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FOREWORD 

T h i s  r e p o r t  i s  one volume o f  a four-volume s e t  p resen t i ng  the r e s u l t s  o f  a 
research study t o  develop improved e v a l u a t i o n  procedures and r e h a b i l i t a t i o n  
techniques f o r  concrete pavements. Each r e p o r t  i n c l u d e s  the  Tab le  o f  Contents  
f o r  a11 f o u r  v o l u m s .  E i g h t  r e h a b i l i t a t i o n  techniques were se lec ted  f o r  
d e t a i l e d  i n v e s t i g a t i o n  by f i e l d  i n s p e c t i o n  and a n a l y t i c a l  study. These e i g h t  
techniques a r e  diamond g r i nd ing ,  l o a d  t r a n s f e r  r e s t o r a t i o n ,  edge support, 
f u l l  -depth r e p a i r ,  p a r t i a l  -depth r e p a i r ,  bonded concrete over lays,  unbonded 
concrete over lays,  and crack-and-seat w i t h  AC over lay .  Based on a n a l y s i s  o f  
the f i e l d  data, a s e r i e s  o f  d i s t r e s s  rnodels were developed t o  p r e d i c t  the 
performance o f  the var ious  rehab i  l i t a  t i o n  techniques under a v a r i e t y  o f  
cond i t i ons .  These models and o t h e r  i n fo rma t i on  were then used t o  develop a 
comprehensive p r o t o t y p e  systein f o r  j o i n t e d  p l a i n ,  j o i n t e d  r e i n f o r c e d ,  and 
con t inuous ly  r e i n f o r c e d  pavement e v a l u a t i o n  and r e h a b i l i t a t i o n .  

T h i s  r e p o r t  w i l l  be o f  i n t e r e s t  t o  engineers i n v o l v e d  i n  p lann ing ,  des ign ing,  
o r  per fo rming  r e h a b i l  i t a t i o n  o f  concre te  pavements. 

S u f f i c i e n t  copies o f  t h i s  r e p o r t  a r e  be ing  d i s t r i b u t e d  by FHWA memorandum t o  
p rov ide  one copy t o  each FHWA Region and D i v i s i o n  and two copies t o  each S t a t e  
highway agency, D i r e c t  d i s t r i b u t i o n  i s  be ing  made t o  the d i v i s i o n  o f f i c e s .  
A d d i t i o n a l  copies f o r  the  p u b l i c  a r e  a v a i l a b l e  f rom the  Na t i ona l  Techn ica l  
I nforrnat i  on Serv ice ( N T I S  1, U. S. Department of Commerce, 5285 P o r t  Royal Road, 
S p r i n g f i e l d ,  V i r g i n i a  22161. 

D i r e c t o r ,  O f f i c e  o f  Eng ineer ing  
and Highway Operat ions 
Research and Development 

NOTICE 

Th i s  document i s  d isseminated under the  sponsorship o f  the Department of 
T ranspo r ta t i on  i n  the i n t e r e s t  o f  i n f o r m a t i o n  exchange. The U n i t e d  S ta tes  
Government assumes no l i a b i l i t y  f o r  i t s  con ten ts  o r  use thereof .  The con ten ts  
o f  t h i s  r e p o r t  r e f l e c t  the  views of  the con t rac to r ,  who i s  r espons ib l e  f o r  the 
accuracy o f  t he  data presented here in .  The con ten ts  do n o t  n e c e s s a r i l y  r e f l e c t  
the o f f i c i a l  p o l i c y  o f  the Department of  T ranspor ta t ion .  T h i s  r e p o r t  does n o t  
c o n s t i t u t e  a standard, s p e c i f i c a t i o n ,  o r  r e g u l a t i o n .  

The Uni t e d  S ta tes  Government does n o t  endorse p roduc ts  o r  manufacturers.  Trade 
o r  m a n u f a c t u r e r s h a m e s  appear he re in  on l y  because they a re  cons idered e s s e n t i a l  
t o  the o b j e c t  o f  t h i s  document. 
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APPROXIMATE CONVERSIONS TO SI UNITS 111 APPROXIMATE CONVERSIONS FROM SI UNITS 
I I 

Symbol When You Know Multiply By To Find Symbol Symbol When You Know Multiply By To Find Symbol 

LENGTH 111 LENGTH 
in inches 25.4 millimetres mm mm millimetres 0.039 inches in 
ft feet 0.305 metres m m metres 3.28 feet ft 
~d y ads 0.914 metres m m metres 1.09 yards 

kilometres km 0.621 
Yd 

mi miles 1.61 km kilometres miles mi 

AREA 
i+ square inches 645.2 millimetres squared m d  
fi2 square feet 0.093 metres squared m2 

Y@ square yards 0.836 metres squared m2 
ac acres 0.405 hectares ha 
m i2 square miles 2.59 kilometres squared kmz 

VOLUME 
fl oz fluid ounces 29.57 millilitres mC 
gal gallons 3.785 lires L 
ft3 cubic feet 0.028 metres cubed m3 

yd3 cubic yards 0.765 metres cubed m3 

NQf E. Volumes greater than 1000 L shall be shown in m3. 

MASS 
OZ ounces 28.35 grams g 
Ib pounds 0.454 kilograms kg 
f short tons (2000 Ib) 0.907 megagrams M!J 

TEMPERATURE (exact) 
"F Fahrenheit 5(F-32)/9 Celcius "C 

temperature temperature 

AREA 
mm2 millimetres squared 0.0016 square inches it-? 
m2 metres squared 1 0.764 square feet fF 
ha hectares 2.47 acres ac 

k d  kilometres squared 0.386 square miles mi2 

VOLUME 
mL millilitres 0.034 fluid ounces fl oz 
L [ires 0.264 gallons gal 

m3 metres cubed 35.31 5 cubic feet ft 3 

m3 metres cubed 1.308 cubic yards yd3 

MASS 
9 grams 0.035 ounces oz 
k!3 kilograms 2.205 pounds lb 
M9 megagrams 1.102 short tons (2000 Ib) T 

TEMPERATURE (exact) 
"C Celcius 1 . K  + 32 Fahrenheit " F 

temperature temperature 

1 $I is the symbol for the International System of Measurement (Revised April 1989) 
1 
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INTRODUCTION 

1.0 STUDY O'PBJEam 

The overall objective of this study was to develop improved evaluation 
procedures and rehabilitation techniques for concrete pavements. This objective was 
accomplished through extensive field, laboratory and analytical studies that have 
provided new knowledge and understanding of the performance of rehabaitated 
concrete pavements. New and unique evaluation and rehabilitation procedures and 
techniques were developed that will be very useful to practicing pavement engineers. 

This final report, presented in four volumes, documents all of the results 
developed under the contract, "Determination of Rehabilitation Methods For Rigid 
Pavements", conducted for the Federal Highway Administration (FHWA). This volume 
documents the results of the study on Repair Rehabilitation Techniques. 

1.1 HELD STUDIES 

The field studies involved a large and extensive field survey of 361 
rehabilitation sections of jointed plain and reinforced concrete pavement. These 
sections were located in 24 States as shown in figure 1 and table 1. Eight 
rehabilitation techniques were selected for detailed study: 

Diamond grinding. 
Load transfer restoration. 
Edge support. 
Full-depth repair. 
Partial-depth repair. 
Bonded concrete overlays. 
Unbonded concrete overlays. 
Crack and seat and AC overlay. 

The extent sf the pavement surveys is more fully summarized in table 2, which 
shows the number of database records and the contexts of each record for each of the 
rehabilitation techniques. Considering full-depth repairs for ex 
96 difkrent projects located in 22 States, these consisted of 233 
designs, for a total of 2881 actual full-depth repairs surveyed. 

There w s e  five basic data types that were deemed necessary for the development 
of performance prediction models and the development and improvement of design and 
construction procedures. These include: 

ab Field condition data. 

e Original pavement structural design, in situ conditions, and historical 
imprsvemcnt data. 

ea Rehabiliitation design data. 

ee Historical traffic volumes, vehicle classifications and accumulated 18-kip [80 
kN] equivalent single-de loadings. 

s Environmental data. 





Table 1. Breakdown 05 r e h a b i l i t a t i o n  techniques by S ta te .  

STATE FDR PUR DGD LTR CAS UNBQL BQL ES TOTAL 

Arizona 
Arkansas 
Cal i fornia  
Colorado 
Florida 
Georgia 
I l l i n o i s  
Iowa 
Kentucky 
Louisiana 
Michigan 
Elinnesota 
Nebraska 
New York 
Ohio 
Oklahoma 
Pennsylvania 
South Carolina 
South Dakota 
Texas 
Virginia 
West Virginia  
Wisconsin 
Wyoming 

Total 

NOTE: FDR 
PDR 
DGD 
LTR 
CAS 
UNBOL 
BOL 
E S 

= fu l l -dep th  repa i r  - par t i a l -dep th  repa i r  - diamond grinding 
= load t r a n s f e r  r e s t o r a t i o n  - crack and s e a t  and AC overlay 
= unbonded con:rete overlay - bonded concrete overlay - edge support ( t i e d  PCC shoulder o r  edge beam) 

* Represents the  number of d i f f e r e n t  uniform sec t ions  i n  
the database. I n  add i t ion ,  there  a r e  t y p i c a l l y  two 
r e p l i c a t e  sample u n i t s  f o r  each d i f f e r e n t  design. 



Table 2. Summary of monitoring and design data for 
each rehabilitation technique. 

DATABASE TYPE: MONITORING DATA 

DATABASE CONTENTS OF EACH RECORD NUMBER OF RECORDS 

FULL-DEPTH REPAIR 

PARTIAL-DEPTH REPAIR 

DIAMOND GRINDING 

CRACK AND SEAT 

BONDED OVERLAYS 

UNBONDED OVERLAYS 

EDGE SUPPORT 

LOAD TRANSFER REST. 

INDIVIDUAL PATCH DISTRESSES 

INDIVIDUAL PATCH DISTRESSES 

SAMPLE UNIT DISTRESSES 

SAMPLE UNIT DISTRESSES 

SAMPLE UNIT DISTRESSES 

SAMPLE UNIT DISTRESSES 

SAMPLE UNIT DISTRESSES 

INDIVIDUAL JOINT AND CRACK DISTRESSES 

DATABASE TYPE: DESIGN DATA 

DATABASE CONTENTS OF EACH RECORD NUMBER OF RECORDS 

FULL-DEPTH REPAIR INDIVIDUAL PATCH DESIGN 

PARTIAL-DEPTH REPAIR INDIVIDUAL PATCH DESIGN 

DIAMOND GRINDING GRINDING TECHNIQUE DESIGN 

CRACK AND SEAT CKACK AND SEAT DESIGN 

BONDED OVERLAYS OVERLAY DESIGN 

UNBONDED OVERLAYS OVERLAY DESIGN 

EDGE SUPPORT SHOULDER/EDGE BEAM DESIGN 

LOAD TRANSFER REST. LOAD TRANSFER DESIGN 

ORIGINAL PAVEMENT ORIGINAL PAVEMENT DESIGN 

TRAFFIC ADT & ADTT AND ESAL 

ENVIRONMENT MOISTURE AND TEMP 



The data sources and collection procedures used in this research study are 
described below. 

1.1.1 Field Condition Surveys 
A standard field condition survey was performed on each project or uniform 

section. The procedures used in the collection of condition data closely follow 
those described in NCHRP Project 1-19 (COPES) study f ~ r  field data collection.(l) 
The distress identification manual developed for the COPES study was used as a 
standard for the identification and measurement of distresses and their severity 
levels. 

The term "uniform section" was defined in the GQPES study as a section of 
pavement with "uniform characteristics along its length including structural design, 
joint desi n and spacing, reinforcement, truck traffic, subgrade conditions, and 
distress". I 3) To properly incorporate rehabilitation technique variation (e.g., 
different full-depth repair designs, different overlay thicknesses, etc.) into the 
uniform section concept, it was necessary to expand the definition of a uniform 
section to include uniformity of rehabilitation design. 

Preliminam Work 
The first step in project selection was to contact State department of 

transportation personnel to determine their interest in participating in the study. 
Project description forms were then sent to those States who were interested and 
willing to participate. The State personnel then selected representative 
rehabilitation projects that included one or more of the eight techniques, and 
filled out a project description form for each section. 

The project description forms from all over the country were reviewed, any 
inappropriate sections excluded (where one or more of the eight rehabilitation 
techniques were not included for example), and detailed data collection forms were 
sent to the State for the selected projects in their State. Upon completion of 
these data collection forms, data entry into the database was begun. If important 
data items were missing, an additional written request was sent to the State for 
this information. In some cases, this information was retrieved in person. 

The beginning and ending markers (stations, mileposts, landmarks) of the project 
were determined as best as possible in the office by verbal communication with State 
department of transportation personnel, prior to the commencement of surveying 
procedures. These steps ensured that any changes in uniform section pertaining to 
variations in the design of the original pavement or rehabilitation design would not 
be overlooked. 

Field Work 
After the wreliminaw identification of the uniform sections to be surveved. the 

J ' 

following pro&ddures were used in the field data collection process. 

0 A two-person trained survey crew made at least one pass over the project areas 
at the posted speed. Durin the pass, changes in the pavement condition, in 
situ foundation conditions fcut/fill) and drainage were noted. This pass was 
used to determine whether one or more uniform sections were necessary on the 
basis of pavement distress, grade or drainage variation. 



IB The uniform sections were surveyed by representative sampling. Usually two 
1000-ft 1305 rn] sample units were surveyed er uniform section. Sections of 
considerable length (greater than ten miles r16.1 km]), received a third sample 
to ensure reasonable coverage. The location of the sample units was selected 
randomly; however, sample units were selected such that grade conditions 
(cutlfill) along their lengths were as uniform as possible. Also, in 
consideration of the fact that a project or sample unit might require additional 
evaluation at some future date, many of the sample units were located at 
milepost markers for easier future identification. 

e A very comprehensive distress survey was conducted along each sample unit. The 
condition of both lanes was measured where traffic or other conditions did not 
pose a serious safety hazard to the survey crew. The outer lane survey was 
conducted from the outer shoulder of the pavement and, likewise, the inner lane 
survey was conducted from the inner shoulder. Measurements of faulting and 
joint widths were taken 1 foot [0.3 m] from the BCC slab lane edge. Also, 
photographs of the pavement, general topography and other distresses were 
recorded. 

o The presence of subsurface drainage and the condition of subsurface drainage 
facilities were noted. 

1.1.2 Qriginal Pavement and Rehabilitation Design Factors 
For the collection of this data, the as-built original construction and 

rehabilitation construction plans, as well as special provisions for the 
rehabilitation projects, were obtained for each project. Much of the required data 
was obtained from these records; however, consultation with State department of 
transportation personnel was also necessary to collect additional information. 
Finally, data from other sources such as published reports were also used. 

A detailed listing of the variables collected under this stud pertaining to 

included in volume IV, 
f' original pavement and rehabilitation design and rehabilitation ield monitoring is 

1.1.3 Tramc Data 
Values for the average annual daily traffic and percent heavy commercial truck 

traffic were also collected from the State department of transportation records. 
Historical information was collected where the data was available; however, in some 
instances only current traffic levels were obtained. For the determination of the 
number of equivalent 18-kip 80 kN] single-axle loadings (ESAts) accumuiated on each I project, FHWA W-4 truck ax e load distribution data were utilized to compute the 
truck factors over the life of the pavements. The number of accumulated axle loads 
from the time of original pavement construction until the time each rehabilitation 
technique was applied, and from then until the time of survey, was calculated for 
each project. 

1.1.4 Environmental Data 
The average monthly precipitation and average daily minimum, maximum and mean 

temperatures were taken from National Oceanic and Atmospheric Administration data. 
The nearest weather station was assumed to be representative of the conditions at 
the project site. The mean Freezing Index was interpolated from the contour map 
developed by the Corps of En ineers for the continental United States.(3) The 
climatic zone as class~fied by 8 arpenter was also determined far each site.(3) 



1.2 LABORATORY STUDIES 

Laboratory studies included the first cnmprehensive testing of dowel anchoring 
procedures and designs. Full-scale repeated shear loading of dowels was conducted 
for up to one million load repetitions using slabs cut from 1-70 in Illinois. Many 
different design, material and construction variables were considered in a factorial 
type experimental design. 

1.3 ANALYTICAL STUDIES 

Analytical studies were accomplished primarily to develop prediction models for 
rehabilitated pavement deterioration so that the service ]life of different 
rehabilitation techniques could be estimated. Twelve distress models were developed 
including reflective cracking, faulting, rutting, and serviceability for most sf the 
above rehabilitation techniques. These models were incorporatcd into the evaluation 
and rehabilitation system. 

1.4 EVALUATION AND mMAB%EHTK~LON SYSTEM 

A comprehensive concrete pavernent evaliiration and rehabilitation system was 
developed for jointed plain, jointed reinforced and continuously reinforced concrete 
pavements. This system is intended to assist the design engineer in the following 
rehabilitation project design activities: 

Project data collectlan. 
Evaluation of resent condition. 
Prediction of ? uture condition without rehabilitation. 
Ph sical testing recommendations. Y Se ection of feasible rehabilitation approaches. 
Development of detailed rehabilitatron recommendations. 
Prediction of performance of the rehabilitation strategy. 
Cost analysis and selection of the preferred rehabilitation alternative. 

The results of this researelia are pubhisl~ed in four volumes: 

I) Volume I Repair Rehabilitation Techniques 

e Volume I1 Qverlay Rehabilitation 'rechniques 

cb Volume IT1 Concrete Pavement E~gralkaatis~e~~abilitation System 

cb Volume IV Ftppendhes 

Each of these volumes are stand-alone volumes that present the data, analyses 
and conclusions for each of the rehabilitation techniques an198 the evaluation and 
rehabilitation system. 



QND GRINDING 

Diamond grinding of jointed partland cement concrete (FCC) pavements has been 
part of errperimental and routir~e restoration work since 1965.(110,11,12) The first 
major project ground iar  at year was recently reground to restore rideability. 
Within about the last 10 years, diarnond grinding work has increased greatly. The 
capabilities of diamond grinding equipment has also increased greatly during this 
time period.( 10) 

To date there has been no lrationwide documentation of the performance of diamond 
grinding. Several specifications exist for diamond grinding and the technique has 
proven very effective in several States. It has been very effective in the removal 
of faultir~g and surface wear. However, the overall effectiveness of the technique 
in terms of eaending pavement life has not been determined and verified through 
field perfomance throughnut the country. 

All available referen=s were reviewed for diamond grinding of j~ in ted  concrete 
pavements. Some new publications are available that have added cansiderabIe 
howledge to the design, construction and performance of diamond 
grinding.(%,3,5,6,1O,B2,15) 

The devcIopment s f  an extensive database containing information on the original 
pavement design, traffic, environmental conditions and performance of diamond 
grinding was required to determine the efkctivelaess of grinding. The database was 
developed in order to allo~7 analysis to include the consideration of many factors 
which might affect performance. 

To obtain all of the necessaq database elements the following methods and 
sources were utilized: 

~s Extensive field ssrweys inlduding mapping of cracks, physical measurements and 
subjective ratings were conducted on each project to document the current 
condition of the ground pavement. 

The desi of the orighal pavement stmctrnre was determined from "as-built" r plans an v e ~ b d  almmrsnieation with State DOT personnel. 

o Envirommet~tal data were taken f om historical documentation sf  temperature and 
predpitatian by the National Oceanic and Atmospheric Administration. 

Traffic estimates: indamding average daily traffic and percent commercial 
trucks, were obtained from the State DOT'S. For the ca%cuIation of accumulated 
axle loads on each project, Federal EIlighway Administration historical W-4 tables 
on axle load distributions for respective States and pavexanent classifications 
were lased. 

Physical test data were not collected. This data would have greatly increased 
the ability to analyze and interpret the pavement deterioration identified from 
visual surveys. Tke most xasefiil tests would include heavy load deflection testing 
and coring (plus laboratorgr testing). kin understanding of the physical properties 
of the pavement layers, loss of support, load transfer and gradations (of the base) 
would have made it gassibIc $0 conduct structural, material and drainability 
evaluations, 

8 



2.1 DATABASE AND DATA COLLECTION 

A total of 76 diamond grinding sections obtained from 19 different States were 
included in the database. Bvo sample units having a ien th of about 1008 ft [305 m] 
were obtained from each of the sections where possible 14 sample units total). 
The projects included in the database represent many of the diamond grinding 
projects constructed after 1976 when this type of work began in earnest throughout 
the country. These pavements were field sumeyed between June 1985 and July 1986. 
Figure 2 shows the general location of the diamond grinding projects. A fair 
distribution exists in the different geographic and climatic zones. 

A detailed description of the field and office data collection procedures is 
given in volume IV. There were five basic data types that were necessary for the 
development of life rediction models and for analysis aimed towards the developnierrt 
and improvement s ! design and construction procedures. These include: 

e Field condition data. 

0 Original pavement structural design, and historical improvement data. 

e Rehabilitation design factors. 

r, Historical traffic volumes and dassificatisns, W-4 load concrete tables and the 
ealculatian of accumulated 18-kip [80 kW) equivalent single axle loadings. 

e Environmental data. 

A corn lete list of all of the variables considered in the field surveys is given 
in table 3. &e design variables for the original pavement which are contained in 
the database are given in table 4. 

The database is comprehensive, containing as many projects as were available or 
could be included within available resources. This was done to provide a wide range 
of data to facilitate regression analysis for the development of performance models. 

Figures 3 and 4 give the a e and accumulated 18-kip /80 M] equivalent single 
axle load (ESAL) distribution $ince grinding). The age distribution indicates the 
relative newness of the pinding technique wlth a mean of 4 yean and a range of 1 
to 9 years. The EBAL distributron (after grinding) shows a mean of 2 million and a 
range of 0.22 to 7.81 million in the outside traffic lane. 

The physial design of the pavements axe summarized as foliows: 

Pavement type: 39 JRCP, 75 JPCP 
Slab thickness: 7 to 12 in 17.8 to 30.5 cm] 
Joint spacing: 15 to 1180 I t 
Base type: 54 percent granular and 46 percent stabilized 
Load transfer: 38 percent doweled and 62 percent undoweled 
Shoulder type: 95 percent AC, 5 percent tied PCC 
Subdrainage: 82 percent none and 18 percent edge drains 

Subgrade and climate factors show the fo'sllowing ranges: 





T a b l e  3. Pavement c o n d i t i o n  v a r i a b l e s  c o l l e c t e d  i n  t h e  f i e l d  surveys.  

FIELD DATO VARIABLES: 

Genera 1 : 

m Sample Unit. 

0 Foundation o f  Sample Unit. 

m Conditron of Drainage Ditches. 

a Subsurface Drainage Present and Functional. 

e Number o f  Transverse Joints in the Sample Unit. 

Slab Distress Variables: 

a Transverse Cracking. 

0 Transverse "D" Cracking. 

m Longitudinal Cracking. 

Longitudinal "DM Cracking. 

e Longitudinal J o i n t  Spalling. 

0 Scaling, Crazing, Map Cracking, Shrinkage Cracking. 

Joint Distress Summary: 

e Spalling Transverse Joint. 

a Corner Spalling. 

0 Pumping. 

0 Mean Faulting aver Sample Unit. 

e Mean Joint Width ave r  Sample Unit. 

Corner Breaks. 

"D" Cracking Along Joint. 

e Reactive Aggregate Distress, 

Sealant Conditions. 

m Incornpressibles in Joint. 



Table 4 .  Original pavement cons t ruc t ion  and d e s i g n  variables. 

Genera 1 : 

0 Identification Nutnber (Highway t t ,  Wilepost Direct ion)< 

e Beginning & Ending Mile Marlter ( S t a t i o n ) .  

0 Number o f  Through Lanes. 

r Type of Original Pavement ( J P C P ,  JRCP). 

0 Layer Descriptions, Thicknessess Material Types, 

I 0 Date o f  Original Pavement Construction, 

I Dates and Description of Majar Pavement Improvernrntrj, 

Joints and Reinfarcinv 

I Average C o n t r a c t i o n  J o i n t  Spacing. 

0 Skewness of Joints. 

a Expansion Joint S p a c i n g .  

e Transverse Contraction Joint Load Transfer System. 

0 Dowel Diameter. 

e Type of Slab Reinforcing. 

e Longitudinal Bar/Wire Diameter. 

a Longitudinal Bar/Wirme Spacing. 

Subqrade, Shoulder and D r a i v a q e :  

r Type of Subgrade S o i l  (Fine Graineds C O ~ I - S P  Grained). 

I 0 Outer Shoulder Surface Type. 

e Original Subsurface D r a i n a g e  Type. 

I 0 Original Subsurface D r a i n a g e  L o c a t i o n .  



AGE D STRIBUTION 
Diamond Grinding Sections 

PERCENT SECTIONS 

3-4 5-6 7-8 

AGE, years 

F i g u r e  3 .  Age d i s t r i b u t i o n  f o r  diamond g r i n d i n g  s e c t i o n s .  



ESAL DISTRIBUTION 
Diamond Grinding Sections 

PERCENT SECTIONS 
- 

I 

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 

ESAL, millions 

F i g u r e  4 .  ESAL distribution for diamond grinding sections. 



Subgrade soil type: 53 percent fine grained, 47 percent coarse 
Annual precipitation: 9 to 61 in [23 to 155 cm] 
Mean Freezing Index: 0 to 1750-degree days below freezing 

2.2 FIELD P E R F O m C E  AND EVALUATION 

Diamond grinding greatly improves the rideability of the pavement through 
removing faulting. Diamond grindlng also increases the friction resistance of the 
surface immediately after grinding.('7,8,10,15) 

An evaluation of distresses which may impede the structural capacity, 
rideability and friction resistance of the ground pavements is presented below. 

The distresses that have been identified which may directIy affect the 
structural integrity of the ground pavement are transverse and longitudinal 
cracking, corner breaks, joint spalling, joint faulting, pumping and "DM cracking. 
Rideability is affected by most of the aforementioned distresses. Friction 
resistance is decreased by the wear and polish of the surface texture. Table 5 
gives a summary of the mean and range of major distresses, normalized to a per-mile 
basis of the outer lane, measured for the diamond grinding sections. 

The severity levels employed in describing distresses are those defined in NCHRP 
Project 1-19 (COPES) distress manual.(l) For example, low severity cracking 
describes hairline cracking, medium severity describes working cracks and high 
severity a badly spalled and faulted crack needing immediate repair. 

2.2.1 Transverse Cracking 
Transverse deteriorated cracks on jointed concrete pavements are largely caused 

by a combination of traffic loading fatigue damage and thermal curling stresses. In 
addition for JRCP, a contributing factor may be a lock up of transverse joints from 
corrosion or misalignment of dowels. The distribution of deteriorated transverse 
cracks (medium and high severity) in the truck lane for ground pavements is shown in 
figure 5. Forty-three percent of all uniform sections contained no deteriorated 
transverse cracking, while 21 percent contained over 825 ft per mile [I56 m per km] 
of deteriorated cracks. A serlous level of cracking, where pavement rehabilitation 
is needed, is approximately 825 ft per mile [I 56 mn er km] (this value was 
determined as the average of all projects in the N &' HRP 1-19 database that had a 
present serviceability index less than 3.0). This amount can be conceived as a 
working crack every 77 ft [23.5 m] for JRCB that is spalled and faulted (or a 
working crackin in about 50 percent of the slabs if joint spacing was 40 ft [12.2 
m]) and about 1 4 percent cracked slabs for JPCP. 

A substantial proportion of the sections had a large amount of cracking at the 
time of survey after grinding (21 percent, or about 1 out of 5 sections). There is 
no way to determine if the cracking existed at the time of grinding, and was not 
repaired, or whether it developed after grinding. Existing detcrioratcd cracks 
would lead to shortening the llfe of restoration (where the average age is 4 years 
and 2 million ESm). 

From this information, it is concluded that about one out of four sections had a 
significant amount of cracking which leads to the conclusion that these sections 
were probably structurally inadequate before grindingand should of been overlayed 
or reconstructed, instead of restored with no structural improvement. 



Table 5. Summary of distress ty es identified for diamond grinding projects 
(outer traffic lane only)). 

Distres -- 

Transverse Cracking Medium and 
High 

Longitudinal Cracking Medium and 
High 

Corner Breaks Anl 

"D" Cracking ABI 

Pumping 

Joint Spalling 

Note: 1 mile = 1.609 km 
1 ft/mile = 0.1894 m&rn 

t s w  
Medium 
High 

Eow 
Medium 
High 

Mean Range 

459 0 to 2928 ft /mile 

6 percent sections 

99 percent sections 
1 
0 

96 percent sections 
4 
0 





2.2.2 Longitudinal Cracki~lg 
Longitudinal cracking is generally caused by late sawing, shallow saw cuts, or 

the use of plastic inserts that do not create an adequate weakened plane for the 
longitudinal joint. Figure 6 is a histogram of the lorngitamdina$ mcdiuni to high 
severity cracking on the diamond ground sections. Seventy-five percent had no 
deteriorated longitudinal cracking. Only 5 percent had more thm 580 ft [I52 m] of 
deteriorated longitudinal cracking per mile. 

Three sections had over $500 ft per mile 8284. m per h] of deteriorated 
longitudinal cracking. It i s  iznprsssib)ie ta determine whether this cracking occurred 
before or after grinding. 

2.2.3 Corner Breaks 
Corner breaks are gcnesaily due to the loss of support beneath the slab caused 

by erosion of the base course or subgrade. Projects that are diamond ground for 
faulting (which is indicative of pumping and thus loss of support) normally have 
some loss of support. Significanlt fdulting can not occur without some erosion af 
the under1 ing layers of the concrete pavement, resulting in some loss of 
support.(6{ Corner breaks are a good hldicator of structural deficiency. 

Corner breaks occurred on 19 percent of the sections. However, more than 25 
corner breaks per mile (which is corasidered serious) occurred on only 6 percent of 
the sections. Three sections showed more than 100 corner breaks per mile [63 per 
km]. It is not known if the breaks csseurred before or after diarnond grinding. In 
either case, it is indicative that a rmbnmber sf sections were diamond ground without 
consideration or determination of support conditions. 

2.2.4 Joint/Crack Faulting and Pumping 
Faulting developdrom pumping and erosion of underlying materials through the 

combination sf  four factors: 

e The movement of h e a y  wheel loads across the joint or crack. 
e r2qTc resence of free meistalire in the pavement subbase and/or subgrade. 
e A su ! base or subgrade material that is erodible (contains many fincs). 
e A deficiency in Isad transfer across the joint.r(3,7,81) 

If these factors exist, the subbase and/or subgrade materials have the potential 
to pump beneath the approach joint with traffic loadings. Pumping generally will 
force water and fines from under the leave side and either deposit the fines under 
the approach side of the joint or force the fines out from beneath the slab through 
the longitudinal joint. This action i s  dependent on the deflection of the slab 
corners, and will be more severe on pavements that exhibit paor Ioad transfer. The 
movement of fines will normally lift the approach side and leave. a void under the 
leave side of the joint and Lead tca a diRereastia8 in elevation from approach to 
leave side causing the faulting step-offslf.(3) 

The distribution of fraaasverssc joint fauIting for the diamarld grinding sections 
is shown in figure 7. The average fauiting in the drive lane was 0.065 in CO.165 
cm], with individual sections ranging ifsc~rrpl0.01 to 0.33 in L0.025 to 0.838 cm]. 
Faulting becomes detrimental far 3PGB when i t  exceeds aborrt 8,23 in 1038 em], which 
occurred on 7 percent of the sectioaes. (52) 

Low severity pumping (e.g., water t~leeding, a few bXowholes, signs of some 
erosion) was observed on many of the diamond grinding sections. However, only one 
section showed a medium IeveI 0% pllmping (e.g., substantial fines pumped on to the 





FAULTING D BUTION 
Diamond Grinding Sections 

PERCENT SECTIONS [ I  i n  = 2.54 cm] 

60 -- -- -- - -- - 

FAULTING, in ( x  100) 

F i g u r e  7 .  F a u l t i n g  d i s t r i b u t i o n  f o r  diamond g r i n d i n g  s e c t i o n s .  



shoulder). The placement of edge drains and tied FCC shoulders on several sections 
probably reduced the visual signs of pumping. 

2.2.5 I'Dt1 Cracking 
"D" Cracking is a durability problem of the aggregates used in the concrete 

mix. It is caused by the freeze-thaw expansive pressures of certain coarse 
aggregates. The pressures developed in the concrete tend to cause fine hairline 
cracks near and parallel to joints and cracks which eventually spa11 out. 

Only 6 percent of the diamond grinding sections exhibited "D" cracking. This is 
probably indicative of the belief that pavements that have significant "D" cracking 
will deteriorate rapidly, and should not be rehabilitated by restoration 
(particuIarly by grinding). 

2.2.6 Wearout Of Grinding Texture 
The type of texture developed by grinding provides a good friction factor 

immediately after grinding.(lO,l5) The ridges produced improve the surface 
macrotexture and provide an escape route for moisture under a tire. 

Data was not available on friction numbers for any of the sections. On some of 
the sections it was evident that there was wear of the ground texture in the wheel 
paths. This was determined by running the hand across the texture in the wheel path 
and then near the center Iine where fewer tires pass. The rate of wear could not 
determined. This is a concern that warrants further detailed study because the loss 
of the texture could result in a loss in friction. The loss probably varies with 
different a gregate hardness and with the width of land area between the grooves B (spacing o blades). 

2.3 PEW0 CE MODEL 

2.3.1 Model Development 
Faulting is a major distress type that develops after grinding on most 

pavements. A predictive model was developed for transverse joint faulting using 
nonlinear regression techniques as included in the SPSS statistical package.(l6) 

As a first step in analyzing the data, all independent variables that were 
believed to have significant influence on the faulting of ground pavements were 
identified. These variables were then considered in the development of the faulting 
model with nonlinear regression. 

In addition to the regular 114 diamond grinding projects, data from doweled 
joint load transfer restoration sections were also added so that this type of work, 
done concurrently, could be considered. All of these sections were also diamond 
ground. 

Extensive timc was spent developing the final model, however, it should be 
considered a tentativejinitial model because of the limited nature of the database. 
As diamond grinding is applied in more States with differing climates and designs, 
these initial models can be revised to include more variables and wider ranges of 
applicability. 

2.3.2 Faulting Model 
The variables that entered the faulting model included design, traffic, 

subgrade, climate and additional restoration work. The final model for faulting is 
as follows: 



FAULT = - 5.62 ( ESAL + AGE )0-54 [ 5.85 ( 1 + DRAIN + SUB ) 0.0529 

- 3.8E-9 ( FI / 100 )6.29 + 0.484 ( THICK + PCCSH ) 0.335 

+ 0.1554 BASE - 7.163 JSPACE + 0.1136 LTR ] / 100 

Where: 

FAULT = mean transverse joint faulting after grinding, ins. (outer traffic 
lane) 

ESAL = accumulated 18-kip equivalent single-axle loads after grinding, 
millions (outer traffic lane) 

AGE = time after diamond grinding, years 

DRAIN = 0, if no edge drains after grinding 
1, if edge drains exist after grinding 

SUB = 0, if fine grained subgrade soil exists (A4 - A7) 
1, if coarse grained subgrade soil exists (A1 - A3) 

FI = freezing index, average F. degree days below freezing 

THICK = original slab thickness, in 

PCCSH = 0, if no tied concrete shoulder exists 
1, if tied concrete shouIder exists 

BASE = 0, if existing base is granular material 
1, if existing base is stabilized granular material (asphalt, cement) 

JSPACE = mean transverse joint spacing, ft 

LTR = 0, if no retrofit dowels placed 
1, if retrofit dowels placed 

Statistics: R~ = 0.38 (Significant at 0.00001 level) 
Standard error = 0.027 in i0.069 cm] 
n = 114 sections (diamond grinding without 

without load transfer restoration (LTR), 
plus 72 joints with dowel LTR and diamond grinding) 

The mean and ranges of factors are as follows: 

Factors Mean Range 

Faulting 0.06 0.01 - 0.33 in 
ESAL 1.94 0.22 - 7.8 million outer lane since grinding 

Age 4 1 - 9 years 
Slab Thick. 9.0 7.0 - 12.0 in 



Factors Mean R a n ~ e  
Joint Spacing 38 15 - 100 ft 
Dowel Dia. --- 0 (no dowels) - 1.25 in 

PCC Shoulder --- 0 (no PCC sh.) - I (tied PCC sh.) 
Base Type --- 0 (granular) - 1 (stabilized) 

Edge Drains --- 0 (none) - 1 (yes) 
Subgrade Type --- 0 (fine-grained) - 1 (coarse grained) 

Freezing Index 436 0 - 1750-degree F. days below freezing 
Annual Prec. 33.5 9.3 - 61.1 in 

Pavement Type JRCP = 39 sections 
JPCP = 75 sections 

Note: 1 in = 2.54 cm 
1 ft = 0.3048 rn 

Several factors were identified which affect the rate of faulting of a ground 
pavement. Two typical or "standard" pavements were defined. Each factor was varied 
over a typical range and the change in faulting determined. The ratio of the higher 
faulting vaIue to the lower value was computed. The results are shown below: 

JRCP Factor 

ESAL, millions 

Slab Thick., in 
Joint Spacing, ft 
Base Type 

Subgrade Soil 
Freezing Index 

Concrete Shoulder 
Edge drains 
Load trans. restor. 

JPCP Factor 

ESAL, millions 

Slab Thick., in 
Joint Spacing, ft 
Base Type 

Subgrade Soil 
Freezing Index 

Concrete Shoulder 
Edge drains 
Load trans. xestor. 

Range Ratio High Fau l thw Fault 

1 to 10 5.9 Increase 

8 to 12 1.6 Decrease 
25 to 75 1.4 Increase 
Gran. to Stab. 1.2 Decrease 

Fine to Gran. 1.4 Decrease 
0 to 1500 1.2 Increase 

No to Yes 1.1 Decrease 
No to Yes 1.4 Decrease 
No to Yes 1.6 Decrease 

Range Ratio High Fault/Low Fault 

1 to 10 6.0 Increase 

8 to 12 3.0 Decrease 
8 to 20 1.7 Increase 
Gran. to Stab. 1.2 Decrease 

Fine to Gran. 2.0 Decrease 
0 to 1500 1.3 Increase 

No to Yes 1.2 Decrease 
No to Yes 2.0 Decrease 
No to Yes 1.6 Decrease 



Note: 1 in = 2.54 cm 
1 ft = 0.3048 m 

These results show that the variables are affectin faulting in the logical 
direction, and that some of them have a much larger e f fect than others. The 
variable having the greatest effect is traffic. The design factor showing the most 
effect is slab thickness. The subgrade soil type also has a major effect, probably 
due to improved subdrainage with a coarse grained soil. One interesting factor that 
did not enter the equation was the resence of dowels in the original pavement. It 
appears that after a pavement has !' aulted badly enough to require faulting, the 
dowels are too loose to have any impact on future faulting after grinding. 

The additional restoration work; including concrete shoulders, edge drains and 
load transfer restoration; also has a significant effect on reducing faulting. 

Graphs were prepared to further illustrate the results. Figure 8 shows faulting 
development for the standard JRCP (table 6) over its initial life (using NCHRP 1-19 
model) and after diamond grinding (year 20) where no additional restoration work was 
completed. The results show that the faulting after grinding is more rapid than 
when the pavement was new. 

Figure 9 illustrates the same faulting data for the standard JRCP (table 6) 
after diamond grinding both with and without the use of edge drains and tied 
concrete shoulders. The faulting of the pavement over its initial performance 
period, labeled "new", is also shown for comparison. Fi ure 10 shows the 
development of faulting for the same standard JPCP (ta I! le 6) after diamond grinding 
both with and without the use of edge drains and tied concrete shoulders (the 
faulting of the pavement over its initial performance period, labeled "new", is also 
shown for comparison). 

Figure 11 shows faulting development for the standard JRCP (table 6) after 
diamond grinding both with and without the placement of edge drains. 

Figure 12 illustrates faulting development for the standard JPCP (table 6) after 
diamond grinding both with and without the placement of edge drains. 

Fi ures 13 and 14 show faulting develo ment for grinding alone, grinding with 
tied PC 6 shoulders, grinding with load trans F er restoration (using dowels) and 
grinding with tied PCC shoulders and load transfer restoration. 

These results clearly show that it is important to provide additional 
restoration work when there are deficiencies in the existing pavement such as poor 
subdrainage and joint load transfer. These results are for only two "standard" or 

"R ical designs, and other existing conditions could produce different results. 
T erefore, the designer should apply judgement when using the faulting prediction 
model for determining whether or not to do other restoration work. 

2.4 DIAMOND GRINDING -- DESIGN AND CONSTRUCTION GUIDELINES 

2.4.1 Introduction 
These Guidelines cover the use of diamond impregnated blades for grinding and 

texturing of portland cement concrete (PCC) pavements. Diamond grinding is used to 
restore surface profile and retexture the pavement. These guidelines have been 
updated from those developed in reference 6. 
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Table 6. Typical "standard" pavement characteristics for 
faulting sensitivity analysis. 

Factors 

ESAL 

Age (after grinding) 

Edge Drains 

Subgrade Soil 

Freezing Index 

Slab Thickness 

Shoulder Type 

Base Type 

Joint Spacing 

JRCP 

0.5 milliontyear 

0 to 20 years 

None 

Fine grained 

250 

9 in 

Asphalt Concrete 

Granular 

50 ft 

Load Transfer Restor. No 
(dowels) 

JPCP 

0.5 million/year 

0 to 20 years 

None 

Fine grained 

0 

8 in 

Asphalt Concrete 

Stabilized 

15.5 ft  

Note: Sensitivity anal sis was conducted by varying one factor at a 
time over the range o Y age with corresponding change in ESAL. 



GRINDING JRCP 
Std. Conditions VS Drains & PCC Sh. 
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ESALs SINCE GRINDING 

Figure 9. Faulting projections for standard JRCP and standard plus 
drains and PCC shoulders (Estimated faulting for new section 
also shown for comparison). 



NDlNG JPCP 
Std. Cond. VS Drains & PCC Sh. VS New 

ESAL-s SINCE GRINDING (millions) 

Figure 10. Faulting projections for standard JPCP and standard plus 
drains and PCC shoulders (Estimated faulting for new 
section also shown for comparison). 



GRINDING JRCP 
Std. Conditions VS Drains 

MEAN JOINT FAULTING, IN [ I  in = 2.54 cm] 
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ESAL SINCE GRINDING 

Figure 11. Faulting projections for standard JRCP and standard plus 
drains and PCC shoulders. 



NDlNG JPCP 
Std. Cond. VS Drains 
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ESALs SINCE GRINDING 

Figure 12. Faulting projections for standard JPCP and standard plus 
drains and PCC shoulders. 
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Need For Grindin 
Diamond grkding is used to reprofile jointed concrete pavements which have 

developed any of the following conditions: 
e A rou h ride due to faulting or sIab warping. k o Whee ruts caused by studded tires. 
s Inadequate transverse slope for drainage. 

Polishing of the surface has become excessive. 

The most typical reason for grinding is excessive faulting at joints and 
transverse cracks in jointed PCC pavements. 

Grinding should ideally be accomplished before maximum faulting exceeds 114 in 
Georgia has developed a describe the degree of 
their pavements. Each faulting is adjusted to a 

E 5. As an exam le, a re resent an average F fault of 3/32 in [0.24 cm]. very fourth 'oint is measured for aulting and an 
average fault per mile is determined. h e n  pavements in Georgia reach a faulting 
index of 15 (3/32, or 0.094 in [0.24 cm]), the pavement will usually have some 
faults approaching 1/4 in [0.64 cm] and grinding is needed. 

Jointed reinforced concrete pavements with long joint spacing (40+ ft [12.2+ m]) 
many times exhibit faulting at cracks within the panel. The mesh is broken and very 
little load transfer exists at these cracks due to openings caused by shrinkage due 
to temperature. In some cases, the doweled joints are not faulted at all, or only 
have minor faulting. The joints may exhibit very little horizontal movement due to 
dowel corrosion or other reasons. The expansion and contraction movement is 
therefore being accommodated by the intermediate cracks. Faulting at these cracks 
can be quite severe without slab breakup. Grinding can be used to remove this 
faulting, however, they will refault unless load transfer is restored across the 
crack. West Germany has been doing this with dowel bars for over 10 years. An 
alternative for these severely faulted cracks is full-depth repair. 

Serious faultin on multilane, divided highways is usually confined to the 
outside or heavy tra I! fic lane. The inside or passing lanes, in many cases, have a 
satisfactory profile. In these cases, grinding is needed only in the outside lane. 
However, if the passing lane has some faulting and considerabIe polishing it may be 
desirable to grind it also. 

Rutted pavements caused by studded tires can also be reprofiled both 
transversely and longitudinally by diamond grinding. Transverse drainage is 
restored and ruts, which can fill with water and cause hydroplaning, are eliminated. 

Effectiveness 
The effectiveness of a grinding project depends upon its service life. The cost 

of grinding will be higher and the incidence of cracked or broken slabs will 
accelerate after grinding if the pavement is already severely deteriorated (from 
faulting and cracking), making initial and life-cycle costs much higher. 

New- avement smoothness, or better, can be achieved through diamond grinding. R However, t e tighter the specification the more the grinding work will cost. 



The service life of a ground pavement depends on several factors, including: 

Rate of traffic loading (18-kip [80 kN] ESAL). 

Existing pavement design (slab thickness, joint spacing, type of base, type of 
subgrade soil, and subdrainage capability). 

0 Climate (freezing index, precipitation). 

0 Condition of the pavement at the time of restoration (particularly, durability 
of PCC ("D" cracking or reactive aggregates), amount of existing slab cracking 
and joint deterioration). 

Additional concurrent work to correct the problem which caused the problem. 

Performance of the existing load transfer system. 

The analysis of the expected life of a grinding project is presented in section 
2.4.3. The EXPEAR evaluation and rehabilitation advisory system described in volume 
111 can be used to estimate the service life of a potential grinding project. 

2.4.2 Concurrent Work 
If roughness caused by faulting of the joints or cracks is evident, pumping has 

occurred beneath the slabs. In order to prolong the effective life of a ground 
pavement when pumping is evident, certain other repair and/or preventative 
maintenance methods must be performed at the same time. If nothing is done to 
reduce pumping, faulting will develop again, more rapidly. 

Pumping must be reduced by any or all of the following techniques: 

Effectively sealing all joints and cracks including the longitudinal pavement 
centerline and edge joint. 

When pumping has advanced to medium or high severity, there is usually loss of 
support near the 'oints. This should be verified by deflection testing. If 

slabs.(3,6). 
b there are voids, t ey should be filled by subsealing to stabilize the 

e Drainage analysis may show that edge drains can also be used to reduce or 
eliminate pumping through rapid evacuation of water entering near the pavement 
ed e. Recommendations for the installation of edge drains are contained in P re erence 3. The feasibility of installing edge drains should be carefully 
studied since, under certain conditions, the fines present under the pavement 
may be pumped out through the drainage system. The filter material that 
surrounds the pipe must be carefully selected to minimize the loss of fines 
while still permitting water flow. 

Another method of reducing the potential for pumping is to limit the amount of 
deflection. This can be accomplished with the installation of load transfer 
devices in the joints, or by using edge beams or a tied concrete shoulder. Laad 
transfer restoration can reduce deflection by one-half and should be considered 
when poor load transfer exists. When used in combination with resealing and 
subsealing, the pumping potential will be reduced considerably. 



When faulting exists, there is typically a loss of sup ort under the leave 
corners of transverse joints. This can be verified throug k' use of deflection 
testing and the specif~c joints identified.(6) If significant loss of support 
exists, subsealing must be applied to restore support or future problems will 
develop. 

In addition to faulting, other problems may exist that must be corrected. Joint 
sealant in poor condition should be replaced, and the existing incompressibles 
cleaned out. Full-depth and spa11 repair may be required for joint and crack 
spalling and other localized distress. 

Another important distress that impacts on the success and cost of grinding is 
depressions. They should be leveled by slab jacking or slab replacement prior to 
grinding. Trying to grind out major depressions in the pavement is not cost 
effective. 

When diamond grinding is included in a rehabilitation project, the sequence of 
work is very important. Slab stabilization by subseaIing, full-depth replacement, 
spa11 repair and load transfer restoration must all be completed before grinding. 
Resealing joints must follow the grinding operation to ensure proper sealant depth. 

2.4.3 Design 

Condition Survey 
A pavement condition survey should be conducted to determine the type, severity 

and amount of distress present. The rehabilitation of the pavement can then be 
pIanned after an evaluation of the condition data. An important item to survey with 
regard to diamond grinding is the amount of cracking, pumping and faulting present. 
Periodic surveys will provide the information necessary to determine the increase in 
cracking and faulting with time in order to plan a timely rehabilitation program. 

Feasibility Of Diamond Grinding 
The feasibility of grinding from a life-cycle cost viewpoint, depends upon the 

following major pavement factors: 

a Draina~etErosion adeauacv of Pavement. If significant visual pumping exists 
(fines % shoulder, blowhoies ai  'oints), or faulting is significant (mean joint 
faulting greater than 0.13 in [0.3 d cm]), there exists a serious subdrainage and 
erosion problem. Restoration will result in an increased life-cycle cost. The 
presence of si~nificant faulting is a clear indication of serious pumping 
problems, wh~ch means that substantial additional restoration work will be 
required to reduce future pumping of the ground pavement. 

The amount of future faulting can be estimated using the model given in section 
2.4.2, both without and with additional concurrent work such as load transfer 
restoration, subdrainage and tied PCC shoulders. The evaluation and 
rehabilitation advisory system (EXPEAR) can be used to estimate the amount of 
faulting for different restoration alternatives. 

* Structural adeauacv of pavement. The presence of transverse slab cracking (all 
severity levels for JPCP and deteriorated cracks for JRCP) and corner breaks is 
an indication of structural deficiency of the pavement. If historical slab 
cracking data is available, observatin the rate of crack development would 
provide clear indications of structura f adequacy. Another procedure is use the 
EXPEAR system to project the amount of future cracking for the pavement under 



consideration. If there is a serious structural deficiency in the existing 
pavement, the future slab cracking will be high, which will reduce the life of 
the restoration project. 

Q . There are some existing concrete pavements that have 
tes. While almost any pavement can be ground, the cost of 

grinding slabs containing extremely hard aggregates is very high, and may 
greatly Increase the cost of this restoration technique. This should be 
determined to help estimate proposed rehabilitation costs. 

@B . Any pavement exhibiting medium to high severity "I>" cracking 
or alkalai aggregate reaction should not be rehabilitated through grinding. 

The EXPEAR system can estimate future performance of the ground pavement in 
terms of faulting, cracking, joint deterioration and present serviceability rating, 
based upon future traffic projections and other current restoration work. Knowing 
the future life and cost of the restoration, the equivalent uniform annual cost of 

rinding can be determined and eom ared to other alternatives. These estimates P ased on performance evaluations o many grinding projects throughout the U. S. 
having designs that were constructed in the 1960's and 1970's. 

'Fhe cost of grinding is primarily dependent upon the amount of material to be 
removed and the hardness of the aggregate. On a typical project the cost of 
grinding for soft aggregate is in the range of $2.00 to $3.80/sq d [$2.4 to  $3.6 
/sq m], far medium hardness aggre ate, $3.00 to $5.00 /sq yd [ 3.6 to $6.0 /sq m], 1 I 
and for hard aggregate $5.00 to $8. 0 /sq yd [$6.0 to $9.6 /s m] for 1984. Costs 9 are also affected by the size of the project, labor rates, traf ic control 
procedures (roadway closed or with traffic in adjacent lane) and the degree of 
smoothness specified. Due to equipment advances, the cost of grinding has remained 
constant for several years. 

Pavement Profile 
When desi ning a project involving diamond grinding, the existing pavement 

~rofiPe is useful ! or estimatine the cost of the work. There are several methods 
bailable to measure either tKe actual profile or a "relative" profile of the 
existing pavement. Some of the equipment includes the California or Rainhart 
profilographs, the Mays ride Meter and the K. J. Law 690 DCN profilometer. 

The grofilograph or profilometer type devices make a trace of the pavement 
surface. The trace is normally taken in the wheel paths of the traffic lane under 
consideration. The traces indicate the amount of grinding necessary and the 
location of roughness. These charts can be used by contractors to estimate the 
amount of material to be removed. If rutting wear exists in the wheel paths, the 
amount of grinding can be underestimated. Transverse profiles are also needed. 

The Mays Ride Meter and other similar types of response devices provide a 
relative profile (the difference between the axle and vehicle body movement). The 
equipment must be kept in calibration and recommended test procedures strictly 
followed in order to reduce the variability of this type of device. 

Friction Resistance 
For legal reasons, specifications do not calf for a specific level of friction 

resistance of any type of pavement surface. The texture developed by grinding 



produces a good friction factor immediately after grinding.(lO, 15) The ridges 
produced improve the surface macrotexture and provide an escape route for moisture 
under a tire. 

There is evidence that the texture produced by rinding will wear down under f heavy traffic, especially for softer aggregates such as imestone.(2) Thus, it is 
important to maximize the land area between grooves. The ridge width can be 
increased by increasing the spacing between blades as described in section 2.4.4. 

The use of the ASTM ribbed test tire (E501) may not provide a complete 
evaluation of the friction resistance of this ty e of texture since this ribbed tire 
is not sensitive to macrotexture differences.( 8 ) The use of both the ribbed E501 
tire and the smooth E524 tire should rovide more complete information on the 
friction properties of the pavement a ! ter grinding.(9,15) 

2.4.4 Construction 

Eaui~men t 
The degree of ioint faultine: or rouehness that can and should be removed in a 

cost-effectivgmannir is changini with cirrent equipment and blade developments. 
Equipment is available or being developed which can make grinding a more viable 
option for pavement with a greater de ree of rou hness. These developments include 
larger and more powerful e uipment t6-ft [1.8 mfcutting width), different types of 
segmental cutting heads an '7 blade development to increase the life of blades. 

Procedures 
Diamond grinding will result in retexturing the pavement surface to improve the 

friction number after grindin . Blade spacing in the cutting head can be varied to 
improve the life and friction f actor of the texture. When grinding aggregates 
susceptible to polishing, the blade spacing must be wider to rov~de more area 
between the grooves. The grinding chip thickness (chip thic!ness of pavement broken 
off between blades), measured at its thickest point, should be 0.080 in [0.203 em] 
minimum and have an average thickness of 0.100 in L0.254 cm]. For the harder 
a gre ates not subject to pollshin , the minimum chrp thickness should be 0.065 in 
[(f16!cml and an average of 0.08 i? in [O.203 cm]. 

The International Grooving and Grinding Association recommends that for hard 
aggregates, between 53 and 57 diamond blades per ft [I74 and 187 per m] be used, and 
for soft aggregates, between 50 and 54 blades per ft [I64 and 177 per m] be 
used.(l2) 

Water is used to cool the cutting head when diamond grinding. This slurry must 
be vacuumed from the surface and pumped into a tank with baffles, or deposited into 
the grassed slopes. Slurry can be deposited direct1 on grass shoulders from the 
grinding machine. This is the most economical so r ution, and the slurry is not 
detrimental to vegetation. Where this is impossible, in urban areas or for other 
reasons, a suitable means of disposal should be provided. 

Much of the grinding work on interstate type facilities has been done under 
single lane closure with traffic carried in the adjacent lane. This type of traffic 
control results in increased construction costs and increased risk to construction 
workmen. A reduced construction zone speed limit should be strictly enforced by 
hi hway patrol personnel. These services could be a bid item under the k re abilitation contract. 



In urban areas, avoiding interference with traffic flow during rush hours to 
minimize public inconvenience, may be necessary. In this case, the work period may 
be confined to off-peak traffic hours (i.e. 8 p.m. to 6 a.m.). It would be 
advantageous from the standpoint of costs and work eriod required, to  close F sections of the entire roadway involved and route tra fic over parallel service 
roads or an adjacent street. Tight completion schedules can be used to ex edite 

both sides should be avoided. 
F work when roadway closures are specified. Closing a single lane with traf ic on 

2.4.5 Preparation Of Plans And Specifications 
The following information would be of value to a grinding contractor and should 

be included in the bid documents: 

0 Year pavement was constructed. 

Source of both the coarse and fine aggregate used in the concrete slab. 

0 Transverse joint spacing and sealant used. 

0 Wheel rut depth if more than 1/16 in [0.16 cm]. 

0 Pavement design: plain jointed, reinforced jointed or continuously reinforced 
concrete pavement. Evidence of any steel reinforcement near the surface. 

a Type of traffic markers and replacement requirements. A pay item should be set 
up for temporary and/or permanent marking required. 

o ProfiIe of existing pavement surface. 

The working time should be Stated in either working or calendar days. The hours 
per day should also be Stated if restrictions are imposed on the contractor's 
working time due to traffic volume considerations, noise restrictions, etc. 

Grinding limits should be clearly defined on the plans and should show 
transition or stop lines at bridges and ramps. Areas to be ground should be clearly 
marked. 

Grinding production is typically 50 machine hours per lane mile [31 per lane 
km], but this will vary considerably with aggregate hardness and the roughness of 
the pavement. 

When specifying acceptance testing for smoothness, the test equipment should be 
listed along with the method or procedures to be followed in acceptance testing. 
Test methods commonly used for new pavement construction can be used for diamond 
grinding. 

The specifications should also define who will run the acceptance tests and when 
these tests will be run. 

Any noise limitations on e uipment should be clearly defined. A level of 95 dba 
at 50 ft [15.2 m] is common and 1 6 dba at 50 ft [15.2 m] is attainable. 



When grinding a pavement, isolated low areas from original construction 
occasionally are present. Specifications recognize this and usually require 95 
percent covera e in an 3-ft 100-ft [0.9 m by 30.5 m] test area. Isolated low 
spots less than 3 sq ft [ X y  .I9 m ] in area should not require texture if lowering 
the cutting head is required. The maximum overlap between passes should be 2 in 
[5.1 cm]. 

If other work in addition to grinding is to be accomplished, the sequence of 
operation should be specified (e.g., joint resealing after grinding, subsealing and 
full or partial depth repair before grinding). 

Various State specifications and guide specifications are available for 
consideration by agencies considering diamond grinding work.(5,6,13,14). 

2.5 CONCLUSIONS AND RECOMMENDATIONS 

Overall effectiveness. Diamond grindin has been successful in producing a very 
smooth ride and extending the service li f e of 'ointed concrete pavements. A 
number of sections (about 1 out of 5 projectsj that were ground were apparently 
structurally inadequate for the traffic level and either had a large amount of 
cracking at the time of grinding or developed cracking after grinding. Diamond 
grinding does not increase the structural capacity of a pavement, and thus any 
pavement with substantial amounts of deteriorated cracks will continue to crack 
after grinding. 

Transverse Cracking. About 21 percent of the ground sections showed a large 
amount of deteriorated transverse cracking (over 825 ft per lane mile [I56 m per 
lane krn]). This is for pavements having an average of 4 years life after 
grinding and 2 million 18-kip [80 kN] accumulated ESAL since grinding was 
completed. Fifty-seven percent had minor amounts of deteriorated cracks. 

3. Longitudinal Cracking. About 90 percent of the ground sections showed little or 
no deteriorated longitudinal cracking. Only 2 percent of the sections showed a 
serious amount of longitudinal cracking (greater than 1000 ft per mile [I89 m 
per lane km]). 

4. Corner Breaks. About 84 percent of the ground sections showed minor corner 
breaks. On1 6 percent showed a serious amount of corner breaks (greater than 
25 per mile {I6 per km]). 

5. Faultinp of Transverse Contraction Joints. The rate of faulting after grinding 
generally is higher than for newly constructed pavements if no other restoration 
work is accomplished. However, this increased faulting can be largely overcome 
by reducing the pumping potential through concurrent work such as load transfer 
restoration, sealin joints, tied PCC shoulders and subdrainage. Some key 
factors that affect f aulting were determined as follows: 

Future Traffic -- The amount of traffic loadin~s after diamond grinding (as 
measured by accumulated 18-ki [8O kN] equ~valent single axle loadings) has 
a large effect on the amount of ! aulting that develops. As traffic loading 
be ins after grinding, faulting develops rapidly at first and then levels f of , following a similar form as new pavements.(l) 

e Existin? Pavement Design -- The thicker the existing slab or the resence 
of a stabilized base, the less the amount of future faulting. The s orter 
the existing joint spacing, the less the amount of future faulting. 

R 



o Drainape -- The presence of a granular subgrade will reduce the amount of 
faulting greatly. The placement of edge drains will reduce the amount of 
faulting after grinding. 

e Climate -- The colder the climate where the pavement is located, the 
greater the amount of faulting after grinding. 

e Tied Concrete Shoulder -- The placement of a tied concrete shoulder will 
reduce the amount of faulting after grinding. 

e b a d  Transfer Restoration -- The placement of dowels to restore load 
transfer at transverse joints and working cracks will reduce the amount of 
future faulting after grinding. 

o Prediction of fault in^ Mter Grinding -- The predictive faulting model can 
be used to approxim2ely estimate the future amount of faulting for a given 
pavement structure after grinding. The effect of edge drains, load 
transfer restoration and tied concrete shoulders can also be estimated to 
help determine the feasibility of diamond grinding. 

6.  Wearout of Grindin? Texture. The surveys revealed that there was some wear of 
the texture in the wheel paths as cornparcd to out of the wheel paths. The rate 
of wearout and the factors involved could not be determined. It is likely that 
the hardness of the aggregate, the level of traffic, and the original land area 
texture width are major factors involved. It is important to maximize the land 
area between grooves. This is done by increasing the spacing between blades for 
softer aggregates, while still providing adequate grooves for drainage. 



CHAPTER 3 

RESTORATION OF LOAD TRANSFER 

3.0 RESEARCH APPROACH 

Many jointed concrete pavements have been constructed with no mechanical load 
transfer devices across joints (e.g. no dowels) and significant faulting has occurred. 
Many others have dowels, but they have become loose and faulting has developed after 
bein heavily trafficked. In addition, many transverse cracks have become working i crac s and developed faulting and spalling due to poor load transfer. In an effort to 
extend the life of inservice concrete pavements which exhibit poor load transfer, 
highway agencies have begun to utilize various devices to restore joint or crack load 
transfer to an acceptable level to prevent further faulting, spalling and reduce 
deflections and pumping. Even if asphalt concrete overlays are placed, poor load 
transfer leads to rapid deterioration of transverse joint reflection cracks. 

This study deals with the field performance of these various load transfer 
restoration devices on a nationwide basis. The effectiveness of these devices has been 
evaluated in tcrms of the amount of faulting associated with these rehabilitated joints 
and cracks. Load transfer was measured on one major load transfer restoration project 
as will be described. 

The overall goal of this study is to improve the design and construction of load 
transfer restoration devices. The development of predictive models to forecast future 
faulting of jointed concrete pavements with load transfer restoration is also an 
objective. Field performance analysis of the devices should also lead to the 
improvement of current construction guidelines for these various load transfer devices. 

This report includes four-load transfer devices: 

0 Retrofit conventionaI round steel dowels placed in slots. 

Double-vee shear devices marketed by Dayton Superior Corporation. 

a Figure-eight devices utilized in a Georgia project, which were originally 
experimented with in France.(l9) 

a Miniature I-beam devices utilized in New York.(l8) 

3.1 DATABASE AND DATA COLLECTION 

The load transfer restoration database incorporates both design, construction and 
performance variables for thirteen uniform sections. These variables are in addition 
to the original pavement design, traffic and climatic variables summarized in volume 
IV. Table 7 lists these load transfer restoration variables. Along with monitoring 
the performance of the device itself, some measure of joint and sealant distress was 
also recorded. Also, faulting measurements were taken at 369 restored joints or 
cracks; while device performance ratings were taken on 1,525 individual devices. 

3.1.1 General Project Description 
Thirteen uniform sections were located in nine States: Colorado, Georgia, 

Illinois, Louisiana, New York, Ohio, Oklahoma, PennsyIvania and Virginia. These 
uniform sections were broken down into 20 sample units that were up to 1000-ft [305 m] 
long, where possible (see figure 15). 



Table 7. Load transfer restoration database design variables. 

LOAD TRANSFER RESTORATION I 

DATABASE DESIGN VARIABLES I 

Project Identification Number and Sample Unit. 
Load Transfer Device Type. 
Frequency of Installation. 
Lane Restored by Load Transfer. 
Number and Location of Devices along Joint/Crack. 
Diameter and Length of Retrofit Dowel Bars. 
Backfill Material and Bonding Agent for Slot or Core Hole. 

DATABASE PERFORMANCE VARIABLES 

Overall Distress 
Project Identification Number. 
Sample Unit Number, Length, and Present Serviceability Rating. 
Foundation of Sample Unit (cut,fill,at grade). 

0 Condition of Drainage Ditches and Subsurface Drainage. 
Joint/Crack Station. I 

Transverse Joint Type or Crack. I 

Load Transfer Device Type. ! 
Lane Restored by Load Transfer. , 
Number of Devices along Joint/Crack. 
Device Performance: 

a No failure. o Debonding on approach side. 
Material failure. Debonding on leave side. 

0 Device failure. o Debonding on both sides. 

Joint Distress 
0 Transverse Joint Spalling on Approach and/or Leave Side. 

Corner Spalling on Approach and/or Leave Side. 
0 Corner Breaks on Approach and/or Leave Side. 

Pumping. 
JointICrack Faulting. 
Jointicrack Width. 

4 Durability Cracking. 
Reactive Aggregate. 

Sealant Condition 
Sealant Absent. 
Cohesion Failure. 
Adhesion Failure. 
Sealant Extrusion. 
Sealant Oxidation. 

m Incompressibles in Joint. 





3.1.2 Load-Transfer Restoration Design Variation 
Load-transfer restoration was placed and evaluated at five different locations in 

the pavement: 

a Regular contraction joints on 15- to 100-ft [4.6 to 30.5 m] joint spacings 
(predominant location). 

e Full-depth repair approach joints. 
a Full-depth repair leave joints. 
a Pressure relief joints. 
e Transverse cracks. 

The devices were mainly placed in the outer traffic lane; however, some were 
installed in the inner traffic lane as well. From one to eight devices were installed 
at any given joint or crack. ' f i e  restoration projects had been in service from 1 to 9 
years at the time of survey. 

3.1.3 Traffic and Climatic Variation 
In terms of traffic loadings and climatic effects, the devices have withstood from 

0.3 million to 5.9 million 18-kip (80 kN) equivalent single axle loads (ESALs) while in 
service. Annual loadings ranged from 0.3 million to 2.0 million ESALs per year. The 
projects were located in five of the nine climatic regions as defined by Carpenter (see 
figure 16).(3) The Corps of Engineers Freezing Index varied from 0 to 550. 

3.1.4 Performance Variation 
Faulting measurements ran ed from flat to 0.36 in [0.91 cm] with the majority of 

the joints having less than 0.07 infO.18 cm] of faulting at the time of survey. All 
of the projects which involved load transfer restoration also had diamond grinding 
performed in the same year. With respect to device performance, at any joint, anywhere 
from 0 to 8 devices were in good condition e.g. showing no visible signs of failure) 
at the time of survey. Deflection load trans er associated with this variation in 
performance was not measured. 

li 
3.2 DATA COLLECTION 

The database is comprehensive containing as many projects as were available or that 
could be included within available resources. This was done to provide a wide range of 
data to facilitate analysis of performance and the development of performance models. 
The projects included in the database are believed to be most of the highway pavements 
with load transfer restoration in existence today within the United States. These 
pavements were surveyed between June 1985 and July 1986. 

There were five basic data sets that were deemed necessary for the development of 
life prediction models and for analysis aimed towards the development and improvement 
of design and construction procedures. These included: 

e Field condition data. 

a Original pavement structural design and construction and subgrade soil 
classification. 

e Rehabilitation design factors. 

e Historical traffic volumes, classifications and accumulated 18-kip [80 kN] 
equivalent single axle loadings. 

e Environmental data. 



CLIMATIC ZONE FACTORIAL 

NOTE: A total of 13 uniform sections were evaluated 
through condition surveys. 

Figure 16. Climatic zone factorial for load transfer restoration 
uniform sections. 



The data sources and procedures used in the collection of each are described in 
volume IV. 

3.3 FIELD PEWQRfMANCE AND EVAI,UATION 

3.3.1 Field Performance 
The erformance of individual Ioad-transfer restoration devices was only evaluated 

in terms o F visual characteristics. As a result, none of the load transfer devices 
were rated as having a "device failure" since the devices themselves cannot be seen. 
Some of the devices ma well have failed; however, these failures are likely manifested 
in the other failure mo d es. It is interesting to note that the retrofit dowel bars and 
the miniature I-beam devices have similar performance characteristics. The same can be 
said for the Double-vee shear and Figure-eight devices. This is probably due to the 
fact that both device pairs rely on similar mechanisms for load transfer restoration. 
It should be noted that some of these devices and their representative construction 
procedures have been modified and hopefully improved since these installations. For 
example, the Double-vee shear device construction rocedure now recommends grooving of 
the core walls and precompression of the load trans ! er device itself to improve 
performance; whereas all of the shear devices in this study were uncompressed and 
ungrooved. The Florida Interstate 10 experimental study is evaluating the 
effectiveness of these construction modifications. 

3.3.2 Retrofit Dowel Bar Performance 
The performance of the retrofit round, steel dowel bars, as shown in figure 17, was 

measured in terms of two criteria: 

e Faulting readings at 72 joints. 
e Visual device evaluations of 515 devices. 

The mean faulting reading of the 72 joints restored with retrofit dowel bars was 
0.04 in [0.10 cm]. This faulting occurred after an average of 2.62 million ESALs had 
loaded the pavements over an average of 3.8 years of service. This mean faulting lies 
well below the failure criteria for faulting of 0.13 in [0.38 cm], the point where 
faulting affects rideability significantly.(52) 

Of the 515 retrofit dowel bar ioad transfer devices inspected, 507, or better than 
98 percent, of the devices were in good condition (see figure 18). The most prominent 
mode of failure identified was material failure (located at one percent or 5 devices), 
where the backfill matrix had been cracked or become loose and dislodged by traffic. 
Less than one percent of the joints were debonded on the approach, leave or approach 
and leave sides. None of the joints restored with retrofit dowel bars exhibited device 
failure or multiple modes of failure. Multiple modes of failure refers to the 
existence of two or more of the failure mechanisms listed in table 8 at any one 
device. The one exception to this category is the debonding at both the approach and 
leave sides of the same device. This was not recorded as a muItiple mode of failure. 
SimilarIy, if a joint exhibited both debonding on the approach and leave sides of the 
same device, then this was recorded in one category as such, and not reflected under 
the individual failure modes of debonding approach side and debonding leave side so as 
not to record the failure twice. 

3.3.3 Double-vee Shear Device Performance 
The performance of the Double-vee shear devices (see figure 19) was measured in 

terms of two criteria: 





RETROFIT DOWEL 
PERFORMANCE DISTRIBUTION 
Number of Devices 11 in = 2 - 5 4  C ~ I  

600 1 
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DEVICE PERFORMANCE CODE 

Figure 18. Distribution of retrofit dowei performance. 
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m Faulting readings at 260 joints and cracks. 
r, Visual device evaluations of 810 devices. 

The mean fauIting reading of the 260 joints restored with shear devices was 0.07 in 
[0.18 cm]. This faulting occurred after an average of 2.55 million ESALs had loaded 
the pavement over 2.5 years of service, on the average. This mean faulting is 
approximately one-half of the failure criteria for faulting of 0.15 in [0.38 cm]. 

Of the 810 uncompressed, ungrooved shear load transfer devices inspected, 583, or 
72 percent, of the devices were in good condition (see figure 20). The most prominent 
mode of failure identified was debondin on both the a proach and leave sides of the I R same device which was found at 108, or 3 percent, o f t  e devices. As stated 
previously under the discussion of retrofit dowel bars, this failure mode was recorded 
separately from the individual modes of debonding failure. Again, the Horida study is 
evaluating the use of device precompression and core wall grooving as remedies to this 
debonding mode of failure. None of the joints restored with shear devices exhibited 
device failure. Multiple modes of failure were identified at 4 percent of the 
devices. Multiple modes of failure refers to the existence of two or more of the 
failure mechanisms listed in table 8 at any one device. 

3.3.4 Miniature I-beam Device Performance 
The performance of the miniature I-beam devices, as shown in figure 17, was 

measured in terms of two criteria: 

0 Faulting readings at 23 joints. 
& Visual device evaluations of 164 devices. 

The mean faulting reading of the 23 joints restored with miniature I-beams was 0.13 
in [0.33 cm]. This faulting occurred after an average of 4.01 million ESALs had loaded 
the pavement over 2.0 years of service, on the avera e. This mean faulting lies very 
close to the failure criteria for faulting of 0.15 in [O. f 8 cm]. 

Of the 164 I-beam load transfer devices inspected, 162, or better than 98 percent, 
of the devices were in good condition (see figure 21). The most prominent mode of 
failure identified was material failure (located at about 1 percent or 2 devices), 
where the backfill matrix had been cracked or become loose and dislodged by traffic. 
None of the devices were debonded on the approach, leave or both ap roach and leave P sides. Also, none of the joints restored with I-beams exhibited device ailure or 
multiple modes of failure. Multiple modes of failure refers to the existence of two or 
more of the failure mechanisms listed in table 8 at any one device. 

3.3.5 Figure-eight Device Performance 
The performance of the Figure-eight devices (see figure 22) was measured in terms 

of two criteria: 

Faulting readings at 8 joints. 
VisuaI device evaluations of 36 devices. 

The mean faulting reading of the 8 joints restored with Figure-eight devices was 
0.08 in [0.20 cm]. This faulting occurred after an average of 5.45 million ESALs had 
loaded the pavement over 9.0 years of service, on the average. This mean faulting is 
approximately one-half of the failure criteria for faulting of 0.15 in [0.38 cm]. 

Of the 36 Figure-eight load transfer devices inspected, 27, or 75 percent, of the 
devices were in good condition (see figure 23). The most prominent failure modes 
identified were debonding on the device approach side and material failure. Both of 



DOUBLE-VEE SHEAR DEV 
PERFORMANCE D 

Number of Devices ~1 i n  = 2.54 C ~ I  

DEVICE PERFORMANCE CODE 

A = Total Number of Devices Evaluated 

B = Devices in Good Condition 
C = Debonding on Approach Side 
D = Debonding on Leave Side 
E = Material Failure 
F = Device Failure 
G = Debonding on both 

Approach and Leave Sides 

H = Multiple Modes of Failure 

Note: Some overlapping of distresses 
is present (i,e, Sum of all 
distresses does not equal 
number of devices, evaluated). 
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DEVICE PERFORMANCE CODE 

F i g u r e  20. D i s t r i b u t i o n  of double-vee s h e a r  d e v i c e  performance.  



I-BEAM DEVICE 
PERFORMANCE DISTRIBUTION 
Number of Devices [ I  in = 2 . 5 4  cm] 

200 1 1 
Mean Faulting =: 0+13 in 

DEVICE PERFORMANCE CODE 

Figure 21. Distribution of I-beam device performance. 
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Figure 23. Distribution of figure-eight device performance. 



these failure modes occurred at 8 percent of the devices. None of the joints restored 
with Figure-eight devices exhibited device failure. Multiple modes of failure were 
identified at approximately 3 percent of the devices. Multiple modes of faiIure refers 
to the existence of two or more of the failure mechanisms listed in table 8 at any one 
device. 

3.3.6 Performance Summary 
Table 8 lists the four load transfer devices evaluated in this study along with 

their respective modes of failure. If a device had more than one failure mode, each 
failure mode was recorded separately. This resulted in a cumulative percentage greater 
than 100 percent. The entry entitled "multiple modes of failure" was established to 
help determine if any of the devices have deteriorated clrastically; therefore, possibly 
providing an indication of the extent of device failure present since the devices 
themselves can not be seen directly. 

3.4 PERFORMANCE MODELS 

3.4.1 Model Development 
A predictive model for faulting after load transfer restoration was needed to 

determine their effectiveness and for estimating future faulting. The regression 
analysis of the load transfer restoration database was accomplished using the SHAZAM 
and SPSS (Statistics Package for the Social Sciences) statistical packages.(20,21) The 
initial analysis of the database variables to be included in the model was conducted by 
choosing those independent variables which were considered to be meaningful and with 
significant influence on the performance of restoring load transfer. The analysis 
resulted in the development of a performance model for joint and/or crack faulting. 

3.4.2 Faulting Model 
The faulting model for the prediction of future joint or crack faulting from the 

time of load transfer restoration is shown below. It should be stressed that this 
model was derived from a database where all of the projects had diamond grinding 
performed at the joints or over the entire project length in the same year as the load 
transfer was restored. To develop the model, all of the projects in the grinding 
database and the load transfer database were utilized. 

Joint Faulting 

FAULT = - 5.62 ( ESAL + A-GE ) 0*540 ( 5.85 ( DRAIN + SUB + I ) 0.0529 

- 3 . 8 ~ 1 0 - ~  ( FI / 100 )6-29 + 0.48 ( THICK + PCCSH ) 0.335 

+ 0.1554 BASE - 7.163 JSPACE 0.0337 +- 0.136 DOWEL 

+ 0.003 SHEAR - 0.027 FIG8 - 0.316 IBEAM ] / 100 

where: 

FAULT = The mean faulting of the restored, ground joints or cracks, inches. 

ESAL = Equivalent 18-kip 180 kN] single axle loads accumulated on the 
restored, ground joints or cracks, millions. 

AGE = Age of the restored, ground joints or cracks, years. 



DRAIN = 0, if subdrainage is present currently (whether installed initially or 
incorporated In the rehabilitation). 
1, if no subdrainage is present. 

SUB = 0, if subgrade is a fine-grained soil. 
1, if subgrade is a coarse-grained soil. 

FI = Mean Freezing Index, degree days below freezing. 

THICK = Thickness of the in-place concrete slab, inches. 

PCCSH = 0, if concrete shoulders are not present. 
1, if concrete shoulders are present. 

BASE = 0, if ranular base type. 
1, i 1 stabilized base type (asphalt, cement). 

JSPACE = Contraction joint spacing, feet 

DOWEL = 0, if retrofit dowels are not used to restore load transfer. 
1, if retrofit dowels are used to restore load transfer. 

SHEAR = 0, if Double-vee shear devices (uncompressed, ungrooved) are not used 
to restore load transfer. 
1, if Double-vee shear devices (uncompressed, ungrooved) are used to 
restore load transfer. 

FIG8 = 0, if Figure-eight devices are not used to restore load transfer. 
1, if Figure-e~ght devices are used to restore load transfer. 

IBEAM = 0, if I-beam devices are not used to restore load transfer. 
1, if I-beam devices are used to restore load transfer. 

Statistics: R~ = 0.30 
SEE = 0.04 in [Q. 10 cm] 
n = 114 grinding sections without load transfer restoration) 

plus 368 load transfer joints 

Equation Range of Applicability: 

ESAL The accumulated ESALs ran ed from a minimum of 0.225 million in 
Minnesota to a maximum of .$ -812 million in South Carolina, with most 
projects having accumulated Iess than 3.0 million ESALs. 

AGE The range of project ages varied from a low of 1 year in Arizona, 
Illinois, Iowa, Louisiana, Pennsylvania, South Carolina and Virginia 
to a high of 9 years in Georgia and South Carolina, with most projects 
Iess than 5 years old. 

The Freezing Index ranged from a minimum of 0 in 9 southern roject P States to a maximum of 1750 in Minnesota, with the majority o the 
projects exposed to a Freezing Index between 0 and 250 freezing degree 
days. 

THICK The range in pavement thickness varies from a low of 7 in E17.8 cm] in 
Minnesota to a high of 12 in C30.5 cm] in Arizona, with most projects 
having a 9- or 10-in [22.9 or 25.4 cm] thick pavement. 



JSPACE The contraction joint spacing ranged from 15 ft [4.6 m] in 
Arizona, Arkansas, California, Minnesota and Oklahoma to 100 
ft [30.5 m] in Illinois, with most projects built with a 
jo~nt spaclng between 15 to 30 ft 14.6 to 9.1 m]. 

Note: All of the pavements incorporated into the regression 
analysis of load transfer restoration also had diamond 
grinding of the entire pavement surface or localized grinding 
at the restored transverse joints. 

A sensitivity plot is shown in figure 24 for jointed reinforced concrete pavement 
(JRCP). The inputs for the pavement design variables were selected from a list of 
standard inputs as given in table 6, chapter 2. 

Faulting for both the jointed plain and jointed reinforced pavements increases 
rapidly initially and then levels off as the pavements accumulated more loadings. This 
type of curve has been found for all types of new and restored pavements as well as 
full-depth repairs.(l) The figure contains five curves: 

Retrofit dowels. 
e Double-vee shear devices. 
a Figure-eight devices. 
a Miniature I-beam devices. 

No devices (diamond grinding alone). 

The plot shows that the retrofit dowel bars reduce faulting significantly from that 
obtained with grinding alone. The Double-vee shear devices and Figure-eight devices 
have practically no effect, while the I-beam devices appear to increase faulting. This 
increase, however, must not be taken literally as there is no physical reason for this 
result. It should only be concluded that the device has no effect on faulting 
according to the available data. These results are in response to the coefficients 
that were derived from the regression analysis. Similar results are shown in figure 25 
for JPCP, but without the I-beams, since these devices were only used on JRCP. If one 
considers the following criteria for faulting of JPCP (0.15 in 10.38 cm]) and JRCP 
(0.20 in E0.51 cm]), the following allowable loadings would result from this model: 

Restoration Device 

Retrofit Dowels 
Diamond Grinding Alone 

JPCP JRCP 
Allowable Loadin~s 

(Loadings in millions of 18-kip [80 kN] ESALs) 

The extension of life obtained with retrofit dowels is significant (almost 
double). Diamond grinding addresses only the symptoms of pavement deterioration 
(excessive faulting) without addressing the source of the deterioration which may 
require load transfer restoration, subdrainage, etc. If diamond grindin is used in f this temporary repair strategy, it has been shown that faulting will deve op at a rate 
greater than the initial new pavement faulting pattern (see volume 11, chapter 2). The 
use of load transfer restoration appears to be an effective means to extend the life of 
a restoration project. 

It is important to note that the Double-vee devices included in this study did not 
include grooving of the core walls or precompression of the devices. These two 



PREDICTED FAULTING vs. ESALs 
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PREDICTED FAULTING vs. ESALs 
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Figure 24. Sensitivity plot depicting model-predicted faulting 
vs.  accumulated 18-kip [80kN] ESALs for JRCP. 



PREDICTED FAULTING vs. ESALs 
BY DEVICE TYPE (for JPCP) 

Predicted Faulting (in ) 11 in = 2.54 cm] 
0.20 r--- 1 
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Acc, Equivalent Single Axle Loads 
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PREDICTED FAULTING vs. ESALs 
BY DEVICE TYPE (for JPCP) 
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Figure 25. Sensitivity plot depicting model-predicted faulting 
vs. accumulated 18-kip [80 kNI ESALs for JPCP. 
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modifications may or may not have a significant effect on their performance and are 
currently under study as described in section 3.5. 

3.5 C NT WSEARCH IN LOAD T 

W o  of the devices which showed the most promise during past research are the 
retrofit dowels and Double-vee shear devices. As expected, each successive 
exlperimenta8 project inconporated slight modifications to the design and/or 
installation procedures in order to improve the field performance of these load 
transfer restoration devices. To further test and improve these devices, a 
statistically designed load transfer restoration experimental project was installed on 
Interstate 10 near Tallahassee, Florida. The roject included 8 different retrofit 
dowel cornfigtarations (1152 dowels in all) an d' 6 different premmpressed shear device 
(432 devices in all) configurations. Each of these different configurations was 
installed at nine consecutive transverse contraction joints. Tlre 14 identical sets of 
different config%rrations were constructed in both the eastbound and westbound outer 
traffic lanes for replication purposes. Figures 26 through 28 and tables 9 and 10 
illustrate the 14 different configurations, their layout plans and the relative 
installation positions. These devices were installed in the fall of 1984. 

The monitoring of this project includes preconstruction and postconstruction: 

@ Faulting measurements. 
Falling Weight Deflectometer load transfer measurements. 

e Visual performance raking of the devices themselves. 

'Fhe preliminary results from the first set of monitoring data taken after 4 months 
of service ~ndicates that all of the retrofit dowels are performing well, with 
predominantly good load transfer and very few visually apparent distresses. 
Twenty-six, or 6 percent, of the precompressed shear devices have some form ofvisual 
distress. Eight of the 432 devices placed (or 2 percent) display serious defects such 
as cracked or repaired backfill matrix, replaced devices or debonding between the 
backfill matrix and the adjacent concrete slab. The f 8 remaining distressed shear 
devices only exhibit a minor matrix flaw described as "flaking." This "flaking" may be 
the result of diffiwlties encountered during the joint reservoir resawing operation. 

Both devices have increased joint load transfer greatly and have reduced both 
corner deflection and joint faulting over that of adjacent control joints. Monitoring 
of performarrce is continuing on this project. 

3.6 DESIGN m D  CONSTRUCTION GUIDELINES -- =STORATION OF JOINT 
m A D  TMNSFER 

3.6.1 Intrsrfuetiarn 
These guidelines were originally prepared under NCMWP Project 1-21 and published in 

NCHRP Report No. 281, Transportation Research Board, B98%.(32) Further updates 
resulted from the research conducted for the "Determination of Rehabilitation Methods 
for Rigid Pavements'kturly conducted for the FHWA, which is described in this final 
report, 

The ability of a joint or crack to transfer load is a major factor in its 
structural perabrmance. h a d  transfer efficiency across a joint or crack is defined as 
the ratio of deflection of the unloaded side to the deff ection of the loaded side. If 
perfect load transfer exists the ratio will be 1.00 (or 180 percent), and if no load 
transfer exists (such as a free edge) the ratio will be 0.00 (or 0 percent). Joints 
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Table 9.  Description of treatment configurations for retrofit 
dowels in Florida. 

TREATMENT D E S C R I P T I O N  

FOR 

R E T R O F I T  DOWEL LOAD TrZANSFER DEVICES 

(Epoxy Coated) 

Treatment N o .  of D o w e l s  
Designation P e r  Wheelpath 

Note: 1 in = 2.54 cm 



Assumptions: 
( 1 )  of dual wheel average 27 i n  from outside pavement edge. 
( 2 )  8 f t -6  i n  out to  out dual wheel distance ( 7  f t -0  i n  center t o  center ) .  

Note: 1 i n  = 2 . 5 4  cm, 1 f t  = 0.3048 m 

F i g u r e  2 7 .  I n s t a l l a t i o n  p a t t e r n  f o r  double-vee s h e a r  d e v i c e s  i n  F l o r i d a .  



Table 10. Description of treatment configurations for double-vee 
shear devices in Florida. 

TREATMENT D E S C R I P T I O N  

FOR 
R E T R O F I T  LOAD TRANSFER SHEAR DEVICES 



do 
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U ti 
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that are doweled normally have good load transfer (70 - I00 percent). However, 
repeated heavy loads can cause an elongation of the dowel socket cross sections and 
looseness of the dowel. This leads to a loss of load transfer and faulted and spalled 
joints. 

Many jointed plain concrete pavements have been constructed without dowels at 
transverse joints. The load transfer measured at these joints is typically low, except 
on warm afternoons when joints close tightly. Transverse cracks in both jointed plain 
and reinforced concrete pavements (where steel has ruptured) can also have poor load 
transfer. 

When load transfer is restored from 0 to 100 percent, maximum deflection and stress 
in the slab is reduced bv one half. This effect greatly reduces the potential for 
pumping, faulting, spaliing and cracking and thus would extend the life of the 
pavement. 

Need Far Load Transfer Restoration 
Restoration of load transfer across a transverse joint or crack can be used to 

retard further deterioration. Poor load transfer leads to joint or crack 
deterioration, including pumping, faulting, corner breaks and spalling. Overlays 
placed over joints or cracks that have poor load transfer will soon develop reflective 
cracks that will spa11 and deteriorate into potholes. 

Load transfer restoration is recommended on all transverse faulted joints or cracks 
that exhibit poor deflection load transfer of approximately 0 to 50 percent when 
measured during early morning times or in cooler weather. Heavy load deflection 
devices should be used for the measurement so as to resemble regular traffic loads. 
These recommendations are for jointed concrete pavements with or without placement of 
asphalt overlays.(32) 

Effectiveness and Limitations 
Two of the most promising methods of restoring load transfer to existing joints and 

cracks are retrofit dowels and Double-vee  hear devices. 

Short-term experience with load transfer restoration has indicated that dowels and 
shear devices can be effective in transferring loads across joints and cracks and 
reducing faulting.(32,17,35) Test results from the NCHRP Project 1-21 field 
demonstration projects and from the Georgia and Florida tests show an immediate 
increase in load transfer to 90 - 100 percent and a reduction in deflections ranging 
from 50 to 75 percent. 

Lon -term effectiveness can only be estimated from the Georgia project which is 
currently 8 years old (5.45 million ESALs accumulated on the restored, ground joints). 
Ninety-nine percent of the 61 retrofit dowel restored joints, 87 percent of the 44 
uncompressed, ungrooved Double-vee shear device restored joints and 88 percent of the 
eight Figure-eight device restored joints measured less than or equal to 0.10 in [0.25 
cm] of joint faulting over the last 9 years of service. However, a substantial number 
of failures of shear devices have occurred by bond loss between the device and the core 
wa11.(32,17) Shear devices which have been effective in transferring load and have 
performed well under full scale field load testing are the Double-vee device and the 
plate and stud connector. Both of these devices are proprietary. 

The Double-vee device has been tested in laboratory fatigue tests and in field 
installations. Fatigue tests have shown that load transfer failure occurred first with 
the device itself, failing in flexure only after several million repetitions. However, 
field tests have shown considerable failure of the bond between the polymer concrete 



and the core wall of the existing concrete. These failures were believed to be 
partially caused by loss of the liquid portion of the polymer concrete, which drained 
out through the bottom of the core hole due to improper sealing. Also, improvements 
have been made in the installation of the Double-vee devices b cutting grooves into 
the core walls and by precompressia~g the device in the core ho e. However, an improved 
bonding material is still greatly needed.&?) 

Y 
The following eonc%usions are from the Georgia installations: 

"The results of the sections with Double-vee devices is variable and is largely 
influenced by the performance of the various patching materials used with these 
devices. The Double-vee devices are performing well where leaching of the polymer 
concrete did not take place, where Portland Cement concrete was used and with some 
of the rapid set materials. The Double-vee devices are performing marginal to poor 
where problems with leaching and material quality sf the polymer concrete occurred 
during the 1981 construction season." (37) 

ment needed for the installation of shear devices is a coring rig 
diameter diamond core bit, which is normally readily available to 

all pavement contractors, and a special recompression tool and groove coring bit, both 
provided by the manufacturer (Dayton i! uperior Corporation). 

Dowels cut in slots are an effective technique to restore load transfer across 
joints or cracks. Dowel installation has been evaluated under an FHWA contract in 
Georgia and is currently being studied in FIorida.(l7,35) Results for Georgia show the 
dowels to have performed very well after 9 years of heavy traffic, although a few 
failures have occurred. The patching material was not as critical as for thc shear 
type devices.(l7,35) The equipment needed to install dowels is a diamond saw to cut 
the slots, and air hammers. Equipment manufacturers are currently working on 
developing more efficient means of cutting the slot and removing the concrete. 

Measurements show that the horizontal 'oint movement is not excessively restricted 
by either the Double-vee or dowel devices.(17j 

The successful installation of load transfer devices requires sound concrete 
adjacent to the joint or crack. If the concrete is deteriorated near joints or cracks, 
a full-depth repair should be placed rather than load transfer restoration. 

3.6.2 Concurrent Work 
Before any load transfer devices are installed it is necessary to determine the 

cause of the joint/crack distress. Attempts should be made to correct these 
deficiencies prior to load transfer restoration. 

Heavily distressed slabs ("D" cracked, corner breaks, transverse, longitudinal, and 
diagonal cracking) may require portions, or all of the slab to be replaced. In which 
case the load transfer can be restored through the patch design. 

Additional work to be done prior to load transfer restoration may include 
subsealing to restore support to the slabs (this is essential if loss of support 
exists), full-depth repair and partial-depth repair. Work that can be done after load 
transfer restoration includes grinding, joint and crack seaiing and installation of 
subdrainage. 

Joints or cracks having high deflections must be subsealed before load transfer 
devices are installed. 



3.6.3 Design 

Identification of .Toints/Cracks Reauirin~ Load Transfer Restoration 
Joints and cracks requiring improvcd load transfer must first be identified. Load 

transfer should be measured during cooler temperatures (e.g., ambient temperatures less 
than 80 OF 26.7 OC]) and during early morning times. A heavy load device such as a the Falling eight Deflectometer, Road Rater or a weight truck with two Benkleman Beams 
should be used. 

The deflection load transfer should be measured in the outer wheel path and is 
defined as follows: 

Load Transfer = [Unloaded slab defl. /Loaded slab defl.] X 100 

Any joint or crack having a measured load transfer of less than 50 percent during 
cool temperatures should be considered for restoration. The deflection measurements 
should be taken as close as possible to the joint/crack, or if measured by a sensor in 
the center of the load plate and 12 in [30.5 cm] across the joint they should be 
corrected for normal slab bending as measured in the center of the slab.(32) 

It is recommended that any transverse joint or crack with load transfer Iess than 
50 percent (measured at pavement surface temperatures less than 80 OF [27 OC]) 
should have load transfer devices installed. 

If deflection measurements are impossible, an indicator of poor load transfer is 
faulting of the joint or crack. Any joint reater than 0.10 in 10.25 cm] of faulting H or more will likely have poor load trans er. 

Desipn Reauirements 
Gulden and Brown conclude that the following factors must be met for a load 

transfer restoration system to provide long-term pe;formance: 

"e The patching material and device must have sufficient strength to 
carry the required load. 

e Sufficient bond must be achieved between the device and the patching 
material to carry the required load. 

e Sufficient bond must be achieved between the patching material and 
the existing concrete to carry the required load. 

ss The device must be able to accommodate movement due to thermal 
movement of the concrete slabs. 

e The bond between the device and the patching material must be 
sufficient to withstand the forces due to thermal expansion of the 
concrete slabs. 

The patching materiaIs must have little or no shrinkage during 
curing. Shrinkage of the patching material can cause weakening or 
failure of the bond with the existing concrete. 



e The patching material must develop strength rapidly so that traffic 
can be allowed on the slabs in a reasonable length of time (3 to 4 
hours)".(l7) 

Results from tests conducted in Georgia, Florida and other States show that the 
retrofit dowel bars can meet the above requirements. These dowels, when properly 
constructed, were found to greatly improve the existing load transfer (and reduce 
deflection) and to permit horizontal movement (or opening and closing) of the 
joints.(32,17) 

Dowel Devices 
The number, diameter and spacing of dowel devices must be determined. An analysis 

was conducted by Tayabji and Colley that determined that stresses and deflections for 
six dowels s aced nonuniformly in a joint (three in each wheel path) were similar to 
stresses an 8 deflections obtained for a joint with twelve uniformly spaced doweIs.(22) 
Thus, placing the retrofit dowels in the wheel paths should provide similar performance 
and be more cost effective. 

The number, spacing and diameter of the dowels will determine the amount of future 
faulting of the transverse joints. Several different retrofit dowel load transfer 
restoration designs were evaluated under this study. The following table shows these 
design variations and pertinent pavement factors: 

Devices Dowel Mean Dowel Accumulated Joint 
in Wheelpath Spacing Fault Diameter ESALs Spacing 
Outer Inner (in) (in) (in) (millions) (ft) 

NOTEi: Faulting values pertain to the outer lane only, 
measured 1 ft in from the lane edge. 
1 in = 2.54 cm; 1 ft = 0.3048 m. 

Results from NCHRP Project 1-19 showed the significant impact dowel diameter has on 
faulting. Larger diameter dowels slow down the development of faultin in new 
pavements. The larger dowels also showed less loss of load transfer in t fl e Illinois 
Interstate 70 full-depth repair study (see chapter 5). Figures 29 and 30 compare joint 
faulting of new JPC and JRC pavements of various dowel diameters with similar 
rehabilitated pavements (either diamond grinding alone or diamond grinding along with 
retrofit dowel load transfer restoration). These figures show that retrofit dowels 
reduce faulting; however, not to the same level as new construction dowelled 
pavements. This probably occurs because the aggregate interlock is much less for an 
older pavement than for new construction. 

The development of a mechanistic-emperical retrofit dowel design procedure is 
current1 under investigation using the results from the Florida test site in addition r to data rom other States. The best recommendations that can be provided at this time 
are as follows: 



COMPARISON OF JOINT FAULTING 
NEW PAVEMENT vs. REHABILITATED PAVEMENT 

Faulting (in) [ I  i n  = 2 .54  CD] 

0,30 
All Retrof i t  Dowel Diameters = 1,25 in JPCP ANALYSIS 

Acc. Equivalent Single Ax le  Loads 
- DGD ALONE + RETROFIT  + NEW PLAIN + NEW I 00 

Figure 29. Comparison of JPCP joint faulting: new pavement vs. rehabilitated pavement. 





1. Use dowel bars with diameters of at least 1.25 in [3.2 cm], and 
preferably 1.50 in [3.8 cm]. Heavier trafficked pavements havin 0.5 
million ESALs per year in the outer lane should use the 1.50-in f3.8 
cm]-diameter bars. 

2. Use 3 to 4 dowels placed in each wheelpath at 12-in [30.5 cm] 
spacings. 

3. The outermost dowel in the outer wheelpath should be located 12 in 
[30.5 cm] from the outer lane edge. 

4. Care must be taken to avoid any existing dowels in the pavement. 

A recommended layout is shown in figure 31 for retrofit dowel design. 

3.6.4 Construction 

Materials 
Plans should include details and sketches of the load transfer device itself. 

Details of the dowel device and supporting chair are shown in figure 17. 

The patch material used with load transfer devices is a critical factor in 
performance, particularly with shear devices. Sufficient bond must be established 
between the device and patching material as well as between the existing concrete and 
the patching material to carry the applied loads and movement from thermal changes. 
Patching material must also develop strength rapidly to accommodate traffic and thermal 
stresses soon after placement. 

A thorough laboratory evaluation must be made of any patching material to be 
utilized for the load transfer devices. Gulden and Brown conclude that "working time, 
bond strength, rapid early strength gain and shrinkage are prime factors which must be 
evaluated prior to chooslng a patching materialU.(35) 

Polymer concretes and high early strength portland cement concrete have been used 
in most installations to date. Polymer concrete material properties, fine aggregate 
gradation, and mix designs should be specified by the agency. A high early strength 
concrete mixture used in conjunction with an epoxy applied to the existing slab was 
used successfully in Georgia.(l7) Aggregate gradation should meet ASTM C33 "Standard 
Specification for Concrete A regates" fine aggregate requirements. This allows the 
polymer concrete to easily fil !? this space. The mix design should allow the fine 
aggregate to be easily and completely coated. 

The high early strength portland cement concrete mixture utilized successfuliy in 
Georgia is as follows: 

[0.95 cm] top sized pea gravel 

The ex ansion agent was aluminum powder mixed with a filler in a ratio of one part 
powder to 5 i' parts of filler. Both inert flyash and pumicite was used as a filler. 
Four hour compressive strengths ranged from 1250 to 1650 psi [8.6 to 11.4 MPa]. 



SMOOTI4 DOWELS 

EPOXY COATED 

Note: For very heavy traffic, 4 dowels may be necessary 
in each wheelpath. 

Figure 31. Recommended retrofit dowel design for heavy traffic.(6) 



The Florida test section successfully used a heavy duty patch material (Trade name 
HD-50 and manufactured by Dayton Superior Corporation) for both the retrofit dowels and 
the Double-vee shear devices. Additionally, a 318-in top sized pea gravel extender was 
used for the dowels. 

Dowel Device Procedures 
When using dowels installed in slots, expansion caps should be specified. Coated 

dowels should be 14 to 18 in 35.6 to 45.7 cm] long and of sufficient diameter to 
reduce faulting to an accepta I, le level as described under section 3.6.3. 

Slots for dowels should be first cut with multiple blade saws (e.g. a ganged sawing 
assembly will allow for a more uniform and efficient sawing operation). The "fins" 
have a life expectancy of about 1 week, de ending on width, before they break down and 
the open slot becomes a hazard to traffic. P 35) 

Light weight pneumatic hammers are then used to remove the concrete with minimal 
damage to the surrounding concrete. Sandblasting of the slots followed by airblasting 
to provide for final cleaning should be performed. It is important to check the nozzle 
leading from the compressor with a clean ra for contaminants, such as oil, so that the 
oil is not emitted from the compressor there % y coating the surface of the slots. 

Slots should be cut so that the dowels are allowed to rest horizontally and 
perpendicular to the joint or crack at mid-depth of the slab. Each dowel should be 
placed on a support chair to allow the patch material to surround the dowel. 

Dowels must be provided with filler board or styrofoam material at  mid-length to 
prevent the intrusion of patch material into the existing jointlcrack, and to form the 
joint in the kerf. To account for varying joint/crack widths over the project, 
multiple thin sheets of filler can be used. To keep joints/cracks free of material it 
is important to have a tight fitting filler which matches the existing contraction 
joint width. Details of the dowel placement are shown in figure 17. 

Procedures for O~eninp to Traffic 
The lane may be opened to traffic after several hours of hardening, depending on 

materials tests and the agency's experience with patching material and slab 
temperature. 

3.6.5 Preparation of Plans and Specifications 
The plans must indicate the joints and cracks and spacings where load transfer 

devices are to be placed. The agency should determine which joints/cracks need load 
transfer restoration by measurement of the deflection transfer as discussed in section 
3.6.3. 

A detailed engineering drawing of the device to be used must be provided. 

3.7 CONCLUSIONS AND RECOMMENDATIONS 

1. This research study revealed that the retrofit dowel bars provided the best results 
in reducing faulting of all load transfer devices. The Double-vee shear device 
(without precompression or grooving of the core walls), the Figure-eight shear 
device and the retrofit miniature I-beam device did not reduce faulting to any 
greater degree than joints where only diamond grinding was performed. All of the 
projects considered here had diamond grindin conducted as part of their 
rehabilitation strategies. The initial faulting, t f erefore, was zero in all cases 



and direct comparison between the devices could be made. Device faulting 
performance is summarized below: 

Mean Mean Mean 
Fault ESAL 

Device Type (in] (millions) (MI  Age 

Retrofit Dowels 2.6 3.8 
Double-vee Devices 2.6 2.5 
Figure-eight Devices 5.5 9.0 
I-beam Devices 4.0 2.0 

The results of this analysis reflect a wide range of both project and 
rehabilitation design, inservice life, traffic loading and climatic variables. 

2. The faulting analysis between load transfer restored and control joints clearly 
showed the benefit of some types of load transfer restoration as a rehabilitation 
technique, restrictin the development of joint and/or crack faulting. As 
expected, load trans f er efficiency from the Florida test site was greatly increased 
and deflec1;ions reduced through the use of the load transfer restoration devices. 

3. The most promising method of restoring load transfer to existing transverse joints 
and cracks is Retrofit Dowels. Results from test sites in Georgia and Florida, as 
well as from field tests, show that retrofit dowels can reliably meet the 
requirements to reduce faulting. These dowels, when properly installed, were found 
to greatly improve the existing load transfer (and reduce deflections) and to 
permit horizontal joint movement (or opening and closing). 

4. The retrofit dowels were more effective and reliable than the other load transfer 
devices. However, the contractor in Florida indicated that, as expected, the 
dowels were more difficult to properly install than the Double-vee shear devices 
(even when the shear devices required core wall grooving and precompression). 
Equipment manufacturers are currently developing more efficient means of cutting 
the slots and removing the concrete "fins". 

5.  The device performance evaluation indicated that the critical factor for any of the 
devices was the performance of the backfill material. Backfill material failure 
was either the most prominent or second most prominent failure mode for any of the 
four load transfer devices evaluated. This was even evident on the retrofit dowel 
bars and miniature I-beams where less than 2 percent of the devices exhibited any 
failure modes. 

6. The successful performance of load transfer restoration is controlled, as are so 
many other rehabilitation techniques, by the ability to identify and address the 
source of the deterioration. These distress mechanisms must be addressed and any 
deficiencies corrected prior to load transfer restoration. Typical rehabilitation 
work associated with the need for load transfer restoration can require (1) 
localized subsealin to provide uniform slab support in order to compensate for a 
pumped subbase, ( 1 ) retrofit subdrainage to provide a positive means for 
infiltrated free water to more rapidly leave the pavement structure, (3) diamond 
grinding of the restored joints or entire pavement to reestablish a smooth riding 
surface and (4) joint resealing. Diamond grinding and joint resealing are done 
after the load transfer devices have been installed. 

7. The recommended retrofit dowel bar design is given in section 3.6, Design and 
Construction Guidelines. 



CHAPTER 4 

EDGE SUPPORT 

4.0 RESEARCH APPROACH 

The outer traffic lane edge and corner have long been identified as critical 
locations for high stresses and deflections. The outer edge develops high stresses 
and usually becomes the critical fatigue damage point where transverse cracks 
initiate and work across the traffic lane. The outer corner develops high 
deflections that result in pumping and subsequently faulting, loss of support and 
corner breaksldiagonal cracks. 

Tied concrete shoulders and/or widened lanes have been shown to reduce the 
corner deflection and the edge stress produced by edge wheel loading. It is 
theorized that this reduction in deflections and stresses will result in a life 
extension to the mainline pavement. In addition, the expected benefits also may 
include a more reliable longitudinal lane-shoulder joint for effective joint 
reservoir construction and sealing which reduces the amount of water that can enter 
the pavement structure and deteriorate the underlying structural or supporting 
layers. Another benefit is a long lasting low maintenance shoulder pavement. These 
benefits, if true, are significant enough to warrant the consideration of edge 
support as a rehabilitation alternative for rigid pavements of sound contra. 

While there has been some field evidence that tied PCC shoulders are beneficial 
for new designs, there has not been field evidence that retrofit PCC shoulders have 
the same effect. The major concern is that the tie between the lane and shoulder is 
adequate to provide substantial load transfer. It load transfer is lost over time, 
the PCC shoulder will not have much of a significant effect on the traffic lane. 
The shoulder may separate greatly, eliminating the possibility of sealing the joint. 

This research study will attempt to ascertain the benefits of edge support of 
the mainline pavement in terms of amount of reduction in joint faulting. A 
preliminary analysis of the database indicated that many of the edge support 
projects were actually tied concrete shoulders on a concrete overlay project o r  tied 
concrete shoulders in conjunction with diamond grinding of the mainline pavement. 
This resulted in very few sections where edge support was the only form of 
rehabilitation. To accommodate this reduction in sample size, the effect of edge 
support on joint faulting was incorporated into the diamond grinding joint faulting 
model, which did show a beneficial effect. 

4.1 DATABASE AND DATA COLLECTION 

The edge support database incorporates both design, construction and performance 
variables for 13 uniform sections. These variables are in addition to the pavement 
design, traffic and climatic variables summarized in volume IV. Table 11 lists 
these edge support variables. The monitoring data collection for the tied concrete 
shoulders is similar to the data collection associated with any of the traffic 
lanes, except for the addition of a measure of the dropoff at the lane-shoulder 
joint. 

4.1.1 General Project Description 
Thirteen uniform sections were located in nine States: Arkansas, 

Colorado, Illinois, Michigan, Minnesota, Ohio, Pennsylvania, South Carolina and 
Wyoming. These uniform sections were broken down into 22 sample units that were up 
to 1000 ft [305 m] long, where possible (see figure 32). 



Table 11. Edge support database design and monitoring variables. 

EDGE SUPPQRT 

DATABASE DESIGN VARIABLES 

Project Identification Number. 
Sample Unit. 
Type of Edge Support System. 
Matching of Shoulder and Pavement Joints. 
Lane/Shoulder Tie System. 
Tie Bar Diameter, Length, and Spacing. 
Shoulder Width and Thickness. 
Shoulder Thickness Tapering, if any. 
Thickness of Undercut, if any. 
Lane/Shoulder Joint Qpe .  
Lane/ShouIder Joint Forming Method. 

DATARASE PEFWORMANCE VARIABLES 

Overall Distress 
e Project Identification Number. 

Sample Unit Number, Length, and Present Serviceability Rating. 
Foundation of Sample Unit (cut,fill,at grade). 
Condition of Drainage Ditches and Subsurface Drainage. 

e Number of Transverse Joints on the Mainline Pavement. 
Number of Transverse Joints on the Shoulder. 

Pavement Distress (Inner Lane, Outer Lane, and Shoulders) 
Transverse Cracking. 

e Transverse 'ID" Cracking. 
Longitudinal Cracking. 
Longitudinal "D" Cracking. 

e Longitudinal Joint Spalling. 
Scaling, Crazing, Map Cracking. 
Centerline Joint Cracking (Outer Lane Only). 

r Lane/Shoulder Drop-off (Shoulder Only). 

Joint Distress (Inner Lane, Outer Lane, and Shoulders) 
Transverse Joint Spalling on Approach and/or Leave Side. 
Corner Spalling on Approach and/or Leave Side. 

e Corner Breaks on Approach and/or Leave Side. 
Pumping. 

e Joint/Crack Faulting. 
JointICrack Width. 
Durability Cracking. 
Reactive Aggregate. 

Sealant Condition 
e Sealant Absent. 

Cohesion Failure. 
Adhesion Failure. 

e Sealant Extrusion. 
Sealant Oxidation. 

o Incompressibles in Joint. 

(Inner Lane, Outer Lane, and Shoulders) 





4.1.2 Edge Support Design Variation 
Edge support was incorporated into three main categories: 

Edge beam (narrow strip of PCC about 2 to 3 ft [0.6 to 0.9 m] wide tied to the 
existing traffic lane) (two uniform sections). 

Tied retrofit PCC shoulder. 

0 Tied concrete shoulders in conjunction with the construction of a new concrete 
overlay. 

The edge support designs evaluated varied significantly in all aspects. This 
variability is illustrated in table 12. These projects have been in service from 1 
to 21 years at the time of survey. 

4.1.3 Traffic and Climatic Variation 
In terms of traffic loadings and climatic effects, the pavements associated with 

edge support projects have withstood from 0.4 million to 2.8 million 18-kip [80 kN] 
Equivalent Single-Axle Loads (ESALs) for the outer traffic lane while in service. 
Annual loadings ranged from 0.1 million to 2.7 million ESALs per year in the outer 
traffic lane. The projects were located in five of the nine climatic regions as 
defined by Carpenter (see figure 33).(3) The Corps of Engineers Freezing Index 
varied form 0 to 1750 degree days. 

4.2 DATA COLLECTION 

The database is com rehensive containing as many projects as was available or K that could be included wit in available resources. These pavements were surveyed 
between July 1985 and August 1986. 

There were five basic data sets that were deemed necessary for the development 
of life prediction models and for analysis aimed towards the development and 
improvement of design and construction procedures. These included: 

9 Field condition data. 

9 Original pavement structural design and construction and subgrade soil 
classification. 

o Rehabilitation design factors. 

Historical traffic volumes, classifications and accumulated 18-kip [80 kN] 
equivalent single axle loadings. 

e Environmental data. 

The data sources and procedures used in the collection of each are described in 
volume IV. 

4.3 PERFORMANCE MODELS 

The development of a predictive model to assess the effect of edge support on 
transverse joint faulting solely on the basis of edge support design and monitoring 
variables, as well as project design variables, was not possible due to limited 
number of uniform sections. However, the effect of edge support on joint faulting 



Table  12 .  Design v a r i a b i l i t y  by edge s u p p o r t  p r o j e c t  s i t e .  

J O I N T  S P A C I N G  EDGE SUPPORT LANE-SHOULDER T I E  BAR T I E  BAR T I E  BAR SHOULDER SHOULDER 

PROJECT S I T E  PAVEMENT SHOULDER TYPE T I E  SYSTEM D I A M E T E R  S P A C I N G  LENGTH WIDTH T H I C K N E S S  

( f e e t )  ( f e e t )  ( i n )  ( i n )  ( i n )  ( f e e t )  ( i n )  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

T I E D  R E T R O F I T  EDGE BEAM EDGE SUPPORT 

MINNESOTA, U.S. 10 15.00 15.00 EDGE BEAM DEFORMED REBAR 0.625 24.0 18.0 2.0 6.00 

ARKANSAS, 1-30 15.00 15.00 EDGE BEAM DEFORMED REBAR 0.500 30.0 30.0 3.0 9.00 

T I E D  R E T R O F I T  CONCRETE SHOULDER EDGE SUPPORT 

I L L I N O I S ,  RTE. 116 100.00 100.00 T I E D  JPCP DEFORMED REBAR 0.625 30.0 24.0 8.0 6.00 

WYOMING, 1-80 20.00 20.00 T I E D  JPCP DEFORMED REBAR 0.500 24.0 24.0 '10.0 8.00 

SOUTH CAROLINA, 1-20 25.00 25.00 T I E D  JPCP DEFORMED REBAR 0.500 30.0 30.0 10.0 9.80 

T I E D  R E T R O F I T  CONCRETE SHOULDER EDGE SUPPORT A S  PART OF A CONCRETE OVERLAY 

COLORADO, 1-25 (MP 247) 13.50 13.50 T I E D  J P C P  DEFORMED REBAR 0.500 30.0 30.0 10.0 7.75 

COLORADO, 1-25 (MP 253) 13.50 13.50 T I E D  JPCP DEFORMED REBAR 0.500 30.0 30.0 10.0 6.25 

OHIO,  1-70 

WYOMING, 1-25 

60.00 20.00 T I E D  J P C P  DEFORMED REBAR 0.625 60.0 30.0 10.0 10.00 

20.00 20.00 T I E D  JPCP DEFORMED REBAR 0.500 24.0 24.0 10.0 72.00 

PENNSYLVANIA, 1-376 30.75 15.00 T I E D  JPCP HOOK B O L T S  0.625 30.0 30.0 10.0 10.00 

MICHIGAN,  U.S. 23 41.00 41.00 T I E D  JRCP DEFORMED REBAR 0.625 55.0 24.0 8.0 7.00 

** J o i n t  S p a c i n g  i n  C o l o r a d o  i s  r a n d o m :  12-15-13-14, A v g .  = 13.5 f t .  

** J o i n t s  i n  C o l o r a d o ,  P e n n s y l v a n i a  a n d  W y o m i n g  a r e  s k e w e d  6:l. 

Note: 1 in = 2.54 cm, 1 ft = 0,3048 m 



C ZONE FACTORIAL 

PRECIPITATION 

NOTE: A total of 13 uniform sections were evaluated 
through condition surveys. 

F i g u r e  33 .  C l i m a t i c  zone f a c t o r i a l  f o r  edge s u p p o r t  uniform s e c t i o n s .  



was incorporated into the diamond grinding predictive model which is given in 
chapter 2 (i.e. the edge support database was combined with the diamond grinding 
database). The benefit associated with the installation of tied concrete shoulders 
is shown in figures 34 and 35, taken from the diamond grinding chapter, which 
illustrate the effect that edge support has on joint faulting. Grinding, grinding 
with load transfer restoration, grinding with shoulders, grinding with subdrains and 
shoulders and new pavement faulting curves are shown for comparison purposes. 

4.4 EDGE SUPPORT CASE STUDIES 

A total of thirteen uniform sections were surveyed at eleven project sites. 
These projects can be broken down into the three categories previously listed. The 
pertinent original pavement design, overlay design (if applicable), edge support 
system design, traffic and climatic variables are listed in table 13 through 15. 
The field performance and evaluation case studies which follow depict the pavement 
distresses observed at the time of survey. The distresses and severity levels 
identified in the condition surveys are as defined in reference 1. 

The design information was retrieved from as-built plans and rehabilitation 
special provisions provided by the respective state's departments of 
transportation. The traffic data was calculated with the aid of State-provided 
historical traffic records and the use of FHWA W-4 tables. The environmental data 
was retrieved frorn publicly available brochures entitled, "Monthly Normals of 
Temperature, Precipitation, and Heating and Cooling Degree Days, 195 1-80" (National 
Oceanic and Atmospheric Administration), for the weather recording station nearest 
to the individual project sites. 

The following case studies are included to provide specific descriptions of the 
projects from which the database was developed. 

The projects are described as categorized below: 

TIED RETROFIT EDGE BEAM EDGE SUPPORT 

Minnesota, U.S. Route 10 
Arkansas, Interstate 30 

TIED RETROFIT CONCRETE SHOULDER EDGE SUPPORT 

Illinois, Route 116 
Wyoming, Interstate 80 
South Carolina, Interstate 20 

TIED RETROFIT CO-NCRETE SHOULDERS AS PART OF A CONCRETE OVERLAY 

Colorado, Interstate 25 
Colorado, Interstate 25 
Ohio, Interstate 70 
Wyoming, Interstate 25 
Pennsylvania, Interstate 376 
Michigan, U.S. Route 23 



NG JPCP 
Std. Cond. VS Drains & PCC Sh. VS New 

MEAN JOINT FAULTING, (in) [ I  in = 2 .54  C ~ I  

0 2 4 6 8 10 12 

ESALs SINCE GRINDING (millions) 

Figure 34. Faulting projections for standard JPCP and standard plus 
drains and PCC shoulders (Estimated faulting far new section 
also shown for comparison). 





Table 13. Edge beam project variability. 

MINNESOTA 

PAVEMENT DESIGN 

year constructed 
thickness, in. 

joint spacing, ft. 
skewed joints? 
load transfer AGG. INTERWCK 1-IN. DOWEL EVERY 

THIRD JOINT 

subgrade type FINE-GRAINED COARSE-GRAINED 
other rehab 

current ADT 
current % Trucks 

cumulative ESALs on REHAB 

climatic zone WET-DRY/FREEZE WET/FREEZE-THAW 
Freezing Index 

year constructed 
joint spacing, ft. 

skewed joints? 
matched joints? 

lane/beam tie system DEFORMED REBAR DEFORMED REBAR 
tie bar diameter, in. 
tie bar length, in. 
tie bar spacing, in. 

beam width, ft. 
beam thickness, in. 

SAWED & SEALED SAWED & SEALED 

Note: 1 in = 2.54 cm, 1 f t  = 0.3048 m 



Table 1 4 .  Ful l -width  PCC s h o u l d e r  p r o j e c t  v a r i a b i l i t y .  

SOUM mm 
1-20 

near AUGUSTA, GA 
(W 0) 

PRaJECTS IN-TIN% TIED FXIROFIT C C R J m  SEEUTDm E2XX SUPm 

JR8 
early 1960's 

10 
100 
m 

1.25-IN. D(XJEIS 

mm 

PAVEMENT DESIGN 
slab 

year constructed 
thickness, in. 

joint  spacing, f t .  
skewed joints? 
load transfer 

JPCP 
1966 

8 
20 

SKEX?ED 6: l  
AGG. INlxmax 

1-1s 
RT. 116 

near PEICRIA, IL  
(m 1) 

JPCP 
1967 

9 
25 
NO 

AGG. llTnmDx 

WYCGIPNG 
1-80 

near L4?AMIE, WY 
(ME' 315) 

subdrainage? NZNE 
subgrade type 

other rehab NCNE 

cmdat ive  ESALs on RMAB 
Cuter, millions 
Irmer, millions 

lWiFmC 
current AlX 

current % Trucks 

CLIMATE 
climatic zone 

beezing Index 
anmal precip, in. 

6800 
17 

EECE SUPPORT DESIGN 
slab 

year constructed 
joint  spacing, ft .  

skewed joints? 
matched joints? 

JPCP 
1984 

25 
NO 

YES 

l a re / shdder  tie system 
t i e  bar diameter, in. 

t i e  bar length, in. 
t i e  bar spacing, in. 
shoulder width, f t  . 

shoulder thickness, in. 

larae/shoulder joint type 
lar?e/shoulder j oint seal 1 & SEALED 

Note: 1 i n  = 2.54 cm, 1 f t  = 0.3048 m 





TIED RETROFIT EDGE BEAM EDGE SUPPORT 

MN U.S. 10 Elk River 
The 8-in [20.3 cm], 15-ft [4.6 m] undowelled JPCP was built in 1946. A 2-ft 

p.6 m]-wide, 6-in [15.2 cm] thick, 15-ft [4.6 m] edge beam edge support system was 
~nstalled in 1983. 

The project was in service for 2 years at the time of survey. Two sample units 
were identified and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
July, 1985. 

DISTRESS 

Transverse Cracking, 
ft/mile 

SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

LOW 296 507 365 
MEDIUM 1236 475 5 
HIGH 0 0 0 

Longitudinal Cracking, LOW 253 0 0 
ft/mile MEDIUM 766 2 1 0 

HIGH 0 0 0 

Transverse Joint Faulting, 
in 

The extent of cracking of the ed e beam shoulder after only 2 years is 
substantial. The narrow width of 2 ft [ % .6 m] and thickness of 6 in [15.2 cm] may 
not be adequate for long-term structural support. The fact that faulting is still 
occurring in the outer traffic lane indicates that the edge beam has not prevented 
pumping. 

In addition to the distresses presented above, mean lane/shoulder drop-off was 
measured at 0.05 in [0.13 cm], ind~cating a good tie. Overall transverse joint 
spalling and corner spalling was evaluated as 100 percent low-severity for the outer 
and inner traffic lanes and the edge beam shoulder. Low-severity pumping (slight 
water erosion) was identified for the outer lane, inner lane and outer shoulder. 

The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Transverse "D"-Cracking 
Corner Breaks 
Reactive Aggregate 

Longitudinal "DW-Cracking 
Centerline Cracking 
Map Cracking 

AR 1-30 Benton 
The 9-in [22.9 em] thick, 15-ft [4.6 m] JPCP, built in 1966, had 1-in [2.5 cm] 

dowels at every third joint for load transfer. A 3-ft [0.9 m] wide, 9-in [22.9 
em]-thick, 15-ft [4.6 m] edge beam edge support system was installed 1n 1984. 

The project was in service for 2 years at the time of survey. Two sample units 
were identified and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
June, 1986. 



DISTRESS 
SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

Transverse Cracking, LOW 148 0 0 
ft/mile MEDIUM 11 0 0 

HIGH 0 0 0 

Longitudinal Cracking, LOW 0 0 0 
ftlmile MEDIUM 69 0 0 

HIGH 0 0 0 

Transverse Joint Faulting, 
in 

The lack of cracking of the edge beam indicates its structural adequacy over the 
heavy truck loadings of two million ESALs in the outer lane. A 3-ft [0.9 m] beam 
with a 9-in [22.9 cm] thickness appears to be adequate. 

In addition to the distresses presented above, mean lane/shoulder drop-off was 
measured at -0.06 in 1-0.15 cm], which indicates a good tie. Overall transverse 
joint spalling and corner spalling was evaluated as 100 percent low-severity for the 
outer and inner traffic lanes and edge beam shoulder. Low-severity pumping was 
identified for the outer lane, inner lane and outer shoulder. 

The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Transverse "DV1-Cracking Longitudinal "Dl1-Cracking 
Corner Breaks Centerline Cracking 
Reactive Aggregate Map Cracking 

TIED RETROFIT CONCRETE SHOULDER EDGE SUPPORT 

IL Rte. 116 Peoria 
The 10-in [25.4 cm] thick, 100-ft [30.5 m JRCP, built in the early 1960s, had 

1.25-in 13.2 cm] dowels for load transfer. An 1 -ft [2.4 m]-wide, 6-in [15.2 
cm]-thick, 100-ft [30.5 m] undowelled tied concrete shoulder edge support system was 
installed within 1 to 2 years after original construction along the outer lane only. 

The project was in service for 21 years at the time of survey. Two sample units 
were identified and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
June, 1986. 

SEVERITY OUTER INNER 
DISTRESS LEVELS LANE LANE SHOULDER 

Transverse Cracking, LOW 1811 1748 866 
ftlmile MEDIUM 317 412 454 

HIGH 32 42 0 



DISTRESS 
SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

Longitudinal Cracking, LOW 0 42 5 
ftlmile MEDIUM 0 0 0 

HIGH 0 0 0 

Transverse "Dl1-Cracking, LOW 665 481 164 
ft/mile MEDIUM 729 1114 159 

HIGH 0 0 0 

Transverse "D"-Cracking, ALL 100 100 88 
% of joints 

Longitudinal lVD"-Cracking, LOW 206 0 27 
ft/mile MEDIUM 0 0 53 

HIGH 0 0 0 

Corner Breaks, 
numberlmile 

Transverse Joint Faulting, 
in 

ALL 0 5 

Two items are of importance. The faultin and transverse cracking is reater in 
the inner lane than the outer lane. This may in j icate the beneficial effect o the 
tied PCC shoulder. Alsct, there was a lot of cracking on the 100-ft [305 m] 

B 
shoulder, which indicates the problem associated wlth long joint spacings. 

In addition to the distresses presented above, mean lane/shoulder drop-off was 
measured at 0.26 in [0.66 cm , indicating a slight drop-off of the shoulder. 
Overall transverse joint spa1 / ing and corner spalling was evaluated as 100 percent 
medium-severity for the traffic lanes and 63 percent medium and 37 percent low for 
the PCC shoulder, Low-severity pumpin was identified for the outer lane, inner 
lane and outer shoulder. Also, one samp k e unit sf this project did exhibit 
medium-severity centerline cracking for the entire length of the 1000-ft [305 m] 
sample unit. 

WY 1-80 Laramie 
The 8-in [20.3 cm]-thick, 20-ft 16.1 m] undowelled P C P  was built in 1966. The 

transverse joints were skewed 6 to 1. A 10-ft 3.0 m]-wide, 8-in [20.3 cml-thick, 
20-ft 16.1 m] undowelled tied concrete shout er edge support system was installed in 
1983 with 6 to 1 skewed joints. 

d 
The project was in service for 3 years at the time of survey. Two sample units 

were identified and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
August, 1986. 

DISTRESS 

Transverse Cracking, 
ft/mile 

SEVERITY OUTER INNER 
LEVELS LAFIE LANE SHOULDER 

LX)W 64 243 180 
MEDIUM 253 137 53 
HIGH 0 0 0 



DISTRESS 
SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

Longitudinal Cracking, LOW 33 7 328 0 
ft/mile MEDIUM 317 3 17 0 

HIGH 0 0 0 

Corner Breaks, 
numberlmile 

Transverse Joint Faulting, 
in 

ALL 48 5 5 

Taae cracking data indicates some structural deterioration is occurring; however, 
it is not h o w n  how much existed directly after restoration and how much has 
occurred since. Shoulder cracking may be due to the long joint spacing of 20 ft 
6-31 m] for the thin $-in 120.3 cm] slab (from curling and warping stresses). I-+ 'aulting is minimal whiclt may reflect a beneficial effect of the tied PCC shoulder. 

In addition fo the distresses presented above, mean lane/shoulder drop-off was 
measured at -0.03 in [-8.08 cm], indicating an excellent tie. Overall transverse 
joint spallllng and corner spalling was evaluated as 100 percent low-severity for the 
outer and inner traffic Ianes and the outer shoulder. Low-severity pumping was 
identified for the outer lane, inner lane and outer shoulder. 

The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Transverse "B"-Cracking 
Reactive Aggregate 
CenterSinc Cracking 

Longitudinal "D"-Cracking 
Map Cracking 

SC 1-20 Aagustil, GA 
The 9-in 122.9 cm m] undowelled JPCP was built in 1967. A 

30-ft [3.0 m]-wlde, 9-in 25-ft 1'7.6 m] undowelled tied concrete 
shoulder edge support system was installed in 1984. 

The project was in service for 2 years at the time of survey. Two sample units 
were identified and evaluated for pavement condition distresses. The following list 
is a summa of the pavement condition as determined by the condition survey crew in 7 January, 19 6. 

DISTRESS 

Transverse Joint Faulting, 
in 

SEVEIRIW OUTER INNER 
LEVELS LANE LANE SHOULDER 

The fact that no cracking has occurred shows that restoration was clearly 
appropriate for this project. Faulting is developing, however, and may become 
substantial as loadings accumulate. This long, undowelled joint spacing in a wet 
climate with no subdrainage is responsible for the development of faulting. The 
tied concrete shoulder does not appear to prevent faulting under these conditions. 



In addition to the distresses presented above, mean lane/shoulder drop-off was 
measured at 0.01 in E0.025 cm]. Overall transverse 'oint spalling and corner d spalling was evaluated as 100 percent low-severity or the outer traffic lane and 
the PCC shoulder, whereas the inner lane was 87 percent low-severity and 13 percent 
medium-severity. Low-severity pumping was identified for the outer lane, inner lane 
and outer shoulder. 

The following distress were not observed on the outer lane, inner fane or 
shoulder of this project: 

Transverse Cracking 
Transverse "DW-Cracking 
Corner Breaks 
Reactive Aggregate 

Longitudinal Cracking 
Longitudinal "D"-Cracking 

Centerline Cracking 
Map Cracking 

TIED RETROFIT CONCRETE SHOULDERS AS PART OF A CONCRETE OWE: 

CQ 1-25 Denver, Milepost 247 
The 8-in 20.3 cm]-thick, 20-ft [6.1 m] undowelled JPCP was built in 1964. A 

7.8-in 19.8 cm -thick jointed plain concrete unbanded overlay was installed in r, I 1985. e transverse overlay joints are skewed 6 to 1 and the random 'oint spacing 
attern is 12-15-13-14 ft 3.7-4.6-4.0-4.3 m] (avg. = 13.5 ft 14.1 1x11). A 1 -ft 5 d 
3.0 m]-wide, 7.75411 [19. cm]-thick undowelled tied concrete shoulder edge support P 

system was installed when the overlay was placed. The shoulder joints have the same 
random spacing and skewness as the overlay joints. 

The roject was in service for 1 year at the time of survey. One sample unit 
was identi k' ied and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
August, 1986. 

DISTRESS 

Transverse Cracking, 
ftlmile 

Transverse Joint Faulting, 
in 

SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

LOW 0 0 254 
MEDIUM 0 0 0 
HIGH 0 0 0 

The cause of the transverse cracking on the shoulders is unknown. It could be 
construction-related such as late sawing of the joints. Essentially no faulting has 
occurred. 

In addition to the distresses presented above, overall transverse joint spalling 
and corner spalling was evaluated as 100 percent low-severity for the outer and 
inner traffic lanes and the PCC shoulder. Low-severity pumping was identified for 
the outer lane, inner lane and outer shoulder. The mean lanelshoulder drop-off for 
this project could not be measured since the cross slope of the shoulders was 
different than that for the mainline pavement. 



The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Longitudinal Cracking 
Longitudinal "D"-Cracking 
Centerline Cracking 
Map Cracking 

TranmerseMD"-Cracking 
Corner Breaks 

Reactive Aggregate 

CO 1-25 Denver, Milepost 253 
Tke 8-in 20.3 cm]-thick, 20-ft [6.1 rn] undowelled JPCP was built in 1964. A 

6.8-in 17.3 cm -thick jointed plain concrete unbonded overlay was installed in I, I 1985. e transverse overlay joints are skewed 6 to I and the random joint spacing 
attern is 12-15-13-14 ft 3.7-4.6-4.0-4.3 m] (avg. = 13.5 ft E4.1 m]). A 10-ft 
3.0 m]-wide, 6.25-in [15. cm] thick undowelled tied concrete shoulder edge support P b 

system was installed when the overlay was placed. The shoulder jsints have the same 
random spacing and skewness as the overlay joints. 

The roject was in service for 1 year at the time of survey. One sample unit P was identi ied and evaluated for pavement condition distresses. The fallowing list 
is a summary of the pavement condition as determined by the condition survey crew in 
August, 1986. 

DISTRESS 

Transverse Joint Faulting, 
in 

SEVIENTY OUTER INNER 
LEVELS LANE LANE SHOULDER 

No cracking and essentially no faulting has occurred. In addition, overall 
transverse joint spalling and corner spallin was evaluated as 100 percent f low-severity for the outer and inner traffic anes and the PCC shoulder. 
Low-severity pumpin was identified for the outer lane, inner lane and outer P shoulder. The mean ane/shoulder drop-off for this project could not be measured 
since the cross slope of the shoulders was different than that for the mainline 
pavement. 

The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Transverse Cracking 
Transverse"D"-Cracking 
Corner Breaks 
Reactive Aggregate 

Longitudinal Cracking 
Longitudinal "DW-Cracking 

Centerline Cracking 
Map Cracking 

88 1-70 Springfield 
22.9 an]-thick, 60-ft [18.3 m] JRCP was built in 1968 and utilized 
dowels for load transfer. A 10-in C25.4 cmj-thick, 60-ft 18.3 m] 

'ointed lain concrete unbonded overlay was installed in 1984, which used 1.625-in 
4.1 cm dowels for load transfer. A 10-ft [3.0 m] wide, 10-in i25.4 cm]-thick t P  

undowelled tied concrete shoulder edge support system was installed when the overlay 
was placed. The shoulder joints are not matched with a joint spacing of 20 ft [6.l 
ml. 



The project was in service for 1 year at the time of survey. 'Pws Sam le units P were identified and evaluated for pavement condition distresses. The foll owing list 
is a summary of the pavement condition as determined by the condition survey crew in 
August, 1985. 

DISTRESS 

Transverse Cracking, 
ftlmile 

Transverse Joint Faulting, 
in 

SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

LOW 565 95 27 
MEDIUM 0 0 0 
HIGH 0 0 0 

Some low-severity cracking has occurred in the traffic lanes because of the long 
joint spacing. The shoulder is performing well. Practically no faulting has 
occurred on this heavily trafficked highway. 

In addition to the distresses presented above, mean Bane/shoulder drop-off was 
measured at -0.07 in [-0.18 m ] ,  which indicates an excellent tie. Overall 
transverse joint spalling and corner spalling was evaluated as 100 percent 
low-severity for the outer and inner traffic lanes and PCC shoulder. bw-severity 
pumping was identified for the outer lane, inner lane and outer shoulder. 

The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Longitudinal Cracking 
hngituclinal "ID"-Cracking 
Centerline Cracking 
Map Cracking 

Transverse "D"-Cracking 
Corner Breaks 

Reactive Aggregate 

W 1-25 Douglas 
The 9-in L22.9 cm]-thick, 20-ft ftC6.1 m] undowelled SBCP was built in 1968. A 

3-in 7.6 cm]-thick, 20-ft [6.1 m] 'ointed plain concrete bonded overlay was I insta led in 1984. A 10-ft L3.0 mj-wide, 12-in L30.5 cm] thick undowelled tied 
concrete shoulder edge support system was installed when the overlay was placed. 
The original pavement, overlay and shoulder joints are all skewed 6 to I. 

The roject was in service for 2 years at the time of survey. One sample unit P was identi ied and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
June, 1986. 

Transverse Cracking, 
ft/mile 

SEVERITY OUTER INNER 
LEVELS LANE LANE SMOULDER 

LOW 887 0 0 
MEDIUM 0 0 0 
HIGH 0 0 0 



SEWWIW OUTER INNER 
LEVELS LANE LANE SHOULDER 

Longitudinal Cracking, LOW 2535 21 1 0 
ft/mile MEDIUM 0 0 0 

HIGH 0 0 0 

Transverse Joint Faulting, 
inm 

A substantial amount of low-severiq cracking has occurred in the outer traffic 
lane. This could in part be reflection cracking. No cracking exists on the 12-in 
L30.5 em]-thick shoulder. Faulting is also negligible. The longitudinal cracking 
m the outer lane appears to be the result of late sawing of the centerline joint. 

In addition to the distresses presented above, mean lane/shoulder drop-off was 
measured at -0.24 in 1-0.61 cm], which indicates some tie problems or differential 
construction problems. Clverall transverse joint spalling and corner spalling was 
evaluated as PO0 percent low-severity for the outer and inner traffic lanes and 
concrete shoulder. kow-severiy pumping was identified for the outer lane, inner 
Iane and outer shoulder. Map cracking was identified covering a full-lane width for 
a distance of 390 ft. f118.9 m]; this, therefore, corresponds to approximately 2059 
ft 1627.6 m] of map cracking per mile for a full-lane width. 

The following distress were not observed on the outer Iane, inner lane or 
shoulder of this project: 

Transverse "D'"-Cracking 
Corner Breaks 
Reactive Aggregate 

Longitudinal "DW-Cracking 
Centerline Cracking 

PA 1-376 Pittsburgh 
The 10-in [25.4 em]-thick, 90-ft 7.4 m] JRCP was built in 1946 and utilized 

1.25-in [3.2 cm] dowels for Ioad trans . An $-in [20.3 cm]-thick, 30.75-ft [9.4 
m] 'ointed plain concrete unbonded overlay was installed in 1983, which used 1.25-in 
[3.d cm] dowels for load transfer. A 10-ft 13.0 m] wide, 10-in L25.4 cm]-thick 
undowelled tied concrete shoulder edge support system was ~nstalled when the overlay 
was placed. The shoulder joints are not matched with a joint spacing of 15 ft 14.6 
m]. Also, the overlay and shoulder joints are skewed 6 to I. 

The project was in service for 2 years at the time of survey. Four sample units 
were identified and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
Au ust, 1885. Distress quantities for the inner lane were not measured since the 
hig 1 traffic volume and the presence of a concrete raised median posed too great of 
a safety hazard for the condition survey crew. 

Transverse Cracking, 
ft/mile 

SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

LOW 618 
MEDIUM 0 
HIGH 0 



DISTRESS 
SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

Longitudinal Cracking, LOW 0 
ft/mile MEDIUM 0 

HIGH 0 

Transverse Joint Faulting, 
in 

Some cracking has occurred in the shoulder. This could be due to construction 
joint sawing problems since the shoulder appears to be of adequate structure and 
joint spacing. Some traffic may be using the shoulder as indicated by the 0.03 in 
of faulting. 

In addition to the distresses presented above, mean lane/shoulder drop-off was 
measured at 0.07 in [0.18 cm], which indicates an excellent tie. Overall transverse 
joint spalling and corner s allin was evaluated as 100 percent low-severity for the 
outer traffic lane and the f CC s f oulder. Low-severity pumping was identified for 
the outer traffic lane and the PCC shoulder. 

The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Transverse "-Dl'-Cracking 
Corner Baqaks 
Reactive Aggregate 

Longitudinal "Dl1-Cracking 
Centerline Cracking 
Map Cracking 

MI U.S. 23 Dun@ 
22.9 a] thick, 99-ft [30.2 m] JRCP was built in 1959 and utilized 

for load transfer. An 7-in [17.8 cm] thick, 41-ft [12.5 m] 
concrete unbonded overlay was installed in 1984, which used 

1.25-in 13.2 cm] dowcls for load transfer. An 8-ft [2.4 m] wide, 7-in [17.8 cm] 
thick undowelled tied concrete shoulder edge support system was installed when the 
overlay was placed. Also, the shoulder joints are spaced every 41 ft [12.5 m]. 

The project was in sexvice for 1 year at the time of survey. Three sample units 
were identified and evaluated for pavement condition distresses. The following list 
is a summary of the pavement condition as determined by the condition survey crew in 
July, 1985. 

DISTRESS 

Transverse Joint Faulting, 
in 

SEVERITY OUTER INNER 
LEVELS LANE LANE SHOULDER 

No cracking and essentially no faultin has occurred. In addition, mean 
lane/shoulder Brop-off was measured at -0. l 2 in [-0.05 cm], which indicates an 
excellent tie. Ovexall transverse joint spalling and corner spalling was evaluated 
as 100 percent low-severity for the outer and inner traffic lanes and the PCC 
shoulder. Low-severity pumping was identified for the outer lane, inner lane and 
outer shoulder. 



The following distress were not observed on the outer lane, inner lane or 
shoulder of this project: 

Transverse Cracking 
Transverse "Dm-Cracking 
Comer Breaks 
Reactive Aggregate 

Longitudinal Cracking 
Longitudinal "Dm-Cracking 

Ceiiterline Cracking 
Map Cracking 

4.5 DESIGN AND CONSTRUCTION GUIDELINES -- EDGE SUPPORT 

4.5.1 Introduction 
These guidelines were originally prepared under NCWRP Project 1-21 published in 

NCHRP Report No. 281, Transportation Research Board, 1985. Further updates resulted 
from the research conducted under this study, which is described in this report. 

Need For Edpe Support 
Many concrete pavements exhibit distress resulting from loss of support beneath 

the slab edge and transverse joint. The major cause of this support Ioss is heavy 
repeated truck loads and the infiltration of water into the pavement system 
(particularly along the shoulder joint) and the subsequent erosion of the base 
and/or subgrade material. This causes an increase in the corner and edge 
deflections of the slab which results in faulting, corner breaks, transverse and 
longitudinal cracking. 

One approach to the reduction of these types of distresses would be the 
construction of a rigid edge support. The major objective of providing increased 
edge support for an existing pavement is to reduce slab edge and corner deflections 
(as well as stresses) by providing either a slab edge beam or a tied 
shoulder.(25,24) Another benefit is the reduction of moisture entering the pavement 
directly at the slab edge. Examples of different design concepts are shown in 
figure 34. Type I represents a typical PCC shoulder, and Shpe I1 is a much narrower 
edge "beam" tied to the slab. 

The need for improved edge support depends directly on the extent of damage 
occurring in the traffic lane from traffic. If thrs is extensive, then the improved 
edge support should have a beneficial effect in reducing this deterioration. 

Effectiveness 
The effectiveness of increased edge support depends upon the reduction in edge 

deflection and critical stresses. To investigate the effectiveness of the ed e 
support techniques, the ILLI-SLAB finite element program was used.(27 7 This program 
was developed for the analysis of a variety of jointed concrete pavement systems. 
XLLX-SLAB is capable of analyzing the behavior of pavements utilizing various types 
of load transfer s stems such as dowel bars or tie systems, aggregate interlock, or 
a combination o 7 both. The model is also capable of handling the effect of a 
stabilized base on the structural response of the pavement system. The model has 
been verified by comparison with the available theoretical solutions and results 
from field experimental studies. 



TYPE I-PCC SHOULDER EDGE SUPPORT 

TYPE II-PCC EDGE BEAM SUPPORT 

Notes: 

(1) Ties should be No. 5 deformed rebar or equivalent 

at middepth of slab. 

(2) Existing shoulder to be removed to the extent required. 

(3) Joint between traffic lane and shoulder should be either 

edged, or a reservoir that is formed or sawed 

and then sealed. 

( 4 )  1 i n  = 2 .54  cm 

F i g u r e  36.  Diagram of d i f f e r e n t  edge support d e s i g n s . ( 6 )  



Figure 37 shows the effect of edge support on edge deflection. A concrete 
shoulder with a strong tie that provides 100 percent dell ection load transfer 
efficiency reduces the deflection by one-half as shown. Figure 38 shows the effect 
of both the joint load transfer efficiency and the width of the shoulder. Again, 
good load transfer reduces the stress by one-half. The width of the support 
beamishoulder has a major effect from f to 3 ft [0.3 to 0.9 m]. 

Using ILLI-SLAB to illustrate the effectiveness of the edge beam in decreasing 
the critical edge deflections and stresses of a pumping pavement, a void was placed 
beneath the slab at the joint under the corner of the leave slab. InitiaIly, the 
corner deflection of the leave slab was com uted using the finite-element analysis P to determine the response of the system be ore the edge beam was placed. Then the 
corner deflection was calculated for varying shoulder widths and undercut lips of 
the edge beam. A slab thickness of 9 in l22.9 cm] with a granular and stabilized 
subbase was used as an example. 

Results from this analysis shows that the edge support concept could 
substantially decrease critical edge and corner deflections and stresses in 
pavements even when voids are present (however, voids must always be filled). For 
example, figure 39 shows that a 9-in L22.9 cm] slab with a stabilized subbase and a 
void beneath the csrner had a corner deflect~on of 0.047 in 0.119 cm] under a 9-Kip 
[40 kn] wheel load. The attachrncnt of a 24-in can]-wi 'I e edge beam with a depth 
of 9 in L22.9 cm] reduced the deflection to 0.058 cm], or 50 percent. If 
the edge beam was thickened to 15 in undercut the slab 6-12 in 
E15.2-30.5 cm], the corner deflection 0.018 in 0.046 cm], or a 62 I percent reduction. Increasing the edge beam width to 48 in 1 21.9 cm] decreases the 
deflection more, but at a decreasing rate. The effect of an edge beam on a 9-in 
[22.9 cm] slab with a granular subbase is shown in figure 48. The effect is similar 
to a stabilized subbase, 

These reductions in deflection may be beneficial; however, they may not be 
adequate to prevent pumping. 

4.5.2 Concralrren t Work 
The effectiveness of the edge support can be enhanced by the application of 

several other repair methods. One method which should be applied along with the 
installation sf the edge support to decrease pavement deflections even further is 
restoration of support by subsealing of voids. This should be accomplished after 
the edge support has been placed. Slab replacement, spall repair, grinding and 
joint resealing may also be accomplished at the same tlme depending on the overall 
pavement condition. The combination of these repair methods could serve to 
substantially increase the service life of a jointed concrete pavement. 

'Fhe need for subdrainage must be considered to remove free water that 
infiltrates at the edge joint. If placed, the longitudinal pipe should be placed 
along thc outer lane-shoulder edge joint at the bottom of the beam. A longitudinal 
drain may also be needed along the inner lane depending on cross slope (such as at a 
superelevated curve). 



Note: 1 i n  = 2.54 cm 
1 f t  = 0.3048 m 

I 

T r a f f i c  L o n e  - 
Distance from Joint , f t  1 

Distance f r o m  Joint, meters 

Figure 37. E f fec t  of lane /shoulder  t i e  on d e f l e c t i o n  of PCC t r a f f i c  
l ane .  ( 6 )  
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Figure 38.  The effect of lane/shoulder tie and width of PCC shoulder on 
tensile stress of traffic lane.(6) 
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F i g u r e  39. E f f e c t  of edge s u p p o r t  on s l a b  c o r n e r  d e f l e c t i o n  w i t h  a 
s t a b i l i z e d  subbase .  (6 )  
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4.5.3 Design 

General 
There are two different types of edge support designs shown in figure 36: 

a A full-width concrete shoulder. 
a A narrow beam attached to the edge of the slab. 

The selection of one or the other is a matter of cost and condition of the 
existing shoulder. If the existing shoulder is deteriorated, a full-width PCC 
shoulder may be the most cost effective since extensive shoulder rehabilitation will 
be required anywa . If the shoulder is in good condition, the narrow edge beam may 2' be the most cost e fective (although this is not always the case due to the 
quantities of materials and cost trade-offs involved). 

Shoulder Design (Full Width) 
The design of the PCC concrete shoulder involves selecting its thickness, 

tapering (if any), transverse joint spacing and load transfer, and the lane/shoulder 
tie system. A detailed design procedure is provided in references 25 and 30. A 
summary of design recommendations are as follows: 

A jointed plain concrete pavement (JPCP) shoulder is recommended. The slab 
thickness of the shoulder can be designed by considering fatigue damage which 
general1 shows that the outside edge is critical because of parking truck I traffic.( 5) A slab thickness equal to that of the main line and tapering 
somewhat to the outside edge to account for the normal increased slope of the 
shoulder may be the most cost effective design. The bottom of the shoulder slab 
would extend directly out as shown in figure 36. The outer edge must be at 
least 6 in [15.2 cm] thick and thicker if much heavy-truck parking is expected. 
An abrupt change in shoulder thickness at the Ianelshouldcr interface may result 
in differential frost heave. The subbase must not be a frost susceptible 
material (in deep frost areas). 

2. Transverse joints should be weakened plain type with no mechanical load 
transfer, unless the shoulder will carry heavy traffic for lane closures for a 
significant time period. Joint spacing is critical and should be limited to 
avoid cracking from thermal curling. The author's experience indicates that a 
maximum joint spacing of 1.5 to 1.75 times the slab thickness in inches is 
recommended as general guidance: 

Slab Thickness Maximum Joint Spacin 

10 in [25.4 cm] 

Each joint and joint type in the adjacent traffic lane must be matched with a 
similar joint in the shoulder (e.g., expansion joints must be extended into the 
shoulder). If the traffic lane slab was 30 ft [9.1 m] long and the shoulder 
slab was selected to be 9 in r22.9 em] thick to match the traffic lane, the 
shoulder joint spacing recommended would be 15-ft [4.6 m], for cxampIe. If the 
shoulder thickness was 6 in [15.2 cm], the recommended joint spacing would be 10 
ft [3.0 m]. 



3. The lanelshoulder tie system is crucial to the success of the edge support 
design. Good load transfer can be achieved by lacing deformed rebars across 
the joint. After drilling holes into the existing s I? ab, the bars must be 
installed in the holes with epoxy or a nonshrinkage cement grout. The embedment 
len th of the bars in the existing slab and the new shoulder should be adequate 
to c f  evelop full bar yield strength. This would be 8 in [20.3 cm] minimum for a 
No. 4 bar and 10 in [25.4 em] minimum for a No. 5 bar according to the ACI Code 
(0.0004* Bar Diameter * fy) for a Grade 40 bar. To ensure that an adequate 
strength is obtained, minimum pull out loads should be based on the yield 
strength of the reinforcement bars. 

Malleable tie bars of small diameter (No. 4 or 5) spaced 12-24 in 30.5-61.0 em] 
at midslab depth are preferable as shown in figure 41. In areas w I! ere deicing 
salts are used, the bars should be coated with a corrosion resistant coating. 
Other means of tying the shoulder to the traffic lane (such as a 518-in [1.6 cm] 
round tie bolt with a hook) should be fully tested to ensure full bar yield 
strength development. 

Edge Beam Design 
The edge beam design is similar to the PCC shoulder design except that it is 

much narrower than the shoulder and can be thicker than the traffic lane slab. From 
the analysis performed with varying widths of the undercut lip, it was concluded 
that the corner deflection was not very sensitive to this parameter. Thus, due to 
this and obvious construction and subsurface drainage difficulties, the undercut is 
not recommended. This is not to say that the undercut is not important, it may be 
helpful in assuring long-term high load transfer efficiency across the shoulder 
joint. 

The two critical design parameters are the edge beam width and its thickness. 
Field performance of edge beams indicate that the width should be at  least 36 in 

I 91.4 cm]. to limit transverse cracking of the beam from heavy encroaching truck 
oads. The finite-element analysis showed that the beam should be at least 24 in 
[61.0 cm] wide to contribute significant structural benefit to the traffic lane. 

The depth of the beam should be at least the thickness of the slab. The edge 
beam should be jointed to prevent thermal curling stresses and to match the existing 
pavement. Weakened-plane contraction joints, perhaps with dowels for structural 
stability, should be formed as soon as possible after placement. Fi ure 41 
illustrates the joints and tie bar design recommended by NCHRP -21 to provide 
improved corner load transfer.(32) 

P 
A critical part of the edge beam concept is the design and installation of the 

tie system. The purpose of the tie system is to provide the best possible joint 
load transfer across the lanelbeam joint. 

Sealin? Longitudinal Joint 
It is recommended that the joint between the existing slab and edge support be 

sawed to provide the recommended reservoir dimensions for the chosen sealant. The 
transverse joints in the shoulderfedge beam should also be sealed. 





4.5.4 Construction 

Procedures 
Since the edge beam is a new concept there is no tested procedure for their 

installation, a1 though the procedures used in constructing concrete shoulders on an 
existing traffic lane would be similar. The following should be considered in the 
construction of edge beams and PCC shoulders. 

It is important that the base be in good condition. If the base material is 
disturbed during excavation, it should be adequately recompacted. Settlement of the 
shoulderbeam can produce very high "pullout" stresses in the joint tie system. The 
magnitude of these stresses may be sufficient to exceed the strength of the tie bars 
and drastically decrease the edge support effectiveness. 

Holes are drilled into the existing slab for the tie bars. Epoxy or grout can 
be used to secure the tie bars in these holes in the existing slab. The holes must 
be placed at slab mid-depth. Great care must be taken to ensure that the deformed 
tie bars are adequately anchored in the existing slab. A minimum pull out strength 
that is equal to the yield strength of the bars used is required.(28) The grout 
must be a nonshrinking grout. 

After the bars have been secured and the shoulder area is prepared, the fresh 
concrete should be placed. 

The texturing of the edge beam or shoulder should be different than the pavement 
and rumble stripes laced, if possible. Drivers should be able to differentiate P between the traffic ane and the shoulder. The edge beam should be textured 
perpendicular to the traffic lane. If the lane is textured longitudinally, the edge 
beam should be textured transversely, and vice versa. 

4.5.5 Preparation of Plans and Specifications 
The plans should clearly show the areas where edge support is to be placed. A 

diagram showing the cross section with dimensions must be provided as well as 
specifics on transverse joints and the lane/shoulder longitud~nal joint. 

4.6 CONCLUSIONS AND RECOMMENDATIONS 

The outer traffic lane edge and corner have long been identified as critical 
locations for high stresses and deflections. The outer edge develops high stresses 
and usually become the critical fatigue damage point where transverse cracks 
initiate and work across the traffic lane. The outer corner develops high 
deflections that results in pumping and subsequently faulting, loss of support and 
corner breaks/diagonal cracks. 

Tied concrete shoulders have been shown to reduce the comer deflection and the 
edge stress produced by edge wheel loading. It is theorized that this reduction in 
deflections and stresses will result in a life extension to the mainline pavement. 
In addition, the expected benefits also may include a more reliable longitudinal 
lane-shoulder joint for effective joint reservoir construction and sealing which 
reduces the amount of water that can enter the pavement structure and deteriorate 
the underlying structural or supporting layers. Another benefit is a long lasting 
low maintenance shoulder pavement. These benefits, if true, are significant enough 
to warrant the consideration of edge support as a rehabilitation alternative for 
rigid pavements of sound concrete. 



While there has been some field evidence that tied PCC shoulders are beneficial 
for new designs, there has not been field evidence that retrofit PCC shoulders have 
the same effect. The major concern is that the tie between the lane and shoulder is 
adequate to provide substantial load transfer. If load transfer is lost over time, 
the PCC shoulder will not have a significant effect on the traffic lane. The 
shoulder may separate greatly, eliminating the possibility of sealing the joint. 

Thirteen uniform sections of edge support were located and surveyed in nine 
States. These uniform sections were broken down into 22 sample units that were up 
to 1000-ft [305 m] long, where possible. Edge support was found to exist in the 
following main categories: 

o Edge beam (narrow strip of PCC about 2 to 3 ft [0.6 to 0.9 m] wide tied to the 
existing traffic lane) (two uniform sections). 

Tied retrofit PCC shoulder (three uniform sections). 

a Tied concrete shoulders in conjunction with the construction of a new concrete 
overlay (six uniform sections). 

The edge support designs evaluated varied significantly in all aspects. The 
major design variables are summarized as follows: 

Desicn Factor Mean Ranee 

Shoulder width, ft 
Edge beam width, ft 
Thickness, in 
Tie bar s acing, in 
Tie bar d' iameter, in 
Tie system 

Joint spacing, ft 
JPCP 
JRCP 

8.3 6 -  12 
33.4 24 - 60 
0.56 0.5 - 0.625 

All deformed rebar, 
except one hook bolt 

Note: 1 in = 2.54 cm; 1 ft = 0.3048 m. 

No control sections were monitored in this study; therefore, direct comparisons 
showing the effect of the edge support could not be made. These projects have been 
in service from 1 to 21 years at the time of survey. One interesting example can be 
cited. The oldest section of retrofit PCC shoulders in the U.S. on Route 116 in 
Illinois was included in the database. This section showed the following cracking 
and faulting after 21 years: 

Deteriorated 
Traffic Lane ESAL Faulting. in Cracks. ft/mile 

Outer (with PCC sh.) 2,759,000 317 59.9 
Inner 287,000 0.11 0.28 cm cm] 412 t 77.9 m/km 

The inner lane has much reater cracking and faulting than the outer lane which 
was tied to the PCC shoulder, I espite having about one-tenth the traffic. 

109 



Edge support overall conclusions and recommendations from this research study 
are as follows: 

The deterioration identified on the PCC shoulders is summarized as follows: 

Distress 9 p e  Severity Mean Range 

Transverse Cracking Low 137 0 to 1120 ft/mile 
Medium 70 0 to 634 ftlmile 

Longitudinal Cracking Low 5 0 to 106 ftlmile 

Corner Breaks All 1 0 to 11 /mile 

"D" Cracking All 8 percent sample units 

Pumping None 100 percent sample units 

Joint Spalling Low 95 percent sample units 
Medium 5 percent sample units 

Faulting, in Mean 0.03 0 to 0.18 in 

Lane-Shoulder Dropoff Mean 0.03 -0.5 to 0.53 in 

Note: 1 in = 2.54 cm; 1 ftlmile = 0.189 m/krn. I 

These results show that the mean distresses for all of the sections were 
general1 minor; and overall excellent performance was achieved. The upper f' range o a few distress types indicates that a few PCC shoulders had some 
deterioration (e.g., transverse cracking, faulting, and lane-shoulder dro off). 

Pennsylvania 1-376 project that had differential frost heave. 
B This was primarily the 21-year-old Illinois PCC shoulder on Rt. 116 an the 

The mean age of the PCC shoulders was 3.5 years, with a range of 1 to 21 years. 
The mean ESAL carried by the outer lane with PCC shoulders was 1.4 million with 
a range of 0.4 to 2.8 million. 

2. The predictive faulting model developed usin all rojects that had been diamond 
ground (both with and without tied PCC shoufdersy showed that tied concrete 
shoulders had about a 9 percent effect on reducing faulting (see figure 35). 
The data was very limited and thus this effect must be considered as very 
approximate. i 

3. Ed e support improvement at the time of restoration should be considered on !i hig ways that are exposed to high volumes of heavy truck traffic where one or 
more of the following conditions exist: 

e Existing shoulder is deteriorated and needs replacement. 

Significant distress has developed in the outer traffic lane due to edge 
loadings. 

The PCC outer traffic lane does not have serious durability problems. 



4. The effectiveness of the edge support can be enhanced by the application of 
several other repair methods, including restoration of support by subsealing of 
voids, subdrainage pipes along the slab edge and joint resealing. 

5. The selection of edge beams or shoulders is a matter of the costs, condition of 
the existing shoulder and geometries (e.g,, use of the shoulder as a temporary 
traffic lane). If the existing AC shoulder IS deteriorated, a full-width PCC 
shoulder may be the most cost effective, since extensive shoulder rehabilitation 
will be required anyway. The quantity of PCC will also dictate the cost 
effectiveness of an edge beam versus a regular tied PCC shoulder. 

6. A jointed plain concrete pavement shoulder is recommended. The slab thickness 
of the shoulder can be designed using fatigue consideration; however, it is 
recommended that a shoulder slab thickness equal to that of the outer traffic 
lane be utilized. It may taper somewhat at the top to the outer edge to provide 
an increased slope. The bottom of the shoulder slab would extend directly out 
to provide free movement of infiltrated water. The outer edge must be at least 
6 in [15.2 cm] thick and thicker if much heavy-truck parking is expected. An 
abrupt chan e in shoulder thickness at the lane/shoulder interface may result in P differential rost heave and a "bathtub" design. If a "bathtub" design results, 
then the installation of a positive subsurface drainage system is mandatory. 

7. Transverse joints for PCC shoulders should be weakened plain type with no 
mechanical load transfer. Each joint in the traffic lane must be matched with a 
similar joint Jn the PCC shoulder. In addition, if the traffic lane joint 
spacing is greater than 20 ft [6.1 m], additional joints should be placed in the 
shoulder to keep the maximum joint s acing to less than 20 ft [6.1 m] (thickness 
and spacing selected from section 4.5. i' ). 

8. The lane/shoulder tie system is crucial to the success of the increased edge 
support. Good load transfer can be achieved by placing deformed rebars across 
the joint. After drilling holes into the existing slab, the bars must be 
installed in the holes with epoxy or a nonshrinkage cement grout. The embedment 
length of the bars in the existing slab and the new shoulder should be adequate 
to develop full bar yield strength. In areas where deicing salts arc used, the 
bars should be coated with a corrosion resistant coating. The following tie 
design appeared to perform satisfactorily: 

Tie bar spacing: 24 in [61.0 cm] in [30.5 ern] near joints) 
Tie bar diameter: 0.625 in [1.6 
Tie bar length: 30 in [76.2 cm] 

9. The edge beam design is similar to the PCC shoulder design exce t that it is 
much narrower than the shoulder and can be thicker than the tra /' fic lane slab. 
The two critical design parameters are the edge beam width and its thickness. 
Indications are that the edge beam width should be at least 24 in L61.0 cm] to 
contribute significant structural benefit, as well as to pravide sufficient 
lateral clearance for the hole drilling operation to achieve adequate horizontal 
placement of the tie bars. 

Based upon the edge beams surveyed in this study, transverse cracking may 
develop in thc beam if it is not of adequate width and thickness. A minimum 
width of 3 ft [0.9 m] is recommended to minimize transverse cracking. The depth 
of the beam should be at least the thickness of the slab. The edge beam 



should be jointed to match the existing pavement plus have additional joints as 
discussed for PCC shoulders. Weakened-plane contraction joints should be formed 
as soon as possible after placement. 

The need for a more substantial design of the edge beam to significantly improve 
the load deflection response of the existing pavement is evident. Comparisons 
of transverse joint efficiencies in Minnesota (NCHRP 1-21) at slab corners and 
respective edge beams suggested the need for longitudinal tie bars at  locations 
very near to the existing transverse joint. This would allow the entire system 
to work simultaneously to dampen the effects of traffic loadings at this 
critical location. 

It is important that uniform support be provided under the entire shoulder. If 
the base material is disturbed during excavation, it should be adequate1 Z recompacted. Settlement of the outer shoulder edge can produce very igh 
"pullout" stresses in the joint tie s stem. The magnitude of these stresses may 

the edge support effectiveness. 
i be sufficient to exceed the strengt of the tie bars and drastically decrease 



CHAPTER 5 

FULL-DEPTH REPAIR 

5.1 INTRODUCTION 

The purpose of full-depth repair of jointed portland cement concrete pavement is 
to reconstruct deteriorated areas and restore the overall structural integrity of the 

avement. To be most effective, a full-depth repair should remain semceable for as rang as the surrounding slabs. 

The performance of full-depth repairs has been inconsistent. While there are many 
documented cases of repairs that have performed satisfactorily, the performance record 
of many other inservice full-de th repairs has been oor.(33,34) Fatlures, such as P K repair settlement, rocking, fau ting, premature crac ing, spalling, pumping and frost 
heave have often been observed within a year after construction. 

The construction of full-depth repairs of portland cement concrete (PCC) pavements 
has become a major part of pavement rehabilitation programs of transportation agencies 
throughout the United States. As such, it consumes a large portion of the total 
budget set aside for pavement rehabilitation. The high construction cost and 
inconsistent field performance of full-depth repairs indicates that there is a 
critical need to identify and develop more cost-effective and reliable full-depth 
repair designs and construction procedures. 

Although nearly all com onents of the full-depth PCC pavement repair process could 
benefit from the results of ad f itional research, one area that has great potential to 
advance the state of the art and performance of full-depth repairs is the successful 
establishment of load transfer across all transverse joints associated with full-depth 
repairs. The design of effective load transfer systems for full-depth concrete 
pavement repairs has consistently posed a major problem for most transportation 
agencies. 

Agencies have utilized a "trial and error" design approach that has resulted in 
the use of many different PCC repair designs. Some of these re airs have performed 
well, while others have performed very poorly. Often a design t at  performed well in 
one installation has failed in another. Much of the variability in the performance of 
a given design is probably attributable to variable construction quality control. 
Dowels and tie bars have generally offered the greatest potential for consistently 
providing full-depth repair joints with good load transfer characteristics without 
detrimental side effects (i.e., differential frost heave, etc.). 

Dowels and other mechanical load transfer devices installed in jointed 
concrete pavements often lose much of their effectiveness after a period of service 
allowing the joints to fault. This loss may be due to initial oor consolidation of 

loadings and mechanical failure due to corrosion. 
P concrete, the effects of dowel/concrete bearing fatigue or ailure from repeated heavy 

When these same devices are installed in full-depth repair joints, loss of load 
transfer is often accelerated due to built-in defects, such as weak, damaged or 
missing grout or epoxy material in the immediate vicinity of the device, inadequate 
structural design of the device, and improper installation or construction.(35) 
Figure 42 illustrates the elongation of transverse repair joint dowel holes due to 
poor dowel bar grouting and erosion of the supporting concrete that was observed after 
only 1 year of service on a heavily trafficked pavement. 



Figure 42. Elongation of t ransverse  r e p a i r  j d i n t  dowel  ho les  
a f t e r  one year  of heavy t r a f f i c .  



There are many factors that affect the performance of dowel load transfer 
systems in repairs, including: 

Dowel design (diameter, length, coating, elasticity, etc.). 

s PCC slab and anchor material properties. 

e Hole size relative to dowel diameter (annular gap). 

e Installation conditions (e.g., moisture, temperature, alignment, cleanliness, 
and adequacy of construction techniques). 

Of these factors, poor installation conditions and construction quality are most 
often considered responsible for repair failures.(6) On many rehabilitation 
projects, dowels are loose enough to be moved by hand after installation.(36) 

A more thorough knowledge of the effects and interactions of dowel diameter, 
length, and placement, anchor materials, construction procedures and other variables 
will lead to more reliable cost-effective repair design and construction techniques 
which are expected to result in substantial extensions to serviceable pavement life. 

5.2 DATABASE AND DATA COLLECTION 

5.2.1 Project Field Database 
The inservice repair design and performance data used to develop full-depth 

repair performance models and distress correlations were collected for 2001 
individual repairs on more than 125 rehabilitation projects located in 22 States. 
This database represents a variety of different repair designs and transverse joint 
load transfer designs as well as the effects of several different es of climates 

and June 1987. 
P and rates of traffic accumulation. These repairs were surveye between June 1985 

The development of repair performance models and improved design and 
construction guidelines and proccdures required the collection of several types of 
data, including: 

e Field distress. 

e Original pavement structural design, in-situ condition and historical 
improvement information. 

s Rehabilitation design and timing data. 

e Detailed traffic data (including traffic classifications, volumes and 
accumulated 18-kip [80-kN] single-axle loads both prior to and since repair 
construction. 

s Environmental data. 

The sources and procedures used in the collection of each of these types of data are 
described in volume IV. A complete list of the pavement condition variables 
considered in the field surveys is presented in table 16. A listing of the original 
pavement design variables included in the database is presented in table 17. A 
listing of the full-depth repair design variables that were included is presented in 
table 18. 



Table 16. Pavement condition variables collected during field survey. 

General : 

e Sample Unit. e Sample Unit Foundation. 

e Condition of Drainage Ditches. e Subsurface Drainage Present 
and Functional. 

e Number of Transverse Joints in 
the Sample Unit. 

Slab Distress Variables: 

e Transverse Cracking. e Transverse "D" Cracking. 

e Longitudinal Cracking. e Longitudinal "D" Cracking. 

e Longitudinal Joint Spalling. e Scaling, Crazing, Map Cracking, 
and Shrinkage Cracking. 

Joint Distress Variables: 

o Transverse Joint Spalling. e Corner Spalling. 

e Pumping, e Transverse Joint Faulting. 

e Transverse Joint Width, e Corner Breaks. 

e Reactive Aggregate Distress. e Joint Sealant Damage. 

e Incompressibles in Joints. 

Additional DistresS Variables Related To PCC Repairs: 

e Transverse Repair Cracking. e Longitudinal Repair Cracking. 

0 Location of Spalls and Corner Breaks 
(e.g., Approach or Leave Joint, On Repair or Adjacent Slab) 



Table 17. Original pavement design and construction variables. 

General : 

Identification Number (Highway Number, Kilepost, Traffic direction. 

e Beginning and Ending Mile Post andfor Station. 

Number of Through Lanes. 

Type of Original Concrete Pavement (JRCP, JPCP). 

e Layer Descriptions, Thicknesses and Material Types, 

e Date of Originial Pavement Construction. 

e Dates and Description of Major Pavement Improvements. 

Joints and Reinforcing: 

e Average Contraction Joint Spacing. 

Skewness of Joints. 

e Expansion Joint Spacing. 

e Transverse Contraction Joint Load Transfer Spacing. 

Dowel Diameter. 

e Type of Slab Reinforcing. 

Longitudinal Barflire Diameter and Spacing. 

Subnrade, Shoulder and Drainage: 

e Type of Subgrade Soil (Fine-Grained, Coarse-Grained) 

m Outer Shoulder Surface Type. 

e Original Subsurface Drainage Type. 

e Original Subsurface Drainage Location. 



Table 18. Full-depth repair design and construction variables. 

General ; 

0 Project ID Number (Highway Number, Milepost, Traffic Direction. 

e Project Sample Unit ID Number. 

0 Repair Location (Station) Within Sample Unit. 

Design Considerations: 

e Repair Joint Types (Expansion, Contraction, Tied) 
for Each Repair Joint. 

0 Joint Load Transfer Types (Dowels, Undercut, Ties, Other, None) 
for Each Repair Joint. 

e Skew of Transverse Joints. 

0 Transverse Repair Joint Bar Diameter, Length, Spacing and Locations. 

0 Dowel or Tie Bar Anchor Material. 

e Reinforcing Steel in Repair. 

e Repair Joint Sealing Details. 

Construction Considerations: 

e Equipment Used to Cut Repair Boundaries . 
0 Depth of Boundary Saw Cut. 

e Method of Slab Removal. 

e Foundation Repair Details. 

a Repair Curing Details. 

0 Curing Time Prior to Reopening to Traffic. 



5.2.2 Range of the Database 
The database contains as many projects as could be reasonably included given the 

available resources and a wide range of data values were included to develop 
broad-based conclusions and useful performance prediction models. Still, not all 
combinations of important variables were found in the field. Thus, conclusions and 
models drawn from the database must be used with the knowledge that extensions 
beyond the scope of this database may be inaccurate. 

Figure 43 shows the distribution of repairs across the United States. Figure 44 
presents the age distribution of the surve ed repairs and table 19 presents the 
distribution of cumulative 18-kip [80-kNfequivalent single-axle loads and load 
transfer system designs for these repairs. 

5.2.3 Illinois DOT Experimental Full-Depth Repair Project 
(1-70 near St. Elmo) 

An experimental roject was constructed by the Illinois Department of 
Transportation ( 1 ~ 0 T P o n  1-70 in 1984 to determine the effects of various load 
transfer design parameters on repair performance. Variable features included dowel 
bar diameter (1.25-in 3.2 cm] vs. 1.50-in [3.8 cm]), number of dowels per wheel 
path (3,4, or 5), dowe 1 bar anchor material (nonshrink cement grout vs. epoxy 
mortar), and the use of tie bars rather than dowels in the repair approach joint. A 
summary of the individual repair design features is presented in table 20. The 
repairs are all constructed in the outer lane of the highway using stringent quality 
control and inspection procedures. The repair joints were sawed and sealed after 
construction. 

IDOT has monitored the performance of these repairs since construction by 
periodically measuring deflection load transfer using a Dynatest Model 8000 Falling 
Weight Defl ectometer. Measurements were taken in the outer wheel path at both 
repalr joints with the load placed on both the original slab and the repair itself 
for a total of four measurements per repair. These measurements were taken six 
times during the first year of repair service and twice annually thereafter. Repair 
joint faulting has been measured annually by IDOT personnel (beginning in December 
1984) and additional faulting measurements were obtained by the University of 
Illinois project team in July 1985 and June 1987. Prelimina conclusions drawn 
from this project were presented by Lippert in early 1987.(4 7 ) 

All other pertinent design, construction, climatic and performance data for this 
project are included in the research pro'ect database described previously. This 
data subset provides an excellent basis r' or determining the field performance of 
various repair joint designs as well as identifying the relationship between joint 
load transfer and repair faulting. 

5.3 FIELD PERFORMANCE AND EVALUATION 

While several full-depth repair distresses have been identified in previous 
studies and were noted during the condition surveys conducted for this study, very 
few impact serviceability enough to cause a failed condition by themselves. These 
critical distresses include transverse joint faulting and spalling (due to any 
source), and high-severity slab cracking. Many repairs are still serviceable and 
provide an acceptable ride in the presence of lower severity slab cracking and other 
distresses. 
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Table 19 Distribution of cumulative 18-kip [80-kN] ESALs 
(millions) and load transfer system designs for 
the surveyed repairs. 

Joint Load Transfer Type 

Count ! ! ! ! ! ! 
Row !Other or ! None ! Aggreg. !Undercut ! Tied or ! 
Col Pct ! Missing ! ! Inter. ! !Dowelled ! 
Tot P e t  ! ! ! ! ! ! 
- - - - - - - - - 1 - - - - - - - - - l - - - - - - - - - l - - - - - - - - - l - - - - - - - ~ - l - - - ~ - ~ - - ~ l - - - - - - -  

184 ! 10 ! 117 ! 84 ! 353 ! 748 
0 < ESAL < 1 ! 24.6 ! 1.8 ! 15.6 ! 11.2 ! 47.2 ! 4 3 

! 79.7 ! 8.9 ! 41.1 ! 47.2 ! 37.8 ! 
! 10.6 ! 0.6 ! 6.7 ! 4.8 ! 20.3 ! 

- - - - - - , - - l - - - - - - - - - r - - - - - - - - - I - - - - - - - - - - - - l - - - - - - - - - ! - - - - - - - - - l - - - - - - -  

! 0 ! 51 ! 48 ! 94 ! 410 ! 603 
1 < ESAL < 3 ! O !  8.5 ! 8 !  15.6 ! 6 8 !  34.7 

! O !  45.5 ! 16.8 ! 52.8 ! 43.9 ! 
! O !  2.9 ! 2.8 ! 5.4 ! 23.6 ! 

- - - - - - - - - ! - - - - - - - - - l - - - - - - - - - l - - - - - - - - - l - - - - - - - - - l - ~ - - - - - - - l - - - - - - -  

! 47 ! 34 ! 105 ! O !  109 ! 295 
3 < ESAL < 5 ! 15.9 ! 11.5 ! 35.6 ! O !  36.9 ! 17 

! 20.3 ! 30.4 ! 36.8 ! O !  11.7 ! 
! 2.7 ! 2 !  6 !  O !  6.3 ! 

- - - - - - - - - t - - - - - - - - - I - - - - - - - - - - - l - - - - - - - - - l - - - ~ - - - - - l - - - - - - - - - l - - - - - - -  

! O !  17 ! 15 ! O !  61 ! 9 3 
5 < ESAL < 10 ! O !  18.3 ! 16.1 ! O !  65.6 ! 5.3 

! O !  15.2 ! 5.3 ! O !  6.5 ! 
! O !  l !  0.9 ! O !  3.5 ! 





General field observations related to the development of these distresses in 
full-depth repairs are presented. 

5.3.1 Transverse Joint Faulting 

Special Considerations in Analysis 
The analysis of transverse joint faulting data for full-depth repairs presents 

some problems not encountered in the analysis of new pavement sawed or formed 
contraction joints. Tbe construction of sawed or formed contraction joints 
generally results in a relatively smooth joint and all joints formed or sawed at the 
same time are typically of the same quality. Additionally, the quality of 
construction of underlying load transfer devices is relatively uniform between 
joints. This situation simplifies the analysis because the rate of development of 
faulting (and the variability sf that rate between joints) is purely a function of 
the joint design, loading and climatic conditions, and the inherent variability of 
the materials. 

"Faulting," or a difference in elevation across the joints, is often "built-in" 
to full-depth repair joints as the repair is over- or underfilled with concrete so 
that an initial offset exists. The amount of this built-in faulting may vary 
between joints within a given repair and certainly varies between repairs on a given 
project or between projects. The quality of construction also commonly varies both 
within and between rojects such that similar designs often perform very differently 
under the same traf f ic and environmental conditions. The rate of development of 
full-depth repair faulting (and the variability of that rate between joints, 
repairs, and projects) is dependent on many factors that are very difficult to 
assess, as well as on the more easily quantified factors identified for regular 
contraction joint faulting. 

The analysis of faulting data collected under this study included several 
techniques that were intended to reduce the effects of the problems described 
above. 'Fhese techniques included: 

a The use of correlation and partial correlation matrixes (using the entire data 
base) to identify relationships between faulting and independent variables. 

The separate analysis of data from repairs where a time sequence of faulting 
data (including the built-in faulting at time zero) is known. 

The development of faulting prediction models using only repairs that were known 
to have zero faulting at the time of construction (i.e., only those repairs that 
were diamond-groarrad immediately after construction). 

The results of these analyses are summarized below. 

Bre1inziraa1t-y Analvses 
Preliminary-analyse~; of the faulting data indicated that repair leave joint 

faulting was often much greater than approach joint faulting and that detailed 
analyses should consider these two i~lde~pendently. This finding was in agreement 
with at least one previous study6(34) 

Possible explanations for this finding were sought in the accepted mechanisms 
for faulting at pavement contraction joints, which are illustrated in figure 45. 
Where excess moisture, heavy traffic and erodible pavement layers are present, the 
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Figure 45. Illustration of the development of faulting 
at transverse joints. (7) 



aoisture under the slab can be moved (relatively slowly) across the joint by 
approaching traffic and ejected (rapidly) as the traffic crosses the joint, carrying 
eroded material back to the approach side of the joint, where it is deposited. A 
buildup of this material will lift the approach slab while a void develops beneath 
the leave slab. This mechanism also depends on the independent vertical movement of 
the two slabs at the joint. Faulting is reduced by nearly one-half where good load 
transfer capacity exists. 

The behavior of full-depth repairs under load is more difficult to assess. Long 
repairs (greater than 2 to 3 times the radius of relative stiffness) are Iikely to 
behave like a long slab on grade, as described above. More typically-sized repairs 
(3 - 6 ft [0.9 - 1.8 m] long) may "rock" or "punch down" under passing loads, 
depending upon the length of the repair, degree of load transfer present at the 
repair joints, and the stiffness of the base/subgrade. 

These different types of behavior would result in different moisture movements 
than were described above. A rocking motion of the repair would allow the moisture 
(or a substantial portion of it) to continue to be pushed forward as the traffic 
crosses the repair approach 'oint. As the traffic crosses the repair leave joint, 

f' the water would be ejected rom beneath the original slab and deposited under the 
repair leave joint, resulting in a larger repair leave joint fault. This process is 
illustrated in figure 46. 

In many of the cases where larger faults were observed at the leave joints, the 
leave joint widths were also greater than the approach joint widths. It has been 
theorized that this occurs when the repair slips backwards (opposite the flow of 
traffic) under the torque of passing wheel loads and that thls action is facilitated 
by the momentary "floating" of the repair on saturated support materials as the 
passing traffic impacts the repair (see figure 47). Moving the repair toward the 
approach joint would result in improved load transfer at that joint because of 
increased friction or aggregate interlock and smaller dowel deflections. 
Conversely, moving the repair away from the leave joint causes a loss of load 
transfer at that joint. Additionally, since bearing stresses increase with 
increasing joint width, the leave joint would experience increased bearing stresses, 
which have been shown to have a strong relationship on contraction joint faulting 
and repair joint faulting.(1,52,53,73) Some agencies have constructed repairs using 
tie bars (rather than dowels) along the approach joint to prevent longitudinal 
repair movement, aIthough the long-term effectiveness of this approach is still 
unverified. 

Finally, the overfilling of many repairs results in a "built-in" negative 
approach joint fault (leave slab higher than approach) and a positive leave joint 
fault (leave slab lower than approach). If accepted pumping and faulting mechanisms 
are active at both repair joints, the approach slab wlll be raised relative to the 
leave slab at each joint, causing the magnitude of approach joint faulting to 
decrease until it changes from negative to positive. 'T'he magnitude of faulting at 
the repair leave joint will increase from its initial value. This process is 
illustrated in figure 48. 

Since repair leave joint faulting was typically found to be more severe than the 
approach joint faulting, it is the more critical of the two in terms of repair 
performance and serviceability. The remaining discussion and analyses deal only 
with leave joint faulting in the outer lane, although similar analyses and 
conclusions can be drawn for approach joint and inner lane repair faulting. 
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Factors Affecting Repair Leave Joint Faulting 
Table 21 presents the correlation coefficients and their significances for some 

key variables that have often been considered related to the development of 
full-depth repair transverse joint faulting. These relationships may be stronger 
than indicated because the tremendous variability of built-in faulting between 
repairs (mean faulting = 0.13 in [0.33 crn], std. dev. = 0.0645 in [0.164 cm], C.O.V. 
= 49.6 percent for 28 repairs recently constructed in Illinois) results in the 
computation of weaker correlation coefficients. 

The weak relationships indicated for traffic and bearing stress are difficult to 
interpret since these have correlated much better for new pavements. It may be an 
indication that repair dowels are typically so poorly anchored in the existing slab 
that the repairs move freely enough to pump moisture and fault very rapidly under 
relatively low traffic volumes. Poor anchor~ng of the dowels also prevents them 
from developing full bearing capacity until extremely high deflections have taken 
place. Thus, poorly anchored dowels could result in the rapid development of repair 
faulting with little consideration of load transfer system design. 

Variables related to pavement and repair support appear to strongly affect the 
development of full-depth repair faulting. The use of strong support layers 
(increasing the effective k-value through thick or stabilized base layers), pavement 
drainage systems, and tied shoulders significantly reduce the development of repair 
faulting (listed in order of decreasing effect). 

A strong positive relationship is indicated between pavement contraction joint 
spacing and increased repair leave joint faulting. Long slabs curl and warp more 
than short slabs, providing potential for more vertical slab movement near the 
joints, which can produce pumping and faulting. In addition, longer slabs are 
subject to greater temperature-related horizontal movements which produce wider 
joints in cool weather. These wider joints increase the bearing stresses beneath 
properly installed dowels, which could increase faulting. 

A weaker but significant inverse relationship between repair length and leave 
joint faulting is also indicated. This suggests that where load transfer is poor, 
longer repairs are more stable and resistant to the pumping/faulting mechanism. 
Shorter repairs may rock and pump more easily. 

The practice of sealing repair joints immediately after construction reduces the 
entry of moisture into the pavement system, but, since moisture also enters through 
the lane/shoulder joint and from other sources, its impact on repair faulting is 
weak. Sealing joints does significantly reduce the development of spalling; this is 
discussed later. 

Repairs located in colder climates were also observed to fault more than those 
constructed in warmer climates. This may indicate that faulting develops very 
rapidly during the spring thaw when very soft, moist support conditions exist for an 
extended per~od. A portion of this effect is compounded with the 
previously-described effects of longer joint spacings, which have commonly been 
constructed in colder climates. 

Experimental Project Results 
The r e ~ a i r  ioint faulting and load transfer data collected from the Illinois DOT 

experiment$ full-depth repah design project on 1-70 is presented in table 22. The 
faulting data for months 9 and 32 were collected by project personnel; all other 



Table 21 Correlation coefficients and their significances for 
key variables related to repair leave joint faulting 
(outer lane, dowelled repairs only - 699 cases). 

Zero-Order Partials 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Variable : ESAL Bearing K-Value Repair 
Stress Length 

Coefficient*: 0.0189 0,0176 - 0.1146 -0.0479 
Significance: 0.308 0.321 0.001 0.103 

Variable: Tied Shldr Drainage Joint Seals Joint 
(O=No,l-Yes) (0-No,l=Yes) (O=No,l=Yes) Spacing 

Coefficient*: -0.0124 -0.0700 -0.0187 0.0841 
Significance: 0.372 0.032 0.311 0.013 

Higher-Order Partials 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Variable: Tied Shldr Drainage K-Value 
(O=No,l-Yes) (0-No,l=Yes) 

Coefficient*: - 0.0774 - 0.1106 -0.1607 
Significance: 0.021 0.002 0.001 

Control For: K-Value K-Value Tied Shldr 
Drainage Drainage 

* - Pearson Product-Moment Correlation Coefficient 



T a b l e  2 2 .  Summary of Illinois DOT experimental repair 
project faulting and load transfer data. 

Month After 2 13 2 9 2 9 3 2. 
Construction 

LV LT LV LT LV LT LV FAULT LV FAULT LV FAULT 
PATCH I D  (DEC 8 4 )  (NOV 8 5 )  (MAR 8 7 )  (DEC 8 4 )  (JUL 8 5 )  ( JUN 87)  

% % % in in in 

Note: 1 in = 2 . 5 4  cm. 



data were collected by Illinois DOT personnel. The load transfer data were 
collected using a Dynatest Model 8000 Falling Weight Deflectorneter. These data 
represent relatively short-term performance, but they come from one of the few 
well-designed experimental repair projects that have been constructed in the United 
States to date and provide a good indication of general performance trends. Fi ures 
49 through 53 contain graphical presentations of some of the collected data an 
illustrate several key conclusions. 

d 
Figure 49 shows illustrates the relationship between number of dowels per wheel 

path and the deterioration of joint load transfer. The repairs constructed with 
five 1.25-in [3.2 cm] dowels per wheel path still exhibit leave joint load transfer 
measurements of more than 80 percent. Much greater losses were measured for repairs 
with three and four dowels per wheel path. Similar results were observed for the 
1.5-in [3.8 crn] dowel installations and for approach joint load transfer 
measurements. 

Figure 50 shows that the use of #8 deformed tie bars along the repair approach 
joint (five per wheel path) resulted in almost no loss of approach joint load 
transfer over time. When equal numbers of 1.25-in 13.2 cm] or 1.5-in [3.8 cm] 
dowels were used, approach joint load transfer losses of nearly 40 percent were 
observed in less than 3 years. Since the use of deformed bars in repair approach 
joints is also believed to help reduce the incidence and severity of repair joint 
spalling, their use apparently improves repair performance in many ways and should 
be considered wherever feasible. Since cement grout and large diameter drilIs were 
used in all three repair designs, the better performance of the tied approach joint 
may indicate that larger holes (relative to the size of the bar) facilitate good 
anchoring of the bars, especially where a very stiff grout is used. This would 
probably not be true for flowable grouts. 

Figure 51 shows that the use of deformed bars in the approach joint had little 
effect on leave joint load transfer when five devices are used per wheel path. This 
figure also illustrates the general observation that the range of dowel diameters 
used in this study generally had little effect on the loss of leave joint load 
transfer or the development of leave joint faulting. 

Fi ure 52 illustrates the observed effects of the use of varyin anchor f f materia s and numbers of dowels per wheel path (using 1.50-in [3. cm]- diameter 
dowels) on leave joint load transfer. Unfortunately, only two repairs were 
constructed using epoxy mortar (one for each joint design), so it cannot be 
determined whether the poor performance of the 4-$/epoxy repair is ty ical. If the R ood performance of the 5-5/epoxy repair is typical, it would bear out t e theory 
presented under the lab experiment results portion of this report) that it is t 

easier to achieve uniform dowel support in full-depth repairs using epoxy mortars 
than cement grouts. The consistency of cement grouts can vary widely over short 
periods of time, from very fluid grouts that run out of the drilled holes to very 
stiff grouts that make dowel installation very difficult. Many epoxy mortars are 
pre roportioned for uniformity and are mixed and delivered "on demand" using P cau king gun-style systems. This uniform consistency is crucial to achieving good 
dowel installations. 

Figure 53 presents the measured leave joint faulting that corresponds to the 
load transfer measurements presented in figure 51. The relationships between these 
faultin and load transfer measurements are representative of those observed 
throug f out the experimental project -- reductions in leave joint load transfer are 
generally accompanied by an lncrease in faulting. In this figure, the highest 
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Figure 49. Plot of leave joint load transfer vs. time for varying numbers of 1.25-in 
[3.2-cm] dowels per wheelpath. 
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Figure 52. Effec t  of varying anchor materials and number of dowels per wheelpath on repair 
leave joint load transfer. 





faults were measured on the repair with four dowels per wheel path and epoxy mortar 
anchor material, which also exhibited the poorest load transfer. The repair with 
the best load transfer (five dowels er wheel path, epoxy mortar) developed very 
little faulting (less than 0.05 in [0.1 5 cm]) over 32 months. The other repair 
types covered in this figure also exhibited very little faulting, which indicates 
that large dowels (1.25-in [3.2 cm] diameter or greater) and good construction 
practices can produce good results with either cement grout or epoxy mortar. 

fault in^ Performance Model 
T6e full-depth repair faulting data were sorted to obtain a data set containing 

only those repairs that had been d~amond ground immediately after construction so 
that the measured faulting in 1985-1987 truly represented the change in faulting 
from the date of construction. 

The following model for repair leave joint faulting (which was determined to be 
more critical than approach joint faulting, as discussed previously) was developed 
using nonlinear regression: 

FAULT = E S A L ~ . ~ ~ ~ ~  [ 0.03641 - 0.02921 (BASE) ] 

+ 0.2754 ( ( AGE ) ( FI ) ) 0.01889 - 0.2834 

where: 

FAULT = repair leave joint faulting, in 

ESAL = Cumulative 18-kip [80-kN] ESAL since repair construction, 
millions 

BASE = 0 for granular base throu hout, 1 for stabilized material 
(e.g., CAM, CTB, or BA !+!I ) anywhere in the pavement structure 

AGE = repair age, years 

FI = Corps of Engineers Freezing Index 

Statistics: ' R" 0.4063 
SEE = 0.048 in 
n = 113 

Several other variables were determined to significantly impact full-depth 
repair faulting through correlation analyses (e.g., dowel bar bearing stress, the 
use of pavement drainage systems and tied shoulders, slab length and repair length), 
as previously described. The inclusion of these variables did not significantly 
improve the faulting model over the small database used (113 repairs), which 
contained relatively constant values for these variables. Attempts at model 
development using the entire database (including repairs that were diamond 
ground after construction) often included these additional variables, but the 
variability of the faulting data was such that an R-squared of no more than 0.18 
could be obtained, 

AGE and ESAL exhibited relatively weak relationships with faulting, but were 
included as multipliers for other variables to provide a means of modelling 
increases in faulting over time. 



The sensitivity of the repair leave joint faulting model is presented in figures 
54 and 55. Figure 54 shows the sensitivity of the model to various levels of 
traffic and base support and the interaction of these factors. The benefit of using 
stabilized base materials is clear, with predicted faul s of 0.1 in 0.25 cm] and b less after 20 ears of heavy truck traffic (up to 1 x 10 18-kip [8 d -kN] 
E5ay.r). 6 e  use of only granular base materials is predicted to produce much 
larger aults for even short periods of time or relatively light truck traffic. 
Increases in heavy traffic volume produce correspondin increases in faulting, 
although the effects of traffic are diminished when stabi f ized base materials are 
present, as would be expected due to the resistance of the stabilized materials to 
pumping erosion and faulting. 

The effect of freezing climates (or spring thaws?) is presented in figure 55. 
Repairs placed in nonfreeze climates are predicted to perform much better than those 
placed in freezing climates, all other design factors (including drainage, joint 
design, etc.) being equal. The severity of the freezing climate is predicted to 
have minimal effect, as indicated by the small change in predicted faulting as the 
freezing index increases from 250 to 1000. 

5.3.2 Transverse Joint Spalling 

Preliminary Analvsis 
Casual examination sf the joint spalling data confirmed field observations that 

repair approach joints were much more prone to spalling than repair leave joints, 
even where neither joint was sealed. This is explained by the fact that the repairs 
tend to move horizontally opposite to the direction of traffic, probably due to the 
tangential shear applied at the repair surface by the passing wheel loads, as 
described previously. This movement closes the approach joint and causes entrapped 
incompressibles to produce very high point bearing stresses in the adjacent concrete 
joint faces. Incompressibles trapped near the top or bottom of the slab usually 
cause relatively small surface spalls at the top or bottom of the slab. 
Incompressibles trapped near the slab mid-depth may cause large spalls, compression 
cracking or blowups. The repair leave joint opens as the approach joint closes, 
often resulting in the failure of joint seals and the entry of more water and 
incompressibles, which may cause spalling during periods of pavement expansion. 

The few repairs that could be positively identified as having tied approach 
joints seemed at least initially more resistant to approach joint s alling, but the 
data is not conclusive since most of these repairs also had seale J' joints. 

Since the approach joint was found to be more critical than the leave joint for 
s alling, subsequent analyses and the discussion contained in this report are 
Jrected primarily toward repair approach joint spalling. 

Factors Affectin? Full-Deuth Re~air  Auproach Joint S~alling 
Table 23 presents the correlation coefficients and their significances for some 

key variables that have often been considered related to the development of 
transverse joint spalling. Although the correlation coefficients appear to be 
relatively low for many of the included variables, the relationships must be 
considered highly significant considering the size of the database (1113 outer lane 
repairs) and the wide range of design, ellmate and traffic condition combinations 
included. 







Table 23 Correlation coefficients and their significances for 
key variables related to repair approach joint spalling 
(outer lane - 1113 cases) 

Zero-Order Partials 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Variable : ES AL ln(ESAL) Joint Seals Seal Damage 
(O=No,l-Yes) (O=No,l=Yes) 

Coefficient*: 0.0808 0.1174 -0.2325 0.2802 
Signif i-cance : 0.003 0.001 0.001 0.001 

Variable : Tied Shldr Drainage Base Type Joint 
(O=No,l=Yes) (O=No,l=Yes) (O=Gr,l=St) Spacing 

Coef f icierit*: -0.2295 -0.1092 -0.0885 0,1952 
Significance: 0.001 0.001 0.002 0.001 

Variable : Joint Width Repair Reactive ,ID,I 
(Measured) Length Aggregate Cracking 

(O=No,l=Yes) (O=Mo,l=Yes) 

Coefficient*: -0.2790 -0.1422 0.0839 0.1264 
Significance: 0.001 0,001 0.003 0.001 

* - Pearson Product-Moment Correlation Coefficient 



The installation (immediately after repair construction) and maintenance of 
repair transverse joint seals are among the most important factors in preventing 
repair approach joint spalling because they prevent the introduction of foreign 
materials into the joints. The table also shows that narrower joint widths (as 
measured at the time of survey) contribute greatly to increased joint spalling as 
the joints close on entrapped incompressibles or joint irregularities. 

Increased levels of hea traffic correlated highly with increased amounts of 
spalling. This is presumably 2' ue to repeated differential vertical movement across 
the joint, which may cause fraying of the joint or failure of the sealant, again 
resulting in the introduction of foreign materials. 

Repair length and original slab contraction joint spacing also exhibited strong 
relationships with approach joint spalling. Longer repairs appear to be more 
resistant to spalling. This may be because longer repairs are more stable 
indicated by their previously described resistance to pumping and 
experience smaller vertical movements at the repair joints, which can produce 
spalling, especially when foreign materials are trap ed within the joints. Longer P surrounding slab lengths resulted in increased spa1 ing, presumably due to greater 
thermal movements and accompanying joint closures. 

Repairs constructed on projects with tied concrete shoulders typically exhibted 
less spalling than repairs constructed adjacent to bituminous and granular 
shoulders. This is probably because the tied shoulder provides better support to 
the entire pavement, resulting in smaller vertical joint movements. Furthermore, 
concrete shoulders are not likely to deteriorate and provide a source of 
incompressibles which could be trapped in the joints. 

Higher levels of sup ort for the repair and pavement also appeared to reduce the 
occurrence of spalling. Tl!e use of pavement drainage systems and stabilized base 
materials provides a more stable platform for the repair and results in decreased 
vertical movement at the re air joints. Stabilized base materials may also restrain 
the horizontal movement o f' the repair and surrounding slabs, resulting in reduced 
horizontal joint movements and reduced spalling as well. 

Finally, the presence of reactive or "D"-cracked aggregates was associated with 
higher incidences and severities of repair joint spalling, as would be expected. 

S ~ a l l i n ~  Performance Model 
f i e  following model was developed to predict the development of full-depth 

repair approach joint spalling, which was observed to be more critical to repair 
performance than repair leave joint spalling (as discussed previously): 

0.0708 [ 666 - 45'7 (SEAL) SPALL = [ ESAL 

+ 0.686 ( JTSPACE )In2' + 131 ( BADAGG ) 

- 227 ( JTWIDTH ) 0.463 + 55.4 ( DAMAGE) 



where: 

SPALL = 1 - None/Low Severity, 2 - Medium Severity, 3 - High Severity 

ESAL = 18-kip [80-W] ESAL applications since repair placement, millions 

SEAL = 1 if repair joints sealed at placement, else 0 

JTSPACE = Original pavement contraction joint spacing, ft 

BADAGG = 1 if reactive or "D" cracking aggregates observed, else 0 

JTWIDTH = Measured approach joint width at time of survey, in 

DAMBGE= 1 if approach joint sealant is missing, failed or 
incompressibles were observed in the joint, otherwise 0 

Statistics: IX2 = 0.3671 
SEE = 0.189 

Correlation analyses were used to identify several other variables that 
significantly affect full-depth repair spalling. These variables include repair 
length and the use of tied concrete shoulders, pavement drainage systems and 
stabilized base materials. However, the inclusion sf  these variables did not 
significantly improve the spalling model. 

While the R-squared value appears to be somewhat low, it must be considered 
highly significant considering the slze of the database (1102 outer lane repairs) 
and the wide range of design, climate and traffic condition combinations included. 

The sensitivity of the repair approach joint spalling model is presented in 
figures 56 and 57. Figure 56 Illustrates the tremendous effect of using and 
maintaining repair joint seals. Even after many years of heavy truck traffic, 
repairs may resist joint spalling if the transverse joint seals are maintained. The 
exclusion of joint seals, however, is predicted to result in immediate moderate or 
greater spall~ng of the joints. 

Figure 57 reiterates the effect of good joint sealant construction and 
maintenance practices and also illustrates the predicted increase in repair spalling 
that might accompany longer joint spacings. 

5.3.3 Transverse Cracking of Full-Depth Repairs 
Very few of the surveyed repairs exhibited either transverse or longitudinal 

cracking and the conditions that appeared to have contributed to cracking on project 
often had no effect on similar repairs at other projects. Thus, it was difficult to 
develop predictive models for transverse cracking that were of any significance and 
no such models are included in this report. Correlation analyses did suggest some 
interesting relationships, however, and these are discussed below. 

Factors Affectin Transverse Crackin of Full-De~th R e ~ a i r s  
Table 24 presents the correlation coefficients and their significances for some 

key variables that have often been considered related to the development of 
transverse cracking of full-depth repairs. Although the correlation coefficients 
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Table 24 Correlation coefficients and their significances for 
key variables related to transverse cracktng of 
full-depth repairs (outer lane - 1113 cases). 

Zero-Order Partials 
- - - - - _ _ - _ - _ - - - _ " _ - - - - - - - - - - - - - - - - - - - - - - ~ - - - - - ~ - - - ~ & - - - - - - - - - - - - - - - - - *  

Variable : ES AL Tied Shl dr Drainage K-Value 
(0-No,l=Yes) (O=No,l=Yes) 

Coefficient*: 0.0773 - 0.0181 0.0373 0.0617 
Significance: 0.005 0.369 0.107 0.020 

Variable : Joint Repair Approach Leave 
Spacing Length Seal Damage Seal Damage 

(O=No,l=Yes) (O=Ns,l=Yes) 

Coefficient*: -0.0982 0.1304 0.0712 0.0560 
Significance: 0.001 0.001 0.009 0.031 

Variable : Long. 
Cracking 

Coefficient*: 0.1872 
Significance: 0.001 

* - Pearson Product-Moment Correlation Coefficient 



appear to be relatively low for many of the included variables, many of them must be 
considered hi hly significant considering the size of the database (1113 outer lane 

included. 
f repairs) and t e wide range of design, climate and traffic condition combinations 

Cumulative traffic, foundation support and repair length were three design 
variables that correlated well with full-depth repair transverse cracking. Higher 
volumes of heavy traffic, stronger foundations and longer repairs all appear to 
contribute to increased transverse cracking. Similar observations have been made 
concerning the development of transverse cracking in regular pavement construction 
where long slabs on st~ff foundations experience higher curling stresses than 
shorter slabs on weaker foundations. The combination of curling and traffic 
stresses in the worst cases (long slabs, high traffic and stiff foundation) often 
produces transverse slab cracking. The same mechanism is probably applicable to 
full-depth repair slabs. 

A study by Ortiz, et. al. found that repairs greater than 6 ft 1.8 m in length 
were susceptible to transverse cracking and those less than 3 fi [ .9 m] in length 
were susce tible to longitudinal cracking, suggesting that repair lengths between 3 
and 6 ft [O. 8 and 1.8 m] should be selected (where feasible) to minimize repair 
cracking.(73) 

Longer original pavement slabs appear to reduce transverse repair cracking, 
although the reason for this reduction is not apparent. 

The use of tied concrete shoulders and pavement drainage systems exhibited only 
weak correlations with transverse repair cracking. 

The appearance of transverse repair cracking was highly correlated with 
longitudinal re air cracking, which may be an indication that the development of 
either (or both! is a sign of severe structural deficiency (e.g., weak concrete, 
insufficient thickness, etc.). Transverse repair cracking was also highly 
correlated with repair joint seal damage, but this is probably because sealant 
damage was a major factor in the development of longitudinal cracking. Sealant 
damage should have little effect on transverse cracking. 

5.3.4 Longitudinal Cracking of Full-Depth Repairs 
Few of the surveyed repairs exhibited either transverse or longitudinal cracking 

and the conditions that appeared to have contributed to cracking on roject often 
had no effect on similar repairs at other projects. Thus, it was difficu f t to 
develop predictive models for longitudinal cracking that were of any significance 
and no such models are included in this report. Correlation analyses d ~ d  suggest 
some interesting relationships, however, and these are discussed below. 

Factors Affectin? Lonpitudinal Cracking of Full-Depth Repairs 
Table 25 presents the correlation coefficients and their significances for some 

key variables that have often been considered related to the development of 
longitudinal cracking of full-depth repairs. Adthough the correlation coefficients 
appear to be relatively low for many of the included variables, man of them must be 
considered highly significant considering the size of the database ( l 113 outer lane 
repairs) and the wide range of design, climate and traffic condition co~nbinations 
included. 



Table 25 Correlation coefficients and their significances for 
key variables related to longitudinal cracking of 
full-depth repairs (outer lane - 1113 cases). 

Zero-Order Partials 
- - - - - - - - - - " - " - * - - - - - - - - - - - - - - - - - - - - - " - - - - - " - - - - - - - - - " - - - - - - - - - - - - - - - - -  

Variable: ESAL Age*Freeze Drainage K-Value 
Index (O=No,l=Yes) 

Coefficient*: 0.0326 -0.0819 0 .1442 0.2188 
Significance: 0.139 0.003 0.00% 0. 001 

Variable : Joint Repair Approach Leave 
Spacing Length Seal Damage Seal Damage 

(O==No,%-Yes) (O=No,l-Yes) 

Coefficient*: -0.0128 -0.0528 0.1463 0.1397 
Significance: 0.335 6.039 8.001 0.001 

Variable : Transverse Approach Leave Dowelled/Tied 
Cracking J o ine Joint Repair J t s .  

§palling Spalling (O=No,l=Yes) 

Coefficient*: 0,1872 0.120% 0. I298  - 0.2405 
Significance: 0.001 0.001 0.001 0.001 

* - Pearson Product-Moment Correlation Coefficient 



Joint sealant maintenance practices and joint s alling were found to correlate R highly with repair longitudinal cracking, suggesting t at at least one mechanism for 
longitudinal repair cracking is compression cracking caused by high point bearing 
stresses on entrapped incompressibles. Shorter repairs would be more susceptible to 
this type of cracking, and the table shows that longitudinal cracking was observed 
to decrease as repair length increased. Original pavement slab length did not 
significantly affect repair longitudinal cracking. 

The possibility of longitudinal cracking as a load-related distress is suggested 
by the observation that increased foundation stiffness and the use of pavement 
drainage systems reduce its development. However, increases in traffic were not 
found to significantly affect the development of longitudinal repair cracking, which 
indicates that this distress is probably not tri gered primarily by load-related 
mechanisms. It is more likely that the use o f drainage systems and stronger 
(stabilized) foundations reduces the pumping and entry into the repair joints of 
lncompressibles from below the pavement, which would otherwise cause the compression 
cracking described above. The use of tied and dowelled repair joints (rather than 
undercut or aggregate interlock joints) was also found to have a very significant 
effect on the reduction of longitudinal repair cracking. Reduced deflection through 
improved load transfer would also reduce the development of pumping and the entry of 
base materials into the repair joints from below. 

5.4 LABORATORY SHEAR TESTING OF DOViTLS ANCHORED IN CONCRETE 

5.4.1 Introduction 
Due to the almost complete lack of research data on load transfer systems for 

full-depth repairs, it was concluded during the early work in this contract that 
progress would be reatly hampered if some basic research work was not erformed d P related to repeate load performance of dowels anchored into the face o slabs. 
Thus, a major laboratory experiment was planned and conducted. The design, conduct 
and results of this experiment are summarized herein and are described in detail in 
volume IV (chapter 3). 

5.4.2 Experimental Design 
The general concept of the study involved the application of repeated shear 

loads to dowels of various dimensions anchored in holes drilled in concrete 
specimens obtained from an inservice Interstate highway and the collection and 
analysis of dowel load and deflection data at several points during the load history 
of each dowel. 

The effects of five design and construction variables -- dowel diameter, annular 
gap (the width of the void to be filled with anchor material when the dowel is 
placed in the exact center of the drilled hole), anchor material, embedment length 
and drill type (varying drill impact energy) -- on the deflection response of dowels 
in full-depth repairs to repeated shear loads were investigated. Two test levels 
were selected for each variable except for drill type, for which three "levels" or 
types were selected. A replicated half-fraction factorial experimental design was 
employed to rovide a statistical basis for determining the main effects and P interaction e fects of the five variables under consideration. Table 26 summarizes 
the test values that were selected for each of the variables. 

Tests were also conducted on a number of "special" specimens, including two 
specimens with dowels cast in lace in the lab, two specimens with dowels turned on P a lathe to provide a very tight riction fit, and one specimen with a large diameter 



Table 26. Summary of  t e s t  va lues  used i n  dowel b a r  repea ted  
shear  t e s t s .  

VARIABLE Low Value Medium High Value 

Dowel Diameter 1 [ 2 . 5  cm] 1 . 5  [ 3 . 8  cm] 

Annular Gap 1/32 [0.08 c m ]  1 /8  r0.3 cm] 

Anchor Mater ia l  Cement Grout Epoxy Resin 
(Dayton Superior  ( H i l t i  H I T  C-10)  
Sure-Grip - -  "Flowable" Mix) 

Embedment Length 7 E17.8 cm] 9 [ 2 2 . 9 c m ]  

D r i l l  Type Standard Hydraulic E l e c t r o  - 
Pneumatic Percussion Pneumatic 

(TAMROCK) ( H i l t i ,  Inc . )  



hollow stainless steel dowel. These tests were conducted for comparison purposes 
and to provide an indication of future research needs. 

5.4.3 Preparation of the Test Specimens 
Portland cement concrete slabs for fabricating test specimens were obtained from 

the outside eastbound lane of Interstate 70 near milepost 89, west of Effingham, 
Illinois. The highway was constructed in 1962, and had accommodated a proximately 

date of construction to the date of removal. 
P 13.8 million 18-kip [80-kN] single-axle loads in the design (outside) lane rom the 

ft f 1.2 m by 3.7 m] slabs were lifted out and cut into 
test specimens. Eighteen usable test specimens 
ores were also obtained from each slab for 

compression, split tensile, and elastic modulus testing. 

Sand-cement mortar "caps" were cast on the bottom of each specimen to provide a 
level base for drilling and testing. 

A drilling frame was assembled to hold the specimens and drill rigs in place 
during drilling. Drilling dust and loose particles were removed using a large test 
tube brush and compressed air. 

The dowels were installed horizontally by injecting sufficient anchor material 
into the backs of the drilled holes to cause material extrusion when the dowels were 
inserted. The dowels were allowed to settle or tip in the holes as the anchor 
material cured. A tight-fitting n Ion disk, 2 in f5.1 cm] larger in diameter than 
the dowel and approximately 3/ 1 2 in [0.24 cm] thick was fixed on each dowel at  a 
distance equal to the embedment length from one end of the dowel (see figure 58). 
These disks were used to prevent the anchor material from flowing out of the holes 
and creating voids around the dowels. They also forced the anchor material to fill 
spalls near the dowel hale on the concrete face caused by the drill. 

The nylon disks were removed after 24 hours and the anchor material was 
inspected for surface voids or other visible faults that would affect test results. 

An effort was made to test the cement grout specimens no sooner than 7 days and 
no later than 14 days after preparation. A similar effort was made to test the 
epoxy resin mortar specimens no sooner than 24 hours and no later than 7 days after 
preparation. 

Two specimens were prepared with 1-in [2.5 cd-diameter dowels cast-in-place 
with 9 in 22.9 cm] of embedment. These specimens were cured for 24 hours, 
subjecte d to 5000 load cycles (to simulate early openin of the repair), cured for 
an additional 27 days, and subjected to an additional 5 8 5,000 load cycles. The 
purpose of these specimens was to set a standard of deflection performance against 
which to compare the anchored dowels, and to simulate the conditions imposed on the 
end of the dowel embedded in the repair. 

Specimens were also prepared to test the performance of dowels installed to an 
embedment length of 9 in h22.9 em] in very close-fitting holes. The inside diameter 
of holes drilled in two specimens using 1.0625-in t2.7 cm] nominal-diameter drill 
steels mounted in the Hilti drill was measured, and 1.25-in 3.2 cm] dowels were 
turned on a metal lathe to achieve dowel diameters 0.02 in 1 0.05 cm] less than the 
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smallest diameter measured in each hole. Insertion sf the dowels showed that the 
one of the ~o was loose ensugh to be moved inn an direction. The other 
dowel could not be inserted to full-depth by h was l orcibly inserted without 
anchor material using a large hammer. This caused the formation of a vertical crack: 
through the center of the face of the specimen, although the crack did not 
deteriorate under Lest conditions. 

5.4.4 Description of the Test and Related muipment 
Re eated bidirectional vertical shear loads were applied tcr the test specimens. 

The loa cf function finally utilized was a mnthuous sinusoadal form with a peak 
magnitude of 2 3000 pounds [13.36 k nd a frequency sf 6 Hz (see figure 59). 
Loads were applied at the rate of ne 20,080 per day, allowing the applircation 
of about a year's worth of heavy tra ds to a single dowel installation each 
day. 

imens were clamped to a steel pHate and the a 
sing an MTS Model 661 ram wlth an 11 kip 15 
sinnple sine wave function generator. The lo 

ated high-strength steel loading cballar which was 
clamped to the e "set" screws. 'Phis collar allowed vertical 
deflection and r movement of the dowel about a lateral .axis, 

A linearly vaaying deflection transducer (LWT) was mounted on a bracket 
attached to the face of each specimen and connected to the load collar using a small 
nylon screw. This device was used to measure the movement of the dowel relative to 
the PCC specimen. The m S  load cell data was also collected for analysis and was 
used to assist in the computer control of the test. 

The entire test operation was controlled by an IBM Personal Computer using a 
Data Translations DT-28OIA halofl igi ta l  (m) board and a controlling program 
written in BASIC using the PC librany of A/Il board control subrsantines.(38) 
Figure 60 shows the entire tcst assembly arrangement. 

Deflection and Poad data were t pically collleaed darrin ten Issad cycles 
immediately aher the completion of 2000,5000,20000,10 d 000,300000 and 600000 
load cycles. Edended test data was also collected after 1,200,000,2,000,000 and 
4,000,000 load cycles for certain specimens. This data was stored on floppy disk 
with appropriate identification data for later analysis. Data reduction programs 
were written and used to idemti@ average peak load, deflection, and dowel looseness 
conditions during each data sampling. 

The reduced and summarized des and erformanee data was loaded into an SPSS 

etc.(50,5 1) 
P database and a Lstnms 1-23 spreadsheet ana ysis, production of graphs, 

5.5 OMTORY STUDY mSULTS 

5.5.1 Prelimirmaq Results rand Obse8wrakiadras 
Observations of the preparation and testing (and occasional failure) of the test 

specimens provided some insnght into the performance sf full-depth repairs. 





Figure 60. Repeated  dowel load t e s t  assembly. 



Effect of Drill I m ~ a c t  Enerm on S~al l ing 
Drills that impart high impact energy produce more spalling on the concrete face 

near the drilled hole than drills using low impact energy. The electric-pneumatic 
drill was most acceptable in minimizing spalling, but the reduced impact energy 
resulted in a three to fourfold increase in the time required to drill each hole. 
The hydraulic drills provided a substantial reduction In spalling with no 
discernible increase in drilling time. The excessive spalling produced by the 
pneumatic drill was usual1 repaired easily b using the nylon dowel rings to retain a the anchor material, and t e performance o ! these "repaired" specimens was equal to 
similar specimens prepared using other drills. 

Consistency of Dowel Anchor Materials 
The installation of dowels using cement grout was often difficult. Specimens 

prepared immediately after mixing the grout received a grout that was almost 
"pourable," and retention of the grout was difficult, even using the nylon rings. 
Large voids were often observed around these dowels prior to testing and their 
deflection profiles were often exa erated. Specimens that were prepared 5 minutes 
after the rout was mixed receive a grout that was of the desired consistency, were t k 
found to ave only very small voids and performed relatively well. Specimens that 
were prepared 10 minutes or more after mixing the grout received a very stiff rout f that often compacted at the back of the hole, preventing proper installation o the 
dowels, rather than extruding out as the dowels were inserted. These specimens had 
to be cleaned out and grouted again using a more flowable grout. 

The wide variation in grout consistency over a relatively short period of time 
in the highly controlled environment of the laboratory makes questionable the use of 
the same material in the field, where conditions can be much more harsh and quality 
control often takes a back seat to production. Field installations require a 
reliable, easy-to-use dowel installation material. Cement grout does not 
consistently meet these requirements. 

The epoxy mortar used was almost always proportioned accurately and mixed 
thoroughly using a hand-held double-barrel caulking gun delivery system which 
produced a mortar that was the desired consistency. 

The cost of the epoxy mortar is currently substantially higher than the cost of 
the cement grout, but the reliability and the uniform consistency of the epoxy 
should make it the preferred material.(43) Recently-developed epoxy delivery 
equipment using much larger cartridges and typical discounts for the purchase of 
large quantities should reduce the cost of the epoxy for field installations. 

Dowel Failures 
Five of the 1-in r2.5 cml diameter dowels tested ex~erienced brittle fatigue &., 

failures at locations 0:75 to 1:s in [1.9 to 3.8 cm] inside the face of the PCC 
specimens. This location corresponds approximately with the predicted point of 
maximum moment in the dowel presented by Friber based on the work of f Timoshenko.(53,54) Variations from the predicted ocation are probably due to 
nonuniform support of the dowel at the face due to spalling of the concrete during 
drilling and spalling of the cement grout mortar during testing due to high dowel 
bearing stress. 

Some of these failures occurred after as few as 40,000 load cycles while others 
occurred after nearly 600,000 load cycles. Four of the failed dowels were anchored 
using cement grout while one was anchored using epoxy mortar. Large voids were 
visible above three of the four grouted dowels prior to testing. 



These observations indicate the variability of quality of: the cement grout 
anchor material (in spite of the use of the nylon grout retaining rings) and 
demonstrate the importance of providing void-free uniform dowel support in pavement 
joints. 

Effectiveness of Nylon Grout Retention Rings 
The nylon grout retention rings were clearlyvery effective in reducing the 

outflow of anchor materials from the drilled holes and ensuri ore uniform dowel 
support. They also forced excess anchor material into the sp area created by 
drilling, effectively repairing the spa11 and reducing dowel deflections. 

Tke effectiveness of the rings was highly dependent on the fluidity of the 
anchor material being used. Very fluid cement grouts were difficult to work with 
and were not retained well, even with the rings. Excellent results were obtained 
using materials that were "flowable," because they were fluid enough to be moved 
into the voids, yet viscous enough not to flow appreciably under gravity alone. A 
smooth, void-free face resulted in these cases. 

The use of these rings probably reduced the difference in performance that would 
have been observed between the two anchor materials and the three drill es if the 
rings hadn't been used. Based on initial observations, it would be expecte ? that 
the elimination of the retention rings would result in much more varnability sf 
performance for the cement grout s ecimens. Higher deflections would be associated 
with more spalling around the drill l! ole, so better performance would be expected 
from holes drilled using low-impact energy drills. 

5.5.2 Factors Affecting Dowel Deflection and Looseness 
For the purposes of this stud , dowel deflection refers to the dowel deflection 

under an applied shear load sf 53 X 00 lbs. [13.4 kEd , measured usin the LVDT 
attached to the load collar at a point approximate y 1/2 in [I .3 cm] rom the face 
of the specimen. 

l 'i 
Dowel losseness was estimated by plotting measured dowel deflection vs. shear 

load and projecting the slopes of the loading and reverse loading portions of the 
load-deflection curve at + 3000 pounds [13.4 kN] back to intercept the deflection 
axis. This technique was conceptualized by Teller and Cashell and is shown in 
figure 61.(47) 

The half-fraction factorial experimental desi n em loyed in the lab tests 
allowed direct identification of significant effects t roug analysis of variance 
(ANOVA) techniques. 

% R 
These analyses suggest that ail of the main variables may significantly affect 

the development of dowel looseness and sensor deflection and sensor deflection as 
follows: 

Variable Chan~ed 
Increasing Dowel Diameter Decrease 
Increasing Dowel Embedment Decrease 
Increasing Drill Impact Energy Decrease 
Epoxy Anchor Material 

(Instead of Cement Grout) Increase 
Increase Annular Gap Increase 
Increase Load Repetitions Increase 
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These variables all affect dowel deflection and looseness as ex ected, with the P exception of the effect of drill impact energy. As discussed previous y, it is 
believed that the use of the nylon grout retention rin s may have reduced (or 
eliminated) the effect of spalling caused by the use o f high impact energy drills. 
Since the low impact energy drill was guided but hand-held, the apparent increase in 
dowel deflection could be due to slight increases in actual drilled hole diameter 
(which must be filled with a grout that is softer than the surrounding concrete). 

Several significant two-factor interactions were also noted, including drill 
impact energy and dowel embedment length, anchor material and drill impact energy, 
anchor material and dowel diameter (bearing stress), and anchor material and annular 
ap. Since many of these two-factor interactions indicated a strong reIationshi 

%etween anchor material and some other variable, the database was subdivide i 
according to anchor material and an analysis of variance was conducted for each of 
the new data sets. The main effects were still among the most significant in each 
of the anchor material database subsets. Performance models were developed for each 
of these data sets. 

The strength of the main effects and the significance of several two-factor 
interaction effects oint to additional conclusions concerning the stiffness of the 
anchor materials. gince the cement grout is more ri id than the e oxy mortar, the 
effects (and interaction effects) of dowel diameter ( g earing stress !' and embedment 
on dowel deflection are reduced for this material. Furthermore, it appears that a 
larger annular gap generally produces better results for cement grout, presumably 
because it becomes easier to install the bar in a stiffer grout, which provides more 
uniform dowel support. 

Since the epoxy m0rtar.is.a softer material than either the cement grout or the 
concrete specimen,ithe defle~tions of bars embedded in this material are more 
sensitive to dowel diameterc(bqgring stress) and embedment, with increases in-either 
resulting in decreased deflections. As annular gap increased, deflections generally 
increased as well due to the use of larger volumes of softer material. Since the 
epoxy mortar was always delivered at a uniform consistency that allowed easy 
insertion of the dowels, there was no apparent need (for installation purposes) for 
a large annular gap,&as with the cement grout. It may be appropriate to use epoxy 
mortar with the smallest annular gap that will allow dowel installation without 
excessive force. This would allow the mortar to fit1 voids and spalls using a 
minimum thickness of the softer material and allowing the bar to be supported 
directly by the concrete in many places. Additional research should be conducted to 
verify this. 

5.5.3 Dowel Deflection and Looseness Models 
The data sets;for each anchor material type were used to develop predictive 

models for sensor deflection and dowel looseness. Although many factors and 
interactions appear to affect .these performance measures, their inclusion often made 
the models very complex without significantly improve the accuracy of the models. 
Satisfactory models were often obtained using nonlinear regression techniques and 
including only main effects. 

The models deve1oped.far the epoxy mortar anchor material are presented below: 

34840 (AG)  + 1167 (CT) 1.058 - 9.899 EB 11.160 

+ 1.079 (BS ) - 0.6912 ( E N )  + 8380 



Statistics: R~ = 0.594 
COV = 36.9% 
n = 178 

Dmaxmin = 54210 ( AG ) + 643.3 (CT) - 2117 ( EB)  

Statistics: R~ = 0.584 
COV = 28.7% 
n = 178 

where: 

Bmaxmin = Total dowel looseness (as defined previously), mils 

Dmmin = Total sensor deflection (as defined previously), mils 

AG = (Nominal diameter of drilled hole - Nominal dowel diameter), in 

CT = Natural log of number of complete load cycle applications 

EB = Dowel embedment, in 

BS = Friberg's bearing stress, psi 

EN = Estimated drill impact energy, ft-lbs/blow 

Figures illustrating the sensitivity of the models to the input arameters are 

conclusions: 
P presented in volume IV (chapter 3) and their study produced the ollowing 

e The epoxy mortar is flexible (when compared to the surrounding concrete) and 
that thin supporting layers (sufficient to fill drilIing voids) are best. 

e The epoxy mortar is very resistant to fatigue and undergoes very little 
permanent deformation or deterioration after many repeated load applications. 

e Increases in bearing stress produce proportionate increases in dowel deflection, 
especially where thick layers of epoxy mortar are present. The model predicts 
dowel deflection increases of 60-100 percent for bearing stress increases from 
1000 psi to 5000 psi 16.9 to 74.5 MPa]. 

a The flexibility of the epoxy mortar results in increased sensitivity to dowel 
embedment length because the mortar allows the dowel to deflect slightly inside 
of the drilled hole, whereas the cement grout has greater potential to hold the 
bar ri idly. The deflection increase roduced by decreasing embedment length 
from f in to 7 in 122.9 cm to 17.8 cmfis approximately 10 percent and is 
probably not critical. 



0 The model predicts higher deflections with lower drill impact energy. As 
discussed before, it is believed that the grout retention rings masked the true 
effect of drill impact energy by filling the joint face spalls with anchor 
material and reducing all deflections significantly. The model may be 
reflecting the use of different drill guide systems for each drill, resulting in 
variable drilled hole diameters and shapes. 

The models developed for the cement grout anchor system are presented below: 

Statistics: R~ = 0.647 
COV = 61.2% 
n = 109 

D m m i n  = ( 6.072 (BS)  - 66.96 ( E N )  + 13900 (AG) 

Statistics: R~ = 0.663 
cov = 43.3% 
n = 110 

where: 

Bmmmin = Total dowel looseness (as defined previously), mils 

Dmmin = Total sensor deflection (as defined previously), mils 

AG = (Nominal diameter of drilled hole - Nominal dowel diameter), in 

CT = Natural log of number of complete load cycle applications 

BS = Friberg's bearing stress, psi 

EN = Estimated drill impact energy, ft-lbs/blow 

It should be noted that these models were developed using only data from 
specimens that did not fail prematurely and therefore they tend to represent 
"potential" performance rather than average observed performance. The failed 
specimens were eliminated because their deflections prior to failure (often from the 
very beginning) exceeded the capacity of the deflection sensor. 

Figures illustrating the sensitivity of these models to the input parameters are 
presented in volume IV (chapter 3) and their study produced the following 
conclusions: 

a The models suggest increasing dowel deflection with increasing annular gap, 
which is contrary to the conclusion previously drawn for cement grout 
installations. This is because the models are based primarily on specimens that 



performed well (the failed specimens, which had small annular gaps and dowels, 
produced much unusable data). The predicted effect of annular gap is actually 
smaller than the variability between measurements for the large dowel diameters. 

as Bearing stresses that result from the use of 1-in [2.5 cm] dowels result in 
deterioration of the anchor material at the joint face. The 1.5-in [3.8 cm] 
dowels exhibited the smallest increases in deflection under repeated loading and 
performed acceptably. 

e When good installations are achieved using cement rout anchor material, rapid 
increases in deflection typically occur at first as the cf owe1 becomes "seated" 
and subsequent iracreases are generally small. Poor installations exhibited 
excessive deflections at the start which increased as the dowel impacted the 
supporting material, causing it to deteriorate. 

The results of the lab study can be further illustrated by looking at the 
deflection profiles and "looseness" envelopes (such as those presented in figures 62 
and 63) for various specimens. Each deflection profile consists of four response 
curvcs -- Ioading (lower curve, right side), load relaxation (upper curve, right 
side), reverse loading (upper curve, left side) and reverse load relaxation (lower 
curve, left side). Each "looseness" envelope illustrates the development of dowel 
Booseness over time for a given specimen. "Upstroke looseness" is the component of 
total looseness computed from the reverse loading curve, "downstroke looseness" is 
the component of total looseness computed from the normal loading curve, and "total 
Ilooseness" is the distance between the other two curves and corresponds to Bmaxmin 
in the regression models. 

Deflection profiles and "looseness" envelopes for several specimens are included 
and discussed in volume IV (chapter 3). A summary of the conclusions drawn from the 
study of these figures follows: 

CB W e n  epoxy mortar anchor materials were used, larger annular gaps result in 
increases in dowel deflection. This was observed at any point in the loading 
histories of comparable specimens and verifies the model that was deveIoped. 

@ Reverse loading mode typically produced higher deflections than normaf loading 
for the epoxy mortar specimens. This is presumably due to settlement of the 
dowel during curing, which results in the dowel bearing on a very thin layer of 
anchor material on the bottom and a thicker layer on top. Since the 
deformations are somewhat dependent on the deformation of the supporting layer, 
the thicker Iayer on top allows more deflection in reverse Ioading. 

e Dowels properly installed using cement grout typically exhibited lower 
deflections than those installed using the epoxy mortar. This was observed at 
any point in the loading histories of comparable specimens. It must be 
emphasized, however, that it was often difficult to obtain good anchoring using 
cement grout due to the extreme variability of grout consistency over short 
periods of time. 

s Increasing dowel diameter from 1 in to 1.5 in 12.5 to 3.8 cm typically produced 
a tremendous reduction in measured deflections. A 1.5-in I 3.8 cm] dowel 

roperly installed in cement grout exhibited a total computed "looseness" of 
ress than 6 mils [0.015 cm] after 600,000 load cycles. Similarly installed I-in 
E2.5 em] dowels exhibited two to four times more deflection and looseness. 
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a Deflection profiles actually varied ve little for different drill V s ,  A X slight improvement was noted for t h ~  . igh-!-easrg &@!? but it is suspected that 
thls improvement was due to the difference in drhl guidance systems rather than 
impact energy. The use of the grout retention ring is believed to have 
eliminated the effects of increased impact energy, which resulted in more 
spalling around the drilled hole and would reduce dowel support if unrepaired. 

The effect of dowel embedment on dowel deflection was typically very small for 
the range of embedments tested. This confirms other studies whlch have 
suggested that embedment lengths of 6 to 7 in 115.2 to 17.8 cm] are adequate for 
the size dowels currently used in highway applications. 

r The cast-in-place specimens exhibited relatively flat deflection profiles, 
indicatin that no real looseness existed at the time of testing and confirms 
the use o f such specimens as an idealized dowel installation. A com arison of e this profile to other 1-in C2.5 cm] dowelled specimens suggests that t e cement 
grout specimens have the potential to most closely approach this level of dowel 
support, particularly when longer embedment lengths and good grout installations 
are present. The epoxy mortar specimens erformed well when the annular gap was 
small and the embedment length was 9 in $2.9 cm]. The epoxy mortar specimens II performed much more consistently than t e cement grout specimens. 

r The deflection profile for the 1.625-in [4.1 cm] O.D. hollow stainless steel 
dowel that was Installed using the epoxy mortar to a depth of 7 in [18 cm in a i 1.75-in [4.4 cm]-diameter hole was similar to that obtained using a 1-in [ .5 
cm]-diameter dowel, 1/8-in cm] annular gap and epoxy mortar. A solid bar 
(or a tube with thicker probably have provided a more acceptable 
deflection profile. In addition, the stainless steel did not bond to the epoxy 
mortar, allowing the bar to be twisted freely after testing, although the bar 
was not necessarily loose. 

The specimens prepared using "close-fitting holes" and no grout of any type were 
very loose (compared to the other specimens) and rapidly developed deflections 
that were beyond the capability of the sensor to measure (>0.05 in i0.13 cm] in 
either direction). Neither could be tested to the full 600,000 load repetitions 
because of possible damage to the test equipment. One of the specimens failed 
after less than 60,000 load cycles. 

5.6 DESIGN AND CONSTRUCTION GUIDELINES -- FULL-DEPTH REPAIR 

5.6.1 Introduction 
These guidelines were originally prepared under NCHRP Project 1-21 and published 

in NCHRP Report No. 281, Transportation Research Board, 1985. The guidelines were 
updated in early 1987 based upon the findings and results from the study entitled 
"Pressure Relief and Other Joint Rehabilitation Techniques" conducted for the FHWA. 
Further updates resulted from the research described in this final report, 
"Determination of Rehabilitation Methods for Rigid Pavements," also conducted for 
the FHWA 

These guidelines present important background illformation for engineers and 
technicians involved in designing and constructing projects where full-depth repairs 
will be placed. These guidelines will also be useful to maintenance engineers and 
technicians in placing full-depth concrete repairs as part of good pavement 
maintenance procedures. This document is lntended to provide guidance in the 
preliminary engineering phase. 



The procedures and specifications included herein are intended for full-depth 
repairs and slab replacements which are to be subjected to medium-to-heavy truck 
traffic over a design life of 10 years or more. These procedures and specifications 
are applicable to repair projects both with and without overlay. 

5.6.2 Need Far Full-Depth Repairs 
There are several types of deterioration which occur at or near transverse 

cracks and joints which justiq full-depth repair or slab replacement to restore 
rideability and structural integrity to the concrete pavement. The design engineer 
must conduct a preliminary condition survey of the project (which may require coring 
of representative areas) and identify the specific locations and approximate 
quantities that must be repaired. 

The engineer must first determine the causes of jsint/crack deterioration. Some 
typical typcs of joint/crack deterioration and their causes are listed below: 

e Faulting: Heavy-truck-axle loads cause large differential deflections across 
joints/cracks where poor Boad transfer exists (typically where no dowels exist), 
which results in a high potential for pumping and erosion of material beneath 
the slab and/or stablllized base. If dowels exlst, the differential deflection 
is much lower and thus pumping and faulting is decreased. However, depending 
upon dowel design, heavy loads can cause high bearing stresses between the 
dowels and concrete. The result of many repeated heavy loadings can cause the 
enlargement of the dowel socket, resulting in eventual faulting of the joint. 
Corrosion of the dowel bars may also be a factor contributing to faulting. 

SpaIlin~: The deterioration of a joint or crack through spalling can be caused 
by several factors. The major factors are described below: 

a. Infiltration of incom~ressibles into the joint: This common occurrence 
results in much of th6 spalling at joints." The extent of incompressibles 
in the joint can be determined by visual observations of joints and digging 
into the joint sealant reservoir with a knife, but is best determined by 
coring dlrectly through the joint and opening the core to examine the joint 
faces. l[nc~mpressibles can infiltrate from both the top and bottom of the 
joint. 

b. Disinte~ration of concrete at the bottom of the ioint (non "D" cracked 
concrek): This is caused by infiltration of incohprekibles and large 
horizontal joint movements. This occurs redominantly in long-jointed 
reinforced concrete pavement (40-100 ft fi2.2-30.5 m]), but can also 
develop in short-jointed plain concrete pavements where infiltration of 
incompressibles 1s extensive. 'This distress is not initially visible at 
the surface, but eventually develops into a spa11 that can be seen at the 
surface. 

Coring of typical joints prior to full-depth repair to observe the amount 
of incompressibles and the deterioration at the bottom of the joint greatly 
assists in identifgiing this problem. 

Disintegration of the bottom of the slab contributes to a high potential 
for blowups because Iess vertical cross-sectional area is available at the 
joint to bear compressive stress in the slab. 



c. "D" crack in^ or reactive agerepate s~alling: "D" cracking is a pattern of 
cracks causgd by freeze-thsk expans'ion of the aggregate. Reactive 
aggregate is a cracking pattern caused by the reaction of the aggregate in 
an alkaline environment. The disintegration and spalling associated with 
these distresses normally begins near the joints. Cores should be taken to 
determine the depth of deterioration at different distances from the 
joint. Four-in [10.2 cm] diameter cores taken at distances of 0,12,24, 
36, and 48 in [O, 30.5,61.0,91.4, and 121.9 cm] from several typical 
joints will often provide a good visual indication of the extent of 
deterioration in the vicinity of the joints. These results may also show 
that partial-depth repairs may be acceptable in certain instances.(55) 

d. Joint Lock-up: Corrosion of the dowels or other load transfer devices can 
eventually leid to nonworking or "frozen" joints. This may be manifested 
in the following ways: 

A transverse crack can develop across the slab parallel to the joint near 
the end of the dowels. The area between this crack and the joint often 
spalls and breaks up, requiring full-depth repair. 

Lock-up of joints from corrosion can also result in the opening of nearby 
transverse cracks causing the reinforcing steel to rupture in JRCP and 
resulting in eventual spalling and faulting of the crack. These cracks 
then act as joints and require full-depth repair. 

Corrosion and lock-up of mechanical load transfer devices can also lead to 
joint spalling due to expansive pressures or other stresses. 

e. Joint inserts: Certain types of joint inserts (e.g., Unitubes) cause 
spalling of the joint through corrosion, entrapment of incompressibles or 
other means. 

e Slab breakup such as corner breaks or diagonal cracks near t h e m :  This is 
caused by a loss of slab support. Faulting of the slab near the joint in the 
cracked area and fines on the shoulder are definite indicators of umping. 
Another early indicator of pumping is the development of a sma /' I depression 
(blowhole) of the asphalt shoulder near the joint or crack where base materials 
are pumped out. 

e Breakup of the slab in several pieces: This is typically caused by repeated 
heavy truck loads and loss of support from beneath the slab from pumping. 
Another cause is movement of the foundation from frost heave or swelling soils. 
If slab breakup is occurring only in the lane with the heaviest truck traffic, 
fatigue damage is the likely cause, but if slab breakup occurs in all lanes then 
foundation problems arc likely. 

The severity of the deterioration of the joint or crack is the main criterion by 
which the engineer decides if a repair is needed and determines its required size. 
Cornprehenslve distress identification manuals are available that include 
descriptions of joint and crack distress at low, medium and high severity levels.(l) 

Low severity level: does not require full-depth repair within the next 2 years. 



Medium severity level: may or or may not require repair depending on several 
factors. Quite often a joint having only medium-severity spalling on the top of 
the slab is seriously deteriorated at the bottom of the slab. This should be 
investigated through selective coring near representative joints. The time 
interval between the preliminary condition survey and actual construction of the 
repair must be considered. The preliminary survey is conducted for the purpose 
of making an estimate for bidding purposes. Therefore, if more than 1 year will 
pass before construction will begin, most of the medium-severity distress and 
all of the high-severity distress should be programmed for repair. The 
medium-severity distress is likely to deteriorate into high-severity distress 
before the construction begins in 1 or more years, Estimated quantities should 
also be increased by 10-20 percent per year of delay before repair, to allow for 
the additional deterioration. 

High severity level: is a safety hazard and definitely requires repair. 

If a typical asphalt concrete overlay of 1 to 6 in 2.5 to 15.2 cm] in thickness 
is to be placed, it is recommended that there be no di I ference in the amount or 
quality of full-depth re air done prior to overlay than would be done if no overlay 
were placed, because f! eteriorated joints and cracks will uickly reflect through the 
overlay and cause premature deterioration and failure o 9 the overlay. 

The need for full-depth repair at individual joints can be assessed using the 
decision chart shown in figure 64. Specific guidelines for repairing individual 
joints are provided in the section on design. 

5.6.3 Limitations and Effectiveness 
Full-depth concrete repairs that are properly designed and constructed 

(particularly with good load transfer at the joints) will provide good long-term 
performance (e.g., 10 or more years). 

Poor load transfer desi n and poor construction technique has been responsible 
for much of the faulting and f reakup of full-depth repairs. It has also been 
responsible for the serious deterioration of reflective cracks over repairs in 
asphalt concrete overlays. The construction of successful full-depth repairs 
requires high-quality construction quality control, supervision and inspection, 
particularly in the installation of dowels or other load transfer devices. 

5.6.4 Concurrent Work 
In addition to full-depth repair, other types of rehabilitation may be 

required. A general flow chart for determining joint rehabilitation needs is 
provided in the design guidelines for pressure relief joints (figure 65). Repair of 
spalls by partial-depth repair is economical when the distress has not penetrated 
beneath the midpoint of the slab. Deflection tests should be conducted at the 
joints and corners to determine existing load transfer and the existence of voids. 
Subsealing of slabs where pumping has eroded the base is essential to prevent rapid 
slab cracking. Also, the need for subdrainage should be evaluated in wet climates 
with fine-grained soils and high truck traffic volumes (see the subdrainage 
recommendations included with the advisory system presented in volume 3 of this 
report). 

Where poor load transfer exists at original contraction joints, consideration 
should be given to the reestablishment of good load transfer (by using dowels placed 
in kerfs or other devices) to reduce deflections and stresses. The reduction of 
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free water beneath the slab through joint/crack sealing or the incorporation of 
underdrains is also very important. If the joint deterioration is due to the 
infiltration of incompressibles or water into the joint, cleaning and resealing of 
the transverse joints is necessary. 

When a particular JRCP has a history of blowups, construction of pressure 
relief joints at 1000- to 2000-ft [305 to 610 m] intervals should be considered. 
However, these joints should be placed not less than 1000 ft 1305 m] from the 
nearest proposed full-depth repair, since the repair itself is a form of pressure 
relief. Expansion joints should definitely be located at bridge ends, where serious 
damage to bridge decks and abutments can occur from pavement "growth." 

A smooth surface may be restored to the pavement by diamond grinding after most 
of the above work has been completed. 

If an overlay is to be placed, performance of almost a11 of the same repairs 
should be considered (except grinding). It is important to realize that medium- to 
high-severity distress or poor load transfer at joints or cracks that is not 
repaired will rapidly reflect through the overlay. 

5.6.5 Design 

General 
Full-depth repairs should be designed for specific project conditions. The 

desired life of the repair and the level of traffic loadings will dictate the design 
details of the repair. The longer the design life and the greater the truck 
volumes, the more critical the structural design of the repair becomes. Many 
fuII-depth repairs have not performed as desired because the effect of heavy truck 
traffic was not fully considered in the design of repairs. 

Other items to be considered in the design of full-depth repairs are available 
lane closure time, environmental conditions, subgrade drainability, design of 
existing pavement, existencc of "D" cracking or reactive aggregate in the existing 
concrete slab and performance history of various repair designs under similar 
conditions. 

Load Transfer 
A high degree of load transfer across the transverse joints of the repair is 

very important in reducing deterioration where heavy truck traffic exists. Poor 
load transfer causes premature failure of the repair in the form of pumping, 
faulting, spalling, rocking and breakup. Poor load transfer may be caused by 
insufficient number or size of dowel bars, poor construction techniques, or a wet 
cIimate coupled with poor subbase/subgrade/shoulder drainability. Poor subdrainage 
greatly increases the potential for pumping, erosion and faulting sf the full-depth 
repair. 

Analysis of data from many full-depth repairs in the central U. S. for pavements 
with oar drainage conditions and granular bases has shown that faulting of B full- epth repair joints will, on the average, exceed 0.2 in [0.5 cm] if 100 or more 
commercial trucks per day use the traffic lane over a 10 year period.(34,73) 
Transverse joint faulting that exceeds 0.2 in [0.5 cm] is definitely noticeable to 
drivers. Less precipitatron and stabilized bases may allow for much higher truck 
traffic loadings. 



Three different approaches have been used to provide load transfer across 
full-depth repair joints: (1) aggregate interlock, (2) undercutting and filling with 
concrete, and (3) dowels and rebars. 

Aggregate interlock provides minimal load transfer and is not generally 
reliabIe. However, aggregate interlock may be sufficient where low volumes of heavy 
truck traffic (e.g., less than 100 trucks per day in the traffic lane in a wet 
climate) are present, a stabilized subbase andfor good subdrainage exist, and/or the 
repair joints are in compression most of the time due to slab expansions caused by 
reactive aggregate. 

Undercutting alone does not provide adequate load transfer and should not be 
used in deep frost areas because the existing slab may heave more than the repair, 
causing severe roughness. Its reliability in nonfrost areas has not been 
established, but load transfer is often poor due to poor consolidation of concrete 
in the undercut area, and pumping is often observed in conjunction with such 
repairs. 

The most reliable and recommended method of providing load transfer is to anchor 
dowels or large tie bars in holes drilled into the face of the slab. 
(6,8,55,56,57,73) 

The recommended full-depth repair designs that will provide adequate horizontal 
movement and load transfer for the indicated situations are shown in figure 66 (for 
jointed plain concrete pavement) and figure 67 (for jointed reinforced concrete 
pavement). A detailed layout of the dowels or rebars is shown in figure 68, which 
shows the load transfer devices located in the wheel paths, where they are needed 
the most.(6,22) 

The number, spacing and diameter of the dowels will determine the amount of 
future faulting of the transverse joints. An approximate design procedure (pre ared 
using a relationship between joint faulting, equivalent single axle-loads (ESAL and 
dowel/concrete bearing stress) is provided in reference 6. The required dowel 

P 
design determined by this procedure is an iterative process considering the 
following factors: 

e Dowel diameter. 
e Number of dowels in each wheel path (spaced at 12 in [30.5 cm]). 
8 Future ESAL in desi n lane. P 8 Allowable faulting o the repair transverse joint. 

The major uncertainty in using this procedure is that the relationship was 
developed from inservice pavement joints featuring cast-in-place dowels that are 
fullv s u ~ ~ o r t e d  by the surrounding concrete. Thus, it is essential that good 
grout igor  epoxying of the dowefi is performed to achieve the predicted results. 

The use of 1.5-in 3.8 cm]-diameter dowels is recommended in most instances due 
to the very beneficial e lf ect of reducing faulting fox a smaIl increase in cost of 
the dowel. Recent FHWA research suggests that an acceptable aIternate dowel is 
1.625-in [4.1 cm] stainless steel pipe (1/8-in 10.3 cm] wall thickness) filled with 
concrete. 



a Full Depth Saw Cut Wi th  Deformed Tie  Bars @ Existing Joint 
or Dowels 
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Figure  66. Full.-dep t h  r e p a i r  recommendations for p l a i n  j o i n t e d  conc re t e  pavements 
under heavy t r a f f i c .  (6)  







The use of smooth dowel bars at both repair joints provides working joints on 
both sides of the repair and avoids the potential joint damage due to pullout, which 
is associated with deformed bars. However, in some cases it may be desirable to 
provide one or more nonworking joints through the use of large deformed rebar. In 
such cases, the size of the deformed bar can be determined through an analysis 
similar to that for dowel bars. No. 8 bars (1 in 2.5 cm] diameter) are the 
smallest size recommended for use in most hig I way pavements. 

Selection of Bounda- 
It is important that the boundaries be located so that all significant distress 

is removed. In eneral, deterioration near joints and cracks is greater at the B bottom of the s ab than at the top of the slab. Special attention should be paid to 
distress caused by "D" cracking or reactive aggregate because of the difficulty in 
determining their extent beneath the surface of the slab. 

The locatio~i of repair boundaries also depends on the Ievel of load transfer 
which is to be provided. The repairs must be of sufficient size to eliminate 
rockin and longitudinal cracking of the repair. A minimum repair length of 6 ft 
1.8 mfand repair width of 12 ft [3.6 m] is recommended to provide stability under 

keavy traffic (as shown in figure 68) and to prevent longitudinal cracking. In the 
case of short-jointed plain slabs with high-severity distress, it is normally 
recommended that the entire slab be replaced. 

Repairs longer than 15-ft [4.Q m] may require reinforcement to prevent 
transverse repair cracking. It may be more economical to place additional dowelled 
transverse joints at about 15-ft [4.6 m] intervals than to place reinforcement. 

Example repair layouts are shown in figure 69 for jointed plain concrete 
pavements (JPCP) and figure 70 for jointed reinforced concrete pavements (JRCP). 

R e ~ a i r  Thickness 
The repair should normally be the same thickness as the existing slab, although 

a thicker repair may be warranted in some circumstances. If truck traffic is very 
heavy and there has been a history of cracked repairs after a few years, it may be 
necessary to place the repairs 2 to 4 in [5.1 to 10.2 cm] thicker than the existing 
slab. Also, if the contractor disturbs the base, the disturbed material should be 
removed and the volume should be filled with concrete during the repair placement. 
When the repair is made thicker than the surrounding pavement, care must be taken 
not ot block drainage, which could result in pumping and/or frost heave problems on 
adjacent sections. 

5.6.6 Construction 

Materials -- 
The concrete should be obtained from a nearby approved ready-mix plant or from 

an on-site mixing plant, and should have the following proper1;ies: 

e A cement content of 658-846 pounds 47 - 9 sacks of portland cement type I, 111, 
or I11 per cubic yard [390-501 kg per cubic meter of concrete can be used, 
depending upon the need for rapid strength gain to achieve early opening to 
traffic. A mix containing approximately 658 pounds per cubic yard [390 kg per 
cubic meterg is sufficient for most reparr work. 







a An approved air-entraining agent in an amount such that 6.5 + 1.5 percent of air 
is entrained in the concrete. 

Calcium chloride or another accelerating chemical admixture is recommended for 
use as an accelerator in the repair concrete, provided that it is added as 
specified. It is recommended that no more than 1 ercent calcium chloride be used 8 when the ambient temperature is above 80 OF [27 C] because greater amounts can 
bring on flash set. The maximum percentage is generally limited to 2 percent by 
weight of cement. On warm days, the initial set of the concrete can occur as soon 
as 30 minutes after the addition of calcium chloride. 

The concrete in the ready-mix truck must be mixed an additional 40 revolutions 
after the addition of the calcium chloride in solution at the site. Higher early 
strength can be obtained by the addition of a water reducing agent, or a 
combination of water reducing and set controlling admixtures, or an approved 
superplasticizer. 

The superplasticizer should be added at the site because of the limited time of 
its effectiveness. It should be added in accordance with the instructions supplied 
by the manufacturer to provide a 6-in [I52 cm] maximum slump concrete. 

If both calcium chloride or other accelerating admixtures and superplasticizer 
are to be added, the calcium chloride should be added before the superplasticizer. 
The superplasticizer should be added immediately after the calcium chloride has been 
thoroughly mixed. 

If calcium chloride or other accelerating admixtures are being added at the 
plant and the concrete consistently arrives at the site too stiff, then the cafcium 
chloride should be added at the site. If, after the addition of calcium chloride at 
the site, the concrete is still too stiff, the ready-mix plant operator should be 
notified to increase the slump an appropriate amount, provided that the maximum w/c 
ratio is not exceeded. Concrete containing one or more chemical admixtures ma have 
these added to the concrete at the batch plant, provided short haul to job site an 
cool temperatures exist. 

d 
Trial mixes using all proposed ingredients should be tested in the laboratory 

prior to use in the field. 

Procedures 

Sawing of Repair Boundaries 
Repair transverse boundaries must be sawed full depth with diamond saw blades. 

The only exception to this is where a wheel saw (having carbide steel tips) may be 
used to make wide cuts inside the full-depth diamond saw cuts so that the center 
portion can be lifted out. The sawcuts must not intrude on the adjacent lane if 
that lane is not slated for repair. If the wheel saw cut(s) are made, diamond saw 
cuts must then be made at least 18 in C45.7 cm] outside the wheel saw cuts. The 
wheel saw cuts produce a ragged edge that promotes excessive spalling along the 
joint. The wheel saw must not penetrate more than 1/2 in [1.3 cm] into the 
subbase. The longitudinal joint between lanes should be sawed full depth. 



Full-depth sawing creates a smooth joint face with no load transfer capacity, 
and high deflections will occur if no mechanical load transfer is provided. Thus, 
it is very important to limit the traffic loadings bemeen the time of sawing and 
removal. It is recommended that no traffic be allowed over the sawed repairs before 
removal procedures begin, to avoid pumping and erosion beneath the slab. 

Removing Edstiwg Concrete 
Removal procedures must not spa11 or crack adjacent concrete or disturb the base 

course. This requires the fohlowing considerations:: 

e Heavy drop hammers should not be allowed on the job. 

s I4~dro  hammers (Large automated jackhammers) must not be allowed near a sawed 
joamt. 

Whenever the temperature is such that the sawed joint closes up, saw cuts can be 
made to relieve pressure and spalling when the exasting slab is broken up or 
lifted out. A relief cut pattern that will eliminate spalling is shown in 
figure 79, 

Procedures used for removal must not disturb the subbase or subgrade. The 
common practice 08 disturbing and then replacing the subbase does not work well 
because it is extremely difficult to adequately wmpact the replaced material. If 
the contractor distuhs the subbase, he should be required to remove all disturbed 
material and fill the area with concrete at his o w  expense when the repair is 
placed. 

There are two basic methods for removing the existing deteriorated concrete 
within the repair area. These indude (I) the breakup-and- deanout method and (2) 
the lift-out method. Advantages and disadvantages sf each method are summarized in 
table 27. The lift-out method generally provides the best results and the highest 
production rates for the same or lower cost, and with the least disturbance of the 
base, and is the recommended method. Contractors will develop lifting equipment 
that rovides for safe and rapid remova% whenever a stabstantial amount of work is P avai able. 

After the existing concrete has been removed, the subbast=/subgrade should be 
examined to determisac its condition. AI material that has been disturbed or is 
loose should be removed. If excessive moisture exists in the repair area, it should 
be removed or dried up before the concrete is placed. Sometimes there is so much 
water in a given repair area that a lateral side drain must be cut through the 
shoulder for drainage. The entire foundation should also be compacted before the 
concrete is placed t s  minimize the potential of slab setfleme~lit. 

Dowel and Rebar Pllawmewk 
Either smooth steel dowels or deformed rebars can be installed in the repair 

joints. For Isng-jointed reinforced jointed pavement, it is recommended that smooth 
dowels be used at both ends to allow free movement (especially if the repair 
thickness is greater than the existing slab thichess). When deformed rebars are 
used at one end, they should be placed in the approach joint because this joint 
tends to become very tight due to the action of truck wheels pushing the repair 
backards. 





Table 27. Advantages and disadvantages of methods for removal 
of concrete in patch area.(6) 

Je thod 

1. Breakup and Cleanout 

a. Advantages - Pavement breakers can efficiently breakup the 
concrete and a backhoe having a bucket with teeth can rapidly 
remove the broken concrete and load it onto trucks. 

b. Disadvantages - This method usually greatly disturbs the 
subbase/subgrade, requiring either replacement of subbase 
material or filling with concrete. It also has considerable 
potential to damage the adjacent slab. 

2. Lift-Out 

a. Advantages - This method does not disturb the subbase and does 
not damage the adjacent slab. It generally permits more rapid 
removal than the breakup and cleanout method. 

b. Disadvantages - Disposal of large pieces of concrete may pose a 
problem. Lifting pins and heavy lifting equipment are required 
for the lift out, or the slab must be sawed into smaller pieces 
so that they can be lifted out with a front-end loader. 



Bar material selection must consider corrosion protection to prevent functional 
failure of the load transfer system over time due to the action of oxidation and 
deicing salts. The most common approach is the use of epoxy-coated mild steel bars, 
although some States believe that the epoxy coating may wear off over time as the 
slabs expand and contract. Another a proach is the use dowels fabricated using 
noncorrosive materials, such as Type f 16 stainless steel pipe and other commercially 
available products. FHWA tests using 1.625-in [4.1 em] diameter, 0.125-in [0.3 cm] 
wall thickness stainless steel pipe yielded satisfactory results when the pipes were 
filled with concrete to prevent excessive pipe wall deformation. 

Installation is accomplished by drilling holes into the exposed face of the slab 
at specified locations. The holes can be drilled rapidly by placing several drills 
in a frame that holds them in a horizontal position at the correct height. The 
dowels must be carefully aligned with the direction of the pavement to provide easy 
m ovemen t . 

The nominal diameter of the drilled holes must consider the nominal diameter of 
the bars and the anchor material to be used. Holes diameters exceeding the bar 
diameter by 0.25 in [0.6 cm] are recommended for cement grout applications because 
the dowel will receive better support from a plastic grout mixture (rather than a 
very fluid mixture) and the larger diameter hole will allow easier insertion of the 
dowel into the stiffer mixture. Hole diameters exceeding bar diameter by 1/16 in 
[0.2 cm] or less are recommended for epoxy mortar materials that are premixed and 
proportioned (e.g., those delivered in "caulking gun" tubes) because they can often 
be extruded through relatively small gaps, providing uniform support with a minimum 
use of materials. Since these materials are often more flexible than the supporting 
concrete, thin layers are desirable to reduce deformation of the epoxy mortar and 
the accompanying dowel deflection. 

The dowels should be located to provide the most benefit. Placing the bars in 
and near the wheel paths and the outer edges of the slab is believed to be the most 
effective. This minimizes the number of bars, yet provides load transfer in the 
wheel paths. Figure 68 suggests a recommended design spacing for bars. 

A quick-setting, nonshrinking mortar or epoxy resin can be used to permanently 
anchor the dowel or rebar in the hole. It is strongly recommended that even smooth 
dowels be grouted or epoxied into the existing slab to provide a secure fit and 
reduce potential for faulting. The selected material must uniformly surround the 
dowel and fill all voids in the drilled hole without running out of the hole during 
curing. It is extremely important that the material be easy-to-use and be capable 
of producing consistently good results. While material cost is always a 
consideration, the prime consideration must be performance. Watery cement grouts 
are inexpensive and easy-to-use, but rarely achieve acceptable results. Since the 
success of the entire repair depends largely on the performance of the load transfer 
system, a high-quality material must be installed using good construction quality 
control procedures. 

The grout or epo must be placed into the back of the hole so that when the 
dowel is inserted it will ?' orce the material forward to cover and support the entire 
dowel. This process requires that the anchor material be sufficiently plastic to be 
pumped or placed at the back of the hole and extruded forward to fill small voids, 
but sufficiently stiff to keep from running out of the hole after the dowel has been 
inserted. Achieving such a grout consistency can be difficult, but is extremely 
important so that good dowel support is achieved. Plastic or nylon grout retention 



disks that fit tightly over the dowel and effectively seal the gap around the hole 
have been used successfully to prevent flowable anchor materials from running out of 
the hole. 

The placement of grout at the back of the dowel hole can be achieved by using a 
type of flexible funnel with a long nose so that grout can be poured into the funnel 
end, and it will run by gravity out the nose which is placed in the end of the dowel 
hole. A grout as flowable as this may not stay in the hole and provide good dowel 
support, however. Stiffer grouts can be pumped to the back of the dowel holes. 
Placement of epoxy-type anchor materials can be achieved by requiring the 
manufacturer to provide a system for mixing, proportioning and placing the material 
at the back of the hole. At least one manufacturer provides a caulking gun type of 
arrangement that dispenses the components from cartridges, through a long mixing 
nozzle, and out into the back of the dowel hole. 

The dowel bar should be inserted into the hole with a twisting motion so that 
the material on the bottom of the hole is forced up and around to cover the entire 
bar. During insertion of the bar, the grout or epo typically runs out the end at 7 the face of the slab and is wasted, and a gap often orms around the dowel at this 
critical bearing stress point (at the face of the slab). This loss of material can 
be avoided and a very effective face obtained all the way around the dowel at the 
entrance to the dowel hole through use of a thin plastic or nylon disk, as mentioned 
above. This disk may be about 2 in [5.1 cm] larger in diameter than the dowel being 
used and should be manufactured to fit snugly over the bar and slide up against the 
face of the slab when the bar is being inserted into the hole. The disk will keep 
most of the material in the dowel hole and provide an excellent bearing surface at 
the face of the slab. A high level of inspection and care must be exercised in 
grouting or epoxying dowelltie bars to ensure complete coverage of the bars. 

When using dowels, the end that extends into the repair area should be lightly 
greased to provide ease in movement. Thick coats of grease or oil must be avoided 
because they may result in loose dowel installations. 

Load transfer across the longitudinal joint of full-depth repairs is not 
normally required. 

Concrete Placement and Finishing 
Critical aspects of concrete placement and finishing include (1) attaining 

adequate consolidation, (2) avoiding a mix that is either too stiff or has too high 
a slump, and (3 )  ensuring a level (flush) finish. 

The concrete should be consolidated around the edges of the repair (especially 
at the corners) and internally. The concrete mixture should have a slump of 
approximately 2 to 4 in [5.1 to 10.2 cm] at the repair site for best placement. 
However, this may vary depending on admixtures used and construction conditions. A 
mix that is too stiff or too fluid could cause serious placement problems. The use 
of a superplasticizer, as discussed previously, will help in providin a workable f mixture. Work crews should not add excessive water to get a high y flowable mix 
because this will weaken the concrete and cause higher shrinkage. 

The repair must be finished level with the existing concrete. This can be 
accomplished by screeding in a transverse direction (to follow any ruts in existing 
pavement), a double strike-off of the surface, followed by further transverse 



finishing with a straight edge.(58) The surface ahm%d then be teaured similarly 
to the existing dab surface. Where an overlay will not be placed and diamond 
grinding will not soon follow, any ruts in the wheel paths caused by studded tires 
must be incorporated into the surface of the repair. 

Joint Sealing 
Experience has shown that transverse joints at full-depth repairs must be formed 

and sealed. +This will substantially reduce spalling of the joints and longitudinal 
repair cracks. A reservoir (dimensions depending on joint sealant specified, 
climate, and joint spacing) should be either formed or eut in the anew concrete. It 
should be at least 2 in E5.1 cm] deep to avoid point-to-point contact at the top sf 
the slab, thus reducing spalling potential. After cleaning, a backer rod and the 
sealant should be placed. TTie width of the joint shodd be determined as 
recommended in reference 6 although wider repair joint resemoirs have been shown to 
reduce the inddence and severiw of joint spalling and longitudinal cracking. The 
longitudinal joint should also be sealed to reduce the potentid for spalling and 
water infiltration. 

Smaller sealant resersrok dimensions may be appropriate along repair ap 
joints where tie bars are used, althou h the use of the same reservoir design as 

to construct. 
P the dowelled joints will psovide satis actory performance and may be more expedient 

Figure 7% shows a qpieal diagram for transverse and longitudinal joints that 
could be placed in the project plans with appropriate dimensions. 

Curing and Opening ts TrarBe 
Ambient temperature at glaccment and within the next few hours has been found to 

be the most influential factor in the strength development of concrete 
repairs.(59,68) The temperature in the repair concrete slab will be higher than 
ambient or cylinderbeam temperatures. This difference ranges from 10 to 20 OF [5 
to 10 ' ~ 1  at 4 hours after daeement for noninsulated s e ~ a i n .  If an insu8ation 
blanket fs placed over thc'repair, the temperature diffe&nce may be as high as 40 
to 60 OF [22 to 33 "c]. 

Thus, for rapid curing (partiwhrly in cold weathcr) it is strongly recommended 
that insulation blankets be placed over re airs.(60) Polyethylene sheeting shoalld 
be placed on the concrete surfaw under t ! e insulation to prevent moisture loss. 
Wet burlap has also been used as a curing cover. 

Water/cemen& ratio and admixtures also have a sipificant effect on strength 
development during the first few hours after placement. The shortest curing time 
can be obtained by using a combination of calcium ~IZNbqride) superplasticher and 
insulation blankets. Table 28 provides recomme~1dations on early opening of 
full-depth concrete repairs, 

5.6.7 Preparation oPPlaars agad Specifications 
It is recommended that when a substantial amomt of repair work is needed, 

aerial photography be used to clearly delil~eate the repair locations a d  estimate 
quantities. The photographs of the roadway can be cut out and mounted on plan 
sheets where quantities and locations can be identified. 

Diagrams of Qical repairs and removal procedures should be induded. 
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Table 28. Early opening guidelines for full-depth repairs 
[l in - 2 . 5 4  cm; OC - (OF-32) 5/91 . (60) 

Slab Ambient Full-Depth Repair Mixtures/Curing,k 
Thickness Temperature At (hours after placement) 
(inches) Placement (OF) A B C D  E F 

1 I 
*All mixtures contain 650 pounds cement per cubic yard [ 3 8 6  kg per 
cubic meter] and 2% CaC1. 

Mixture Characteristics: - A B - C - D - E - F - 

water/cement ratio 0.42 0 . 4 2  0.35 0.42 0 . 3 5  0.35 
cement type I I I 111 I I11 
superplasticizer no no yes no yes yes 
fiberglass insulation no Yes no Yes yes yes 

Note: These results are based on research done at the University of 
Illinois, Department of Civil Engineering, using a computer program 
written in the Microsoft BASIC language. They are intended as guidelines 
and should only be used after careful evaluation.(60) 



Since small repairs generally have higher unit costs than large repairs, better 
overall bid prices may be solicited by estallshing pay items with consideration of 
repair size. For example, one agency has three different bid items for full-depth 
repairs: Type I, less than 5 square yards [4.2 square meters]; Type II,5-15 square 
yards [4.2-12.5 square meters]; and Type 111, greater than 15 square yards [12.5 
square meters]. 

Either of twa different methods may be used to specify when repairs can be 
opened to traffic. 

9 Specified minimum strength of beams or cylinders. The minimum required 
strength before a repair can be opened to traffic has not been fully 
established, and it varies widely among agencies. A modulus of rupture of 300 

si 2.1 MPa] for center-point loading, or 250 si [1.7 MPa] for third-point p a  oa ing, or 1000 to 2000 psi [6.9 to 13.8 MPa] F or compressive strength of 
specimens cured similarly to the repair are fairly common specifications for 
opening to traffic.(6,58,59) The actual strength of the repair will be higher 
than the beams or cylinders because the temperature in the repair will be higher 
than that in the beam or cylinder. 

Several impact hammers are also available for determining the approximate 
in- lace compressive strength of the full-depth re airs. They have been found E to e accurate within 15 percent and provide quic readings in the field. 
However, they must be calibrated with cylinders and it is important that, once 
correlated, their testing be performed only on repairs with the same mix design 
as the cylinders. One such test method is described in detail in ASTM C805. 

e Specified minimum time to opening. The agency may specify the mixture design 
and curing procedures, and then based on ambient temperature at placement and 
slab thickness, set the minimum time to opening to traffic. The recommendations 
provided in table 28 are based on analytical and field tests.(59,60) These 
recommendations should be carefully evaluated by an agency before adoption, and 
adjusted to local conditions where needed. 

5.7 CONCLUSIONS AND RECOMMENDATIONS 

5.7.1 Condusions From Field Data Analysis 
The following conclusions and observations were drawn from the analysis of the 

field data results and are supported in section 5.3 of this volume: 

1.. Transverse joint faulting is often "built-in" to full-depth repairs due to over- 
and underfilling of the repair. 

2. Repair leave joint faulting is often much greater than repair approach joint 
faulting. This may be due to the rocking of the repair under passing wheel 
loads, which allows the moisture under the repair to continue moving forward 
beyond of the repair joints. It is then ejected backwards from beneath the 
leave slab, depositing eroded materials under the repair leave joint and 
producing a fault. Since little of the moisture is ejected to deposit material 
under the approach slab, little faulting develops at the repair approach joint. 



Additionally, repair approach 'oints were generally tighter than leave joints, 
possibly due to movement o f t  h e repair in the opposite direction of traffic 
under the turning action of passing wheels. Tighter joints typically exhibit 
better load transfer and are more resistent to faulting. Where the development 
of faulting occurs at both repair joints at equal rates and the repair is 
original1 overfilled, the development of faulting serves to increase the 
built-in fY ault at the leave joint and decrease the negative built-in fault at 
the ap roach joint. In either case, the net effect is a larger leave joint R fault t an approach joint fault. 

3. The following factors were determined to significantly affect the development of 
full-depth repair faulting: 

Factor 

Strong Pavement Support Layers 
Pavement Drainage Systems 
Tied Concrete Shoulders 
Long Original Pavement Contraction 

Joint Spacing 
Long Repair Length 
Sealed Repair Joints 
Cold Climates 
Larger Dowel Diameter 
Mare Dowels per Wheel Path 

Effect on Faulting 

Decrease 
Decrease 
Decrease 

Increase 
Decrease 
Decrease 

Increase 
Decrease 
Decrease 

4. The most important factor in reducing the development of full-depth repair 
spalling is the installation of joint seals as soon after repair construction as 
possible. The use of wider repair joints also reduced the development of 
spalling. Heavy traffic resulted in increased incidences of spalling, 
presumably due to increased numbers and magnitudes of vertical joint movements. 
Other less important factors are listed below: 

Factor Effect on S~alling 

Stron Pavement Su ort Layers 8 R Decrease 
Tied oncrete Shou ers Decrease 
Long Original Pavement Contraction 

Joint Spacing Increase 
Long Repair Length Decrease 
Unsound Aggregates Increase 

5. Only a small proportion of the surveyed repairs exhibited transverse cracks, but 
some significant relationships were observed: 

Factor Effect on Transverse R e ~ a i r  Cracking 

Strong Pavement Support Layers Increase 
Long Clriginal Slab Length Decrease 
Long Repair Length Increase 
Increased Heavy Truck Traffic Increase 

Most of these factors appear to be related to the curling and warping stresses 
that the repair experiences. Stronger support layers and longer repairs 
increase these stresses, which can become critical when combined with traffic 
stresses, resulting in fatigue cracking. 



6. An even smaller proportion of the surveyed repairs exhibited longitudinal 
cracks, but some significant relationships were observed: 

Factor Effect on Lon~itudinal R e ~ a i r  Cracking 

Good Joint Sealant Maintenance 
Practices Decrease 

Long Repair Length Decrease 
Strong Pavement Support Layers Decrease 
Increased Heavy Truck Traffic No Real Effect 
Undercut, Tied or Dowelled Repairs Decrease 

These factors point to nonload-related causes and imply that the key to reducing 
this distress is to prevent incompressible materials from entering the repair 
joints from the surface (through ood joint sealant maintenance practices) and 
from beneath (through the use o stabilized materials and reduced pumping action 
through good load transfer). 

P 
5.7.2 Conclusions From Laberatory Data Analysis 

The following conclusions and observations were drawn from the analysis of the 
laboratory experiment results and are supported in section 5.4 of this volume: 

1. The epoxy mortar anchoring material was easier to use and produced more 
consistent results than the cement grout. Dowel deflections and computed 
' q l o ~ ~ e n e ~ ~ "  were lower when cement grout was properly installed (i.e.? when no 
voids were present and uniform support was provided), but the potentla1 of the 
cement grout was difficult to achieve because the consistency of the grout 
typically changed rapidly over very short periods of time. 

2. The use of larger diameter dowels significantly reduces concrete bearing 
stresses and dowel deflections and "looseness" when all other factors are held 
constant. 

3. Lar e annular gaps (radius of drilled hoIe - radius of dowel) improved the d pe ormance of dowels anchored in cement grout, apparently because better 
distribution of stiff grout could be achieved. Very fluid grouts performed 
poorly, regardless of the annular gap. 

4. Small annular gaps generally improved the performance of dowels anchored in 
epoxy mortar because thinner su porting layers of epoxy mortar, which was softer 
than the concrete specimens, de if' ormed less than thick layers. The consistency 
of the material was such that good support and filling of the voids was achieved 
regardless of the annular gap. 

5. Reducing dowel embedment resulted in very small increases in dowel deflection 
and "looseness" when epoxy mortar was used. Even smaller increases resulted 
when good cement grout specimens were tested. 

6. The use of nvlon or ~last ic  grout retention disks are essential to achieve the 
otential ~eiformance of anv anchored dowel installation. The disk should fit 

!he doweisnugly and have a-"wee hole" to allow excess anchor material to R escape. Excess anchor material s ould be used with the disks to allow filling 
of the spalls surrounding the drilled hole behind the disk. 



7. The indicated effect of drill impact energy (increasing drill energy im roves F dowel performance) is the opposite of what was expected. The use o the grout 
retention disks to fill surface spalls may have masked the increases in 
deflection and looseness that would be expected to accompany the spalling 
associated with high-energy drills. Since the higher-energy drills were both 
mechanically guided and the low-energy drill was essentially hand-held, a 
somewhat larger hole may have been produced by the low energy drill, requiring 
more anchor material along the entire length of the dowel and resulting in 
slightly increased deflections. 

8. Close-fitting holes probably offer promise when used with good anchor materials, 
quality control and grout retention disks. Cement grout and "no grout" 
applications may experience poor performance due to nonuniform support of the 
dowel and drill-induced spalllng at the joint face. In any case, care must be 
taken to avoid forcing (hammering) the dowel into place, which may cause tensile 
failure in the concrete and dowel damage. A straight hole with a constant 
diameter must be achieved and the drill steel diameter must be checked often to 
ensure that it has not worn to a diameter less than that of the dowel. 

9. The hollow stainless steel dowel performed adequately, although it did not bond 
with the epoxy mortar that was used. The deflection profile for this dowel fell 
somewhere between those obtained for 1.5 and 1.0 in 3.8 and 2.5 cm] dowels, all I; other factors held constant. Concurrent testing by the HWA has demonstrated the 
need to fill hollow dowels with concrete or some other stiff material to 
deformation of the dowel at the joint face. 

10. Based on the lab study results, it appears that the following design and 
construction parameters would provide excellent field performance on primary and 
Interstate installations: 

1.5-in [3.8 cm]-diameter corrosion-resistant solid steel dowels 

o 1.625-in [4.1 cm]-diameter (nominal) guided drills 

0 7-in [17.8 cm] or greater dowel embedment 

Use rapid-curing, consistent, easy-to-use anchor material (reduce the 
emphasis on using the cheapest materials when they are difficult to install 
adequately). 

0 Use grout retention disks during curing of the anchor materials. 

Field testing of these recommendations should be accomplished prior to 
widespread installation. 



CHAPTER 6 

PARTIALDEPTH REPAIR 

6.0 RESEARCH APPROACH 

Partial-depth repair is the correction of localized surface distress in concrete 
pavements by removal of deteriorated concrete and replacement with a suitable repair 
material. Partial-depth repair improves ride quality and may arrest further 
development of the distress addressed. It also restores a uniform, well defined 
joint sealant reservoir prior to joint resealing. 

Partial-depth repair may have been performed on an experimental basis on some 
concrete pavements in the United States as early as 1968. However, the oldest CPR 
projects still in service which included partial-depth repair were performed about 
1976. A recent survey conducted by FHWA identified 14 States which use 
partial-de th repair routinely, 21 which use it occasionally, and 13 which have dP develope guidelines for its design and/or constauction. Recently conducted reviews 
of partial-depth repair performance on various projects throughout the United States 
are described in references 6,34,73, and 2. 

To assess thc pcrformance of partial-depth repairs, it was necessary to develop 
an extensive database containing information on the design, traffic, climate, and 
condition of pavements on which this technique has been performed. To obtain all of 
the data items of interest, the following methods were utilized: 

a, Extensive field surveys were conducted to record distress, measure faulting, 
subjectively rate ride quality, observe drainage conditions, and document repair 
condition with photographs. 

a Original pavement design, rehabilitation design and construction data were 
obtained from as-built plans and verbal communication with State DOTpersonnel. 

e Environmental data were obtained from the National Oceanic and Atmospheric 
Administration. 

o Estimates of average daily traffic and percent commercial trucks were obtained 
from State DOT personnel. FHWA W-4 tables with historical axle-load 
distribution data by State and pavement classification were used to compute 
cumulative ESALs since rehabilitation. 

Physical test data (e.g., cores, material samples, deflections, etc.) were not 
collected. Cores through repaired and unrepaired joints on partial-depth repair 
projects would have provided a great deal of information on the causes and extent of 
joint deterioration, and the mechanisms of repair failure. In the absence of this 
type of information, reasonable assumptions about the reasons for placing 
partial-depth repairs on particular projects, and the reasons for their success or 
failure, were made on the basis of communication with State DOT personnel, published 
reports, and observations made during the field surveys. 

Since partial-depth repairs are custom-constructed to the size of the 
deteriorated concrete area repaired, they vary widely in their horizontal dimensions 
and depths. They are placed at transverse and longitudinal joints, at cracks, 
adjacent to full-depth repairs, and even at midslab. Materials used for 
partial-depth reparrs range from conventional Portland cement concrete ta concretes 



made with polymers, epoxies, and special cements, to a multitude of proprietary 
materials. Finally, construction practices and quality control vary significantly 
from project to project. 

Clearly, a great number of variables exist in the design and construction of 
partial-depth repairs which may influence their performance. Furthermore, so many 
partial-depth repairs have experienced early failure, due to inappropriate use or 
improper construction techniques and materials, that the remaining projects which 
have experienced good performance do not form a good experimental design upon which 
long-term performance can be analyzed quantitatively. Even among the 
best-performing projects, none are more than 10 years old, and many have yet to 
manifest any significant distress by which declining performance and "expected life" 
might be defined. 

For these reasons, partial-depth repair performance is difficult to assess 
except in subjective terms. Therefore, the approach taken in this study was to make 
a case-by-case review of partial-depth repair rojects in the database, and from 

partial-depth repairs. 
I' this draw some insights into the causes of ear y failure versus long-term success of 

6.1 DATABASE AND DATA COLLECTION 

In this study, partial-depth repairs were surveyed on 36 projects in 16 States. 
The projects are well distributed throughout the major climatic zones of the United 
States, and cover a wide range of traffic levels. The database includes JRCP and 
JPCP (with and without dowels), and several joint spacings, slab thicknesses, and 
pavement ages. The partial-depth repairs surveyed ranged in age from 1 to 9 years 
when surveyed (in 1985 and 1986). The oldest partial-depth repair projects were 
located in Virginia, Georgia, Minnesota, and South Dakota. 

The projects in the database are those surveyed on which a significant number of 
partial-depth repairs were performed, either with or without other techniques, as 
part of conventional concrete pavement restoration (CPR) work. Occasionally a few 
partial-depth repairs were found on other projects surveyed, but these projects were 
not included in the database. The projects included in the database represent a 
majority of the CPR-type partial-depth repair projects in the United States. 

The projects were surveyed between June 1985 and Ju91986. In 6 States, 
projects were surveyed for a concurrent study on joint rehabrlitation techniques for 
FHWA.(34) Figure 73 shows the number and locations of the partial-depth repair 
projects surveyed. As the map shows, the projects are well distributed throughout 
the climatic zones of the United States. 

A detailed description of the field and office data collection procedures used 
is given in volume IV. A list of the partial-depth projects surveyed, along with 
concurrent work performed and traffic and age since rehabilitation, is given in 
table 29. Design data for the projects is given in table 30. Partial-depth repair 
construction data for the projects is given in table 31. 





Table  2 9 .  Summary of p a r t i a l - d e p t h  r e p a i r  p r o j e c t s .  

PARTIAL-DEPTH REPAIR PROJECTS 

YEAR FDR AGE CUMULATIVE ESAE. CONCURRENT WORK 
STATE ROmE LCCATION MP REHAB years OCPTER INNER 

NY NSP Northern St. Pkwy. 1980 5 0.06 0.02 none 
PA 1-70 east of WV line 0 1984 1 1.19 0.28 FDK,JR 
PA 1-70 east of W line 2 1984 1 1.19 0.28 FDR,JR 
VA 1-64 Richmond 202 1976 9 1.98 0.32 FDR,PRJ,JR 

1984 1 0.40 0.06 DRN,FDR 
VA 1-64 Williamsburg 239 1984 1 0.35 0.05 FlX3,PP.J 
VA 1-81 Roanoke 148 1984 1 0.80 0.20 FDR,DG,LTR,SUB,DRN,JR 
VA 1-95 Emporia 0 1983 2 1.20 0.25 none 

1984 1 0.60 0.10 FDR,JR 
VA SR44 Norfolk 0 1976 9 2.50 0.90JR,PRJ 

1984 1 0.50 0.10 FDR,JR,PRJ 
SC 1-20 Augusta,GA 0 1984 2 0.36 0.06 FDR,DG,ES,SUB 
GA 1-16 Dublin 39 1982 4 1.07 0.07 FDR,DG,JR 
GA 1-75 Valdosta 22 1978 8 4.85 1.24 SUB,PRI,JR 
GA 1-75 Tifton 64 1978 8 3.14 0.82 FDR,SUB,JR,DRN 
GA 1-75 Macon 142 1978 8 4.38 0.92 FDR,DG,JR 

1984 2 1.12 0.24 HX,DC;,JR,SUB,DRN 
GA 1-75 Macon 165 1980 6 3.25 0.66 DG,JR,SUB 
GA 1-85 Atlanta 58 1982 4 5.86 1.98 FDR,DG,JR,SLB 
OH 1-77 Cambridge 53 1982 3 2.10 0.50 RIR,SUB,L'IR,DG,JR 
MI M-47 Midland 1983 2 0.90 0.18none 
W I  US 61 Boscobel 1981 4 0.54 FDR,DG 
MN 1-494 Minneapolis 13 1978 7 3.72 1.29 E'DR,JR 
MN 1-694 TH 65 to TH 49 39 1981 4 4.59 1.96 FDR,PRJ 
MN TH 23 St.Cloud 1983 2 2.10 0.74 FDR,DG 
MN US 61 St. Paul 119 1979 4 1.59 0.5Onone 
MN US 61 Duluth 309 1979 6 0.84 0.13 m , J R  
SD 1-29 Sioux City 0 1979 6 2.23 0.29 FDR,PItJ,JR 
SD 1-29 Junction City 27 1979 6 1.48 0.16 FDR,PRJ,JR 
SD 1-90 Chamberlain 265 1982 2 0.83 0.06 FDR,PHJ,DG,JR 
IL 1-280 Moline 14 1984 0.50 0.25 FDR,DG,SUB,DKN,JR 
NE 1-80 Keamey 279 1982 3 4.00 0.90 FDR,PRJ,JR 
NE 1-80 Lincoln 382 1982 3 5.00 1.30 FDR,PRJ,JR 
NE 1-80 Lincoln 404 1984 1 1.20 0.40 FDR,PIW,JR 
IA 1-10 Baton Rouge 151 1984 1 1.73 0.50 FDR,DG,L'IR,SUB,JR,DRN 
TX 1-40 Houston 731 1984 2 4.04 1.22 FDR 
TX 1-40 Houston 741 1982 4 6.50 4.24 FDR 
TX US 59 Houston 1983 3 5.88 5.18 FDR 
WY 1-80 Rawlins 210 1982 4 2.38 0.24 FDR,DG,SUB,JR 
M 1-17 Phoenix 199 1976 5 4.50 3.50 DG 



Table 30. Or ig ina l  pavement d e s i g n  d a t a  f o r  pa r t i a l -dep th  r e p a i r  p r o j e c t s .  

PARTIAL-DW1 REPAIR PR;UECIS 

WI ?HIaC JTSPACE KW D I A W l l B E S  
TYPE Fnches feet imks 

NSP 
1-70 
1-70 
1-64 

No.rtbm St .  mwy. 
east of WV line 
east of WV line 
RichmJrd 

JRCP 8 100 1.25 
JRCP 10 61.5 1.25 
JRCP 10 61.5 1.25 
JRCP 9 61.5 1.25 yes 

JRCP 9 61.5 1.25 yes 
JRCP 9 61.5 1.25 yes 
JPB 9 20 1.25 yes 

Norfolk JRCP 9 61.5 1.25 yes 

Augusta, 
Mlin 
ValQsta 
T i f  ton 
Macon 

JPCP 
Jrn 
JPCP 
J rn  
JPCP 

CA 
GA 
cm 
MT 
W I  
MN 
MN 
MN 
m 
MN 
SD 
SD 
SD 
IL 
NE 
NE 
NE 
LA 
'Ix 
'Ix 
?X 
WY 
AZ 

Macon 
Atlanta 
kbr idge  
M i c i h x i  
Boscobsl 
l.fimqm1is 
'Ill 65 to Ill 49 
S t .  Cloud 
S t .  Paul 
Ixlluth 
S h x  C i t y  
J m t i o n  City 
(haherlain 
Molh 
K=-y 
Lincoln 
IircoIn 
Ek3- Rouge 
Houston 
Hous ton  
H o u s t o n  
Rawlins 
Phoenix 

m 
m 
JRCP 
JRCP 
m 
JRCP 
m 
JRCP 
m 
JRCP 
JRCP 
JRCP 
m 
JRCP 
JRCP 
JRCP 
m 
JRCP 
m 
JRCP 
JRCP 
m 
JPCP 

Note: 1 in = 2.54 cm, 1 ft = 0.3048 m 



Table 31. P a r t i a l - d e p t h  r e p a i r  c o n s t r u c t i o n  d a t a .  

PARTIAL-Dm REPAIR PRDJECTS 

REPAIR (UlTlX REPAIR RDWAL 
m T E m  MPUEaS IqJIP DE'IHMEIIIM) 

NY NSP s d  dia saw 3.5 aifhmmr 
PA 1-70 0 sound dia saw 1.5 ai.rhamr 

G4 1-75 
GA 1-85 
a 1-77 
MI M-47 
WI. US 61 
W 1-494 
MJ 1-694 

ZH 23 
MN US 61 
MN US 61 
SD 1-29 
SD 1-29 
SD 1-90 
n, 1-280 
NE 11-80 
NE 1-80 
NE 1-80 
LA 1-10 
'IX 1-40 
'IX 1-40 
?X US 59 
WY 1-80 
AZ 1-17 

2 sand 
202 visual 

visual 
239 visual 
148 visual 

o v i m a l  
visual 

ov isua l  
visual 

ovisua l  
39 s d  
22 visual 
64 visual 

142 scad 
sand 

165 sound 
58 sasd 
53 

visual 
visual 

13 visual 
39 visual 

visual 
119 visual 
309 vL.;ual 

0 sand 
27 s d  

265 sound 
14 visual 

279 visual 
382 visual 
4Uvisual 
151 visual 
731 visual 
741 visual 

visual 
210 sccnd 
199 saad 

dia saw 
dia saw 
dia saw 
dia saw 
dia saw 
dia saw 
dia saw 
diasaw 
diasaw 
dia saw 
dia saw 
dia saw 
dia saw 
dia s a a ~  
diasaw 
diasaw 
diasaw 

diasaw 
diasaw 
dia saw 
dia saw 
dia saw 

cold mill 
cold mill 
diasaw 
diasaw 
diasaw 
dia saw 
d i a s w  
diasaw 
diasaw 
diasaw 
dia saw 
dia saw 
dia saw 
dia saw 

airhama 

1.5 airharmer 
2 a i h a m w  

a i x b m x  
1 airh5nnEr 
2 
2 cold mill 
2 cold m i l l  

2.5 ai&m=r 
1 airbmmr 
3 airbmmr 

airkm=r 
2 -r 
2 airhmnsr 
2 ai-r 
4 airham=r 
1 a i r b m r x  

1.5 airbmer 
1 ai&r 
2 airhmmr 
2 airtlanlw 

CLEAN BWD REPAIRJTm CURE CURETIME 
M E M O D ~ m M E M O D M G n - I O D k u r s  

sand mne Set 45 forms rone 
sard epoxy pcc styrofmdrane 
"d epoxy pcc styrofiunmbram 
air h a d  hac* s a w d r a m  
air m n t  pcc s a w d r a n s  
air  cenm'c pcc s a w d r a m  
air canent pcc d r a m  
air ceroent pcc &rare 
air cemnt pcc &ran? 
air ha Cemx ha& polye& d r a m  
air cmmt pcc polyeth d r a m  

sand epoxy pcc s t y r o f m d r a m  
sand epoxy pcc styrofindrane 
sand mre prap* sawmenbram 
satd Mne prop* saw&ram 
s a d  w pcc polye& burlap 

w pcc polyeth &lap 
4 epoxy P polyeth h l a p  

epoxy P polyeth h l a p  
-,Sil* pcc,polyk 

air narr: Set 45 s t y r 0 6 n ~ r ~  
waerAcryl60 FCC f o n n s d r a m  

s a d  cmmt pcc plastic rrerrbratle 
4 cement pcc plastic menbrans 

wa~r p f o n r s d r a r e  
s a d  cement pcc fiberbrd menbrane 
d cwent pcc llmixan? 

sard epoxy epmry f i b e r b r d d r a r e  
sand epoxy epoxy fiberbrd d r a m  
sand epcary epoxy fiberbrd mnbrare 
- e p o x Y  PCC d r a m  

apcmy epoxy 
epmcy epoxy 
epoxl epmry 

bnrsh cxm3nt pcc forms mne 
sand cerent pcc formsnmbrane 
sand carent pcc f o r m d r a n e  
sand cwent pcc polyeth 
sand epoxy pcc fiberbrdrmhrane 
air epoxy epxy fiberbrd d r a  



6.2 FIELD PERFORMANCE AND EVALUATION 

This section presents a brief description of the performance of partial-depth 
repair projects in the database. 

NU Northern State Parkway 
8-in 20.3 cm], 100-ft [30.5 m] JRCF built in 1942. Partial-depth re airs f S placed in 980 with Set 45. Performing well after 5 years, 0.06 million E Ah. 

PA 1-70 East of WV Line 
10-in [25.4 cm], 61.5-ft L18.7 m] JRCP sections built in 1963 and 1968. 

Partial-depth repair (Type 111 PCC), full-depth repair, and joint resealing 
performed in 1984. Partial-depth repairs performing poorly after 1 year, 1.2 
million ESAL. Greater number of partial-depth repairs, along with greater incidence 
of partial-depth repair deterioration, pumping, and poor joint sealant condition, 
observed on newer pavement section. 

VA 1-64 Richmond 
9-in i22.9 cm], 61.5-ft [18.7 m] JRCP built in 1966. Unitubes used to form 

joints. Partial-depth repair performed in 1976 (calcium aluminate cement concrete), 
along with full-dcpth repair, pressure relief, and joint resealing. Additional 
partial-depth repair perlormed in 1984 I11 PCC), along with full-depth repair 
and subdrainage improvement. Some exhibit scaling and material loss, 
but replacement is not warranted. 1984 repairs are in good condition, no scaling or 
material loss. 

VA 1-64 Williamsburg 
9-in f22.9 em], 61.5-ft L18.7 m] JRCP built in 1965. Unitubes used to form 

joints. Partial-depth repair (Type 111 PGC), full-depth repair, and pressure relief 
performed in 1984. Almost all joints have full-depth repairs, many of which are 
narrow (e.g., 2 ft by 12 ft [0.6 m by 3.7 m]); many of these have small 
partial-depth repairs adjacent to them. Some cracking and spalling observed at 
narrow full-depth repairs and adjacent partial-depth re airs. Wider full-depth 

(2 ft by 12 ft [ i! .6 m by 3.7 m3) are performing well. 
f: repairs (6 ft b 12 ft E1.8 m by 3.7 m]) and full-Iane-widt partial-depth repairs 

VA 1-81 Roanoke 
9-in E22.9 cm], 61.5-ft [18.7 m] JRGP built in 1965. Unitubes used to form 

joints. Surveyed partial-depth repair (Type 111 PCC) performed in 1984, along with 
full-depth repair, grinding, load transfer restoration, subdrainage improvement, 
subsealing, and joint resealing. Partial-depth repairs are in good condition after 
1 year, 0.8 million E S U .  

VA 1-95 Emporia 
9-in E22.9 cm], 20-ft [6.1 rn] dowelled JPCP built in 1963. Unitubes used to 

form joints. Partial-depth repairs placed in 1983 and 1984 with Type I11 PCC. 
Full-depth repair and joint resealing also performed in 1984. Nearly all joints in 
outer lane and 40 percent of joints in inner lane repaired. Both the 1983 (1.2 
million ESALs) and 1984 (0.6 million E S U )  partial-depth repairs are in good 
condition. Full-depth repairs are not performing well. 

VA SR 44 Norfolk 
9-in [22.9 cm], 61.5-ft [18.7 m3 JRCP built in 1967. Unitubes used to form 

joints. Partial-de th repairs placed in 8976 (calcium aluminate cement concrete) and 
1984 (Type 111 P 8 C). Pressure relief and joint resealing also performed in 1976; 
full-depth repair, pressure relief, and joint resealing also performed in 1984. 



Scaling, material loss, and adjacent slab spalling observed at 20 percent of 1976 
partial-depth repairs. 1984 partial-depth repairs are in good condition. 

SC 1-20 East s f  GA Line 
9-in f22.9 cm ,25-ft 7.6 m] undowelled JPCP built in 1967. Partial-depth 

repairs placed in 1 4 84 wit h Type 111 PCC. Subsealing (outer lane only), retrofit 
PCC shoulders, diamond grinding, and joint resealing also performed. Many more 
partial-depth repairs in inner lane (35 percent of transverse joints) than in outer 
lane (5 percent of transverse joints). Most inner lane repairs are 1 ft by 4 ft 

I 0.3 m by 1.2 m], and most are located at intersection of transverse joint and 
ongitudinal centerline joint. Repairs in outer lane are smaller (1 sq ft [0.3 sq 

m]) and located mostly at outer slab corners. All repairs are in excellent 
condition. 

GA 1-16 Dublin 
10-in [25.4 cm], 30-ft [9.1 m] undowelled JPCP built in 1961. Partial-depth 

repairs, full-depth repairs, grinding and joint resealing performed in 1982. Joint 
spalling caused by Unitube inserts. Partial-depth repairs (5pe I11 PCC with 
calcium chloride accelerator, bonded with epoxy) placed at 85 percent of inner lane 
joints and 40 percent of outer lane joints between mileposts 39 and 53, fewer 
repairs (55 percent and 30 percent in inner and outer lanes respectively) between 
mileposts 5 1 and 67. Typically one saw cut made across full lane width 1 ft [0.3 rn] 
from transverse joint, and partial-depth repairs placed in all or part of this 
area. Roughly one third of repairs are full lane width; others are 1 ft by 4 ft 
[0.3 m by 1.2 m] to 1 sq ft [0.3 sq m]. All repairs are in excellent condit~on 
after 4 years, 1.07 million ESALs. 

GA 1-75 Valdosta 
9-in [22.9 cm], 30-ft 19.1 m] undowelled JPCP built in 1961. Partial-depth 

repair, subsealing, pressure relief, and joint resealing performed in 1978. 
Partial-depth repairs (proprietary material, type unknown) placed at 30 percent of 
inner lane joints and 7 percent of outer lane joints. Repairs are in very ood 
condition after 8 years, 4.85 million ESALs. One corner repair failed ( 0 percent 
material loss). Low-severity spalling at several joints suggests need for 

J 
additional partial-depth repair. 

GA 1-75 Tifton 
9-in 22.9 cm], 30-ft [9.1 m] undowelled JPCP built in 1961. Partial-depth 

repair, ful 1 -depth repair, subsealing, subdrainage improvement, and joint resealing 
performed in 1978. Partial-depth repairs (proprietary material, type unknown) 
placed at 15 percent of inner lane joints, none in outer lane. Repairs are in 
excellent condition after 8 years, 3.14 million ESALs. 

GA 1-75 Macon, Milepost 142 
10-in [25.4 cm], 30-ft [9.1 m] undowelled JPCP built in 1966. Partial-depth 

repair, full-depth repair, grinding and joint resealing performed in 1978, same 
techniques plus subsealing and subdrainage improvement performed in 1984. 
Partial-de th repairs (PCC bonded with epoxy) at 43 percent of inner lane joints, 18 
percent o f outer lane joints. Repairs are in very good condition overall; cracking 
and material loss observed on 2 repairs. Low-severity longitudinal joint spalling 
suggests need for additional partial-depth repair. 

GA 1-75 Macon, Milepost 165 
10-in [25.4 cm], 30-ft [9.1 m] undowelled JPCP built in 1967. Partial-depth 

repair, subsealing, grinding and joint resealing performed in 1980. Partial-depth 
repairs (PCC bonded with epoxy) at 90 percent of inner lane joints, 33 percent of 
outer lane joints. Repairs are in very good condition overall; low-severity 
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longitudinal cracking observed on one full-lane-width repair. Low-severity 
longitudinal cracking of unknown cause observed at 10 percent of outer lane 
transverse joints. Transverse joint sealant is in poor condition (adhesive 
failure), and typically sealant is absent in vicinity of partial-depth repairs. 

GA 1-85 Atlanta 
9-in 22.9 cm], 30-ft [9.1 m] undowelled JPCP built in 1968. Partial-depth / repair, ful -depth repair, grinding, joint resealing, and subsealing performed in 

1982. Partial-depth repairs (Type I11 PCC with calcium chloride accelerator, bonded 
with epoxy) at about 5 percent of joints. Repairs are in excellent condition after 
4 years, 5.86 million ESALs. 

OH 1-77 Cambrid e 
9-in [22.9 cm!, 60-ft [18.3 m JRCP built in 1967. CPR work performed in 1982 

for NCHRP 1-21 study included I! ull-depth repair, partial-depth repair, subsealing, 
load transfer restoration, diamond grinding, and joint resealing (all in outer lane 
only).(6) Two materials and bonding agents were used for the partial-depth repairs: 
PCC bonded with cement grout, and polymer concrete bonded with a commercial primer, 
Silikal. Two of the three partial-depth repairs surveyed are in good condition 
after 3 years, 2.1 million ESAL. The third (material type unknown) has experienced 
some material loss. 

MI M-47 Midland 
9-in 22.9 cm], 71-ft [21.6 m] JRCP built in 1966. Partial-depth repairs (Set 

45) place d in 1984 at almost 100 percent of transverse joints. After 2 ears 

material observed on several repairs, particularly at working cracks. 
J repairs are not performing well. Extensive cracking and crumbling o repair 

WI US-61 Boscobel 
$-in 20.3 cm], 20-ft [6.1 m] undowelled JPCP built in 1953. Partial-depth 

repair, ful 1 -depth repair, and grinding performed in 1981. Observed joint 
deterioration resembles D cracking or freeze-thaw damage of concrete. 
Medium-severit spalling of longitudinal centerline joint also noted. Joint sealant B is absent throug out most of project. Diamond-shaped partial-depth repairs (PCC 
with Acryl60 bonding agent) at about 50 percent of transverse/longitudinal joint 
intersections, and triangular repairs at several outer slab corners. Temporary AC 

atches at unrepaired joint intersections and corners. Partial-depth repairs in 
Fair condition after 4 years, 0.54 million ESALr. Some cracking of repair material 
was observed, but not as much as might be expected considering joints were not 
reestablished through repairs. 

MN 1-494 Minneapolis 
9-in [22.9 cm], 40-ft [12.2 m] JRCP built in 1963. Partial-depth repair, 

full-depth repair, and joint resealing performed in 1978. Partial-depth repairs 
pIaced at transverse joints, transverse cracks, and transverseflon itudinal joint 
intersections. No distress observed after 7 years, 3.72 million E 8 A h .  

MN 1-694 Between TH 65 and TH 49 
9-in 122.9 cm], 40-ft [12.2 m] JRCP built in 1964. Partial-depth repair, 

full-depth repair, and pressure relief performed in 1981. Partial-depth repairs 
(PCC) placed at almost all joints in both lanes. In good condition overall after 4 
years, although some repairs at working cracks exhibited cracking. 

MN TH 23 St. Cloud 
9-in [22.9 cm], 80-ft [24.4 m] JRCP built in 1964. Partial-depth repair, 

full-depth repair, and joint resealing performed in 1983. Partial-depth repair 
(PCC) at 5 percent of joints, in good condition after 2 years. 



MN US-61 St. Paul 
9-in [22.9 cm], 40-ft [12.2 m] JRCP built in 1958. Partial-depth repairs placed 

in 1981. Deteriorated concrete at all joints in both lanes removed by cold 
miIling. Repairs (PCC) are in excellent condition after 4 years, 1.59 million 
ESALS. 

MN US-61 Duluth 
8-in [20.3 cm], 40-ft [12.2 m] JRCP built in 1967. Partial-depth repair, 

full-depth repair, and joint resealing performed in 1979. Deteriorated concrete at 
almost all joints in both lanes removed by cold milling. Partial-depth repairs 
(PCC) are in excellent condition after 6 years, 0.84 million ESALS. 

SD 1-29 Sioux City 
9-in [22.9 cm], 61.5-ft [18.7 m] JRCP built in 1961. Partial-depth repairs, 

full-depth repairs, pressure relief, and joint resealing performed in 1979. 
Partial-de th repairs (epoxy concrete) placed at all jomts. Repairs are in very 
good con 8 ition after 6 years, 2.23 million ESALs. A few repairs exhibited 
low-severity cracking. Poor silicone joint sealant condition (adhesive failure, 
intrusion of incompressibles) noted throughout project, as well as evidence of 
reactive aggregate expansion. 

SD 1-29 Junction City 
9-in 122.9 cm], 45-ft [13.7 m JRCP built in 1961. Partial-depth re airs, 

full-depth repairs, pressure relie2 and joint resealing performed m 197 6 . 
Partial-de th repairs (epoxy concrete) placed at all oints. Repairs are in very B 1 good con ition overall after 6 years, 1.48 million E ALs. Low-severiq longitudinal 
cracking observed on a few repairs. Poor neoprene joint sealant condition (adhesive 
failure, oxidation,intrusion of incompressibles) noted throughout project, as well 
as evidence of reactive aggregate expansion. 

SD 1-90 Chamberlain 
9-in [22.9 em], 45-ft [13.7 m] JRCP built in 1965. Partial-depth repair, 

full-de th repair, pressure relief, grinding, and joint resealing performed in 1 1982. artial-depth repairs (epoxy concrete) placed at roughly 30 percent of 
transverse joints and cracks. Repairs are in excellent condition after 2 years, 
0.83 million ESALs. 

IL 1-280 Moline 
10-in [25.4 cm], 100-ft 130.5 m] JRCP built in 1961. Partial-depth repair, 

full-depth repair, undersealing, diamond grinding, subdrains, and joint resealing 
performed in 1984. Full-depth repairs placed at 17 percent of outer lane transverse 
joints and 48 percent of inner lane joints to correct spalling and faulting. 
Partial-depth repairs (Type I PCC) at 20 percent of the transverse joints; all are 
in excellent condition. Medium-severity spalling and poor sealant condition 
observed at many unrepaired joints (47 percent in outer lane and 40 percent in inner 
lane) suggests need for additional partial-depth repair. 

NE 1-80 Kearney 
9-in [22.9 cm], 46.5-ft 14.2 m] JRCP built in 1962, opened to traffic in 1963. 

Full-depth repairs, partial- d epth repairs, pressure relief, and joint resealing 
performed in 1982. Full-depth repairs placed at 10 percent of transverse joints in 
outer lane, 4 ercent of joints in inner lane, and major cracks, to correct spalling 
caused by mi f' dly reactive aggregate. hcalized s alls at joints and major cracks P re aired by partial-depth repairs. Pressure relie joints installed at 2000-ft [610 
rnfintervals to reduce pressure build-u . Partial-depth repairs (epoxy concrete) P are not performing well. Some were p aced at working cracks without cracks being 
reestablished, and have experienced spalling and material loss (typically 5 to 15 
percent of repair area). 



NE 1-80 Lincoln, Milepost 382 
9-in h22.9 cm], 46.5-ft [14.2 m] JRCP built in 1962. Partial-depth repairs, 

full-depth repairs, pressure relief joints, and joint resealing performed in 1982. 
Full-depth repairs placed at 13 percent of joints in outer lane, 9 percent of joints 
in inner lane, and ma'or cracks, to correct spalling caused by mildly reactive 
aggregate. Localize d spalls at joints and major cracks were repaired by 

artial-depth repairs (epoxy concrete). Pressure relief joints installed at 1-mile 
f1.6 km] intervals to reduce pressure build-up. Minor material loss noted on 
partial-depth repairs, not enough to warrant replacement. Partial-depth repairs are 
performing well after 5 million ESALs. 

NE 1-80 Lincoln, Milepost 404 
10-in i25.4 cm], 16.3-ft [5 m] JPCP built in 1960. Partial-depth repairs, 

full-depth repairs, and joint resealing performed in 1984. Partial-depth repairs 
(epoxy concrete) were placed to correct localized spalling at transverse and 
longitudinal joints. Partial-depth repairs placed at working cracks are not 
performing well. Some were placed without the cracks being reestablished and have 
experienced spalling and material loss (up to 25 percent of the repair area). 
Partial-depth repairs not placed at working cracks are performing well, after 1 
year, 1.2 million ESMs. 

LA 1-10 Baton Rouge 
10-in [25.4 cm], 58.5-ft i17.8 m] JRCP built in 1971. Rehabilitated in 1984 as 

part of FHWA Demonstration Project No. 69. Partial-depth repair, full-depth repair, 
subsealing, load transfer restoration, diamond grinding, joint resealing, crack 
repair and subdrainage improvement performed. Part~al-depth repairs (Type I PCC with 
calcium chloride accelerator) placed at 60 percent of transverse joints to correct 
localized spalling at transverse~longitudinal joint intersections. Pre-rehab survey 
by LaDOT found longitudinal cracking and spalling at 97 ercent of joint 
intersections, perhaps attributable to improper forming o F centerline joint or dowel 
bar misalignment. In 1985 survey, 38 percent of repairs (mostly in outer lane) 
noted as exhibiting material loss (cracking and crumbling of the concrete) in the 
range of 10 percent to 20 percent of repair, maximum of 40 percent on a few 
repairs. Repair deterioration may have resulted from inappropriate use, i.e., 
improper joint construction and/or dowel bar misalignment that may have caused 
cracking through full depth of slab. Maximum repair placement depth was 4 in 10.2 
cm], so it is also possible that repairs came into contact with and were damaged y 
movement of dowel bars. 

I 
TX 1-40 IIonston, Milepost 731 

10-in 125.4 cm], 60.5-ft L18.4 m] JRCP built in 1967. Partial-depth repairs and 
full-depth repairs placed in 1984. Partial-depth repairs (PCC) placed at some 
transverse/longitudinal joint intersections. Many unrepaired joint intersections 
exhibited medium-severity spaliing, suggestive of poor joint construction 
techniques. Joints were reestablished through repairs. Repairs are in excellent 
condition after 2 years, 4.04 million ESALs. 

TX 1-40 Houston, Milepost 741 
10-in 125.4 cm], 61.5-ft i18.7 m] JRCP built in 1966. Partial-de th repairs and 

full-depth repairs placed in 1982. Fewer partial-depth repairs ( P C ~  than at 
section beginning at milepost 731, and much less spallin observed at transverse and 
longitudinal joints. Repairs are in excellent condition a ter 4 years, 6.50 million 
ESALs. 

f 



TX US-59 Houston 
10-in [25.4 cm], 62-ft [18.6 m] JRCP built in 1961. Partial-depth repairs and 

full-depth repairs placed in 1983. Partial-depth repairs (PCC) at 5 percent of 
transverse joints, predominantly in outer lane at transverseflongitudinal joint 
intersections. Repairs are in excellent condition after 3 years, 5.88 million 
ESALs. 

IVY 1-80 Rawlins 
8-in [20.3 cm], 20-ft [6.1 m] JPCP built in 1964. Partial-depth repair, 

full-depth repair, subsealing, diamond grinding, and joint resealing performed in 
1982. There is an average of one working mid- anel crack in each slab; most of 
these have one or two partial-depth repairs (P 8 C). Cracks have been carefully 
reestablished and sealed through repairs. Repairs are in excellent condition after 
4 years, 2.38 million ESALs. 

AZ 1-17 Phoenix 
9-in [22.9 cm], 15-ft [4.6 rn] undowelled JPCP built in 1961. Partial-depth 

repairs and diamond grinding performed in 1981. Partial-depth repairs (epoxy 
concrete) placed at 17 percent of transverse joints. Repairs are in excellent 
condition after 5 years, 4.5 million ESAL. Poor joint sealant condition and joint 
spalling noted in field survey suggest a need for additional partial-depth repair 
and joint cleaning and resealing. 

6.3 DESIGN AND CONSTRUCTION GUIDELINES 

6.3.1 Introduction 
These guidelines were originally prepared under NCHW Pro'ect 1-21 and published 

in NCHRP Report No. 281, Transportation Research Board, 1985. 6) The guidelines 
were updated in early 1987 based upon the findings and results of the "Pressure 
Relief and Other Joint Rehabilitation Techniques" study conducted for the FWA.(34) 
Further updates resulted from the research conducted for the "Determination of 
Rehabilitation Methods for Rigid Pavements" study conducted for the FHWA, which is 
described in this final report. 

These uidelines cover permanent partial-depth re air of jointed ortland cement E B E concrete (P C) pavements. Partial-depth repairs exten the life of PC pavements by 
restoring ride quality to pavements that have spalled joints. Partial-depth repair 
of spalled areas also restores a well defined, uniform joint or crack sealant 
reservoir prior to joint or crack resealing. When properly placed with durable 
materials, these repairs can perform well for many years. In fact, several 
rehabilitation projects exist on which partial-depth repairs placed 10 years ago do 
not show any deterioration. 

Partial-depth repair is an alternative to full-depth repair in areas where 
deterioration is located primarily in the upper third of the slab and the existing 
load transfer devices (if any) are still functional. When applied at appropriate 
locations, partial-depth repair can be more cost effective than full-depth repair. 
The cost of partial-depth repair is largely dependent upon the size, number, and 
location of repair areas, as well as the materials used. Lane closure time and 
traffic volume also affect production rates and costs. 

6.3.2 Need for Partial-Depth Repair 
Partial-depth repairs can be used to address spalling which is limited to the 

to? few inches of the slab. Spalls are often caused by infiltration sf  



incompressible materials into joints. This type of spalling is common on pavements 
with long joint spacing, where larger joint movements occur. 

Transverse joint s alling in some States has been caused by the use of metal 
joint forming inserts ( If nitubes) in areas where aggregate hardness makes sawing of 
joints difficult and expensive. These inserts often corrode and entrap 
mcompressibles, resulting in joint spalling. 

Other sources of spalling and scaling include reactive aggregate distress and 
"D" cracking, high reinforcing steel, and overfinishing. 

6.3.3 Effectiveness of Partial-Depth Repair 
The performance of partial-depth repairs has been excellent on many projects 

where their use was appropriate and where inspection and quality control are 
stringent. However, high rates of partial-depth repair failure have been observed 
on other projects. These failures are commonly caused by: 

Inappropriate use of partial-depth repairs (e.g., where full-depth repairs are 
needed). 

e Poor construction techniques (failure to remove all deteriorated materials, 
failure to provide vertical saw cuts at the repair boundaries, failure to 
provide a compressible material in joints and cracks adjacent to or within the 
patch area, inadequate surface preparation and bonding provisions, insufficient 
repair material consolidation). 

e Compression failures (caused by repair material entering working cracks and 
joints, thereby restricting slab expansion). 

e Use of inappropriate, thermally incompatible or variable-quality repair 
material. 

6.3.4 Limitations of Partial-Depth Repair 
Partial-depth repairs are not suitable for spalls that extend deeper than one 

third of the slab thickness, because the removal of deteriorated concrete below this 
depth and proper reforming of the joint are often hampered by the presence of 
reinforcing steel and dowels. Furthermore, sound concrete at  the bottom of the 
repair is more easily damaged as the depth of removal increases. 

Partial-depth repairs are not suitable for working cracks or joints unless the 
crack or joint is reestablished through the repair direct1 above the discontinuity 
in the underlying slab. Full-depth repairs or load trans er restoration should be 
considered at  working cracks. 

f' 
If several spalls are present on one joint, it may be more economical to place a 

full-depth repair along the entire length of the joint than to repair individual 
spalls. Very small spall areas along joints (less than 6 in [15.2 cm] long and 1.5 
in 13.8 cm] wide) generally do not need to be repaired unless the joint is to  be 
resealed with a preformed compression seal. 

6.3.5 Concurrent Work 
Slab stabilization should be performed prior to placing partial-depth repairs so 

that any spalls which might develop from accidental lifting or movement of the slabs 
can be repaired. 



Full-de~th re~ai rs  should be placed concurrently with or after the placement of 
partial-depth-repairs so that locations of deep deterioration can be identified and 
repaired full-depth. 

Diamond minding should be accomplished after the completion of all activities 
which might increase the roughness of the pavement surface (including slab 
stabilizat~on and partial- and full-depth repairs). 

Joint clean in^ and resealing should be accomplished last to prevent damage of 
the new sealant by repair and grinding operations and to obtain the proper shape 
factor and recession of the sealant within the reservoir. 

6.3.6 Partial-Depth Repair Materials 

Material-Selection 
Repair material selection depends on available curing time, ambient temperature, 

available funds, and the size and depth of the repairs. Portland cement concrete is 
generally accepted as the most universally compatible repair material. 'TLpical 
mixes combine Type I, 11, or 111 portland cement concrete with coarse aggregate not 
greater than one half the minimum repair thickness (3/8-in [0.95 cm] maximum size is 
often used). 

The concrete should have a minimum compressive strength of 3,000 psi L20.7 MPa] 
at the time of opening to traffic. When early opening is required, such as withln 
24 hours, this accelerated strength gain can be obtained by using not more than 8 
bags of Type 111 cement per cubic yard and calcium chloride in an amount not to 
exceed 2 percent by weight of the cement, or by using other accelerating admixtures. 

Type I11 cement, with or without admixtures, has been used for repair mixtures 
longer and more widely than most other materials because of its relatively low cost, 
ava~lability, and ease of use. Rich mixtures (up to 8 bags) gain strength rapidly 
in warm weather, although the rate of strength gain may be too slow to permit quick 
opening to traffic in cool weather. Insulating layers can be used to retain the 
heat of hydration and reduce curing time. 

Many projects require that repairs be opened to traffic within a few hours. To 
meet this challenge, a wide variety of rapid-setting and/or high-early-strength 
materials, such as e oxy resin mortars and concretes, have been 
developed.(62,67,6 8 ,70) Many of these products are very sensitive to construction 
procedures or may be used only within very narrow temperature ranges. The 
manufacturer's directions regarding handling, mixing, placement, consolidation, 
screeding, and curing must be followed exactly. The durability of such materials 
under local climatic conditions must be carefully evaluated. These materials must 
also be thermally compatible with the concrete in the pavement. Significant 
differences in coefficients of thermal expansion can cause premature repair failure. 

Partial-depth repair failure is frequently caused by shrinkage of the repair 
material, which weakens the repair and initiates progressive deterioration. Some 
agencies have successfully minimized shrinkage by using expansive (e.g., high gypsum 
content) mortars for large repairs. 

Epoxy resin mortars and concretes have also been used. Available epoxy resins 
have a wide range of setting times. The epoxy concrete mix design must be 
compatible with the concrete in the pavement. Differing coeffic~ents of thermal 
expansion can cause repair failures. Deep epoxy repairs must frequently be placed 
in lifts to control heat development. 



When using a proprietary patching material, it is essential that the 
manufacturer's recommendations are followed closely. Handling, mixing, placement, 
consolidation, screeding and curing of the repair material must be in accordance 
with the manufacturer's written instructions. The specifying agency should 
investigate the various repair materials available to determine their suitability 
for application and environment.(67) Other valuable information on repair material 
performance can be obtained from agencies that have used the material.(67) The 
working tolerances of some of the proprietary repair materials are too tight for 
most repair projects (i.e., ambient temperature range for placement and curing, 
exact measurements of quantities, etc.). 

Calcium aluminate cement (also called high-alumina cement) has been used by some 
agencies for partial-depth repairs where high early strength and/or sulfate 
resistance was desired, but has generally not provided good performance.(72) This 
is attributed to a chemical conversion which occurs in calcium aluminate cement 
which can cause substantial stren th loss. This conversion occurs rapidly at 
temperatures greater than 86 OF 30 OC], but also occurs, albeit more slowly, 
even at temperatures below 68 O! /20 OC]. If the tem erature of concrete made 

OC at any time in its life, with calcium aluminate cement exceeds 77 OF [25 f 
conversion and subsequent strength loss may occur. Temperatures in excess of 
77 OF [25 OC] for even a few hours during initial curing can cause substantial 
strength loss resulting in failure of the repair. The repair's sulfate resistance 
is also substantially diminished by this loss in strength. For these reasons, 
calcium aluminate cement is prohibited for structural use in many countries. 
Calcium aluminate cement is not recommended for partial-depth repairs. 

Bonding A~ents 
Sand/cement grouts have proven adequate when used as bonding agents with PCC 

repair material, provided the repairs are protected from traffic for 24 to 72 
hours. Excellent results have been obtained with 7-sack e 111 mixes using a 

traffic. 
=P sand-cement grout bonding agent, with a cure period of 7 hours before opening to 

Epoxy bonding agents have been used successfully with both PCC and proprietary 
repair materials to reduce required curing time to 6 hours or less. 

6.3.7 Preparation of the Repair Area 

Location of R e ~ a i s  Boundaries 
The actual extent of deterioration in the concrete may be greater than is 

visible at the surface. In early stages of spa11 formation, weakened planes often 
exist in the slab with no signs of deterioration visible at the surface. The extent 
of deterioration can be determined by "sounding" the concrete with a solid steel 
rod, chains, or a ball een hammer. Areas ieldlng a clear ringing sound are judged 
to be acceptable whi f e those emitting a dul i sound are considered weak. 
Sophisticated sounding equipment (e.g., the Delam-Tech) is also commercially 
available. 

All weak concrete must be located and removed if the repair operation is to be 
effective. The area marked for sawing should be 3 to 4 in 17.6 to 10.2 cm] outside 
the visibly distressed area. 



Sawing Repair Boundaries 
A vertical saw cut 1 to 2 in [2.5 to 5.1 

boundary of the unsound area to be 
be straight and vertical to rovide a vertical 
repair boundaries with jacRhammers results 
repair materials must be "feathered." Vertical boundaries reduce the spalling 
associated with thin or "feathered" concrete along the repair perimeter. 

Removal of Deteriorated Concrete 
The partial-depth removal of unsound concrete is usually accomplished with 

jackhammers. The initial breakup can be done with hammers weighing up to 30 pounds 
[13.6 kg]. Removal begins near the center of the area to be removed and proceeds 
towards (but not fq) the edges. Care must be taken to avoid fracturing the sound 
concrete below the repair and undercutting or spalling repair boundaries. Removal 
near the repair boundaries must be completed with lighter (10- to 28- o m d  [4.5 to ll 9.1 kg]) hammers, particularly in the areas of the repair boundaries. ven hammers 
of this size fitted with gouge bits can damage sound concrete. Carefully operated 
small hammers with spade bits have been used successfully to remove unsound concrete 
without fracturing the underlying sound concrete. 

The surface of the area to be removed may be sawed in a shallow crisscross or 
waffle pattern to facilitate concrete removal. Pneumatic scarifiers can also be 
used to break up the area between the saw cuts. Carbide-tipped cold milling 
machines and diamond blade grinding machines have been used for larger areas, such 
as for full-lane-width repairs. 

After removal, the bottom of the repair area is checked by "sounding" or other 
specified methods to ensure that all deteriorated concrete has been removed. Any 
remaining areas of unsound concrete must be removed. 

The typical depth of concrete removal varies from 1 to 4 in [2.5 to 10.2 crn . 
of mechanical interlock between the repair material and the existing slab. 

d The removal method should provide a very irregular surface to provide a high egree 

If sound concrete cannot be reached (e.g., the area is unsound through the depth 
of the slab or unsound material cannot be removed because of reinforcing or load 
transfer devices) a full-depth repair is required. Small areas of full-depth repair 
have been combined with partial-depth repairs, but these generally do not perform as 
well as regular full-depth repairs. 

Joint Preuarations 
Partial-deeth reeairs elaced adiacent to transverse. centerline. or shoulder 

joints require sdecial bonstiuction partial;depth repairs placed at 
the centerline joint directly in contact with the adjacent lane frequently develop 
spalling because of curling and differential movement sf  the slabs. This can be 
prevented by placing a polyethylene stri (or other thin bond-breaker material) 
along the centerline joint just prior to p f acement of the repair material. 

The most frequent cause of failure of partial-depth repairs laced directly 
across transverse joints or cracks is crushing by the compressive ? orces created 
when the slabs expand. This must be erevented by placing a strip of Styrofoam or 
asphaIt-impregnated fiberboard betwken the new concrete and the adjoining slab (see 
figures 74 and 75). This material must be vlaced so as to vrevent intrusion of the 
repair material into the open in^. Failure io do so can result in compressive 
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stresses at Iower depths that will damage the repair. 'This material will also guard 
against damage due to deflection of the joint under traffic. 

Where spalling has been caused by a metal insert such as Unitube, the spalls 
usually start at the bottom fin of the insert about 2.5 in L6.3 cm] below the 
su~face. W e n  repairing this w e  of spall, it is recommended that the insert be 
sawed out along the entare length of the joint to avoid further deterioration. The 
joint can then be repaired and resealeal. 

If a repair is to be placed along the outer edge of a lane, it must be formed 
along the lane/shoulder joint. If the repair material is allowed to flow into the 
shoulder, it may form a "key" which will restrict longitudinal movement of the slab 
and damage the repair. 

A 1  existing joint sealing or expansion joint materials should be removed to 
prevent eontammation sf the repair material. Sandblastin is an acceptable means 
of acmmplishing this removal; solvents must never be use %: 

Following removal of the concrete, the surface of the repair area must be 
clieaned. If jackhammers were used to remove concrete, dry sweeping, sandblasting 
and compressed air blasting are normally required to provide a dean surface, The 
c~mpressed air must be free of oil, since contamination of the surface will pxevent 
bonding. This can be checked by placing a rag over the nozzle and visually 
inspectrng for oil. 

Sandblasting is highly recommended for deaning the surface. Sandblasting 
removes dirt, oil, thin layers of unsound concrete, and laitance. High-pressure 
water may also be used to remove contaminants, but sandblasting usually produces 
better results. 

With a11 methods, the prepared surface must be checked prior to placing the new 
material. Any contamination of the surface will reduce the bond bemeen the new 
material and the existing wncrete. If the fingers pick up material (dust, etc.) 
when rubbed across the prepared surface, the surface must be dearned again. 

M e r  the surface of the existing concrete has been prepared 
placement of the repair material, it should be coated with a bondi 
complete bonding of the repair material to the surrounding concr 
saturated, sudace-dq condition is desirable for application sf cement grouts. 
M e n  epoxies or other manufactured grouts are being used, the manufacturer's 
directions must be followed dosely. 

Thorough coating of the bottom and sides of the repair area is essential, T h i s  
may be accomplished by brushing the grout onto the concrete. Spraying may be 
appropriate for large repair areas. The grout should not be alllowed to puddle. 

The grout should be placed immediately before the repair material is placed so 
that the grout does not set 'before it comes into cantact with the repair material. 

Cement grout requires a minirnum of 72 hours of curing prior to opening. Repairs 
that must be opened to traffic in Less than 72 hours must use an e p o v  bonding 
agent. Many epoxy bonding agents require only 6 hours of curing parlor to opening. 



6.3.8 Repair Placement and Finishing 

Reaair Material Mixing 
The volume of material required for a partial-depth repair is usually small (0.5 

to 2.0 cu ft [0.014 to 0.057 cum]). Ready-mix trucks and other large equipment 
cannot efficiently produce such small quantities since maximum mixing trmes for a 
given temperature would be easily exceeded, resulting in waste of material. Small 
drum or paddle-type mixers with capacities of up to 2 cubic feet 0.057 cu m] are 6 often used. Based on trial batches, repair materials may be weig ed and bagged in 
advance to facilitate the batching process. Continuous feed mixers are also 
popular. 

Placement and Consolidation of Material 

times. 

The repair material must be consolidated during placement. Failure to do so may 
result in poor repair durability, spalling, and rapid deterioration. For example, 
voids located at the interface between the repair material and existing pavement can 
result in total debonding and loss of repair material. 

The purpose of consolidation is to release trapped air from the fresh mix. 
Three common methods of accomplishing this are: 

e Use of internal vibrators with small heads (less than 1 in [2.5 cm] in 
diameter). 

Use of vibrating screeds. 

e Rodding or tamping and cutting with a trowel or other hand tool. 

The internal vibrator and the vibrating screed give the most consistent 
results. The internal vibrator is often more readily available and is used most 
often, although very small repairs may require the use of hand tools. 

The placement and consolidation procedure begins by slightly overfilling the 
repair with repair material to allow for a reduction in volume during 
consolidation. The vibrator is held at a slight angle (15 to 30 degrees) from the 
horizontal and is moved through the concrete in such a way as to vibrate the entire 
repair area. The vibrator should not be used to move material from one place to 
another within the repair as this may result in segregation. Adequate consolidation 
of the mix is achieved when the mix stops settlin , alr bubbles no longer emerge, 
and a smooth layer of mortar appears at the sur f ace. 

On very small repairs, the mix can be consolidated using hand tools. Cutting 
with a trowel seems to give better results than rodding or tamping. The tools used 
should be small enough to easily work in the area being repaired. 

Screedin? and Finishing 
Partial-depth repairs are usually small enough so that a stiff board resting on 

the adjacent pavement can be used as a screed. The materials should be worked 
against the rade (if any exists) to prevent downflow. This also pulls the material 
against the 1 ace of the original pavement, which enhances bondlng. Screeding 
generally requires at least two passes to ensure a smooth repair surface. 



m e  repair surface must be hand-trowelled to remove any remaining minor 
irregularities. The edge of a repair located adjacent to a transverse joint should 
be tooled to provide a good reservoir for joint sealant. Excess mortar from 
trowelling can be used ta fill any saw cuts eaending into the adjacent pavement at 
repair corners. 

Partial-depth repairs   pic ally cover only a small percentage of the pavement 
surface and have little effect on skid resistance. However, the surface of the 
repair should match that of the surrounding slab as much as possible. 

Qg@ 
Curing is as important for partial-depth repairs as it is for full-depth 

repairs. Since partial-depth repairs often have large surface areas with respect to 
their volumes, moisture can be lost quickly. Inadequate at tent i~n to curing can 
result in the development of shrinkage cracks that may cause the repair to fail 
prematurely. 

All of the standard curing methods used for full-depth repairs may be considered 
for partial-depth repairs as well. The most effective curing procedure in hot 
weather is to apply a white-pigmented curing mmpound as soon as water has 
evaporated from the repair surface. This will reflect radiant heat while allowing 
the heat of hydration to escape, and will p r o ~ d e  rotectian for several days. 
Moist burlap and polyeth lene can also be used, ut they must be removed when the Y g 
roadway is opened to tra fie. In cold weather, insulating blankets or tarps can be 
used to provlde more rapid curing and opening to traffic. The required repair 
curing t m e  should be stated in the project plans and specifications. E p o q  and 
proprietary repair materials should be cured as recommended by their manufacturers. 

6.3.9 Preparation of Plans and Specifications 
Partial-depth repair costs are highly dependent u on the size, number and 

location s f  repair areas. Since there is typically some tf elay between the time that 
a project is selected for repair and the time that the repair work is actually 
performed, during which the deterioration of the pavement may pro ress f significantly, it is essential that the required repair quantities be veri ied by a 
detailed condition survey prior to preparation s f  plans and specifications. Cost 
overruns exceeding 500 percent have occurred on partial-depth repair pro'ects where 
the actual amount of distress needing repair was greatly underestimated.( It is 5 also recommended that coring be performed at a representative number o spalled 
joints and/or cracks to determine the depth of deternoration and differentiate on 
the plans between areas which should be partial-depth repaired and areas which 
should be full-depth repaired. 

6.4 CONCLUSIONS AND =COMMENDATIONS 

Part ia l-dep~ repair is the correction sf localized surface distress in concrete 
pavements by removal of deteriorated concrete and replacement with a suitable repair 
material. Partial-depth repair improves ride quality and may arrest further 
development s f  the distress addressed. It also restores a un~form, well defined 
joint sealant reservoir prior to joint resealing. 

In this study, partial-depth repairs were surveyed on 4-0 projects in 16 States. 
The projects are well distributed throughout the major climatic zones of the United 
States, and cover a wide range of traffic levels. The database includes JRCP and 
JPCP (with and without dowels), and several joint spacings, slab thichesses, and 
pavement ages. 7 3 s ;  partial-depth repairs sumeyed ranged in age from 1 to 10 



years. The oldest partial-depth re s were located in Virginia, Georgia, 
and Minnesota, and South Dakota. 

Partial-depth repairs have performed poorly on some projects; but they have 
performed well on the majority. This suggests strongly that, although good 
long-term performance is achievable with partial-depth repair, how this performance 
can be achieved is not well understood by the practicing engineer. The most 
significant factors influencing the success of a partial-depth repair application 
are: 

Appropriateness of partial-depth repair to repair the distress present. 
e Adequacy of construction techniques, materials, and quality control. 

The most important reason that partial-depth repairs fail is that they are used 
in places where they are not appropriate, e.g.? where full-depth repairs are 
needed. Even when used appropriately, partial-depth repairs often fail if 
constructed with poor techniques or unsuitable materials. Unless partial-depth 
repairs are used only for surface spalling and constructed well with durable 
materials, failure within as little as 1 year is virtually guaranteed. The majority 
of the projects surveyed represent examples of how not to perform partial-depth 
repair. 

However, a number of examples of excellent artial-depth repair performance also 
exist. These can be found on projects in several di f! ferent States, with different 
traffic levels, pavement designs, repair materials, construction techniques, and 
concurrent restoration techniques. In fact, on the projects where partial-depth 
repairs have been successful, they are generally in such good condition that the 
long-term effects of traffic and climate are not readily apparent. Furthermore, the 
oldest projects in the database were only 10 years old. There is not sufficient 
long-term performance data available at this time to prove or disprove that the 
expected life of a partial-depth repair can exceed 10 years, nor to model its 
long-term performance quantitatively. 

The poor performance of partial-depth repairs on many projects should not deter 
agencies from their use, since good performance is certainly achievable. Indeed, 
these projects provide valuable information on the appropriate use and successful 
construction of partial-depth repairs. A better understanding of long-term 
partial-depth repair performance will develop as more successful projects are 
evaluated. 

6.4.1 Appropriate Use of Partial-Depth Repairs 
Partial-depth repair is strictly removal and replacement of small, shallow areas 

of deteriorated concrete with a suitable repair material, i.e., one which is 
comparable in strength and volume stability to the concrete in the existing slab. 
Ideally, the repair material bonds to sound concrete and becomes an integral part of 
the slab. Partlal-depth repair is appropriate for certain types of concrete 
pavement distress which are confined to the top few inches of the slab. Distresses 
which have been successfully corrected with partial-depth repair include: 

e Spalling caused by intrusion of incompressible materials into transverse joints. 
e Spalling caused by use of metal (Unitube) 'oint forming inserts. 
e Scaling due to high reinforcing steel, over f' inishing, or weak concrete. 
e Early stages of "D" cracking or reactive aggregate distress. 



Partial-depth repairs replace concrete only, and cannot accommodate the 
movements of working joints and cracks, load transfer devices, or reinforcing steel 
without experiencing high stresses and material damage. Therefore, they should only 
be used to correct distress which does not extend through more than one half of the 
slab thickness nor to the depth of any reinforcing steel or dowel bars present. A 
more conservative limit of one third of the slab thickness has even been suggested. 

The distresses listed above are not always limited to the upper few inches of 
the slab and so may not always be corrected by partial-depth repair. 
Incompressibles may infiltrate transverse joints from the bottom of the slab as well 
as the top, and cause spalling which is not visible at the surface. Spalling 
associated with use of Unitubes often results from entrapment of incompressibles in 
the fins, which typically spalls the top 2 to 3 in [5.1 to 7.6 cm] of the joint, but 
may extend deeper. Scallng can only be repaired partial-depth if the concrete is 
not deteriorated to the depth of the reinforcing steel. "Dm cracking may occur at 
the slab surface only, but more often it begins at the slabbase interface where 
moisture accumulates, and is not visible at the surface until deterioration of the 
bottom of the slab is already extensive. In most cases, partial-depth repair cannot 
be considered a permanent solution to the problem of "D" cracking deterioration. 
Scaling and map cracking caused by reactive aggregate can be corrected 
partial-depth, but it should be recognized as the result of fracturing of the cement 
matrix and probable structural degradation of the concrete. Furthermore, 
partial-depth repair cannot halt or effectively repair cracking and joint damage 
caused by expansion and subsequent compressive stress buildup in reactive aggregate 
pavements. 

Other types of concrete pavement distress which are not likely to be correctable 
by partial-depth repair include: 

e Cracking and joint spalling caused by compressive stress buildup in long-jointed 
pavements. 

8 Spalling caused by dowel bar misalignment or lockup. 

Transverse or longitudinal cracking caused by improper joint construction 
techniques (late sawing, inadequate saw cut depth, or inadequate insert 
placement depth). 

8 Working transverse or longitudinal cracks caused by shrinkage, fatigue, or 
foundation movement. 

On any project where partial-depth repair is being considered, it is highly 
recommended that coring be performed at representative joints to determine the depth 
of deterioration, and assess the appropriateness of partial-depth repair in 
accordance with the above guidelines. 

6.4.2 Constmction Techniques and Materials 
The procedure for partial-depth repair construction involves the following 

steps: 

1. Locating repair boundaries. 
2. Sawing repair boundaries. 
3. Removing deteriorated concrete. 
4. Placing a form or insert to maintain the working joint. 
5. Cleaning the repair area. 



6.  Applying the bonding agent, 
7. Mixing the repair material. 
8. Placin and consolidating the repair material. 
9. Scree d ing and finishing the repair. 
10. Curing. 

The construction guidelines in section 6.3 provide detailed information on the 
successful performance of these steps. The construction steps most significantly 
affecting success of the repair include the following: 

1 Removal of deteriorated concrete: All deteriorated concrete must be removed and 
sound concrete exposed to which the repair material can bond. Light jackhammers 
and hand tools must be used to remove the existing deteriorated concrete without 
damaging the underlying sound concrete. Deterioration found to extend beyond 
the top few inches of the slab or to the depth of the dowel bars or reinforcing 
steel should be corrected by full-depth repair. 

2. Reestablishment of the joint: It is essential that the joint be maintained with 
a form or insert, or reestablished by sawing, and that repair material not be 
allowed to flow down into the joint. Crushing of repairs has occurred on 
projects where re air material infiltrated the joints and caused compressive 
stress buildup in t f~ e repairs when the joints closed. This is particularly true 
of repairs placed in cold weather. 

3. Cleaning the repair surface: Unless all loose concrete and debris is removed, 
the repair material will not achieve good bond with the existing concrete. 
Sandblasting is recommended to achieve a dean surface; waterblasting and 
airblasting have also been used successfully. 

4. Mixin?. placing, and curing Conventional practices (for PCC), practices 
verified by testing (for polymer concretes and other special concretes), or 
manufacturer's instructions (for proprietary materials) should be observed. 
Repairs should not be placed at ambient temperatures too low for them to attain 
adequate strength prior to opening to traffic, nor at temperatures so high that 
they experience excessive shrinkage. 

A suitable repair material is one that is comparable in strength and thermal 
expansion to the existing concrete, achieves adequate strength gain to meet 
opening-to-traffic time requirements, has good durability, and is safe and 
convennent to use, in terms of mixing time, ambient temperature range, and heat 
liberation. Cost considerations will also influence material selection. Materials 
that have been used successfully for partial-depth repair include Type 111 PCC with 
or without an accelerating admixture, proprietary-ra id setting materials, and epoxy P concrete. Partial-depth repairs constructed using ca cium aluminate cement concrete 
have performed poorly, experiencing significant scaling, shrinkage, and debonding. 
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