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Effect of Concrete Shoulders on 

Concrete Pavement Performance 

S. D. TAYABJI, C. G. BALL, and P. A. OKAMOTO 

ABSTRACT 

A field program of strain and deflection 
measurements was conducted by the Construc­
tion Technology Laboratories for the Minne­
sota Department of Transportation to evalu­
ate the effects of frozen s uppor t, 
tied-concrete shoulders, and tr idem-axle 
loading on concrete pavement performance. 
The effects of tied-concrete shoulders are 
presented. Field measurements were obtained 
at three pavement project sites located on 
I-90 in Minnesota. At two of these sites, a 
6-in.-thick tied-concrete shoulder was used. 
Mei'lsnrements included edge ;ind corner de­
flections and edge strains. Loadings applied 
were a 20-kip single axle, a 34-kip tandem 
axle, a 42-kip tandem axle, and a 42-kip 
tridem axle. Theoretical analysis was also 
conducted by using a finite-element program 
to determine the effect of a tied-concrete 
shoulder on concrete pavement response. 
Field me asur ements and theoc-etical analysi s 
indicate tha t concrete pavement performanc e 
i s improved whe n a tied s hou l der is us ed . 
Deflections along a tied-shoulder joi nt can 
be conserva tively t aken as 85 p ee-cent of 
those along a free edge. Based on study re­
sults and analysis of data, it is concl uded 
that for application to the AASHTO thickness 
design procedure, only one-half of the 
design 18-kip equivalent single-axle load 
applications needs to be considered for con­
crete pavements incorporating a tied-con­
crete shoulder. This recommendation results 
in a reduction of 1 in. in the required 
main-line slab thickness given by the AASHTO 
design procedure. 

A field proqram of strain i'lnn c'!Pflection mQasurc­
ments was conducted by the Construc tion Technology 
Laboratories for the Minnesota Department of Trans­
portation (MnDOT). The objective of the measurement 
program was to evalua t e the effects of frozen sup­
port, tied-concrete s houlders, and tridem-axle load­
ing on concrete pavement performance. Results of the 
investigation are reported separately for each of 
the thxee topics. Res ults of the froze n-support and 
tr i dem-axl e l oad i ng s tud i es are given in reports 
pre pared f or MnDOT (]:,1 > • 

Concrete shoulders have been used adjacent to 
in the United States 
recently it has been 

shoulders has improved 

main-line concrete pavements 
for almost 20 years. More 
noted that the use of tied 
the performance of concrete 
the use of widened l a nes has 

pavements. Similarly 
also resulted in im-

p roved pavement pe rforma nce . The improved perfor­
ma nce is due to r educed edge strains, r ed uced edge 
and corner deflections, a nd reduced water infiltra­
tion along the pavement edges. 

Current thickness design methods for concrete 

pa vemen ts do no t consider the contri bution of tied 
s houlders and wi de ned lanes . Use o f t hese de s ig n 
me thods res ul t s i n the same thic knes s requirement s 
for conc r ete pa ve ment s with o r without tied s houl ­
d ers or lane widen i ng . However , bot.h tied shoulde r s 
and wide ned lanes contribute to improved pavement 
performa nce by reducing deflections and stresse s in 
the main-li ne pavement . Therefore it shoul d be pos ­
sible to use a less t hick mai n-line pavemen t a nd ob­
tain t he same pavement per forma nce as that of a 
thicker pavement withou t tied shoulde rs or lane 
widening. 

A field study was sponsored during 1976 by MnDOT 
to evaluate the effect of tied-concrete shoulders 
and wi dened lanes . The field study involved l oad 
t esting of several newly construct ed concrete pave ­
ment se.c tions wi th a nd without tied shoulders and 
widening . The report to MnDOT (3) showed signifi­
cant r eductions in pavement strai-;;s and deflections 
for pavements with tied shoulders and lane wi de ning. 
Implementation of the study results has not been 
carried out because of c once rn that sufficient per­
formance data gathered over a period of time were 
not available. 

To alleviate these concerns and to obtain further 
field data to quantify the beneficial effects of 
using tied- concre te s houlders and lane widening , a 
fo llow-up study was cond ucted at l oca i ons included 
in the 19 76 study . These pavement sect i ons have ex­
perienced about 6 years o f traffic . The study i n­
c l uded fie l d l oad testing , da ta a nalyses , a nd 
deve lopme nt o f !l)e t hods to facilita t e i ncorpora t ion 
o f t he study fi nd ings into Minnesot a ' s c onc r ete 
pavement design procedure. 

Field testing was conducted during October 1982 
and February 1983. This paper presents the results 
of field testing, analysis of results, and recom­
mendations to incorporate study results in Minne­
sota's thickness design procedure. 

Rll('KGROUND 

A br ief dis cuss ion is p resent ed to h ighlight t he 
important aspects of the 1976 field study (3). FOr 
th i s study measur ements we re o bt ained dur i ng t he 
f a ll o f 1 976 at four pavement proiects l ocated in 
Mi nneso t a. Th ree of t hese projects, p r o jects l , 2 , 
and 3 , we r e i nc l uded fo r retes t i ng in the c ur r en t 
study. 

Measured pavement strains are shown in Figure l 
for project 1 and in Figure 2 for project 2. The 
reduction in edge deflections due to the tied-con­
crete shoulder is shown in Figure 3 for project l. 
A similar reduction in measured edge deflections due 
to the tied-concrete shoulder was also obtained for 
project 2. Based on these field measurements, lab­
oratory slab testing, and theoretical analyses, 
recommendations were made for reduction in main-line 
slab thickness for pavements using tied-concrete 
shoulders. These recommennnt. lons based on edge­
strain reduction are shown in Fi g ure 4 in which the 
permissible thickness reduction in the outer lane 
due to the tied shoulder ranged from l to 2 in. 
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FIGURE 1 Measured strains for project I (3). 
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FIGURE 2 Measured strains for project 2 (3). 
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FIGURE 3 Measured edge deflection 
reduction due to tied shoulder at 
project I (3). 
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Recent studies conducted at the Unive-rsity o f Il­
linois for FRWA have also demonstrated that main­
line pa vement response is greatly improved by the 
use of tied-concrete shoulders (.1_). Theoretica l 
analysis showed that calculated edge deflections and 
stra in in the outside lane of a pavement with a 
tied-concrete shoulder were greatly reduced as com­
pared with those in a pavement without a tied-con­
crete shoulder (4). 

As part o f -the University of Illinois study, 
field measurements were made to determine joint ef­
ficiency ac ross the outside lane shoulder joint 
along the I-74 and I -80 e xperimental portland cem.en t 
concrete (PCCJ shoulders (4). Joint efficiency is 
defined as the ra tio of the deflection o f the un­
loaded slab to the deflection of t.he loaded slab . 
Field measurements are summarized i n Table 1. As 

TABLE I Field Data on I-74 and I-80 PCC Shoulders (4) 

Mean Edge Deflection (mm) 

Load-Transfer 
Traffic Efficiency 

Project Shoulder Design Lane Shoulder (eff}' 

Tie bars, key way, and 
granular su bbase 0.1143 0.1118 97.8 

Tie bars, key way , and 
no subbase 0.1448 0.1016 70.2 

Keyway and granular 
su bbase but no tie bars 0.2108 0.0330 16.0 

Tie bars and intermedi-
ate granular su bbase 0.2311 0.0889 38.5 

Tie bars and coarse 
granular subbase 0.2464 0.0762 31.0 

Tie bars and no sub-
base 0 .2159 0.1016 47.0 

8Denection of the unloaded slab djvided by deflection of the loaded slab times 100. 
bPCC shoulders 10 yr old , 
cpcc shoulders 9 yr old. 

shown in Tabl e 1 , s houlde r sections with tied key­
ways on I-74 had retained j o in t efficie ncy in excess 
of 70 percent even afte r 10 years of service . It is 
also seen from Table 1 that the tied-shoulder sec­
tions on I -80 without keyways had much lower joint 
efficiencies. 

Studies referred to earlier positively indicate 
that use of a tied-concr·ete shoulder with a keyway 
qreatly improves main-l ine pavement performance. 
However , except for the MnDOT 1976 study ( 3), none 
of these studies incorpora.tes the beneficial effect 
of a tied-concrete shoulder when the design slab 
thickness is determined for the main-line pavement. 

RESEARCH OBJECTIVES 

Objectives of the study were as follows: 

1. To measure load-induced strains and deflec­
t ions in pavement sections incorporating tied-con­
crete shoulders and 

2. To analyze test results to establish the ef­
fects of tied-concrete shoulders on concrete pave­
ment performance. 

PAVEMENT TEST SECTIONS 

F ie ld measurements were obtained at three pavement 
project sites i n Minnesota . Thes e projects were in­
c luded in a 1976 field study on concrete shoulders 
and lane widening Cl>. A. brief descr iption of each 
project follows. 
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Project 1: Designation State Project 2280-30 
(TR-90) is a roadway 27 ft wide consisting of an in­
side 1.:1110 15 ft wide anll <1u outside ane ll t:t wide 
with an outside tied keyed concrete shoulder 10 ft 
wide . Shoulders are tied at 30-in . spacing by using 
No . 5 tie bars 30 in. long . Shoulder thickness is 6 
in . The pavP.mPnt is plain conorctc slabs 9 in . 
thick with skewed joints at a repeated random spac­
ing of 13 , 16 , 14 , and 19 ft. The subgrade at the 
site was classified aR R i l y clay to clay loam and 
had a gravel subbas.e 5 in. thick over it . Dowe.l 
bars were placed only in the 12-ft-wide outside 
trafric lane . Dowels are No. 8 round bars spaced at 
12 in. on center;s ; the first dowel is located 6 in. 
i nward from the pavement edge. Panels selected for 
test are located at stations 538+65 and 540+10. 

Project 2: Designation State Project 2280-30 (TH-
90) is a roadway 27 ft wide and an outside tied 
keyed concrete shoulder 10 ft wide, Dowel size and 
location are the same as those for project 1. Pave­
ment thickness is 8 in. Subgrade at the site was 
classified as silty clay to clay loam and had a 
gravel subbase 6 in. thick over it. The modulus of 
subgrade reaction was reported to be 270 pci. Panels 
selected for test are located at stations 520+55 and 
521+81. 

Project 3: Designation State Project 22RO-'ll ('l'H-
90) is a roadway 27 ft wide with an inside lane 15 
ft wide and an outside lane 12 ft wide . 'l'he pavement 
is reinforced concrete slabs 9 in . thick with skewed 
joints at a spacing of 27 ft . Su.bgrade at the site 
was classified as clay loam to silty clay loam to 
sandy clay loam. A gravel subbase 5 in. thick was 
used. Dowel bars were placed only in the 12-ft main-
1 ine pavement portion of both traffic lanes. Dowels 
are No. 8 round bars spaced 12 in. on centers. 
Panels selected for test are located at stations 
985+53 and 987+11. 

All three projects are located on I-90 between 
Albert Lea and Fairmont, Minnesota. Two test sites 
were selected at each project. At each site both 
inside and outside lanes were instrumented and 
monitored to evaluate pavement response . At some of 
the sites the panels tested in 1976 were retested . 
care was taken to assure that the sites selected 
were representative of the project. 

INSTRUMENTATION 

All pavement test sections were instrumented to mea­
sure load-induced strains and deflections. In addi­
tion pavement temperature and slab curl were 
mon ored. Curl is a changA in the vertical profile 
of the slab resulting from changes in the slab 
temperature. 

Strain gage and deflectometer locations for proj­
ect l and 2 test sections are snown in Figure 5. 
I11sLtu111entation locations were similar for project 
3 . 'l'hese locations were selected to obtain the 
maximum values of s l tcd.n and deflection tor the dif­
ferent load positions . Curl measurements were made 
at deflectometec locations . Concrete temperatures 
were measured in instrumented test blocks placed in 
the subbase adjacent to the pavement. 

Load Strains 

Concrete strains were measured with electrical-re­
sistance strain gages 4 in . long cemented to the 
pavement surface . Gages were placed at the free 
edge , shoulde.r edge, transverse joints, and joint 
corners and in the i nterior. Gage positions and 
loading locations shown in Figure 5 are referred t.o 
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in subsequent discussions. All gages were placed in 
recessed grooves to protect them from direct appl i­
cation of wheel loads. 

Load De£lections 

Load deflections were measured with resistance­
bridge deflectometers bolted to the pavement . ~ead­

ings were r:t!ferenced to encased rods driven into the 
subgrade to a depth of 6 ft. Construction details of 
the deflectometer are presented in Research and 
Development Bulletin 083 (2_) of the Portland cement 
Association. 

Curl Measurements 

Pavement curl was measured with 0.001-in. indicators 
placed at the same locations as the deflectometers. 
The dial indicators were bolted to the pavement and 
the movement was referenced to encased rods placed 
in the subgrade. Curl readings were taken approxi­
mately once an hour. 

'l'Pmperaturc Mensur£:11h:o11ts 

Changes in pavement temperature were measured with 
copper-constantan thecmocouples embedded in concrete 
blocks . The laboratory-cast blocks were l ft square 
and 8 or 9 in. th i.ck . Thermocouples were located 
0.125, 0. 50, 1, 2 , 4, and 6 in . from the top and 
0 . 125 in. from the bottom sur£aces . Temperature 
blocks were placed 1n the subbase adjacent to the 
highway at least 12 hr before testing. Air tempera­
ture was mon "itored with a thermocouple shaded from 
the direct sun . 

Monitoring Equipment 

Data were monitored and recorded with equipment car­
ried in the Construction Technology Laboratories ' 
field instrumentation van. Strain and deflection 
data were recorded with a high-speed computer-based 
data acquisition system. Twenty-two channels of 
instrumentation were monitored and recoi;ded simul­
taneously for each vehicle loading. computer pro­
grams were written to monitor, record, and tabulate 
al.l field data, 

Temperature data were recorded with a 24-channel 
continuously monitoring temperature recorder. All 
monitoring and recording instrumenlation was cali­
brated before testing. 

'!'EST PROCEDUilES 

Strain ;int1 deflection do.ta we re ct11,;orded for a 20-
kip single-axle load (SAL), 34-kip and 42-kip tan­
dem-axle loads (TAL) , and 42-kip tridem-ax.le load. 
T..oading was applied with two semitrai.lers. One ap­
plied the 20-kip SAL and 34- kip TAI.. The other ap­
f:>lied the 42-kip l'AL and 42-kip tridem-axle load. 
Trucks used were supplied by MnDOT. Before testing, 
axle weights were checked and loads were adjusted to 
obtain uniform distribution to the wheels. 

The effects of axle weight and load location on 
strains and deflections were recorded with the 
trucks moving at creep speed along the wheel paths 
shown in Piqure 5. TirP place~ents varied from 2 to 
38 in . from ·the pavement edge. All wheel-path mea­
surements were from the pavement edge to the outside 
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FIGURE 5 Instrumentation layout for projects 1 and 2. 

edge of the tire sidewall at its maximum width. In 
addition, pavement curl and temperature data were 
obtained periodically during the day. 

Test slabs from inside and outside lanes at each 
project site were tested on the same day. Primary 
readings were taken on both inside and outside lanes 
betweel'I approximately 11:30 a.m. and 2:00 p.m. rn 
addition, readings were also taken on one lane be­
fore 11:30 a.m. and on the other lane after 2:00 
p.m. Specific testing times were governed primarily 
by weather and traffic control requirements. 

DATA ANALYSIS 

In this section a comparison of pavement responses 
measured along the edges of the outside lanes and 
those for the inside lanes is presented for the 
three project sites. The outside-lane edge corre­
sponds to a joint with a tied-concrete shoulder for 
projects 1 and 2. The edge of the inside lane cor­
responds to a free edge along the widened inside 
lane for pi:ojects 1 and 2. Project 3 has neithe r a 
concrete shoulder noi: lane widening along the inside 
lane and was used as a control section to detei:mine 
the influence of traffic along the outside lane. 

Pavement responses reported were measured undei: 
20-kip SAL, 34-ki? and 42-kip 'l'AL, and 42-kip tri­
dem-axle load. Pavement responses compared are edge 
and corner deflections and edge strains. In addi­
tion results of theoretical analyses are presented 
to evaluate the effect of tied-conc.rete shoulders . 
Although measui:ements were obtained during October 
1982 and F"ebruary 1983, only the October 1982 mea­
sui::ements are presented and discussed in this re­
port . Because of the frozen support, measured 
deflections ducing February 1983 were .low for both 
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the inside and outside lanes at each project site. 
Details of the February measurements are given else­
where (_1). 

curling a nd Warping Effects 

Soon after concrete has been placed, drying shrink­
age of the concrete begins. Drying shrinkage in a 
slab on grade occurs at a faster rate at the slab 
surface than at the slab bottom. In addition, be­
cause the subgrade and subbase may remain wet, the 
slab bottom remains relatively moist. Thus, total 
shrinkage at the bottom is less than that at the 
top. This differential in shrinkage results in a 
lifting of the slab from the subbase at edges and 
corners. Movements of this type resulting from 
moisture differentials are referred to as warping. 
Warping leaves slabs unsupported for distances of as 
much as 4 to 5 ft at slab corners and 2 to 3 ft at 
slab edges. Warping is almost never recoverable. 

In addition to warping, a slab on grade is also 
subjected to curling. Curling is the change in the 
slab profile due to temperature differential between 
s.lab top and bottom. Curling is a daily phenomenon. 
Slabs curl up during the night and curl down during 
midday. Thus, curling deformation is additive to 
warping during the night and reduces the warping ef­
fect during the midday. It is believed by many 
engineers that the warping effect is almost never 
cance lled out by daytime curling and that some loss 
of support always exists under the slab even on hot 
days. 

Because of curling effects, the measured deflec­
tions under load along a slab edge or a slab corner 
are greatly affected by the time of testing. Mea­
sured slab strains are also affected by time of 
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testing but at a lower level. Therefore , great care 
needs to be exercised i n interpreting deflection and 
s tra in rneanurpments if these meaEJurcmcnta ore made 
at different times of day or on different days. The 
usual procedure in reporting deflection measurements 
at a given location is to correct the measurements 
with respect to a reference time. The ceferPnce 
time is generally selected to be the time when the 
slab top and bottom temperatures are equal. 

As discussed, temperature and curl measurements 
were made at each of the five test sites considered 
in this study. At each test site, pavement responses 
under load were generally measured at two different 
times, usually within a span of 3 hr around noon. 

Figure 6 shows the variation with time of the air 
temperature, corner curl, and corner deflection 
under a 20-kip SAL at each of the five sites. It is 
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FIGURE 6 Variation of air tl'Omp..,ratnrt', corner curl, and deflection 
with time. 

seen that although slabs at each site exhibit pro­
nounced curJ.ing, the deflections under load were not 
greatly influenced by the time of testing between 
approximately 11:00 a.m. and 2:00 p.m. Similar 
trends were obtained for edge curl and deflections 
and edge strain. This is because the slabs have 
curled to their most do1o1nward profiles and changes 
from these profiles are gradual with respect to 
time, as shown in Figure 6. Therefore, no tempera­
tu·re corrections were applied to these readings . The 
measurements reported in this paper are the averages 
of the readings for the two test times and corres­
pond to the period when each slab being tested was 
near its maximum downward curl. 
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Summary of Dat;;1 

Load tests were conducted during October 1982 when 
air temperatures at midday were about 55°F. Pave­
ment responses measured at each of the three sites 
are listed in Table 2. Edge and corner deflections 
arnl edge strains measured during October 1982 at the 
inside and outside lanes are listed for eacb of the 
four axle loadings. Each data point is an average 
of four readings made up of data taken at two dif­
ferent t .imes at eaoh of the two replicate sections 
at each project location. The measurements are 
shown in Figures 7 , B, and 9 for edge deflection , 
corner deflection, and edge strain, respectively. A 
discussion of these measurements follows. (In Fig­
ures 7-9 a~les are denoted as follows: axle 1, 20-
kip SAL; axle 2, 34-kip TAL; axle 3 , 42-kip Tll.L; 
axle 4, 42-kip ttidem-axle load. N denotes lack of 
reliable data.) 

Edge Deflections 

For project 1 measured edge deflection ranged from 
0.019 in. under the 20-kip SAL to 0.029 in. under 
the 42-kip TAL along the outside lane and from 0.021 
in. under the 20-kip SAL to O.OJB in. under the 42-
kip TAL along the inside lane. As shown in Figure 
7, edge deflections along the outside lane with the 
tied shoulder were about 75 to 90 percent of those 
along the untrafficked free edge of the inside lane. 

For project 2 edge deflections measured along the 
outside lane do not show variation with different 
axle loads and are considerably lower than those 
along the free inside-lane edge. This is believed to 
be because of malfunctioning of the deflectometers 
at that location. 

For the control sections at project 3 edge de­
flect ions along the free outside lane edge ranged 
from 96 to 115 percent of those along the untraf­
f icked free inside lane. This indicates that the 
free outside-lane edge , which is subjected to a 
large volume of truck traffic , exhibits higher de­
flections than the untraff icked free inside-lane 
edge. This behavior is possibly caused by greater 
loss of support along the outside-lane edge result­
ing from subba.se and subgrade consolidat .ion or ero­
sion or both . Thus, the effect of using tied-con­
crete shoulders at project l and possibly at project 
2 is to significantly reduce edge deflections along 
the heavily traveled outside-lane edge. 

Corner Deflections 

For project 1 measured corner deflec t ions ranged 
from 0.019 in . under the 20-kip SAL to 0.029 in. 
under the 42-kip TAL along the outside lane and from 
0.035 in . under the 20-kip SAL to 0.051 in. under 
the 42-kip T/\L along the lm5lde lane. h'Or project 2 
measured corner deflections ranged from 0 . . 021 in. 
under the 2.0-kip SAL to 0.025 in. under the 42-kip 
TJ\L along the out.side lane and from 0 . 026 in . under 
the 20-kip SAL to O. 034 in. under the 42-kip TAT. 
along the inside lane. 

As shown in Figure B, corner de.fle9tions along 
the outside lane with the tied shoulder as a per­
centage of those along the untraf f icked free edge of 
the inside lane were aliout 70 to 87 percent for 
project 1 and about SB to BO percent for project 2. 

For the control sections at project 3, corner 
deflections along the free outside-lane edge i:anqe<i 
from 125 to 150 percent of those alonq the untraf­
f icked free inside-lane edge. These results further 
verify that the free outside-lane edge , which is 
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TABLE2 Measured Pavement Response for Projects 1, 2, and 3 

42-kip Tridem-
Parameter 20-kip SAL 34-kip TAL 42-kip TAL Axle Load 

Project 1 

Inside lane 
Edge deflection (in.) 0.021 0.034 O.D38 0.034 
Corner deflection iin.) 0.035 0.044 0.051 0.044 
Edge strain (x 10- ) 35 30 32 17 

Outside la ne 
Edge deflection (in.) 0.019 0.026 0.029 0.027 
Corner deflection ~n.) 0.030 0.034 0 .037 0.031 
Edge strain (x Io- ) 30 24 27 19 
Shou'Jdcr strain (x 10-6 ) 3 3 8 6 

Project 2 

Inside lane 
Edge deflection (in.) 0.016 0.026 0.027 0.023 
Corner deflection iin .) 0.026 0.036 0.034 0.030 
Edge strain (x 10- ) 35 32 33 18 

Outside lane 
Edge deflection (in .) 0.007 0.007 0.007 0.009 
Corn~r dcfleccion ~n.) 0.021 0.021 0.025 0.019 
Edge stra in (x Io- ) 33 31 38 20 
Shoulder strain (x 1 o- 6 ) 7 6 12 9 

Project 3 

Inside lane 
Edge deflection (in.) 0.013 0.022 0.025 0.020 
Corner dc(lection ~in.) 0.024 0.030 0.032 0.026 
Edge strain (x 10- ) 33 28 30 18 

Outside lane 
Edge deflection (in.) O.D15 0.021 0.025 0.023 
Corner deflection (in.) 0.036 0.040 0.040 0.034 
Edge strain (x 10-6 ) 18 23 24 16 

Note: All measurements were obtainlld during Ocloho.r 1982. Inside·ltmo mcuwements \\'trc taken along the 
edge of the 3-ft lane widening. Outside.Jane mcasu ram~nts were taken along Uta )oJnt with lied ahoutder. 
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subjected to a considerable amount of traffic, ex­
hibits higher deflections than the untrafficked free 
inside-lane edge. 

Edge Strains 

For project l measured edge strains ranged from 
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19 x l o -• under the 4 2-kip tridem-axle l oad to 
3 0 x l o - • under t he 20-kip SAL a l ong the ou t s ide 
lane a nd 17 x 10- 6 und e r the 42- kip t r idem-axle 
l oad t o 35 x l o- 6 unde r the 20-k ip SAL a l ong the 
i ns i d e lane. Fo r projec t l t he measured t ied-con ­
cre t e s houlder e dge strain ranged f rom 3 x lo-• 
unde r t he 20-k ip SAL t o 8 x lo· 6 unde r t he 3 4-k ip 
TAL. 
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.For project 2 measured edge strains ranged from 
20 x lo- • under the 42-kip tridem-axle load to 
38 x lo-• under the 34- kip TJ\L along the outside 
lane and 18 x lo-' under the 42-kip tridem-axle 
load to 35 x 10" ' under the 20-kip SAL along the 
i nside lane . .For p r o j ect 2 measure d tied- shoulder 
edge strain ranged from 6 x lo-• under the 34-kip 
TAL to 12 x lo- ' under the 42-ki~ TAL . 

For project 3 measured edge strains along thP. 
f .ree outside-lane edge ranged from 55 to 89 percent 
of those along the untrafficked free inside-lane 
edge. These results are in contrast to the trend in 
mea.sured deflections at project 3 in which mea.sured 
deflections· along the outs.ide lane were generally 
greater than those measured along the inside lane-

In addition to the measurements at the three 
project sites reported here , similar measurements 
were also made at two additional project sites . 
These two sites did not incorporate tied shoulders 
or lane widening. Measurements from these two proj­
ect si tes are reported elsewhere (1). These measure­
ments also indicate that corner and edge deflections 
as well as edge s trains are larger along the traf­
f i cked free outside-lane edge as compared with those 
along the lightly trafficked fr e e in s ide-lane edge. 

Theore t i cal Considerations 

Analyses were conducted to determine the effect of a 
tied-concrete shoulder on concrete pavP.mPnt re­
sponse . A finite-element program, JSLAB , developed 
by Construction Technology Laboratories for PllWA was 
used (_§) • The program can analyze a large numbe.r of 
jointed slabs . Joints can be modeled as doweled , 
aggregate interlock, or keyed. Load input is in 
terms of wheel loads at any location on the .slabs . 
Loss of support , variable support, or material 
properties can be considered. In the program sub­
base and subgrade support is characterized by the 
modulus of subgrade support . 

Analysis was conducted for a concrete pavement 9 
in. thick with and without tied shoulders and with 
dowel bars at the transvers e j oints. For the case 
of the tied shoulder, a 6- in . -thick slab was used . 
Values used for the modulus of subgrade reaction 
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were 100, 150, an 250 pci. Calculated corner 
deflections , edge def lectinns , and edge otresaes are 
listed in Tables 3-5. For both corner and edge 
loadings, tire placements were 2 in. inward from the 
edge . 

TABLE 3 Calculated Pavement Response: Corner Deflection 

Corner Deflection (in.) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 0,02S 0.026 0.032 0.026 
ISO O.Dl 8 0.019 0.023 0.019 
2SO 0.013 0.013 0.016 0.012 

None 100 0.03S 0.040 o.oso 0.040 
ISO 0.026 0.030 0.037 0.028 
250 0.019 0.020 0,025 0.019 

TABLE4 Calculated Pavement Response: Edge Deflection 

Edge Deflection (in.) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 0.015 0.022 0.027 0.022 
150 0.012 0.016 0.020 0.01 6 
250 0.008 O.DI I 0.014 0.011 

None JOO 0.024 O.D35 0.043 0.036 
150 0.018 0,025 0.031 0.026 
250 0.012 0.017 0.021 0.017 

TABLE 5 Calculated Pavement Response: Edge Stress 

Edge Stress (psi) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 236 180 222 114 
150 218 160 198 98 
250 199 139 172 81 

None 100 286 23 0 284 152 
150 263 203 250 128 
250 236 l 72 212 103 

In the computer program a tied keyway is repre­
sented by springs. For the ana lysis a spring s t iff­
ness value of 25 , 000 l.b/ (in. • in.) of joint 
leng t h was used. This res ulted in c alculated joi nt 
efficiency of about 80 percent for a modulus of sub-
9 rade reaction o.f 250 pci to about 90 percent for a 
modulus of subgrade reaction of 100 pci. For this 
spt- of assumptiono the ratio of c cilculated corner 
and edge deflections along a tied-shoulder joint to 
those along a free edge is about 65 percent. The 
ratio of calculated edge strains along a tied-shoul ­
der joint to tbose along a free edge is about 80 
percent. 

Additional analysis was oonducted for a 9-in.­
thick slab on a subgrade with a modulus value of 250 
pci and with keyway spring stiffness values of 
5 ,000, 10,000, 15,000 , and 20 ,000 l.b/(in . • in.) 
of joint length. Based on these analyses, ratios of 
calculated de flections and strai ns along a tied 
shoulder joint to those along a free edge were 
determined for different values of shoulder joint 
effi ciency (JE). These ratios are listed as follows 
for a main-line slab thickness of 9 in ., a shoul-
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der-slab thickness of 6 in., and 250 pci (JE = de­
flection of main-line slab divided by deflection of 
shoulder slab) : 

Ratio (%) 
80 

Response Percent 
Edge deflection 65 
Corner deflec-

tion 65 
Edge strain 80 

by JE 
60 
Percent 
70 

70 
85 

50 
Percent 
75 

75 
90 

It should be noted that measured deflection 
values are much higher than calculated deflection 
values, even when a modulus of subgrade reaction 
value of 150 pci is used . Modulus of subgrade re­
action values at the thcee locations were reported 
to be in excess of 250 pci. The reason for this 
a nomaly in measured and computed deflec tion values 
is that the ·theoretical analysis was conducted for 
the case of full support under the pavement slabs. 
In practice there is always s ome loss of support 
along slab edges. This support loss results in 
higher measured slab deflections. 

Analysis of Res ults 

As indicated, it is clear that concrete pavement 
response is improved when a tied shoulder is used. 
The level of improvement, based on field testing and 
theoretical analyses, is summarized in Table 6, in 

TABLE 6 Improvement in Pavement Response 

Ratio of Response at Tied-Shoulder Joint to That at 
Free Edge(%) 

Measured Calculated 

JE = JE = 
Project Project 80 Per- 60 Per-

Response I 2 cent cent 

Edge deflection 75-90 NR" 65 70 
Corner deflection 70-87 58-80 65 70 
Edge stress 80-85 94-97 80 85 

Nole: JE =deflection or main-line slab divided by deflection of shoulder slab. 
aoata considered not reliable . 

JE = 
50 Per-
cent 

75 
75 
90 

which it can be seen that the reduction in the de­
flection response can be conservatively taken at 8 5 
percent. This value corresponds to a calculated 
joint efficiency at the tied-shoulder joint of ess 
than 50 percent. As discussed previously, measured 
joint efficiency along the shoulder sections on I-74 
in Illinois, which incorporated tied keyways, had 
retained joint efficiency in excess of 70 percent 
even after 10 years of service. Therefore, properly 
constructed concrete pavement with tied shoulders 
can be expected to retain at least 50 percent joint 
efficiency during its design life. 

It should be noted that the measured level of 
improvement shown in Table 4 is based on response of 
the inside-lane edge, which has been subjected to 
little traffic loading. Therefore, if the level of 
improvement had been determined based on a free lon­
gitudinal edge that had been subjected to the same 
amount of traffic as the outside lanes at projects 1 
and 2, a greater reduction in pavement responses 
would have been determined for the tied-shoulder 
sections at projects 1 and 2. 

Because pavement damage or loss of serviceability 
is a function of axle load magnitude and number of 
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load repetitions, it can be concluded that a given 
axle would produce less deflection-related damage or 
loss of serviceability on a pavement with a tied 
shoulder than on a pavement without a tied shoul­
der. If a linear relationship is assumed between 
magnitude of axle load and pavement deflection re­
sponse, an axle load (Pl applied on a pavement with­
out a tied shoulder can be considered to be equiva­
lent to an axle load (P/0.85) applied on a pavement 
with a tied shoulder . Thus, based on similar de­
flection responses, an 18-k-ip SAL applied on a pave­
ment without a tied shoulder can be considered to be 
equivalent to a 21-kip SAL applied on a pavement 
with a tied shoulder. 

Application to AASHTO Design Procedure 

The AASHTO Interim Guide uses the concept of traffic 
equivalence factors for converting mixed traffic to 
an equivalent number of 18-kip SALs <1>· The 
equivalence factors, when multiplied by the number 
of axle loads within a given weight category, give 
the number of 18-kip SAL applications that have an 
equivalent effect on the performance of the pavement. 

The AASHTO traffic equivalence factors give more 
weight to deflection response than to stress-type 
response. For example, according to the AASBTO 
traffic equivalence hctors, presented in Table 7, 
tandem axles are about 2.30 to 2.50 times as damag­
ing as a single axle weighing half as much as the 
tandem axles. The ratio of edge deflection under 
tandem axles to that under a single axle weighing 
half as much is about 1. 64 based on theoretical 
analysis and about 1.90 based on field measure­
ments. On the other hand, calculated as well as 
measured edge strain under tandem axles are less 
than those under a single axle weighing half as much 
as the tandem axles. Therefore, with respect to use 
of a tied shoulder, the reduction in deflection 
response is considered more significant than the re­
duction in strain response. 

It should be further pointed out that the AASHTO 
design equation incorporates Spangler's equation for 
corner. stress. For pavement and joint designs 
similar to that used at the AASHTO Road Test , the 
constant J of Spangler's equation cancels out. The 
constant J has a value of 3. 2 for an unprotected 
corner. However, for pavements incorporating a tied 
shoulder, the value of J would be much less than 3 .2 
because the corner stresses would be reduced by the 
use of a tied shoulder. This further verifies that 
the AASHTO design equation .would recognize the bene­
ficial effect of a tied shoulder if the value of 
constant J of Spangler' s equation was modified to 
account for use of a tied shoulder. 

Thus, the establishment of a conservative level 
of reduction of 15 percent in the deflection re­
sponse because of the use of a tied shoulder is con­
sidered valid. Similarly the assumption based on 
study results that a n axle load (Pl applied on a 
pavement without a tied shoulder is equivalent to an 
axle load (P/0.85) applied on a pavement with a tied 
shoulder is considered valid. 

It is seen from Table 5 that for a 9-in.-thick 
pavement, a 21-kip SAL is 2 .0 times as damaging as 
an 18-kip SAL. However, based on study results, a 
21-kip SAL applied on a pavement with a tied shoul­
der can be considered to be only as damaging as an 
18-kip SAL applied on a pavement without a tied 
shoulder . Thus, a 21-kip SAL applied on a pavement 
with a tied shoulder is only 1/2.0, that is, o. 5 
times as damaging, as a 21-kip SAL applied on a 
pavement without a tied shoulder. If this logic is 
applied to different slab thicknesses and other axle 
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TABLE 7 Traffic Equivalence Factors for SALs and TALs 

Axle Load Sia b Thickness D (in.) 

Kips kN 6 7 8 

Single Axle 

2 8.9 0.0002 0.0002 0.0002 
4 17.8 0.003 0.002 0.002 
6 26.7 0.01 0.01 0.01 
8 35.6 0.04 0.04 U.03 

JO 44.5 0.10 0.09 0.08 
12 53.4 0.20 0.19 0.18 
14 62.3 0.38 0.36 0.35 
16 71.2 0.63 0.62 0.61 
18 80.1 I.OD 1.00 I.DO 
20 89.0 1.51 1.52 1.55 
22 97.9 2.21 2.20 2.28 
24 106.8 3.16 3.10 3.23 
26 115 .7 4.41 4.26 4.42 
28 124.6 6.05 5.76 5.92 
30 133.4 8.16 7.67 7.79 
32 142.3 10.81 10.06 IO.IO 
34 151.2 14.12 13 .04 12.34 
36 160.1 18 .20 16.69 16.41 
38 169.0 23.15 21.14 20.61 
40 177.9 29.11 26.49 25.65 

Tandem Axles 

JO 44.5 0.01 0.01 0.01 
12 53.4 0.03 O.Q3 0.03 
14 62.3 0.06 0.05 0.05 
16 71.2 0.10 0.09 0.08 
18 80.1 0.16 0.14 0 14 
20 89.0 0.23 0.22 0.21 
22 97.9 0.34 0.32 0.31 
24 106.8 0.48 0.46 0.45 
26 115.7 0.64 0.64 0.63 
28 124.6 0.85 0.85 0.85 
30 133.4 I.I I 1.12 1.13 
32 142.3 1.43 1.44 1.47 
34 151.2 1.82 1.82 1.87 
36 160.1 2.29 2.27 2.35 
38 169.0 2.85 2.80 2.91 
40 177.9 3.52 3.42 3.55 
42 186.8 4.32 4.16 4.30 
44 195.7 5.26 5.01 5.16 
46 204.6 6.36 6.01 6.14 
48 213.5 7.64 7.16 7.27 

Note: Termina1 pavement serviceability index (pf)= 2.5 . 

loads, it is found that the damaging effect of a 
given SAL or TAL applied on a pavement with a tied 
shoulder is about o. 5 times that for the same axle 
load applied on a pavement without a tied shoulder. 

For application to the AASHTO design procedure, 
it is recommended that the damaging effect of an 
axle l o a d applied on a pavement with a tied shoulder 
be cons idered as one-half of that for the same axle 
load applied on a pavement without a tied shoulder. 
Thus , o n ly one - half o f the equ ivalent 18-kip SALs 
appl i ed needs to be c ons idered for thickness design 
o f pave me n t s wi th a t ied shou d er. 

Des i gn Appl.ic at.io n 

The following parameters are assumed: 

1. Concr e te modulus of rupture, 650 psi: 
2. Concrete working stress, 490 psi7 
3. Concrete modulus of elasticity, 4 x 106 

psi, and 
4. Modulus of subgrade reaction, 200 pci. 

By using the design chart presented in the AASHTO 
Interim Guide, slab thicknesses for pavements with 
and without a tied shoulder are calculated as fol­
lows: 

10 11 

0.0002 0.0002 0.0002 
0.002 0.002 0.002 
0.01 0.01 0.01 
0.03 0.03 0.03 
0.08 0.08 0.08 
0.18 0.18 0.17 
0.34 0.34 0.34 
0.60 0.60 0.60 
1.00 I.OD 1.00 
1.57 1.58 1.58 
2.34 2.38 2.40 
3.36 3.45 3.50 
4.67 4.85 4.95 
6.29 6.6 1 6.81 
8.28 8.79 9.14 

10.70 11.43 11.99 
13.62 14.59 15.43 
17.12 18.33 19.52 
21.31 22.74 24.31 
26.29 27.91 29.90 

0 01 0.01 0.01 
0.03 0.03 0.03 
0.05 0.05 0.05 
0.08 0.08 0.08 
0.13 0.13 0.13 
0.21 0.20 0.20 
0.31 0.30 0.30 
0.44 0.44 0.44 
0.62 0.62 0.62 
0.85 0.85 0.85 
1.14 1.14 1.14 
1.49 I.SO 1.51 
1.92 1.95 1.96 
2.43 2.48 2.51 
3.04 3.12 3.16 
3.74 3.87 3.94 
4.55 4.74 4.86 
5.48 5.75 5.92 
6.53 6.90 7.14 
7.73 8.21 8.55 

Design 1 8-kip 
SAL Applicatio ns 
( 000 , 000s ) 
2.5 
5 

1 0 
20 

12 

0.0002 
0.002 
0.01 
0.03 
0.08 
0.17 
0.34 
0.60 
1.00 
1.59 
2.41 
3.53 
5.01 
6.92 
9.34 

12.35 
16.01 
20.39 
25.58 
31.64 

0.01 
0.03 
0.05 
0.08 
0.13 
0.20 
0.30 
0.44 
0.62 
0.85 
1.14 
1.51 
1.97 
2.52 
3.18 
3.98 
4.91 
6.01 
7.28 
8.75 

Required Pavement 
Th ickness (in.) 
Witho ut With 
Sho ulder 

7.6 
8.7 
9.7 

10.8 

Shoulder 
6.6 
7.6 
8.7 
9.7 

Required thicknesses for pavement with tied 
shoulders were determined by using one-half of the 
design 18-kip SAL applications. It is seen that as 
a m1n1mum the use of a tied shoulder allows for 
reduction of 1 in. in the required main-line slab 
thickness. 

Similar results are obtained for other values of 
the design parameters. Therefore, it is recommended 
that as a minimum, the use of a tied shoulder should 
allow for r ed uct i on of 1 in. in the required main-
1 ine slab thickness . 

Future Modifications 

It should be noted that study results are based on 
use of a 6-in.-thick concrete shoulder. If a shoul ­
der thickness equal to the main-line slab thickness 
is used, a larger reduction in main-line slab thick-
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ness may be warranted . Greater thickness reduction 
may a lso be wa rranted if fut ure performance of othe r 
pavements incorpo rating tied shoulders indica t e s 
t ha t a level of reduction in deflection res ponse i s 
mo r e than the 15 pe rcen t established in the current 
study. 

Future modifications can be made following the 
procedu res prese nted in this paper . For e xample, 
let a leve l of red uction in deflect ion response of 
20 p e rcen t be established . Then f ollowi ng proce­
d u res pre sent ed in this pape r , i t is .found that f or 
applicatio n t o the AASHTO d esig.n p rocedure , only 40 
percent of t he design 18- kip equivalent SAL applic a ­
tions nee ds be consid ered f or concrete pavement s 
incorporating tied- c oncrete shoulders. This would 
result in a reduct i on of 1 to 2 in. in the required 
main-line slab thickness given by the AASHTO design 
procedure. 

SUMMARY 

A field study was conducted to evaluate the effect 
of tied-concrete shoulders on concrete pavement per­
formance. Pavement deflections and strains were 
meas ured along ti ed-shoulde r j o i n t s and a l o ng free 
e dges at two projec t l oc at i ons , In addition, a 
t heo retical analysis was perfo r med t o determine the 
effect of tied shoulders on concrete pavement 
re sponse. Study results i ndicate that pavemen t 
response is improved for pa vements using a tied 
shoulder as compared with pave ments not using a tied 
shoulder. 

Based on study results, it is concluded that for 
a pplication to the AASHTO t hickne s s design proce­
d ure , o nly o ne -half of t he design 18-kip equivalent 
SAL applicatio n.a needs be c onsidered for concrete 
pavement s i ncorporating a tied-co ncret e sho uldei: . 
Th is r ecommendation results in a reduc t_ion o f l i n. 
in the requ ired mai n-line slab thickness given by 
the AASHTO design procedure. 
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