
 
 

       

 

 

  

 

 

       

 

 

ACPT 
The AdvAnced concreTe PAve­

menT Technology (AcPT) Products 

Program  is  an  integrated,  national 

effort  to  improve  the  long-term 

performance  and  cost-effectiveness 

of the nation’s concrete highways. 

managed  by  the  Federal  highway 

Administration  through  partner­

ships with State highway agencies, 

industry,  and  academia,  the  goals  of 

the AcPT Products Program are to 

reduce congestion, improve safety, 

lower costs, improve performance, 

and foster innovation. 

The AcPT Products Program identi­

fies, refines, and delivers for imple­

mentation  available  technologies 

from  all  sources  that  can  enhance 

the  design,  construction,  repair,  and 

rehabilitation of concrete highway  

pavements.  The  AcPT  marketing 

Plan  enables  technology  transfer,  

deployment, and delivery activities 

to ensure that agencies, academia, 

and  industry  partners  can  derive 

maximum  benefit  from  promising 

AcPT  products  in  the  quest  for 

long-lasting  concrete  pavements 

that  provide  a  safe,  smooth,  and 

quiet ride. 

www.fhwa.dot.gov/pavement/concrete 
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Impact of Temperature Curling and 
Moisture Warping on 
Jointed Concrete Pavement Performance 

This TechBrief summarizes the results of a study on curling and warping in 

jointed concrete pavement (JCP). Profile measurements, following quality 

assurance plans developed under the study, were collected in all U.S. climate 

zones, diurnal periods, and seasons of the year to obtain sufficient data to 

fully characterize slab curvatures. Both functional and structural pavement 

performance were measured to correlate performance to curling and warp­

ing. Products of the study include a new technique that quantifies the mag­

nitude of JCP curling and warping and a system to assess the influence of 

diurnal and seasonal changes on JCP curvature and pavement unevenness. 

Introduction 
Curling and warping are often influential factors affecting the struc­

tural (e.g., cracking) and functional (e.g., smoothness) performance 

of jointed concrete pavements (jCPs). Examining the causes and ef­

fects of curling and warping provides a better understanding of how 

to minimize or prevent these phenomena. In turn, pavements can 

be built to last longer, require less maintenance, and provide excel­

lent ride quality. 

This technical brief reports findings from a Federal Highway Ad­

ministration (FHWA) research project: Inertial Profile Data for 

Pavement Performance Analysis (FHWA Contract No. DTFH61­

02-C-00077). These findings were reported in a paper presented at 

the 6th Symposium on Pavement Surface Characteristics (Chang 

2008). The goals of the research project were to better understand 

the curling and warping phenomena and to find efficient ways of 

minimizing their impact. 
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Figure 1. decomposition of roughness related to 
curvature (rub = upper bound roughness; rlb = lower 
bound roughness ; rbtc = built-in curvature roughness; 
rzc = zero-curvature roughness). 

Major Findings 
Among major findings from this study, jCP 

roughness can now be decomposed to a curva­

ture-related component and a non-curvature­

related component (see figure 1). Summarized 

major findings are described in this TechBrief 

in the following categories: 

•	 Measurement of curling and warping. 

•	 Profile synchronization and joint identifica­

tion. 

•	 Second-Generation Curvature Index (2GCI). 

•	 Impact of slab curl/warp on pavement rough­

ness. 

•	 joint functionality analysis. 

Measurement of Curling and Warping 
Data collection was a major component of this 

research effort. The field data collection con­

stituted a significant portion of the project re­

sources and therefore was done with the great­

est care to ensure that information collected 

would be useful in subsequent analysis. Quality 

assurance is the key for such a large data collec­

tion effort. Before data collection began, quality 

assurance plans were developed for all data col­

lection tasks. 

Data collection began in late March 2003 and 

ended in mid-june 2004. During this 15-month 

period, a total of 38 jCP pavement test sites 

throughout the country were instrumented 

and profiled. 

Some of the testing protocols developed for 

the long-Term Pavement Performance Program 

Research Grade field data collection were adapt­

ed for use on this project: protocols for profiling, 

falling-weight deflectometer testing, tempera­

ture measurements, and site identification. 

Profile Synchronization and Joint Identification 
A robust and effective procedure was developed 

to synchronize profiles prior to objective curl/ 

warp analysis. The goal of this pre-process was 

to identify joint locations based on respective 

profiles. Individual slab profiles could then be 

isolated to correctly analyze the curled/warped 

slab shapes. 

Profile synchronization was successfully ac­

complished by successive applications of cross 

correlation and adjustments in sampling inter­

vals on filtered, decimated, and non-decimated 

profiles. This process proved to be very efficient 

and effective. 

joint identification was also successfully per­

formed by searching for locations at which nar­

row dips appeared in multiple synchronized 

repeat measurements. The dips were identified 

by applying a high-pass filter, normalizing by 

the root mean square (RMS), and searching 

for locations in the profile where the elevation 

Figure 2. Joint identification results. example of a 
“spike profile” from a test section in the study. The 
spikes indicate joint locations identified within a profile 
through analysis. 
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Figure 3. example of a Second-generation curvature index (2gci) fitting. The “chattered” line is the detrended raw 
profile, and the thicker, smoother line is the fitted line. 

value was below the zero line by a threshold 

value (see figure 2). 

The above procedures can readily be applied 

to any profile measurements for similar analy­

ses provided the profiles are collected according 

to the quality assurance plan developed under 

this study. 

Second-Generation Curvature Index 
Through a detailed technical review on exist­

ing curvatures indexes, it was found that the 

Byrum Curvature Index (BCI) algorithm de­

veloped by Byrum (2001) and the RMS index 

for curvature contain shortcomings that com­

promise their usefulness. As a result, a Sec-

ond-Generation Curvature Index (2GCI) was 

developed to overcome some of the inherent 

shortcomings of the BCI and other methods for 

quantifying slab curvature (see figure 3). 

Based on Westergaard’s (1926, 1927) curling 

equations and real-world joint restraints, the 

2GCI seeks to better quantify slab curvature on 

a level that is more representative of the slab 

shape as a whole. In doing so, the 2GCI adopts 

an approach to derive a curvature metric that 

fits hypothesized slab geometries to their mea­

sured slab profile. While almost any geometric 

model can be used, a Westergaard-based model 

is considered most appropriate. The resulting 

model parameters of the 2GCI have connection 

to the physical parameters that describe a jCP 

system subjected to curling and warping. Since 

these model parameters characterize effects 

beyond what Westergaard considers directly 

(such as slab restraint due to joint reinforce­

ment), they would instead be termed “pseudo” 

parameters, i.e., pseudo strain gradient and 

pseudo radius of soil reaction. 

Slab Curvature Analysis 
The 2GCI algorithm was proven as an appro­

priate concept and tool to characterize a slab 

curvature index that is stable, portable, and 

mechanistic in nature, provided the profile 
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data are isolated for each slab via profile syn­

chronization and joint finding. A tool based on 

the 2GCI algorithm was developed and utilized 

to analyze slab shapes of profiles under this 

study. 

Diurnal changes (changes during a day) in 

slab curvatures were captured with the profile 

data and the curvature index values. The re­

sulting curvature values and their diurnal vari­

ation for a given slab clearly described how a 

slab curls under in-situ conditions. The curling 

pattern was found to be curled up at different 

levels, curled down at different levels, or even 

changed in both directions. 

Considering an entire site for curvature 

analysis, the slabs may be curled differently in 

terms of level of curvature or even direction 

at a moment in time. The spatial variability 

can be observed from a global curvature plot 

where all slab curvature values from selected 

runs from each period are plotted. The vari­

ability of 2GCIs for all slabs can also be statisti­

cally expressed in box plots where the median, 

maximum, minimum, first quartile, and third 

quartiles are plotted for visualization, as shown 

in figure 4. 

Figure 4. diurnal curvature analysis. example of a 
box plot for a test section where most of the slabs are 
curled up. 

The seasonal variation of slab curvatures 

(found to be 8 microstrain/cm or less for the 

mean values) was generally equal to or smaller 

than the diurnal variation. The trend of sea­

sonal slab curvatures may be different for the 

different diurnal analysis periods (such as early 

morning vs. noon). 

Curvatures for the travel lane and adjacent 

lane are not necessarily correlated. In other 

words, corresponding slabs from both lanes 

may not be curled at similar levels or even in 

the same direction. This is most likely an indi­

cation that adjacent lanes were constructed at 

different times. 

For all of the test sites around the country, 

the majority had negative mean curvature val­

ues (i.e., curled up). However, there were also 

sites where the majority of slabs were curled 

down or even alternating in the direction of 

curl. The extreme mean curvatures (averaged 

for all slabs of all runs for all sites) were ob­

served at -12.6 microstrain/cm (curled up) and 

+15.7 microstrain/cm (curled down). 

These findings prove the 2GCI to be an ef­

fective tool for studying slab curl and warp. 

Studies on variability of slab curvature for a 

given site would not be possible without this 

method. 

Impact of Slab Curl/Warp on Pavement Roughness 
A comprehensive system and tools were devel­

oped to assess curling and warping effects on 

ride quality. The system, the RoCK chart (see 

figure 5), identified five distinct categories of re­

lationships to cover all possible site conditions 

and behaviors to quantify the impact of curling 

and warping effects on pavement roughness. 

Based on analysis using this system for the 

sites tested under this study, it can be shown 

that diurnal (or changes during a day) impacts 

of slab curling on the Half-car Roughness In­

dex can be as high as 0.63 m/km with an aver­

age around 0.16 m/km. This finding suggests 

that it may be prudent for more emphasis to 

be placed on the timing of roughness measure­

ments within specifications, particularly for 

agencies working under incentive–disincentive 
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Figure 5. curvature-roughness analysis. A roughness-
curvature (rocK) diagram for curvature-roughness 
Analysis showing the following parameters: rub = 
upper bound roughness; rlb = lower bound rough­
ness; crt = right-bound curvature; clf = left-bound 
curvature; Src = roughness curvature slope; rzc = zero-
curvature roughness. 

specifications. This observation could also ap­

ply to maintenance programming as it is likely 

that the estimated functional condition (rough­

ness) of the pavement network at the time of 

the survey may vary significantly, depending 

on the timing of testing and curling characteris­

tics of the pavement. Based on the observations 

from this study, this issue must be dealt with 

on a site-by-site basis since it has been dem­

onstrated that diurnal and seasonal effects vary 

significantly between sites. 

The comprehensive system and analysis tools 

developed for analyzing ride quality in rela­

tion to curling and warping effects can be used 

by State agencies and contractors to improve 

smoothness specifications, pavement manage­

ment systems, and construction practices in 

hopes of minimizing pavement roughness. 

Joint Functionality Analysis 
An analysis framework and system were de­

veloped to examine profile data to characterize 

joint functionality and estimate joint faulting. 

This system was used to first isolate profile data 

at joints and then to process the data to obtain 

fitted slab edge shapes and joint faulting. The 

slab edge shapes from the diurnal runs, along 

with the pavement temperature gradients, 

were used to determine the joint functional­

ity parameter based on a least-square linear fit 

technique. Significant variability of joint edge 

geometry was often observed even in the same 

pavement section under the same design and 

construction. 

A robust joint functionality tool was devel­

oped and used for identifying whether a joint 

was “working” or “locked.” Additional viewer 

tools were developed for spatial and statistical 

understanding of changes in joint functionality 

on a diurnal or seasonal basis (see figure 6). 

Figure 6. Joint functionality analysis showing diurnal 
effects. 

Variability of joint functionality throughout 

any given test site was found to be common. 

joint functionality for the main lane and ad­

jacent lanes did not always follow a similar 

trend. joint faulting was limited for most of the 

test sites, likely due to the presence of dowels 

and relatively young age of the test sections. 

A viewer tool was developed to facilitate the 

analysis of joint faulting on both a diurnal and 

seasonal basis. No clear relationship between 

load transfer efficiency and joint functionality 

could be established. This is likely due to the 

limited amount of falling-weight deflectometer 

data collected under this effort. 
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Who Benefits From This Study? 
• Pavement Designers, who can use the prod­

ucts to improve pavement designs and mini­

mize both initial and life-cycle costs. 

• Contractors, who can optimize their con­

struction practice to minimize built-in curling 

and to better achieve smoothness specifica­

tions. 

• Materials Suppliers, who can integrate the

results from this study into their materials se­

lection and proportioning procedures. 

• Specification Developers, who can deter­

mine what variables should be controlled to 

optimize construction quality and long-term 

performance, thus minimizing life-cycle costs. 
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