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FOREWORD 

This report is one volume of a three-volume set of interim reports evaluating 
the performance of 95 experimental or other in-service pavements in the United 
States or Canada. Extensive design, construction, traffic and performance 
data were collected. Design features evaluated are: slab thickness, base 
type, joint spacing, reinforcement, joint orientation, load transfer, dowel 
bar coatings, longitudinal joint design, joint sealant, tied shoulders and 
subdrainage. Volume I summarizes the performance data. Volume IV contains a 
detailed summary of the performance of the individual sections and Volume V 
describes the data collection and analysis procedures and includes an 
annotated bibliography on various aspects of portland cement concrete pavement 
performance, design and analysis. 

Volumes II and VI will be distributed separately in early 1990 and will 
describe the evaluation and modification of various design and analysis 
models. Volume III (Summary of Research Findings) and the Technical Summary 
will be given widespread distribution also in early 1990. 

This report will be of interest to those involved in the design, construction 
and maintenance of jointed concrete pavements. 

Sufficient copies of this report are being distributed by FHWA memorandum to 
provide one copy to each FHWA Region and Division and two copies to each State 
highway agency. Direct distribution is being made to the Division offices. 
Additional copies for the public are available from the National Technical 
Information Service (NTIS), U. S. Department of Commerce, 5285 Port Royal 
Road, Springfield, Virginia 22161. A small charge will be imposed for each 

copy ordered from NTIS. -~r •. • ·.) ~ J;.··./.,.,., 

~~~ 
t. 

Thomas J. sko, Jr., P.E. 
Director, Office of Engineering and 

Highway Operations Research and Development 

NOTICE 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. The contents 
of this report reflect the views of the contractor, who is responsible for 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. 
Trade or manufacturers' names appear herein only because they are considered 
essential to the object of this document. 
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• SI is the symbol for the International System of Measurement (Revised April 1989) 
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1. :rmror.ucrIOl 

At the very heart of the success of this project is the extensive field 
data collection effort. Four trips of 10 days to 6 weeks duration were 
scheduled. 'lhe field surveys started in May 1987 with a trip to Minnesota. 
'!hat was follOW'ed by trips to the east (Michigan, Ontario, Northern Ohio, 
Pennsylvania, New Jersey, and New York), the southeast (Southern Ohio, North 
carolina, and Florida), and the west and southwest (Arizona and california). 
'lhe field surveys for Phase I were completed in November. Field surveys were 
also conducted at proxilllate Phase II sections located in Pennsylvania, New 
Jersey, New York, Connecticut, Maine, and I..ouisiana. 

Integral to the success of the field surveys and the reliability of the 
data obtained is the degree of consistency or repeatability achieved in the 
perfonnance of the surveys, at locations from Maine to califomia and 
Minnesota to Florida. Several steps were taken to achieve a high level of 
reliability in the data collection process. 'lhe strategic Highway Research 
Program (SHRP) IDng-Tenn Pavement Perfonnance (LTPP) Data Collection Guide 
was follOW'ed to ensure the identification and collection of all key data 
elements. (1) In the field, pavement distresses were identified and 
quantified according to reference 2. 'Ihis distress identification manual 
provides a uniform basis for collecting distress data from sw:vey to survey, 
and its use also ensures that the collected data will be consistent with data 
collected for the LTPP studies. 

'lhe composition of the survey crews also helped to ensure consistency. 
'lhe crews typically consisted of two or three :members, one a senior project 
engineer. Another member of the survey crew was a technician who was present 
on all of the field survey trips and participated in the sw:vey of each 
section to ensure consistency in data collection. In addition, the same 
equipment was used in the field evaluation of every section, thereby 
eliminating equipment variability as a potential source of inconsistency. 

A brief description of the data collection activities has been 
previously discussed in chapter 2 of voltnne I. In this chapter, the field 
data collection procedures are described in detail. 

2. CllIDITIOl SURVEY 

'lhe condition survey included several levels of data collection. Some 
distresses were actually measured while others were mapped. 'lbere were 
distress corxlitions whose presence was noted on the survey and there were 
also conditions that were noted. 'lhe actual data collection efforts were 
guided by the survey sheets shown in figures 1, 2, and 3. 

Measurements 

Extensive measurements were made on each pavement section. To begin 
with, an atterrpt was made to accurately identify the location of the project 
section so that it could be found in the future. 'lhe starting milepost, 
station, or distance from the nearest fixed object (such as an overpass) were 
measured. 'Ihe length of the section was also marked off with a measuring 

1 



STATE CODE 
FIELD SCRVEY: GENERAL INFOR~ATION PROJECT ID _I _ _ _ I_ 

ERES ID 

DATE OF FIELD SURVEY (MONTH/DAY/YR) 
SURVEYORS' INITIALS 

_ _ I __ I __ 
__ ! __ ! __ 

TEST SECTION LOCATION: 

START POINT MILE~ARK 
END POINT MILEMARK 

START POINT STATION NUMBER 
END POINT STATION NU!'IBER 

- _+_ -·- -___ + __ • __ 

LENGTH OF SECTION (FEET) 

IF \0 ~p OR ST\, DISTA\CE FRC~ \EAREST STRCCTlRE/ 
I\TERCHA\GE/CRCSSROAD (FEET) 

TYPE/NA:-JE OF STRUCTuRE/ INTERCHA:--.:GE/CROSSROAD _________ _ 

NC~BER OF THROUGH LANES IN DIRECTION OF SURVEY 

O[TSIDE SHOlLDER WIDTH (FEET) 

I\SIDE SHOCLDER ~IDTH (FEET) 

SHOCLDER SuRFACE TYPE 
OUTSIDE SHOULDER 
INSIDE SHOULDER 

TURF •.............. 1 CONCRETE ............ 4 
GRANULAR ........... 2 SURFACE TREATMENT ... 5 
ASPHALT CONCRETE ... 3 OTHER _______ 6 

AVERAGE CONTRACTION JOINT SPACING (FEET) 
RA\DOM JOI\T SPACI\G (IF APPLICABLE) 
TRA\S~ERSE JOI\T SKE~\ESS 

FT /U\E 

ROCGHNESS A\D SERVICEABILITY: 

ROl:GHNESS INDEX (TRIAL 1) 
(TRIAL 2) 

ROUGHNESS MEASUREMENT SPEED (MPH) 

PRESENT SERVICEABILITY RATI\G (~EA\) 

L 

----

L 

*LA\E 1 IS OCTE~ LA\E, L~\E 2 IS \EXT TO ~A\E I, ETC. 

Figure 1. General field survey sheet. 
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FIELD SURVEY: DRAINAGE I.NFOR:1.-\TION STATE CODE 
PROJECT ;D. _! _ _ _ I_ 
ERES ID __ -__ 

LONGITUDINAL SLOPE (NEAREST 1/16") 
(3 MEASUREMESTS, EQUALLY 

SPACED ALONG PROJECT) 

TRANSVERSE SLOPE (NEAREST 1/16") 
(3 MEASUREMENTS, EQUALLY 
SPACED ALONG PROJECT) 

SHOULDER SLOPE (NEAREST 1/16") 
(3 MEASUREMENTS, EQUALLY 
SPACED ALONG PROJECT) 

STATIOS 

+ 
+ 

_ +_ 

_ +_ 
- - _+_ -

_ +_ 

+ 
- -- __ +_ 
- -- __ +_ 

SLOPE 
DiNER OCTER 
_I __ !_ 
_I __ I_ 
_I __ ! _ 

_ I _ 
_ I_ _ ; _ 
_ I_ 
_ I_ 
_ I_ 

_I _ 
_I _ 
_! _ 

_! _ 
_I _ 
_I _ 

CUT OR FILL DEPTH (GROU\D LEVEL TO PAVE~EST SURFACE ELEVATIO~) 

FILL> 40 FT, ....... , ............ , .1 
FILL 16 - 40 FT ....... , ............ 2 
FILL 6 - 15 FT.,., .. ,., ...... , ..... 3 
AT GRADE (5 FT FILL TO 5 FT CUT) ... 4 
CUT 6 - 1 5 FT ...................... 5 
en 16 - 4 o FT ..................... 6 
CCT > 4 0 FT ... , .. , ................. , 

DEPTH OF DITCH LI~E (FRO~ PAVE~E\T S~RFACE, FEET) 

LANE/SHOULDER JOINT INTEGRITY: 

SEALANT DAMAGE 
BLOWHOLES 

OUTER SHOULDER 
N L M H 
N L M H 

TYPE OF SUBSURFACE DRAINAGE SYSTEM PRESENT (VISUAL) 

NONE ...•..••••.....•.....•... 1 
LONGITlDINAL DRAI\S .......... 2 
TRANSVERSE DRAI\S ............ 3 
OTHER ____________ , 

INDICATORS OF POOR DRAI\AGE: 

CATTAILS OR \.,'l LLO\,S GR0\'1\G I:,i DITCH 
DRAINAGE OL'TLETS CLOGGED 
DRAINAGE OUTLETS BELOW DITCHLINE 
NON-CONTI1'iUOUS CROSS SECTION, CROWN TO 

DRAINAGE DITCH 
PUMPING 
OTHER 

Figure 2. Drainage field survey sheet. 
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INNER SHOULDER 
N L M H 
N L M H 

y I \ 
y I N 
y I N 

y I N 
L M H 

y I N 
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11!.<1!!1Y1ULIQPI TYPE CODE 
CONTRACTION JOl~T., ,, , , , , , l 
CONSTRUCT IOI-I JO(~T.,.,,,,, 2 
PATCH APPROACH JO(l'fT,,,,, ,3 
l'An;u Ll,\V!'. JOl~T •••••••••• 
PRESSURE RELIEF JOl~T,.,,, 5 

I 

I TRANSVERSE JOINT 
TYP. fl:S~ ~~no l 

SPALLl:,IG 

JOINT SEAL O~MAGE 

~()_NGITUD!IIAL JOl!!I SEAk._!MMAGE 

PATCII/SLAB REPLACEHENT DETERIORATION 

8k!!!L.!/F.Tlm IOR/\TlOH /\ll_,!li!,;_lili.Li!L.EUc;JL 

LANE TO SIIOULOER DROPOFF ( INCIIES) 

LANE/SIIOULDER SEPARATIOII ( IHCIIES) 

FAULTING ( INCIIES) 

JOINT 1110TH (INCHES, OUTER L,INE ONLV) 

I I 

STATION 

N L i'I II 

N L H II 

II L !:l II 

N L H II 

_J'____j,_JL.U__ 

~·--
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---
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I I I I I I I I I I 
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Figure 3. Field data collection form. 
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wheel. '!he location of features of interest, distresses, and other 
infonnation were kept track of by stationing each section beginning at STA 
o+oo. '!he exact lergt:h is ilnportant for several calculations, including the 
nonnalization of distress quantities to a per mile basis and the calculation 
of the roughness index. D.rring the marking off of the length of the section, 
the joint spacing of the mainline pavement (and the shoulder, if applicable) 
was verified. At the beginning of the survey the paved width of the inner 
and outer shoulders was also measured. 

'!he faulting of each transverse joint was measured with a faulbneter. 
'Ihis device has a dial gauge which pennits values to be recorded to the 
nearest 0.01 in (0.25 mm). Readings were taken in the outer wheelpath 
(approximately 18 in [457 mm] in from the edge of the pavement) of both the 
inner and outer lane. Where traffic volumes were high or where there were 
more than two lanes in the direction of the survey, no faulting was measured 
in the second lane: this also often prevented the measurement of faulting in 
the inner lane. Finally, faulting was also measured on transverse and 
longitudinal cracks where it occurred. 

At regular intei:vals (detennined by the joint spacing), such as every 
third, fourth, or fifth joint, the width of the joint was measured with a 
6-in (152 mm) stainless steel rule. 'lhe measurements were recorded to an 
accuracy of o. 05 in ( 1. 3 mm) . At the sarne intenral, the dropoff from the 
mainline pavement to the shoulder was measured with the faulbneter and the 
separation between the mainline pavement and the shoulder was measured with 
the small hand rule. 'lhe lane-shoulder separation was recorded as zero if 
the sealant was tightly adhered to both the pavement and the shoulder. 

Transverse slopes of all lanes and the inner and outer shoulders, as 
well as longitudinal slopes of the pavement lanes, were measured with a 4-ft 
(1.2 m) level and bubble slope indicator. 'lhese readings were taken three 
times, usually at the beginning, middle, and end of the section. 'lhe average 
was reported in the surmnary tables and used in all drainage calculations. 

Mapped Distresses 

Many of the pavement distresses were mapped on the distress survey 
sheets. First, the transverse joints were drawn on the sheets. 'Ihey were 
spaced to scale; however, skewed joints were only noted as skewed and not 
drawn skewed. Transverse and longitudinal cracks were sketched in, 
approxiniately to scale, and their severity was noted. '!he length of the 
cracks was scaled off of the survey sheets. Areas of transverse and 
longitudinal joint spalling were also drawn on the survey sheets and their 
severity noted alongside on the sketch. '!he lengths of the spalled area were 
noted on the survey sheets, as it was difficult to draw these to scale. 

All patched areas were drawn to scale on the survey sheets. '!he 
approxiniate shape of the patch was sketched freehand and an attempt was made 
to identify the patch material. Areas of griming and grooving were marked 
on the pavement. 'Ihe location of both old core holes and the cores taken 
during this study were drawn on the survey sheet at the section's station. 
Fixed objects located within the section's bouroaries were noted to further 
aid in locating the section. 'lhese included signposts or lightposts, 
bridges, ramps, and drainage structures. 
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If concrete shoulders existed on a project, all cracking, spalling, and 
corner breaks were mapped on the distress sheets. The locations of the 
joints in the shoulder were also noted in relation to the joints in the 
mainline pavement. For asphalt-concrete shoulders, the presence of all 
distress (transverse and longitudinal cracking, alligator cracking, shoving, 
weathering and raveling) was noted and a general assessment of the shoulder 
condition was made. 

Evaluated Conditions 

At each transverse joint, several corrlitions were evaluated and rated. 
The overall extent of joint deterioration was noted, and fanned the basis for 
a rating of NONE, u::M, IDDERA'IE, or HIGH. 'Ihe joint sealant damage at each 
transverse joint was also evaluated. Ratings of joint seal damage ranged 
from NONE to HIGH. If there was no joint sealant it received a damage rating 
of HIGH. The same rating scheme was used for the longitudinal joint 
sealant. The condition of the longitudinal joint sealant was evaluated 
continuously along the project, from transverse joint to joint. 

The condition of each full width patch was evaluated in the same manner 
as a transverse joint. The surveys identified spalling at the patch, the 
corxlition of the patch, and the condition of the sealant between the patch 
and the pavement. 

Noted Conditions 

'Ihe surface condition of the pavement was most commonly noted on a 
project level. The manifestations of materials problems, such as "D" 
cracking and reactive aggregate, were recorded for the entire section if all 
areas were similarly affected. I.ocalized surface distresses, such as popouts 
and areas of crazing and scaling, were also identified. 

3. BIJIO SURVEY 

'Ihe record of the condition survey was backed up by the creation of a 
35 mm photographic record of each section. '!his photo survey consisted of 
several "standard" photographs and a rn.nnber of unique photographs. 'Ihe 
general approach was the same for each section, however. The first set of 
slides was shot from the beginning of the section facing toward the em. of 
the section. They showed a progression from the outer drainage ditch to the 
outer shoulder, the mainline pavement, the inner shoulder, and the inner 
drainage ditch. 'lllis set of photographs serves as an overview of the 
section. SUbsequent photos were made of typical transverse joints, typical 
slabs, typical lane-shoulder and longitudinal joints, and visible drainage 
features. 'Ihe remairoer of · the photographs were used to record the most 
notable distresses of the section. For a section in fairly good condition, 
it was not uncomrron to obtain from 12 to 18 photos. However, badly 
deteriorated sections usually required from 24 to 36 photographs to 
adequately record the overall corxlition of the section. The last photograph 
in each section was taken from the erxi of the project along the centerline of 
the pavement and facing back toward the start of the section. An example of 
the photographic log is shown in figure 4. 
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ERES PROJECT ID #s: 
PROJECT PHOTO RECORD 

---- DATE __ / _ _ !_ 
PAGE# OF 

PHOTO .. DESCRIPTION OF PHOTO ST.HIO~ 

1 + ------
2 + ---
3 
4 + ----
5 + ---
6 + -----
7 + -------
8 + ----
9 .,. ----

10 + ---
11 
12 
13 
14 + ---
15 
16 
17 
18 
19 + ----
20 .,. -- ---
21 + - -- --
22 
23 
24 
25 + ----
25 + ----
27 + 
28 
29 
30 
31 + 
32 
33 + ---
34 + ---
35 + ----
36 + ----

NOTE: 1ST PHOTO OF SECTION rs OF TIT~E SHEE7. 
2ND PHOTO OF SECTI'tN rs ALONG LE:iGTH OF PROJECT. 
3RD PHOTO OF SECTION IS OF SHOCLDER AND LANE/SHOULDER JOI~T, 

ALONG LENGTH OF PROJECT. 
4TH PHOTO rs OF REPRESENTATIVE DRAINAGE CONDITIONS ALONG PROJECT. 

Figure 4. Project photographic record. 
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'Ihe photographic record serves several purposes. It tells the story of 
the pavement's condition in a fom that is fairly easy to urrlerstarrl. It 
also helps to visualize the overall setting of the pavement for someone who 
was not present at the field sw:vey. 'Ihe field sw:vey can also be an 
extremely useful tool in the reevaluation of the condition sw:vey, as it 
helps to answer questions about the extent and severity of various distresses 
without returning to the field. 

4. rnAI.N1\GE SURVEY 

'Ihe third component of the field data collection process is the 
drainage smvey. Infonnation was collected at each section which, in 
conjunction with materials data, could be used to perfonn a rational drainage 
analysis of each section. The drainage evaluations are described in greater 
detail in chapter 4 of this volume. The sw:vey itself is described here. 

Initially, the average depth from the pavement slab (at the pavements' 
edge) to the bottom of the drainage ditch was estimated. The location of the 
section in an area of cut or fill was also made, and the depth of the cut or 
fill was estimated. If there were any visible signs of the drainage outlets, 
these were noted on the sw:vey sheets. 

'Ihe condition of the sealant between the mainline pavement and the 
shoulder is an important indicator of the condition of the sections' 
drainage. The damage to the sealant was rated for the section between both 
the inner and outer shoulders. A rating of NONE showed that the sealant was 
in excellent condition, while a rating of HIGH meant that the sealant was 
either in poor condition or nonexistent. Asphalt shoulders were examined for 
the presence of blowholes. These are semicircular areas of the shoulder 
where the asphalt pavement has been removed through the powerful expulsion of 
fines and water trapped urrlemeath the pavement slab. 

'Ihe drainage sw:vey included an inventory of indicators of poor 
drainage. Where present, the transverse drain outlets were examined. Were 
the drains clogged or clear and freeflowing? Were they silted over or 
partially submerged, or well clear of the grourrl? 'Ihe condition of the 
drainage ditch is also an indication of the overall drainage condition of the 
section. 'Ihe ditch was evaluated for the presence of cattails or willows. 
'Ihese grcM where there is an adequate supply of water which does not flow 
freely. 

Another sign of poor drainage is the presence of a noncontinuous cross 
section from the pavement crown to the bottom of the ditch. Under certain 
conditions, water and sediment or debris may drain along the project before 
they reach the bottom of the ditch. When this happens, it will often cause a 
discontinuity in the pavement surface profile, as a buildup of sediment or 
debris fonns at the edge of the drainage flCM. 

'!he preceding are mainly indicators of poor drainage on the pavement's 
surface. 'Ihe primary indicator of poor subsurface drainage is pumping. 'Ihe 
IrOSt camron sign of pumping is the staining of the shoulder by the fine 
sediment ejected between the pavement and the shoulder. 'Ihis phenomenon is 
usually observed at the transverse joints of the pavement. Another sign of 
pumping is the presence of blowholes, which are discussed above. Purrping 
severity was rated on a project level according to its extent. 
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5. FIEID TES'l'.I..NG 

Several types of field testing were conducted on the pavement 
sections. 'lhese included deflection testing with a Falling Weight 
Deflectameter (FWD), coring and boring, and the collection of roughness and 
Present Serviceability Rating (PSR) data. 

Falling Weight Deflectameter (FWD) 

FWD testing was perfonned with a Dynatest Mcxiel 8000. '!he deflection 
testing pattern used for each section was determined by the type.of shoulder 
included on the section. 'llle different testing patterns are shown in figures 
5 through 7. 

'!he FWD testing was perfonned while the temperature of the pavement was 
below 80 °F (27 °c) , to avoid the influence of slab expansion on the 
measurement of load transfer and void detection. '!he temperature of the 
pavement was monitored by a thennarneter probe placed in conducting media 
poured in a hole drilled in the pavement. '!he FWD equipment monitors the 
ambient temperature and records it along with the raw deflection data on both 
computer tape and a hardcopy output. An example of the raw FWD data output 
is shown in figure 8. 

'!he deflection data from the FWD testing is used in a number of 
analyses. '!he center slab deflections are used to backcalculate the modulus 
of elasticity (E) of the slab and the dynamic modulus of subgrade reaction on 
top of the base (k). '!he center slab deflections are also used to calculate 
the correction factor for the curvature of the slab under testing. 

It should be emphasized that the k-value determined from the deflection 
testing is the dynamic value and not the static value. '!he static k-value is 
traditionally the value used in pavement design; it is typically about 
one-half of the dynamic value. 'Ihus, for the work done in voltnnes I .and II 
requiring static k-values, the dynamic k-values were divided by two. 

load transfer at the transverse joints was measured with the FWD by 
following the testing pattern at the joint comers. '!he ratio of the 
deflection of the unloaded side to the deflection of the loaded side was 
Imlltiplied by the correction factor mentioned above to obtain the percent 
load transfer. 'Ihe joint comer deflections were also used to detect voids 
under joint comers. 'llle procedures followed are described in reference 3. 
'Ihe load transfer across the joint between the mainline pavement and portland 
cement concrete (PCC) shoulders was measured in a similar manner. 

Coring and boring 

Almost all of the pavements were cored for the retrieval of a concrete 
sample. Coring was perfo:nned with a portable drill, equipped with a 6-in 
(152 nun) diameter bit. Center slab cores were retrieved from almost all of 
the sections in the United states. 'lhese were properly prepared and tested 
in split tensile according to AASHIO T-198 (AS'IM c 496) . Stabilized base 
samples of sufficient dbnensions were also retrieved and tested similarly. 
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Raw data from HP file : mil-la.hpd 

Station - 36CEN Pvt - 28 Temperature - 81°F 

load 00 Dl D2 D3 D4 D5 D6 

8045 2.8 2.5 2.2 1.9 1.5 1.3 2.6 
8141 2.8 2.6 2.2 1.9 1.5 1.3 2.6 

12545 4.6 4.2 3.7 3.1 2.5 2.1 4.2 
17220 6.5 5.8 5.2 4.3 3.6 3.0 5.8 

Station - 72TJT 
0 

Pvt - 28 Temperature - 81 F 

load 00 Dl D2 D3 D4 D5 D6 

7759 6.6 5.7 4.5 3.4 2.5 2.0 6.1 
7759 6.4 5.6 4.3 3.3 2.4 1.9 5.9 

12036 10.6 9.1 7.2 5.5 4.2 3.3 9.6 
17124 14.6 12.7 9.8 7.5 5.7 4.4 13.1 

station - 72TBI' Pvt - 28 Temperature - 8fF 

load 00 Dl D2 D3 D4 D5 D6 

7823 6.1 5.2 4.3 3.3 2.6 2.0 5.6 
7648 6.0 5.1 4.3 3.3 2.6 2.0 5.6 

12036 9.9 8.3 6.9 5.4 4.2 3.3 8.9 
17013 13.9 11.8 9.7 7.6 6.0 4.7 12.4 

Station - 108CEN Pvt - 28 Temperature - 81°F 

load 00 Dl D2 D3 D4 D5 D6 

7823 2.7 2.6 2.2 1.9 1.6 1.3 2.6 
7966 2.8 2.5 2.3 1.9 1.6 1.4 2.6 

12513 4.6 4.3 3.8 3.3 2.8 2.3 4.2 
17013 6.5 6.0 5.2 4.5 3.7 3.1 6.1 

station - 143TJT Pvt - 31 Temperature - 84°F 

load DO Dl D2 D3 D4 D5 D6 

7823 5.7 5.0 4.2 3.4 2.7 2.i 4.9 
7934 5.5 4.8 4.0 3.2 2.6 2.0 4.6 

12116 9.4 8.1 6.8 5.4 4.3 3.5 7.8 
16759 12.7 11.0 9.1 7.3 5.8 4.6 10.6 

Figure 8. Raw data file from the Dynatest Model 8000. 
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'!he split tensile results obtained from the testin;J of the cores 
provided an estbnate of the concrete nx:rlul.us of rupture through the following 
relationship: 

where: 

~ = l.02*ft + 210 

~ = concrete modulus of rupture, psi 

ft= split tensile strength, psi 

(1) 

It has been shown that split tensile testin;J results on 6-in (152 nun) 
diameter cores provide better correlations with the concrete modulus of 
rupture than split tensile results on 4-in (102 nun) diameter cores.(4) 

Cores were also retrieved from the transverse joints of most of the 
older sections. These were visually examined and given a subjective rating 
of their condition. Of special interest were any signs of deterioration 
along the underside of the joint core. The joint cores were also examined 
for microcracking of the aggregate, which would indicate a materials 
durability problem. 

Base, subbase, and subgrade materials were retrieved from beneath the 
slab cores. The particle size distribution of granular materials was 
determined according to standard test methods. The liquid limit and 
plasticity in:iex were also determined. This infonnation was used to estbnate 
a classification of the granular material according to procedures described 
in AASHro M 145. 

Roughness/PSR 

Pavement surface rougtmess data was collected on all of the sectiors. 
A 1985 Buick le Sabre was fitted with a rear axle-mounted Mays Roughness 
Meter. This was run over each lane of each section twice and the results 
were averaged. A sample of the output is shown in figure 9. Calculation of 
the Roughness Index in units of inches/mile is a matter of knowing the length 
of the section and measurin;J the len:;rth of the accumulated roughness. The 
test was run at a constant speed of 50 mi/h (80 knylh). D.rring the first pass 
the passengers in the car gave the section a present serviceability rating 
(PSR) • These ratin;Js were averaged for the section. 

Traffic Control 

Traffic control for the testing was provided by maintenance forces of 
the participating States. 

6. WEIGH-IN-MJl'ICN DATA CD~CN 

Weigh-in-notion (WIM) traffic infonnation was also collected on 
selected sites. This work provided traffic volumes by lane and by direction, 
and also axle load distribution infornation. Details of his data collection 
activity are described in chapter 2 of this volume. 
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7. SlmS'l'ICNS FOR FUlURE DA'.12\. CDillCT'ICN AND TES'l'.11.\G 

Every effort was made to make the data collection and testing 
procedures outlined in this chapter as complete and comprehensive as 
possible. However, as is often the case, several uncollected data items and 
unperfonned tests were later identified which would have contributed to the 
perfonnance evaluation of the projects. 'Ihese items include: 

o Actual field measurements of the transverse and longitudinal joint 
depths. 

o Mid-slab edge deflections with the FWD. 

o Measurements of the volume of the cores before and after 
subjecting them to heating and cooling to detennine the thenral 
coefficient of expansion. 

o Distinction between defonned and smooth welded wire reinforcement. 

o Site-specific temperature data for the months of the concrete 
paving and curing. 
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OIAPI'.ER 2 WEIGH-IN-MJI'IOO mTA CDI..J.:.E::l'ICN PROCEClJRES 

l. INlK>rlJCITCN 

'As part of this study, truck weight arrl vehicle classification data was 
collected for selected sections using weigh-in-motion (WIM) equipment. 'Ihe 
location of the 12 sites that were monitored with the automated equipment are 
shown in table 1. 

'Ihe weight data was obtained from the Streeter Richardson portable 
weigh-in-motion (WIM) system using a capacitive mat as its weight 
transducer. 'Ihe WIM transducer was placed in one wheelpath of the outside 
lane in the direction of travel specified by the sponsor. Temporary 
inductive loops were placed both upstream arrl downstream of the capacitive 
speeds. 'Ihe data was collected for 48 continuous hours under the monitoring 
of a data collection technician. 

In addition, vehicle classification data was acquired using automated 
vehicle classification (AVC) equipment in conjunction with pneumatic tube 
axle sensors for 48 continuous hours. Two axle sensors were used with the 
AVC equipment to provide data from which to calculate vehicle speeds and axle 
spacings which are the basis for the vehicle classification criteria defined 
by the Federal Highway Administration (FHWA) • 'Ihe FHWA vehicle 
classification categories listed in the Traffic Monitoring Guide were used in 
the study. (5) 'Ihese are tabulated in table 2. 

2. SITE SEIUP AND CALIBRATICN 

In every case, the setup of the site for data collection was preceded 
by coordination with the local maintenance office so that they could provide 
work zone traffic control. 'Ihe WIM sensor deployment was accomplished by 
marking the proper location for each sensor arrl then fixing it to the 
pavement surface. For the tenporary inductive loops, this irwol ved removing 
the backing material from each prefonned loop arrl applying the loop to the 
pavement surface. 'Ihe capacitive mat was installed by laying it on an 
adhesive pad that had been cut to its dimensions. Nails were used to hold 
the mat securely to the pavement surface. 

Once the WIM system sensors were installed, they were connected to the 
electronic data collection system located in a van parked on the roadside. A 
single unit truck provided by the local maintenance yard was then used in the 
calibration process. 'Ihe gross weight of the calibration vehicle weight was 
measured at a static scale. 'Ihe calibration vehicle was then driven through 
the WIM sensor array several times at the posted speed limit. 'Ihe mean of 
the gross weights for the calibration vehicle obtained with the WIM system 
was computed. 'Ihe WIM system calibration parameter was then adjusted to 
produce WIM readings which, on average, correspond to the measured static 
reading for the gross weight of that vehicle. Whenever possible, vehicles 
with Jmown static gross vehicle weights were compared with their gross 
vehicle weights obtained using the WIM system. 
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Table 1. WIM project locations. 

1. Michigan 1 - U.S. 10, Clare 
2. Michigan 4 - Interstate 69, Olarlotte 
3. Michigan 5 - Interstate 94, Paw Paw 
4. New York 1 - Route 23, catskill 
5. New York 2 - Interstate 88, otego 
6. Ohio 1 - U.S. 23, atlllicothe 
7. Minnesota 1 - Interstate 94, Rothsay 
8. Minnesota 2 - Interstate 90, Albert Lea 
9. Minnesota 3 - Interstate 90, Austin 
10. Minnesota 4 - Trunk Highway 15, New Ulm 
11. Pennsylvania 1 - Routes 66/422, Kittanning 
12. New Jersey 3 - Interstate 676, canrlen 

Table 2. FHWA vehicle classification types. (5) 

FHWA 
Classification 

Type 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Description 
Motorcycles ( optional) 
Passenger cars 
Other Two-Axle, Four-Tire Single Unit Vehicles 
Buses 
Two-Axle, Six-Tire Single Unit Trucks 
'Ihree-Axle Single Unit Trucks 
Four or More Axle Single Unit Trucks 
Four or Less Axle Single Trailer Trucks 
Five-Axle Single Trailer Trucks 
Six or More Axle Single Trailer Trucks 
Five or Less Axle Multi-Trailer Trucks 
Six-Axle Multi...JI'railer Trucks 
Seven or More Axle Multi...JI'railer Trucks 
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'Ihe pair of pneumatic tubes for vehicle classification was placed in 
each lane perpendicular to traffic with a separation of 20 ft (6.1 m). 'Ihe 
sensors were then connected to the pneumatic tube connectors on the AVC 
unit. 'Ihe AVC unit was then progrannned to collect data for 48 continuous 
hours. Hourly sununaries of the total number of each type of vehicle in each 
lane were stored. 'Ihe perfonnance of the AVC units were verified 
periodically by the WIM system operator. 

'Ihe field procedures involved in the collection of WIM data are 
summarized in table 3. 

3. ACfJJRACl OF WIM rnTA 

Although no study was carried out to assess the accuracy of the WIM 
data acquired in this study, statements can be made about the nature of the 
data collected using the Streeter Richardson portable WIM system. In other 
research, it has been shown that the systematic error (i.e., the mean of the 
observed percent differences between static weighting and WIM results) is 
less than 4 percent for gross vehicle weights. It has also been shown that 
the random error (i.e. , the standard deviation of the observed percent 
differences between static weighing and WIM results) is generally less than 6 
percent for gross vehicle weights. 

'Ihe application of the truck weight data to computing 18-kip (80 kN) 
Equivalent Single-Axle Loads (FSAL) applications is straightfo:rward but 
requires an understanding of the phenomena that are being measured by the WIM 
equipment. 'Ihat is, the WIM transducer accurately indicates the force 
applied to it. If the weight applied to a static scale is also statically 
applied to the WIM transducer then the WIM system can be calibrated to yield 
a very accurate (within 0.1%) reading. However, excitations to the truck 
suspension systems due to the road profile as well as other perturbations 
prevent the force actually applied to the WIM transducer from being the same 
as that that would be applied to the static scale. Since accuracy is 
detennined from paired comparison of static and WIM weighing results, it is 
not possible to obtain very low accuracy results unless the approach profile 
is very smooth and the trucks are in excellent condition. 'Ihese conditions 
are rarely present on U.S. highways. 

'Ihe issue of whether WIM equipment or other data collection means 
should be used to detennine the number of FSAL's on a specific highway 
section is an important one. 'Ihe only significant obstacle to doing so is 
the fact that the FSAL values used in design procedures are based on static 
weight values. It will be necessary to develop pavement design procedures 
based on dynamic loading before WIM data can be applied directly to the 
process. Meanwhile, there exists no better data to be used. In fact, the 
FHWA has notified the States that it will discontinue acceptance of data not 
collected using WIM systems. 'Ihe reason for this is that data collected 
using static scales does not include those vehicles that are loaded in excess 
of legal limits since these vehicles will make every effort to avoid the 
scales. WIM weighing is clearly preferable to static weighing for obtaining 
a true sample of the weights of the truck population. 
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Table 3. Field procedures for collection of WIM data. 

I. mELIMINARY EIEMENrS m Il1\.'.rn. cn~rn ACl'IVlTIES 

A. Contacted Traffic Control ('IC) • Minimum advance notice of three 
days typical. 

B. Inspected all equipment to ensure in proper working condition. 

C. Met 'IC at their office and proceed to the site together. 

II. '1HE SEIUP PRXE::lJRE 

A. 'IC would block lane 1. 

B. laid temporary loops. 

C. Placed mat 1 ft (305 mm) from the entrance loop. 

1. For FCC pavements, the Hil te gun was used to secure the mat. 
2. For AC pavements, nails were used to secure the mat. 
3. Connected the WIM System and checked for communication 

problems, such as proper cable hookup or oscillator 
malfunction. 

D. laid the tubes for lane 1. 

1. For FCC pavements, the Hilte gun was used along with concrete 
nails and bituthene. 

2. For AC pavements, nails were used exclusively. 
3. Each lane had two tubes 20 ft (6.1 m) apart connected to a 

Streeter 241 WIM device. 
4. Only one lane had a WIM System but all had tubes for 

classification. 
5. The 24l's were placed opposite of each other 10. ft (3.0 m) 

from the shoulders. 

E. Highways with a middle lane on either side. 

1. Tapeswitches were used with the same setup as the tubes. 
2. The tapeswitches were installed using bituthene. 

F. All of the systems were checked carefully before 'IC was released. 

G. The WIM system was then calibrated using a van with measured axle 
spacings and weight. 

1. The van would be driven over the system 10 times at 55 mi/h 
(88 knVh). 

2. '!he system was calibrated each time the van passed by using a 
handheld calculator to calculate the percentage differences. 

3. 'Ihe speed, length, and the weight were set according to 
specifications. 
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Table 3. Field procedures for collection of WIM data (cont'd) . 

4. 'Ihe front axle weights of 3-S2's were then closely ronitored 
for at least an hour. 'Ihe front axles of 3-S2's typically 
weigh 9000-11,000 pounds. 

5. 'Ihe spacings of the tandems were also ronitored for the first 
hour. 

6. If the system appeared to be measuring either too high or too 
low, the calibration would be checked in the same manner as 
the initial calibration. 

III. MAINl'ENANCE AND OPERATICN 

A. Vests worn at all times. 

B. Checked the 241 's every 30 minutes. 

1. 'Ihe batteries had to have a 5.5 volt charge or a charged 241 
would be installed in its place. 

2. Each 241 had a built-in computer which allows classifications 
to be checked while the system was in operation. 

3. Tubes were reset if loosened from the highway. 
4. Broken tubes were replaced when support was available. 

c. WIM loop and mat malfunctions. 

1. loops would hang up when the leads were too long and when the 
connections were directly exposed to water. 

2. Vibrations of the road loosened the oscillator cover and in 
turn the oscillator. 

3. All cable connections were required to be kept dry. 

D. Every 4 hours, crew members not on duty checked the station. 

IV. SYSTEM REMJVAL 

A. One person stored the data from the WIM and the 241 systems. 

1. WIM data was stored by day each on a separate floppy and the 
241 data was stored on cartridges according to lane. 

B. other crew members removed the mat and tubes. 

c. 'Ihe loops were left but the leads were cut. 

D. All of the materials were removed from the highway and the trash 
was discarded before TC was released. 

E. loaded up equipment and traveled to the next location. 

V. Rl>T mTA. CDiliCT'ICN ACl'IVITIES 

A. All cartridge data was placed on floppy at the hotel using 
TrafcdhpIII. 
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Given the decision of the FHWA to accept only WIM data in the future, 
this data will be used to prepare the W-4 tables prcxluced as a result of the 
Truck Weight Study. It is important to note that the system of computer 
programs used by the FHWA to process the tnlck weight data has been adapted 
to IBM PC-compatible microcomputers and is now available. 'Ihe WIM data 
obtained at any location can be input to this battery of programs to prcxluce 
the W-4 tables for that location. 
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rnAPrER 3 'mAFFIC ANAU.lSIS 

1. INrnOilJCI'IW 

In order to evaluate the overall :perfonnance of a pavement, estimates 
of the number of traffic loadings sustained by a pavement over its 
:perfonnance period must be known. 'lhe gauge used to measure the amount of 
traffic loading has traditionally been the number of 18-kip (80 kN) 
single-axle load applications. However, not all trucks are 18-kip (80 kN) 
single-axles, so conversion factors are necessary to convert mixed traffic 
with various axles and axle loadings to the staroard axle and axle loading. 
'Ihese factors, developed at the AASHO Road Test, allow for the calculation of 
the number of 18-kip (80 kN) equivalent single-axle load (FSAL) 
applications. 'Ihis concept is extensively used in pavement design and in 
evaluating pavement :perfonnance. 

'!here are several procedures and algorithms available for COITlpUting the 
number of 18-kip (80 kN) FSAL applications from given traffic parameters. A 
rigorous evaluation would involve the contribution from each individual truck 
classification. In this way, the relative contributions of each truck 
classification would be very clear and a nore accurate rn.nnber would result. 
However, for this project a more general and rapid calculation procedure was 
used for the estimation of traffic loading due to time and budget 
constraints '!he methodology of this calculation procedure is presented in 
this chapter. 

2. INIU.l'S FOR lRJCEllJRE 

'!here are six inputs required for the calculation procedure. To 
estbnate the cumulative ESAL applications, the calculation procedure requires 
historical data for each input (i.e. , a separate input for each year that 
traffic loadings are being calculated). Often, this infonnation may not be 
available and estimates or interpolations must be :made. 

Average Daily Traffic, ADI' 

'!he traffic volume on a given roadway for a given year is represented 
by the two-way Average Daily Traffic (ADI'). 'Ihis input is readily available 
from the states as the collection and processing of traffic volume data is 
well-established. 

Percentage of Heavy Trucks, TKS 

'Ihe :majority of ESAL loadings are produced by trucks. Alltom:Jbiles are 
ignored in the calculation as their contribution is negligible. 'Ihus, the 
percentage of heavy trucks which significantly contribute to the number of 
FSAL applications must be known. 

'!he percentage of heavy trucks is readily available from State highway 
agencies. For the purposes of this study, all heavy trucks were considered 
to be those in FHWA vehicle classifications 5 through 13 (see reference 5 for 
nore infonnation on FHWA vehicle classifications). It is ilnportant that the 
percentage excludes panels and pickups as these vehicle classes do not 
contribute significantly to the rn.nnber of FSAL applications. 
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Directional Distribution, DD 

Occasionally, a roadway may have mere traffic travelin:J in one 
direction than the other. The purpose of the directional distribution is to 
account for traffic volume differences by direction. 

state traffic studies may be available which irxlicate a directional 
difference in traffic. However, in most instances, it can be assumed that 
there is no difference in directional distribution. Thus, unless there are 
studies to show otherwise, a directional distribution of 0.5 should be 
assumed. 

lane Distribution, ID 

The lane distribution is a factor which accounts for the percentage of 
heavy trucks in each lane. The calculation procedure evaluates only one 
traffic lane at a time, so that the percentage of heavy trucks in each 
traffic lane must be known. 

lane distribution infonnation may be available from traffic monitoring 
data. However, this infonnation is often not available and may have to be 
estimated. An empirical regression equation is available that estimates the 
lane distribution factor based on the AIJr arrl the mnnber of lanes. ( 6) 

If the roadway is a two-lane highway (i.e. , one lane in each 
direction), then a lane distribution factor of 1 should be used. 

Average Truck Factor, TF 

The average truck factor is simply the average ntnnber of FSAL 
applications per t:ruck. This factor is estimated from historical W-4 
tables. A computer program was furnished by FHWA which generated W-4 tables 
by year for each State in the study. (7) 'lhe W-4 tables were further 
generated by functional classification for each project in the State. 

Usin:J the conversion factors developed at the MSHIO Road Test, the W-4 
tables provide infonnation on the rnnnber of 18-kip (80 kN) FSAL's by truck 
for each truck classification. 'Ihe average truck factor is then calculated 
as a weighted average of the ntnnber of FSAL's for each irxlividual truck 
classification. 

However, it should be noted that the infonnation in W-4 tables is based 
on static weighing methods. It has been shown in several studies that static 
truck weighing operations nearly always provide truck weight data in which 
the overloaded vehicles are significantly urrlerrepresented. (8) Thus, it is 
necessary to adjust the average truck factor to reflect the probable truck 
factor. To accorrplish this, .infonnation was used from the Weigh-in-Motion 
(WIM) data to adjust the truck factors. Usin3' the WIM data, an average truck 
factor was detennined. An adjusbnent factor was detennined by dividin3' the 
1987 WIM average truck factor by the 1987 W-4 average truck factor. '!his 
adjust:Iralt factor was then applied to all of the historical W-4 truck factors 
to account for the overloaded trucks not represented in the W-4 tables. 
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3. CAI!IJIATICN ::moc:ElJRE 

'Ihe calculation procedure used in this study is simple arrl 
straightforward. 'Ihe equation used in estimating the number of E.5AL 
applications is given below. 'Ihis equation calculates the number of E.5AL 
applications accmnul.ated in 1 year for one lane of a given roadway. 

where: 
FSA½_j = Number of 18-kip E.5AL applications sustained by 

lane i in year j 

ADI'j = 'Iwo-way Average Daily Traffic for year j 

TKSj = Percent Heavy Trucks for year j 

D°:j = Directional Distribution of traffic for year j 

IDij = Lane Distribution of tru.cks in lane i for year j 

TFj = Average Truck Factor for year j 

'!his calculation provides an estimate of the number of ESAL' s sustained 
by lane i of the pavement in year j . 'lb obtain the a.nnulative E.5AL 
applications for lane i, this calculation is perfonned for every year and 
then added together. 'Ihis procedure can easily be established in a worksheet 
file so that the calculation procedure can be automated. 'lhis will also 
enable the user to investigate the relative nnpacts of the various inputs on 
the calculated E.5AL's. 

Weigh-in-motion (WIM) data was available for 12 sites. Data collected 
included traffic counts (by lane arrl by direction) arrl axle load weights. 
For each site for which this data was collected, it was used to adjust the 
various inputs in the E.5AL calculation equation. In addition, average tru.ck 
factors were adjusted using the WIM data to provide for a nore realistic 
assessnent of the actual tru.ck traffic loadings. 

4. ~ 

'Ihe calculation procedure presented herein is simple arrl 
straightforward. It provides a means to quickly estimate the cumulative E.5AL 
sustained by a pavement. However, it should be noted that the calculation 
assumes an average tru.ck factor which represents an average ESAL loading per 
tru.ck. In same cases, this simplifying assumption may not be appropriate. 
Where possible, the tru.ck factors should be broken down by vehicle 
classification for ncre accurate results; this will require very detailed 
tru.ck classification data for each year of calculation. 
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aIAPrER 4 IEAnW;E ANAUlSIS AND ~00 OF rnAlNt\GE CDEFFICIENI'S 

1. lN.IRllJCI'ICN 

Drainage has been shCY;m to have a large irrpact on the :perfonnance of 
concrete pavements. It is an accepted fact that excess ooisture, if not 
quickly removed from the pavement system, can produce premature failure in an 
otherwise well-designed pavement. A drainage analysis is generally 
recornmerrled for both new pavement design arrl rehabilitation design to 
establish the overall drainability of the pavement section. In this way, 
drainage problems can be identified and addressed before the construction or 
rehabilitation of the pavement. Detailed inforniation on drainage analysis 
procedures arrl their inportance on concrete pavement design are discussed in 
references 9, 10, arrl 11. 

In acknowledgment of the inportance of moisture effects on pavement 
perforniance, one addition that was niade to the 1986 AASHro Design Procedure 
was the inclusion of a drainage coefficient.(12) '!he drainage coefficient 
itself was designed to provide an adjustment to the structural design of a 
pavement to account for the irrpact of drainage on the life of the pavement. 
'!his would assist the engineer in analyzing existing pavements to better 
explain why premature deterioration could be found in some pavements but not 
in others. A pavement with a high drainage coefficient would be expected to 
sustain higher traffic loadings than a similar pavement with a low drainage 
coefficient. 

'!he drainage coefficient merely reduces or increases the total traffic 
that the pavement can carry before reaching a tenninal SeJ'.Viceability level. 
In the development phase of the drainage coefficient for rigid pavements, it 
was applied to the modulus of rupture of the concrete to produce different 
thicknesses representing a reduced ability to carry traffic. '!his was 
further related to modulus of sul:grade reaction to illustrate a corresponding 
level of subgrade support that would produce the same loss in life for the 
pavement. However, these values of subgrade support are unattainable in the 
field even for the worst arrl best ooisture conditions that niay be found. 
'!his complicates the assigrnnent of a drainage coefficient by a rational 
procedure considering material properties that truly reflects the perforniance 
of the inSeJ'.Vice pavement. 

To develop a true meaning of the drainage coefficients, it is necessary 
to examine their basis for development. 'Ihe AASHO materials, the designs, 
arrl the traffic levels predicted from the design equations were assigned the 
amitracy value of "good." All adjustments for improved behavior as compared 
to the AASHO predicted lives are based on material combinations that are 
either better or worse than the AASHO road test. 'lhus, if better draining 
materials are used in a pavement, the drainage coefficient should be greater 
than one. If materials are used which are worse than the AASHO materials, 
the drainage coefficient should be less than one. If a value is selected 
that is equal to one, it means the pavement designed using these values can 
be expected to perfom as well pavements designed in the past using the old 
AASHO design procedure. 
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'Ihe selection of these coefficients can have a pronounced effect on the 
final pavement thicknesses designed using the 1986 procedure. An important 
factor such as this should have a set of well-defined rules to guide their 
selection. However, while the revisions did provide criteria to use in 
selecting a drainage coefficient, they did not provide a rational means for 
developing the criteria based on the pavement properties. 'Ihe steps 
described in this section will present a rational procedure to determine a 
combined ''whole pavement" drainage coefficient which represents the impact of 
drainage on the potential life of the pavement being analyzed. 'Ihe procedure 
generally follows the guidelines of the MSHTO guide, but it includes the 
sub;rade effect on drainage, the effect of the cross section of the pavement, 
arrl material type placement within the cross section. 

2. AASffiU IEAnW;E ClUTERIA 

'Ihe selection of a drainage coefficient in the 1986 AASHIO design 
procedure requires only two items to be selected. 'lhese items are: 

1. 'Ihe time the pave..inent is exposed to moisture levels approaching 
saturation. 

2. 'Ihe time of drainage for the aggregate layers in the pavement. 

'Ihese two parameters recognize the two important areas of moisture 
influence on pavement perfonnance. First, there must be sufficient water 
present from the environment to promote moisture related problems in the 
pavement. Secondly, the materials in the pavement may or may not be prone to 
IOC)isture problems, even if 100isture is present. While these are very 
important considerations, they by no means represent the whole impact of 
IOC)isture on pavement performance, arrl additional considerations must be added 
to ensure the entire pavement structure is considered in the evaluation of 
the potential for moisture damage to develop. 'Ihe roadbed. soils are only 
indirectly considered, arrl the impact of the pavement cross section arrl 
materials selected are not considered even though they have repeatedly been 
shown to influence perfonnance of the pavements in the presence of moisture. 

Roadbed. Soils 

'Ihe drainage characteristics of the roadbed. soil are not considered in 
the drainage coefficient selection. 'Ihe "Effective Roadbed. Soil Mcdulus" 
developed from IOC)nthly or seasonal estimates of the variability in m:idulus of 
the roadbed. soil is supposed to take care of the reduction in pavement 
support when the roadbed soil is saturated at different times throughout the 
year. '!his reliance on a seasonal structural relationship ignores the 
drainage effect the roadbed soil has during each season when water may enter 
the pavement system. It is important to connect the influence of the roadbed. 
soil on moisture behavior to the selection procedures for the drainage 
coefficients currently in the MSHTO procedure. 

Cross section 

'Ihere is no consideration of different material arrangements in the 
current selection criteria. When stabilized materials are used there is no 
selection of a drainage coefficient for that pavement, even though the 
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material may have a large impact on the rnoisture related :p=rfonnance of the 
pavement and may actually reduce the benefits of positive draining layers on 
the lon:r-tenn :p=rfonnance of the pavement. "Ba.thtub" sections are an example 
of material combinations which trap rnoisture in direct contact with the upper 
structural layers, principally portland cement concrete. Ba.thtub sections 
are very susceptible to :rroisture damage over the lon:r tenn. Positive 
drainage considerations are required in these sections to reduce the time 
:rroisture is trapped in the upper portion of the structure. A poor draining 
cross section need not have the traditional bathtub constnlction, however. 
An example of this is the use of a dense, granular base material which traps 
:rroisture in contact with the pavement for sufficiently long periods. 

The use of stabilized materials can promote moisture damage, 
particularly in rigid pavements where the materials trap surface infiltration 
in the upper portion of the pavement. This promotes faulting and pl.llnping in 
the pavement, which can be evaluated with the Loss of Support factor, but 
which is rnore correctly a rnoisture related problem of these materials, and 
should be included in the drainage analysis. Penneable base layers placed 
below an irnpenneable stabilized material will not assist in removing surface 
infiltration, and this rnoisture can accelerate damage through pumping or 
faultin:r in the portland cement concrete slabs. In this manner, the benefit 
of the penneable base layer is minimized, and should be suitably discounted. 

The use of penneable base layers directly beneath the slab has become 
:rrore widespread. such layers, either stabilized or nonstabilized, are 
open-graded and contain very few fines. They are expected to quickly remove 
water from the pavement structure, thus decreasing the amount of time that 
the pavement stnlcture is in a saturated state. In this way, the presence of 
the penneable base layer will prevent or reduce the amount of 
:rroisture-associated distress. 

In the design of pavement sections with penneable base layers, it is 
inperative that a filter material be placed beneath the penneable base. This 
layer will prevent the intnlsion of fines into the penneable base layer so 
that it will remain free-draining. However, for a filter layer to function 
properly, its aggregate gradation must meet certain criteria relative to the 
gradation of the penneable base and the ~de. SUch criteria are given in 
references 13 and 14. 

3. MAD INDEX 

A rational procedure to evaluate material properties of the pavement 
layers as they relate to rnoisture damage, am the climatic inputs was 
initially developed in 1980 as part of an FHWA sponsored research project 
which evaluated climatic effects on drainage am shoulder :p=rfonnance.(15) 
'Ihe Moisture bCCelerated Qistress Irrlex (MAD Irrlex) is a combination of 
climate am material properti~ that use numerical procedures to evaluate the 
potential for moisture problems to develop in a particular pavement given its 
construction. This procedure is ideally suited to developing drainage 
coefficients which are based on the material's impact on pavement :p=rfonnance 
in a given clbnatic area. 'Ihe MAD Irrlex procedure relies on two major 
calculation schemes, the drainability of a base material, am the rnoisture 
availability in the general climatic area, am a third value to include the 
influence of the subgrade soil. 
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Base Drainability 

'Ihis factor is a calculation of the time for a base course material to 
drain to a certain level of saturation, which in:licates a drainability 
quality level of the material. 'Ihe saturation level of a material has been 
shown to relate directly to perfonnance of the material under repetitive 
loadings. (16) 'Ihe longer a material remains at high levels of saturation, 
the more likely it is to develop increased damage from traffic. 'Ihe faster a 
material drains, the less damage will occur. 

Climatic Moisture 

'Ihe second calculation detennines the moisture availability from 
climatic variables using monthly temperature and rainfall data. 'Ihis is not 
a calculation scheme to detenn.ine inflCM in to a pavement. It is a general 
guide to accurately detennine the moisture availability in a soil over a 
year. 'Ihis can be influenced by local conditions such as high water tables, 
springs, seepage, and so on, all of which must be known to detennine water 
inflow to design drainage systems. 

SUbgrade 

'Ihe influence of the subgrade on moisture damage is included in the MAD 
Index procedure by recognizing the natural drainage characteristics of the 
existing soil upon which the pavement is constructed. 'Ihis Natural Drainage 
Index (NDI) can be obtained from County Soil Maps, which are available for 
most counties in the United States. Additionally, many agencies have 
extensive soil mapping programs which have developed an extensive catalog of 
soil properties. All of these should be consulted in the evaluation. 
Estimating procedures can be used when maps are not available. cut and fill 
sections can be analyzed when the borrow area is known and the soil 
properties from that area can be detennined. cut sections generally have the 
properties of the deeper soil horizons, which are obtained from the soil maps 
as the parent material. 

MAD Index categories 

'Ihe MAD Index was established as a selection procedure for pavement 
perfonnance as related to moisture, in a general manner, and there were no 
selection procedures developed to compare specific pavements in a 
quantifiable manner. 'Ihis section presents procedures to quantify pavement 
differences arising from moisture problems. 'Ihey are compared to the MSHro 
criteria to shCM how they can be used to develop the drainage coefficients. 

Base Drainage 

'!he base drainability was originally set into three categories depending 
on how long the granular material would require to drain to 85 percent 
saturation if initially saturated (follc:Ming a rainfall). 'Ihe longer this 
time, the longer the material would hold moisture and be susceptible to 
traffic damage. 'Ihe levels were: 

1. < 5 hours - 9 cceptable - a 
2. 5 - 10 hours - marginal - m 
3. > 10 hours - ynacceptable - u 
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'Ihe 5-hour limit is generally regarded as the critical time for a 
material exposed to Interstate levels of traffic that drains well, and, more 
111pJrtantly, does not retain moisture after the rain stops. Pavements with 
lo.ver levels of traffic can have longer drainage times without sustaining the 
same amount of damage. 

SUl:grade Drainage 

'Ihe natural drainage .in:lex (NDI) was established by soil scientists to 
represent the drainage characteristics of the existing soil structure, and 
the impact moisture had on the fonnation of the soil. Hole, in his study of 
soil types related to pavement perfonnance, assigned numerical values to each 
category. (17) The seven categories of drainability and the associated NDI 
proposed by Hole are: (17) 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Excessively Drained 
Somewhat Excessively Drained 
Well-Drained 
Moderately Well-Drained 
Somewhat Poorly Drained (Imperfect) 
Poorly Drained 
Very Poorly Drained (Local Conditions) 
Beg Soil 

-10 
-2 
1 
2.5 
4 
5.5 
7 - 9 
10 

In the MAD Index scheme, NDI values were grouped into the follo.ving 
categories (15) as relates to their drainage and pavement support capacity: 

1. 
2. 
3. 

-10 to -2 Excellent 
-2 to 2.5 Average 
2.5 to 10 Poor 

Clirratic Moisture Availability 

-k 
- j 
- i 

In the MAD Index procedure, the availability of moisture is established 
with the 'lhomthwaite Moisture Index ('IMI).(18) '!his is a clirratic 
classification parameter obtained from average monthly temperatures and 
rainfall data. It represents the yearly average condition of moisture in the 
general area of the pavement, and not specifically the moisture in a 
pavement. As such, it provides an indicator for potential moisture 
availability, a parameter useful in design or general analysis for moisture
related problems. 'Ihe 'IMI is the balance of rainfall and Potential 
Evapotranspiration (PEI') • PEI' is the total amount of moisture that would be 
evaporated if it were present. over a year, the PEI' indicates the general 
excess or lack of moisture in an area. 

'!he MAD scheme resulted in a clirratic map shown in figure 10, which 
breaks the United States into nine clirratic zones based on temperature, 
moisture availability, and their influence on perfonnance of the pavement. 
'Ihese same considerations, although not numerically quantifiable, were used 
to develop the six MSHro clirratic zones also shown in figure 10. Clirratic 
zones are inlportant in evaluating the potential for moisture damage to occur, 
as temperature interacts with moisture differently depending on which 
envirornnental zone the pavement is in. The FHWA zones represent the 
follo.ving influ9t1~ on pavement perfonnance: 

30 



RE'GION 

r 
rr 
rr:r 
.Ill: 
)I 

3Z! 

Wet, no freeze 

Wer, fteez.tt - ,now cycling 

Wct, ha,<J-lree!,:
1 

sp,in'] Jhaw 
Ory, no t,c,ua 
Ory, freez.a - UHlw cycling 
Oty, hard freeze , ,p11nq !haw 

I-A, llet-fn,•ze 
1-8, W•t•Fn:•z.•Th•w 
1-C. IIH•lio frocz• 

11-A, lncenn,dlHe-fre•ze 
11-8, lnurn:Jl,te-Fn:OLe-Thaw 
11-C. lncun:~iJC••Na fre•z• 

111-A, Ory-Fr .. ze 
111·8, Ory-Freue-Thaw 
111-C, Ory-No Freoze 

Figure 10. Climatic zones for AASHTO and FHWA procedures. 
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1. Zone I lJ:M temperatures during the winter with the subgrade 
being frozen to an appreciable extent, and frost heave 
and spring thaw problems developing in susceptible soils. 

2. Zone II Freeze-thaw area with cyclical temperature extremes. 'Ihe 
subgrade occasionally freezes, and frost heave problems 
and corresponding spring thaw problems are lessened. 

3. Zone III Area of little low temperature activity in the winter; 

4. Zone A 

5. Zone B 

6. Zone C 

high temperature problems in summer months may present a 
problem. 

'Ihis is a zone of surplus moisture over a year's period. 
'!he subgrade will be at high levels of saturation for the 
greatest amount of time in these areas. 

'!his is a zone of statistical uncertainty in perfonnance. 
In any 1 year the moisture corrlitions may be dry or wet, 
and the perfonnance will vary accordingly in these areas. 

'!his area is a zone of moisture deficit on the average. 
While there may be periods during the year when moisture 
surplus is fourrl, it is far outweighed by the period when 
there is a deficit. 

'!his map was coupled with the base and subgrade drainability classification 
to result in the MAD classification scheme. (15) 'Ihese procedures fonn the 
basis for the procedure presented in this report to select suitable drainage 
coefficients for a pavement. 

4. DEVEIOPING A mAIN1\GE CDEFF'I<.:IlNI' 

Time of saturation 

'!he 'IhoD'lthwaite Moisture Index calculation procedure uses monthly 
average temperature arxi rainfall data along with the latitude of the pavement 
to calculate the Potential Evapotranspiration (PEI') • Evapotranspiration is 
the moisture rem::wed from a soil by evaporation arxi by plant transpiration. 
It is called potential since it represents the amount that would be removed 
if there were an inexhaustible source of water. In cold periods the value is 
low, while in hot periods there would be a great deal of evaporation, except 
that it is likely that all of the soil moisture would eventually be removed 
arxi evaporation would stop. 

'!he resulting data is a table comparing rainfall and PEI'. '!he balance 
of these two irrlicates whether there will be water entering the soil as 
rainfall, or leavin;J by evaporation. As water enters the soil, the soil will 
store moisture. Soils have a finite capacity to store moisture, arxi while 
variable, it can be approximated at about 4 in (102 mm) of water. When the 
soil has this much water in its structure any more water will runoff and the 
soil is said to have a surplus of m::>isture available. As water stored in the 
soil evaporates, and PEI' exceeds rainfall, the storage is removed from the 
soil. When all the moisture in the storage has been rem::wed, the soil is in 
a deficit stage, and it will be continually dry. 
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'Ihere are nine possible noisture con:litions which can oca.ir throughout 
the United states. For each of these nine con:litions, the pavement is 
~ to be saturated for a different annmt of time. 'Ihe anount of time 
that a paveirent is saturated is a required input for calculation of the 
.MSHIO drainage coefficient. 'Ihe nine IOC>isture con:litions are: 

1. Frozen period. When the average nonthly t:enperature is below 
freezing, no contribution to saturation can be made, regardless of 
noisture con:litions. 

2. surplus period folla.ving the winter. 'Ihe soil will be continually 
saturated during this period especially in Zone A. In Zone A all 
nonths will contribute to the saturation time. 

3. surplus period folla.ving the winter in Zone B. Here the spring 
thaw phenanenon is not as critical. '!here may be periods where the 
soil is not totally saturated, am. these should corresporxi to dry 
days in the "rain arxi dry day" sequences. In Zone B, include the 
first nonth arxi one-third of remai.nin3" nonths in the saturation 
time. 

4. surplus following a recharge which does not follow a frozen 
period. Here one-third of the nonths in the surplus period should 
contribute to the saturation time. 

5. utilization period follq.ving a surplus. ruring this period, 
evaporation exceeds rainfall, arxi the storage noisture is being 
depleted. '!he soil is going frcan a saturated to a dry con:lition. 
'Ihe initial nonth may have a portion during which it is considered 
saturated. Include one-third of all nonths which have a storage 
exceeding 3 in (76 mm} , representing wet nonths with rain. 

6. utilization after a recharge which did not lead to a sw;:plus. None 
of the time in this noisture state contributes to saturation time. 

7. Recharge leading to a surolus. '!he final nonths may contribute to 
saturation. Include one-third of all nonths which have storage 
values above 3 in (76 mm}. 

8. Recharge leading to no surolus. '!his period will contribute 
little. Include none of the time during this period toward 
saturation time. 

9. Deficit. ruring this time, there is no water available at all, and 
if there were to be rainfall, it would evaporate before entering 
the soil. Include none of this period in the saturation ti.me. 

A plot of the nonthly rainfall an:l the nonthly PEI' cala.llated by the 
'lho:rnthwaite procedure provides a calculation scheme to provide a numerical, 
repeatable procedure to show the time a pavement is e}q?OSE!d to IOC>isture 
levels approaching saturation. An exanple is shown in figure 11 for Clare, 
Michigan. 
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Figure 11. Plot of monthly rainfall and potential evapotranspiration for Clare, Michigan. 



Base Drainability 

'lhe initial calculation scheme for base drainage tines used in the MAD 
Irrlex procedure was set up us~ the casagrarrle-Shannon procedure, exten:led 
by includin;J soil properties to convert time to drain water to time to reach 
specific saturation levels. It is the saturation level in a granular 
material that relates to perfonnance urrler loadings, not just the J;hysical 
:m::>isture content. 'lhis calculation procedure assuires the subgrade to be 
.inpenneable arrl not to assist in dra~ the base. It also does not allow 
analysis of the situation where a granular base is placed over a penneable 
si:Jbhose. 'lhe penneable subbase (or suJ:grade) will assist the base by 
shortening the drainage time, but the cx:xnbination cannot be predicted using 
the original procedure. 

In their work examining infiltration effects, Liu am. Lytton derived 
expressions for the drainage characteristics of a base placed over a 
penneable suJ:grade. (19) 'lhis procedure should be used to analyze a base over 
a :m::>re penneable subbase to detennine the impact of a penneable material on 
base drainage tines. 

'lhe data elements required to calculate drainage tines include the 
folla-.d.rq material properties and cross section data: 

o Gradation 
Percent Fines (-#200) 
010 Effective Grain Size. 

o Dey Density, as Ccirrpacted (not laboratory maximum) • 
o Specific Gravity of Solids. 
0 Base 'lhickness. 
o I..orqitudinal Slope. 
o Transverse Slope. 
o length of Drainage Path. 

'lhese values can be used in the statistical relationships presented in 
the FHWA Highway SUbdrainage Manual to obtain estimates of penneability am. 
effective yield, which are in tmn used to calculate a table of saturation 
levels am. time in hours. ( 13) • 'lhis is sh.am in table 4. 

'lhe criteria for judgirq the drainability of a granular base as defined 
by the three categories developed for the MAD Im.ex do not precisely fit with 
the MSHIO categories of base drainage, which are: 

1. Excellent 
2. Good 
3. Fair 
4. Poor 
5. Ve:ry Poor 

2 hours 
1 day 
1 week 
1 1IDI1th 
water Will Not Drain 

'lhese time requirements are based on the time it takes a material to lose 
whatever water it will drain. It does not recognize that the material will 
retain :m::>isture within its soil structure, am. this value may be high, often 
above 85 percent saturation. '1he followirq times have been detennined for 
approximate camparison with the rec:ammerDed MSHIO criteria, while 
mainta~ the relationship in the MAD Imex procedure: 
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Table 4. Chart to calculate saturation time curve. 

Pavement: Sact:ion ______________________ _ 

Percent: Fines ________ _ Typo of Fines ________ _ 

Densicy, [dry (pcf) 

c, ------------- le (!t:/day) 

H (ft:) _____ _ 0 (ft:) gt: (ft:/ft) 

gl (ft/ft:) t.o _ 0\{s1/gc)2+1 ' ______ _ 

go -Vsl2+gt2 ,_ -------- S • H/[ (La)(go) J • _____ _ 

A (g/cc) - t d/62. 5 - _____ _ Ve - l.O cc 

Q's (g) - A - X - (Ne o2J / (H It) 

v. (cc) - tl
1
/G

5 
- ______ _ 

Vv (cc) - l.O • V
5 

- _____ - 11•::i.ax 

bcimat:ad llacar Loss from Figure to - C (I) • __________ _ 

Specific Yield - !le - Vv x (G/100) - X ___ _,/100 - ___ _ 

' 
(l) (2) (t: days) (c hours) (3) (4) (5) 

TJ T (2) x X C X 24 II• X TJ Vv • (3) (4)/ll s-cs,xioo 

.l 

.2 

.3 

.4 

.5 

.5 

.7 

.8 

.9 
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1. < 5 hours, Exceptional - e 
2. 5 to.:$ 30 hours, Acceptable - a 
3. 30 to .:$ 100 hours, Marginal - m 
4. 100 to.:$ 200 hours, Poor - p 
5. > 200 hours, Unacceptable - u 

'!he category of Poor is a special breakdown of the marginal drainage 
time. When it is calculated, it requires applying the lowest drainage 
category arrived at for the various combinations. 'Ihe category of 
Exceptional requires applying the next highest drainage factor, when a final 
range is arrived at using the other pavement variables. 'Ihis will l:::e 
explained later. 

SUbgrade Drainability 

County soil maps do a good job in classifying the soils found under a 
pavement in terms of their soil properties and drainability. Additional 
properties may l:::e available as part of the ror' s soil mapping programs. All 
data sources should l:::e investigated. It would take an exhaustive amount of 
testing to develop the data that is available in existing soil maps. Key 
items available include slope, penneability, hydrological group, and natural 
drainage class for NDI. All of these factors can l:::e considered in deciding 
exactly what NDI rating the soil will l:::e given. 

Because the pavement will extend over numerous soil types, it is 
necessary to obtain a composite rating of the subgrade soil drainability over 
which the pavement passes. 'Ihis can l:::e constructed by smnming the percentage 
of occurrence of each material multiplied by its selected NDI value. 'Ihe sum 
of values provides a composite NDI value for the length of pavement l:::eing 
analyzed which can l:::e directly compared to another section which may pass 
over different soil combinations. 

Combining Base and SUbgrade 

It is the combination of base and subgrade that really detennines the 
drainability of the entire pavement section l:::eing analyzed, and not just the 
base. 'Ihe combination scheme shown in figure 12 represents a preliminary 
Irethod to combine base and subgrade to arrive at the AASHIO drainage quality 
reconnnerrlations. 'Ihe procedure to combine all these parameters is included 
in this figure. 

cross Section 

'Ihe final item which must l:::e considered is the cross section of the 
pavement itself. 'Ihe two ing;x>rtant items in the cross section are: 

1. 'Ihe materials, 
stabilized inpenneable, 
unboun:1, and 
penneable. 

2. '!he arrangement of these materials in layers. 

'!he following recanune.rrlations are ma.de for adjusting the drainage coefficient 
obtained from the procedure outlined above. 
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Figure 12. Procedure to combine drainabilities of base and subgrade. 
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1. If edge drains are present in the cross section, the coefficient 
can go to the highest value in the range obtained by the procedure 
here, or to 1.0. If a permeable base layer has been designed into 
the pavement, the drainage coefficient can go to the highest value 
in the range, and probably should be raised to LO as it should 
remove all surface infiltration. 'Ihese adjusbnents should be made 
only if the drainage provided by these materials is such that it 
drains the pavement, and is not cutoff from the pavement by an 
impenneable layer. 'Ihe presence of a penneable base layer will 
improve the overall perfonnance of the pavement to the highest 
value in the range specified. However, the inpact of the penneable 
layer on the drainage coefficient will not be as great if the layer 
beneath the penneable base does not meet the recommended filter 
criteria provided in reference 13. 

2. If the cross section is such that the pavement is conpletely 
contained in impenneable layers, and surface infiltration cannot 
exit the pavement, the coefficient goes to the low end of the range 
obtained, or even to a value of Poor, 0.8. 

3. Because stabilized layers in a rigid pavement have not provided 
adequate relief from moisture related. distresses such as ptnnping 
and faulting, they should be combined into the drainage 
coefficient, and not separated into the IDS factor. If the 
pavement has a cement-treated granular layer that cannot be 
analyzed with the drainage time scheme, that layer will be assigned 
the drainage coefficient of the lowest value in the category 
selected. from the above proceclure. '!he remaining factors of other 
materials in the pavement will raise or lower that value. An 
impenneable asphalt layer can be rated. no higher then the midpoint 
of the lower range selected from the above proceclures. Lean 
concrete base materials will be rated. at the midpoint of the ranges 
selected. above. 

4. If the pavement has been constructed on a fill, the fill will 
generally not be a poor soil. If the borrow area can be located, 
and the soil type detennined from the soil map, the NDI for that 
soil can be used. If the location of the fill material cannot be 
detennined, the assumption can be made using average soil 
classification values for the length of the project. 

5. ~ CDEFFICIENI'S FOR SOCI'IOOS 

'!he assignment of coefficients through the arbitrary, but sound, 
procedure outlined here must be tempered with nonnalized conparisons of 
perfonnance of pavements constructed with varying quality of materials in 
different climatic regions. Only when the lives of these different pavements 
are campared, and the inpact of the differing qualities of materials 
extracted, can the assignment proceclure be fine-tu.red to prcduce accurate 
coefficients. At present, excellent draining materials can have their 
coefficients reduced if the sul:grade is poor or if the level of saturation 
time is great. '!he current proceclure provides a F 2 liminary estimate of the 
drainage coefficient, although it may be conservat.1.v,2. If it is 
conservative, it should remain so until the data is more thoroughly and 
conpletely analyzed. 
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'!his section contains a description of the selection of drainage 
coefficients (C0) for each pavement in the database, following the 
procedures outlined described above. 

Arizona 1 

All of the sections of pavement studied on Route 360 in Tempe were built 
on well-drained subgrade soils that have an NDI of 1, putting them in the 
average (j) catego:ry. 'Ihese sections are in an area that has the potential 
for being saturated o percent of the time. section 1-7 was built in a 16- to 
40-ft (4.9 to 12.2 m) cut; all the other sections were built in a 6- to 15-ft 
(1.8 to 4.6 m) cut. Section 1-7 was the only section that was built with 
edge drains. 

'Ihese sections have only a marginal potential for holding water. 
:eecause the pavement has a o percent saturation ti.me and the subgrade is well 
drained, these should help in taking :rroisture away from the pavement. 'Ihe 
opportunity for a "bathtub" condition to exist is reduced. 

AZ 1-1 was constructed with an .impermeable CI'B and a thin aggregate 
subbase. The CI'B material lowers the coefficient. The subbase has a 
excellent drainage ti.me of approxirnatel y 3 hours to reach 85 percent pavement 
saturation level. 'Ihis gives it a rating of acceptable (a). 'Ihis quality of 
drainage of this section was rated in the FAIR (1.15) to R)()R (1.00) range, 
with the R)()R value being selected due to the CI'B. AZ 1-2, AZ 1-4, and AZ 
1-5 were all constructed as slabs on grade, with no base or subbase. These 
sections were all rated FAIR (1.15 - 1.10). 

AZ 1-6 and AZ 1-7 were both constructed with an .impermeable I.CB and no 
subbase. Both sections were in the FAIR ( 1.15) to GOOD (1. 20) range with 1-7 
at the higher eoo. of the range because of its edge drains. 

Arizona 2 

SECTION 

AZ 1-1 
AZ 1-2 
AZ 1-4 
AZ 1-5 
AZ 1-6 
AZ 1-7 

1.00 
1.10 
1.10 
1.10 
1.10 
1.15 

section AZ 2 was constructed with an .impermeable I.CB placed directly on 
the subgrade. 'Ihe subgrade is well-drained material with an NDI of 1, 
placing it in the average (j) catego:ry. 'Ihe cross section of this pavement 
shows that this pavement has a slight possibility to perfo:an as a "bathtub" 
section. However, since the pavement has the potential to be saturated o 
percent of the time and the subgrade is well drained, the possibility of a 
"bathtub" action is greatly reduced. 'Ihis section is FAIR (1.15) to FOOR 
(1. 00) , and is rated low because of the I.CB. 

SECTION 

AZ 2 1.05 
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california 1 

The five pavement sections studied near Tracy were all constructed on 
well drained soil with an NDI of 1. This places them in the average (j) 
careg-o:ry. 'Ihese sections are in an area that has the potential for the 
pavement to be saturated approxirnately o percent of the time. 'Ihe 
well-drained subgrade should help in removing any excess moisture from the 
pavement. No additional drainage features were added to any of the sections. 

Sections 1-1, 1-3, 1-5, and 1-9 are all at grade with 5- to 7-ft (1.5 to 
2 .1 m) ditch lines. Section 1-7 is partly at grade and partly on a fill of 
16- to 40-ft (4.9 to 12.2 m) with a 10-ft (3.0 m) ditch. CA 1-1, CA 1-3, CA 
1-5, and CA 1-9 were all constructed with an impenneable CTB and two 
aggregate subbases 12-in (305 nun) thick. CA 1-7 was constructed with an 
impenneable ICB and also had two 12-in (305 nun) thick aggregate subbases. 

'llle upper subbase for CA 1-1 was rated acceptable to narginal (a-m) with 
an 85 percent saturation time of approximately 27 hours. The lower subbase 
was rated acceptable (a), with a drainage time of less than 1 hour. The 
upper subbase for CA 1-3 was rated as narginal (m), with a drainage time of 
about 61 hours. 'Ihe lower subbase was rated acceptable to narginal (a-m), 
with a drainage time of approximately 12 hours. 'Ihe upper subbase for CA 1-5 
was rated as acceptable to marginal (a-m) and had a drainage time of roughly 
12 hours. 'Ihe lower subbase was rated acceptable (a) with a drainage time of 
approximately 2 hours. The upper and lower subbases for CA 1-7 were both 
rated acceptable (a), with drainage times of 2 and 3 hours. The upper and 
lower subbases for CA 1-9 were both rated acceptable (a) and had drainage 
times of approximately 2 hours each. All of these sections were rated in the 
FAIR (1.15) to GOOD (1.20) range, with the CTB material reducing the rating 
to the low end. of the GOOD ( 1.15) scale or the high end of FCOR ( 1. 10) • 

california 2 

SECTION 

CA 1-1 
CA 1-3 
CA 1-5 
CA 1-7 
CA 1-9 

1.10 
1.00 
1.10 
1.15 
1.10 

Both sections of CA 2 were constructed on half well-drained soils and 
half nmified or altered soils. 'Ihe NDI of 1 places these soils in the 
average (j) careg-o:ry. Even though these soils were altered, the underlying 
soils are well-drained and well-drained soils were the principal source of 
borrow materials. 'lllese sections are in an area that has the potential for 
the pavement to be saturated approximately 11 percent of the time. CA 2-2 
was constructed in a cut area greater than 40-ft (12.2 m), with a 1-ft (0.3 
m) ditch line. CA 2-3 was constructed on a fill of greater than 40-ft (12.2 
m), with the ditch line at the bottom of the embankment. 
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CA 2-2 was constJ::ucted with an AC interlayer over a penooable CIB over a 
3-in (76 :rmn) aggregate subbase. 'lhe aggregate subbase had an acceptable (a) 
drainage time of less than 1 hour to reach approximately 85 percent 
saturation level. CA 2-3 was constructed with a CIB over a 6-in (152 mm) 
aggregate subbase. '!he aggregate subbase had an acceptable (a) drainage time 
of approxilnately 3 hours. CA 2-2 contains edge drains but CA 2-3 does not. 

'lhese sections have a small potential for 1:ein;J "bathtub" sections on 
the basis of their 11 percent saturation time, the well-drained sutgrade, and 
the edge drains in section 2-2, which has an inpenneable asphalt layer over 
the penneable layer of CIB. 'lhe aggregate subbases of both sections have 
excellent drainage times, placing them in the FAIR (0.9) to GOOD (1.10) 
range. Section 2-2 has 1:etter drainage potential than section 2-3 because of 
the penneable CIB and the edge drains. 

California 3 

SECTION 

CA 2-2 
CA 2-3 

1.10 
0.90 

All three sections of CA 3 were constJ::ucted on well-drained sutgrade 
material. The NDI is 1 for these soils, placin;J them in the average (j) 
category. All of the sections were constructed with a CTB, an aggregate 
subbase, and no additional drainage features. 'Ihese sections are in an area 
that has a potential for the pavement to 1:e saturated 17 percent of the 
time. Section 3-1 is built on a 6- to 15-ft (1.8 to 4.6 m) fill, section 3-2 
is built in a 16- to 40-ft (4.9 to 12.2 m) cut, and section 3-5 is on a fill 
of greater than 40 ft (12. 2 m) • 

CA 3-1 has a 5.5-in (140 :rran) aggregate subbase with an acceptable (a) 
drainage time of about 11 hours to reach an 85 percent saturation level. CA 
3-5 has a 3.5-in (89 mm) aggregate subbase that has an acceptable (a) 
drainage time of 9 hours. CA 3-2 has an 18-in (457 mm) aggregate subbase 
with an acceptable (a) drainage time of less than 1 hour. 'Ihese sections all 
rate in the FAIR ( 1. 0) to RX>R ( 0. 8) range due to the CIB. 

Even though the sections were constructed with i.mpenneable CTB and no 
additional drainage features, the good drainage times for the subbases and 
the well drained sutgrade should help in drainin;J away excess moisture from 
beneath the pavement, and thus rate at the upper level of RX)R to lower level 
of FAIR. 

SECTION 

CA 3-1 
CA 3-2 
CA 3-5 
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california 6 

CA 6 was constructed on well-drained to somewhat excessively drained 
subgrade soils. 'Ihese soils have an NDI of -1, placing them in the average 
(j) category. CA 6 has a 4. 2-in (107 mm) I.CB arrl a 1. 8-in ( 46 nun) AC subbase 
placed on 33 .o in (825 nun) of very well-drained borrov., material. '!his 
section was constructed wit.-i edge drains. Half of this section is at grade 
arrl the other half is on a fill of greater than 40 ft (12.2 m). '!his section 
is in an area that has the potential for the pavement to be saturated 
approximately 11 percent of the time. 

While this section includes an impenneable base course, the well-drained 
subgrade arn. the presence of edge drains should help remove excess moisture 
from the pavement. '!his section is rated in the I-COR ( 0. 9) to FAIR ( 1. 00) 
range which, because of the positive drainage, m:,ves to lower end. of the FAIR 
scale. 

SECTION 

CA 6 1.00 

california 7 

This section of pavement was constructed on somevvhat poorly drained 
subgrade soils. 'Ihese soils have an NDI of 4, which is in the marginal to 
poor (i) category. '!his section is in an area that has the potential for the 
pavement to be saturated approximately 11 percent of the time. It was 
constructed at grade, with a 5-ft (1.5 m) ditch line. 

CA 7 was constructed with an impenneable CIB, a 5.4-in (137 nun) 
lime-treated subbase, arrl edge drains. 'Ihe subbase has an unacceptable (u) 
drainage time of 107 hours to reach the 85 percent saturation level. Taking 
into account the design of the section arn. the fact that it was built on a 
somewhat poorly drained subgrade, this design has the potential to be a 
"bathtub" section. '!his section has a quality of drainage in the VERY I-COR 
(0. 70) to FAIR (1.00) range. 'Ihe edge drains in the section should help 
somewhat in removing excess moisture, producing an average coefficient for 
this section of the two extremes. 

SECITON 

CA 7 0.85 

california 8 

'!his section was constructed with a 5.4-in (137 nun) ATB over two 
aggregate subbases. F.dge drains are present. '!he subgrade of this section 
is well-drained material that has an NDI of 1, which places it in the average 
(j) category. CA 8 was built on a fill of 6- to 15-ft (1.5 to 4.6 m) with a 
15-ft (4.6 m) ditch line. '!his section has the potential for pavement 
saturation 13 percent of the _t~. 
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'lhe upper subbase is 2-in (51 nun) thick arrl has an unacceptable (u) 
drainage time of approximately 230 hours. 'Ihe lower subbase is 6-in (152 m) 
thick arrl has a marginal (m) drainage time of approximately 34 hours, based 
on the time it takes the subbase to drain to an 85 percent saturation level. 
'Ihis section is rated in the VERY RX)R (0. 70) to FAIR (1.00) range. 'Ihe edge 
drains arrl well-drained subgrade should help in removing pavement moisture. 

SECTION 

CA 8 0.95 

Florida 2 

FL 2 was constructed with a sarrl base placed over a moderately 
well-drained subgrade. 'Ihe subgrade has an NDI of 2. 50. 'Ihis gives it a 
rating in the average (j) category. 'Ihe section is at grade, with a 5-ft 
(1.5 m) ditch line. It is in an area that has the potential for the pavement 
to be saturated approximately 11 percent of the time. No additional drainage 
features were constructed with this section. 

'lhe sarrl base had an unacceptable (u) drainage time of approximately 571 
hours. 'Ihis gives FL 2 a rating in the VERY RX)R (0.70) to RX)R (0.90) 
range. Although the base has poor drainability, the moderately well-drained 
subgrade may help same in draining excess pavement moisture. 

SECTION 

FL 2 0.80 

Florida 3 

FL 3 was constructed with an impenneable I.CB arrl placed directly on a 
poorly to very poorly draining subgrade. 'Ihe subgrade has an NDI of 6.05, or 
a rating in the poor ( i) category. FL 3 was constructed at grade, with a 
5-ft (1.5 m) ditch line. 'Ihis section has the potential for the pavement to 
be saturated approximately 22 percent of the time. 

'lhe design of this pavement arrl the poorly to very poorly draining 
subgrade material makes FL 3 a possible "bathtub" section. '!here is a layer 
of filter fabric placed in the shoulder which could help with subdrainage. 
'Ihis section is rated in the VERY RX)R (0. 70) to RX)R (0.90) range. 

SECTION 

FL 3 0.75 

Michigan 1 

'lhe Michigan sections are in an area that has the potential for the 
pavement to be saturated approximately 20 percent of the time. 'Ihe sections 
were constructed on a variety of subgrade soils. Mi 1-la, 1-7a, arrl 1-7b 
soils range from very poorly drained to somewhat excessively drained. 'Ihe 
NDI of 2.12 puts these soils in the average (j) category. Mi 1-lb, 1-4a, 
1-l0a, arrl 1-l0b soils are somewhat excessively drained, with an NDI of -2. 
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'Ihis places them in the excellent (k) category. MI 1-25 soils ranged from 
poorly drained to excessively drained, producing an NDI of 0.88, placing them 
in the average (j) category. 

MI 1-la and 1-7b were constructed at grade, with a 1-ft (0.3 m) ditch 
line. MI 1-lb and 1-7a were constructed in a cut of 6 to 15 ft (1.8 to 4.6 
m), with a 3- to 4-ft (0.9 to 1.2 m) ditch line. MI 1-lOa and 1-lOb were 
constructed on a 16- to 40-ft (4.9 to 12.2 m) fill with a 4- to 5-ft (1.2 to 
1. 5 m) ditch line. MI 1-25 was constructed on a fill of greater than 40-ft 
{12.2 m), with a ditch line at the bottom of the fill. 

French drains are present in 1-la, 1-4a, l-7a, and 1-lOa. There are no 
subdrainage features in the other sections. These sections have the 
potential to be "bathtub" sections. The French drains, however, will reduce 
that potential in these sections. 'Ihe drainability of the subgrade in all of 
the sections should help to drain rroisture away from the pavement. 

MI 1-la, 1-lb, 1-7a, and 1-7b were constructed with a 4- to 6-in (102 to 
152 mm) aggregate base and a 10 in (254 mm) sand subbase. Section 1-la had a 
base drainage time of approxirnately 550 hours. section 1-lb had a base 
drainage time of approxirnately 2900 hours. Section l-7b had a base drainage 
time of approxirnately 1300 hours. All of the aggregate bases are rated as 
unacceptable (u) . 

MI 1-4a was constructed with a thin PATB. Sections 1-lOa, 1-lOb, and 
1-25 were constructed with a dense-graded ATB. These sections were also 
constructed with a 10-in sand subbase. Sections 1-lb, 1-4a, 1-7a, l-7b, and 
1-lOa had subbase drainage times ranging from approxirnately 10 to 21 hours. 
'Ihese subbases were all rated in the marginal to acceptable (m-a) range. 
Sections 1-lOb had a subbase drainage time of approxirnately 40 hours and is 
rated as marginal (m) • Section 1-la had a subbase drainage time of 
approximately 107 hours and is rated as unacceptable to marginal (u-m). 

Considering all of the above, MI 1-la, 1-7a, and 1-7b have a quality of 
drainage in the VERY FOOR (0. 70 - 0.80) category, but the french drains in 
sections 1-la, and 1-7a will improve them one rank, section 1-la to FAIR, and 
section 1-7a to the low end of F2UR. MI 1-lb and 1-4a are in the FOOR (0.80) 
to FAIR (1.00) range, with l-4a moving up to GOOD due to the edge drains. MI 
1-25 is in the FAIR (0.90) to FOOR (0.80), which must be lowered to VERY FOOR 
(0.80 - O. 70) because of the inpermeable ATB, and MI 1-lOa and 1-lOb rate in 
the GOOD (1.00) to FAIR (0.90) range, which must be lowered to FOOR (0.90 -
0.80) because of the ATB. 

SECTION 

MI 1-la 
MI 1-lb 
MI 1-4a 
MI l-7a 
MI 1-7b 
MI 1-lOa 
MI 1-lOb 
MI 1-25 
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1.00 
0.90 
1.10 
0.90 
0.80 
0.85 
0.85 
0.70 



Michigan 3 

MI 3 was constructed on very poorly drained to well-drained subgrade 
soils. '!he NDI of 2. 4 places them in the average (j) catego:ry. '!his section 
has a 4.3-in (109 mm) penneable aggregate base with a 3.0-in (76 mm) 
aggregate subbase. F.dge drains are present. '!he section is at grade, with a 
5-ft (1. 5 m) ditch line. MI 3 is in an area that has the potential for the 
pavement to be saturated approximately 22 percent of the time. 

'!he permeable aggregate base had an acceptable (a) drainage time of 
approximately 2 hours to reach the 85 percent saturation level. '!he 
aggregate subbase also had an acceptable ( a) drainage time of approximately 5 
hours. '!his section is rated as GOOD (1.00 - 1.10). '!he good drainability 
of the base, subbase, arrl subgrade will make this section rate high in the 
GOOD (1.10) range. '!he penneable base, in conjunction with the edge drains, 
will It¥JVe this into the low EXCETJENI' (1.10 - 1.15) range. 

SECTION 

MI 3 1.12 

Michigan 4 

'!he cross sections of MI 4-1 arrl MI 4-2 are the same, with a thin 
aggregate base over a thick aggregate subbase arrl no edge drains. Both 
sections are on a fill of 6- to 15-ft (1. 8 to 2 .1 m) , with a 5-ft (1. 5 m) 
ditch line. 'Ihese sections are in an area that has the potential for the 
pavement to be saturated about 22 percent of the time. 

MI 4-1 has very poorly drained to well drained subgrade soils with an 
NDI of 2. 44, placing them in the average (j) catego:ry. '!he aggregate base 
had an unacceptable drainage time of 1245 hours. '!he aggregate subbase had a 
marginal drainage time of approximately 30 hours. '!his section has a quality 
of drainage in the VERY !WR (0. 70) to FAIR (1.00) range. MI 4-2 also has 
very poorly drained to well-drained subgrade soils, but they have an NDI of 
3.38, which is in the marginal (i) catego:ry. '!his section has a marginal to 
unacceptable (m-u) base with a drainage time of approximately 161 hours. '!he 
subbase had a drainage time of approximately 9 hours arrl was rated marginal 
(m). '!his section is rated in the VERY !WR (0. 70) to FAIR (1.00) range. 

Even though neither section is a typical "bathtub" section, the poor 
drainability of the bases arrl subgrade along with no additional drainage 
features present could contribute to very poor drainability of the sections. 

Michigan 5 

SECTION 

MI 4-1 
MI 4-2 

0.75 
0.70 

MI 5 was constructed with a thin penneable aggregate base over a very 
thick aggregate subbase. Edge drains are present in this section. MI 5 is 
at grade an:i has a 2-ft (0. 6 m) ditch line. '!his section is in an area that 
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has the potential for the pavement to be saturated approximately 33 percent 
of the time. 'Ihe subgrade is well-drained material with an NDI of 1, which 
is an average (j) rating. 'Ihe base and subbase both have excellent drainage 
times, less than 3 hours to reach the 85 percent saturation level. 'Ihis 
section's quality of drainage rates in the GOOD (1.00) range, with the edge 
drain moving the draina.ge to the low EXCELIENI' (1.10) range. 

Even though the saturation time for the pavement is approximately 33 
percent, the edge drains, combined with the acceptable draina.ge times of the 
base, subbase, and the subgrade, make this pavement section very drainable. 

SECTION 

MI 5 1.05 

Minnesota 1 

All of the MN 1 sections were constructed on well-drained ~de 
materials with an NDI of 1, which is in the average (j) category. 'Ihe 
pavement cross sections for all 12 sections were similar. 'Ihe base types 
were either aggregate, CTB, or ATB. None of the sections were constructed 
with a subbase and there were no additional drainage features. 'Ihese 
sections are in an area that has the potential for the pavement to be 
saturated approximately 10 percent of the time. 

MN 1-1 was constructed at grade with a 4-ft (1.2 m) ditch line. It has 
a 6-in (152 mm) aggregate base that has a drainage time of approximately 16 
hours. MN 1-2 was constructed on a fill of 6 to 15 ft (1.8 to 4.6 m), with a 
4-ft (1. 2 m) ditch line. It has a 6-in (152 mm) aggregate base that has a 
drainage time of approximately 8 hours. MN 1-3 was constructed on a fill of 
6 to 15 ft (1.8 to 4.6 m), with a 3-ft (0.9 m) ditch line. It has a 6-in 
(152 mm) aggregate base with a draina.ge time of approximately 12 hours. 

MN 1-4 was constructed on a fill of 16 to 40 ft (4.9 to 12.2 m), with a 
6-ft (1.8 m) ditch line. It has a 6-in (132 mm) aggregate base with a 
drainage time of approximately 11 hours. All of the sections with aggregate 
bases were considered acceptable to marginal (a-m) and rated in the FAIR to 
GOOD range. 

MN 1-5 was constructed on a fill of 6 to 15 ft (1.8 to 4.6 m) with a 
7-ft (2.1 m) ditch line. MN 1-6 is at grade and has a 4-ft (1.2 m) ditch 
line. MN 1-7 is in a cut of 6 to 15 ft (1.8 to 4.6 m), with a 4-ft (1.2 m) 
ditch line. MN 1-8 is at grade and has a 6-ft (1.8 m) ditch line. All of 
these sections were constructed with an i.npmneable 5-in (127 mm) ATB and 
rated high FAIR (0.90), which is lowered to RX>R (0.85) because of the dense 
asphalt base. MN 1-9, MN 1-11, and MN 1-12 were constructed in a cut of 6 to 
15 ft (1.8 to 4.6 m) with 3- to 4-ft (0.9 to 1.2 m) ditch lines. MN 1-10 is 
at grade, with a 4-ft (1. 2 m) ditch line. 'Ihese sections were constructed 
with an i.npmneable 5-in (127 mm) CTB and rated at the low end of FAIR 
(0.90), which is lowered to the low end of RX>R (0.80) due to the CTB. 

Even with no additional subdrainage features added, the well-drained 
~e and the fact that the aggregate placed in the shoulder construction 
was "daylighted" should help in draining away excess moisture from the 
pavement. 
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Minnesota 2 

SECTION 

MN 1-1 
MN 1-2 
MN 1-3 
MN 1-4 
MN 1-5 
MN 1-6 
MN 1-7 
MN 1-8 
MN 1-9 
MN 1-10 
MN 1-11 
MN 1-12 

1.05 
1.05 
1.05 
1.05 
0.85 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.80 

'!he MN 2 sections were constructed with a 5- to 6-in ( 127 to 152 mm) 
aggregate base, no subbase, and with no additional subdrainage features. MN 
2-1 an:i MN 2-2 were constructed on poorly drained subgrade soils that have an 
NDI of 5.5, placing them in the poor (i) catego:ry. MN 2-3 and MN 2-4 were 
constructed on well-drained subgrade soils that have an NDI of 1, which 
places them in the average (j) catego:ry. All of the sections are at grade, 
with ditch lines ranging from 6 to 15 ft (1.8 to 4.6 m). 'Ihese sections are 
in an area that has the potential for the pavement to be saturated 
approxililately 19 percent of the time. 

MN 2-1 had a base drainage time to the 85 percent saturation level of 
approxililately 12 hours. '!his rates the base as acceptable to marginal 
(a-m). '!his section is in the VERY FOOR (0. 70) to FAIR (1.00) range. MN 2-2 
had a base drainage time of approxilnately 222 hours. '!his base material has 
an unacceptable (u) rating and the quality of drainage of this section is 
considered as VERY FOOR (0.80 - 0.70). 

MN 2-3 had a base drainage time of approxilnately 300 hours and was rated 
unacceptable (u). 'Ihis section is rated in the VERY FOOR (0. 70) to FOOR 
(0.90) range. MN 2-4 had a base drainage time of approXll11ately 26 hours and 
was rated marginal (m). '!his section is rated FAIR (1.00 - 0.90). 

'!he aggregate in the shoulders was "daylighted", which will help in 
removing excess moisture from the pavement. '!he well-drained subgrade in 
MN 2-3 and MN 2-4 should also help somewhat with the subdrainage. 

SECTION Cd 

MN 2-1 0.85 
MN 2-2 0.75 
MN 2-3 0.80 
MN 2-4 0.95 
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Minnesota 3 

MN 3 was constructed on well-drained subgrade soils that have an NDI of 
1, placing them in the average (j) category. 'Ihe section is at grade, with a 
6-ft (1.8 m) ditch line. 'lhere were no additional drainage features. '!his 
section is in an area that has the potential for the pavement to be saturated 
approxiniately 22 percent of the time. 

MN 3 has a 4-in (102 nnn) aggregate base with a 10-in (254 nun) aggregate 
subbase. '!here was no core taken at this section, so the 85 percent 
saturation level drainabilities were assumed, based on infonnation taken at 
other sections in that area. 'lhe base was estiniated to be unacceptable (u) 
an::l the subbase was estimated to be marginal (m) • Using these assurrptions, 
this section is rated in the VERY FOOR (0. 70 - 0.80) to FAIR (1.00 - 0.90) 
range. 

SECTION 

MN 3 0.80 

Minnesota 4 

MN 4 was constructed on poorly drained subgrade materials with an NDI of 
5.5. 'lhis subgrade is placed in the poor (i) category. It is in a fill of 6 
to 15 ft (1.8 to 4.6 m) with a 10-ft (3.0 m) ditch line. 'Ihis section is in 
an area that has the potential for the pavement to be saturated approximately 
19 percent of the time. 

MN 4 has a 5-in (127 nnn) base that took approximately 44 hours to drain 
to an 85 percent saturation level. '!his rates the base as marginal to 
tmacceptable (m-u). '!here is no subbase in this section. F.dge drains are 
present. '!his section is rated in the VERY FOOR (0. 70) to RX)R (0.90) 
range. '!he poorly drained subgrade probably will not help in drainage, but 
the edge drains and "daylighted" aggregate in the shoulders should help in 
taking away excess moisture from the pavement. '!he presence of edge drains 
will ilrprove the drainage to the FAIR range (1. 0 - 0. 9) . 

SECTION 

MN 4 0.90 

Minnesota 5 

MN 5 was constructed with a 3-in (76 nnn) aggregate base and a 3-in (76 
nnn) aggregate subbase placed on well-drained subgrade materials. 'lhe 
su1:grade has an NDI of 1, which is the average (j) category. '!here are no 
edge drains in this section. MN 5 is at grade an::l has a 10-ft (3.0 m) ditch 
line. It is in an area that has the potential for the paverrent to be 
saturated approximately 16 percent of the time. 

'lhe base material had a drainage time of approximately 13 hours to reach 
the 85 percent saturation level. 'lhe base is rated as acceptable to marginal 
(a-m). 'lhe subbase had a drainage time of approximately 60 hours, rating it 
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as marginal· to unacceptable (m-u) . '!he section is considered to be in the 
VERY FCOR (0. 70) to GOOD (1.00) ran;Je. '!he well-drained subgrade ani the 
"daylighted" aggregate in the shoulders should help in draining away excess 
100isture from the pavement, and produces the higher coefficient for this 
section. 

SECTION 

MN 5 0.95 

Minnesota 6 

MN 6 was constructed with a 4-in (102 mm) PATB ani a 4-in (102 mm) 
aggregate subbase placed on poorly drained subgrade materials. The subgrade 
has an NDI of 5. 5 which is in the poor ( i) category. This section has a 
subdrainage layer and longitudinal drains. It is at grade, and has a 10-ft 
(3. O m) ditch line. MN 6 is in an area that has the potential to be 
saturated approximately 25 percent of the time. The subbase material had a 
drainage time of approximately 43 hours to reach the 85 percent saturation 
level. This rates the subbase material as marginal to unacceptable (m-u) . 

The poorly drained subgrade may not help :much in draining away excess 
100isture from the pavement. The PATB, edge drains, ani the "daylighted" 
aggregate in the shoulders should help considerably in alleviating any 
subgrade drainage problems. This section's quality of drainage is in the 
VERY FCOR (0. 70) to FAIR (1.00) range, with the presence of the PATB moving 
it up into the GOOD (1.10) range. 

SECTION 

MN 6 1.05 

New Jersey 2 

NJ" 2 was constructed on :moderately well-drained to well-drained subgrade 
soils. '!he NDI of 2.47 places these soils in the average (j) category. The 
section has a 12-in (305 mm) aggregate base placed directly on the subgrade, 
ani no additional subdrainage features. It is at grade and has no ditch 
line. '!his section is in an area that has the potential for the pavement to 
be saturated approximately 22 percent of the time. 

'!he aggregate base had a drainage time of approximately 6 hours to reach 
the 85 percent saturation level. 'Ihis drainage time is considered acceptable 
(a). '!he quality of the base drainage ani the subgrade soils should help in 
drainin:f away excess 100isture from the section. 'Ihis section is rated GOOD 
(1.10 - 1.00). 

SECTION 

NJ" 2 1.05 
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New Jersey 3 

The sections for NJ" 3 were constructed in an m:banized area. The 
original subgrade soils have all been disb.ubed and are unclassified. 'Ihese 
sections were built on a fill of 16 to 40 ft (4.9 to 12.2 m). '!his fill 
ma.terial consists of a combination of slag, steel, and concrete. The top 
3 ft (0.9 m) are a well-drained, clean, sarrly gravel. The NDI of 1 is in the 
average (j) catego:ry. These sections were constructed with edge drains. 'Ihe 
sections are in an area that has the potential for the pavement to be 
saturated approximately 22 percent of the time. 

NJ" 3-1 has a thin, penneable aggregate base and a thin aggregate 
subbase. There was not a large enough sample of the penneable base retrieved 
to detennine drainability to the 85 percent saturation level. Since this 
base is considered penneable, it was assumed to be acceptable (a). 'Ihe 
subbase has a marginal to acceptable (m-a) drainage time of approximately 12 
hours. '!his section is rated in the FAIR (0.90) to GOOD (1.10) range, with 
the PATB providing a high GOOD (1.10) rating. 

NJ" 3-2 has a PATB and an acceptable to marginal (a-m) subbase drainage 
time of approximately 21 hours. '!his section is also rated in the FAIR to 
GOOD range, with the presence of the PATB moving it up into the high end of 
the GOOD (1.10) range. 

New York 1 

SECTION 

NJ" 3-1 
NJ" 3-2 

1.10 
1.10 

'Ihe NY 1 sections are in an area that has the potential for the pavement 
to be saturated approximately 22 percent of the time. 'Ihese sections do not 
have any additional drainage features. Sections 1-1, 1-3, and 1-4 are all on 
a fill of 16 to 40 ft (4.9 to 12.2 rn), with 4- to 8-ft (1.2 to 2.4 rn) ditch 
lines. section 1-6 is at grade with a 6-ft (1.8 rn) ditch line. Sections 
1-8a and l-8b are in a cut of 16 to 40 ft (4.9 to 12.2 rn), with 8-ft (4.2 rn) 
ditch lines. 

NY 1-1, NY 1-3, NY 1-8a, and NY 1-8b were all constructed with an 
impenneable 3-in (76 mm) ATB and an 8-in (204 nun) aggregate subbase. NY 1-1 
has nx:rlerately well-drained to somewhat excessively drained subgrade soils 
that have an NDI of 1 and are in the average (j) catego:ry. 'Ihe aggregate 
subbase has an acceptable (a) drainage time of approximately 6 hours to reach 
the 85 percent saturation level. '!his section is rated in the FAIR (0.90) to 
GOOD (1.10) range, with the mipenneable base lowering the rating to the high 
errl of the IWR (0. 90) range. 

NY 1-3, NY l-8a, and NY 1-8b were constructed on well-drained soils. 
They have an NDI of 1 and are in the average (j) catego:ry. 'Ihe aggregate 
subbase for NY 1-3 had an acceptable (a) drainage time of approxilnately 3 
hours. '!his section is rated in the FAIR to GOOD range, with the impenneable 
base lowering the rating to the high errl of the fWR (0.90) rating". The 
aggregate subbase for NY 1-8a had a marginal (rn) drainage time of 
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approxilllately 18 hours. 'Ihis section is also rated in the FAIR to GOOD 
range, with a final high FCOR (0.90) ratin;J. 'Ihe aggregate subbase for NY 
1-8b had an acceptable (a) drainage time of approxilllately 2 hours. '!his 
section is rated at the high end of GOOD, with a final lairl GOOD ratin;J 
because of the ATB. NY 1-4 am NY 1-6 were both const:ructed with 4-in (102 
mm) aggregate bases arxl 8-in (204 mm) aggregate subbases. 'Ihe aggregate base 
for NY 1-4 had an unacceptable (u) drainage t:iJne of approximately 298 hours. 
'Ihe subbase drainage time of approximately 201 hours was also unacceptable 
(u) . 'Ihe subgrade soils for this section were well drained arxl in the 
average (j) ca.tego:ry with an NDI of 1. 'lhis section is rated in the VERY 
FCOR (0. 70) to FCOR (0.90) range. 

'Ihere was not enough of the retrieved sample to det.ennine the drainage 
time for NY 1-6. It is assumed to have the same type of aggregate used in NY 
1-4, which gives it an unacceptable (u) drainage time. 'Ihe subbase drainage 
time was also unacceptable (u), with a drainage time of approximately 208 
hours. 'Ihe subgrade soils for this section were somewhat excessively drained 
to moderately well-drained arxl had an NDI of 1. '!his places these soils in 
the average (j) ca.tego:ry. '!his section is rated in the VERY FCOR to FCOR 
range. 

New York 2 

SECTION 

NY 1-1 
NY 1-3 
NY 1-4 
NY 1-6 
NY 1-8a 
NY 1-8b 

0.90 
0.90 
0.80 
0.75 
0.90 
1.00 

NY 2-3 was constructed on excessively drained subgrade soils with a NDI 
of -10. '!his places these soils in the excellent (k) ca.tego:ry. NY 2-9, NY 
2-11, arxl NY 2-15 were all constructed on well-drained subgrade soils with an 
NDI of 1, placin;J these soils in the average (j) ca.tego:ry. No additional 
subdrainage features were added to any of the sections. NY 2 is in an area 
that has the potential for the pavement to be saturated approximately 31 
percent of the time. 

section 2-3 is in a cut of 16 to 40 ft ( 4. 9 to 12. 2 m) , with an 8-ft 
(2. 4 m) ditch line. section 2-9 is also on a fill of 16 to 40 ft ( 4. 9 to 
12.2 m), with a 15-ft (4.6 m) ditch line. sections 2-11 arxl 2-15 are at 
grade, with 10- to 12-ft (3. o to 3. 7 m) ditch lines. NY 2-3 am NY 2-15 were 
both const:ructed with aggregate bases am aggregate subbases. Not enough of 
a base sample was retrieved from NY 2-3, so base drainabilities from NY 2-9 
arxl NY 2-15 were used to assume a marginal to unacceptable (m-u) drainage 
time for this section. 'Ihe aggregate subbase also had a marginal to 
unacceptable (m-u) drainage time of approxilllately 61 hours. '!his section is 
rated in the rooR (0.90) to GOOD (1.10) range. 
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NY 2-15 had a marginal to unacceptable (m-u) aggregate base drainage 
time of approximately 75 hours. 'Ihe subbase had a marginal (m) drainage time 
of approximately 37 hours. 'Ihis section is rated in the VERY RX>R (0. 70) to 
FAIR (1.00) range. NY 2-9 and NY 2-11 were const:nicted with aggregate bases 
and no subbases. NY 2-9 had a marginal to unacceptable (m-u) base drainage 
time of approximately 73 hours. 'Ihis section is rated in the VERY FCOR to 
FAIR range. 

For section NY 2-11, the aggregate base drainability was also assumed to 
be marginal to unacceptable (m-u) because of insufficient sample size. 'Ihis 
section is in the VERY RX>R to FAIR range. 

North carolina 1 

SECTION 

NY 2-3 
NY 2-9 
NY 2-11 
NY 2-15 

1.00 
0.85 
0.80 
0.85 

'Ihe eight pavement sections studied in this area of North carolina were 
all constructed with no subbases and no additional subdrainage features. 
'Ihey were constructed over a wide variety of natural subgrade soils. 'Ihe 
sections are all at grade and have 5-ft (1.5 m) ditch lines. 'Ihese sections 
are in an area that has the potential for the pavement to be saturated 
approximately 22 percent of the time. 

NC 1-1 and NC 1-4 were both constructed on poorly drained subgrade 
soils. 'Ihey have an NDI of 5.5, which puts them in the poor (i) category. 
Both sections have thin aggregate bases that have unacceptable to marginal 
(u-m) drainage times to reach an 85 percent pavement saturation level. NC 
1-1 was approximately 189 hours and NC 1-4 was approximately 169 hours. 
'Ihese sections were both rated in the VERY FCOR (0. 70) to RX>R (0.80) range. 
NC 1-2 and NC 1-3 have thick, soil-cement bases. NC 1-2 was constructed on 
poorly drained to moderately well-drained subgra.de soils. 'Ihese soils have 
an NDI of 4.24, putting them in the poor (i) category. NC 1-3 was 
constructed on well-drained to poorly drained subgrade soils. 'Ihese soils 
have an NDI of 2.12, putting them in the average (j) category. 'Ihe quality 
of drainage rating for NC 1-2, and 1-3 is FAIR, with the CI'B lowering that 
value to ICOR (0.80-0.90). 

NC 1-5 has an impenneable CI'B and was constructed on poorly drained to 
moderately well-drained subgrade soils. 'Ihese soils have an NDI of 5. 05, 
which is in the poor (i) category. 'Ihis section rated in the RX>R to FAIR, 
with the CI'B lowering it to a VERY RX>R (0. 75) range. NC 1-6 has an 
impenneable ATB and was constructed on well-drained to moderately 
well-drained subgrade soils. 'Ihese soils have an NDI of 1.26, which puts 
them in the average (j) category. 'Ihis section ha!'; a FAIR (1.00) rating, 
which the A'IB lowers to ICOR (0. 90) • 
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NC 1-7 an:l NC 1-8 both have thin aggregate bases with unacceptable to 
marginal (u-m) drainage times to reach an 85 percent saturation level. 'Ihe 
drainage time for NC 1-7 was approximately 109 hours an:l approximately 96 
hours for NC 1-8. NC 1-7 was constructed on well-drained sul:grade soils with 
an NDI of 1, which is in the average (j) category. '!his well-drained 
subgrade should help with subdrainage. NC 1-8 was constructed on 
well-drained to poorly drained subgrade soils with an NDI of 2.18, ·which is 
in the average (j) category. Both sections rate in the VERY FOOR (0. 70) to 
FAIR (1.00) range, with section 1-8 being slightly worse for drainage. 

North carolina 2 

SECTION 

NC 1-1 
NC 1-2 
NC 1-3 
NC 1-4 
NC 1-5 
NC 1-6 
NC 1-7 
NC 1-8 

0.75 
0.80 
0.98 
0.75 
0.75 
0.90 
0.90 
0.80 

NC 2 was constructed with an inpermeable ICB, no subbase, an:l retrofit 
edge drains. 'Ihis section is on well-drained subgrade soils which have an 
NDI of 1, putting it in the average (j) category. It is in an area that has 
the potential for the pavement to be saturated about 20 percent of the time. 
Because of the cross section design, this section has the potential for being 
a "bathtub" section. With the well-drained subgrade an:l the edge drains, 
this section is rated in the FAIR (1.00 - 0.90). 

SECTION 

NC 2 0.95 

Ohio 1 

Ohio 1 had seven pavement sections that were all constructed over 
well-drained subgrade soils with an NDI of 1. 'Ille sections were constructed 
on a fill of greater than 40 ft (12.2 m), with ditch lines at the bottom of 
the fill. 'Ihese sections are in an area that has a potential for the 
pavement to be saturated approximately 19 percent of the time. None of these 
sections was constructed with a subbase or any other subdrainage features. 

OH 1-1 has a thick aggregate base with a drainage time to an 85 percent 
saturation level of approximately 27 hours. 'Ihis gives the base a rating of 
marginal to acceptable (m-a). '!his section is in the FAIR (0.90) to GOOD 
(1.10) range, with a slight reduction because the poor base is thick. 

OH 1-10 is also in the FAIR (0.90) to GOOD (1.10) range. It has a thick 
aggregate base similar to section 1-1, but it has a drainage time of 
approximately 12 hours an:l a rating of acceptable to marginal (a-m), giving a 
rating of GOOD (1.10 - 1.00). OH 1-9 rates in the FOOR (0.80) to FAIR (1.00) 
range. It has a thick aggregate base with a drainage time of approximately 
60 hours, which places it in the category of unacceptable to marginal (u-m). 
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OH 1-6 rates is in the VERY RX)R (0.80) to RX)R (0.90) range. It has a 
thick aggregate base with a drainage time of approxilnately 175 hours which 
makes it unacceptable (u}. OH 1-7 has a GOOD (1.00 - 1.10) rating. It has a 
thick aggregate base with a drainage time of less than 1 hour, which rates it 
as excellent (a). OH 1-3 and OH 1-4 were both constru.cted with impermeable 
ATB's. '!he quality of drainage of l::oth these sections was FAIR (1.00 - 0.90) 
with the impermeable ATB lowering this to a rating of FCOR (0.90). 

Even though no additional subdrainage features were added to these 
sections, the well-drained soils on which they were constru.cted should help 
in keeping misture drained from the pavement. 

Ohio 2 

SECI'ION 

OH 1-1 
OH 1-3 
OH 1-4 
OH 1-6 
OH 1-7 
OH 1-9 
OH 1-10 

0.95 
0.90 
0.90 
0.85 
1.05 
0.90 
1.05 

Both of the sections for OH 2 were constru.cted by placing the pavement 
directly on the subgrade. No additional drainage features were added to 
either of the sections. 'Ihese sections are in an area that has a potential 
for the pavement to be saturated approximately 14 percent of the time. 

OH 2-33a was constru.cted on a somewhat poorly drained subgrade. 'Ihis 
subgrade has an NDI of 4, which is in the poor ( i) category. 'Ihis section 
has a potential to be a "bathtub" section because of the cross section design 
and the somewhat poorly drained subgrade. Taking into consideration all of 
the above mentioned factors, this section is rated as a good FCOR (0.90). Oh 
2-33b was constru.cted on a somewhat poorly to m:Jderately well-drained 
subgrade. 'Ihis subgrade has an NDI of 3.04 an:i is in the marginal (i) 
category. Because this subgrade is going to be somewhat better drained than 
OH 2-33a, it does not have as much potential for being a ''bathtub" section. 
Again, taking into account all of the above mentioned factors, this section 
is rated in the FCOR (0.90) to FAIR (1.00) range. 

Ontario 1 

SECTION 

OH 2-33a 
OH 2-33b 

0.90 
0.95 

In Ruthven, Ontario there were a total of four different pavement 
sections. 'Ihese sections are all at grade with 3- to 8-ft (0.9 to 4.2) ditch 
lines and edge drains. '!he ONI' 1 sections are in an area that has the 
potential for the pavement to be saturated approxilnately 28 percent of the 
time. 
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ONI' 1-1 was constructed as a slab on grade. 'Ihe sul:::grade soils for this 
section range from poorly drained to well-drained. 'Ihe NDI of 4.08 places 
these soils in the poor (i) category. Since the poor draining sul:::grade 
probably will not help with drainage, this section is a possible "bathtub" 
section arrl is rated as VERY KlOR (0.80) to KlOR (0.90). Edge drains in the 
section should help with draining away excess moisture. and improve the 
rating to FAIR (0.95). 

ONT 1-2, ONT 1-3, arrl ONT 1-4 were all constructed on moderately 
well-drained subgrade soils. 'Ihese soils have an NDI of 2.5, which is in the 
average (j) category. ONT 1-2 has a PATB with no subbase. 'Ihis section is 
rated FAIR (1.00 - 0.90), arrl since this section has a permeable base, edge 
drains, arrl a moderately well-drained sul:::grade, its rating can be increased 
to GOOD (1.00). ONI' 1-3 arrl ONT 1-4 both have irnpenneable I.CB'S and no 
subbase. 'Ihese sections could possibly be bathtub sections. Since there are 
edge drains arrl a moderately well-drained subgrade, this potential is 
somewhat lessened. 'Ihese sections are rated FAIR (0.95), which is decreased 
to FOOR ( o. 80) for the I.CB, but increased to FAIR ( 1. 00) because of the edge 
drains arrl subgrade. 

Ontario 2 

SECTION 

ONI' 1-1 
ONT 1-2 
ONT 1-3 
ONT 1-4 

0.95 
1.00 
1.00 
1.00 

'!his section was constructed with a 6-in (152 mm) impenneable CTB placed 
directly on the sul:::grade. 'Ihe original subgrade soil for this area have all 
been disturl::>ed due to urt>anization, but the fill material used is poorly 
drained. 'Ihese soils have an NDI of 5.5, placing them in the poor (i) 
catego:ry. 'Ihese sections are in an area that has the potential for the 
pavememt to be saturated approximately 28 percent of the tbte. 'Ihis section 
is rated in the very poor-fair range. 

SECTION 

ONI' 2 0.80 

Pennsylvania 1 

In Pennsylvania, there were five different cross sections constructed. 
All five sections were built with edge drains. 'Ihese are all in an area that 
has the potential for the pavement to be saturated approximately 31 percent 
of the time. 

Sections 1-1 arrl 1-4 were constructed over well-drained subgrade soils. 
'lhese soils have an NDI of 1, which puts them in the average (j) category. 
'Ihese sections range from being in a cut of greater than 40 ft (12.2 m) to a 
fill of greater than 40 ft (12.2 m). 'Ihe depth to the ditch lines is 
approximately 5 ft (1.5 m). PA 1-1 was constructed with a thick, impenneable 
CTB am. a thick ~ggregate subbase. 'Ihe subbase was rated unacceptable (u) 
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because of its drainage time. '!his time was calculated. to be approxilnately 
290 hours. 'Ihis section is in the RX>R (0.80) to FAIR (0.90) range, with the 
CI'B lowering the rating to RX>R (0.80), but the ed.ge drain raising it to FAIR 
(0.90). PA 1-4 was consb:ucted with a thick, penneable aggregate base over 
an aggregate subbase. The base was rated. excellent (a) with a drainage time 
cf less than 1 hour. 'Ihe subbase was rated. as unacceptable (u) with a 
drainage time of approxilnately 130 hours. 'lhese factors give a drainage 
quality ranging from RX>R (0.80) to GOOD (1.00), with the penreable base 
providing the GOOD (1.00) to EXCELIENT (1.10) rating of 1.05. 

Sections 1-2 and 1-5 were constructed over moderately well-drained. 
subgrade soils. 'lhese soils have an NDI of 2.5, which is in the average (j) 
catego:ry. 'Ihese sections are in cuts from 16 ft (4.9 m) to greater than 40 ft 
(12.2 m), with 5-ft (1.5 m) ditch lines. PA 1-2 was constructed with a PATE 
over a thick aggregate subbase. '!he subbase was rated. excellent (a) because 
of its drainage time of less than 1 hour. 'lhe penneable base and the good 
drainage time of the subbase give this section a rating of GOOD (1.00) to 
EXCEIJENT (1.10). PA 1-5 was constructed with a ve:ry thick aggregate base 
placed directly on the subgrade. 'lhe drainage time of approxilllately 60 hours 
was rated. marginal to unacceptable (m-u). 'lhese factors put this section in 
the RX>R (0.80) to FAIR (0.90) range, with the ed.ge drain raising the rating 
to GOOD ( 1. 00) . PA 1-3 was constructed over a well-drained to moderately 
well-drained subgrade with an NDI of 2.24 in the average (j) catego:ry. 'lhis 
section is in a cut of more than 40 ft (12.2 m) and has a 4-ft (1.2 m) ditch 
line. Section 1-3 has a penneable aggregate base over an aggregate subbase. 
Both the base and subbase have drainage times of less than 1 hour. 'lhese 
factors give this section a rating of GOOD (1.00) to EXCELIENT (1.10). 

In these sections, the addition of ed.ge drains and the well- to 
moderately well-drained. subgrade soils will help considerably in draining off 
moisture from the pavement. 

SECI'ION Cd 

PA 1-1 0.90 
PA 1-2 1.05 
PA 1-3 1.05 
PA 1-4 1.00 
PA 1-5 1.00 
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rnAPrER 5 BACKCAiaJIATICN MEilDIDra:;y 

1. INIIDilJCrION 

This chapter describes the methodology involved in the backcalculation 
of modulus values for the projects included in the study. Ba.ckcalculation 
procedures were used on the deflection data obtained during the field 
testing. The deflection testing was perfo:nned with a Falling Weight 
Ceflectometer (FWD) on all but three sections: Ontario 1, Ontario 2, and Ohio 
2. Ceflection testing was not perfonned on these three projects due to 
logistical and financial reasons. 

To detennine the in-situ portland cement concrete (PCC) and foundation 
support moduli, an interpretation scheme for FWD deflection data based on a 
recently developed closed-fonn backcalculation procedure was used. (20) It is 
based on a theoretically rigorous approach utilizing the principles of 
dimensional analysis as well as the concept of the deflection basin area, 
first proposed by Hoffman and Thompson.(21) The backcalculation method has 
1:::leen automated by Ioannides through a computer program entitled 
ILLI-BACK. (20) 'Ihe computer program and the theoretical methodology upon 
which it is based is used to detennine in-situ strength parameters for 
pavement systems. 'Ihis progranVmethodology greatly simplifies the effort 
required in interpreting nondestructive testing (NDI') data. In addition to 
yielding the required backcalculated parameters, this approach also provides 
an evaluation of the degree to which the behavior of the in-situ pavement 
system follows theory. 'Ihe approach models the pavement system as an elastic 
medium-thick plate resting on a dense liquid (DL) or an elastic solid (ES) 
foundation. For the purposes of this study, the dense liquid subgrade model 
was used for back.calculation analyses. 

2. ~ cx:NCEPI'S 

'Ihe backcalculation scheme used in this study employs two fundamental 
arrl theoretical concepts. 

1. A unique relationship exists between the deflection basin area, 
AREA, and the radius of relative stiffness, 1, of the 
pavement-subgrade system. (20) 

2. Ceflections in rigid pavements, expressed in a dimensionless fonn, 
are solely a function of the load size ratio, (a/1), where a is 
the radius of the applied load. (22) 

All three of these quantities (AREA, 1, and a) are expressed in inches. 'Ihe 
area of the deflection basin is calculated as follows: 

AREA= 6(1 + 2(DifDo) + 2(D2/Do) + (D:fDo)J (3) 

where o0, Dl, o2 and o3 are the FWD deflections recorded at o, 12, 
24, arrl 36 in (0, 305, 610, arrl 915 nun) from the center of the loading plate, 
respectively. 
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'Ihe definition of the radius of relative stiffness of the pavement
subgrade system is a function of the type of foundation assumed. For a dense 
liquid (DL) foundation: 

For an elastic solid (FS) foumation: 

1 =le= [Eh3(1 - l\;)/{6(1 - u)Es}J 1/ 3 

Where: 
E = slab Young's IOOdulus 
Es = soil Young's IOOdulus 
h = slab thickness 
u = concrete Poisson's Ratio 

~ 
= soil Poisson's Ratio 
= modulus of subgrade reaction 

(4) 

(5) 

Application of dimensional analysis Wicates that a unique 
relationship between ARFA and 1 exists and is valid for any chosen plate size 
an:l sensor arrangement. Figure 13 shows the AREA vs. 1 Cl.ll'.Ves for four 
different loading and support corrlitions. In this figure, four sensors at 12 
in (305 mm) spacing are employed. 

Inspection of the interior loading fonnula presented by Westergaard 
shows that the maxbnurn deflection in a two-layer, rigid pavement system may 
be rewritten in the following nondirnensional fonn: 

(6) 

where dn is the nomimensional sensor deflection corresponding to the 
measureQ deflection, D0, under the applied load, P. (23) 'Ihe slab flexural 
stiffness, D, is given by: 

(7) 

Similar expressions can be derived for the other three FWD deflections, 
as shown below: 

(i=0,3) (8) 

In this case, di denotes the four nom:imensional sensor deflections 
correspoming to the measured deflections, Di. 'Ihe norrlilnensional 
deflections are known functions of the ratio (a/1) only. In the case of a 
constant plate load radius, they are uniquely defined by the 1-value alone. 
Figures 14 and 15 show the variation with 1 of dimensionless deflections, 
di, for a circular load with a radius a = 5.9055 in (150 mm). 'Ihe curves 
correspoming to '1a are defined by the interior loading maxililum deflection 
fonnulae presented by Westergaard for the DL foundation and by I.osberg for 
the ES foundation. (23,24,25) 'Ihe rernain:ler of the curves in figures 14 and 
15 were derived more recently by Ioannides. (20) 
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3. aJl'L1NE OF BACKCAI.aJIATICN :mrJCEllJRE 

On the basis of the two fundanaltal concepts discussed above, the 
backcalculation procedure proceeds as follows: 

1. Drop the weight, and record the applied load, P, as well as the 
resulting deflections, D0, n1 , ~ and D3 . 

2. calculate the area of the deflection basin, AREA. 

3. Enter figure 13 with the AREA-value and select the corresponding 
radius of relative stiffness value, 1. 

4. Enter figure 14 or figure 15 with this 1-value and detennine the 
corresponding dimensionless deflections, di. 

5. Backcalculate the subgrade support values as follows: 

For the DL foundation: 

(9) 

For the FS foundation: 

(10) 

For a given value of the subgrade Poisson's Ratio (generally,~ 
is between 0.4 and 0.5), equation 10 can be rewritten to yield the 
foundation modulus, E5 : 

Es= (1 - 'lls)*(dj/Di)*(2P/l) (11) 

6. Backcalculate the slab flexural stiffness, as follows: 

D = Eh3 /{12 (1 - u2 )} = (dj/Di)Pl2 (12) 

If the slab thickness, h, is known, the slab modulus can be calculated 
using: 

(13) 

Alternatively, if the slab modulus, E, is known, the thickness, h, can be 
backcalculated from: 

(14) 

A value of 0.15 is generally assumed for the Poisson's ratio of the concrete 
slab. 

'Ihese backcalculation equations (equations 9 through 14) provide four 
detenninations of each pavement system parameter (k, Es, h or E), each 
corresponding to one measured deflection, Di. '!his provides a control on 
the accuracy of individual sensor readings as well as a measure of in-situ 
material variability and of the departure of the real system from the 
idealized conditions assumed in theory. 
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'Ih.e results of the brief statistical analysis of the parameters 
backcalculated above provide some useful insights pertaining to the testing 
procedure adopted, and to the observed behavior of the in-situ pavement 
system. In all acceptable cases, a coefficient of variation smaller than 10 
percent was obtained. 'Ih.ose tests shc:1Ning a coefficient of variation greater 
than 10 percent were discarded for the follc:1Ning reasons. If one of the 
sensors had malfunctioned, the backcalculated parameters based on that 
particular deflection reading would have been significantly different from 
the backcalculated values obtained from the other deflection readings. 'lb.is 
would alert the engineer to the possibility of an error. In addition, 
figures 14 and 15 indicate that do and d1 are relatively insensitive to 
changes in the value of 1, compared to d and d . 'lb.us, it roay be 
concluded that the latter are more reli~le ba~culation tools. On the 
other hand, the actual measured deflections D0 and D1 are probably more 
accurate than D2 and D3 , owing to their larger magnitude and the equal 
sensitivity of all sensors, as used in conventional practice. 'Ih.erefore, it 
may be desirable to use sensors of increased sensitivity for measuring 
deflections further away from the center of the applied load. 'lb.is will 
become increasingly important also as states move toward constructing thicker 
concrete slabs. 

4. APPLICATION OF CI!:SED-FORM BA.CKCAiaJIATION IRJCEllJRE 

To illustrate the application of the procedure described above, a set 
of FWD data collected from a PCC pavement section on U.S. 23 near 
Chillicothe, Ohio will be used to backcalculate the pavement parameters. 'Ih.e 
radius of the load plate, a, was the starrlard 5.9055 in (150 nun) and the 
recorded load, P, was 12,569 lb (55.9 kN). Sensors were located at 0, 12, 
24, and 36 in {O, 305, 610, and 915 nun) from the center of the plate. 'Ih.e 
recorded deflections were as follows: 

Do= 0.0047 (0.119 mm); D1 = 0.0040 in (0.102 mm); 
D2 = 0.0035 (0.089 mm); D3 = 0.0026 in (0.0660 nun). 

SUbstituting these deflections in equation 3 yields: 

AREA= 6(1 + 2(4.0/4.7) + 2(3.5/4.7) + (2.6/9.7)] 
= 28.64 in (727.5 mm). 

Fram figure 13, the corresporrling radius of relative stiffness value is: 

DL: lk = 27.7 in (703.6 nun). 

Entering figure 14 with the 1-value, the following nondi.mensional deflections 
are obtained: 

DL Foundation: do= 0.122; d1 = 0.108; 
~ = 0.087; d3 = 0.061. 

'lllus, equations 9 and 10 give the followin;J backcalculated subgrade support 
values: 

For the DL Foundation: 
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k = (0.122/0.0047)(12569/27.72) 
= 425 psi/in (115 kPajnm), based on D0; 

k = (0.108/0.0040) (12569/27.72) 
= 442 psi/in (120 kPa/nm) , based on D1 ; 

k = (0.087/0.0035) (12569/27.72) 
= 407 psi/in (110 kPajnm) , based on D2 ; 

k = (0.061/0.0026) (12569/27.72) 
= 384 psi/in (104 kPa/nm), based on D3• 

'Ihe mean of these backcalculated k-values is 415 psi/in (113 kPajnlln) and 
their coefficient of variation (CDV) is 5.99 percent. 

'Ihe thickness is known to be 9.0 in (229 nm) from the plans. Equation 
13 is used with a Poisson's Ratio of 0.15 to backcalculate the slab modulus. 
'Ihus, for the DL foundation: 

E = {12(1-0.152)/9.03 }*(0.122/0,0047)*12969(27.7) 2 
= 4,028,019 psi (27,770 MPa), based on D0 

'Ihe other backcalculated E-values are: E = 4,189,802 psi (28,890 MPa) 
based on D1 ; E = 3,857,279 psi (26,600 MPa) based on D2; and E = 
3,644,712 psi (25,130 MPa) based on D3• Hence, an average value of E = 
3,928,953 psi (27,090 MPa) is determined, with a CDV = 5.99 percent 
( identical to that for the k-value) . 

5. VARIABIInY AND RELIABILITY OF TESTING AND B.2\.CKCAI.ClJIATED VAIIJES 

Since the closed-fem back.calculation procedure described above is a 
relatively new approach, it is desirable to examine the validity of the 
results obtained from the procedure. It has been suggested that some of the 
backcalculated values are suspect. Specifically, the foll()y/ing criticisms 
have been presented: 

1. 'Ihe backcalculated m:xlulus of elasticity (E) of the surface 
appears too high for the Rothsay, Minnesota sections. Another 
group of researchers reported E's at this site in the range of 4 
to 5 million psi (27,580 to 34,470 MPa).(26) 

2. An inverse relationship appears to exist between the E of the 
portland cement concrete surface and the effective m:xlulus of 
subgrade reaction (k-value) on top of the base. 

'Ihe analysis presented herein shows that the procedure is theoretically 
valid and that the criticisms presented above are unfounded. 

1. 'Ihe backcalrulated E value of the surface awears too high for the 
Rothsay sections. 

A trial and error method using a finite element program was employed by 
the researchers to "backcalculate" the E of the surface and k of the 
supporting layers.(26) 'Ihe researchers tried to roatch the deflection under 
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the load only. '!hey did so by al terin;J the E arrl k-values until the 
deflection urrler the load was matched. However, there are thousams of 
combinations of E arrl k-values that will produce a single deflection beneath 
a load. 'Ihe final E arrl k-values were chosen based on the researcher's 
judgroont. 

'I'wo major problems can be readily identified with this trial arrl error 
approach. First, a range of E arrl k-values nrust be chosen for the analysis. 
Typically, the E of the surface is fixed arrl the k-value is varied. 
secon::ily, in matchin;J the deflection beneath the load only, the deflection 
basin is ignored. '!he deflection basin shape is extremely :important in the 
detennination in the E arrl k-values. 'Ihe trial arrl error method of 
backcalculation has largely been supplanted by current backcalculation 
procedures. 

Plate 'Iheory 

According to basic plate theory, the E of the surface layer by itself 
is not an adequate description of the plate (slab) stiffness. As presented 
by Tirnoshenko, the flexural stiffness of a mediillll thick plate is defined 
as: (27) 

Where: 
E = Modulus of Elasticity of the Material 
h = 'Ihickness of the Plate 
u = Poisson's Ratio of the Material 

(15) 

'Ihus, the thickness of the plate, modulus of elasticity of the plate 
material, arrl Poisson's Ratio of the material are controllin;J factors in 
quantifying the slab's flexural stiffness. Since Poisson's Ratio is 
typically assumed to be 0.15 for portl~ cement concrete, the stiffness of 
the plate reduces to be a function of Eh only. 'Iherefore, the E value 
alone is of limited engineering significance. Examine the follcwing 
situation: 

E 
h 
Eh.3 

'Ihin/Strong 
Concrete Plate 

10.0 X 106 psi 
2.0 in 
8.0 X 107 lb-in 

'Ihick/Weak 
Concrete Plate 

1.0 X 106 psi 
10.0 in 
1. 0 X 108 lb-in 

Even though the thinner slab has an E that is an order of magnitude 
higher than the thicker slab, the thicker slab has a higher flexural 
stiffness, for a given Poisson's ~tio. 'lherefore, looking at the E alone is 
misleading. Table 5 shows the Eh values for all of g1ie Fhase I sections. 
Foa all sections, the tf13 values range f~ 2.25 X 10 lb-in (2.54 X 
10 N-m) to 1.22 x 101 lb-in (1.38 x 10 N-m). F~r the Rothsay 8 sections only, th~ Eh.3 values range from 3.40 x 10 lb-in (3.84 x 10 
N-m) to 6. 05 x 10 lb-in ( 6. 84 x 108 N-m) , which shows that in tenns of 
flexural stiffness, the Rothsay sections fall in the midrange of the data, 
even though the E-values seem very high. 
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Table 5. Eh3 values for all Riase I sections. 

ID k-value E'pcc h Eh3 

NY 1-1 549 3810000 9.0 2777490000 
NY 1-3 503 3890000 9.0 2835810000 
NY 1-4 534 4760000 9.0 3470040000 
NY 1-6 619 4020000 9.0 2930580000 
NY l-8a 638 4100000 9.0 2988900000 
NY 1-8b 548 3880000 9.0 2828520000 
NY 2-3 341 5100000 9.0 3717900000 
NY 2-9 471 5090000 9.0 3710610000 
NY 2-11 296 6120000 9.0 4461480000 
NY 2-15 273 5520000 9.0 4024080000 
OH 1-1 449 4430000 9.0 3229470000 
OH 1-3 440 5310000 9.0 3870990000 
OH 1-4 525 5230000 9.0 3812670000 
OH 1-6 431 4060000 9.0 2959740000 
OH 1-7 340 4430000 9.0 3229470000 
OH 1-9 351 3400000 9.0 2478600000 
OH 1-10 405 4510000 9.0 3287790000 
PA 1-1 731 4210000 10.0 4210000000 
PA 1-2 1040 3390000 10.0 3390000000 
PA 1-3 538 3230000 10.0 3230000000 
PA 1-4 747 4530000 10.0 4530000000 
PA 1-5 540 3620000 10.0 3620000000 
NJ 2 234 6720000 9.0 4898880000 
NJ 3-1 356 5400000 9.0 3936600000 
NJ 3-2 210 5330000 9.0 3885570000 
CA 1-1 232 6610000 8.4 3917773440 
CA 1-3 349 5240000 8.4 3105768960 
CA 1-5 335 5280000 11.4 7822552320 
CA 1-7 433 6480000 8.4 3840721920 
CA 1-9 298 6950000 8.4 4119292800 
CA 2-2 1400 7040000 8.4 4172636160 
CA 2-3 528 4980000 8.4 2951665920 
CA 7 326 6260000 10.2 6643162080 
CA 6 294 6710000 9.0 4891590000 
CA 8 339 6420000 10.2 6812955360 
CA 3-1 286 3530000 9.0 2573370000 
CA 3-2 312 4170000 9.0 3039930000 
CA 3-5 397 4380000 9.0 3193020000 
FL 2 378 5550000 13.0 12193350000 
FL 3 529 4160000 9.0 3032640000 
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Table 5. Eh3 values for all Fhase I sections (cont'd). 

ID k-value ~ h Eh3 

MN 1-1 191 7090000 9.0 5168610000 
MN 1-2 172 7750000 9.0 5649750000 
MN 1-3 217 6660000 8.0 3409920000 
MN 1-4 222 6920000 8.0 3543040000 
MN 1-5 304 9130000 8.0 4674560000 
MN 1-6 314 9360000 8.0 4792320000 
MN 1-7 287 8300000 9.0 6050700000 
MN 1-8 278 7880000 9.0 5744520000 
MN 1-9 291 6670000 9.0 4862430000 
MN 1-10 285 6740000 9.0 4913460000 
MN 1-11 245 8030000 8.0 4111360000 
MN 1-12 239 7790000 8.0 3988480000 
MN 5 156 7560000 9.0 5511240000 
MN 3 256 8810000 9.0 6422490000 
MN 4 222 6300000 7.5 2657812500 
MN 6 199 6570000 8.0 3363840000 
MN 2-1 128 6780000 9.0 4942620000 
MN 2-2 127 8010000 8.0 4101120000 
MN 2-3 162 7320000 9.0 5336280000 
MN 2-4 178 6620000 9.0 4825980000 
NC 1-1 538 4630000 9.0 3375270000 
NC 1-2 347 5190000 9.0 3783510000 
NC 1-3 494 3970000 9.0 2894130000 
NC 1-4 570 4210000 9.0 3069090000 
NC 1-5 628 5500000 9.0 4009500000 
NC 1-6 672 5140000 9.0 3747060000 
NC 1-7 128 5090000 8.0 2606080000 
NC 1-8 513 4220000 9.0 3076380000 
NC 2 293 5890000 11.0 7839590000 
'AZ 1-1 546 3140000 9.0 2289060000 
'AZ 1-2 492 3440000 13.0 7557680000 
'AZ 1-4 344 3490000 13.0 7667530000 
'AZ 1-5 439 3290000 11.0 4378990000 
'AZ 1-6 621 3090000 9.0 2252610000 
'AZ 1-7 584 3690000 9.0 2690010000 
'AZ 2 174 5560000 10.0 5560000000 
MI 1-la 353 5450000 9.0 3973050000 
MI 1-lb 300 5790000 9.0 4220910000 
MI 1-4a 468 5880000 9.0 4286520000 
MI l-7a 292 6340000 9.0 4621860000 
MI l-7b 269 6090000 9.0 4439610000 
MI 1-lOa 436 6230000 9.0 4541670000 
MI 1-lOb 502 5280000 9.0 3849120000 
MI 3 283 4830000 9.0 3521070000 
MI 5 189 4530000 9.0 3302370000 
MI 4-1 186 4380000 9.0 3193020000 
MI 4-2 233 4490000 9.0 3273210000 
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Deflection Measurement 

In examining table 5 more closely, an interesting trerrl is observed. 
'Ihe backcalculated E values for the Minnesota sections (as a group) are 
consistently higher than all of the other sections. Because all of the 
:t,-r.innesota data was collected with Minnesota's Falling Weight Deflectometer 
(FWD) an::l all of the other data was taken with a different FWD (with the 
exception of Arizona data), a problem may have occurred with the equipment or 
data collection. There are two possibilities for the discrepancy: incorrect 
calibration of the FWD sensors or inaccurate spacing of the sensors. 

'Ihe FWD sensors may have been calibrated incorrectly. '!he 
manufacturer's recommend calibration of the sensors before any large testing 
job. 'Ihe calibration method calls for adjustment of the sensors relative to 
the other sensor readings. It is possible to calibrate the sensors such that 
all or sone of the sensors record higher or lower deflection readings. 

Because of the nature of the backcalculation procedure (E- and k-values 
are calculated for each sensor and averaged for each particular drop of the 
weight), the inaccuracy of one or two sensors would be flagged. However, if 
all of the sensors were measuring high or low, the procedure would not be 
able to detect the inaccuracy. Therefore, all of the sensors would have to 
1::::e calibrated to read lower deflections (potentially yielding higher E values 
for a given thickness). In order to examine the effect of inaccurate 
calibration, each sensor reading was increased by 20 percent. 'Ihe results 
showed that increasing all of the deflection readings by 20 percent (thereby 
not changing the shape of the deflection basin) had little effect on E and k, 
as shown 1::::elow in table 6. 

Table 6. Effect of deflection error on backcalculated E and k. 

MN 1-5 

E 
k 

Results Without Usin;J 
Increased Deflections 

9.13 X 106 psi 
304 pci 

Results Usin;J 
Increased Deflections 

8.91 X 106 psi 
256 pci 

Given this analysis, it seems that the inaccurate calibration of the 
FWD sensors is not a possible explanation of the high E values for the 
Minnesota sections. 

'Ihe second possibility is that the sensors were not fixed at the proper 
12-in (305 mm) spacing. If the sensors were placed more than 12 in (305 mm) 
apart, then the actual deflection basin would be distorted. Since the 
deflections decrease while m:win;J away f:ran the load, the recorded 
deflections (at spacings greater than 12-in [305 mm]) would be lower than the 
actual deflections at 12-in (305 mm) spacings. '!he spacing of the sensors 
has a trerrenious effect on the backcalculation of E and k values. 
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Although this is a possible problem with the data, the Minnesota ror 
was infonned. of the desired sensor configuration before testing. It is 
probable that the sensor spacing was neasured and checked before testing. 

Finite Element Analysis 

The final analysis involves the examination of deflection basins 
calculated using the II.LISIAB finite element program. Figures 16 through 18 
illustrate deflection basins as measured by the FWD and as calculated by 
II.LISIAB. The design parameters (thickness, joint spacing, load, etc.) and 
the backcalculated E- and k-values (for a given location) were input into the 
finite element program. The deflections were then calculated urrler the load 
arrl every 12 in (305 mm) away from the load. 'Ihese calculated deflections 
were then plotted with the actual deflection as measured by the FWD to 
examine the accuracy of the deflection basin. 'Ihe figures show that when the 
actual backcalculated values are input into ILLISIAB, the resulting 
deflection basins accurately reflect the iooasured deflection basins. 

The analysis of the deflection basins using II.LISIAB in combination 
with the analysis of the flexural strength, D, conclusively shows that the 
backcalculation procedure accurately reflects the field situation as well as 
being soundly based in accepted theory. 

2. An inverse relationship ~r.; to exist between the mdulus of 
elasticity (E) of the portl.airl car:ent carx::rete surface arrl the 
effective IOOdulus of sul::grade reaction (k-value) an top of the 
base. 

Although it may generally be argued that the k-value describes the 
foundation support, it is not an intrinsic soil property. 'Ihe k-value 
depends on the plate load size as well as the stiffness of the overlaying 
layers. The work of Westergaard, dating back to the early 1920's, quantifies 
the support layers through the radius of relative stiffness, 1.(23) 
Westergaard defined the radius of relative stiffness in the following way: 

Where: 

1 = [D/k] (16) 

1 = Radius of Relative Stiffness fo5 the Pav~t System 
D = Flexural Strength of Slab = [Eh /12 (1 - u ) ] 
k = Radius of SUbgrade Reaction 

'lhrough the radius of relative stiffness tenn, the foundation support 
can be related to the surface stiffness. If the results of the 
backcalculation procedure are theoretically accurate, then a plot of Eh3 
versus kl 4 will yield a straight line. As figure 19 illustrates, the plot 
of the backcalculated field data generates a straight 1~ with an intercept 
of o.oo, a slope of 0.085, a correlation coefficient (t") of 1.00, and a 
stan:1ard error of estimate (SEE) of o.oo. It is ilrportant to note that the 
backcalculation procedure derives the E and k-values indeperxiently of each 
other and with no reference to the definition of 1. 
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MN 1-1 
Station 1 +50 

Deflection (mils) 
6.---------------------------------, 

5 

4 ...................................................................... . 
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0 ...,_ ______ ~ ______ ....,_ ______ __._ ______ __. 

0 10 20 30 40 

Distance (inches) 

-- Measured -+- Calculated 

E = 8.88x10**6 psi -- k = 150 pci 

Figure 16. Deflection basin as measured by the FWD and as calculated 
using the closed form procedure. 
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I MN 1-5 
Station 2+29 

I Deflection (mils) 
5-----------------------------

4 

3 ··············"·························································•oo••· 

2 ·········································· ........................................................ . 

1 ··································································································· 

0L--------_.__ ______ ....L... ______ ......_ ______ _ 

0 10 20 30 40 

Distance (inches) 

- Measured -+- Calculated 

E = 9.97x10**6 psi -- k = 291 pci 

Figure 17. Deflection basin as measured by the FWD and as calculated 
using the closed-form procedure. 
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MN 1-5 
Station 6+24 

Deflection (mils) 
5.----------------------------------. 

4 

3 

2 

1 

01---______ ._ ______ ...1-______ ___._ ______ _ 

0 10 20 30 40 

Distance (inches) 

--- Measured -+- Calculated 

E = 8.98x10**6 psi -- k = 288 pci 

Figure 18. Deflection basin as measured by the FWD and as calculated 
using the closed-form procedure. 
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Verification of Backcalculation 
Eh••3 Versus k 1••4 
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Figure 19. Eh'~*3 versus kl>'<>~4 for all Phase I sections. 
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'!his analysis shows that the procedure and the backcalculated values 
are accurate on a theoretical basis. 'Ihe criticism of the method in tenns of 
the high E-values at Rothsay has been refuted in the following ways: 

1. In order to examine the stiffness of the surface, the slab 
thickness must be considered. 'Iherefore, examination of the E 
value alone is not valid. 

2. 'Ihe actual measured deflection basins are nearly identical to the 
deflection basins as calculated using the ILLISIAB finite element 
prcgram, for the given design parameters and backcalculated E and 
k values. 

3. 'Ihe plot of Eh3 versus kl 4 shows that the E-values are 
theoretically accurate. 

It has also been shown that the inverse relationship between the E and 
k-values is not a valid criticism. In fact, when examining the various 
parameters through Westergaard's radius of relative stiffness tenn, an ideal 
relationship exists between E of the slab and the k-value on top of the base. 

6. ~ OF CI.CSED-FORM BACKCAlilJIATICN ~ 

The major strengths of the method used in this study, compared to other 
currently available backcalculation schemes, are listed below: 

1. It is founded upon a sound and fundamental theoretical basis. 

2. When the backcalculation is perfonned on a personal computer 
( computer program ILLI-BA.CK) , execution time per deflection basin 
is very small (approximately 1 second). This pennits the 
interpretation of a vast amount of NDI' data in a very reasonable 
time period. In contrast, a typical backcalculation for a 
two-layer, slab-on-grade system using BISDEF takes about 600 CHJ 
seconds to complete. (28,29) 

3. Each sensor reading provides an independent estimate of the 
backcalculated parameters. 'Ihis allows the engineer to 
investigate the sources of variability in field measurements. 

4. Either of the two major subgrade m::xiels, namely the dense liquid 
or the elastic solid fourrlation, may be employed, providing a rare 
opportunity for meaningful comparisons between the two. 'Ihe 
departure of in-situ behavior from the theoretical assumptions is 
reflected in the backcalculation statistics obtained. 'Ihis 
affords an estilllate of the relative location of the actual 
pavement system behavior within the spectrum defined by the two 
extreme soil idealizations. 

5. 'Ihere is no need for the provision of seed moduli in this 
approach. These m::xiuli greatly affect the accuracy of other 
backcalculation schemes. (30) If the slab thickness is known, 
however, the slab modulus can be estilllated. Conversely, if the 
slab modulus is known, the slab thickness is backcalculated. 
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6. 'Ihe method is general in nature, and is not based on a limited 
number of particular cases as are database approaches. (31,32) 
'Ihis pennits very useful and theoretically valid inferences to be 
made for a given pavement system by examining data collected from 
a wide variety of other dissimilar systems. 

7. Application of the procedure to actual field data fran recent or 
on-going projects has confi.nra:i that it yields very realistic, 
consistent, and reliable results. (33) calculations performed 
follow a definite and closed loop, all but eliminating the 
probability of calculation errors. 

8. A m.m1ber of interesting topics may be examined using this method. 
Arrong others, these include the effect of number and spacing of 
sensors; correlation between backcalculated and intrinsic system 
properties, particularly with respect to the dynamic effect of the 
NDI' procedure; examination of the effect of friction and bonding 
between layers and comparison with results from an equivalent 
combined thickness approach; and field detennination of properties 
necessary in other aspects of pavement design, such as dowel 
concrete interaction and the am::,unt of load transferred by the 
critical dowel as well as by the entire dowel assembly. 
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CllAPI'ER 6 ~ tESClUPI'ICN 

'!he database that is used for this research project was created using 
the UNIFY Relational Database Management System. (34) '!he UNIFY Database 
System is a collection of programs that is designed to allCM the user to 
store arx:l retrieve data. '!he system resides on an IEM PC-AT with 640 K RA"M: 
arx:l a 30 Mb hard disk. No math chip is required for the system as the 
database itself does not perfom any calculations. 

'!he database includes projects from both Riase I (concrete pavement 
perfonnance) and Riase II (stru.ctural overlay rehabilitation). 'Ihe UNIFY 
system and the entire database system occupy approximately 20 Mb of hard disk 
space. Of this, the Riase I projects occupy approximately 12 Mb am the 
frase II projects occupy app:rox:ilnately 8 Mb. 

'Ihe data elements included in the database were based on the IlI'PP data 
collection guide.(l) 'IWo databases were created to ac:x:::onuoodate the large 
aIOClllllt of data that was collected for this research project. 'Ihe "Inventory" 
database contains inventory data, maintenance data, rehabilitation data, and 
environmental data. 'Ihe ''Monitoring" database contains infonnation 
pertaining to monitored field data am traffic data. '!he type of information 
included in each database is listed in table 7. 

F.ach of the items in table 7 has a separate data sheet. In addition to 
those data sheets, each database has a camrnent data sheet. 'Ihese comment 
data sheets contain any additional or unique infonnation that would otherwise 
not be included in the database. 'Ihis additional data may prove useful in 
the analysis of the section. 

F.ach screen in the database is set up to match the data sheets that 
were created for the project. 'Ihe data is entered directly by the user from 
the infonnation contained on these sheets. Screen data input consists of 
accessing the particular screen needed by entering through each database 
UNIFY Main Menu (figure 20) , an Inventory Main Menu (figure 21), a Monitoring 
ani Traffic Main Menu (figure 22), am a series of .sub-Menus. All screen 
information is tied to an Identification Key that consists of a section ID, a 
state code, and a project ID code. 'Ihese c:x:xies have already been programmed 
into the system. No infonnation can be added to any of the screens until the 
section ID is first entered. Infonnation can be added to, m::xilfied, inquired 
upon, or deleted from the database at any time. 'Ihis is a convenient means 
of keeping the database updated. 

Once infonnation has been input into the system, it can be accessed 
through the screens by in:iividual section, by inlividual project, by each 
state, or by all sections projects and States. 'Ihere is a provision in the 
database for running error checks. 'Ihis routine dlecks for invalid character 
input for the field parameters on the screens. 

'!here is also a provision for listing for data elements. F.ach database 
has its OvJn data listing procedure and will list infonnation from that 
particular database only. '!his data can also be listed by :inilvidual 
sections, irdividual projects, by each state, or by entire project. '!he 
error checkirq routine and the data listing procedure can be output to the 
screen, to a specified file, or to the printer. 
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Table 7. Li.stin;J of major data items contained in the database. 

INVENIORY ~ 

Inventory Data 

Geometric, Shoulder, ani Drainage Infonnation 
General SUrvey Infonnation 
Iayer Descriptions 
I.Dngitudinal ani Transverse Joint Data 
Concrete Mixture Data 
Base ani St:Jbbase Material Properties 
Sul:x;Jrade Properties 
Age ani Major Improvaoonts 

Maintenance Data 

Historical Maintenance Infonnation 

Rehabilitation Data 

Historical Rehabilitation Data 

Envirornnental Data 

General Envi.rormental Data 
Annual Historical Environmental Data 
Average Monthly Historical Data 

:M::NI'IORING~ 

Monitoring Data 

Deflection Testin;J Data 
Pavement Roughness Infonnation 
Distress SUrvey Infonnation 

Traffic Data 

Average Daily Traffic 
Percent Trucks 
F.quivalent Sirqle-Axle load Applications 
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[11ainmenu] UNIFY Release 3.2 
UNIFY Main ~enu 

IHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH; 

!. Design and Create a New Data Base 

2. Create or Hodify Screen Forms 

3. SQL - Query/D~L Language 

4. Edit SQL or RPT Conand Files 

5. Add, Modify or Delete Menus 

6, Data Base Design Utilities 

7, Systen Adninistration 

; SELECTION: ripper 
HHHHHHHHHHHHHHHHHHHHHHMHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH< 
Fl-select ·u-up &ET-down F2-home F3-previous F4-clear F5-exit F6-help /-more 

Figure 20. Hain UNIFY database menu. 
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[ripper! U»[FY Release 3.2 
Ripper Data Base Main Menu 

IHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHMHHHHHHHHHHHHHHHH; 

: SELECTION: 

I. Ripper Required Information 

2, Ripper Inventory Data 

3, Ripper Maintenance Data 

4, Ripper Environmental Data 

5, Ripper Rehabilitation Data 

6, Ripper Error Checking Routines 

7, Ripper Data Listing Procedure 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH< 
Fl-select ·u-up RET-down F2-home F3-previous F4-clear F5-exit F6-belp /-more 

Figure 21. Inventory database menu. 
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[ripper] UNIFY Release 3,Z 
Ripper Monitoring and Traffic Menu 

IHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH; 

; SELECTION: 

I, Required Ripper Data Base Info 

Z, Ripper Monitoring Data - Sheet 1 

3, Ripper Monitoring Data - Sheets Z-lZ 

4, Ripper Traffic Data 

5, Monitoring Error Checking 

6, Ripper Data Listing Procedure 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHffHHHHHHHHHHHHHHHHMHHHHHHHHHHHHHH< 
Fl-select ·u-up RET-down F2-ho1e F3-previous F4-clear F5-exit F6-help /-more 

Figure 22. Monitoring database menu. 
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rnAPI'm. 8 ANOOEATED BIBIJ:OORAHIY 

1. ~ ffiQJOCI'S AND PAVEMENI' PERRHW{CE 

11.AJ;prq>ri.a~ of Design, Construct:i.an am Rehabilitation Actions an 
cac:ete Pavenent. Secticns of Interstate 75 in Sarasota am Manatee 
camt.ies," Office of Inspector GerE:al., state of Florida DeparblEnt of 
Transportation, July 1986, 56 g;>. 

'Ihis report analyzes the decision-making process involved in the design ancl 
constnlction of the section of I-75 which is badly deteriorated. 'Ihis 
paveraent required major rehabilitation only 4 years after constnlction, 'When 
it was projected to not need rehabilitation for 25 years. 'Ihe 
recarranenjations mainly concern the processes involved in the decision-making 
ancl do not thoroughly cover a technical analysis of the pavement. 

Annaghani, J. M., T. J. Iarsen, am L. J. Smith, "Design-Related Distress in 
cac:ete Pavenent.s," CDncrete International, August 1988, W· 43-49. 

'Ihis article discusses the causes of premature cracking in a PC'C pavement on 
an econocrete base. Pertinent design variables include the use of a bond 
breaker between concrete layers, tied and doweled joints, and variable, 
skewed transverse joints. 'lhe results of tests, analyses, and field 
inspection of this pavement, on I-75 in Manatee County, Florida are 
presented. 

Armaghani., J. M. , T. J. Iarsen, am L. L. Smith, '"I'enl)erature Response of 
cac:ete Pavenent.s, 11 Florida Deparbreit of Transportation, Paper Presented at 
the 66th Annual ~ of the Transportation Researdl Board, January 1987, 
39 W• 

A specially designed Test Road was constructed to sinu.tl.ate actual design 
features of Florida Highways. 'lhis Test Road has been instnnnented with 
linear variable differential transducers (LVDr's) and thenoocouples at 
various locations. A Data Acquisition and Control Unit was used to record 
and store sinu.tl.taneously the pavement displacements am the temperatures at 
specified time intervals. Vertical displacements at the slab comers, edge 
and center were collected ancl from 1983 to present ancl evaluated. 'lhe 
firrl:i.n;s imicate that the pavement resistance to traffic loads would vary 
substantially during the daily temperature cycle. 

Al:IDld, c. J., M. A. Cltlunti., am K. s. Baix::roft, "Jointed CllX:rete 
Pavements in Michigan: Design, Perfm:mance ard Repair," Proceed.in:Js, Secom 
International Confezen:,e an Cora:'ete PaveJient De:sign, Pln:due University, 
April 1981, W• 67-77. 

'lhe report covers backgrourrl infonnation concerning the perfonnance and 
problems related to postwar pavements with 99-ft rio.2 m) reinforced slabs, 
load transfer, and base plates urrler the joints. New pavements have been 
designed with successively shorter slab lengths. Load transfer arxi 

85 



reinfo~t are still used. A major installation of experimental pavement 
(U.S. 10, north of Clare) is discussed. Experience to date has resulted in a 
recent change to incorporate free draini.rq base materials with subbase drains 
in future Interstate projects. '!he effects of base drainage on the 
perfonnance of the concrete pavement as well as the inter-relationships with 
aggregate quality are demonstrated for an experimental installation having 
extreme variations in drainability. A few details of concrete shoulder 
design and some examples of compatible slab length considerations are 
suggested, along with brief conunents on corrosion-resistant load transfer 
dowels. 

Arnold, C. J. , '"Ihe Relationship of Aggregate Dlrability to Ccn:rete 
Pavemant Perfonnance, and the Associated Effects of Base Drainability, 11 

Researdl Report No. R-ll58, Michigan Transportation Q::mnissian, January 1981, 
22 pp. 

'Ihis report discusses the impact of base drainability on pavement perfonnance 
on U.S. 10 at Clare, Michigan. '!he conclusions are that aggregate sources 
should be carefully studied to avoid D-cracking problems, and poor base 
drainage has a deleterious effect on concrete pavement perfonnance. 

Bryden, J. E. and R. G. Ihillip:;, '"Ihe catskill--cairo Experinent:al Rigid 
Pavement: A Five-Year Progress Report, 11 Resea:rdl Report 17, Ergi.neerinJ 
Research and Devel.cpnent Bureau, New York state D9partJDent of Transportation, 
November 1973, 59 pp. 

'Ihis test road combines a variety of subgrade corxiltions with various subbase 
and base materials, as well as several pavement designs. In all, 30 
different test sections were included for study of combinations of naturally 
occurring and experimental features. Carrying traffic since 1968, all test 
sections are perfonning well. '!he only noticeable distress to appear so far 
is mid-slab and double-joint cracking in some sections. sections with 20-ft 
(6.1 m) nonreinforced slabs show some potential advantages over 60-ft 10-in 
(18.5 m) reinforced slabs. Sections without transverse load-transfer devices 
are perfonning as well as those with them. since the plate-bearin:J test has 
been unable to detect differences in paveioont strength between the test 
sections or at different tirres of the year, serious doubt is cast on its 
value. 

Bryden, J. E. and R. G. Ihillips, "'Ihe catskill--cairo Experinent:al Rigid 
Pavemant: Construction and Materials Testi.rg I II Resea:rdl Report 2 1 ErgineerlDJ 
Research and Devel.opnent Bureau, New York state DeparbDent of Transportation, 
DeceDi)er 1971, 4 7 pp. 

Extensive testin:J during construction provides necessary backgrourxi for 
evaluation of relative perfonnance of the experimental features. In 
addition, the following conclusions are am:Jn:] the mst important presented 
concerning the validity of certain variables and the overall experimental 
design: (1) the two types of subbase materials used, for all practical 
purposes, are identical, (2) the slipfonn paver is a fast, efficient method 
of constructing concrete pavement, (3) the validity of the plate bearing test 
is extremely doubtful, and (4) the pavement thickness variable is invalid due 
to construction variation. 
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'"lhe catskill-cairo Experimental Rigid Pavement: Construction am Materials 
'I'est:in;J, Stg>leJIElit: Field am Iaboratm:y Test Results." No IBte, 16 g,. 

SUl:grade properties and plate bearing test results on subgrade, base am 
surface for the catskill-cairo experi.roontal project are presented in this 
doa.nnent. 

Chiunti, M. A., ''Experiman:tal Short Slab PavenEilt:s, 11 Construction Rep:)rt, 
Research Report No. R-1016, Midrlgan state Highway Qmnissi.an, August 1976, 
20 W· . 

'Ibis report describes the pavement construction of the experilrental project 
on U.S. 10, near Clare, Michigan. It provides construction details of the 
three different designs used in the experilrent, along with a description of 
Michigan's starrlard pavement design. Design variables for the project 
include joint spacing, base type, drainage, and load transfer. 

arristory, J. P. , ''Experierx::e des Autoroutes de D:gagem:mt de la Region 
Parisierme, 11 Fifth Int:erntional Synposium on Concrete PavE'!IIe!Its, 
Aix-Ia--Olapelle, Jtme 1986. 

Two projects are described in the Paris region that have the following 
characteristics: widened lanes, tied shoulders, treated subgrade, and lean 
concrete bases. 'Ihey are on well-traveled routes with 8-15 percent truck 
traffic. 

Coak, J. P., I. Minkarah, arrl J. F. ~, 11~tion of Inportance 
of Various Parameters an Perfo:rmance of Rigid Pavenert. Joints, 11 Research 
pe.rfo:rnro. urrler agreenent No. 3061E, Chio D?partment of Transportation in 
Cooperation with the FHWA, University of c:in;innati, August 1981, 32 W• 

'Ibis report is a continuation of the studies done on the experilllental project 
on Route 23 at Chillicothe, with the benefit of absel:vations over a longer 
period of time. Some of the recomrnerdations resulting from this study are: 
design of the joint seal in relation to both short-tenn am long-term 
novernent; joint spacing on stabilized bases to control mid-slab cracking and 
reduce vertical joint deflection, and on aggregate bases to delay mid-slab 
cracking; the continued use of dowel bars, but not of coated dowels; 
IOOaSUrement of vertical joint deflection arrl of ten-peratures of both the 
pavernent am the air. 

Croney, J., '"lhe Perfo:r:man:::e of Experimental PavE!11Bits Constructed an Normal 
Highways, 11 'Ille Design arrl Perfo:rmance of Road Pave!le1ts, Transport arrl Road 
Research I.aboratm:y, 1977. 

'Ibis chapter discusses the perfonnance of experilrental portlam cement and 
asphalt concrete experimental pavements constructed in Britain during the 
period from 1930 to 1966. For the PCC pavements, variables such as slab 
thickness and type and thickness of the subbase were considered. In 
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addition, slab length, amount of reinforcement, the effectiveness of load 
transfer devices, and the feasibility and economics of usin;J prestressed 
slabs were investigated. 

~tan, J. p. , ''Nan-Conventional vs. Conventional Ccrx:rete Pavem:mts in 
Arizona," ProceediD_r-;, Secorrl International Conferen:::e an Coocrete Pave!IE1t 
resign. Purdue University, April 1981, w- 351-358. 

Pavement faultin;J or step-off has been one of the major problems on Arizona's 
portland cement concrete pavements. Other problems have included warping and 
curling, texture loss, and shoulder joint failures. In 1974 work was 
initiated in an attempt to solve some or all of these problems by building 
and studyin;J "non-conventional" portland cement concrete pavement sections on 
state Route 360, the SUperstition Freeway. 'Ihese sections are adjacent to a 
conventional section {9-in [229 mm] concrete slab on 6-in [102 mm] 
cement-treated base over a 4-in [102 mm] aggregate base). To date, 
full-depth 13- and 11-in (330 and 279 nun) concrete pavements placed directly 
on the subgrade and a prestressed 6-in (152 mm) concrete pavement on a 4-in 
(102 mm) lean concrete base have been constructed. CUrrently, a 9-in (229 

mm) concrete pavement on 4-in (102 mm) of lean concrete base is under 
construction. The rnain items of study are joint perfomance and ride 
quality. Full-depth concrete pavements result in lower joint deflections in 
corrparison to conventional concrete pavements. The additional slab thickness 
and joint surface area do not overcame the effects of joint separation from 
shrinkage due to curing and temperature changes. Loss of rideability is 
somewhat less on full-depth concrete pavements corrpared to conventional 
concrete pavements. 

Eisenmann, J., D. B:i:nnann, and G. I.eykauf, ''Researdl Reslllts on the Borrl 
Beb.1een Cenent Treated S11bhases and OJo:::rete Slal:s," International Seminar on 
Drainage and Ercxlibility at the Corx:rete Slal:rSubbase-Shallder Interfaces, 
Paris, France, March 1983, 23 R?• 

In West Gennany, concrete construction principles are applied which ensure a 
borx:i at the interface of slab and cement-treated base {crB). '!he born 
stresses and deflections due to traffic are reduced and the possibility of 
pLU11ping phenomena decreased. 'Ihe measures to prarote borxi in the interface 
are restricted to a thorough cleanin;J by brooms and to keeping the CTB wet 
for several hours before concrete paving. In addition to behavior at the 
slabjbase interface, full-depth construction, the effect of dowels on 
pLU11ping, and concrete overlays are discussed. 

°Experiilert:al Project--ccn:ret:e Pavanent Interstate 95, Nash and Halifax 
camties, North carolina, 11 Intenlal North carolina Department of 
Transportation Reports, 1968-1984. 

'Ihe perfonnance of the experilrental sections are traced in these reports 
which summarize annual corx:iition surveys. 'Ihe project is a concrete pavement 
on Interstate 95, in Nash and Halifax Counties. Variables of the 
experimental design include: joint orientation, load transfer, JPCP vs. JRCP, 
base type and thickness, and joint spacing. 
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"Experiloontal Short-Slab Paveroonts," Midtlgan Project No. 73 F-136, Worlc 
Plan No. 34, Midtlgan state Highway an:l Transportation o:mnissian, Mardi 
1974, 41 W• 

'lhe purpose of this project is to compare the perfonnance of several types of 
pavement systems. Six experimental pavement types will be constructed for 
comparison with Michigan's starrlard jointed reinforced concrete pavement. 
'lhese pavements will be constructed at two different locations. 'lhe 
variables will be: JPCP without dowels; JRCP with dowels; an:l asphalt-treated 
bases (penneable an:l nonpenneable). 

Gluais, G., an:l J. L. Nissoux, '"Ihe 'llrick. o:n:::rete Slab Without Fourmtion: 
Initial Results of Five Exper:iliart:al Projects, n Bulletin de Liaison des 
I.aboratoires des R>nts et Cllaussees, No. 95, May-June 1978, W• 91-98. 

'Iwo American projects are at the origin of studies comucted in France on the 
thick concrete slab without subbase. 'Ihe advantages of such a structure have 
been judged sufficient to justify the extent of the research urrlertaken to 
define an:l develop the optimum con:litions of use of this new concrete 
pavement structure. 'Ihis article describes the characteristics of the five 
experimental pavements built between 1977 an:l 1978, an:l gives an initial 
balance sheet of the conclusions drawn. Descriptions of some of these 
pavements have already been published. 'Ihe evolution of these pavements 
urrler traffic will make it possible to specify the level of traffic beyond 
which special characteristics of the improved subgrade (drainage course or 
treated course) will have to be imposed. 'Ihe use of a drainage course as an 
irrproved subgrade is indeed unusual, an:l makes it difficult to feed the 
spreader with concrete. 

Gregory, J. M., "'Ille Perfcmnan:::e of Unreinforced COrx!ret:e Roads OJnstructed 
Beb.ieen 1970 an:l 1979, Research Report 79, Transport an:l Road Research 
I.abora:tory, 1987, 17 W· 

'Ihirty-six nonreinforced concrete pavements constructed between 1970 and 1979 
were surveyed to provide infonnation of the structural perfonnance, the 
perfonnance of joints, and the surface characteristics. A statistical 
analysis of the data was perfonned to identify a number of relationships 
related to design, materials, construction, an:l maintenance. 

Halversai, A. D., "COrx!ret:e Pavaieits at Treated Bases, I..org-'l'enn 
Perfcmnan:::e Repart-1986" Investigatiai No. 193, Office of Materials, 
stan:1ards, an:l Researdl, Minnesota D=parbient of Transportation, 51 W• 

'Ihis report is a follow-up to the 1972 study of the sections located on I-94 
near Rothsay, Minnesota, constructed in 1972. At this time, the pavement 
exhibited extensive cracking an:l severe faulting an:l rehabilitation was 
needed. Prerestoration evaluation in:licated that: dow-eled pavements 
outperfomed the nondoweled pavements with respect to faultin;J; aggregate 
base sections show the least longitudinal cracking; perfonnance is 100re 
consistent in the thicker pavement sections; 8-in (203 mm) thick pavement on 
cement-treated base (CTB) is the best perfonner of the a-in (203 mm) sections 
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on the basis of long-tenn crack propagation; 9-in (229 mm) thick pavements on 
both CTB arrl aggregate base outperfonned the 9-in (229 mm) pavement on 
asphalt-treated base (ATB) on the basis of crack propagation; non:ioweled 9-in 
(229 mm) paveirents on CTB arrl aggregate bases perfo:rm best on the basis of 
cracks/mile, but the degree of faulting is un:iesirable; doweled 9-in (229 mm) 
pavements on CI'B arrl aggregate bases outperfo:rm the 9-in (229 mm) pavement on 
ATB with respect to cracks/mile; treated bases, especially the ATB, offer no 
significant advantage over conventional aggregate base, while doweled 
pavements offer a considerable advantage with respect to ride. 

Hoffman, G. L., "Suhb3se Fe:nreability arrl Pavement Pe.rfonnarx::e, 11 Re.seardl 
Project 79-3, Report No. FHWA-PA-RD-79-3, Pennsylvania Deparbielt of 
Transportation, Jarruary 1982, 43 -pp. 

An exper.i.raental project was constructed to derronstrate the feasibility of 
providing gcx:xi support arxi gcx:xi internal drainage at a competitive cost. An 
additional long-te:rm objective of the project was to dete:rmine the 
significance of the permeability of subbase layer(s) materials on pavement 
perfonnance. Five types of subbases, ranging from a very impenneable cement 
stabilized material to a very permeable, unifonnly-graded crushed aggregate, 
were inco:qx:,rated in the project. 'lhe study documented the manufacturing of 
the materials, the associated unit costs, arxi the ability of the contractor 
to handle, place and pave on the various subbases. 

Hoffman, G. L., "Subba:=;e Pe:nneabi lity arrl Pavement Pe.rfonnarx::e," 
Transportation Researdl Record NuniJer 849, 1982, -pp. 12-18. 

'Ihis is essentially a surnmacy of the above report of the same title, 
describing the experinental drainage project constructed near Kittanning, 
Pennsylvania. 

"Investigation of :Roadway Design Variables to Reduce D--Crack:inJ," Final 
Report 78-1, Missouri Cocperative Highway Research PrcxJram, ~....r 1987, 33 
-pp. 

In 1975, a field study was initiated to detennine the effectiveness of 
certain design variables in reducing the occurrence of D-cracking in 
Missouri. Eight test sections were constructed on I-35 in Daviess County in 
1977. Ccm!ron to the test sections was a 9-in (229 mm) JRCP slab using the 
same type an:i source of aggregate, a 4-in (102 nun) base course, arrl the 
shoulder design, which included a penreable open-graded aggregate for 
drainage. 'lhe variables evaluated included different coarse aggregate types 
arrl maximum top sizes, the use of a ooisture barrier between the slab and the 
base, arrl the use of different base courses, including penreable, open-graded 
aggregate, dense-graded aggregate, plant mix, arrl cement-treated. At the 
tine the study was concluded, no evidence of D-cracking was fourxi at any of 
the sections. Pumping was evident on all of the dense-graded aggregate 
bases. 
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"Joint Spad.nJ in Ccn::rete Pavements: 10-Year Reports an Six Experimental 
Projects," Highway Researdl Board, Research Report 17-B, 1956. 

'Ihe experimental projects discussed were constructed in 1940-1941 in 
califo:rnia, Kentucky, Michigan, Minnesota, Missouri and Oregon. 'Ihe variables 
included: climatic region, contraction joint spacing, expansion joint 
spacing, load transfer, pavement thickness, and reinforcement. 

Kazmi.erowski., T. J., G. A. Wrcn:J, am W. A. :EhanJ, "Design, a:nst:ructian arrl 
PerfOJ:lllal'X::e of Four Experimental o:n:::r:ete Pavement Sections in Cntario, 11 

Ontario Ministry of Transportation am o:m:r,micatians, ~ 1985, 74 w. 

In order to evaluate the relative perfornance of several concrete pavement 
designs, an experimental rigid pavement was constructed in 1982 using four 
different pavement designs, three shoulder designs and two types of surface 
textures. A SUIIIIParY of the design and construction details and the initial 
perfornance results of the project is documented in this paper. F.arly 
perfonnance observations indicate superior perfonnance of the free-draining 
base niaterials. In addition, some anomalous behavior based on pavement 
cracking an::i roughness suggest additional areas of process control are 
-warranted. Continuing perfo:mance verification of preliminary conclusions 
in:licate the new designs have resulted in a significant saving in 
construction niaterials and costs, plus increased durability and perfo:rnance. 

Kazmi.erowski., T. J. arrl G. A. Wron:J, "Six Year's Experien:::e with 
Experimental Corx::rete Pavenent sections in Ontario, 11 Proceed.in:Js, Fourth 
International Conference on Concrete PaveJient O:!sign arrl Rehabilitation, 
Purdue University, April 1989, :RJ.473-489. 

'Ihis paper is a follow up to the previous report, including observations 
after six years of perfonnance of the Ontario experimental concrete 
paven-ents. Significant fi.rx:lin;s included the poor perfonnance of the lean 
concrete bases, the inadequacy of the norrloweled sections, a recommendation 
for widened concrete lanes in future construction, the need for timely joint 
sawing, an::i the need for high quality joint and crack sealing. 

K:inD:!, M. s., "Perfonnance Evaluation of Florida Ecanocrete Test Road, 11 

Research Report FI/OOI'/™R-85/290, Florida Department of Transportation, May 
1985, 62 R>• 

An experimental project was constructed to evaluate the use of econocrete. 
Four different tests were run on the F.conocrete Base Test Road. 'Ihe Mays 
Meter was used to collect data for the present serviceability imex (PSI), 
the Benkelman Beam for 18- arrl 27-kip deflections, and the Dynaflect Dynamic 
Deflection Detennination System to collect data leading to the joint 
efficiency. Using data from the testing after construction, linear 
regression analyses were performed. 
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Krauthamner, T. and H. Rhanl.arzadeh, "Nuloorical Assessment of Pa.venent Test 
Sections," Transportation Research Record, Num:Jer 1117, 'llIB, i;:p. 66-75. 

A numerical study was perfonned at the University of Minnesota, Department of 
Transportation, for assessing and explaining the obseJ:ved perfonnance of 
several highway pavement test sections. 'Ihe test sections that were 
considered in this study are located near Rothsay, on I-94, and near Olivia, 
on 'lll 71. For the Olivia site the objective was to investigate the effect of 
a thin layer of bituminous bond breaker on the reflective cracking of the new 
pavement slab, while for the Rothsay site the goal was to urrlerstand the 
differences between an asphalt-treated base (ATB) and an aggregate base in 
affecting pavement perfonnance. 'Ihe approach was to employ the finite 
element method and to perfonn deflection testing on the sections. 'Ihe 
results from those simulations were corrpared to FWD test data for mcx:lel 
correlation, and finally parametric studies were perfonned in order to assess 
the long-tenn behavior of the pavements under consideration. As a result of 
the study it was possible to derive prelinrinary relationships between tensile 
and shear stress ratios, which affect the long-tenn pavement performance and 
the pavement properties. Based on these results, it was possible to provide 
rational explanations of obseJ:ved pavement conditions and to draw significant 
conclusions on improved procedures for pavement rehabilitation. 

Iarsen, T. J., and S. F. :Mayfield, "Florida F.caoocrete Test Road Performance 
Evaluation," Research Report FI/IX1I'f™R-84/288, Florida Deparbient of 
Transportation, August 1984, 98 i;:p. 

'!he constniction, instrumentation, and perfonnance of the 33 segments of the 
F.conocrete Base Test Road is dOCLTineI1ted. In this report longevity and 
present serviceability were primarily utilized in ranking irrlividual 
segments. In addition, an extensive deflection analysis was co:rrlucted using 
Benkelman Beams and Dynaflect. 'Ihe testing program is fully discussed and 
prelinrinary raw data are sununarized. 

Iarsen, T. J., and J. M. A1:maghani, "Florida F.caoocrete Test Road: A 10-Year 
P.t.cxjl:ess Report," ProceediixJs, Foorth International Conference on Concrete 
Pave!IBlt Design and Rehabilitation, Purdue University, April 1989, i;:p. 

547-560. 

'!his paper provides an update on the performance of Florida's F.conocrete Base 
Test Road. 'Ihe 10-year perfonnance study was based on the structural 
response in load deflection tests and the perfonnance ratings using the Mays 
:Meter. All concrete sections were corrpared to a the then Florida ror 
staooa:rd concrete. pavement section. '!he ~brental sections generally 
performed equivalent or better than the concrete reference section. 

Ll..c::htenstein, M. , "ExperiJIEnt:a Section en Autora.rt:.e A.9," atlletin de 
Liaison des Iaboratoires des RJrrt:s et Olaussees, No. 94, March-April 1978, 
i;:p. 121- 132. 

'Ihe Vinassan test section on Autoroute A.9 tests three stJ::uctures comprising 
9.8, 7.9, and 6.7 in (250, 200, and 170 mm) of concrete slab, the concreted 
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width ranging from 27. 2 to 36 .1 ft (8. 3 to 11 m) , resting respectively on 
5.9, 4.7, and 7.1 in (150, 120, and 180 nnn) of gravel-cement mixture, the 
whole resting on a silty soil. 'Ihe influence of the extra width of concrete 
is appreciable in respect to the deflections of the edge of the traffic 
bearing slab (35 percent reduction) and negligible in respect to the stresses 
and strains. Traffic on the motorway pavement varied between 3,700 and 6,000 
vehicles per day between 1972 and 1977. 'Ihe number of heavy vehicles is 
considerable: by the errl of 1976 the pavenent had carried 1.2 million heavy 
vehicles. Measurements of slab deflections after 5 years confinn the 
influence of slab thickness. Deteriorations are of the transverse cracking 
type, but are nonexistent in the 9.8 in (250 nnn) slab. 

Little, R. J., and L. J. M::Kenzie, "Performance of Pavenent Test Sections in 
the Rehabilitated MSOO Test Road," Report No. FHWA-Ilr-FR-76, Illinois 
Department of Transportation, June 1977, 94 w-

'Ihe perfonnance of the original concrete sections from the AASHO Test Road 
has been studied. Findings indicate that the original MSHO perfonnance 
equation for rigid pavements predicted a greater service life expectation for 
the thicker pavement slabs than was actually being observed. To agree with 
the observed perfonnance, a modified perfonnance equation that slightly 
increased the perfonnance expectation for the pavement sections 8-in (203 nnn) 
thick and reduced the expectation for the pavement sections 9.5-, 11-, and 
12.5-in (241, 279, and 318 nnn) thick was developed. Stabilized aggregate 
subbases, especially the Bituminous Aggregate Materials (BAM), improved rigid 
pavement perfonnance. On the BAM subbase, rigid pavement sections developed 
fewer major cracks, and pavements with joints spaced at 100 ft (30.5 m) had 
the most unifonn winter joint opening. D:iwel bar corrosion was the primary 
cause of joint lockup in the rigid pavement test sections. 

''I.Dcation, Description and Perfonoan:!e of Test Sectiais, 11 Missouri Road 
Test, MSOO Satellite P.tcgram Investigaticn 62-2, J!i.sscori state Highway 
Department Division of Materials and Research, Urplblished In-Halse Reports 
(Not for Publication) . 

'Ihis document includes updated evaluations {through 1985) of the AASHO 
Satellite Experimental Sections still in use in Missouri. 'Ihere exist only 
four or five sections of the original concrete pavements that have not yet 
been overlaid. Construction and perfo:nnance data are smamarized for these 
experimental projects, which were constructed between 1962 and 1971. 

"Macieoi, D. R. and C. L. ~th, "Perfarmance of Portlarrl Cement QJnc:rete 
Pavenents, • Final Rt::p:>rt TE 79-1, Institute of Transportaticn Sbmes, 
University of califantl.a, Berkeley, February 1979, 102 W• 

'Ihe basic objective of this research is to develop a performance nroel for 
concrete pavement behavior urrler repeated heavy loadi.rqs to be used as a 
system input to a pavement management system. 'Ihe major portion of the study 
has been concentrated on highways located in the San Francisco Bay Area. 
'Ihis investigation examines the relationship between faulting, roughness, and 
traffic, and the relationship between slab breakup (cracking) and traffic. 
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Majid7.adeh, K. am R. Ebnitiny, "~ ctJservatians of Perfm:man:::e of 
Experiioontal. Pavenert:s in Chio," Report No. FHWA/CH-81/009, July 1982, 144 
W• 

'Ihis report presents long-tenn evaluation data arrl analyses for eight 
~bnental projects constnicted in Ohio. '!he study projects include both 
rigid arrl flexible pavements. Pavement age is currently approaching 10 years 
for same projects. The pavements were extensively 100nitored arrl tested at 
the time of construction arrl during 1979 arrl 1980 as part of this research 
study. collected data included pavement corrlition rating (R:::R.) of visible 
distress, Djnaflect deflection, test properties of core arrl subgrade samples, 
arrl estilllated rema.ining stnictural life arrl overlay requirenalts. only one 
of the projects contained JR::P. '!he variables in that project were: pavement 
thickness, joint spacing, joint sealant, drainage, base type, arrl base 
thickness. 

Minkarah, I. arrl J. P. Cook, "A Sb.rly of the Effect of the Enviranne1t on an 
Experiioontal. Portlan:i Celielt Concrete Pavement, II Research Report No. 
CIIIO-IX71'-19-75, August 1976, 66 W• 

'!he objective of the present study was to evaluate the effects of the 
pavement environment_ on an ~imental concrete pavement in Ross County, 
Ohio. Variables included in the ~imental pavement were joint spacing, 
subbase stabilization, coating of dowel bars, configuration of the saw cut, 
arrl the use of skewed joints. Horizontal slab movements caused by 
ten"pe.rature arrl vertical movement of the slab ends under known axle loads 
were measured. A complete record is included of mid-slab cracking arrl crack 
growth. Also included is a summary of the surface spalling of the pavement 
arrl the spalling of the bottom of the pavement at the joints. 

Minkarah, I. am J. P. Cook, "A Sb.rly of the Field Perfm:man:::e of an 
Exper:hoontal cenert: COn::rete PaVE!llelt," Exec:ut:ive SUnma1:y Report, Research 
perfa:rnei uroer agreeJIE11t No. 2634, Chio Department of Transportatian in 
Uqleratian with the FEWA, University of cin:innati, May 1975, 41 W· 

An ~imental project is described on Route 23 in Chillicothe. 'Ihe purpose 
of the investigation was to develop an improved contraction joint for 
concrete pavements. 'Ihe factors which were considered included stabilized 
subbases, dowel coating, joint spacing, configuration of the saw cut arrl 
skewed joints. '!he movement of the pavements were measured arrl the effects 
of the variables on the co:rrlition of the pavement over a period of 1 year 
were studied. 'Ihe surface co:rrlition of the pavement is still excellent, 
perllaps due to the relative newness of the sections. 

M:>ri, K. Y., "PaveJIEnt Design am :Rehabilitatian in califonrl.a," califonrl.a 
Department of Transportatian, 23 W• 

california's practice in the design am rehabilitation of asphalt concrete 
arrl jointed plain concrete pavements is described. '!he article discusses 
what are thought to be the 100st important factors in both design am 
rehabilitation. One of the rna.jor emphases is on the provision of positive 
structural section·ctrainage. 
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Neal, B. F., and J. H. Woodstran, "Faultin] of Ibrt:land Cement o:n::rete 
PaveIOOm:s," FHWA.-cA...Jflr5167-77-20, Final Report, July 1967, 73 W• 

'Ihis is the final report of a 10-year 1001 study on faulting. It has been 
fourxi that faulting begins almost imrrediately after a pavement is o:pened to 
traffic. To prevent or reduce the problem, it is necessary to elbninate as 
many of the factors as possible which lead to faulting. Of ubrost importance 
is the elimination of the major sources of transportable fines, which are 
usually fourrl in an erodible base arrl untreated shoulder material. 'Ihe use 
of a lean concrete base (LCB) shows great potential for providirq a 
nonerodible base. Same of the experimental shoulder treatments described 
herein may also be effective, but need to be tried in conjunction with the 
inlproved base. Rapid ren¥JVal of free water from urrler the slab is highly 
desirable am two types of drainage systems are described. 

Neal, B. F. and J. H. Woodstran, "Performan:::e of R::C PavenEnts in 
california, 11 FHWA-cA-TL-78-06, califonri..a Departnert: of Transportation, 
February 1978, 34 W• 

A rating system based on present serviceability index (PSI) was used to rate 
arrl periodically re-rate some 130 in:lividual concrete paving projects of 
various ages. Indications are that many of the paverrents will last 30 years 
or longer, but a few will fail in less than 20 years. Average ratings of new 
pavements, based on 20 projects, was about 4.3 PSI, which was disappointingly 
low. Discussed in the report are various features affectin;J pavement 
perfonnance, such as joints, cracks, and surface texture. An errl-result 
specification for weakened plane joints, which has been successfully 
inlplemented by CAIJI'P.ANS on several projects, is included. 

Neal, B. F., "california PCC ~ Fault:ug stu:lies: A SUDl:nary," Report 
No. FEWAfCA/Tir-85/06, califonria Departnert: of Transportation, DeceniJer 1985, 
37 W-

A summary of the fin:iings from several califomia Department of 
Transportation studies of faulting since 1968 are presented in this interim 
report. causes of faulting were discovered and mitigation neasures 
developed. 'Ihese measures have been .iltlplemented on new constJ::uction 
projects, but experimentation is goin;J on for retrofitting older projects. 

Neal, B. F., ''Evaluation of Design OlanJeS and Experinert:al R::C OJnstruct.ion 
Features," Report No. EHWA/CA/Tir85/07, califanria ~ of 
Transportatiai, Jl?a'!robe:r 1985, 103 w-

'Ihis report is divided into four parts. Part I deals with a continuously 
reinforced concrete pavement (O<CP) am other experimental features interrled 
as design inlprovements to reduce paveioont maintenance costs. Part II covers 
field trials with four different types of joint sealant materials. It also 
reports on the first edge drain installation in califonri.a for the pm:pose of 
renx:wing surface-infiltrated water. Part III concerns experimental shoulder 
treatments, the prime variable being FCC shoulders. Part "IV deals with other 
experimental features inco:rporated into construction projects urrler the FHWA 
Construction-Evaluated Research ~- 'Ihese features include: (1) bridge 
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approach slabs constru.cted (during pavement rehabilitation) with 
accelerated-set concrete mixtures, (2) the use of asphalt-treated penneable 
base (ATPB) as both a drainage layer am a base for concrete pavement, arrl 
(3) the use of a cement-treated pe.nreable base (CTPB) in a highway roadbed 
structural section as a drainage layer for groum. water control. '!he use of 
reinforcement in pavements, joint seals in nonm:iuntainous areas, arrl concrete 
shoulders is not considered cost-effective arrl should not be ilrple:mented in 
california. 'Ihe use of edge drains has already been adopted as starrlard 
practice. Both ATPB arrl Cl'PB are considered excellent for drainage layers 
arrl satisfacto:ry as bases for concrete pavements. 'Iheir use has also been 
adopted. 

New Jersey Departue1t: of Transportation, HPR study 7708, n:> author or 
piblication date available. 

'!his report describes an experimental project constructed in 1979 on Route 
676 near can-den. Variables evaluated include stabilized am nonstabilized 
open-graded drainage layers. 

Nissoux, J. L. , "Frendl Cenert: Concrete Pavements-Effectiveness of Recent 
Construction Practices," Paper Ptesen:ted at the secarn International 
Confe:ren::e on Concrete Paveioont Design, Purdue University, April 1981, 30 :W• 
+ Figures. 

'!he pavements with short slabs, no dowels arrl treated subbases appear to 
postpone an:l effectively slow down the evolution of degradations such as slab 
:i;:,unping, faulting, an:i cracking. 'Ihe performance of recently built pavements 
with these ilrprovements am. handling a high traffic level is presently 
somewhat better than that of older pavements built acx::ording to the original 
"californian" tedmique. Further investigations are still necessary. The 
performance of the thick slabs in service, sare of which have handled about 1 
to 2 million commercial vehicles, is satisfacto:cy arrl makes it possible to 
hope that this structure will be suited to medium-traffic pavenv:mts. The 
cost of this structure, al though often lower then that of carrq;,eting 
structures, is not as attractive as irxlicated by the first estbnates. The 
introduction of a draining layer is the main reason for this. 

Naiiilak, J. R. , am J. Garmt, "'llle Full-scale Unreinforced Corc.ete ExperiJient 
en ILn_Jford-stanwell Road, B.379F: Perfonuan::e nn:"inJ the First 'l\venty 
Years," Road Resea:rdl Iabaratoi:y, Rspart IR 349, 1970. 

'!his report describes the structural performance during the first 20 years of 
the exper.unental nonreinforced concrete pavenv:mt placed in 1948 on the 
I.orgfo:rd-Stanwell Road, B. 379. '!he road consists of about 2 km (1.25 mile) 
of two-lane single carriageway an:i comprises 26 exper.unental slabs of va:cying 
len:;Jths. '!he objectives of the experboont are: (1) study the behavior of 
nonreinforced concrete slabs ranging in len;Jth fran 45 ft to 690 ft (13.7 to 
210 m) an:i hav~ contraction joints at 15-ft (4.6 m) intervals, ani (2) 
neasure the horizontal m:wements of slabs, due to annual tenperature changes, 
at expansion joints arrl also at contraction joints in selected slabs. 
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Nowak, J. R., '"Ihe Ccn::rete Pavenrant-Design Experimant en Trunk Road Al. at 
Alcantm:y Hill: Twenty Years' Perf~," 'IRRL I.aboratoi:y Report 887, 
Transport arrl Road Researdl Iabora:toi:y, 1979, 25 W• 

'!his report describes the sb:uctural perfonnance during the first 20 years of 
experimental concrete pavements constructed in 1957. '!he experimental design 
included 35 different sections which had carried 13.5 million starrlard 
axles. '!he factors being evaluated were slab thickness, concrete strength, 
reinforcement, and the type an:i thickness of the base. It was fourxi that 
slab thiclmess was the most important variable, that high strength concrete 
gave better perfonnance than nonnal concrete, an:i that lean concrete bases 
were nnre effective than granular bases. 

Page, G. C., arrl L. W. Harper, "Florida F.calocrete Test Road Ibst 
C'.alstructi.cn arrl Materials Report," Researdl Report FI,'OOI'/CMR-80/221, 
Florida Department of Transportaticn, NovaiiJer 1980, 130 W• 

Design, construction, constJ:uction control, materials testing, am. project 
administration of a research project evaluating the feasibility of 
constructing a two-course pavement system utilizing three strength levels of 
econocrete as a base layer in conjunction with thin pavement surfaces are 
presented in this interilll report. Monolithic an:i overlay composite 
constnlction and elastic jointed pavement techniques are discussed. 'Ihe 
variations in the concrete sections of interest included different econocrete 
strengths, joint spacing, reinforcement, base type, an:i pavement thickness. 

"A Perfonnarre Evaluation of ~ Plain arrl Reinforced Ccn::rete 
Pavements in Wisconsin," Wisconsin Department of Transportaticn, Novel1iJer 
1976, 33 w + lg;)eirliaos. 

'!his report summarizes the results of plain an:i COIWentional pavement 
perfonnance evaluations recently completed by Wisconsin Depa.rt:nent of 
Transportation and FHWA personnel in Wisconsin. It concludes that plain 
norrloweled concrete pavements are superior in perfonnance, less costly to 
constnlct, and require less maintenance than conventional reinforced 
pavements with dowels. 

Peny, J. M. , "Eval.uaticn of Plain On::r:ete Pavement," Progress Report No. 
2, Sbxfy No. 73-4, Pavement Managelielt Secticn, Wi.scxlnsin Department of 
Transportaticn, June 1988, 48 w-

'Ihis report U{Xlates a previous study of plain concrete pavements in 
Wisconsin, based on concern about severe faulting. Analysis of 1987 faulting 
smvey data showed that many plain concrete pavernents were reaching tenninal 
serviceability levels after only 6 to 10 years. '!he use of doweled joints, 
shown to reduce faulting an:i illlprove load transfer, are recarmoon:ied for 
future plain concrete pavements that are expected to cari:y roderate to heavy 
traffic. 
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Peterson, R. , "c::anst:ructian Report, Experimental ICC Concrete Pavin::J, 11 

Project FF-3-002(14)2ll, Materials am Researdl Division, North Il3kota state 
Highway Departnent, SepteJiiJer 1978, 29 w-

'Ihis project is located on U.S. 2 from Rugby to Leeds. A two-course 
m::>nolithic pavement, where the lower course had a lower design strength than 
the surface course, was used on this project. '!he lower course consisted of 
econocrete carnposed of pit-nm aggregate, fly ash, am cement. 'Ihe surface 
course was regular PCC pavement. 'Ihe contractor used two belt placer 
spreadin;J machines an:l one paver to lay the 6-in (152 mm) econocrete base an:i 
the 3-in (76 mm) concrete surface. 'Ihere was no reinforcement an:l no load 
transfer devices. Joint spacing was 14 ft to 18 ft ( 4. 3 to 5. 5 m) on a 20° 
skew. 

Raisanen, o. L. am o. o. ArDerson, "Concrete Pavements an Treated Bases, 11 

Final Report, Investigation No. 193, Office of Research Ccxn::dinatian, 
~ Departnent of Highways, 1972, 24 -g>. 

'Ihe purpose of this study is to detennine the feasibility of constructing a 
concrete pavement over asphalt-treated an:l cement-treated bases (A'IB and CTB) 
an:i the strnctural requirelrents of a roadbed which would meet the increased 
demarrls of traffic volumes an:i loads expected in the future. 'Ihe test 
project, located on I-94 near Rothsay, Minnesota, consists of two sections 
each of A'IB, CI'B an:l conventional aggregate base. Built in 1970, the 
concrete pavement on each test section was divided into a 9-in (229 mm) 
section an:i an 8-in (203 mm) section. In each section, there were two 
subsections, with an:l without dowels. 'Ihe sections were not old enough to 
draw definitive conclusions as to the perfonnance of the different types. 

Reagal, F. V. , E. M. Ian::aster, J. W. Guinnee, J. R. Q;t:ran3er, "Missouri 
Road Test Prcposal," Mi.sscm:i state Highway Ccmni ssian, (Not far 
Publication) , No Dlte, 23 -g>. 

'Ihis study discusses the construction of satellite test sections in 
Missouri. The test program as proposed is quite extensive. Variables to be 
considered for the concrete sections are: pavement thickness, pavement type, 
load transfer, joint spacing, base type an:i slab thickness. 

Santoro, R. R. , ani c. L. Y~, "Evaluation of an Experimental 
Contraction Jointed Pavement," Report No. FHWA/NJ-84/002, New Jersey 
D:!partment of 'lransportatian, July 1983, 35 W· 

'Ihis follow-up report presents the fimings of a long-term m::>nitoring effort 
to evaluate the perfo::nnance characteristics of the subject pavement relative 
to New Jerst!!!1:f's staooard expansion joint design. 'Ihe study data i.n:ilcate 
that neither the nonsealed contraction joints nor the tenninal em anchor 
devices used in the design have perfonre:l as interrled. 'Ihe contraction 
joints have progressively opened due to the intrusion of incoirpressibles, 
resulting in the development of excessive pavement pressures. 

98 



sant:aro, R. R. , "Slipfonn Pavin:J with an Experimental cant:raction Joint 
Design, (Rait:.e I-80, section IP)", Research Report No. 75-007-7779, New 
Jerse:t Deparboont of Transportation, April 1975. 

A 9-in jointed plain concrete pavement, with 15-ft (4.6 m) joint spacing, 
dowels, and nonsealed joints was constructed in lieu of the Department's 
starrlard expansion joint pavement design. Fin:lings from the study were 
disappointing because of the failure to achieve a significant improveioont in 
rideability, the absence of a substantial cost reduction, arrl the increased 
construction requirements imposed by slipfonning arrl the special contraction 
joint design employed. 'Ihe absolute necessity for the timely sawing of 
transverse contraction joints WciS fourrl to be the nost critical phase of the 
overall pavement construction. Guidelines for the selection of safe sawing 
rates are presented in the event similar pavement construction is undertaken 
in the future. It is recommeroed that the Department continue to construct 
concrete pavements by conventional methods using the current standard 
pavement design. 

Shcber, s. F., ''Evaluation of Plain a:n::rete ~," PrtX]reSS Report No. 
1, Research Unit, Wisconsin Deparboont of Transportation, Septeni)er 1975, 68 
W• 

'Ille intent of the research described in this report is to evaluate the 
perfo:nnance of plain concrete pavements, with norrloweled joints arrl skewed 
joints. Farly firxlings on this project irrlicated that non::ioweled joints 
terrled to fault more and earlier in the pavement's life than doweled joints. 
Ibwels were also fourrl to contribute to joint load transfer efficiency. 
'Ihese results were preliminru:y, as they had not sustained sufficient traffic 
to adequately evaluate their perfonnance. 

~Jlman, D. L. , J. H. Woodstran, B. F. Neal, arrl. P. E. Masai, "Recent 
Experimental RX Pavarert:s in California," Interim Report, Materials and 
Research Deparboont, California Division of Highways, June 1973, 56 W• 

'1he construction of experimental concrete pavement sections in California is 
described. 'Ihe predominant experimental feature was continuously reinforced 
concrete pavement with three different types of reinforcenent. Also included 
were nonreinforced sections with (1) weakened plane joints at about one-half 
the nonnal intervals, (2) higher ceioont content, (3) over-designed thickness, 
and (4) a lean concrete (4-sack) base. Design and construction details are 
presented along with a carrparison of the construction costs of the various 
sections. Farly perfonnance characteristics are also discussed. 'lhe 
pavements will be 11¥IDitored periodically to detennine relative perfonnance. 

starlc, o., "'Ille Significance of Pavement Design am Materials in 
D-Cra.ckinJ, n Report No. FEWA/00-86/008, 03caoi er 1986, 92 W· 

A two-phase program was undertaken to verify, under field corrlitions, that 
reducing maximum aggregate particle size can minimize or elbninate 
D-cracking. 'Ihis study was carried out also to determine the role of other 
materials and environmental factors in D-crackin;J which are not amenable to 
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laborato:cy study. One phase consisted of repeat pavem:mt sw:veys of existing 
pavem:mts to dete:rntlne whether reducing maxinrum particle sizes has alleviated 
D-cracking. 'Ihe other (primary) phase consisted of Ironitoring the 
perfonnance of a test road near Vennilion, Ohio using visual inspections and 
Iroisture measurements an:i examinations of concrete cores. Visual inspections 
confirm that reducing the maxi.mum particle size does minimize or eliminate 
D-cracking. other observations irrlicate that concrete pavem:mt on clay 
subgrade, stabilized an:i granular bases with an:i without artificial drains, 
an:i vapor barriers perfo:nned sllllilarly with respect to the initial 
development of I>-cracking. Joint sealant type had no significant effect on 
D-cracki.ng. Moisture measurements of cores shc:Med an increase in degree of 
saturation of concrete after 1 year, with a general leveling off after that 
period. Saturation levels were sanewhat higher near the bottom than near the 
top of the slab. Examination of cores revealed that I>-cracki.ng is developing 
upward from the l::lottom of the slab. other observations revealed that where 
maximum aggregate particle size was reduced to avoid I>-cracki.ng, a greater 
incidence of intennediate transverse cracking developed with faulting. 'Ihe 
project included. 104 200-ft (61 m) lon:;r test sections, constructed with 
various combinations of 11 different cross sections, 10 different material 
variables, an:i 11 other miscellaneous variables. 

"SUlmlal:y Report an. the F.caxx::r:e~ Test Road, 1978 to 1982, n Florida 
Departnent of Transportation, No rate, 4 W• 

'llris brief report is an attempt to summarize the data and experience on the 
Ft. Myers F.conocrete Test Road. In this summary, an emphasis is placed on 
infonnation which could be useful in con-paring econocrete as a base material 
to other bases such as natural embankment or cem:mt-treated soils. 

Tenple, W. H. , "Pe.rfonnan::e Evaluation of I.ari.si.ana 's MSID satellite Test 
Sectiais," Researdl Report No. FHWA-IA-79/122, I.arisi.ana D=partment of 
Transportation arx:1. Develcpnent, July 1979, 42 W• 

A sampling of nine concrete arx:1. nine asphalt pavem:mts were evaluated for 
perfonnance. Also a records search provided infonnation as to the structural 
rehabilitation required on IDuisiana's 110 AA.SHO Satellite test projects 
which average 18 years of age. It was concluded that: (1) a majority of the 
concrete pavements constructed from the mid-1950's to the early 1960's are in 
good to excellent corrlition, (2) these pavem:mts will meet or exceed their 
design traffic lives, (3) a majority of the asphalt pavements constructed 
from the mid-1950's to the early 1960's have not attained their design 
traffic lives prior to the erxl of their structural life, (4) the approxilllate 
tine between initial construction arx:1. overlay is 13 to 15 years. Of the 49 
concrete pavements, those which were not overlaid included. variations in 
pavement thickness, base type an:i thickness. 

Vyce, J. M., "A SUnmaiy of Expe:r:uie1tal COrx:rete Pavenents in New' York," 
Rep.n. t No. F'HWA/NY/RR-88/141, New' York state Deparbielt of Transportation, 
June 1988, 46 W· 

'llris report summarizes a 22-year study of concrete pavement design features. 
'!he study included ·construction of a test road with~ variables, two 
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roads with several major design chan:;Jes, and several roads anDng the first to 
incorporate a major chan:;Je in transverse load-transfer devices. 'Ihe work 
involved the first major contract in New York to use a slip-fonn paver, the 
first short-slab nonreinforced pavements, the first concrete shoulders, and 
skewed transverse joints. Perfonnance of all these items is discussed., along 
with a mnnber of minor changes. Many types of measurements are reviewed, 
along with their practicality arrl i.nportance in assessing pavem:mt 
perfonnance. In addition, several pieces of equipnent were developed or 
refined arrl others were evaluated. 'Ibis large nonitoring program will 
provide st.arrlards for measurement arrl intapretation on future work. Many 
fin:lings have been inplemented arrl have inproved perfonnance an:1/or 
cost-effectiveness of concrete pavements in New York. Experience gained 
through this work also led to improved assessment of other features, 
including rationales for not investigating same design options. 

Vyce, J. M. and R. G. Brl.lljp;, "'nle Catskill-cairo Exper:illEIItal Rigid 
Paveoont: A Ten-Year Progress Report," Researdl Report 91, En]inee.riDJ 
Research and Develop.1.ent Bureau, New York state Deparbieit of Transportation, 
July 1981, 17 w-

'Ihe Catskill-Cairo experimental rigid pavemant has been open to traffic for 
over 10 years with very little chan:;Je in comition. Test sections include 
60-ft 10-in (18.5 m) slab lengths reinforced with mesh arrl containing 
load-transfer devices, 20-ft (6.1 m) slab lengths with no mesh reinforcement, 
but both with arrl without load-transfer devices, all constru.cted on three 
different base types. All sections are in good coniltion, with mi.ninial 
roughness, little faulting, and light cracking. More i.nportant, there are 
not significant differences in perfonnance of the various designs. 'Ihe 
absence of distress and of perfonnance differences among the various designs 
is nost likely due to the light traffic volumes carried by the test road. 
'!his situation led to the conclusion that none of the design alternatives can 
be eliminated based on perfonnance of this test road after 10 years. 

Vyce, J. M. , "Short-Slab Unreinforced o:n::rete Pavemant am Shoolders: A 
Five-Year Perfonnarx::e SUnmal:y," Researdl Report 95, ErxJineerinJ Researdl an:l 
Devel.oplElt Bureau, New York state IEpartment of Transpartatiai, May 1982, 27 
i:p. 

In 1975, two contracts for I-88 were built with short nonreinforced concrete 
slabs and concrete shoulders. '!hey were separated by another contract with 
stamard 63-ft 6-in (19.4 m) ioosh-reinforced slabs arrl asphalt shoulders, 
bJ.il t for control purposes. Also, two portions on each short-slab contract 
were built with slab lengths of 23-ft 4-in (7.1 m) arrl 26-ft a-in (8.1 m), 
and one of these sections on each contract was constructed with no 
longitudinal joint between lanes. In addition, a concrete secomary road 
relocated as part of another neamy I-88 contract was placed 7 in (178 mm) 
thick without reinforcement, with slab lengths in the pattern of 18-22-16-20 
ft (5.3-6. 7-4.9-6.1 m). 'Ihe results of intensive nonitoring arrl observation 
on the experimental arrl control pavements, as well as recomrnerrled design 
considerations, are presented in this report. rt was fourrl that the 
relatively substantial distress was cx::curring on only one of the experimental 
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contracts, i.rrlicating that several material, design an:i constniction 
variations were resi;x:,nsihle for a significant portion of the distress. These 
included the quality of the sul:grade material, subbase thickness, an:i 
treatment of the longitudinal lane-shoulder joint. 

"1985 Wisconsin Interstate Pavement Rehabilitatic:n Sb.Dy," Wisconsin 
JJeparbert: of Transportatic:n, Divisic:n of Highways am Transportatic:n 
Services, 1985, 67 W• 

An evaluation of the corrlition am needs of Wisconsin's Interstate Highway 
System was perfonood in 1985 an:i presented in this report. '!his dOCLiltleilt 
up:lated the previous corrlition assessrrent (perfornro in 1982}. Specific 
recommendations covering short- an:i long-term rehabilitation strategies were 
made for those sections having recammen::led rehabilitation years prior to 
1989. In addition, many general conclusions an:i reconunerrlations were made 
relative to the corrlition an:i needs of Wisconsin's Interstate Highway 
System. Arrong some of these general recommendations are: more use of 
positive subdrainage, further investigation of the effectiveness of cracking 
an:i seating, doweling of full-depth concrete repairs, use of positive load 
transfer devices (dowel bars) at transverse contraction joints, an:i use of 
tied FCC shoulders to eliminate many of the problems associated with AC 
shoulders (i.e. , settlement, separation, saturated bases, arrl frost heave) . 

Wu, Shi.e-Shin arrl T. M. Heanle, Jr, "Perfannarre of a:n::rete Pavelle1t with 
Ecc:n:x::x."ete Base," Prcx:::eedinJs, Fc:urth Inten1atianal Confererx::e an Concrete 
Pavene:it Design arrl Rehabilitation, Pl1rdue University, April 1989, i;.p. 

683-695. 

'lllis report describes a 3-lane section of I-85 in Randolph an:i Davidson 
eounties in North carolina. The pavement was constnicted of 11 in (279 mm) 
of plain doweled concrete slab, on a 5 in (127 mm) econocrete base. The 
transverse joint spacing was 25-23-19-18 ft (7.6-7.0-5.8-5.5 m). 'lhis 
pavement was opened to traffic in Januacy 1984 an:i experienced pull'Ping by the 
spring of 1984. It was foun:i that the cross section was a bathtub design and 
that water entered the pavement from a number of sources arrl then flowed 
along the slab-base interface. Arrong other firrlings, it was :rec::ammerned that 
positive drainage be provided, an:i that the use of inserts to form the 
longitudinal joint be stopped. 

2. 

Baldwin, J. s., arrl J. G. Jarvis, "Evaluatic:n of a Free Ilra.iniD] Base 
Coorse," (NEEi? No. 28), Researdl Project 58, West Virginia Deparbleit of 
Highways, Februai:y 1986, 71 W• 

'Ihe adverse effects of entrapped water within a pavement system are generally 
well known. In an attempt to reduce or eliminate the detriment, the West 
Virginia Department of Highways designed an:i constnicted its first major 
project which utilized a free-draining concept. The free-draining system 
used is basically a 4-in (102 mm) bitmninous-stabilized, open-graded base 
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course, underlain by engineering fabric and connected to the surface drainage 
by numerous lateral aggregate-filled fabric underdrains. 'Ihis final re:EX)rt 
docmoonts the design, construction, arrl cx:xrpletion of a 3-year testing and 
evaluation program of the experbnental paverent. 

Baldwin, J. s., '"Ihe Use of Open--Gt:aded/rn:~-maJ.Jrur.g layers in Pavaoont 
Systems-A National Synthes.is Report," Transportaticn Researcil. Record 1121, 
'ffiB, g:,. 86-89. 

'!he effects of excessive and uncontrolled water entrapped in the various 
a::imponents of a paving system are known or suspected to have been responsible 
for unsatisfactory highway perfomance to outright failures of both concrete 
and asphalt pavements. In order to eliminate or at least reduce the 
detrbnent, al.rrost half of the highway arrl transportation agencies across the 
nation have been giving serious attention to the problem by designing and 
constructing free draining paverent systems. In an effort to ascertain just 
how much an:i vmat kim of attention is being given free draining paverents on 
a national scale and in order to gain some insight into the perfonnance 
characteristics of such systems designed to date, the Transportation Research 
Board's canunittee on SUbsurface Drainage prepared a questionnaire for 
national distribution in the fall of 1985. 'Ibis re:EX)rt atteq>ts to summarize 
the response to that questionnaire. 

~, s. H., "Sel.ect.in:J AASim) Drainage Coefficients," Presented at the 
67 Annual ~ of the Transpartaticn Researdl Board, January 1989. 

'Ibis paper documents a rational procedure that has been developed to analyze 
a pavement arrl its component materials in order to select the drainage 
coefficients required for the 1986 AASHIO design procedure for paverent 
structures. 

CedeJ::gren, H. R., "~ Ag;p:egate Drainage Urrler Pavenents, II National 
sam arrl Gravel Associaticn PUblicaticn No. 125, January 1980, 19 g:,. 

'Ibis speech, presented at the 1980 annual convention of NSGA, discusses the 
backgroun:i of non:irained pavements arrl their deterioration. It is suggested 
that quality drainage aggregates, when properly used, can be used to provide 
better pavements. 'lhe carrp::>nents of an effective subsurface drainage design 
irx::lude an open-graded base layer, a rrethod of filtering out the intrusion of 
fines, collector pipes, and transverse outlets. 

110::mm.ttin:J Carx:rete Pavement Slab Puupi.rg by Drainage of Interfaces arrl Use 
of IDilli'-Erodability Materials," Permanent Internatialal. Assoc:iatian of Road 
CcnJreSseS (PIARC), Oct:dJer 3, 1986, 80 R>• 

'lhe occurrence of pun-ping requires three con::litions: heavy loads, a source of 
free water in the paverent, and erodible materials. 'Ihe heavy traffic cannot 
be rem.:,ved from a paverent, but the other two caus ; of pumping can be 
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addressed. Infonnation is presented in this report to allow designers and 
managers of pavement to provide improved drainage to pavements and to design 
base course with nonerodible materials. 

de Beer, M. , and E. Horak, "'Ihe Effect of Rx>r Drainage en Pavement 
structures Sb.Died Omer Accelerated 'l'est:iDJ," Draft ATC Paper, TP/15/87, 12 
w-
'Ihis paper reports the results of a study on the effect of Excess Pore Water 
Pressure (EFWP) on several types of pavement structures, including 
asphalt-treated bases, cement-treated bases, granular bases, and concrete 
bases. It was shown that norrlurable materials ll1l.lSt be avoided, especially in 
the upper layers of the pavement structure. cemented base and granular base 
structures require preventive maintenance arrl adequate drainage to avoid 
m::,isture accelerated distress (MAD). Faulting arrl purrping on concrete 
pavement structures can also be limited by the use of durable base layers and 
concrete reinforcement to limit deflections. 

Forsyth, R. A., G. K. Wells, arrl J. H. Woodst:rcm, '"Ihe F.carxmic In:pact of 
PaveJIEl1t SUhsurface Drainage," PUblic Works, January 1988, 5 W• 

Non:lrained pavements or pavements in a wet coniition sustain damage many 
times higher than dry pavements. Several different methods of draining 
pavements are discussed, including geotextiles, stabilized penneable layers, 
arrl edge drains. An attenpt is made to quantify the benefits of draine:i 
pavements in tenns of increased life and :reduced costs. It is also suggested 
that benefits are to be derived from retrofitting edge drains in existing 
pavements. 

Forsyth, R. A., G. K. Wells, arrl J. H. Woodst:ran, '"Ihe Road to Drained 
Pavements," Civil Ergineerin;J, Mardi 1987, w- 66-69. 

'Ihis article summarizes same of the backgroun:i studies that have led 
California to incorporate new drainage requirements into its 1987 Highway 
Design Manual. Caltrans believes that it is conservative in predicting that 
its new, draine:i rigid pavement design will last 50 percent lorqer than its 
non:lrained counterpart, arrl have 35 percent lower costs per square yard per 
year. Drainage items considered include geotextiles, asphalt treated 
penneable material (ATFM) , edge drains, arrl a nontreated penneable material. 
California is also investigating cement-treated penneable material (CTIM). 

Green, T. M. and E. c. Novak, "Drainage and :Fburm.ticn Sb.mes far an 
Experimental Short Slab Paveuelt," Resem:dl Report No. R-1041, Mi.drlgan state 
Highway a:mni sc;i ai, February. 1977, 30 W• 

'Ihis report covers an aspect of the experimental project located on U.S. 10. 
Specifically, it presents a characterization of the subgrade, subb3se and 
base materials; describes the installation of subbase drains; disoJsses the 
testirq methods used on the various materials arrl their results; and presents 
same preliminary obserlations on the perfonnance of the sections. 
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Hallin, J. P., •~ Drains OUst Excess H::>i.sture," Roads & Bria;ies, March 
1988, W• 84-90. 

'Ihe need. for drained pavements is discussed in this article. Recommermtions 
are presented for the constniction of drainable bases in new pavem:mts, 
coverin;J gradation of the base layer, the use of edge drains, arxi transverse 
outlets. 'Ihe use of filter materials arxi location of all of the drainage 
elements in the paveioont stnlcture are also diSOJSSed. Sane guidelines for 
retrofittin;J drainage as a rehabilitation measure are also suggested. 

Hi.ghlarm, K. L. arxi G. L. Hoffman, 11f:nli:>ru;e Permeability arxi Pavement 
Perfcmnance," Final Report, :Researdl Project 79-3, Pennsylvania Department of 
Transportation, Sept.erber 1987, 36 R>• 

'Ihis project, constructed by PennroI', dem::>nstrated that open-graded, 
penooable subbase materials can be designed, are constructible, arxi 
competitively priced, 'While providi.nq pavement support arxi good internal 
drainage. Five different subbnse designs were constructed. 'Ihe pavements 
were subjected to Fallin;J Weight Deflectarneter (FWD) testing arxi periodic 
roughness iooasurements to measure the pavene1ts' perfonnance. 

Hoffman, G. L., "In-Situ Permeability of Bases (FPID), 11 Report No. PA 80-ll, 
Pennsylvania Department of Transportation, April 1981. 

'Ihe Field Penneability Testin;J Device (FPI'B) was evaluated in the field on a 
construction project on Routes 66 arxi 422 in Kittanning, Pennsylvania. 'Ihe 
FPID equipment was foum to be theoretically sourrl in its approach to 
detennirrln; field penreabilities of aggregates. 

Hoffman, G. L, "Pavement Base Drain Evaluation," Researd1 Project 78-5, 
REpxt No. FHWA-PA-RD-78-5, Pennsylvania Department of Transportation, June 
1981, 82 W• 

Portions of the Department's highway drainage system design have recently 
been revised. Essentially, the longitudinal drainage trench was iooved closer 
to the paveioont/shoulder joint, arxi the fine concrete san:i layer was 
eliminated as a trench backfill material. 'Ihe specified backfill material is 
the coarser crushed aggregate. '!his report deals with the evaluation of the 
effects of these dlanges on pavene1t performance arxi c:onpares the new 
pavement drain system to the older pipe urrlerdrain system at the same site. 

Kozl.ov, G. s., "I:nproved Drainage arxi F.rcEt Action Criteria far Ner.r Jersey 
Pavenent Design, Volume III - Road SUbsurface Drainage Design," Resean:h 
Rep.>rt No. 84-003-7740, Ner.r Jersey Department of Transportatiai, Sept.erber 
1983. 

'Ihis volume is a technical guide presentin;J all aspects of subsurface 
drainage frcm design through construction arxi maintenance of un:lerdrainage 
systems. Procedures with ex.aII;)les for calculatin;J infiltration rates, pipe 
sizes, aggi:-egate selection arxi sample specifications are provided. Basic 
solutions of grourrl water drainage are also included. 
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Rozlov, G. s., v. E. M::Jttola ani G. Mehalchick, "IDproved Drainage am Frost 
Action Criteria for New Jersey Pavanent 09sign, Volune I - Investigations for 
SUl:surface Drainage Jl9sign, II ReseardJ. Report No. 84-003-7740 1 Nari Jersey 
Department of Transportation, Jl.ll'le 1983, 194 g>. 

'Ihis volume describes a concerted effort to resolve the problem of internal 
(subsurface) road drainage. Field investigation of the existi.nJ corrlitions 
on New Jersey Highways irrlicated a definite need for such solutions. 'Ihe 
furrlamental objective of this project was to fonm.11.ate the design methods and 
the construction arrl maintenance procedures for such a drainage system. In 
this report an assessment of the state of the art is presented along with a 
description of laborato:ry efforts to identify optbnal materials for pavement 
drainage layers. As a result of those efforts, nonstabilized open-graded and 
bituminous-stabilized open-graded materials were developed. 

Rozlov, G. s., v. E. M::Jttola ani G. Mehalchick, "IDproved Drainage am Frost 
Action Criteria for New Jersey Pavanent 09sign, Volune II - Experimental 
Snl:s:crface Drainage AI:Plicatians," Researdl Report No. 84-003-7740, New 
Jersey Department of Transportation, July 1983. 

'Ihis volume describes the initial investigation into the need for subsurface 
drainage in New Jersey. In addition, the construction, instnnnentation and 
initial IOC>nitorin;1 of several roadways employin;1 an innovative un:lerdrainage 
system containing open-graded bases and longitudinal drains is presented. 
Also documented are the results of IOC>del test track experiments perfonned at 
the University of Illinois. 

"Iagi:tm:inal. EkkJe Drains in Rigid Pavanent Syst:ens," Report No. 
FEWA--'IS--86-208, Federal Highway Administration, July 1986, 135 i;p. 

'Ihis report, a summary of the firrlings of a four-state study of longitudinal 
edge drain systems in rigid pavements, discusses design philosophies, design 
criteria, construction practices, arrl field perfonnance c:arrparisons 
concerning longitudinal edge drains. Trench drains arrl drainable asphalt 
concrete layers were foun:1 to be cost-effective in tenn.s of their original 
cost arrl in their ability to rerrove water. Perfonnance c:arrparisons with 
7-year-old pavements without drainage provisions imicate that edge drains 
can exterrl pavement life. Maintenance of the edge drain system was cited as 
a major contributor affectin;1 pavement perfonnance. 

Mllasheskie, G. J., ~ Snl::base to P.rcvide All-season Pavement 
SUbdrainage," Pennsylvania Department of Transportation, Paper Prepared for 
Presentat:i.al at the 66th Annual MeetinJ of the Transportation Researdl Board, 
1987, 15 w-

'Ihe Pennsylvania Deparbnent of Transportation designed an:i constructed an 
experimental project located on Routes 66 arrl 422 near Kittanning, to 
dem::mstrate the feasibility of providin;J good support arrl good internal 
drainage to a pavement at a competitive cost. As part of the project, five 
types of subbases with a wide range of laborato:ry measured penneabilities 
were placed. 'Ihe base courses included the Departments starrlard dense-graded 
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granular material, cement-treated base material asstmro .ilnpenneable, an::i 
penneable base materials with various degrees of penneability. It was 
concluded that an open-graded subbase {OC.S) drainage layer in the pavements 
is not only possible, but practical an::i should lead to lon::r-tenn good 
perfonrance of the pavement system. 

Marks, V. J., "Top~ sutgrade ~ Values with D::Jrgituti.nal. Drains," 
Interim Report, Project MrR-84-3, Iowa Deparble1t of Transportation, January 
1984, 13 W• 

'Ihe program of Il'Onitorin::J Iowa pavements with a road rater an::i improvin::J 
subgrade support values through installation of lon::ritudinal drains is 
described. 'Ihe Iowa Department of Transportation began installin::J 
lon;itudinal subdrains in 1978 at a depth of 24 in (610 nun). 'Ihe trend in 
Iowa has been to deeper lon;itudinal drains with the present starrlard bein::J 
48 in (1220 nun) deep. A limited anount of data in::licates that the deeper 
lon;itudinal drains are providin::J a greater benefit to the subgrade support 
value. 

Mathis, D. M., "Design arrl canstructian of J:e:nneable Base Pavemants," Fourth 
International Omference on carx:rete Pavenent Design am Rehabilitation, 
FUrdue University, April 1989, W• 663-670. 

'Ihis paper presents the state of the practice in pavement drainage for new or 
reconstructed asphalt concrete an::i portlan::i cement concrete pavements. 
Penneable base practices throughout the United States are synthesized. 

Mer.rien, P., am J. L. NissaJX, 111:uJ:'als Ccn::rete Hard Shall.de.rs: Sony of 
Materials," Bulletin de Li.aiscn des Iaboratoires des Pants et Chmssees, No. 
92, ~, 1977, W• 142-148. 

'!he development of porous concrete hard shoulders in France since 1975 
alon;side hydraulic pavements has been urrlertaken in parallel with thorough 
research on the material in question. 'Ihis article presents the nost recent 
results concerning the choice of the methcx:1 of compaction, the behavior of 
these concretes in the presence of pure water, an::i their resistance to 
fatigue. 'Ihese positive results as a whole confinn the value of the use of 
this material to obtain a mass with high drainin:J properties which laterally 
evacuates water from the pavin::J fourx:!ation interface. 

!bll:ta1, L. K., "Highway SUbdrainage Design," Report No. FHWA-'IS-80-224, 
Federal Highway Admi.nistratiai, AuJust 1980, 162 W• 

'!his report describes all of the major inputs which must be considered in the 
design of subdrainage systems for highways. Included are discussions on the 
various sources of water, on the iroportance of highway am subsurface 
geometry, on the importance of materials in subsurface design, on detennining 
the quantity of water to be rem::wed, am also on construction arxi maintenance 
procedures. Emphasis is placei on de~ all requiren-ents for quickly 
rem:::,vin::J the water from the pavement system. 
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Ray, M., "A European synthesis an Drainage, $11:thase Erodability,. am I.Dad 
Transfer in Concrete Pavements," ~, SecxJrrl I:rrt:el:natianal Conference 
an Concrete Pavement Design, Purdue University, April 1981, w- 27-39. 

European research arrl field experience during the period from 1977 to 1081 
are presented in this paper. For nomoweled pavements, :i.n'provements in load 
transfer due to reduction in slab length, widened lanes, increased coarse 
aggregate size, am reduced hydraulic am thermal shrinkage are disa1ssed. 
For dC1.Yeled pavements, developments include the reduction in the number of 
dC1.Yels, anticorrosion arrl slipping devices, placement accuracy, am vibration 
placement equipment. New draining cross sections in use in Europe are 
presented. 

van Wijk, A. J., am c. w. IDvell, "Inp:>rt:arre of Drainage to Rigid Pavemmt 
Performan:::e, n 24 W• 

'1he development of providing drainage for K'C pavements is discussed, along 
with the benefits to be obtained from a properly drained pavement. Pumping 
can be controlled through the use of properly designed penneable layers or 
edge drains in original construction. Retrofitting edge drains will not 
always be successful, especially in a pavement with fairly impermeable or 
eroc:lible bases or shoulders. 

van Wijk, A. J., am c. w. IDvell, "Prediction of Suhhase Erosion caused by 
Pavement Flmping," Transportation Researdl Record 1099, 1986, W· 45-57. 

'1he characterization of the surface erosion of rigid pavement base arrl 
shoulder materials is described. 'Ihree testing methods were used in the 
study. 'lhe results sh0'.17 that nonstabilized materials are not capable of 
resisting surface erosion in a concrete pavement. L:lboratocy~eveloped 
guidelines for the design of erosion-resistant base or shoulder materials are 
presented. 

Wells, G. K. , "Evaluation of B:lge Drain Perf~," Report No. 
FHWA/CA/I'L-85/15, california Depart:Jiert: of Transportation, NcJvalrer 1985, 52 
W• 

Portlarrl cem:mt concrete pavements (PCCP) constructed in califomia are of 
the plain jointed design. With the passage of time, these concrete pavements 
generally develop faulting, or step-off, at the transverse joints. However, 
the magnitude arrl rate of this faultin;J varies considerably throughout the 
state. Faulting, through the pumping process, has been a major factor in 
slab crackin] arrl subsequent poor pavement perfonnance. Previous caltrans 
research revealed that the mechanism of pavement faulting is caused by the 
pumping process. One of the major contributors is surface infiltrated water 
that has became trapped in the relatively i.mpenneable structural elements. 
'!his study presents an evaluation of the effectiveness of edge drains as a 
mthod of providing rapid drainage of surface-infiltrated water am thereby 
delaying or preventing pumping arrl subsequent faulting. over a 3-year 
period, research irrlicates that edge drains are vecy effective in reducing 
faulting of concrete pavements in califomia. 
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3. UW) 'ffiANSF.ER 

An'x)ld, C. J. , "Perfcmnan:::::e of Several Types of Corrosion Resistant Ioad 
Transfer Bars, for as Much as 21 years of SeY:vice in a:n::t:ete Pavenert:s, 11 

Researdl Report No. R-ll51, Midtlgan Deparboont of Transportation, August 
1980, 21 W• 

Corrosion resistant dowel bars have been used in Michigan's jointed pavements 
both on an experimental basis and as a design stan:lard for II0I1Y years. 'Ihe 
results of pull-out tests and coring to examine in place dowels are presented 
here. Several different dowel coatings and pavements of different ages are 
included in this study. It was concluded that wider use of plastic coated 
dowels Joe considered. 

Black, K. N. , R. M. I.arscll, arxi L. R. st.auntai, "Evaluation of stainless 
steel Pipes for use as :r:n.el. Bars," Pllblic Roads, Vol. 52, No. 2, Sept:erber 
1988, W• 37-43. 

'Ihis report presents the results from a laborato:ry study conducted to 
evaluate the effectiveness of using stainless steel pipes as dowel bars. 
Solid stainless steel dowel bars were tested, as well as two hollow stainless 
steel bars of different thickness, arrl one hollow bar filled with concrete. 
It was fourrl that the concrete filled bars perfonned the best, pe:thaps 
because of their larger bearing area. 

Bola.rrdli., z., w. H. Tenple, arxi s. c. Shah, "Evaluation of load Transfer 
Devices," Researdl Report No. FHWA-IA-97, Iari.siana Deparboont of Highways, 
Nova:li:,er 1975, 53 R?• 

'!his report describes the procedures arrl fin:lings of a study conducted to 
evaluate two types of load transfer devices used in I.Duisiana- steel dowel 
bars and star lugs. It is concluded that for a given slab length the dowel 
bar projects exhibited less faulting, Joetter load transfer capability, and 
less pavement deterioration. Several factors lilllit the relevancy of these 
fin:lings. 

"Load Transfer at Transverse cart:raction Joints arxi ~ign of a:n:rete 
Pavenert:s," PIARC Tedlili.cal Ccmnittee an cax::rete Roads, Report of 
SUJ:xxmnit:tee No. 1, ~r 1978. 

For several decades, doweling has been a controversial question among highway 
er¥3ineers. 'Ihis report addresses the question "to dowel or not to dowel," 
through a review of the intenlational literature on the subject and results 
from questionnaires received fran 25 countries. In light of the many 
~iments arrl seemingly contradicto:ry practices fourrl in various countries, 
this report is an attempt to show cases for which the use of dowels is and is 
not necessacy. 
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Okanx:rt:o, P. A. , "Field Evaluation of IkJwel Plaa:>m?nt AlCDJ a Section of I -45 
in Texas," REp:>rt to Denalst:ration Projects Division, HID-41, FHWA, 
Consb:uction Tedll'Dlogies laboratories, Irx::., May 1987, 46 :R?• 

'!he results from a field investigation into the effectiveness of the radar 
technique for :ireasurin;J dcwel bar misaligrnnent and the effectiveness of an 
automatic dcwel bar inserter to properly place dowel bars in rigid pavements 
are reported here. It was concluded that the radar device has several 
limitations, but is reasonably effective in evaluatin;J dcwel bar 
misalignment. 'Ihe automatic dcwel bar inserter was also found to perfonn 
well in comparison to conventional basket construction. 

stelzermu.ller, W. B. , L. L. Smith, arrl T. J. Iarsen, "!Dad Transfer at 
Ccntraction Joints in Plain R>rtlarrl Cement C'alcrete Pavenents," Researdl 
Report 90-0, Florida Department of Transpartatian, April 1973, 64 :R?· 

A study was initiated in 1960 to develop infonnation on the validity of 
Florida's design standards for portlarrl cement concrete highways, with 
particular reference to spacing of contraction joints and to aggregate 
interlock. and the use of load transfer devices. Test sites were selected in 
three urban areas: Tanpa, Pensacola, arrl Jacksonville. Joint movement, 
faulting, and load deflection :ireasurements over a 4-year period are 
reported. 'Ihree of the original seven test sites were rechecked in 1972 to 
determine changes in the 8 years followin;J the study. It was concluded that 
the design policy of the Department of Transportation with respect to load 
transfer at contraction joints is adequate. It was fourrl that doweled joints 
shew less faulting than norrloweled joints and that dowels increase the 
effective load transfer when properly designed and installed. Aggregate 
interlock. provides 40 percent or nv:)re load transfer during wann weather, but 
frequently less than 40 percent during cold weather. 

Tayabji, S. D. , "~ Pla<:anent Tolerarx:::es," FEWA/RI)-86/042, Consb:uction 
Tedll'Dlogies Iaboratmy, May 1986, 36 i;p. 

An investigation was conducted to develop placement tolerances for dowels at 
concrete pavement transverse joints. It was fourrl that a theoretical 
analysis of dowel misalignment was too carcplex. laboratory testing of 
concrete slabs incorporating dowels with different levels of misaligrnnent 
were then carcpleted. '!hey irrlicate that pull-out loads were relatively lcw 
for misalignment levels of less than 1 in per 18-in (25 mm per 457 mm) dowel, 
although insufficient data were collected to establish recorornended levels. 

Tayabji, S. D., and P. A. OkanDto, "Evaluation of Autanatic IkJwel Bar 
Inserter and Radar 1'Et:hod far <lleC::kin:_J Invel Bar Pl.aa:!Dent," Report to FHWA 
Ileloc.1nsttatian Projects Division, HID-41, Consb:uction 'l'ec:ilmlogy 
laboratories, octd::>er 1986, 29 :R?• 

'1his report presents the results of both a laboratory and field investigation 
conducted in Idaho to detennine the effectiveness of a radar device in 
evaluating dowel bar misalignment and to evaluate the effectiveness of an 
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automatic dowel bar inserter to properly place dowel bars in rigid 
paveirents. It was fourrl that the radar device can be used to locate dowel 
bars, although the accuracy became better as the misaligrnnent increased. 
Accuracy was deperrlent on the operator arxl equipment variability. Despite 
problems with the inserter, it was also concluded that this type of equipment 
can be used to place dowel bars within specified tolerances. 

Vyoa, J. M. , "Ferfcmnan:::::e of load-Transfer Devices," Research Report 140, 
Ne.7 Yark state Department of Transportatian, July 1987, 29 W• 

'Ille perfonnance of several different types of load-transfer devices (ill'D's) 
for transverse joints is reported in this study. Problems with the staroard 
IIT'D's caused NY 001' to investigate plastic-coated dowels in the 1970's. 'Ihey 
then considered epoxy-coated I-beams arrl a trial installation of fi.bel:glass 
dowels. After 10 to 14 years of perfonnarx::e, these UID's have shown no 
corrosion or other deterioration that would have caused loss of load transfer 
or abnormal paveirent stress. 

4. JOINI'S .AND JOINr SEALIKi 

Anoagbani, J. M., J. M. Lybas, M. Tia, am B. E. Ruth, 11Con!rete Pavemml: 
Joint stiffness Evaluation," Transportation Research Record 1099, 1986, W• 
22-36. 

'Ihis paper describes a procedure to detennine the stiffness of an non:loweled 
joint in a concrete pavement using F'FAOJNS III, a finite element analysis 
program, arxl the results fran loading tests with a Falli.rq Weight 
Deflectaneter perfonned on a test pavement. '!he authors conclude that joint 
efficiency is an unrealistic measure of joint stiffness, due to its 
variability with changes in loading positions arxl thennal conditions. 

Bcyden, J.E. am R. A. IDrini, "Perfcn:marx::e of P.refcn:mad Ccttpressian 
Sealers .in Transverse Pavaoont Joints," Final Report an Research Project 
57-1, En:Jinee;r:iDJ Research am. Devel.cpnent Bureau, Na.T Yark state Department 
of Transpartatian, March 1980, 45 w-

Prefonned compression sealers, 1.25-in (31.8 mm) wide, were installed in 
0.625-in (15.9 mm) wide transverse contraction joints in concrete pavement 
am observed for up to 10 years. Construction operations were m:,nitored, and 
laboratoJ:y tests were con:iucted to detennine sealer properties. Serre fine 
material infiltrated below the sealer after 6 to 10 years of service, but 
m::>St sealers generally perfonned well for that period. Many joints closed 
tighter than the 0.625 in (15.9 mm) minimum design width. Although the 
narrow joints resulted in m:,re compression set in the sealers, they had less 
infiltration arxl spalli.rq than the wider ones. For larger sizes of prefonned 
sealers such as included in this study, carrpression to 40 percent of original 
width appears to improve joint sealing. Results of force-deflection arxl 
recovery tests perfonned on new sealer sanq;,les related to compression set 
occurring during field service, but not to infiltration. Force-deflection 
an:i recovery properties of the sealers generally decreased after field aging, 
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but these decreases did not relate to sealer perfonnance. Precorxlitioning 
sealer sanples at elevated (212 °F [100 °c]) or reduced (+14 °Fam -20 
°F [-lo c am -29 CJ) temperatures produced changes in 
force-de~ection ~ recovery properties, but these changes did not relate to 
field perfonnance or to cl'lan;;es in the same properties during field aging. A 
laborato:ry cycle test, which sbnulates joint infiltration, appeared to relate 
to field infiltration. 

"a:n::r:ete Pava:ient Joint.iDJ am seal.inJ Methods," Pennsylvania Departmant of 
Transportation, Paper Prepared for the 54th Armual ~ of the 
Transportation Research Board, 1975, 21 i;p. 

'lhe experimental pavement consisted of cambinations of various sealant 
materials (5), joint shapes (3) am slab lengths (3). A total of 1020 
transverse joints were involved. '!he materials include conventional am 
"improved" rubberized asphalt, cold-poured, two--conp,nent polymers an:i 
preformed neoprene seals. Various sizes of step-cut joints were tried. 
'Ihese joints have a wider cut at the top to i.nprove the width-to-depth ratio 
of the sealant. Shorter than normal slab lengths were also tested. 
Preliminary observations imicate that the improved rubberized asphalt 
sealant perfonns better than the conventional grade material. '!he 
cold-poured pol yioors were fourrl to require careful mixing am harxiling to 
obtain satisfacto:ry results. When properly placed, these materials also 
appear to provide good sealing qualities. 'Ihe neoprene seals are also 
perfonning very well. Prelinrlnary results iro.icate that the shorter slab 
lengths offer better joint seal perfonnance am the 1/2 in wide by 3/4 in (13 
x 19 nun) deep joint cut is 100re satisfacto:ry than the method conventionally 
used. 

OXlk, J. P. am I. Minkarah, "Devel.cplEllt of an Toproved Contraction Joint 
for Rlrtl.arxi <:anent Con:::J:ete Pavements," Executive SUlllna:ry Rep:>rt, Research 
perfonood UIDer agreenent No. 2337, Chio Departmant of Transportation in 
Cocperation with the FHWA, University of Cin::innati, August 1973, 22 i;p. 

'!his report describes an experimental project on Route 23 at arillicothe. 
'lhe detailed objective of this study is to isolate each of the variables 
which affect paveitE1t ioovement am study its effect. '!he variables are joint 
configuration, joint spacing, subbase type, am dowel type. '!he study 
included 10 groups of approximately 10 joints each. At the en:i of this 
preliminary investigation, the folle111ing recoramermtions were made on the 
optimal pavement design: 21-ft (6.4 m) joint spacing, stabilized subbase, 
0.25-in (6.4 nun) saw cut joint with beveled edge am chlorinated rubber base 
cure on the joint faces. 

OXlk, J. P. , "A Hi.stm:y of Joints in Qn::rete Pavenert:s," Journal of the 
Construction Division, ASC:l!!, Mll:dl. 1975, i;p. 29-36. 

'!his article traces the histo:ry of the design of pavement joints am 
imicates when c:hafBes were made in those factors that influence design. 
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DeYa.ID:J, c., "Spacing of ~ed Joints in Plain Concrete ~," 
Highway ReseardJ. Record, NulliJe.r 112, January 1965, 9 w-

In 1955 the Iowa State Highway Commission constnlcted approximately 16 mi (26 
km) of experilrental portlarrl cenv:mt concrete paveroont containing sections 
without contraction joints arrl sections in which the joints were sawed at 
intervals of 20, 50, or 80 ft {6.1, 15.2, or 24.4 m). None of the joints 
-were doweled. Approximately half of the joints were not sealed. After 8 
years of service the pavement test sections have an average slab length 
ran;Jing from 19 to 37 ft (5.8 to 11.3 m). Faulting of at least 0.0625-in 
{1.6 mm) is evident at 70 percent of the joints space'.i at 20 ft (6.1 m). 'Ihe 
incidence of faulting is greater for the joints space'.i at 50 arrl 80 ft { 15. 2 
arrl 24 . 4 m) • Measureroonts made in April, 1964, revealed that more than 92 
percent of the joints were open at least 1/16-in (1. 6 mm) more than their 
original sawed width of 0.125 in (3.2 nun). '!he effect of joint sealing was 
not conclusive, but it aPJ_:earS that the seal may have been useful in keeping 
debris out of the joints space'.i at 20 ft (6.1 m). 'Ihe study concludes that 
to control transverse cracking, joint spacing of 19 to 37 ft (5.8 to 11.3 m) 
:may be adequate; aggregate interlock is not maintained by paveroonts with 
joint spacing as short as 20 ft (6.1 m); the incidence of faulting is the 
least for the 20-ft (6.1 m) spacing. 

Hubredlt, L. , "'Ihe Na1IIJr Test Road: Behavicur of Various 'lypes of 
cart::ractian Joints After Five. Years of Traffic," ~, 'Ilrl.rd 
Inten'lational Conference an Concrete~ Design, PIJrdue University, 
April 1985, W• 625-632. 

Cbservations arrl measurements of six types of contraction joints were made on 
a test road consisting of an 8- to 9-in (203 to 229 mm) concrete overlay of 
an asphalt concrete paverrent. In 1984, after 5 years of seJ:Vice, it was 
fooni that there was a difference in deflection between the doweled an:i 
norrloweled joints, although it was not of great significance. No difference 
was foun:i between the sealed arrl nonsealed joints, although it was noted that 
this pavement is very well drained. '!he influence on this study of the 
constniction of a concrete overlay on a still soun:1 asphalt concrete pavement 
o:iuld not be detennined. 

Ja29, G. M., D. E. Petersen, am R. K. Vyas, "Evaluation of P.refornei 
El.astaneri.c Joint SealinJ Systaus am Practices," Final Report, Project 4-9, 
Prepared far Highway Research Board, NCHRP, utah state Highway Deparbnent, 
J~ 1971, 101 W• 

Prefo:rmed elastameric joint sealers made available by producers were studied 
in the laboratory arrl in the field to detennine the properties arrl 
performance criteria that would inp:rove their performance. A field test was 
perfo:rmed at two different locations using a variety of sealants, joint 
shapes, am. joint spacings. 
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Ioza, G. A. an:i D. I. Arrlerscn "Evaluatian of Ccn:::rete Joint Sealants: Clear 
creek SUDmit to Belknap Int.erdlan;Je ID-70-1 (31)7," Report No. m:or--MR:-88-3, 
utah lRparblrent of Transportaticn, Jtme 1988, 20 i:p. 

seven sealants, including two silicones, three hot-pour materials, and one 
PVC-coal Tar, were placed on a stretch of pavement in 1984. 'Ihe materials 
were placed in 0.374-in (9.5 nun) wide joints, on slab lengths varying from 12 
to 18 ft (3. 7 to 5.5 m). After 3 years of perfonnance, it was foun:i that the 
silicone sealants exhibited good perfonnance with respect to adhesion and 
cohesion and rejection of incarrpressibles. However, there was a high 
occurrence of concrete failures near the joints. 'Ihe hot-pour sealants 
performed poorly, showing high degrees of failure in cohesion, adhesion, and 
the presence of incarrpressibles. 'Ihe PVC-coal Tar perfonned poorly, with 
extensive adhesion failures and m.::x:lerate to extensive levels of 
incarrpressibles in the sealant. 

M::.Kenzie, L. J., R. J. Little, arxi P. G. Dierstein, "Behavior of Contraction 
Joints in the Rehabilitated AASlD Test Road," Report No. FHWA-Ilr-IR-75, 
IlliIDis I)epartDeit of Transportation, March 1977, 79 i:p. 

Rehabilitating the AASHO Test Road pavement provided an opportunity to 
corrpare the behavior of doweled contraction joints spaced at 15-ft (4.6 m) 
intervals in nonreinforced pavement overlying a granular subbase with those 
sawed at 40- and 100-ft (12.2 and 30.5 m) intervals in reinforced pavements 
on both granular and stabilized subbases. Faulting decreased as joint 
interval decreased and as pavement thickness increased. Faul ting was reduced 
where the subbase was stabilized. 'Ihe cumulative amount of faulting per 
pavement mile was largest for 15-ft ( 4. 6 m) panels even though they had the 
least fault per joint. 'Ihis fact partly accounts for pavements with 40-ft ( 
12.2 m) joints being SI1¥JOther than those with 15-ft (4.6 m) joints. 'Ihe 
alI¥)UI'lt of spalling per mile of pavement increased as the joint interval 
decreased, although the number of major spalls per joint tended to increase 
as joint interval and joint opening increased. Transverse cracking between 
the joints increased as joint interval increased, but it was reduced over a 
stabilized subbase. 'Ihe arrount of D-cracking per mile of pavement increased 
as the number of joints and cracks increased an:i as the pavement aged. 'Ihe 
best overall pavement behavior an:i the lowest Roughness Irrlex were associated 
with pavements that had the fewest joints, particularly on a Bituminous 
Aggregate Material (BAM) subbase. 

SldJer, S. F., "Are Pavement Joint Sealants Always Necessaxy," Concrete 
Construction, March 1987, i:p. 289-297. 

A 9-in (229 nun) thick concrete test pavement was built over an 8-in (203 nun) 
thick crushed gravel base an:i a well -1:lrained subgrade. 'Ihe pavement was 
reinforced with nesh, joints were doweled an:i shoulders were not paved. 'Ihe 
highway was subjected to 7000 vehicles a day, 30 in (762 nun) of rainfall a 
year, an:i ambient terrperatures ran:Jing from -40 °F to 100 °F (-40 0 C to 
38 

0 
C). Four joint spacings (20, 40, 60, and 80 ft [6.1, 12.2, 18.3, and 

24. 4 m) an:i 5 joint sealants were tested in sections about 1000 ft (305 nun) 
long. 'Ihe conclusions from the report are: (1) the pavements with nonsealed 
joints perfonned better than the pavements with sealed joints, (2) the 
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pavements with shorter joint spacings :perfonned better than the pavements 
with longer joint spacing, (3) sane sealants can keep joints effectively 
sealed for ten years, if the joints are designed properly, and, (4) joint 
sealing costs are not justified. 

Shober, S. F. , "R:>rtlarrl Cement Con::ret:e Pavement Perfarman:::e as Influenced 
by Sealed and Unsealed Contraction Joints," Wi.sca'lsin Deparboorrt: of 
Transportation, 24 W• 

In 1974, a carefully designed joint an:l sealant study began with the 
objectives of evaluating the effect of joint spacing and joint 
sealin:;vnonsealing on total pavement :performance arrl to evaluate joint 
sealants. 'Ibis study was corrlucted on a rew 9-in (229 mm) jointed reinforced 
concrete pavement on a well-drained subgrade, employed five joint sealants, 
and considered joint spacings of 20, 40, 60, arrl 80 ft (6.1, 12.2, 18.3, an:l 
24. 4 m) • A total of 22 test sections were evaluated, including 8 control 
sections in which the joints were not sealed and 14 test sections in which 
the joints were kept sealed. Based upon 10 years of 100nitoring, the 
following conclusions were suggested: (1) some sealants Sel:Ved well for ten 
years, (2) short joint spacings gave the best paveioont :perfonnance, arrl (3) 
pavement with unsealed joints had better :perfonrance than the pavement with 
sealed joints. It was also suggested that joint sealing appears not to be 
beneficial for doweled contraction joints. 

Tayabji, s. D., •~ Perfarnan:::e at a:n::rete PavE!llelt Joints," 
Proceedin:Js, 'Ihird International Confereoce on o:n:::rete Pavenalt D:!sign, 
Purdue University, April 1985, W• 595-603. 

'!he results of an investigation corrlucted to develop improved :perfonnance of 
concrete pavement joints are presented in this paper. 'Ihe investigation 
included development of a finite element canputer program, laborato:ry 
testing, arrl evaluation of techniques to improve structural response at 
joints. '!he canputer program, JSIAB, can analyze a large number of jointed 
concrete slabs consisting of a one- or two-layer concrete pavement system 
resting on a Winkler (spring) fourrlation. JSIAB was used to evaluate the 
effect of fewer nonunifonnly-spaced dowel bars, tied concrete shoulders, an:l 
widened lanes on joint perfonnance. 'lheoretical analysis in:licates that 
deflections arrl stresses at a transverse joint with 6 or 7 nonunifonnly
spaced dowels are similar to those for a coiwentional joint with 12 unifonnly 
spaced dowels. It was also concluded that solid roun:i dc:rwel bars are the 
nost cost-effective mechanical load transfer device for new construction. 

'lbxntal, J. B. , "Rigid Pavement Joints and Sealants Sbny," Georgia Highway 
Department Researdl Project No. 6903, Final Report, Septeni:)er 1975, 144 W• 

'!his ?,lblication is a final report on a study initiated to evaluate the 
relative :perfonnance of a number of different types of rigid pavement joint 
sealants. 'Ihe project has been designed to provide infonnation on the effect 
that several joint variables might have on the :perfonnance of the joint 
sealant design. 'lhese design variables include two joint spacings, two joint 
orientations, arrl eight joint sealants. 
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5. ~ SIDJI1ERS 

Arnold, C. J., an:i M. A. Clrltmti, "Experimental. o:n:::rete an:i Bituminous 
Shrulder caist:ructicn Report (~ Werle Plan No. 4) , " Research Report 
No. R-844, Midrigan state Highway Omni ssi..m, January 1973, 12 W• 

'Ihis report covers construction of experboontal shoulders on Interstate 69 in 
Michigan to~ certain design improvements using both concrete an::l 
bi turninous materials. '!he pw:p::ise of the study is to evaluate the cost arrl 
perfonnance of experboontal concrete arrl bituminous shoulders in carrparison 
with the starrlard bituminous shoulder for Michigan Interstate freeway 
construction. 

Clrlrmti, M. A., "Experimental. Cca::rete an:i Bitum:inrus Shall.de.rs (Pl:ogi:ess 
Report) , " Research Report No. R--898, Midri.gan state Highway an:i 
Transportation O::mnissim, FebruaJ:y 1974, 11 W· 

'Ihis progress report covers the fi.rrlings to date of the evaluation of 
experiIDantal concrete arrl bituminous shoulders. It was found that after 1 
year the starrlard shoulders had developed crackin;J along the edges, that the 
m:xlified bituminous shoulders showed no visible deterioration, arrl that there 
were no perfonnance-related failures of the concrete shoulder sections. 

Colley, B. E., C. G. Ball, an:i P. Arriyavat, ''Evaluatim of o:n:::rete 
Pavements with Tied Shoulders or Widened I.ams," Transportation Research 
Reconl Nulli:ler 666, W• 39-45. 

'Ihis report describes an experiIDantal project, consisting of field arrl lab 
test sections. 'lhe field sections are located on T.H. 14 and T.H. 90, 
Minnesota. '!hey were instrumented to measure strains arrl deflections arrl the 
results were compared to the lab results arrl to the theoretical strains arrl 
deflections as predicted by Westergaard theory. Variables on the pavements 
in the field included: lane width, pavement thickness, joint spacing, arrl 
c1owel placement. 

Keller, E. J., "Eval.uaticn of RlJ:tlard Cement a:n::rete Shall.de.rs .in 
Georgia,• GIDr Research Project No. 8004, Gemgia JRpartnent of 
Transportatim, April 1988, 66 W• 

Georgia has been constructing doweled PCC pavements with tied PCC shoulders 
for 11 years arrl it is ncM their stan:1ard design. '!he decision to follow 
this design is based on the desire to reduce pavement faulting arrl slab 
cracking, i.nprove load transfer between the mainline pavement arrl the 
shoulder, arrl provide a reservoir for a longitudinal joint sealant between 
the mainline paveirent arrl the shoulder. '!his study evaluates the projects 
constructed to date in Georgia arrl a::xrpares their perfonnance to doweled and 
no:rx:lor.veled FCC pavements with AC shoulders. It was concluded that the use of 
tied FCC shoulders arrl dawels in a pavement with either an AC-stabilized of 
lean concrete base produced the lowest pavement faulting. 
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Korfhage, G. R., "Effect of Ccn::rete stnJlders, I.ane Wi.deru.n1 an:i Frozen 
SUbJrade an Corx::rete Pavenert: Pe.rfannan:::e," Draft Final Report, Investigation 
No. 209, Minnesota Deparbnent of Transportation, DecelliJer 1987, 14 pp. 

'Ihis is the fourth and final report issued as part of a project to detennine 
the effect of concrete shoulders, lane widening and frozen subgrade on the 
perfonnance of concrete pavements. 03.ta were collected from five locations 
in southeastern Minnesota. 'Ihe results presented include the follc:::,winJ 
cl::>Sel:vations: loads applied while the sul:grade is frozen have little effect 
on the pavement; pavement curl can significantly affect deflection; the 
ra:luction in deflection from the addition of tied shoulders was difficult to 
detennine; and pavement deflections can be significantly reduced by 
constructing pavement lanes wider than 12 ft (3. 7 m) arx:l placing an edge line 
12 ft (3. 7 m) from the centerline. 

Lokken, E. C. , "What We Have Ieazned to rate fran Experinart:al 0Jrx::rete 
Shrul.der Projects," Highway Research Record Nuni>er 434, 1973, pp. 43-53. 

Concrete shoulders have been in use on urban expressways for years in some 
areas. Several experimental projects, nost of them initiated urrler the FHWA 
National Experimental and Evaluation Program, have been built in recent 
years, and 100re are urrler constniction or planned. 'Ihe paper smmnarizes 
perfonnance to date, examines design details developed from experimental 
projects arx:l makes recaramerrlations for design for niaximum safety arx:l 
economy. 'Ihe paper suggests that further study should be given to (1) the 
effects an ten"perature and 100isture con:litions within the pavement system as 
the result of a light-colored shoulder surface, arx:l (2) the effect on 
structural capacity of a concrete roadway pavement when a tied and keyed 
concrete shoulder is added. 

"RJrtlarx:l Cerent Corx::rete Shall.ders," Researdl arx:l O?velc:pIEil: Report No. 
27, Illirx>is Divisian of Highways, July 1970. 

'Ihe first section of experimental portland cement concrete shoulders in 
Illinois was built in 1965. A secorxi section was built in 1966 arx:l a third 
in 1967. 'Ihese shoulders, all of which were constructed of full-strength 
plain concrete without reinforceroont, have been placed adjacent to 
conventionally reinforced pavement, continuously reinforced pavement, arx:l a 
bituminous concrete overlay systems. other principal variables are the 
preseo:e and absence of tiebars, the presence arx:l absence of granular 
subbase, the spacing of transverse joints, arx:l warning rumble strip 
treabrents. Experience to date is considered to irrlicate that when various 
fi.mi.n;s of the project are applied, the economic and long-tenn behavior of 
Portlarx:l cement concrete shoulders can be viewed with optimism. 
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Ray, G. K., "Ccn:rete Shall.de.rs arrl I.iuE Wi.denin:J--structural Benefits arrl 
rq,roved Pavement Pe.rforman::e," Paper Prepared for Presentaticn at the 1985 
M:i.ssairijKans FCC Pavin:J ~, Kansas City, Mi ssori, Noveoi)er 5, 
1985. 

'Ihis paper details starrlard practice in design, construction ard benefits of 
concrete shoulders ard widened lanes. It provides brief details of 
consti:uction, perfonnance ard a SUil'lll'lal'.Y from existing pavements. It suggests 
that the main benefit of concrete shoulders ard widened lanes is the 
reduction of mainline pavement thickness due to reduction in stress at the 
pavement edge. 

sawan, J. S., M. I. nrrter, arrl B. J. D=!Dp-,ey, "structural Analysis arrl 
Design of FCC Shall.de.rs," Department of civil~, University of 
Illirx>is, March 1980. 

A structural evaluation of concrete shoulders has been corrlucted an:1 a 
carrprehensive design procedure for plain jointed concrete shoulders 
developed. 'Ihe procedure can be used to provide concrete shoulders either 
for rehabilitation of existing pavement or for new pavement construction. 
All major factors that are kno-..in to affect the l::ehavior of concrete shoulders 
are considered in the mechanistic design approach: encroaching moving trucks, 
parked trucks, fourrlation support, longitudinal joint load transfer, shoulder 
slab thickness ard tapering, width of shoulder, ard traffic lane slab. 'Ihe 
finite element structural analysis technique was used along with a concrete 
fatigue damage nmel to sum damage for both moving encroaching trucks ard for 
parked trucks. A relationship was established between the accumulated 
fatigue damage ard slab crack:m;J. 'Ihus, the shoulder can be designed for an 
allowable annmt of cracking which can vary deperxling on the perfonnance 
level desired. Procedures for tieing the concrete shoulder to the mainline 
slab are recomirerrled to provide adequate load transfer an:1 to avoid joint 
spallin;;. I.ong-tenn low maintenance perfonnance of the concrete shoulder, 
alon;r with significant irrprovement in perfonnance of the traffic lane, can be 
ootained both for r'2-N construction an:1 rehabilitation prnposes if the 
shoulder is designed properly. 

Slavis, C., "Portlarrl Cement Ccn:rete Shallder Perfonnarx:e in the United 
states (1965-1980) , " ProceedinJS, Secx:ni Inte1:natiCllal Conference an a:n::rete 
Pavenent Design, Purdue University, April 1981, W• 331-341. 

D.Jring the 1960's an:1 early 1970's, several states constructed concrete 
shoulders to evaluate their performance an:1 develop design standards. 'Ihese 
projects include the Illinois projects of 1965, 1966, 1967 ard 1971, the 
Kentucky project of 1972, an:1 the 1971 projects in Iowa, Michigan, Nebraska, 
J?ennsylvania, ard Texas. Variables included in these evaluation studies 
included thickness, pavement type, joint spacing, tie bars, an:1 subbase. In 
1973, a report was prepared ard presented to the Highway Research Board. 
Major conclusions of the report centered arourxi design requirements ard 
consti:uction. At the time of this early study the concrete shoulders ran;red 
in age from Oto 7 years, with only three installations bein;; over 2 years 
old. 'Ihese shoulders are f'Ow a minimum of 7 years old, ard the original 
Illinois installations have been in seJ:Vice for up to 15 years. 'Ihe p.rrpose 
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of this paper is to report on the inspection an:l reevaluation of these 
concrete shoulders. A carrparison of both the cxmclusions of the 1973 report 
an:l an evaluation of current design practices based on 15 years of experience 
has been made. Rec::ornrrerrled m::xilfications to current design practices 
in::ticated by the current study firrlings are included. 'Ihe major 
recornmen:lation is that the shoulder have the same thickness as the pavement. 

Slavis, C. V., arrl c. G. Ball, "Verificaticn of the structural Benefits of 
Ccn::rete Sballders by Field Measuren:ent," P.roc::eedinJs, 'lhi.rd Intenlational 
COnferenc:e an Cl::>rx=rete Pave!IIr:mt Design an:l Rehabilitation, 1?Urdue University, 
April 1985, W• 267-274. 

A field study was con:iucted to evaluate the effect of concrete shoulders on 
concrete pavement perfonnance. Pavement deflections an:l strains were 
measured along tied shoulder joints arrl along free edges at two project 
locations. In addition, a theoretical analysis was perfonned to detennine 
the effect of tied shoulders on concrete pavement response. Study results 
in::ticate that pavement response is in'proved for pavements using a tied 
shoulder as canpared to pavements not using a tied shoulder. It is concluded 
that for application to the AASHIO thickness design procedure, only one-half 
of the design 18-kip (80 kN) FSAL applications need to be considered for 
concrete pavements incorporating a tied concrete shoulder, resulting in a 
reduction of one inch in the required mainline slab thickness. In theory, 
the benefits of shoulders should apply equally to add-on shoulders to extend 
existing pavement life. 

Tayabji, S. D., C. G. Ball, ani P. A. Okam:Jto, "Effect of O::n::rete Sha.tl.ders 
m a:n:::rete Pavement Pe.rfo:r:marre," Transp:,rtaticn Research Record NUDi:>er 
954. 

'Ihis is a study of the three sections on I-90 between Albert I.ea an:l 
Fainoont, Minnesota. 'lhe variables include tied concrete shoulders, widened 
lanes, 8- arrl 9-in (203 an:l 229 nun) slabs, JRCP arrl JPCP, arrl raooom an:l 
mu.form joint spacing. 'lhe objectives of this study were to measure the 
load-irxiuced strains an:l deflections in those pavement sections incorporating 
tied concrete shoulders arrl to detennine the effects of concrete shoulders on 
concrete pavement perfonnance. 

6. PAVEMENI' DESI~ 

Bardcnado, G., G. ColaiiJier, D. Iorx:h:n, ani F. Verhee, "Recent Develq:ments 
in F.rerdl Ccn::rat:e Pavelient Construct:i.cn ani Behavioral A~nt," 
P.roc::eedinJs, '1hird International Conference an Carc:-ete Pavem?nt Design an:l 
Rehabilitaticn, Purdue University, April 1985, w. 237-244. 

Concrete pavement structural design arrl construction techniques have 
u:rrlergone significant an:l sarretiloos innovative develq;:.aoonts since 1975. 
Conventional structures with norrlo;veled slal::s over a lean concrete subbase 
have dem::>nstrated their geed perfonnance. 'lhe structure consisting of thick 
slal::s placed over an untreated porous subbase does not entail any application 
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problems; its perfonnance has fo:rm:rl the subject of many investigations. 'Ihe 
gritting of fresh concrete combined with partial surface baring on projects 
in 1984 may be regarded as an operational technique. Concrete compacting is 
carried out effectively. Corrpleted paverrents are checked regularly to 
evaluate their perfonnance. 

Concrete Roads: Practical Qtlde far TedID:ll.ogy Transfer," Permanent 
Intenlatiaial Association of Road O::nJresses (PI.ARC) , May 1987, 115 w-

'Ihis dcx::urrent includes information to be used by countries wishing to 
determine the suitability of constructing concrete pavements. It summarizes 
current knc:Mled.ge from the countries where concrete pavement technology is 
used, an:i includes sections on: the essentials of concrete paverrent 
technology; the structural an:i thickness design an:i the sensitivity of 
various elements of the technique; an:i the material characteristics an:i 
factors affecting construction. 'Ihe use of cement-treated layers is not 
considered. 

Eisenmann, J., "Features of Old am New Ccn:::ret:e Pavenent structures," 
1981. 

'Ihis article describes current construction practices for concrete pavements 
in West Gennany, an:i shOVJS hCM they evolve from previous practice. '!he basic 
features are widened. lanes, dc,r,.;els in the wheel paths, 5 m (16.4 ft) joint 
spacing, tied shoulders, an:i cement-treated bases. 

"Guide far Design am caistructi.an of Ccn::rete Par.kin:J rots," reported by 
ACI. o:mnittee 330, ACT Materials Jan:nal, ~ 1987, W· 
532-558. 

Infonnation on site investigation, thickness detennina.tion, design of joints 
an:i other details, paving operations, an:i quality assurance procedures during 
construction are discussed, as well as maintenance an:i repair. '!here are 
many similarities between the design an:i construction of concrete slabs for 
parkin:J lots an:i for highways an:i streets. However, there are also 
differences, an:i it is suggested that taking into acx:::ount these differences 
can result in the construction of an econanical an:i serviceable structure. 

Iwama, S. am T. Fukl.Da, "Design Mat.hod am Researdles of Ccn::rete PaveJIBits 
in Japan," sul::mi.tted to the Internatiaial Wcn:kshcp an the 'llleo1:eti.cal Design 
of caict:ete Pava:oont:s, J~ 6-7, 1986, 'llle Netherl.arm 3 19 W· 

'Ihe current nethods used for concrete paveioont design are sunmarized.. 'Ihese 
include the rec03ffition of load stresses an:i the lateral placarent of loads 
on a pavement. 'Ihennal stresses due to curling are also considered. 
Revisions to this design nethod consider the effect of cement stabilized 
bases an:i differences in the lateral distrib.rtion of traffic loadin:Js from 
the original calculations. New flexural fatigue strength equations for 
concrete are presented based. on recent laboratory 'WOrk. It is recommem.ed. 
that further work be done to incorporate the effects of erosion. 
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Jdmscn, T. C., R. L. Berg, E. J. OianiJerlain, arrl D. M. Cole, "Frost Action 
Predictive Tedmiques for Roads arrl Airfields: A carprehensive SUrvey of 
Researol Fin:li.rgs," OOl'jF2\A/IM-85/23 (rnRE[.. Report 86-18), U.S. 001', Federal 
Aviatien Mm:in:istratien, Ta::::eui?P.r 1986, 52 W• 

'lhis doc::unV=nt present 6 years of research on the prediction of 
frost-susceptible soils. 'lhe four principal study areas covered are: 
selection arrl validation of the m::>st effective laboratory i.me.x tests to 
i.rxii.cate the susceptibility of soils to detrimental frost action; the 
developrent of a device for norrlestructive ioonitoring of dlanges in soil 
m::,isture content arrl density during freezing arrl thawing; the iniprovement arrl 
validation of a mathematical model of frost heave that was developed earlier; 
the development of laboratory test methods for characterizing seasonal 
dlanges in the resilient nmulus of a wide variety of granular soils arrl 
validation of those methods by norrlestructive testin;J. 

Ianprecht, H. , arrl A. Vollpradlt, "syrx.ptic Table en starmrds arrl P.ractices 
far OJrx:r:et:e Roads in F.nrq>e, 11 Intematiooal Synpasium en an:ret:e Roads, 
Aadlen, June 2-4, 1986, 20 W• 

stan:lard practices regarding pavement design arrl construction are summarized 
for fifteen European countries. criteria for joints, bases arrl subbases, 
drainage, pavin;J, finishing, arrl curin;J are presented. 

Lister, N. w. , arrl J. ~, ''Ihilosq::.hy arrl Experi.erx:e of F\Jll-scale 
Pavement TestinJ at the Transport aJ'rl Road Reseal:dl I.abaratory I II 'JRRL, 18 
w-
'lhe basic method of paveI0011t design recc:amnerxied by 'lRRL is described. It 
canbines laboratory testing of materials to provide inputs to mathematical 
m:xiels of pavement behavior, arrl full -scale pavement testing urrler controlled 
corrlitions. 

Mayhew, H. C., arrl H. M. IJard.iDI, "'JhicJmess Design of Ccn::rete Roads," 
Researol Report 87, Transport arrl Road Research I.abaratory, 1987, 13 w-

At the time of this report, design Clll.'Ves in use were based on observations 
of ~imental roads prior to 1970. By 1985 these pavements had urxiergone 
considerably m::,re loactin;J. 'lhe perfonnance of 29 nonreinforced arrl 42 
reinforced paveI0011ts were analyzed to establish new design Clll.'Ves. 'lhe 
stJ:uctural perfonnance was assessed arrl pavement life equations were derived 
by multiple regression analysis. Significant factors affectin;J pavement life 
were slab thickness, co~te stren:Jth, arrl foun::1ation support. In 
reinforced pavements, the annmt of steel was also important. It was also 
fo.m:i that a unique relationship existed between design life arrl the ratio of 
cx:n::::rete stren:Jth to load arrl thennal stresses, based on multilayer analysis. 
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Ray, M., "'Ihe Design of a:n::rete Pavale1ts: Ex:i.sti.r)3' Ox:>ices in Fran::e," 
&lllet.in de Ll.aisan des Iaboratoi.res des Pants et Cl1aussees, No. 91, 
Septe!ncer-Oct:, 1977, W• 81-124. 

In France, the pavement design use:i until 1975 was short slabs, without 
d<M'els, restirq on a hydraulic bird.er-treated snbbase. Certain 
irregularities (purrpirq, faultirq) on fairly recent sections irrluced hig:ty ... -a.y 
officials to carcy out in-dept.."'1 action: creation of a 'w'Ork group, ma.jar 
researc.h prcgrams, fact-fi.rrlin; trips abroad arrl exparimental road sections. 
'lllis article describes the primary conclusions of those investigations, as 
well as the procedure follcwe::i durirq the analysis. It was fourrl that urrler 
corrlitions prevailirq in France, the technique without dcwels could be 
regarde::i as a satisfactory t.ecnn.ical arrl economic compromise at the present 
time. HC1tJever, as the old road structures exhibited inadequate drainage a.rd 
a certain sensitivity to subbase erosion, p::,rous concrete in the shoulder ard 
vibrated lean concrete in the subbase waS used. Finally, in:iepm::lently of 
t.."'"le conventional structures, t.."'"le "t.."'"lick slab" structure restirq directly on a 
dra~ or treated sul:grade waS foun::l. to be an interestirq re,; approach. 

sigeru, I., •~ Sb.rlies cn the structural Design of C:cn::rete 
Pavement," Pavaoont laboratory, Public Works Researdl Institute, Min.ishy of 
Ccnst.l:ucticn, Japan, May 1964, 108 W• 

'Ihe results of studies on concrete pavenents from 1955 to 1962 have resulted 
in the proposal of several revisions in the approach to concrete pavement 
design. Includ.e::i in these studies were the calculation of lon;;itud.inal e::ige 
stresses tak.in;r into account actual loading patterns cornbine::i with variations 
in thennal stress. Ne'W fatigue data for concrete was generated arrl should J:::e 
used to design the thickness of concrete pavement. It is suggeste::i that a 
reinforced lorqitudinal edge will increase the life of concrete pavement 
slabs. 

"'Ihickness Design for C:cn::rete Highway arrl street Pavements," Port1.an:l 
Ca:tent Associaticn, 47 W• 

'lllis document diS01SSes thickness design for JR:?, JRCP, arrl CRCP. Special 
factors which are considere::i includ.e: the degree of load transfer at the 
transverse joints; the effect of usirq a concrete shoulder; the effect of 
usirq a lean concrete base; the influences of fatigue arrl erosion; arrl the 
impact of tridem axles on thickness design, especially from the stan:lp:)int of 
erosion. 

Van Breal:en, w., "Olrrent Design of ccn::rete Pavement in New Jersef," 
Highway Researdl Board, Proceed.i.rqs of the 28th AnrJ.Jal Meetin;J, Dea=!ftb:>__r 
1948, W• 77-91. 

'lllis paper disaisses the concrete pavenent design for heavy trucks in New 
Jersey, current at the time of :publication. It includ.es a discussion of 
pavement thickness, slab lerqth arrl width, reinforcirq steel, the dC1tielirq of 
expansion joints, dcwel coatirqs, joint filler, arrl base a:,nstruction. 
Info:anation is given in regard to the perfonnance of certain expansion joints 
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employed in the past. Also di 50.lSSed are the effects of corrosion en d~,.-e2.s 
an::i the theory beh.i.n::1 the inclusion of expansion joints. Traffic data, t.l".e 
results of lead transfer tests on varic:us sizes, shaf:es, and len;t.,..,.s cf 
do,,.rels, ard. the general rer..avior of contraction joint paver..ents a..--e i."1C2.~e::. 

Wimsatt, A. J., B. F. lt,:)11]~, an:i N. H. BJ::rns, "Metlx:ds of Analyzin;} arrl 
Factors Influen:i.rq Fricticnal Effects of Sutb3ses," Pre.l..iminacy ReviE!'.lt" Ccpy, 
Rleseardl Pep:)rt 459-2F, Texas state~ of Highways ani RJblic 
Transp:)rtatic:11, Noveli:er 1987, 158 W• 

several items are rep:,rted in this document. It inclooes: a review cf 
available information relatin:; to the 5111:base frictional effect; e:,q:::eri.-:-.eJ"i::a: 
results of p.ish-off tests on an unbound shell subbase layer un::!erlyirg a..'l 
in.service jointed reinforced concrete pavement in Houston, Texas; res-.:1.-:s cf 
µ.ish-off tests to firrl the effec+-.....s of subbase depth arrl surface tz.r--.:re en 
t.11e frictional res~-..ance of an asphalt concrete paver.ent; results of 
correlatin:; actual crack si:a,cirg values for continuously reinforced ccr.cre':.e 
pavements to values predic+-...ed by the rnCP canp..1ter p~ usirg the s...::::base 
friction information foun:1 from this study; results of estimatin:; si:cl::-ase 
friction usirg the in.:lirect tensile strength testin:; of siilx:iase cores; ard 
~lications of the subbase frictional effect on concrete pave..-r:'12nts. 

7 • PAVD-!ENI' ANAIYSIS 

Eisenmann, J., "Westergaani's 'Iheory for Calculatioo of Traffic stresses." 
uw. 

'Ihis pap:r presents a calculation method for the k-value and the eniin; 
stresses of a three layer system usin:; We.stergaard's for.rulas and Cdemn-k's 
theory of equivalence. In this case, the effect of friction :between t.'1e 
concrete slab and cement-treated base course is of interest s.in:e its use ( i., 
canbination with dcweled joints) is extensive in the Federal Republic of 
Ge.nnany. 

F\lku::ia, T., "Medlanism of stress Dist:r:ib.It.ic:11 in O:::n::I:ete Paval:alts," 
Prco?edirgs of JSCE, No. 242, Cctd:ler 1975, W• 63-72 (in Japanese). 

Fu1o..m, T. , "Influen::e of Load Contact Pa:tterns oo stress Di.st::ril:uti.C in 
a:u.!Iete Pavements," '!be Tedln:llcx;w Reforts of the Tdlcku university, Vol. 
42, No. 1, June 1977, W• 215-227. 

F\lku::ia, T., M. KDyanagawa, ani s. Mn:ai, "a:n:litioo SUrvey of ~l:t:! 
Paveie1ts arxi its Evaluatic:n," Proceed.in:Js, 'Ihird Inte:rnaticnal O::nfe.rerx::e on 
Ccn:!Iete Paverent D?sign, Purdue University, April 1985, W• 519-523. 

Concrete pavements were surveyed in the Tclloku region of Japan arrl the 
era~ patterns were studied us~ multivariate analysis. It was fourd 
that slab width ard. the volume of heavy truck traffic had a large effect en 
the cracJd.n:r pattern. 
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Gregory, J. M., "Analysis of cata frc:m a SUrvey of Unreinforced Ccn::rete 
Roads Built 1970-1979," Materials ~ No. 133, ~ ~, 
Transport arrl Road Research I..aboratmy, 1986, 50 w-

cata were collected during the period fran 1981 to 1983 on 36 nonreinforced 
concrete roads constructed between 1970 ard. 1979. 'lhe extensive data 
includes design, material, ard. construction inputs known to affect the 
stnlctural an:i other perfomance in:iicators of concrete pavements. 
Environmental corrlitions during ard. after paving were impossible to acquire. 
A total of 19 conclusions are presented frcm the results of the analysis of 
variance. 

KraE!1Er, c. , "An OVerview of the Eu:rcpean Practice with Ccn::rete Pavements," 
~' 'lhird International Confet"el'D:! on Can:::rete PcNe!l:l:Ent D::!sign ard. 
Rehabilitation, Purdue University, April 1985, W• 15-21. 

'Ihe scope of this paper is to give a general picture of Euroi;:,ean practice 
with concrete pavements, particularly regarding the design, perfonnance, and 
rehabilitation of highway pavements. 'lhe main sources used are the National 
Reports submitted to the 17th PI.ARC World Road Congress held in sydney, 
Australia, in October, 1983; the conclusions of the Congress; an:i the Report 
of the PI.ARC Technical Committee on Concrete Roads, which deals with a series 
of subjects, han:iled on an international basis. Emphasis is placed on the 
latest trends in the field. A wide rcll'Be of subjects is considered within 
the objectives of the Conference. 

M.Irai, S. arrl T. Fuklm, "stress Ccliprt:ation of Multi-layered PcNe!l:l:Ent 
structures," '1he 'I'edm:>logy Reports of the Tdloku University, Vol. 49, No. 2, 
I'8::8'li:er 1984, w- 163-173. 

Ray, M., "A Eu:rcpean Synthesis en Drainage, Sul:base Eroiibility, arrl I.oad 
Transfer in ccn::rete Pavements," Proceedin:Js, Secarrl International Conference 
on ca-ci:ete Pavement D::!sign. Riroue University, April 1981, W• 27-39. 

European research arrl field practice fran 1977 to 1981 are described as 
co:rx::erns load transfer (at contraction joints of nonreinforced short slab 
pavements), drainage of slab-subbase contact, arrl sllbbase arrl shoulder 
e.rodibility. For norrloweled pavemmts, new developments leadin3' to better 
load-transfer efficiency concern mainly the reduction in slab length, the 
extra slab width beyorrl shoulder line, the reduction in hydraulic arrl thernal 
shrinkage, arrl the increase in coarse aggregate diruooter. For doweled 
pavements, new developments concern the reduction in the number of dowels, 
anticorrosion arrl slipping devices, placercent accuracy arrl vibration 
placement equipnent. Water problems encn.mtered in Europe for pavemmts with 
an:i without dc:Mels are presented; the new draining cross sections in each 
camtry are described together with iooasurements characterizing their 
efficiency. Recent theoretical an:i practical research results on pumping 
hydrodynamics arrl sllli:);:lse e.rodibility are presented. 
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Tia, M., J. M. ADnaghani, et. al., "Feao:11s m Ccliprt:.er Pttgram for an 
Analysis of Jointed O:n::rete Paveoonts," Paper sutmitted for CCl'lSideratian 
for :p.lblicatian in Transportatian Researdl Record, 1987, 35 W· 

'lll..is paper descril::es the corrputer prcx;;ram FEACDNS III (finite ,Pement 
bnalysis of mNcrete ~labs). It was developed to provide a suitable 
analytical m:x:lel to analyze the behavior of concrete pavements effectively 
and realistically. 'Ihe program has :been used extensively in the analysis of 
existing concrete pavements and a test road in Florida. 'Ihe analytical m:xiel 
and carputational procedure used by the program are described and the 
analytical results from the program are a:nparect to the actual ireasured 
results for a few cases. 'Ihe program was shown to be both versatile and 
effective in the analysis of concrete pavement performance. 

Y'ttel::Derg, R. F., "Shrinkage ani Olrln-g of Slal:s an Grade, Part II-warping 
ani OirlIDJ" Corx::rete International, May 1987, W• 54-61. 

'llle author discusses the occurrence of warping an::i curling stresses in slabs 
on grade. Various historical approaches are discussed an::i special attention 
is given to the cala.llation of critical slab length and the differences 
between m:x:lern approaches and Westergaard' s research. While m:ist of the 
research is related to enclosed i.n:iustrial floor slabs on grade, the author 
feels that it also relates to pavement slabs on grade. It is suggested that 
lon;;er joint spacing reduces the rn.nnber of curled or warped slab en3s an::i 
that increased slab thickness at the slab errls (based on cantilever design) 
may reduce crackirq of these slabs. It is also noted that several slab on 
grade design metha::ls (WRI, mE, FCA) allow for reduced thickness of slabs as 
the suJ:grade no:lulus increases, but that the stresses increase in the slab 
and cause increased cracki.n;J. 

8. LIFE CTCIE crsIS 

Jurg, F. W. , "M::xiel..irg of Life-Cycle Costs of Paveneit Rehabilitati.an," 
Transportation Researdl Record, NuDiler 1060, 1986, w 1-8. 

'llle rehabilitation of pavements can be regarded as a cycle of gradual 
depreciation am subsequent replacement of the capital invested in the 
pavement layers of roads. A fo:nn for the life cycle lergth function is 
derived am di solSSed. Ontario 1984 costs are used to give an example of 
annualized costs. An approach to sidestepping the issue of salvage value is 
described. 

Vyce, J. M. , "A Life-Cycle o=st .Analysis for 1\splal.t ani an:::ret.e 
Pavements," Special Report 82, New Yarlc state Department of Transpartatim, 
Febcuazy 1985, 40 W• 

Data t.¥ere reviewed on pavement life, the tilnin;J am extent of both routine 
an:i contract maintenance, an:i the costs incurred in these operations to 
carplete a cx:mprehensive life-cycle cost analysis for asphalt and concrete 
pavements. '!he infonnation is to be used to determine whether asphalt or 
corx:rete should oe·used in new construction. 
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9. 'WEIGH-IN-IDI'IW 

Clri.ra-<llaval.a, T., D. A. Maxwell, am. H. S. Nassiri, "Weigh-in-Motian 
sanpliDJ Plan far Truck-weight r::ata in Texas: Method am. Plan Devel.q:mmt, 11 

Transportation Researd1 Record Nunbar 1060, 1986, R>• 105-111. 

'Ihis paper describes a plan for Texas to collect truck weight data using WIM 
equi:pnent. 'Ihe m=thcdology used is doet.nnented alon;J with the actual 
developnent of the plan, which is based on a probability sampling framework 
ail.red at capturing maximum variability of truck weights arrl types within the 
state. It is suggested that this m=thod can be applied to any State, region, 
or district with minimal or no nmification. 

CLinagin, W. D. , "Use of Weigh-i.n--M'.lt.ian systems far r::ata Collection am. 
Enfaroenart:, II NrnRP Synthesis 124 f Transpartatian Research Board, National 
Research Colrx=il., SepteuiJe.r 1986, 34 R>• 

'Ihe development of Weigh-in-Motion (WIM) equipment, WIM data needs arrl uses, 
WIM data requirements, arrl current programs arrl research relating to WIM are 
discussed. Infornation on currently available WIM equipment arrl the States' 
experiences with that equipnent are also presented. 

CUnagin, w. D., •~ Traffic r::ata Collectian Procedures far the 
strategic Highway Research Pn.xp:am lJ:n:J-'l'el:m Pavement Performarx:!e Sb:Jdies," 
Draft Report Prepared far SHRP, Mardi 1988, 33 R>• 

'Ihe inp)rtance of reliable arrl accurate traffic data to the success of the 
strategic Highway Research Program (SHRP) studies is a prilnary concern. 'lhis 
paper discusses the nost efficient m=ans of obtaining past traffic 
infonnation arrl also rec:x:muoon:1s ways to m:>nitor the traffic on the test 
sections in the future. 'Ihe role that Weigh-in-Motion (WIM) will play in the 
studies is also discussed. 

CUnagin, W. D., A. B. Gz:ul::b;, Jr., am. N. A. Ayam, "R>rtable Sensors am. 
~ far Traffic r::ata Collectian, 11 Transportation Research Record Nuni)er 

1060, 1986, R>- 127-139. 

'Ihis study evaluates portable traffic sensor alternatives with respect to 
their technical effectiveness, the probability of user acceptance, arrl their 
cost. 'Ihe types arrl am::>Ullts of traffic data nornally collected were used to 
detennine perfonnance requirements for portable sensors arrl data collection 
equi:pnent. 

Huft, D. L. , "'Ihe sart:h D:lkcta BridJe Weigh-in-Motian System, 11 

'l'ral§m:Ldtion Research Record Nunbar 1060, 1986, R>• 111-120. 

'Ihe developnent of the south r:akota Department of Transportation's system to 
collect truck weight infonnation using WIM data is described. South Dakota 
acquired the equiµnent, developed software, arrl pennanently instrumented two 
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bridges in 1983. As of 1985, eighteen bridge WIM sites were bein;J used to 
corrluct the State's Truck Weight Study on interstate, main rural, secorrlary, 
am urban highways. 

"Seccni Na.tiaial Weigh-.in-it:rt:icn caueren::e, Vols. I am II," Georgia 
~ of Transport:aticn, Atlanta, Georgia, May 20-24, 1985. 

'Ihe proceedings frcm this conference include info:nnation on the design 
awlications for WIM, Systems Applications, state experiences with WIM, and 
an upjate on the current status of WIM research projects. 
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