lane.

Laboratory tests by PCA (37) 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 millioD load

appl i cati ons was greater than 70 percent for aggregate i nterl ock, keyway,

and smooth joints all having steel ties.

Thus, if a tied shoulder has at least 50 percent stress load transfer

efficiency,stresses in both. the traffic lane and shoulder are significantly

reduced. A 50 percent stress transfer efficiency corresponds approximately

to an 85 percent deflection transfer according 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~how 30 and 55

percent reduction for JCP traffic lane andPCCshoulders, 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 pull ing out the tie ba,rs from the PCC or rupture

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

the number of tie bars for greater load transfer reliability and to

prevent separation.
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Foundation Support

The PCC shoulder can ~e placed directly onth~~ubgradesoil~a

granular subbase, or a stabilized subbase. These foundation conditions·

can generally be considered as "poor", "moderate", and "stiff",respectively.

Analysis shows that PCC shoulders having "poor" support (i.e., k ::: 50 pci

(136 kPa/cm)) have high deflections and stresses. The provision of a

"moderate" support level (i .e., k ::: 200 pci (544 kPa/cm)) appears justi-

fied. However, using a stiffer foundation support is not very effective

in reducing deflections or stresses further. Field results (5, 6) in

Illinois have shown little difference in performance to date for those

sections having granular subbase or fine grained soil subbases. However,

drainage continuity considerations and the effect of moisture on the types

of materials used should be considered when selecting the subbases to

avoid a "bathtub" cross section and to minimize the tendency of frost

heave under the shoulder.

Slab Length

Based· on results from the field survey, a maximum slab length of

15 ft (4.S m) ~s recommended. The ratio~ale behind this choite is shown·

in Figures 3.20 and 3.21: These two figures clearly show that using

slabs iongerthan 15-20 ft (4:6 - 6.1 m)will result in shoulder dis:...

tresses, namely joint spa11ing and increased transverse cracking.

Short slab lengths eliminate the n~ed for steel reinforcement and·

reduce the joint movement to a small enough level that it does not force·

cracks to open up on the adjace~t traffic lane for either CRC or JCP

pavements. For pfain jointed pavements, the shoulder joint pattern

should match the traffic lane. although intermediate joints may be
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placed if the traffic lane joint spacing is greater than 20 ft (6.1 m)~

Intermediate jointi s,hould be placed where the traffic lanes are jpinted

reinforced concrete., None of the transverse jo~nts,require ,dowels,

unless the shoulder is to be use~ as a regular traffic lane.

Effect of Shoulder on Traffic Lane
, '

The effect that the shoulder has on stress and deflection of the

traffic lane is through (1) the load transfer of the l~ngitudlnal joints,

and (2) mini~iz~ng ~he edge pumping potential. As shown in Figures 3.22

through 3.28, the efficiency of load'transfer between the traffic lane

and shoulder is of significant importance"to the traffic lane. Figures

3.23 and 3.25 show that CRCP traffic lane critical stress (Point B) could

be reduced by more than 50 percent if a reasonable l'oad transfer (e.g.,

#3 tie bars @ 24 in. (61 cm) corner to corner) is used. Deflections

at Point A would be reduced by more than 40 percent from the same load

transfer system. Figures 3.26 and 3.28 show that JCP tra ffi' c 1anecritica1 '

edge stresses could be reduced by more than 30 percent if joint stress

transfer efficiency of 50 percent is used. Figure 3.~7 shows that the

traffic lane edge deflection could be reduced byaboutone-thirdwith

50 percent efficiency." Reduction of stresses and deflections would,

therefore, improve the, performance of the traffic lane a~ indicated by

the data in Table 3~ 1 for CRCP. From Figures .3.22 through 3.28 an optimum

design of a shoulder with rega~d t6 improvin1 the performance of the,

traffic lane, is to provide maximum load transfer across the lon~itudinal

joint witha,thickness (~6 in. (15 cm)), width (> 3 ft (.9 cm)), and

foundation support (~ 200 pci (54.2 MN/m3)). Provision of a pce shoulder
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either on new construction or for rehabilitation of an existing shoulder

is expected to have a beneficial effect if these design requirements

are provided.

The condition and design of the existing traffic lane should be

determined. If distress associated with edge traffic loadings are

occurring, then special consideration should be given to provide high

load transfer and adequate shoulder thickness to reduce the critical

stresses and deflections in the traffic lane.
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Figure 3.16. Continued.
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Stress CT N ;';;(No. of Reps.
Position (ps i) ( Un til F-a iIur e)

Point a 410 3.18x1O s

Poin1 b 282 9.33 x 108

* Log N = 16.61-17.61 -Fa- : F-28:; 650 psi
28

Figure 3.17. Allal-laDle Load Applications Until Failure for the
Different pee Shoulder Designs Discussed in Figures 3.14
and 3.15.
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Figure 3.20. Effect of Joint Spacing of pee Shoulder on Joint Spalling
(Data from 10 year old Illinois Projects).
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Figure 3.21. Effect of Joint Spacing of PCC Shoulder on Transverse
Cracking (Data from 10 year old Illinois Projects).
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Figure 3.22. Tensile Stresses at the Top of the Slab and De fl ec t ion s
Along Section x-x (no loss of support).
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Figure 3.22. Continued.

67



0.6 m (24") L.O.S.
Joint

80 kN (18 kip) S.A.L.

~'#------+-80 kN (18 kip)
S.A.L.

1~.7m (2
1

) CRCfl ..3m (10') ShJ

0.6 m(2411
) LO.S.

:/; 3 Tie Bars at 61 cm C:r.C.

1.2m(4) X X
0.6 m(i) L ~+---~If---__--I J
1.2 m (4

1
)

20Cm(S")[ u -- =:}15cm (6")
~----------oolli:~~

I... 3.7m (I2
1

)CRCP. ..~}m (10
1

) PC.C. Shoulder .. I
Section X- X

Distance From Edge, ft

0 2 4 6 8 10 12 ·14 16 18 20 22
-200

-1000

0 -100
CL !I'l
..:.: a-

0 0 -b r \ " b
\ "I \ 1"""l/l !I'l

l/l \ I \ I
100

!I'l
Q) \ I \ I Q)-- I- \ I \ -en 1000 I en

\ I \ /Q)

\ / / \ 200
Q)

/
!I'l \.. \ ... !I'l
I:: , /~ I::
CI.I Q)

~
2000 \, Tied

300
~

Cl)
Q)

l/lVI
Not Tied ...... Q)CI.I

400 >> VIl/l
Cc

3000 00 ......
~~

500

4000
0
L---:...-...JL.-...--.L----...J----""'-----I-----I---I 600

1.0 2.0 3.0 4.0 5.0 6.0

Distance From Edge, meters

Figure 3.23. Tensile Stress at the Top of the Slab and Deflection
Along Section X-X (2 feet loss of support).

68



0.6 m (24') L.O.S.
Join1

'--k'Y.,;t------+- 80 kN (18 kip)
S.A.L.

1~·7m (2
1

) CRCf! .3m (10
1

) Sh,; j

x X

L J

Cracks

1.2 m (41
)

0.6 m(2
1

)

1.2 m(4
1

)

61 em CTC.

______----',=:Ir5 em. (6")(7.

80 kN (fS kip) S.A.L.

20em(S")[
:-----------..::~~

3.7m (12')C.RCP ! 3m (10') PC.c. Shou:d.er

Sect ion· X-X·

Distance From Edge. ft

2 4 6 8 10 12 14 16 18' 20 22,..---,---...,,.---,.----,.---,...--.----,...--.,.---....--....,.....----.. - 5
I

-1.0

N

E I

E 0 :) 0
/.

. . c
~

:~. /0 .
en ~

0
~ 1.0 (/)C1>
-0 \.",. 5 ~c (J)
~ "0

.' "- c:
c ~
0

TiedA. '"2.0 c
u N (No. of Reps. .2C1>

Shoulder Until Failure)- Not
u

C1> 10 C1>

0 \ Tied 1.22 x 10 10 ......
(J)

3.33 X 10 2
0

3.0

\
Not Tied

I ,
15

0 1.0 2.0 3.0 4.0 5.0 6.0

D ist ance From Edge, me t er S

Figure 3.23. Continued.
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Figure 3.24. Effect of PCC Shoulder Thickness on Tensile Stress
and Deflections at Points Band A. Respectively.
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Figure 3.24. Continued.
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Fi gure 3.28. The Effect of Lane/Shoul.d2r Ti e and Wi dth of pee
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

Proj ect Years in Mil es 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

0.8

No

Yes'

4.0

0.0

1.6

0.0

(1 mile = 1609 m)
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Table 3.2. fummary of Performance, 'Traffic, and Design Data
from Two Illinois Experimental Projects.

TRAFFIC/ Highway

DESIGN -

9

20 cm (8 in.).:CRC

20 cm (8 in.) at joint,

tapers to 15 c~ (6 in.)

PARAMETERS

1. Age, years

2. Traffic Lane Thickness

3. PCC Shoulder Thickness

4. Jt. Spacing

5. Ti e

6. ~lean ADTT (in adjacent

truck lane)

7. 80 KN ESAL (18- kip)

in adjacent lane

over 1ife

1-74

10

18 cm (7 in.) CRe

15 em (6 in.)

.3-30.5 m (10- 100 ft.)

Tie bars and no tie bars

#4 Bar 76 em (30 in.) long

76 cm (30 in.) c. to e.

950

2.7 x 106

., ',.' ,
1-80

at outside edge

6. 1 m (20 ft.)

Anchor bars

2 in. Embedded
in Traffic Lane,

15 in. shoulder

2140

8. Percent Slabs

Cracked

0 . (3.05 m Joint Spacing) 5
5 (6.10 m )

60 (7.60 m )
90 (12.20 m )

100 (15.25 m )
100 (18.30 m )
100 (24.40 In )
100 (30.50 m )
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Table 3.3. Field Measurement Data on 10 Year Old Illinois pee
Shoulders to Determine Longitudinal Lane/
Shoul der Joint Efficiency (1-74 sections
described in Table 3.2).

! Deflection
:--lean Edge* Mean· Edge"X

I
Load Transfer

Shoulder Deflection - Defl ection- Efficiency
Design Traffic Lane I Shoulder (~)

I
1 I

Tiebars, 0.1143 mm 0.1118 mm 97.8
keyway, (0.0045 in. ) (0. 0044 in.)

and Granular
Subbase

I
I . --"

2

Tiebars, 0.1448 mm 0.1016 mm 70.2
keyway (0.0057 in.) (0.0040 in.)

Ino subbase

3 ~ !(

I
!

No tiebars, 0.2108 mm 0.0330 mm I 16.0ikey't/ay, wi th (0.0083 in.) I (0.0013 i n ~ )
granular
subbase

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

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 9 Year Old Illinois PCC Shoulders

to Determine Longi tudinal Lane/Shoulder Joint Efficiency

(I-SO sections described in Table 3.2).

-

~': -;': peflection
Mean Edge Mean Edge Loacf Transfer

Shoulder Defl ect i on- Defl~ction- Efficiency
Design Traffic Lane .Shoulder (%)

0.2311 mm 0.0889 mm 3S.5
Tiebars.
and Granular (0.0091 in. ) (0.0035 1n. )

Subbase
(I ntermedi ate)

.

Ti ebars. (;ro."",\",.- 0.2464 -mm" 0.0762 mm 31.0
Subbase

(Coarse) (0.0097fn·. ) (0.0030 in.)

Tiebars. 0.2159 mm o. 1016 mm 47.0
with

No Subbase (0.0085 ; n. ) (·0.0040: in.)

.....:

Deflections measured with Benkleman Beam using 121.3 kN (27.300 Ib)

tandem axle. Procedure simi lar 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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CHAPTER 4

DEVELOPMENT OF PCC SHOULDER DESIGN PROCEDURE

This chapter discu~ses the development of a fatigue design

procedure for plain jointed concrete shoulders. The objective of

the fatigue design is to provide adequate slab thickness to control

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 ~ritical po~nt at which t~acktng initiates in'

the PCC slab is vital to the development of a fatigue analysis with'

an objective 'of co~trollihg slab cra~king~ The lb~atio~ of t~e criti- .

cal point is 'determined using bo'th field and slab fatigLie analysis

resul ts.

4.1.1 Initiation of Cracking-Field Results

·"A·few road tests have,beeDconducted where the cracking of plain

joi ntedPCC slabs was .carefull y recorded . Results from the AASHO and

Michigan Road tests arid also obs~~vati~ns made on in-service pavements

duri ng a previous research are presented.

The AASHO Road Test provides data relative to the initiation of

cracking. Transverse cracking occurred first on 61 out of 91 plain

and reinforced concrete secti 6ns and "usually began with a cr,ack

originating ata point on the edge of the pavement at least 5 feet

(1.5 m)'from the transverse joint" (1'3). Although longitudinal

cracking ihiti~ted f~rst in 'the 6ther30, ituiual)y occurs in thin

slabs 2.5 to 5.0 in.-(63-127 mm) 'and not on thicker slabs of 6 in.

(15 cm) 'or greater 'which are under cohsideration 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
to Transverse Crack, ft

0-5

5-10

10-15

Number of
Failed Sections

5

20

6
(1 ft = 0.305 m)

An example of crack initiation and progression for an 8 i~. (20 cm)

plain slab section is shown in Figure 4.1. The initiation of .most

of the cracking at the slab edge near the midpoint of the slab is

apparent. ,

Results from the Michigan Test Road (38) also show transverse

cracking to be the dominant type occurring for slabs of 8 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)

Trans verse

Diagonal

Longitudinal

30

296

7

4

20

139

6

20

15

50

a

11

Transverse cracking occurred much more than any other types ,of

cracking.

Several heavily trafficked plain jointed concrete pavements were

examined during the field survey as a part of the zero-maintenance

pavement research prQject (32) and the types of cracking noted and

summari~ed. Transverse cracking was observed in 12 pavements, corner
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cracking occurred in one, and longitudinal cracking occurred 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 developed a.t the University of Illinois,

a comprehensive fatigue analysis was conducted using the finite

element method and Miner's fatig~e damage hypothesis to determine

theoretically the critical point in the slab ,where cracking should

initiate. Two positions in ihe slab were evaluated:

1. Near the transverse joint where longitudinal cracking

initiates.

2.: At mid-slab between the transverse joints where transverse

cracking initiates.

: Th~se locations and_the direction of critical ~tresses are shown

ih Figure 4.2.

A fatigue analysis showed that when the mean lateral placement

(D) of the axle loads using the slab is less than 36 in. (0.9 m),

the critical fatigue damage is at- 0 =0 or the slab -edge, and,

therefore, cracking should definitely initiate at the outer edge of

th e slab.

The fatigue analysis also showed that the magnitude of damage for the

mid-slab edge position is much higher than the transverse joint posi-

tion when both were subjected to .the same average lane traffic. Thus,

transverse cracking would theoretically be expected to occur long

before longitudinal cracking occurred.

Hence, both fie1dandana1ytica1 res u1t s- i ndieate t hat for

normal high.vay loadings and slab widths the critical fatigue damage

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

A comprehensive pee shoulder fatigue damage analysis was developed

based upon the following:

The criti ca1 fati gue damage 1oca ti on in the shoul der is at the

slab longitudinal edge midway between the transverse joints.

- eritical edge stress~s caused by traffic loads are considered

to cause transversec'racking.

- Load stresses are compoted using a finite element program which

'has been shown to provide close 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 and accumulated according.to Miner's
hypothesis (52).

- A correl ation bet~een computed fati gue "damage" and measured

cracking was determined and 1imiting "damage" for pee shoulder

design, is selected.

4. 2. 1 pe e Fati gue

Several laboratory studies have shown that plai~ pee beams

experience fatig~e failure when subjected to high repetitive flexural

stresses (39 through 48). Also, several road tests and many in-service

PCCs'l abs have been observed to experi ence fatigue ,crack i ng when

subjected to many applications of heavy truck traffic (l3, 34).

Results from laboratory studies showed that the number of repeated

loads that PCC can sOstain, in flexure before fracture· depends upon the

ratio of applied flexural stress to the ultimate static flexural

strength or modulus of rupture. The results also showed that Miner's

damage hypothes is, whi ch ass urnes 1i near accumul at i on of damage, does
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not give exact prediction of failure of pec. 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 fatigue l·ife that is typical'ofPCe- (49). -Hence, it was con

cluded that Miner',s hypothesis represents th~ cumulative damage

characteristics of conc,rete in a reasonable manner (49).,

Fatigue data were obtained during a previous, study ,for plain PCCbeams

from three studies (40~ 49, 60). A R-Nplot~of 140 tests from t~ese studies

is shown in Figure. 4.3. The plot shows a large s~atter of data, and the data

from the three studies ~enerally overlay each other. A least square

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

where:

Log lO N = 17.61 - 17.61 (R) (4.1 )

N number of stress applications to failure of beam.

R = ratio of repeated flexural stress to modulus of

rupture.

Standard error = 1.4 (of log N).

This equation is a mean regression curve in that it represents a

failure probabil ity of 0.5 or 50 percent. Hilsdorf and Kesler (42),

for example, established curves for various probabilitiesoffailure

based upon their data, and the curve for a probability of 0.05 or

5 percent is plotted in Figure 4.3 (Curve 2). The fatigue curve

used in design by PCA is also shown in Figure 4.3 (Curve 3) which

is much lower than the P = 0.05 curve for lower stress ratios.

The applicability of these laboratory fatigue results from beam

specimens to the fatigue of actual pavement slabs under field conditions
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has never beenestabli~hed. Many differences, such as age of slab,

thickness variation, variation of pee strength, etc., exist between

laboratory and field conditions that probably result in different

fatigue responses. The complexities due to these differences are so

great and availabl~ information is so limited that any laboratory

curves used to estimate the fatigue damage in field slabs must be

"ca librated" based on field data as presented in Section 4.3. Addi

tional research on pee slab fatigue is greatly needed.

The concrete f~tigue curve used for design purpOses was the same

one used in the zero-ma:intenance design for pla in jointed concrete by

Darter (32):

Log Nd = 16.61 - 17.61 (R) (4.2)

. This expression provides a safety margin of one decade of load

applications as shown in Figure 4.3 (Curve 4), and represents probability

of 24 percent: Thi s curve wi 11 al so be used in. thi s research;

4.2.2 Shoulder Truck Traffic

Truck traffic on shoulders consists of moving encroachments near

the longitudinal joint, parked trucks with wheel loads near the out

side edge, and use as an additional traffic lane. One of the most

important factors that affects the lateral distribution of truck

traffic in the outside traffic lane is the existence of shoulders, and

whether the shoulder is paved. The encroachment of truck traffic onto

the shoulder depends mainly on the lateral placement in the adjacent

traffic lane. Available evidence (32) indicates that when there is a

paved shoulder and no lateral obstructions, there is a definite
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tendency of trucks traveling on the oute~ 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. (28 cm)

from t"e edge when paved shoulders are used and 25 in. (63.5 cm) when

gravel or grass should~rs 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 parked'trucks along a given highway section. Factors such as the

geometric layout of the section, its location relative to a weighing

station, and its proximity to an interchange 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 or.as ari 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 pce shoulder to perform its functions, the truck traffic

used in design should be based on the actual future uses of the shoulder

under its local conditions along the project. This is a very crucial

factor in shoulder design.

4.2.3 PCC Fatigue Computation

A fatigue 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 linear

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. Fatigue

"damage" is investigated at two critical locations 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 critical

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.

where:

DAMAGE
j=p i=m n..

= L L--l1.
j=l i=l Nij

(4.3)

DAMAGE = total accumulated fatigue damage over the design

n, .
1 J

period occurring at either of the slab edges.

= number of applied axle load applications of the i th

't d for the J.thmagnl u e year.

N.. = number of allowable axle load applications of the
1J

, th . t d f h' th d . d f . PC C1 magnl u e or t e J year etermlne rom

fatigue curve.
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= a c'ounterformagnitude of a'xle load, boths'ingle

tandem axle.

j = a counter for years ovet design period.

m = total number of single and tandem'axle load groups .

. p = total number ofyears in ·the design period.'

The fatigue damage is computed at each of the slab longitudinal edges
. .

because results from fi~ld observations of many joinie~ concrete pave-.

ments and analytical fatigue analysis (Sec. 4.1) showed the midpoint

betwee!1 the transverse joints at the.slab edge to be the critical

point where cracking initiates.
, .

Applied Traffic, nij : The nij is computed using the traffic data

for the year under consideration. It is computed using the

following expression:

n.. = (ADT )(T/100)(DD/100)(LD/100)(A)(365)(P/100)(C/l00)(CON) (4.4)
lJ y , .

where:
)

ADTy = average daily traffic attheend of the spec·ificyear

under consideration.

T = percent trucks of ADT.

DO = percent trucks in direction of traffic lane adjacent

to shoulder.

LD = lane distribution factor, percent trucks in design

lane in one direction.

A = rrean number of axles per truck.

P = percent axles in the i th load group.

e = percent of total axles in the truck traffi c lane

that park on or otherwise use the adjacent pce
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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 pee shoulder (used

for computing the fatigue damag~ at the inner edge).

eON = 1 no.rsingle axles, 2 for tandem axles.

Allowable Traffic, N.. : The N.. is computed from pee fatigue considera-______---'-'_----:l~J 1J

tions (as was discussed. earlier in Section 4.2.1). The loading stress

is computed at either of the two edges of the shoul der for a gi ven axle

load (single or tandem) using the finite element model discussed earlier

(Sec. 3.2). The stress models were derived using multiple stepwise

regression techniques from a factorial of data obtained from the

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

Shoulder Slab Thickness (Hl): 6,8,12 in. (,15,20,30 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 Efffclency Between

Shoulder and Traffic Lane (EFF):

Foundation Modulus (K):

Loss of Support (ERODE):

0, 50, 100 percent (See Sec. 3.2 for
definition) 3

50, 200, 500 pc i (13.5, 54.2, 135 MN/m )

0,12 in. (0.30 cm) (along the inner

shoul der edge).

The finite element computed 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

foll ows:
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Load Stress for single axle load at the outer edge of the. shoulder:

STRT = [LOAD/(18.0 H1 2)][116.36335 + 0~64672 Hl + 17.6412 H10.5

+ 15.6341 KO. 25 - 63.74884 10910 K - 2.4917 Hl
(4.5)

- 37.44179 K-O. 25 10910 B + 6.50848 K-O. 25 Hl

- 115:5093 K-O. 25 H10. 25 - 0.00123 BK + 5.00214 B/Hl]

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

STRT = [LOAD/(36.0 H1 2)][-12.1686 + 12.36292 H10. 5 - 2.09608 Hf

- 31.73886 K-O. 25 10910 B + 4.87304 H1K-O. 25

- 96.50225 K-O. 25 H10. 25 - 0.00096 BK + 0.031011 H1 2

+ 6.75862 H10.75/KO.25 - 0.06193 B(10910(H1 3/K))3

+ 4.11229 B/H1 + 140.71457 K-O. 25 ] (4.6)

Equations 4.5 and 4.6 are valid only when the width ofthePCC

shoulder (B) is less than 7 feet (2.1 m);in this case only one wheel (the

wheel at the€dge) of the axle load is applied due to the geometry of

the shoulder (the other wh~el is still on the mainline slab). When

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. Previou? studies (32) had shown that the other

wheel will increase the edge stress by 5 to 15 percent over that

caused by one wheel. 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)
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Load Stress for Single Axle Load at the Inner Edge:

STRT = [LOAD/18.0 H1 2)][78.06105 + 0.6472 Hl + 17~6412 Hl0. 5

+ 10.51771 H20. 5 + 15.6341 KO. 5 - 63.74884 10910 K

+ 144.41502 (EFF + 1)-2 + 0.63417 ,H1H2

~ 37.44179. K- 0. 25 10910 B +0.81356 H1H2K- 0. 25

- 40.8387 K- 0. 25 Hl-0. 25 H20. 5 - 0.00274 ERODE H1H2

- 0.00123 BK + 0.08268 Hl ERODE - 0.35561 H1H2 EFF

+ 0.0012 BK EFF - 135.56133 (EFF+ 1)-1.5

( 1) - 1- 0.12128 ERODE EFF - 0.94563 H1H2 EFF +

+ 5.00214B/Hl + 0.0_425 (H2 EFF/H1)5 l (4.8)

Load Stress for Tandem Axle Load at the Inner Edge:

STRT = [LOAD/(36.0H1 2)][-57.69734 + 12.3629 Hl0. 5

+ 37.03ri82 H20. 25 + 140.71457 K-O.25

- 75.80695 (EFF + 1)-0.67 + 59.34409 (EFF + 1)-2

+ 0.5065 H1H2 - 31.73886 10g10 BK-O. 25 + 0.60913 H1H2K-O. 25

- 34.11~7 K-O.25Hl0.25H20.5 ~ 0.001~ H1H2 ERODE

~ 0.00096 BK - 0.00001 BK ERODE + 0.06195 Hl ERODE

+ 0.031011 H1 2 + 6.75862 Hl0.75/KO.25 - 0.29443 H1H2 EFF

+ 0.00102 BK EFF ~ 0.06193 B(10910(H1 3/K))3

- 0.76851 H1H2 (EFF + 1)-1 - 0.01283 H2 ERODE EFF

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

LOAD = total load on single or tandem axl e, pounds

Hl = PCC shoul der thickness, inches

'H2
"

= tra ffi c 1ane slab thi ckness, inches

B = width of the shoulder, feet

EFF = load trans fer effi ciency between shoulder and

traffi c l'ane, percent.

K = modulus of foundation support (top of subbase, pci)

ERODE = erodability of support along shoulder slab edge, inches

Standard estimate of error based on 504 data points:

Single axle o'f STRT = 16'.0 psi (11 0 kPa)

Tandem axle of STRT = 12.9 psi (89 kPa)

These standard estimates of error are believed to be accep tab1e when
,

compared to the oth er unce_rta i nt ies i nvo1ved.

A computer program, called JCS-l, was developed to compute the

accumulated fatigue damage over the design life of the PCC shoulder.

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

shoulder considering fatigue damage.

4.3 Limiting Fatigue Consumption

The fatigue analysis that has been developed considers directly

the effects of traffic loadings, shoulder 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 info~-

mation. One of the most important factors 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 laboratory and field. Other inade

quacies could be cited; however, the point to be made is that the final

accumulated fatigue "damage" based.on Equations 4.5 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 material should fracture when

the accumulated "damage" equals 1.0. Even if t~iner's hypothesis were

exact, variability of material strengths, loads ,and other properties

would cause a variation in accumulated IIdamage" ranging from much less

than 1.0 to much greater.

In order to determine a limiting fatigue damage value to be used

in the design procedure, a fatigue analysi~ using the expression shown

in Eq. 3.4 was used on many in-service pavements. The field 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 sections having

15 to 20 ft (4.6 - 6.1 m) joint spacing, the curve shown in Figure 4.4

was developed. The data used for the curve were from plain jointed concrete

pavements located in various states. The designer, with the use of this

curve, can select a limiting design fatigue damage value to limit the

cracking of the pavement slabs, or once the fatigue damage value is com

puted for a given design, the cracking index ovei the design period can

be estimated.

As was di~cussed earlier in Chapter 3, during the field survey con

ducted on 1-74, it was found that about 60 percent of the 25 foot (7.6 m)

shoulder slabs had transverse cracking. The lev~l of·these cracks, however
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(Crack Index ~ 60)

is of low-medium severity, and therefore, did not affect the performance

of the PCC shoulder and it is tolerated by the highway users. The crack

ing index for this amount of cracking is25 ft/1000 ft 2 (0:08 ~/m2) .
.... ;'- ..: .'

Using Figure 4.4, the corresponding fatigue damage is between 101 and
...,

102. The amou~t of transverse cracking is much lower (0-5%) for the 10-
-\

20 ft slabs and is the reason shorter slabs are recommended in this research.

This means that shorter slabs under similar environmental and traffic

conditions can carry much more traffic before they reach the cracking

index of the 25 foot slabs. It is belleved 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 2 (0.08 m/m2) is recommended to

be used as a design limiting criteria for PCC shoulders on heavily traf

ficked highways (this corresponds toa fatigue damage of 103 from Fig. 4.4).

Recommen~ed fatigue damage values for high, medium, and low traffic volume

pavement shoulders are as follows:
Low Traffic Volume = 10+5

(ADT of the mainline -< 2000)

Medium Traffic Volume =-10+4

(2000 < ADT -< 20,000)

High Traffic Volume = 10+3

(ADT > 20,000)

(Crack Index ~ 48)

- 'V
(Crack Index 'V 35)

A computer program was written to provide fatigue data for use

in des i gn. The program is des i gnated JCS-l (Joi nted Concrete Shoul ders -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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wi th only mi nor modi fi ca ti ons. The computer process i ng ti me for a

design problem is about 9 seconds for analyzing a range of shoulder
•..

thicknesses. The storage requirement for the program is 40,000 bytes
;,;

(storage area). An input guide, sample input/output, flow chart,

and program listing are given in the Appendix. The d~signer must

specify trial structural designs, determine the required inputs,

run the JCS-l computer program, and analyze the output fatigue data.

The _program is written to analyze any one or a combination of shoulder

thickness, mainline slab thi~kness, shoulder width, and mainline/

shoulder tie and provide outputs for each ·combination, while holding

all other inputs constant.
._-

The designer can therefore examine a range of shoulder designs

for a given traffic, and foundation support with only one run of the

program. A complete d~t13:iled example of PCC shoulder structural design

is gi ven in Chapter 5'.

4.4 Structural Design Inputs

The PCC shoulder design procedure requires the selection and/or

determination of several important factors related to the PCC shoulder

slab, traffic, foundation support, and traffic lane/shoulder tie.

Specific guidelines for the determination of each required input are

provided in this section.

4.4.1 PCC Shoulder Design Life

The actual shoulder life in years over which it is desired to

provide structural low-maintenance performance is input. This time

period may range from 1 to 40 years. Normally, the design life would

range from 15 to 40 years. for new construction. In certain instances,

such as rehabilitating the traffic lane by constructing PCC shoulder
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adjacent to it. a shorter interval may be desired. This interval

depends mainly on the remaining design life of the traffic lane ..

The computer program developed cannot accept a fraction of a year.

such as 20.5 years. Only whole years should be. input.

A design life can be separated into two or more analysis periods

if conditions warrant. For example. consider a pee shoulder under

design for 20 years. If i·t 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 coul d be re-run for the next 10 years wi th a modifi ed axl e

load distribution. and other necessary changes in input par~meters.

4.4.2 pee Slab Properties

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

slab thickness can be selected for analysis. Based upon the results of

this trial. other combinations of traffic lane/shoulder thicknesses can

be tried if needed until the limiting de.sign 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 cm). For the pee 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 the original .data deck to speci fy

other trial thickness combinations as indicated in Appendix A input
. .

guide. Since both traffic lane and shoulder slab thicknesses are

inputs. this computer program. could be used for either new construc-

tion of PeC·shoulder adjacent to new pec traffic lane (which should
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be designed using different procedures) or rehabilitatio~ of ari existing

PCC traffic lane by constructing PCC ~houlder adjaceni to it.

Shoulder Slab Width: "Shoulder slab widthisan important input

because of its effect on the structural behavior of the shoulder under

traffic loadirig. Its importance extends to the ge~~etric layo~t 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 co~puter program~ On the other

hand, if the shoulder width 1S to be chos'en from the shoulder structural

behavior standpoint, then any number of shoulder widths can be analyzed

until the limiting desig~ criteria are met. The range of the shoulder

~idth that was used in development of the design procedure was j to 10 ft

(0.9-3.0 m). The computer program is set up so that the des i gner can

input several shoulder'widths" in combination 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 PCC Modulus of Rupture: The mean modulus of rupture at

28 days as determined by the test procedure speci fied inAASHO

Designation T"97, using third point loading, is the.basis for deter:"

mining concrete fle~ura1 strength. Current practice for conventional

paverrents indicates that this value ranges from 600 to 750 ps'i (4140 to 5170kPa).

Alternate designs using a range of concret~'strengths may be developed

to compa re the economi cs of des i gns. . Agenci es use compress i ve·

strength to determi ne the modul us of rupture from compress i ve

strength. This relationship was derived from strength correlation

studies (32):
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where:

FF = 10.0 (C5)0.5

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

C5 = compressive strength, psi

(4.10)

Coefficient of Variation of PCC Modulus of Rupture: The modulus

of rupture of the concrete varies from point to point in th~ slab

and this variation has significant effect on pavement performance

(53,54). Therefore, it is important to consider this variability in

structural design where a high degree of reliability must be obtained.

The coefficient of variation ;s defined as follows:

Coefficient of variation(%) =- me~~a~~~:1u~e~~a~~~~ure x 100 (4.11)

Many transporta ti on agencies have studi ed the quality contro 1 of

concrete and have information available for their construction proce-

dures and specifications. Field data indicate that the coefficient

of variation ranges from approximately 5 to 25 percent for excellent

to poor quality control, respectively. A mean of about 12 percent can

be considered typical for highway paving, and most PTojects range

between 10 and 15 percent. It is recommended that construction

control be adequate to limit the coefficient of variation of concrete

to 15 percent or less.

The 28 day mean modulus of rupture (F28 ) adjusted for concrete

variability that is used in de~ign, is obtained from the following

expression:

F
F28 = FF(l - C l~~)

100

(4.12)



where:

FF = mean modulus of rupture of the pee at 28 days, 3rd

point loading, psi

F = coefficient of variation of modulus of rupture, %cv
e - 1.03, a constant representing a confidence level of 85%

4.4.3 Tra ffi c .

Traffic data are needed to estimate the number of applications of

single and tandem axles for each load group that will use the pee .
shoulder throughout the design period. These data are used in pee
shoulder fatigue analysis.

The prediction of traffic for design purposes must rely on infor

mation from past traffic, modified by factors for growth and other

expected changes. Most states accumulate past traffic information

in the format ~f the Federal Highway Administration W4 loadometer

tables, which are tabulations of number of axles observed within a

series of axle load groups. These tabulations are in a convenient

form for use in fatigue analysis. Special consideration must be

given to heavy axle loads that are outside legal limits (overloads).

The effect of the overloads on the 1i fe of the concrete shoul der

is very seriousandmust be fully considered in pee shoulder

structural design.

Average Annual Daily 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 Peri~d: The

average annual number of vehicles that use the highway daily in both di-

rections at the 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 pick4P~

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 lanal distri-

bution of trucks varies with many factors including number of lanes,

urban/rural location, trafflc volume, and percent trucks. This parameter

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 pr~dic-

tions with measured data:

a. Four lane rural

LD = 96.39 - 0.0004V
I

b. Four 1ane urban

LD = 95.76 - 0.0005V

c. Six lane urban

LD = 60.76 - O.0004V + 1.3174T

where:
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LD = percent total t~ucks in one direction in heaviest traveled

lane (i.e .., 100 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 a~dten lane urban fre~ways have lane distribution values

ranging from approximately 40 to 60 percent:

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

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

truck traffic to one-directional truck traffic.

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

from manual counts of W4 loadometer tables by diViding the total number

of truck axles that pass over. a section of the highway (single axle plus

tandem axles which are counted as one axle) by the number of trucks that

pass the.samesection . .The value of mean axles per truck ranges from2.1

to 3.0 depending upon the traffic mix. When pickups and panels are ex

cluded, it ranges from about 2.5 to 3.0 with 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 a~d traffic. There are three types of traffic

that use PCC shoulders: encroached traffic, park~d traffic, and regular

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

line. The encroached traffic travels normally in the vicinity of the main

line /shoulder joint 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 can be used to compute the number of load appli

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 lane truck traffic in one direction

(L IT )( 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 is obtained by dividing

the total encroachment distances in the surveyed stretch (step 3) by

the length of the surveyed stretch (LS).

(5) Hehce, the proportion of encroaching 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 = =LT.:...,;T:.--:..;x.,....:N=-=E:;......:.,:x-:E::,:D=---_
LS x LTT

This expression can be reduced to the following:

(4.13)

where

PET = .:..:.;NE=-:-:::-x-=E:..:;,.D
LS (4.14)

NE x ED = Average length of total encroachments per truck

. in the surveyed stretch, miles

LS = Length of surveyed shoulder stretch, miles

The NE x ED and LS are inputs to the computer program. Various calculations

show the PET may vary over ranges of approximately 0.01 to 0.08 (1 - 8 percent)

of the adjacent lane truck vol~me.

This above procedure was used on 1-75 at Perry, Georgia (2). Out of

all the trucks that use the ~ighway, approximately 2.4 percent encroach

on the outside shoulder. The truck wheels wer~ found to be concentrated

primarily within about 12 in. (30.5 cm) of the longitudinal joint with
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an average transverse encroachment distance of 7.1 in. (18 cm). This

tends to justi fy the use of the full percentage of encroached- truck

traffic for structural PCC shoulder design.

Taragin (56), as a part ofa study by the Highway Research Board to

determine the relative ~ffects of diff~r~nt magnitudes and configura

tions of axle loads on PCC pavements, 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 with either unpaved or different

types of paved shoulders other than PCC in service. This suggests that

the above percentages could be different when pec shoulders are in

service. The location of the shoulder stretch under design could also

affect this percentage. These factors make the traffic survey of the

local condition of the highway a necessity.

b. Parked Traffic: Is the percent of mainline truck traffic that

parks on the shoulder for emergency reasons or otherwise. This input

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 near to ramps at interchanges. If this occurs,

specific design sections should be selected.

As for encroaching traffic, it is necessary to compute the number of

expected load applications that will occur along the outer shoulder edge

in the selected design section. This is computed as follows:

(1) A length of project must be selected that is representative

of the design sectlon (DL).
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(2) The ADT, T, and DO in the section must be determined.

(3) The mean l.ength that a truck drives on the shoulder during

a typical stop is determined from actual observatio'ns (PL).

(4) . The mean'numberof trucks that actually used the shoulder

in the design section. for park.ing is determined by visual counting over"

a typical 24 hour.period .. It :should be note.d that most parking occurs

during the very early mo~ning hour.s and. therefore this period of time

must be included.·

(5) The percentage of trucks that park on the shoulder is th~n

computed. The design section is divided conceptually into "subsections"

of length PL. It i.s assumed that probability ofa truck tb park on

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

1p = DL/PL

Thus, the percentage of total truck traffic in one direction that parks
. 1

on ~ random "subsection" (PPT) h computed as

PPT = N x P x 100
ADT x T x DD (4.15) ,

where N = average number of parked trucks/day

Preliminary surveys and calculations show that the PPT may range from

percentages of 0.0005 to 0.005.

The total of the proportion of encroached as well as parked truck

traffic is used as an input for encroached traffic percentage due to the

fact that any truck has to encroach in order to park on the shoulder.

c. Regular Traffic: If it is anticipated that the pee shoulder would

be used by regular traffic at any stage of its design life, then this extra

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

be increased accordingly. The ultimate case is to design. the shoulder as
. '.

an extra lane by considering its traffic to be similar to the mainline

outer lane truck trafficL The outer-and the inner edges of the pee shoulder

would carry such traffic and, therefore, therpercent of encroached and
,:..,1 , .

parked truck traffic in the computer program should be adjusted accordingly .

. Axle Load Distribution: The average percent of iotal load applica~

ti onsoccurri ng within specified load groups (usua lly 2000 pounds (8.9 kN)

range) must be estimated for the entire design analysis period. If a legal
~. " .

load limit change is expected; it should be included in the analysis. Most

important by far is the· distribution of loads in the heavy axle loads

groups (i.e. ,above 18;000 pound (80 kN) s1ngle ~nd 32,000 pound (142 kN)

tandem).' Rpsults from field surveys and' interviews (35) indicate that
. _,' i. : .j ")'" .

for nearly all major highways, a significant percentage of axles are above

the legal, limits .. 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 usually give accurate estimates 'of

the overload distributionpue 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, recolTTllended that spot wei ght studi es be 'conducted .

on the existing or simila~ highways to esta~lish the existing. distribution,

and then that this distribution be modified_to account ror any anticipated

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

Modulus of Foundation SUP8ort: The finite element model used in

this research uses the assumption that the subgrade acts as a dense

liquid which is the same assumption made by Westergaard. The k-value,

representing the modulus of subgrade reaction, can be determined by run~

ning a plate bearing test using a 30 in. (76 cm) plate. Details of this

test are given in ASTM designations 01195 and 01196 or AASHO Designation

T-221. The k-value of the sub~rade can also be estimated from soil classi

fications (57). A set of curves were developed at the University of

Illinois (35) based on the AASHO classification system.

If a subbase is used in the design, the k-value on top of the subbase

must be determined. Using a subbase stiffens the foundation. Curves have

been developed using the elastic layer theory relating the k-value of the

subgrade to the k-value on top of the subbase for various materials and

thicknesses in Reference 32 for unstabilized Qranular, asphalt stabilized,

and cement stabilized materials.

Erodability of Foundation: The amoUnt of erosion of the subbase

at any time is expressed as the width'in iriches ofa rectangular strip

parallel to the pee shoulder inner edge (longi·tudinal joint) that has

no contact with ·the pavement slab. The e~odability in inches at the end

of th~ design period is input into the computer program. The erodability

at the beginning of the design pe~iod'isassUmed to b~ zero iri the program.

The amount of erodabilHy 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 erodabi 1i ty of the subbase wi 11 depend on many factors ,i ncl udi ng

subbase type, available moisture, settlement of subsurface drainage, etc.

Subbases that are densely graded and contain consid~rable amount of fines

may pump significantly in a wet region. An erodability of up to12 in.

(30,5 cm) under the inner edge of the shoul~er is considered to bea

reasonable amount which is equivalent'to a seitlement of a subsurface

drain, for exampl~.

4.4.5 Traffic Lane/Shoulder Tie (Joint Efficiency)

Properly-tied pee shoulders to either new or existing concrete pave

ment serve to stiffen the traffic lane and thereby decrease the deflection

and consequent pumping near the longitudinal joint. The method .of tieing

the pee shoulder to the mainline concrete pavement is a primary factor

in determining the magnitude and the extent of the load transfer effi-

ciency across the longitudinal joint throughout the design life. Therefore,
~

some recommended methods for constructing tied concrete shoulders to both

new and existing traffic lanes are discussed.

Provision of adequate load transfer when providing a pee shoulder for

an existing slab can be accomplished through closely spaced tiebars.

Holes are drilled in the edge of the existing slab. This could be done

with a tractor mounted drill that can drill several holes in the side of

a mainline slab at one time. Tiebars are installed in the holes with epoxy

or a non-shrinkage cement grout. The length of placing 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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possibil ity 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 lo.ss of the load transfer.. The possibility of upward

heave or drop-off of the shoulder in the area between the bars will also.

be substantially .reducedwhen -a short·tiebar spacing is used « 24 in. (60 em)

is recommended) since there will be more steel to hold the lane/shoulder

together. A shoulder upward heave and spalling of the lane concrete

problems were experienced in Pennsylvania and New York where two-piece

tie bolts 60 in. (152 em) center to center, were used to tie a 6 in. (15

em) concrete shoulder with the existing mainline pavement.

On 1-80 in Illinois the shoulders were tied to the mainline slab

(smoother edge) with No.4 hooked bolts of 15 in. (37.5 em) in length
. . '.

(embedded in the shoulder), turned into a 2 in. (5 em) snapoff expanding
,.

end anchors set into the edge of the mainline slab at 30 in. (75 em)

intervals with a pneumatic hammer.
, \., ... I ~ J

Recent measurements of this project
" .

showed that the ·traffic lane/shoulder joint deflection efficiency was

poor and ranged from 31-47 percent. The joint had opened an average

of about 3/8 in. (10 mm) and many of the bars had spalled the concrete

directly over the bar in the traffic lane (where the 2 in. (5 cm) snap

off expanding and anchors were set). Some of the bars were set within
" . " ,

2 in. (5 em) of the surface which also contributed to ·the spalling and
. ; ~

loss of load distribution transfer. It is bel{~ved that placem~nt of

bars at slab mid-depth would minimize any potential spalling.

The practice of not placing tiebars within 30 in. (75 cm) of the

transverse shoulder joint results in loss of load transfer along 60 in.

(150 cm) of traffic lane.
,

On one CRCP project in Indiana (I-~5), several
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edge punchouts have occurred within this area because of no load transfer.

Based upon results from the 1-74 and 1-80 projects in Illinois, tiebars

may ,be placed much closer to the transverse shoulder joint, such as one

half the normal tiebar spacing without any problems.

In the case of new construction, tiebars can be inserted into 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, and then the other half is screwed into

the coupler before the shoulder is added (6, 8, 58). A keyway can also

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

experimental shoulder sections built on 1-74 in Illinois. The extent

of load deflection transfer efficiency on 1-74 is still quite high (70

laO percent) after 10' years in service. This shows that with 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 1-74 (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 complete loss of joint efficiency along with an upward

heave or a drop-off in the pee shoulder.

The following tentative recommendations are provided for longitudinal

design efficiencies for. various types of joints. These values represent

approximate efficiencies after 10-15 years of heavy traffic loadings. The

estimates of deflectio~ 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

30 in bar spac- 60-80 25-42
i ng
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 sealed with an effective sealant. This

will reduce the possibility of foreign materials to collect inside the joint

and consequently reduce the potential of the joint to spall, and also minimize

the amount of deicing salt to penetrate to the tiebars. There was significant

corrosion of tiebars on I~80 after 11 years which shows the necessity of either

a good seal or provision of corrosion-resistant tiebars to insure a long-term

structural adequacy of the bar in transferring the load across the joint (if

pavement is subjected to deicing salts).

Cross-slope of the bottom surface of the concrete shoulder should be great

enough to permit drainage away from the longitudinal shoulder/pavement 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 where 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 designer must specify trial structural design~, determine the

required inputs, run the JCS-l computer program, and analyze the output

fatigue data at the two PCC shoulder critical locations. The program
',. .

is written to analyze anyone 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 combjnations of the above four .factors for a

given traffic and foundation supportwith.only one run of the program.

An example of fatigue results has been plotted in Figure 4.5 for·

design of PCC shoulder of a major h~ghway 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 obt~ined f~om t~eJCS-l

program is plotted 'as shown, to select minimum slab thickness bas-

ed on limiting fatigue damage criteria. The mini~um slab thickness

allowed for a limiting fatigue damage of 10+3 'is 7.3 {n.(lS.5 cm). 'Slab

of any leSs thitkness wo~ld exceed this limit. For example, if a 6.5 in.
7· .

{16.5 cm)~lab wer~ constructed~ a fatigue damage of over 10 wtiuld occur

at 20 y~irs de~ignperiod and hence would not be acceptable f6r struc-

tural des"ign.

The program requires the input of a specific structural section as

well as shoulder width, materi~l propefties, foundation, and traffic

inputs. Parameters whith are fixed f6r ~ given design situation include:

mainline slab thickness (in case of rehabilitation); traffic, and founda

tion support factors. Parameters which can be controlled by the designer
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and their typical ranges include:

a. PCC slab - shoulder sla~ thickness (6 to 12 inches (15 to 30 cm))

mainline slab thickness (in case of new const~uction

8 to 14 inches (20 to 36 cm)

shoulder wi~th (3 to 10 feet (0.9 to 3 m))

modulus'of rupture (600-900 psi (4140-6200 kPa))

b.Load transfer across the mainline/shoulder joint

c.Subbase - type (granular or stabilized)

- thickness (4 to 24 inches (10 to 61 em))

There are many possible ~lternatives thatc~n be developed that meet

the PCC shoulder limitirig'design criteria and several should be examined

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 o~ the design procedure requires construction

of the reconmended designs' in various cl imatic regions and observation

of their performance over the structural design life. In lieu of this

costly and time consuming procedure, a reasonable verification can be

obtained by comparing the design of the two experimental plain jointed

concrete shoulder projects built in Illinois (1-74 and 1-80) with the

new design, using JCS-l computer program, of the same projects. The

new design period would be set equal to_the existing life of the projects

under consideration, the design inputs would be .the as-built construction

data and the traffic applied to the project since its construction. Thus,

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 mainline pavement and

the shoulder (material strength, geometry, mainline/shoulder tie, thick

nesses, etc.) were obtained from lOOT. Traffic data over the life' of

the project 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. Conclusio~s were made upon this compar-

ison.

The results from each of the projects is discussed in the following:

1. 1-74 (near Peoria, Illinois)': The existing shoulder is 10

years old with PCC shoulder.slab thickness of 6 inche~ (15,cm), mainline

CRCP slab thickness of 7 inches' (18 cm), shoulder width of ,10 ft (3.05 m).

The load transfer system used across the traffic lane/shoulder joint

consists of #4 tiebars 30 in. (76 cm) long with 30 in. (76cm) bar spacing.

The foundation that supports the' shoulder is Sin. (12.-5 cm) of granular

subbase on top of a fine-textured subgrade.

The 10 and 25 ft (3 ~nd 7.6 m) long shoulder slabs did not require

maintenance so far and are performing quite satisfactorily. The thick

ness of shoulder slab provided by the structural design procedure developed

in this research was 6.0 in. (15.0 cm) with fatigue controlling the thick-

ness as shown in Figure 4.6. As could be seen, the existing shoulder

slab thickness is compatible with the one provided by the new design

procedure. Thus, the new design procedure would be expected to provide
.

a PCC shoulder that will last for at least 10 years with a minimum mainte-

nance required.
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2. 1-80 (near Joliet,' Illinois): This pavement is 9 years old,

it has an 8,in. (20 cm) CRC mainline pavement tied to a pce shoulder

with slab thickness of 8 in. (20cm) 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 jointspac,ing, is 20 ft (6.1 m).

Similar to those on 1~74~,the shoulder slabs did not require any

maintenance and are in a .very acceptable condition .. The existing struc

ture of this PCC shoulder. was redesigned (Figure 4.7) using the"new

design procedure and, found to be ",compatible with the existing structure.

Thus, here also the new design procedure is expected to provide a pee

shoulder that will last at least 9 years with a minimum maintenance

required under the same traffic and otherwise conditions that exist on

1.,80.

Overall, whil~ it is desirable to obtain additional data for further

verifi~ation, the available results show that the new design procedure

gives design that is compatible with the existing; design practices that

have provided long-term no-maintenanc~ p~rformance.

The design inputs and the assumptions that were used in re-designing

the above two projects will be discussed in detail in Chapter 5 when a

PCC shoulder is designed, using the new design proc~dure, under typical

conditions (such as those on 1-74 and 1-80), as a PCC ·shoul~er design

example.
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Figure 4.7. Structural Re-design of pee Shoulder on I-80, Near
Joliet, Illinois.
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CHAPTER 5

SHOULDER DESIGN EXAMPLE

This design example is for a PCC shoulder located on a stretch

of 1-80 near Joliet, Illinois. The existing paved shoulder has

reached a poi nt of severe deteriora ti on requi ri ng compl ete recons truc

tion. Moreover, the mainline 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 CRe slab. Edge punchouts ,have occurred to·

the extent that major rehabilitation of the pavement is needed

before deterioration becomes excessive. Construction of a pec shoulder

was selected as a method of rehabilitation to replace the existing

deteriorated shoulder and to improve the performance of the adjacent

traffic lane through edge support. The desired'shoulder design period

is 20 years. Details on selection of structural design inputs, inter

pretation of the computer program output, and selpction of structural

design are dE~scribed. 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 life, shoulder slab properties, traffic, foundation

support, and traffic lane/shoulder tie are determined as reconrnended

in Chapter 4.

5.1 Structural Design Inputs

5. 1. 1 Des i gn Life

The desired period of the pee shoulder life is 20 years. However,

125



the pavement should perform for several additional years beyond 20

with routine maintenance before major 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 slabs

to provide a range of results which should encompass the appropriate

slab thickness. The adjacent CRCP traffic lane is 8 in. (20 cm) thick.

2. Slab Width: A shoulder slab width of 10 feet (3 m) is

standard practice for use on Interstate hi ghways to accomodate emergency

stops and other uses by the traveling vehicles.

3. The pce shoulder slab length is not an input variable for

the design procedure. Recommended length is 15 ft (4.6 m) as was

previously discussed (Section 3.3).

4. Mean pec Modulus of Rupture: The mean modulus of rupture,

third point loading, at 28 days curing that will be used in this

design example is 750 ps'i (5171 kPa).

,5. Coefficient of Variation of pce Modulus of Rupture: An

average coefficient of variaiicin of 10 percent for the pec used in

the shoulder con'struction 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 estimated to be 17,100 vehicles.

2. Average 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. Percent Trucks of ADT: The average percent of trucks including

panels and pickups, is obtained 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 (outer lane) is calculated

using the 4-lane rural equation, as recommended in Section 4.4.2, as

follows:

LD = 96.39 - 0.0004V

= 96.39 - 0.0004 (17,000 + 39,100)
2 '

= 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.

6. Mean Axles Per Truck: Traffic data of the 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 stre,tch was surveyed and an average length of total

encroachments per truck over the length of the surveyed stretch was 0.24

miles (0.39 km) (obtained by multiplying the NE = 4.8 by the ED = 0.5 mi.

as described in Section 4.4.3). This provides 2.4 percent trucks encroach

ing on the shoulder (0.24/10,x 100). This estimate was obtained by follow-

ing behind randomly selected trucks and recording the length of their

encroachment over the 10 mile (16.1 km) section.
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b~ Parked traffic: , The percent'trucks parked on a specific

slab of the shoulder is estimated as follows: The surveyed shoulder

stretch is 2 mil~s (3.2 km)i Observations indicate that a truck drives

on the shoulder an avetage 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 coulq range from 1 to 25 with a mean of about 9 per day.

This range is used in design as an example. Following the procedures

in Section 4.4.3, the percent of parked trucks of total truck traffic

in one direction is computed as follows:

1 Parked Truck/day

PPT = N x P x 100
, ADT x T x DD

1 1 '
= x 10560/200 x 100

28100 x .21 x 0.5

= 0.00064 .percent

25 ParkedTr~cks/day

PPT = 0.00064'x 25 = 0~016

8. Axle Load Distributio~: The axle load distribution was esta-

5.1.4 Foundation Support

The shoulder will be placed on embankment materials mostly fine

textured. The soil is an AASHO Classification A-6 and A-7-6 materials.

128



The materials are principally relatively thin glacial drift of ~~isconsian

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 slab. The k-value on top of the subbase is estimated using

Reference 32 to be about 200 pci (54.2 MN/m3).

The initial erodability of the shoulder foundation is zero and

the final erodability is estimated to be 8 in. (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 load transfer

across the longitudinal joint.

An average value of 80% (based on deflection) will be used for the

load 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 load 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 necessarily the same degree of the efficiency when it is
~,' -,

defined as the ratio of the flexural, stress experienced by both slabs at the

joints. The finite element model used in the analysis does not take this

factor into consideration. Thus, an adjustment for the difference between

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 adjustment curve which can be used in design. Figure 3.2

is plotted to show the relationship between the Lo~d Transfer efficiency·

based on deflections and that based on stresses and used for adjustment.

Thus, for this design example, with 80% LT efficiency (based on deflection)

and using Figure 3.2 for adjustment, 42% LT efficiency (based on stress)

is obtained and will be used for design.
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5.3 Selection of Structural Design

The results given in Table 5.5 are plotted as shown in Figure 5.1.

The minimum design slab thickness at the inner and outer edge of the

shoulder are determined as indicated (although the inner edge thickness

is shown as 5.1 in. (13.9 cm), a minimum of 6 in. (15 cm), as reconmended

in Section 3.3 will be used):

Outer edge minimum thickness = 7.3 in. (18.5 cm) due to ~arked

traffic

Inner edge minimum thickness = 6.0 in. (15.0 cm) due to encroached

traffic with 80% LT Eff. across the

joint

Therefore, for this design life, slab properties, traffic. founda

tion sup~ort, ~nd traffic lane/shoulder j6int"load transfer condttions,

a structural design thickness would be 7.3 in. (18.5 cm) minimum of pee

over an 8 in. (20 cm) of open-graded granular subbase.

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

(3.2 k~) surveyed stretch from 25 trucks pe~ day to onlj one truck ~er

day as discussed earlier in Section 5.1.3. the structural design thick

ness of the pee shoulder would be reduced to'7.0 in. (17.8 cm) as shown

in Fi gure 5.3.

The previous structural design selections (Figure 5,'1) were obtained··

for a specific subbase, shoulder width and concret~ strength. There are'

other alternatives, however. which could be analyzed in order
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to obtain the most economical structural 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 varied as shown. Required thickness varies from 6.0 in. to 7.4 in.

(15.0 to 18.8 cm) depending upon the values of the design parameters

controlled by the designer. Each alternative should be further

designed and economic analysis conducted to determine the most

economical alternative.

5.4 Final Design Selection Relative to Cost

A complete cost analysis of the alternative designs that meet the

limiting criteria must be conducted. Since low shoulder structural

maintenance is expected over t~e 20-year design period, the cost

analysis can be based upon the first cost of the pavement. The

de~ign 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 situations. 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 5.30. A change in

foundation conditions from no subbase over clay subgrade to 8 in. (20

cm) granular subbase to 6 in. (15 cm) of cement stabil ized subbase reduces

the requi red shoul der slab thi ckness by about 0.2 in. (0.50 cm), and 1. 1

in. (2.8 cm), respectively, as shown in Figure 5.3c. The variation of

PCC strength shown in Figure 5.3d is indicated by the coefficient of

variation from excellent quality control (5 percent) to poor (20 percent)

causes an increase in required.PCC shoulder slab thickness of approxi-

rna te 1yO. 7 in. (1. 8 cm).

The effect of increasing the number of trucks that park on the

shoulder stretch from 1 truck to 25 trucks per day as shown in Fig~re

5.3 produces a change in required PCC should~r slab thickness of 0~3

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

Axle Load Group
(kips)

Single Axles

6~3
3-7
7-8
8-12

12-16
16-18
18-20
20-22
22-24
24-26
26-30
30-32
32-34

Tandem Axles

Design Axle Load Distribution
(percent)

5.75
10.33

7.76
20.54
4.37
1.77
1.02
0.54
0.34
0.14
0;04'
0.01
0.01

0-6
6-12.

12-18
18-24
24-30
30-32
32-34
34-36
36-38
38-40
40-42
42-44
44-46
46-50
50-52
52-54
54-56

TOTAL

0.27
13.34
7.05
5.51

14.92
3.61
1.4
0.5
0.25
O. 16
O. 11
0.08
0.07
0.07
0.02
0.01
0.01

100.00

(1 kip = 4.444 kN)
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Table 5.2. Listing of Computer'·Prograin Inputs for Example Design Problem
for 9-in. Shoulder Slab.

PO~7LAHD CE~E~i CO":R~TE PLAIR JOINTED
Pr.Vt.:H::iT SIiOLiLj,;=:?S DL:SIGN PSO';i(A,'1 (JCS-l).................•....... ~ ~ ~ .

PROi:llE.'! • 5
PCC SHOULDEn DZSIGN ON I-8~ ~~Aa JOLIET, ILLINOIS

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
D?Ur Dr.TA...........

DESi.~N CRIT~nIA

••••••••••••••••
SIiOOLDEa DESIGN LI~Z (Y EARS)

SLAB (':lO?l::RTIES
•••••••••••••••••

SHOULJLIl TIIICKSESS - INS.
T~AiflC LANl T~ICKNESS - INS~.

SilOUI.UEll1oil I:TII - FT.
~~AN PCC MC~ULUS O? R~p~unE (2d-DAY~ - PSI
CO~FFICIENT OF VARIATION OF pet MOUULUS OF RUPTU&E - ~

LOAl.I THAHS~E:l EFF. [lrrijLE~ ::illOULDr:S ASD T!'l.\i'FIC L.\1:£- ~

TRAffIC
••••• -CI ••

AV£IlA~C DAILY TRAPPIC AT DEGINNING O? UESI;H PENrOD
Av~aa~~ UA1LY TRAFFIC AT !NU 0; D~Sl~~ PEalOD
PZRl2~T TRUCKS OF ADT
PE~L~Si raUCKS IN h~AVIEsr TRr.VELED OR DESIGN LAUE
~ErlC~ST DIJ~CTIOSAL DL~TJluU1IO~

r.LA~ AXL~S P~R T~UCK
LEl'..:r.1 OF SUIlV;;:Y ED Si!OULD~n STH i::'ICH - 11 I.
.H. L;::SGTH OF' :OTAL E!ILUC:,Cill:l::"iS PC:H 'i'aUCK IN 'lilf: Sii. STRETCiI
O>::IIC:;;::'£ Of 'l':lUCi<:i 'LiAT PH::< CJ:I Ti.: SiIOULDl:ri
NU~JE~ OF SI~GLL AXLE lCA~ l"TE~VALS
~U~u~d OF TA~D~~ AXLE LeAD i~'I~RVALS

(1 in. = 2.54 em)
(1 psi = 6.894 kPa)
(1 ft = . 3048 in.)
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20.00

9. 1))
0.00

10.00
750.00

10.00
42.. 00

171·J).
391JO.

21.00. us. 15
50.00

2.60
10.00

i'!I. O.2~J
0.01600
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Table 5~2.Continued.

S.l.L. DISTRIBUTION TADLE
WEIt;liT R"~GE PEilCENT

(POUNDS)

O. - J-) )0). 5.75
3001. - 700 O. 10.33
7001. - 8000. 7.76
B ) 01. - 12)')J. 2:>.5ij

12001. - 16000. 11.37
16001. - luOOO. 1.77
18 »!. - 2) ,).) J. 1. J2
20')01. 22000. 0.511
22001. - 211000. O.H
~IIJ)l. - 26)1 J. 0. 1ij
26001. - 30JOO. 0.011
.30001. - 32000 • 0.01
.32)01. - HJJ) • u. J 1

T.A.L. DISTRIBUTION TA lJ LE
Wr IGliT R.a. :IG E PEilCENT

(POUNDS)

O. - 600 O. 0.27
6001. - 1200). 13.311

12001. - 10 ')00. 7. 05
laOOl. - 211000. 5.51
211 » 1. - ].) ) »). 14.92
JOOOI. - 3200::>. 3.61
32001. 311000. 1. II J
JII »1. - 36»), 0.5.)
36)01. - 3d 00 O. 0.25
38 I) 01. - 110000. O. 16
II»)!. - 42)) ). J.11
42001. - 1111000. 0.08
114001.· - 4[,000. 0.07
116))1. - 50»,). 0.J7
50001. - 52000. 0.02
52JO 1. - 511000. 0.01 .
54) ') 1 • - 56JJ.). O.Jl

FOUND~rION SUPPO~T
•••••••••••••••••••

D~Sl~" nODULUS OF FOUNDATION SUPPO~T (Kj - PCI

EROD~BILITY OP' rOUND.a.TION AT BEGINNUG OJ> D~SI~11 PERIOD (DS.j
J:;RODALll.LITY O~ fOUNDATION AT LND OF i);:;SIG:I Pi:HIOD (Il/S.)

(1 bf = 4.448 N)

(1 pci = .271 MN/m3)
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. Table 5.3. Results From JCS-l Computer Program for 9-in. Shoulder
Slabs. :~Q

PO~TLA~D CE"~NT CONcnETL PLAIN JOINTED
. PflVi:;~::';/;j' SI\OULD.;HS LlL:;lG:~ Pi.(J';iIAII (JCS-l)..............•.........•..........•........•..............•... , ......••......•...•.••

PIlODLEI1 • 5
pcc S~OULO~i DlSIGU ON 1-80 NlAfl JOLIET, ILLINOIS

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
RESOLTS - ACtU~ULATEO rATIGOE DAMAGE Of P.C.C. SHOULOER••••••••

SU~M~RY POR DESIGN PIRIOD

YEAR PARKED TRArnc ENCROACHEO TflAFPIC

1 0.332 [:-011 0.3320-07

2 0.3520-011 0.11500-07

3 0.372 0- 011 u.6J8D-J7

II O. 392t- 011 0.8200-07

5 0.1I120-0li 0.1110-06

6 O.1I32D-~li o. 11190-06

7 0.li520-04 0.2000-0b

8 0.472 D-OII 0.2690-06

9 O. 1192 r:-Oll 0.3610-06

10 0.5i2D-OIl 0.11840-06

11 .). 532 D- 04 J.61l90-J6

12 0.552D-OII 0.8690-06

13 0.5720- Oil 0.1160-05

lli . O. 5920-04 J .,1560-0 5

15 0.£'12r:-01l 0.2080-05

16 O. fi32D-01l 0.27':1D-05

17 0.652 r:-04 0.3720-05

18 0.672D-04 0.11980-05

19 0.6920-011 0.6650-J5

20 0.7 In- 04 0.8080-05

TUTAL fATIGUE OA~AGE roa tESIGN PE~lOO DU~ TO P~HKEOT~AFFIC IS

TOTAL i'ATIGUE DA,UGE fCR DLSIGS P~bIOI) DUE TO LNcnOACIIEO TRUfIC IS

\~1

0.10110-02

0.351D-OII



Table 5.4. Surrmary of Fatigue Data for Example
Problem Design.

Fa ti gue Damage
Slab Thickness

in inches Due to
Parked Traffic*

Due to
Encroached
Traffi c

5 4.81 x 1024 3.53 x 103

6 5.74 x lOll· 6.95 x 10-1 .

7 3.34 x 104 6.52 x 10- 3

8 1.06 x 100 3.16 x 10-4

9 1.04 x 10-3 3.51 x 10-5

* 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
Slab Width (ft)

Subbase
Type

PCC Strength
(psi)

Design Thickness
(ins.)

1 10 8 in. Granular 750 7.3

2 10 6 in. Stabil i zed 750 6.4

3 10 8 in. Granul ar 900 6.6

4 10 6 in. Stabilized 900 5.8 (min. 6.0)

5 7 8 in. Granular 750 7.4

6 7 6 in. Stabilized 750 6.5

7 7 8 in. Granular 900 6.7

8 7 6 in. Stabilized 900 5.9 (mi n. 6.0)

(1 in. = 2.54 cm)
(1 psi = 6.894 kPa)

(1 ft = .3048 m)
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*The parked traffic volume used in this figure is 25 trucks/day in
the 2-mile shoulder stretch ~urveyed~

Fi gure 5. 1. The Effect of PCC Shoulder Slab Thickness on the Accumulated
Fatigue Damage at Both Shoulder Edges.
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Figure 5.2. The Effect of Parked Truck Volume on the Accumulated
F~tigue Damage at the Shoulder Outer Edge.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

A comprehensive design procedure for plain jointed concrete

shoulders has been developed. This report 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 results a PCC shoulder desiqn example was prepared

that contains all necessary procedures needed for actual design.

A computer porgram designated JCS-l was developed that is used to

obtain fatigue damage data for use in structural design. The

program is written in FORTRAN and is easily adaptable to most computers.

The design procedure developed in this research can be used for both

new construction and rehabilitation purposes.

1. From a review of the literature about PCC shoulder performance

and current design practice, it has been concluded that a) highway

shoulders have been of concern to highway officials from the very

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 if 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 monolithic pavement thioughout the entire

width of the shoulder area, eliminating the "drop-off" or "raised

shoulder" with maintaining a tight joint at the shoulder inner edge,

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 increasing 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 pee shoulders available and the current design

practice of pee sho~lders is based mainly upon trial and error,

engineering judgement, and past performance of the few experimental

pee shoulders in service at the present time.

2. Field surveys of three experimental plain jointed concrete

shoulders built in Illinois showed that pee shoulders have performed

satisfactorily over time periods of over 10 years under heavy traffic,

and are expected to continue to perform as well in the future. There

fore, it is possible to construct a concrete shoulder thatwilllast

throughout its intended design life with only routine maintenance

applied. Some sections, however, exhibited distress that has required

maintenance. The following distress types conmonly occurring in pee
shoulders must be considered in design and thereby prevented: a) lane/

shoulder drop-off or heave and joint separation, b) transverse

cracking, c) spalling, and d) blow-ups.

3. A comprehensive fatigue damage analysis procedure w~s

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 limiting design

criteria was determined from field data.

4. Design reconmendations 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 ~raffic lan~/shoulder

joint. These factors were found to have_a major effect on the

structural adequacy of pee 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 procedure in detail. The economic justification of the

selection of the final pee 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 documented herein can be used

for new construction of pee shoulders and also for rehabilitation of

existing concrete pavements. The effect of the foll~wing variables

can also be analyzed: shoulder slab thickness, mainline slab thick

ness, concrete strength and variation, shoulder width, traffic that

uses the shoulder, traffic overloads, foundation support (subbase and

subgrade including degree of saturation), joint efficiency across

the traffic lane/shoulder longitudinal joi~t, and others.

6.2 Recommendations

The structural PCe~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 ptt shoulders are believed to be signifi

cant and useful in minim1zing the occurrence of distress and thus

reducing maintenance costs.
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APPENDIX A

INPUT GUIDE - JCS-l PROGRAM

Design of Plain Jointed Concrete Shoulders

IDENTIFICATION OF PROBLEM

Three Cards:

20A

20A

20A

Enter descriptive identification of design project; date of run, project
number, designer, etc. (Any or all of the cards may be left blank).

DESIGN CRITERIA DATA

One Card:

80

1

DLIFE

10 80

80

DLIFE = PCC shoulder design life (years)

SLAB PROPERTI ES
One Card :-

F5.0~F5.0~_F_5_.0~1 ~ ~
1 5 10 15 20 25 30

Hl H2 B FF FCV EFF

Hl = PCC shoulder thickness - inches

H2 = PCC traffic lane thickness - inches

8 = shoulder width - feet

FF = Mean PCC modulus of rupture (28 days) - psi

FCV = Coefficient of variation of PCC modulus of rupture - percent

EFF = Load transfer efficiency between shoulder and traffic lane - percent
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TRAFFI C DATA

One Card:

F10.0 F10.0 F10.0 F10.0 F10.0 F10.0 IF5. at, F5. ~ F1O:g

10 20 30 40 50 60 65 70 80
ADTI ADTF T LD DO A LSS 'LEPT PEPT

ADTI = Average daily traffic at beginning of design peri od - two di recti on

ADTF = Average daily traffic at end of design,period - two' direction.

T = Percent trucks in ADT

LD = Percent trucks in heaviest travelled or design lane

DO = Percent direction distribution

A = Mean axles per truck

LSS = Length of surveyed shoulde~ stretch - miles (use 10 miles)

LEPT = Average length of total encroachments per truck in the surveyed
shoulder stretch - miles

,PEPT = Percent of trucks that park on the surveyed shoulder stretch
relative to the design lane truck traffic.

One Card:

15 01- _
5 10

KK KSAL

KK = Number of axle load distribution groups (single plus 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 F10.0 F10.0 F10.0 F10.0 F10.0 F10.0

10
LOAD( 1)

20 30
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80

[LOAD (1). I = 1. KK]

LOAD(I) = The highest value of each axle load distribution group (first
enter single axle loads [K5AL] and then tandem axle loads) - pounds

As many.cards as needed:

F1O.0 F10.0 F1O.0 F10.0 F10.0 F10.0· F10.0 F10.0

F10.0 F10.O F10.O F10.O F10.0. F1O.0 F10.0 F10.O

10 20 30 40 50 60 70 'Btl

015T(1)

[0 I5T (1). I = 1. KK]

015T(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).

FOUN DATI CY.'l .SUPPORT DATA

One Card:

IFl O. 0 1_·_-;-Fl_O_._0---LI _

10 20

K ERODEF

K = Design modulus of foundation support - pci

ERODEF = The amount of erodability of foundation und~r the PCC shoulder
at the end of design life - inches (max. 12 inches)
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80

The following four cards may be added for each additional pee shoulder
traffic 1.ane configuration to be analyzed:

IDENTIFICATION OF PROBLEM

Three cards (same as first trial thickness):

20M

20M

20M

80

SLAB PROPERTIES

One Card:

[ F5.0 IF5.0 I_FS_.o----L-I_~5_.0-L-I _
1 5 10 15 20

Hl H2 B EFF

Hl = Shoulder thickness - inches

H2 = Traffic lane thickness - inches

B = Shoulder width - feet

EFF = Load transfer efficiency between shoulder and traffic lane - percent
(Note: this is stress efficiency - use Figure 3.2 to determine
stress efficiency from deflection efficiency).

FINAL CARD OF DATA DECK

I
80

j* indicates end of data deck
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". ~~. ,

PORTLAND CE~ENT CONCRETE PLAIN JOINTED
PA V!:.:'IEN f SlIOULU.:;aS D'::S!i>N PliOGaA:1 (JCS-1)'.•.•..........•....•......................•.....•...•.............................. '

PROBLE;1 , 1
PCC SllOULDER DESIGN ON I-8J NEAR JOLIET

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
I NPUT DATA
••••••••••

DESIGN CHITERIA••••••••••••••••
SHOULDi::R DESIGN LIFE (YURS)

SLAB PROPERTIES••••••••••••••••
SHOUL~ER THICKNESS- INS.
tRAFFIC LANE THICKNESS - INS.
SHOULuED WIDTU - FT.
~~AN PCC MODULUS OF RUPTURE (2a-DAY~ - PSI
CO~FfllILNT 01" VARIATION OF PCl ~ODULUS OF RUPTURE - ~
LOAD THANSFEH EFF. BET~~LN SilOULD~R AND TRA~FI( LANE - ~

TRAFFIC••••••••
AVEHAGE DAILY TnA~FIC AT DEGINNINu 01" DESI~N PERIOD
AVE2~GE DAILY TRAFFIC AT i::ND OF D~SIGN PERIOD
PEr.(E~T TRUCKS 01" ADT
~~RC~~T TilUCKS I~ UEAVIEST tUAVELED OR DESIGN LANE
l?ErlLC':r,T lJHi3CTl0t:A'L D1S'lRIlJIITION
M~AN AXL"S PER rautK
LRN ... TIl OF SUHV?;YSD SHOULD:::R 5TR~TClI - I'll.
AV. LENGTH OF TOTAL iN~kOACd~ENTS ~ER TUUCK IN TUE Sil. STRETCH 
~ERCEN1 OF rRUCKS lRAT PAHK 0~TU3 SilOULD~il
NU~b2d OF Sl~GLE AXLE LeAD IN~2ilVALS

Nunu~~ OF, TAND~a AXLE LOAD IN~E~VA1S

159

20.00

5.)0
8.00

10.00
750.00

10.00
50.00

171).
39100.

21.00
tiS. 15
50.00

2.60
10.00

I'll. O.24J
0.01600

13
17



S. A. L. DISTRIBUTION TABLE
wEIGHT RAIIGJ:: PERCENT

(POUNDS)

,0 ~ - 3000. 5.75
3» 1. - 7 0 ,) O. 10.33
7:> 0 1. - BOOO. 7.76
8 () 01. - 12000. 20.54

12'101. - 16000. 4.37
lu001. - ldOOO. 1.77
l~O:)l. - 20000. 1.02
2.) » 1 • - 22 00 O. 0.54
22001. - 24000. 0.34
24 <.l 01. 26000. 0.14
26001. - ]0000. 0.04
JOO01. - 32000. 0.01
32001. - 34.)) J. J. :) 1

T.A.L. DISTIlIBU'l'IOII TABLE
WEIGHT IiTl NGE PERCENT

(POU~DS)

O. - 6000. 0.27
6001. - 120 aO. 13.34

12)) 1• - 18 ') ». 7.,)5
18101. - 24000. 5.51
24001. - 300:)0. h.92
3))1. - 32 » J. J.61
]2001. - 34000. 1.40
34001. - 36000. 0.50
36») 1. - 3d» l. .>.25
3800 1. 1l0000. 0.16
Il() 001. -. 42000. O. 11
(2»)1. - 4" 000. O.OB
11400 1. - 46000. 0.07
46001. - 50000. 0.07
5)))1. - 52,) ) J. J. l2
52)01. .. ~4000. O. i)l
54001. - 56000. 0.01

FOUNUArIO~ SUPPORT
•• $ •• ~ •••• *••••****

DESIGII ~ODULUS O~ POUNDATION SUPPORT (K) - PCI

EllODTlUILITY O!' FOU:;i),\TIOII "T BE\il~lta~IG OF D1::SIGN p:;nrOD (INS.'
i::ilOUo\[,lLLTY OF l'OU/jDATiON Ar tND 0P DESiGN, Jo>r:IiIOD (INS.)

160

200.00

0.1)
&.00



POkTlA~D CEM3NT CO"CH~T~ ~LAINJOINT~D
PAVJ:.i1I:::-H ShOULJ;;'J5 [),:S,iliN PI:OG:lA:1 (JCS-ll.....•...........................................•............. ~ ...•.....•.•...........•...

PRODLEi1 • 1
PCC SUOULDER DESIGN O~ 1-80 N~Aa JOLIET

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
RESULTS - ACCUI1ULATED FATIGUE DAi1hGZ OF P.C.C. SHOU LDEB

••••••••
SUIlI1AR'i FOR Df.SIGN PERIOD

YEAR PARKED TRA HIC ENCROACHED TRAFFIC

1 J. 1JJ D 24 O. 14 8D 00

2 0.141D 24 0.2430 00

3 O. 1490 24 ).398D JJ

4 0.1570 24 0.6500 00

5 0.1650 24 0.1061> 01

6 J.1730 24 J. 17 2D 01

7 0.181D 24 0.2790 01

/j O. 189!) 24 0.4510 01

9 O. 1970 24 0.7290 01

10 0.205D 24 O. 11 8D 02

11 ).213D 24 'J. 1890 n
12 0.221 D 24 0.3050 02

13 0.2290 24 0.4900 02

14 :J.2370 24 J.7tJ7D 02

15 0.2450 24 O.lUIO 03

16 0.253 D 24 0.2,)20 J3

17 0.2610 24 0.3240 03

18 O.27Je 24 0.518D 03

19 J.2780 24 J.B28D )3

20 0.2860 24 0.1320 04

i;

i0TAL PATl~U! DAjAGE FOk CLSii.i~ ~i~IUJ D~E TO ~AHKlO TRAFFIC IS

TUTAL f.l.TIGUE Dr.:1,\liE fOil ilESl ... 11 ?i':hIOO JiI;:; TO CN<.:HOAl:lif.[) TiIAFFIl: IS

161

0.4 HID 25

0.3530 04



POrlTLAND C~~ENT CONCHETE PLAIN JOINTED
PHE:1HT SiIOULDJ:;ilS ;:>:511.>:: pr,OGlihl1 (JCS-1) .

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
PBODLEII # 2

I:-l?lJT DATA
••••••••••

DESIGN CRITERIA••••••••••••••••
SHOULDEil D!:SIGN LIFF. (YEARS)

SLAD P,WPERTIES••••••••••••••••
ShOULD:';R TiIIC!<NESS - l.NS.
TKlIF:'IC LAI< S THICK NESS - INS.
SriOULOEH WIDTH - FT.
l'Ir:A~ PLL :-;ODULUS OF RUPTURE (28-UA'iS) - PSI
CO~FfiCIiNT OF V~lIATI03 OF PCC MODULUS OF RUPTURE - ~
LOAD TnAUSFER EF~. DET~EE3_SHOU1D~ti AND TRAFFIC LANE - J

TIiAFFIC
••••••••

AVERAG~ D~lLY TRAPFIC AT DEGINNI~J OF D~SIGN e~UIO~
~VERA~b DAILY "TRAFFIC .'IT ENU Of DLSI~N P~HIOU .
PERC~NT TRUCKS O? hDT
.?o::P.C:::ll'l' TRUCK'; 1:1 iil:.AVIEST TliAELI:.D OJ ~::;SlGlI LANE
?ERL~NT DIR:CTIO~hL DI~THlalJTION

MEAN AXLiS PE2 TRUC~
Li:;Nl..~ll OF SU:1Vl:ED SIIOULDC::[i ST:lETCli - :H.
AV. LC:N~TIi 01' TOTAL ENli\OACUi'i::;,~TS t>za T~«JCj{ 1N THE Sd. STRETCH
P Eile 2NT 0 F Ti-tUCKS '!'H AT 1'!I. HK ON 'IIi,.: :idOU L1Ji:.R
NU~U:R OF SIN~LZ AXLE LeAD INT~RVALS

NUMD~R OF TANDS~ AXLE LOAD iNTERVALS

162

2 J• .)J

6.0(1
B. ),]

10.00
750.00

10.00
50.00

171):>.
39100.

;!1.00
U5.15
50.00

2.60
1J. 00

lH •. ').24)
0.01600

13
17



S.A.1. DISTRIDUTION Til BLE
WEIGHT R.\NGB PERCENT

(POU NOS)

O. - 3000. 5.75
3101- - 7)) ). 1,).3 J
7) J 1. - 8) 1): 7.76 .
8,) 01. - 12000. 20.54

12001. - 16000. ij.37
16)11- - !fIOOO. 1.77
18001. - 20000. 1.02
20001, - 22000. 0.5/1
22001. - 2tlOOO. O;3tl
24001, - 26000. O. 14
26001. - 3)))). J. ) ij
300Ql. - 32 DB. O. aI
32001. - 340.00. 0.01

T.A.L. DISTRIDUTION TIIULE
"EIGHT RANGE PERCENT

(POUNDS)

0. - 6) a). ,).27
6001. - 120:)0. 13.34

12001. - lflOOO. 7.05
18))1- - 24))). 5.51
24001. - 30000. 14.n
30)01. - 320)). j.61
J20Cl1. - 3tlOOO. 1. tlO
.:14,)01. 36000. _ 0.50
36 J 0 1. - 3d 000. 0.25
38001. - 40000. O. 16
tlOJ01. - 42000. O. 1 I
1I2·J01. - /14 ) J.1. J. )8
1I110 0 1. - tl6 DOC. 0.07
1I bOO 1. - 50000. 0.07
SO 00 1. - 5200.0. 0.02
52 J) 1. - 51+ on o. 0.01
51+001. - 5600 J. 0.01

FOU;WH ION SU.P?O ftT•••••••~.*.~.**••••
DLSIc; II MODULUS OF "OU~[Dh'fIOrl SUPPOrtT (K) - PCI

:UOD~BILITY OF FOUNDATION AT BEGINNING OF DiSiGN PERIOD (INS.)
iROiJA1HLITY OJ' FOUNlJ;\TION ,\1' LlID OF Dr.sr-:ill l'r:HI0D (HS.)

163

< ••',

200. )!) ..

0.0
8.00



PROIJLl::1I t 2

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
RESULTS - ACCUMULATED FATIGUE DMiAG2 OF p.e.c. SIIOU LDER

••••••••
SU/IMARY FOll OESIGNPJ:;HIOO

YEAR PARKED T£lAFFIC ENCROACIlED TRAF-FIC

1 0.1820 11 0.8510-04

2 0.1930 11 , 0.1310-03

3 0.2)40 11 J.2J1il-J3

4 0.2150 11 0.3'J8il-03

5 O. 2260 11 0.472l.l-03

6 J.237D 11 0.7190-03

7 O.2tl[JD 11 0.110D-02

l::l -0.2590 11 -0. 1670 - 0 2

9 0.2700 11 0.2530-02

10 0.2810 11 0.3840-02

11 Cl.292D 11 . J.5811.1":n

12 0.30JD 11 0.879D-02

13 0.3150 1 1 0.1330-01

14 -0 .• 326D 11 O. 200D-0 1

15 0.3370 1 1 0.3020-01

16 1.3tl8D 11 ).4560-)1

17 0.3590 11 0.6860-01

18 0.3700 11 0.1 J30 00

19 0.3810 11 . O. 155D 00

20 O. J'J2 D 11 0.2330 00

1UTAL F~rlGU: l.lA~AGE FOil D~SlGN PE~IOU DU: TO PARKLD TRAFFIC IS

TOTH F"TIGUE DI\['L\GE roa Ci-:SIGi" P:iUOU DUE TO :::i"CROIILilBD TI'.AFCIe ... S

164

0.6950 00



PORTL~ND CEMiNT CONCRETE PLAIN JOINTSD
PAVtKZNT S~OULD~~S D~S~GN p~OGaA~ (JCS-1) .•••••••••••••••••••••••••••••••••••••••*•••••••• ~ ••••••••••••••••••••••••••••••••••••••••••

PROBLEM It 3

BPUT DATA••••••• **.
DESIGN caITEnA

••• ••••••••••••• 1

SHOU1D£il DESIGN LIFE lYEARS)

SLAll paOPERTI ES
••••••••••••••••

2:J. J,)

SUOULDEil TUICKNESS - INS.
T~APFIC LA~~ T~I(KNESS - INS.
5110U~D':;il O1IDTIJ - FT.
lEAN i'LC i10DULIIS OF RUPTURE (28-DAYS) 
CO~PFrCl~NT OF VAill~TION OF fCC ~uDuLu3
LOAD TiANSPER EFF. UETH~~~ S~UULD1U AND

Tl:l APPlC....."' ..
PSI
OF HUPTUilE - i
TRAffIC LANE - ~

7.00
8. uJ

10.00
750.00

10.00
50.00

AVEHAGE DAILY TRAFFIC AT B~~rNNI~J OF DESIGN PERIOD
AV£~AG~ DAILY TRAFFIC AT E~D OF C£SIJN i'~H!OD .
~~Jt~NT TeUCKS OF ADT
e:aC~~T THUCKS IN H~AVILST THAVEL~~ OR D~SIGN LANE
PEe(~NT DIRECTrONAL DISIRIBUTION
ctEAN AXL~S PEP. TRUCK
Li::r:\iTI1 UF SUlIVEH:> SiIOULD;:1l STRE'lCH - H.
AV. LEN.:.iTIl OF' TOTAL ENCHOAC{j:1ENl'~ Ell TaUCK IN THE SH. STRETCH 
PLkCEliT OF 'l'!lfJC:<S TilAT ~Ai\K O~ ThE SllOU1!)J:.a
NUJd~H Of ~INGLt AXLE LCAJ INr~IlYALS
NU~t~H OF i~NDE3 AXL~ LeAD IN1~HVALS

165

171»).
391UO.

21.00
85.15
50.00

2.60
1U. 00

111. I). 2 ~'.)

O.OllJOO
13
17



S.A.1. DISTRIBUTION TIIBLE
WEIGHT RIINGE PERCENT

(POUNDS)

O. - 3000. 5.75
3001. - 700 O. 10.33
7001- - 8000. 7.76
8001. - 12000. 20.511

12001. - 16000. 4.J1
16001. - 18000. 1.71
10001. - 20000. 1.02
20))1. - 22000. 0.5lj
22001. - 2!1000. 0.311
24001. - 26000. O. 111
26001. - JOOOO. 0.01l
JOO01. - 32000. 0.01
J2001- - Jlj))). 0.01

T.A.L. DISTRILlUTlON Til BL I:;
WLIGHT !lIlNGE PERCENT

(POUNDS)

O. - 600 O. 0.27
tOOl. - 12000. 13.34

1:.!))1. - lH))). 7.05
18001. - 21100 J. 5.51
24001. - 30000. 14.91
JJ),)1. - 32 )l). J.61
32001. - )4000. 1 .!I 0
J4)01. ]6000. 0.50
36)) 1- - 3U ) ) J. ).25
38001- - !l0000. U.16
40')01. - 11200 O. O. 1 1
!l2,))1. - 11400o. 0.08
4 4'J 01. - !l6000. O. :)7
!lO)O 1. - 50000. 0.07
5))J,. - 52))'). ). ,)2
52:)01. - 5!1000. 0.01
511 001. - 56000. 0.01

FOUNDArIO~ SUPPORT•••••••••••••••••••
DESIGN l10DULUS OF FOUNDATION ~UPrOll'£ (K) - PCI

!':RODIIBILIT'{ OF PCUNOUION liT D~GILjHNG Oil' D.i:.SIGtl P1nIOD (IlIS'.~'

L!IOIJALllLJ.T'i OF FOU~DJlTrON AT !:.ND Of UE:iil>N HalOD (llIS.)
'j'

166

? 00.00c,
0.0
8.00

.'



PROB.l.E~ • 3

................................ ~.......................•.•................ ~ .
HESUL1'S - ACCUMULATED FATIGUE DA,lMiB 01" p.e.c. SIlOULOl::'3

••••••••
SUMIIARY FOR OESIGN PERIOO

YEAR PARKEO TRHFIC ENCBOACHE~ TRAFFIC

1 O. 1 oJ6 0 04 0.1840-05

2 0.1120 04 0.2690-05

3 O. 1190 04 Q.3920-)5

4 0.125 D 04 0.5710-05

5 0.132D 04 13.630D-05

6 I). 1300 ')q l.12QO-oJ4

7 o. 111 L& r: 04 0.1150-04

8 0.1510 04 0.2530-04

9 ').1570 .)4 J.365D-04

10 0.1640 04 O.5:.no-0L&

11 0.170l.1 04 0.7600-)4

12 O. 176 r: 04 0.110D-03

13 O. 103t: 04 0.1580-03

14 :).189 D ':)4 ), 2270-)3

15 O. 196 D 04 0.3260-03

16 0.2020 04 0.460U-03

17 1).2 )00 )4 J.672D-03

18 0.2150 011 0.9630-03

19 0.2210 04 0.1380- )2

20 0.228 C 04 o. 1980-() 2

TOTAL FATIGUE DAMAGE FOR DHSIJN PEhlOJ OU~ TO PARKED T3AfFIC IS

TOTH FATIGUE DA,HI,,~ !'CH DE"IJN P":hIO;) 1)U::: TO i:::\C::O.\Cl1I:D 'fRA?FIC IS

167

0.3JUD 05

0.6520-02



PRODLEr! # 4

It/PUT D"TA
**********

DiSI"t/ CRITERIA
****************

SHOlJLDiil DESIGN LIFE ('{GAllS)

SUD PiWPERTl ES
** ••***.*******.

SlfOlJLD;'rl TfjICK~IESS - It/S.
T~Af?lC LA~Z THICKNESS - INS.
SiWU;'u;;R liIJTI! - PT.
ti&.. ANi' CC. ~~ 0 D UL J S 0 F !l UP 'i.' U~ :.: (28 - D.\ Y' ;;;! - PSI
CO~?FICI~5T OF VArlIA1ION OF 2CC ~JJ~~U5 OF RUPiUHE - I
LO:,D Td",~SFEJ EF? OETnEN SilOIJLDiR AND Tli:\FPIC LANE - %

TRAFFIC
*******.

AVLRA~B DAILY' TRAFFIC AT H;'~IS~I~~ O? J2SIGN P~RIOD

AVd:,\,,':: DULY' T"AFFlC AT ~1;Ll 0;' Ci.SI";': t>'::RIOD
P~~l~Nf tRUCKS O? ADT
P~RC~~l T~JCK3 IN J~AYIES~ TRAV~LE~ OR D~SIGN LANE
P~&lZ~T UI~rlTIONAL rISIRlilurl0~

M~~N A~LCS P£R :RUC~
LE:'i.;rd OF 5Ui'.v;;n~ StlO{JLDH 5T1121C.1 - :H.
AV L:Li~'I'd 01' TOTAL :t'1CilO,\C:I:-:::NT5 P R TRUCK IN TIiE Sf{. s'nC:TClI 
Pl.: C21H OF TUUCKS 'IiIA'l' PAlU: O!; TU: ilOJLD..:a
NU ~JJ OF SIN~LE AXLE LGAU IN~:"V~L

NU Htrl OF rAUD~~ AXLE LOAD Is1~nYAL

168

2u. ))

8.00
O. D

10.00
750.JJ

10.0u
50.00

171) ).
]910:).

21.00
85. 15
50.00

2.60
10.00r. I. i). ',4 )

0.01600
1]
17

(
\
\,



5.A.L. DISTRl BUTION TABLE
WEIGHT RANGE PEllCENT

(POUNDS)

o. 3000. 5.75
3» 1. - 7 ,) ». 0.)]
7001. - SOJa. 7.76
tl)J 1. - 12,)J. 21.5'1

12:101. - 16000. 4.37
16001. - 18000. 1.77
11:1))1- - 2)JJJ. 1. )2
20 J01. - 22000. 0.5'1
22001. - 24000. 0.34
2 (j ),) 1 • - 26») • J. 14
26001- - JOOOO. 0.04
30101. - 32000. 0.01
J2}} 1. - 3I.1J)J. J. ,) 1

T.A.L. DISTIUBUTION TAIlLE
IIEIJHT UNGE P.l:.RCENT

(POUNDS)

O. - 6000. 0.27
6001. - 120,) O. 13. J4

12)')1. - 13 ) »). 7. J5
18001. - 24000. 5.51
24J01. - JO 00 O. 1LI. 92
3 a!J C1. - 32000. 3.61
32aOl. - 34000. 1.40
34» 1. - 3fi»}. J. 5)
361) 0 1. - 31:1 000. 0.25
3B 001. - 40000. O. 16
4.l))1. - 42') ). .). 11
42J01- - 44000. O.OB
44001. - 460ao. 0.07
46001. - 50 00 o. 0.01
50001. - 520') O. 0.02
52001. - 54000. 0.01
54001. - 56 .l)). 'J.J 1

POUNDAfI03 SUPP03T
••••• *.~**.*.**.*••

DESI"N MODULU'::; Of fOUNDATION SU['POW.l' (K) - pcr

Ef.OC,,\I:HLI'l'Y Of' POUNDA1'IC~ AT SEGINNUu OF D~SI";N PE-flIOD (BS.)
EEWOAJ31LITY Of FOUNiJA1'l.Otl AT END Of iJE.>I'.i/l P;:'RIOD (ll/S.)

169

200.00

0.0
d.OO



PROBLE:1 • ~

••..............................•.................................. ~ .
RESULTS - ~CCUMULATED FATIGUE DAMAGE OF P.C.C. SHOULOER

••••••••
SUMMARY FOB DESIGN PEnIOD

YEAR PARKEO TRAFFIC ENCROACllZD TRAFF'IC

.1 0.336D-01 0.1730-06

2 0.3561:-01 0.2~20-06

3 0.376D-01 0.3390-J6

~ 0.3971:-01 0.4740-06

5 O. ~ 171:-01 0.662D-06

6 J. 437 0-) 1 O.9l20-JG

7 0.4531:-01 0.12dD-05

8 0.4760-01 0.1760-05

9 ~.496D-)1 ).2470-05

10 0.516D-01 0.3430-05

11 1.5390-')1 J.4760-05

12 O. 559C- 01 0.659D:-05

13 0.5790- 01 0.912D-05:

1 !l :l.G))D-01 'J. 1260-04

15 0.6200-01 0.17~0-04

16 0.640D-Ol 0.2410-)4

17 0.6601:-01 0.3320-04

18 0.6131C-01 0.45l3D-0!l

19 ').7 J 1C-:> 1 0.632iJ-)4

20 0.721 [-01 O. 872D-0~

TOTAL PATL~UE OAMAG~ FOU OtSIGN ~~RIUD DUE TO PARK~D T~~Yl1C IS

TO.TAL FATl(;UE OMIAGE POll OESI(;N PLUIOl) OUr. TO eNCROAClir:D Tl\AFFlC IS

170

0.10t-D 01

0.31CC-03



POiTLAND CBM£~T CONCHZTE PLAIN JOINTED
PhV r.i'iElIT 5ilOULiJr;RS U::SIGN l':lOIif(ld1 (JCS-l) .

••••••••••••••••••••••••••• $ •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• *.
PROBLE,'1 _ 5

PCC SHOULDEU D~SIGN ON 1-80 NEAR JOLIET,lLLI~OIS

INi:'Ur D1\TA•• *•••••••
DESluN CRITEllIA•••••••••••••••*

SHOULDER DESIGN LIFE (Y EARS)

SLAB raOPERTIES•••••••••••••••••
SHOULDER THICKNESS - INS.
THAr'i'1C LAN!:: Ti.ICKNES5 - INS.
5I!OULLJI:H WIDTH - FT.
M8AN pec :10DULUS OF RUP'l'UliC (2a-DAYS) - PSI
eOtFflCIENT OF VARIATION OF ~ct MOUULUS OF RUPTURE - %
LOAU TRANSFER EFF. 13ET'wdN saOULD£R AND THhFFIC LANE - J;

TRHFIC
••••••••

AV£UA~~ DAILY TRAFtIC AT OEGINNIU~ OF U~SI~N P~HIOD
AVE8AliB UAlLY TRAFfIC AT EKO Of DtSl~N P~RLOD
P~Rl2~T TRUCKS OF ADT
l?~aC£~T rilUCKS IN H~AVl[5T TRAVELED on D~SIGN LANE
~!::ril~~T DIRECTIO~AL DLSTJI~U1IO~

~iAN AXLL~ PEn TRUCK
l.;:;Ncir.1 Of SUliV YLD SlIOULDE.R 5T[\(;l'CH - .'11.
AV. l.iNGTH OF O'1'AL ENU(UI,C;lr:Hrs .,;;;1\ TRUCK IN TilE Sli. STRETC!! 
.,EI1C'::1lT of TClU ii:S T;iAl P,~!'.{ (.IN Ti,::; SjIOLlU)J:li
NU~UE~ OF SING L ~XLE l.CAu INT~JVALS

NUKB~~ OF TAND M AXLE LeAU iKT~ilVALS
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20.00

9. -1)
0.00

10.0D
750.00

10.00
50.00

171') ).
391JO.

21.00
U5.15
50.00

2.60
10.00

~ I. ,).2 II J
0.01600

13
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5.I:.L. D1STRIDUTION ThDI.E
WEIGHT HA~IG E PEaCENT

(POJNDS)

O. 3:) ». 5.75
3 00 1. .70ilO; 10.]]
7)01. 8000. 7.16
8 ) 01.· 12))). 20.54

12001. - 16 Oil O. 4.37
16 ao 1. - H3000. 1.71
1tl»1. - 2»)). 1• .)2
20001. 22000. 0.54

·22001. - 24000. O. J4
~4J)1. 26 ) o. il. 14
26 oJ C1• - 30000. 0.04
JOO01. - 32000. 0.01
32) J 1 • - 34)0,). Il. J 1.

T.A.L. DISTRIBUTION TABLE
WEIGnT RANG E PERCENr , I .~

(POU~DS)

o. - 6000. 0.27
6JO 1. - 1200). 13.34

12;")01. 1800 o. 7.05
18001. 2 110 J O. 5.51
~4»1. - 3) HJ. 14.92
JOO01. .- 32000. 3.61
32001. - 34000. 1.4 J
34)) 1. - 360». 0.5)
36 ]01. 3d 000. 0.25
38,)01. - 40000. O. 16
4) ») 1 • - 42))). J. 11
42 oJ I) 1. - 44000. 0.08
44)01.·- 40000. 0.07
46))1. - 5;) ) ) l. O.J7
5)001. - 52000. 0.02
52J01. - 5400(). 0.01
54 ) 1 1. 56 J) J. O. :) 1

fOUNDlrrow suppont
********.*****.**.*

DES1JN ~6DULUS OF FOUNDATION SbPPORT (~) - PCI

J::ROD,\BILITY OF' FOUNDATION AT BJ::GINN:r~IG OF Dl::SIGlI Pl:;RIOD (US.)
~RODA~lLIrY O! FOUNDATION AT iND OF.D~SlGN PERIOD (INS.)

172

200.00

0.0
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POHTLANU CEM~NT CON~~ETL PLAI~ JOINT~D
P.H t; ~ ::; Nr :.; Ii () UL Ll .:;1:; Ur;.i 1. (j:' t> i. () UIi A.'1 (J C S- 1) ...•............... ~ ...•............... ~~ ~•.......•............

PRODLEIl i 5
PCC S~OULD~RO~~rGN ou 1-80 N~An JOLILT.ILLI~OIS

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

RESULTS - ACCU~ULATED FATIGUE OA~AGf. OF P.C.C. SHOULDER .
••••••••

SU~IlAnr FOR O~SIGN prRIOO

rEAR PARKEO TRAPFIC tNCROACHED TRAFPIC

1 0.332 C-04 0.3320-01

2 0.3520-04 0.11500-01

3 0.372 0-J4 0.6J80-J1

4 0.392I:-01I 0.8200-07

5 0.4120-04 0.1110-06

6 il.1I32 D-J4 J.1490-06

7 0.452n-04 0.2000-06

8 0.472 0-04 0.2690-06

9 0.492 I:-04 0.3610-06

10 0.512D-04 0.48QO-06

11 ).532 0-1)4 ).649D-)6

12 0.5520-04 0.8690-06

13 0.5720-04 0.1160-05

14 J.5920-)4 J.1560-05

15 0.6121:-04 0.2080-05

16 0.6320-04 0.2790-::15

17 0.652 r-04 0.3720-05

18 0.672D-04 0.4980-05.

19 J.692D-'J4 0.66 ')0-,) 5

20 0.1121:- 04 0.S8r10-05

7UTAL PAT[~UE DA~AGS Faa rESIGN PEGiOO DUE TO PARKED TUAfFIC IS

TOTAL i"A'l'lGUE DA:UGE FOR l:ESIGIi 1':::"lOi) DJE TO LNCr.OACIIED TP.A??iC IS

173

0.1040-02

0.351::l-04



APPENDIX C

FLOW CHART OF COMPUTER PROGRAM

START·

READ
INPUTS

I
I
I

------

PRINT
INPUTS

MAKE SEVERAL
CALCULATIONS
FOR TRAFFIC,
pec, ERODA-

BILITY, SHOULDER
TRAFFIC

CALCULATE FATIGUE
O/"11AGE FOR NY YEAR,

AND KK AXLE LOAD

174



I
I L~

ACCUMULATE FATIGUE
DAf't1\GE UP TO IJl' YEAR

PRINT YEARLY
FAT! GUE D,n.r,tCl.GE

L__
RINT SUI·Wc'\RY OF RESULTy
AT END OF DESIGN PERIO

DO NEXT PROBLEr~

IF REQUIRED

c__._S_TOP__)

175
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