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Development and Implementation of a New Rehabilitation 

Information and Priority Programming System (RIPPS) 
M. A. KARAN, R. C. G. HAAS, A. CHEETHAM, T. J. CHRISTISON, and S. M. KHALIL 

ABSTRACT 

In November 1980 the province of Alberta 
(Alberta Transportation) initiated a project 
to develop and implement a pavement manage­
ment system. Stage 1 involved the design and 
implementation of a pavement information and 
needs system (PINS), which was completed in 
October 1982. Stage 2 involved the design 
and implementation of a rehabilitation in­
formation and priority programming system 
(RIPPS), which was completed in June 1983. 
PINS includes the use of recursive perfor­
mance models for predicting future riding 
comfort index, structural adequacy index, 
and visual condition index. These parameters 
are also combined into a pavement quality 
index to provide an overall measure of per­
formance. The performance predictions are 
used to identify the current and future 
needs for rehabilitation improvements for 
each inventory section in the network. RIPPS 
involves the selection of candidate rehabil­
itation alternatives for each section, so 
that economic and performance analyses of 
each alternative for each possible implemen­
tation year can be conducted. A heuristic 
procedure has been developed as a priority 
programming model that employs marginal 
cost-effectiveness analyses. The model can 
be operated in two modes: (a) cost minimiza­
tion (given performance constraints), and 
(b) effectiveness maximization (given annual 
budget constraints) • The cost minimization 
method produces a program of rehabilitation 
improvements and the required annual budgets 
that will meet the desired level of network 
performance. The effectiveness maximization 
method produces a program of rehabilitation 
improvements and the resulting network per­
formance that meets the available funds. In 
this paper an overview of PINS is given, and 
the major components of RIPPS and its devel­
opment are described. Sample outputs are 
provided to illustrate the results obtained 
from the two modes. 

One of the larger highway networks among states and 
provinces in North America is in Alberta. It has 
approximately 7,000 miles of paved primary highways 
and approximately 2,000 miles of paved secondary 
roads. Over the past decade the system has been 
expanding at an average rate of 200 miles per year. 
This represents a substantial investment of many 
millions of dollars, and like any other investment, 
it requires good management. 

Realizing that pavement management is the process 
by which this investment can properly be managed, 
Alberta Transportation initiated a project in Novem­
ber 1980 to develop and implement a pavement manage­
ment system (PMS) for the province. 

In the first phase of the project a oomprehensive 
plan for the project was developed (1). This was 
carried out as a planning project and it identified 
six successive, stand-alone stages for the overall, 
total PMS development and implementation project. 
These stages, which are briefly summarized in Figure 
1, considered Alberta Transportation's goals and 
objectives, organizational structure, current prac­
tices, manpower and equipment resources, and finan­
cial constraints. 

lli£Ll 
Develop and 1m,:,le!Dent ln1~1al Pavement 
Info=ation and Needa System (PINS) 

fil£Ll 
Develop and iml)le:ment Initial Rehabilitation 
Information and Priority PTogramming Systm 
(RIPPS) 

• 
lli§..1. 

De.velol) and ilnplement Project Level Analyse.a 
aod Overlay Design Syn.,. 

------------ t_ _______ ----FUTURE: I OIISlDE!\A!i:ONS 

' 
~ 

Develop and m17lement Nev Highway Pave.!Dent 
Design and Life-Cycle Ccsciog Systet!I 

• 
~ 

Develop and imple~enc Oemand-!!ased R.oueina 
Maine enance Programm:ini Sy!lte1D 

lli2U 
Develop and impll!!llenc Operational Deficiency 
and !Qprovement Analysis Sysc!!e. 

FIGURE 1 Staging of the project. 

Stages 1 and 2 of the project, which were identi­
fied as the development and implementation of a 
pavement information and needs system (PINS) and a 
rehabilitation information and priority programming 
system (RIPPS), have been completed and implemented. 
In this paper an overview of PINS, which is de-
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scribed in detail elsewhere (2,3), is given, and the 
major components of RIPPS, including its subsystems 
and outputs, are described. 

STAGE 1: PINS 

The overall objective of Stage l was to produce a 
computerized system for determining the status of 
the highway network as well as pavement rehabilita­
tion needs. This is the PINS. 

PINS processes pavement management data from the 
pavement data base currently available in Alberta 
Transportation 11nd g1rnPrntPA fnr immP.aiate and 
future use of department personnel the following 
items: 

1. Present status of the network in terms of 
pavement quality index (PQI) and its components of 
structural adequacy index (SAIi, riding comfort 
index (RCil. and visual condition index (Vr.T)! 

2. Remaining service life (in structural or 
serviceability terms or both) of each section in the 
network, based on the performance prediction models 
that have been developed; 

3. Pavement improvement needs ranked with re­
spect to PQI and the individual components of RCI, 
SAI, and VCI; anil 

4. Summary statistics ( in tabular and graphical 
forms) of the present status of the highway network 
and improvement needs for each region. 

The PINS program has the capability of first 
determining the present status of a section in terms 
of its RCI, SAI, VCI, and PQI parameters, as shown 
in Figure 2. These analyses can be conducted for 
every section in the network or in a region or on a 
highway. Once the analyses are completed for every 
section, the program produces detailed output for 
every such section as well as a status report for 
the network, region, or highway. 

ThP nl:'xt. At.ep in the analysis is to predict the 
performance for each performance parameter (i.e., 
RCI, SAI, VCI, and PQI). Prediction models specifi­
cally calibrated to Alberta conditions are used in 
the analysis, The development of these models is 
described in detail elsewhere (4,5). 

Similar to present status ~n~lysis, performance 
prediction and needs analyses can be conducted for 
every section in the network or in a region or on a 
highway. The program produces graphical outputs 
(i.e., performance curves) for every sectionr it 
also gives the year in which the parameter will 
reach its minimum acceptable level. A sample output 
is shown in Figure 3. 

·1·ne needs analysis can be conducted over a prede­
termined programming period, which can be 5, 10, 20, 
or 30 years. Thus pavement improvement needs (based 
on RCI, SAI, VCI, or PQI) are established for each 
year in 5-, 10-, 20-, or 30-year programming periods. 

Although PINS does not establish a true priority 
program (this requires economic analysis and optimi­
zation), it does have the capability of ranking the 
sections in the order of their improvement needs and 
in terms of each performance parameter. This con­
stitutes the network summary information that PINS 
produces. Figure 4 shows an example ranking list 
based on RCI. Also, three-dimensional histograms, 
like the one shown in Figure 5, are produced so that 
regions, districts, or highways in Alberta can be 
compared. 

Needs tables are also produced for each perfor­
mance parameter and for each year in the programming 
period. Figure 6 shows an example needs table. 

In summary, the PINS program developed for Al­
berta analyzes the data base to (a) determine the 
present status, (b) predict performance, and (c) 
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I 

establish needs for each performance parameter for 
each year in the programming period of 5, 10, 20, or 
30 years. The results are detailed in tabular form 
and graphical format for every section. Network 
summary information is also produced in tabular and 
graphical formats. 

The PINS program has been installed on Alberta 
Transportation's computer facilities and is now 
fully operational and is being used on a day-to-day 
basis. 

STAGE 2: RIPPS 

System Overview 

The overall objective of Stage 2 was to produce a 
computerized system to analyze alternative rehabili­
tation strategies for the needs identified in PINS 
and to produce an optimum program of projects to be 
implemented over the programming period of up to 10 
years. This is the RIPPS. 

RIPPS basically processes the output of PINS and 
generates the following for department personnel: 

1. Complete engineering and economic evaluation 
of alternative rehabilitation strategies for every 
needs section identified in PINS, 

2. For a given set of annual budgets it produces 
an optimum (based on effectiveness maximization) 
priority program of pavement improvements for a 
programming period of up to 10 years, and 

3. For a given set of annual performance stan­
dards it produces an optimum (based on cost minimi­
zation) financial plan (i.e., annual budgets re­
quired) for a programming period of up to 10 years. 
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FIGURE 4 Sample RCI ranking list produced by PINS. 
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FIGURE 5 Sample three-dimensional histogram produced by PINS. 

RIPPS, which is described in more detail by 
Cheetham et al. (_~), is shown in outline form in 
Figure 7. It has two main subsystems: rehabilitation 
analysis (REHAB) and priority programming (PRIOR­
ITY), also shown in outline form in Figures 8 and 9. 

tation analyses for each section and involves gener­
ation of rehabilitation alternatives, performance 
prediction of the alternatives, economic analyses, 
and effectiveness analyses. 

The PRIORITY subsystem (Figure 9) uses the output 
files from REHAB and conducts priority or financial The REHAB subsystem (Figure Bl performs rehabili-
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FIGURE 6 Example output of needs report by PINS. 
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5 

planning analysis by using a heuristic optimization 
procedure employing marginal cost-effectiveness 
analyses. The priority analysis can either be run in 
cost minimization or effectiveness maximization 
modes. 

REBAB subsystem 

Alternative Selection 

The subsystem allows for the analysis of up to five 
different types of alternatives for each inventory 
section analyzed. The alternative types from which 
the five can be selected are as follows: overlay, 
milling, milling plus overlay, recycle, recycle plus 
overlay, recycle plus seal coat, widening plus 
surfacing, widening plus overlay, heater plane plus 
overlay, heater plane plus seal coat, and recon­
struction. 

The selection of the five alternatives for each 
section using this master list can be accomplished 
by using one of the four methods built into the 
subsystem: 

1. Defining a fixed set for the network; 
2. Specifying different alternative sets for 

different sections, with default to the fixed set 
for unspecified sections: 

3. Using an automatic alternative type set 
selection procedure; and 

4. Specifying different alternative sets for 
different sections, with default to the automatic 
selection procedure for unspecified sections. 

Performance Prediction 

The performance of the alternatives is predicted by 
using the same recursive models used in PINS. For 
some of the alternatives, the models have been 
modified to reflect the difference in performance 
expected from these alternatives. The performance 
prediction models used in PINS and RIPPS are de­
scribed in detail elsewhere (±_,_!). 

Economic and Effectiveness Analyses 

Each rehabilitation alternative that meets the 
minimum life constraints is subject to an economic 
analysis. This involves calculation of the capital 
cost and expected annual maintenance cost streams 
for a 25-year period from the start of the priority 
programming period. Inflation of the rehabilitation 
and maintenance costs can also be considered through 
the input of an inflation rate. The present worth of 
the total costs (rehabilitation plus maintenance) is 
calculated for use in determining the cost-effec­
t iveness of the strategy. 

The effectiveness of each rehabilitation alterna­
tive is also calculated. It is related to the dif­
ference between the rehabilitated PQI performance 
curve and the nonrehabilitated performance curve, as 
shown in Figure 10. The difference between the two 
curves in each year 
daily traffic (AADT) 

is weighted by annual average 
and section length and summed 

over time to determine the total effectiveness of 
the alternative. 

The total effectiveness is used to calculate the 
cost-effectiveness for the alternative. This is 
similar to a benefit-cost ratio, except that the 
benefits (total effectiveness) are not in terms of 
dollars. 

Output Reports 

The REHAB subsystem, in the network mode, produces a 
rehabilitation information report for each section 
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analyzed, as shown in Figure 11. This report con­
sists of an information matrix of 5 columns of 
rehabilitation alternative types and 10 rows of 
implementation vears, which represent a maximum of 
50 strategies (alternative/implementation year com­
binations) that can be analyzed for a section. For 
each information cell in the table the alternative 
description, rehabilitation capital cost, present 
worth of the maintenance costs, and the cost-effec­
tiveness are given for the strategy. 

In each implementation year the alternative with 
the highest cost-effectiveness is highlighted with a 
line of dashes above and below the information cell. 
The strategy with the overall highest cost-effec­
tiveness for the section is highlighted with a line 
of asterisks above and below the information cell. 

In the detail mode a rehabilitation performance 
report is produced for each section, rehabilitation 
alternative, and implementation year combination 
analyzed. Fiqure 12 shows an example rehabilitation 
information report from a detailed analysis. In this 
analysis mode the output consists solely of a report 
of this type for each section, alternative, and 
implementation year specified for detail analysis • 

f· ('lVFtH' tJl iYI f". r:r,NJIII ,"l!,· 1u•,:,r flNl'll ):>1~, r,11t1 11/lTr : H,'\r.- . I 
~: ll:i.1 f,11\IICll_lh'l"lt r.c1Hrr)~TTlnl/ t":1": ~ 

'106 t1M tli'. i"ll~( tll" ~;111\l"At..:L r..;(J'?/'I) 1 :tft Sl\lll L1Alr. t-v• 

' 10'."' MM ()[:fl 

-; t~~;
1
~1/~~- S_T_A_T_I _O_N ___ ~I=~-: ~hm-~~~}~~!~1~~?~~1':~~;~LS 1 ~~;b % 

j; 406 HM Gr;·n1 

' () IIM 
~ I r"/JC."1Ull tJl[ll II N/fl :t· ,, ~;fl 1 I (t'";)r.l 

·'r · _, . .. ... · · -- ---··----------·- ------··-*' ---- -· ----~· . ---~---- -····-~---··----
"" 1\11.r-1 1i; 'fft,r,: t.Jrr11ou1 r~cllr"ill!Lilr"irJUh1 : r·nr : t'!!ll r~ct ! 1r;-n1 f'.l"ll ! 

i--··-----·--··--·-------------- ------ ----------------~-- ---------·~---·--
)): -··-· ········- -·· - · · -· · ··- .. --- ' i 
i!' l .',O MM Ut..JUiL/W ,--MlTl·-~0- 1,·7;5-MI~ i)7r-~----·--------,------- -
'if. .,, 1.:1·11riH C(lST 

l fl M!Nl CIJS1 
r :S COST-EFF-, 

171 ~], t: 
~;:;~. t: 

3,7 

---.. ··- .. ··--····--------- ' 
1 60 Mt\ lJ 1Jl r,:LtiY * 

riLlir,ri r:ns, 
NriIN r co~;1 
cos1-rrr. 

l (l7:i~, 1, 

'j]:,?, :I 

Ml\.l_ :•o I: f,O Mil \1/L :t 
- .. , - i,-~[\'Ciiii11 l:U~ ... -1---t; 1 :.1.~' r11: 1H\11 co::;1- --riT/~/~-.-~----- --------·~------------~------

o!< ~J Mt1H/l COST :Jti'l3, * 
t '1 COST·E_fT, '1,1 ;i,: 

>!< l f,O M~', 01..irr,LAY ..t: 
~ 9 f\[Hlil! C:0Sl 171::'3. :f 

Mt:Itn r:os1 '.Jf11\J. ~: 
COST-[FI-, 3,9 > ,. 
Mll I :-!O ~ /10 MM 0/l * 
r,c11r'lri cn:-r 1 n1J3. 

,. 
* 
l 

~M'ATNICiJS-1--5~~:!, Hr,,N,r.-ns-.--s"._,,.,., • ..-.-,,-------- ------,--------------,------· -··-- -
:.I: COST-EFT. '1,1 1' c8s1-rrr . ~ . 9 ~ 

"- I t,0 M~i 1)1..lf f~LAY Ml LI 20 ~ (,0 Ml'1 0/l 
:1 7 r.:LHM! COSl 171:i]. *- r,f-llAII r:os1 1R7:-:i3, 
~ n /"'1(1[/ll Cll~,T '.::1'179, t M(1Hll Cflf,l ~,'179, 

1o:. 6 t~u~; I ··l If-, -1. J 1 cus r -Lr f' , · - ---~-;-3-..-------------~------- --
• * • * 1 M) HM UV( HLAY * Mll L :10 K 60 Mh P/L ,l 
* 9 r,THM-< r:1J~;1 171:-':J, rd 11ti11 1:nsr 1r17:;3, 
"t: ~1 Mfil/11 f:{lSl 5'1::>7, t HtirNT CUSl ~;,1;•7, 
*-7COSl ··llF-, '1,9 COSl··rff, 11,6 

----· ··--------_-.,----- -----...--------------.·- ·- -- -
,< 1 ~,u MJ I U'Jt_ l\l n r .ir- ntl L :v !, (1\j nil ll/1 

,~ ..,. r,-ct1,·111 r 11~:1 171:·~. * r,r.11,"\H 1:ns1 t 07:i1, 
s fJ tll'lltJl r:0~;1 J3?1, t Ml'l lNl COST ~,:V71, 

-'.<. fJ COS1-ll·r, :;,:.~ cos1-rrr. <,9 . .. . - ... _ ·--- - ·--··-··· --
-.~--.. l-l~OMf-illV[hTAY _____ «--t-nl_l_--~o ~ 7,rf mr r,7...--..------ ----·-- -.---------
* ...,~ r,r.Hfdt CfJSl 
):( fl Mrilm CUS1 
¥ Y COST--f f"F, 

17123, 
JJ77, * 

:'.i,6 t 

nrHri11 r:w:r 
M(d/H COS1 
COS1 -Ef 1-, 

1F17~,:\, ll 
J377, ~ 

•• 7 * 
---- * ~ 

;: 1 601",11 O.IL 7. :~o HI\ LF"V l'. M[Ll :•o ;1, 1,0 Ml1 0/l r,1·r; ·(r~.:-,0 )!, /,() Hf\ 11/l "t r,r~Yr:.~,O ~ ~-~' 'Ii! 1·nt1l 
~ ,_, fl CH n !, CC•S1 ~:!PJ() 1 -t r.rw,ii rni.:1 1~1"1•,l;, ll· f.l flr11: r·1JC;T '."•r:r.'li:"'!-.- ·1-~nr:-TTrrTnH~ll\f~THT--f---
>Jt. t,' H('ilNr COSI ~,]82, * Ml:lllT l""flf,T J~82, 'I' H(11tJr r:w:1 •;:~()l., ~ NIJr Hrl rrm 
".< o cos1-ErT, '1,3 t cos1-rrr. ~.o r·w--.1 rr1. ',,(,,' i. r·rn Sl'il 

1 ~()11M 0/l_ i ~0 HM LJ:V 
'< '1 r-r·11r111 C(J~;1 :!~'F_l:1-0, 

· ,l - ,/\1(1ltl\. l:r°l( ;° I --·:,i\t~~. -
.< 1 en'.; r t 1·1 • -1, J 

~ 1 :,<it'.;"i U/1 ;1, '. 10 MM I_ IV 
',' ,,-1 H.',I! t:!1 1;1 

l\(,ii/l I fl'.j] 

1· 11 1.1 111 

;,·.·r· •.11. 

'.,'1t,/,, 
'l,/1 

M"L , • I) i'. 1,0 Htl ll/l 
r.J 1,M, r'.ll~:1 1 f\7'."d . 
ht , HI f IJlil - '. ·,1 t -:', • 
1 n:. 1 1 f 1 • ~J, ~ 

r. i I . ''). .1. l, rl'\ Ml1 P 'I 
1 11,· 1, 1'11',J 11·•·,1,. 

I•" , UI I 1,1;1 

11,· l 111, 
•,., .. 

FIGURE 11 Rehabilitation information report. 
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FIGURE 12 Detailed rehabilitation information report. 

The report consists of four performance plots 
similar to those produced by the PINS system. Each 
plot shows the performance with and without rehabil­
itation and the needs years with and without reha­
bilitation. A detailed description of subsystem 
REHAB and its outputs is given elsewhere (2.). 

PRIORITY Subsyste m 

The PRIORITY subsystem forms the priority or finan­
cial planning analysis part of the RIPPS system. A 
heuristic procedure has been developed specifically 
for RIPPS for the purpose of optimizing investments. 
The procedure uses the marginal analysis concept and 
can be employed for either cost minimization or ef­
fectiveness maximization purposes or both. 

The heuristic procedure developed eliminates the 
problems related to solving large networks by using 
linear or integer programming techniques while 
producing close-to-optimum solutions in an efficient 
way, as subsequently discussed in the paper. It is 
believed that this new procedure is a distinct 
advance over the mathematical programming techniques 
previously used by the authors of this paper, and 
others, for optimization and priority analyses. 
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Cost minimization is based on highest cost-effec­
tiveness and marginal cost-effectiveness analyses. 
Strategies are selected on an annual basis because 
the implementation of an alternative in a given year 
affects the performance in all subsequent years. 
When a strategy is selected for a section, the 
marginal cost-effectiveness is calculated for any 
other strategy available for that section for that 
year. Strategies in other years for the section are 
then eliminated from further consideration. The 
following performance constr aints are built into the 
procedure (others can easily be incorporated): 

1. Annual average network PQI level specified, 
and 

2. Annual percentage of network allowed to be 
below the minimum acceptable PQI level. 

cost minimization is a budgeting tool because the 
annual expenditures required to achieve a desired 
performance level are produced. The program can be 
rerun with different performance constraints to test 
the effects of desired performance levels on the 
required funding level. 
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Effectiveness Maximization Method Similarly, in the cost minimization mode, the one 
test conducted using Waterloo rural data resulted in 
better effectiveness using marginal analysis, but 
the total dollars spent was higher. This is simply 
because of the way the marginal analysis procedure 
is set up, where effectiveness is also being con­
sidered while trying to minimize the cost, which was 
not the case in the LP formulation. Hence marginal 
analysis in the test run spent more, but the return 
for the dollars spent was higher. 

The effectiveness maximization method is also based 
on highest cost-effectiveness and marginal cost-ef­
fcctivcr,e ss ar1alyst:s. ::iu Li:i.i.::; m~t11uci, howeveI", ai..1. 

of the implementation years are treated simulta­
neously because the implementation of an alternative 
affects only the budget for the implementation year. 
When a strategy is selected for a section, the 
marginal cost-effectiveness is calculated for all 
other strategies available for the section. The 
constraints imposed on this analysis method are 
simply the annual available rehabilitation budgets. 

These marginal analysis tests were conducted by 
using a PDP-11-34 minicomputer, and in the maximi­
zation mode the following CPU times were observed: 

This methocl is not a buclgeting tool, but rather 
it is a programming tool for determining rehabilita­
tion programs. The end result of this method is a 
program of rehabilitation strategies to be imple­
mented that will provide the maximum effectiveness 
for the available funding levels. The program can be 
rerun with different budget levels to test the 

1. Waterloo rural (23 sections, 2 alternative 
strategies per year, 5-year period): 0.22 mini 

2. Waterloo urban (66 sections, 2 alternative 
strategies per year, 5-year period): 0.89 mini and 

3. Scarborough (63 sections, 2 alternative 
strategies per year, 10-year period): 1.42 min. 

performance. ors. Moore and Magazine of the University of 
Waterloo, who have been involved in the assessment 
of the marginal analysis approach, both believe that 
this procedure is appropriate for the purposes of 
optimizing pavement investments within the context 
of pavement management. (Note that this information 
is from correspondence from or. J.B. Moore to Dr. 
M.A. Karan, July 7, 1983.) 

Output Reports 

The marginal analysis optimization procedure 
briefly described in the preceding paragraphs has 
been compared with the linear programming (LP) 
technique (using MPSX package) by using three dif­
ferent data sets that were available from other 
projects. The pavement networks involved were the 
region of Waterloo--rural (23 sections) and urban 
(65 ~ectioiia)-- and the bvr-uugh o f Scar-bor ouqh (63 
sections). In the effectiveness maximization mode 
the marginal analysis procedure was 93.l percent of 
the LP for the Waterloo rural, 96.7 percent of the 
LP for the Waterloo urban, and 97. 4 percent of the 
LP for the Scarborough project. The resulting prior­
ity lists were almost identical, with the exception 
of one or two projects. Most of the difference was 
caused by the fractional solutions that LP produced. 

Three types of output reports can be obtained from 
t he PRIORITY subsystem: 

l.:Ff, [1IST 

.. B 

1. Priority programming report by highway, 
2. Priority programming report by year, and 
3. Performance summary report. 
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FIGURE 14 Priority program report by year. 

These three reports can be obtained for different 
levels of the network (i.e., for the province, 
sorted by region, and sorted by district). 

Figure 13 shows an example of a priority program­
ming report by highway. This report lists the sec­
tions in the order they appear in the input file and 
gives the rehabilitation strategies selected for 
implementation. This report can be produced for each 
separate district or for each separate region or for 
the whole network. 

Figure 14 shows an example of a priority program­
ming report by year. This type of report is repeated 
for each year in the programming period. Only those 
sections that have a rehabilitation strategy se­
lected appear in this type of report. This report 
can also be produced for each separate district or 
for each separate region or for the whole network. 

Figure 15 shows an example of a performance 
summary report. This report is produced for the 
network and can also be produced for each district 
or for each region. The annual costs shown in this 
report and the percentage budget usage have dif­
ferent meanings, depending on the mode of operation 
and the report level. For district and region re­
ports, the annual costs are the total cost for the 

region or district and the percent budget usages are 
the annual costs as a percentage of the total annual 
network costs. For the network report in the effec­
tiveness maximization mode, the costs are the total 
costs for the network and the budget usages are the 
annual total costs as a percentage of the input 
annual budget limitations. For the network report in 
the cost minimization mode, the costs are the total 
costs for the network and the budget usage has no 
meaning and is therefore not written in this case. 
Figure 16 shows an example output for the cost 
minimization mode. 

The average annual PQis and annual percentage 
below the minimum acceptable PQI are weighted by 
traffic volumes (AADT) and section lengths. These 
values are also plotted in the performance plots to 
give a visual representation of the performance 
trends with and without rehabilitation. A detailed 
description of the PRIORITY subsystem and its out­
puts is given elsewhere (_!!). 

Application of RIPPS to Primacy Highways in Alberta 

RIPPS has been applied to portions of the primary 
network in Alberta. These test runs have been 
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FIGURE 16 Performance and cost summary for cost minimization. 

thoroughly evaluated and have resulted in some 
modifications that are now completed. 

The computer programs for RIPPS have now been 
installed on Alberta Transportation's computer 
facilities in Edmonton. RIPPS is expected to be 
fully operational in late 1983 and used on a day-to­
day basis along with PINS. 
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Dynamic Decision Model for a Pavement 
Management System 

RAM B. KULKARNI 

ABSTRACT 

Pavements represent gradually deteriorating 
structures for which observations of advance 
signs of impending failure are possible. 
Most agencies collect pavement condition 
data on a regular basis to identify such 
signs. However, neither the timing of occur­
rences of these signs nor the timing of 
actual failure following the signs can be 
predicted with certainty. Given this prob­
abilistic behavior of pavements and the 
availability of periodic pavement condition 
data, a dynamic decision model is much more 
appropriate for such pavement management 
decisions as the selection of cost-effective 
pavement preservation actions and forecast­
ing of future performance of a highway net­
work. In this paper the basic structures of 
static and dynamic decision models, and a 
special class of dynamic decision models 
called a Markovian decision process, are 
described. Among the significant advantages 
of this model are reliable predictions of 
the future performance of a highway network 
and the identification of preservation ac­
tions that are generally less conservative 
( and less costly) than traditional choices 
of actions and yet maintain the network 
performance at prescribed standards. A suc­
cessful application of the Markovian deci­
sion process to the pavement management sys­
tem in Arizona is described. 

A major objective of a pavement management system 
(PMS) is to assist highway managers in making con­
sistent and cost-effective decisions related to 
maintenance and rehabilitation of pavements. An 
integral part of a PMS is a decision model that can 
be used to determine the optimum type and timing of 
preservation actions for different pavement seg­
ments. A dynamic decision model is described in this 
paper that permits the selection of a preservation 
action for a given pavement based on the most recent 
information on pavement condition. 

Two factors have a major influence on the choice 
of a decision model to be used in a PMS. First, the 
future performance of a pavement cannot be predicted 
with certainty. Thus the behavior of pavements with 
time is probabilistic in nature. Because the future 
pavement condition is uncertain, the selection of a 
rehabilitation action appropriate for a given pave­
ment at some future time is also uncertain. The 
second factor influencing the choice of a decision 
model is the periodic collection of pavement condi­
tion data. Most highway agencies conduct pavement 
condition surveys at some selected frequency (e.g., 
annually or biennially). Therefore the actual choice 
of a rehabilitation action at some future time can 
be made based on the most recent condition survey. 
Because the planning period for any rehabilitation 
action is relatively short (generally less than 2 

years), it is unnecessary and inefficient to choose 
a rehabilitation action for a given pavement several 
years in advance. 

These two factors strongly suggest that the deci­
sion model for a PMS should be dynamic; that is, one 
in which the choice of a future action depends on 
the new information that would be available before 
making the choice. This is in contrast to a static 
decision model in which future actions are fixed at 
the present time based on present information. 

The following sections of this paper cover the 
important aspects of a dynamic decision model: 

1. An evaluation of dynamic and static decision 
models (discussion on the shortcomings of a static 
model and the advantages of a dynamic model), 

2. Description of a Markovian decision model 
(this dynamic model is particularly suitable for a 
PMS), and 

3. A successful application of the Markovian 
decision process (the development of a PMS for the 
Arizona Department of Transportation by using a 
Markovian decision process). 

EVALUATION OF STATIC AND DYNAMIC MODELS 

The major differences between the two types of 
models can be best illustrated by means of a simple 
example. Assume that the decisions of a rehabilita­
tion action for a given pavement will be based on a 
single criterion, namely, the present serviceability 
index (PSI). The minimum acceptable PSI level is 
considered to be 2 for this example. Assume that the 
current PSI of the pavement is 3. Only three alter­
native actions will be considered: routine mainte­
nance only, a 1-in. overlay, and a 3-in. overlay. 

Static Decision Model 

In a static decision model, future pavement perfor­
mance following any of the rehabilitation actions is 
assumed to be known with certainty. Alternatively, 
only the expected performance is considered, thereby 
ignoring the possibilities of better- or worse-than­
expected performance. Hypothetical performance 
curves for the three rehabilitation actions are 
shown in Figure 1. A major rehabilitation action 
will be selected for the pavement when it reaches 
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FIGURE 1 Performance curves for the illustrative 
example. 
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the threshold PSI of 2. 0. Thus one rehabilitation 
strategy might be to apply a 1-in. overlay at year 
3, a 3-in. overlay at year 9, and a 1-in. overlay at 
year 19 (see Figure 2). This strategy will maintain 
the pavement condition at or above the PSI of 2. 0 
during a selected analysis period of 20 years. Sev­
eral alternative rehabilitation strategies can be 
defined. The total present worth cost of each strat­
egy during the analysis period can be calculated, 
including construction cost, maintenance cost, user 
cost, and salvage value. All alternative strategies 
are then ranked based on the total present worth 
cost, and the one with the minimum cost is selected 
for implementation. 

5 

4 

3" ""''' •• ' " ~ PSI 
1" overlay 

2 --- -----------

o._ __ ~---~--~--~---..... 
0 

F!GURE 2 
strategy. 

4 8 12 16 20 
Years 

Some implications of this approach are worth 
noting. The choice of the action at the present time 
is strongly dependent on the actions selected for 
future time periods. Yet future actions may not be 
taken at the designated time periods because the 
pavement may perform better or worse than expected. 
This implies that not only the future choices of 
rehabilitation actions might be inappropriate, but 
also that the choice of an action at the present 
time could be ineffective. 

For decisions under uncertainties, the expected 
cost is considered to be a rational criterion for 
ranking alternative courses of action (1). However, 
a static model generally would not result in the 
least expected cost strategy because of the non-
1 inear relationships between user cost and mainte­
nance cost, and PSI. Thus the cost calculated on the 
assumption of expected PSI behavior with time would 
not be equal to the expected cost of that strategy. 
In fact, it is likely that a strategy with signifi­
cantly higher expected cost than some other strategy 
••-••,~ L.- __ , __ ..__,:i -- t--J-- L\..- '---"- I.L.1-- ___ ,_ ---.a.. 
WVU.LU Ut: O't::..Lt::'lvL..'t::U ao U1;:.J.l.l~ L.Ut: Ut:QL. \ L.Ut: JIIUOL.. \;VOL.. 

effective). 

Dynamic Decision Model 

Consider how a dynamic model would analyze this 
problem. In this model it is recognhed that the 
future PSI following any of the actions is not known 
with certainty. However, probabilities of reaching 
different PSI levels as a function of time can be 
estimated. 

Furthermore, only the decision of what needs to 
be done right now is to be made at the present time. 
Decisions of future actions will be dependent (con­
ditional) on the future performance of the pavement. 
The dynamic model can be illustrated in the form of 
a decision tree, as shown in Figure 3. 

A decision tree consists of two types of nodes--a 
decision node and a chance node--and several alter­
natives shown as branches at each of these nodes. At 

D Decision Node 

Q Chance Node 

t= 1 

Routine 
Maintenance 
Only 

Transportation Research Record 997 

Good 
,__R_._M_._O_n~IY~..,Q~ 

~ 

FIGURE 3 Example of a decision tree. 

a decision node the branches represent feasible 
alternative actions. The branches at a chance node 
represent the possible outcomes of the action taken 
at the previous decision node. The probabilities of 
these possible outcomes are estimated. 

Now follow this structure for the illustrative 
example. Because the present PSI of the pavement is 
3, the only feasible action is routine maintenance 
only. This is shown as the only branch at the deci­
sion node at present time (t=l). 

The PSI of the pavement at the end of one time 
period cannot be determined with certainty. However, 
~11uw.i.u~ paVt:lllt::111... 1. .. Jictl.d.L::l .. t:l. .i.t:il..ic::s, traffic, and en­
vironmental conditions, probabilities that the pave­
ment will be at different PSI levels can be esti­
mated. For simplicity, consider three discrete 
levels of PSI: good (greater than 3), fair (2 to 3), 
and poor (less than 2). These three outcomes ar"" 
shown as alternative branches at the first chance 
node in Figure 3. Conditional on each outcome, ap­
propriate alternative actions are selected at the 
beginning of the second year (t=2). For example, if 
the outcome is poor PSI, the two alternative actions 
are a 1-in. overlay and a 3-in. overlay. Following 
each alternative action, the probabilities of three 
PSI levels are again estimated at the end of the 
second time period, This process is continued until 
the end of the analysis period is reached. 

The analysis of a decision tree requires the 
estimation of probabilities and costs of different 
outcomes at each chance node. The costs would in­
clude construction cost, maintenance cost, and user 
cost associated with a given PSI level. The analysis 
is conducted by "folding" the tree backwards. Assum­
ing n to be the analysis period, expected costs are 
calculated at each chance node at the end of the nth 
time period. At the decision nodes at the beginning 
cf the nth period, the alternati·ve actions with the 
minimum expected costs are selected. Then the chance 
nodes at the end of the (n-l)th time period are con­
sidered. Expected costs are again calculated, assum­
ing that the minimum expected cost actions would be 
selected at the following decision node, The actions 
with minimum expected costs are again selected at 
the decision node at the beginning of the (n-l)th 
time period. This process is continued until the 
first decision node is analyzed to select the action 
that has the minimum total expected cost. 

Note that the optimum strategy determined from a 
decision tree fixes the action only at the first 
time period. At each of the following time periods, 
the optimal actions are conditional on the possible 
outcomes at the preceding chance node. Thus the 
optimum strategy might be identified as follows: Do 
only routine maintenance at t=l, If the pavement is 
found to be at a good PSI level at t=2, continue 
with routine maintenance onlyi if found at a fair 
PSI level, select a 1-in, overlayi and if found at a 
poor PSI level, select a 3-in. overlay. 
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The size of a decision tree can become extremely 
large for a real-life problem. This is because sev­
eral distress types ( instead of just PSI) may have 
to be considered separately in defining pavement 
condition, and a large number of alternative ac­
tions may have to be evaluated at each time period. 
The problem is further complicated when a network of 
pavements needs to be analyzed to determine the 
minimum cost actions subject to the constraints of 
prescribed performance standards. In these situa­
tions it would be impractical to analyze a decision 
tree by complete enumeration (i.e., by drawing all 
possible branches of the tree and evaluating each 
branch to determine the minimum cost actions). 
Fortunately, a special class of dynamic decision 
models, called the Markovian decision process, can 
incorporate several pavement condition variables and 
alternative actions, and also can analyze a large 
number of pavement segments. Details of this model 
are given in the next section. 

MARKOVIAN DECISION PROCESS 

The problem of determining the optimum pavement 
preservation policies for a network of pavements can 
be formulated as a Markovian decision process that 
captures the dynamic and probabilistic aspects of 
pavement management. The main components of a 
Markovian decision process are condition states, 
alternative pavement preservation actions, and cost 
and performance of these actions. A condition state 
is defined as a combination of the specific levels 
of the variables relevant to evaluating pavement 
performance. For example, if pavement roughness and 
cracking were the only relevant variables, one con­
dition state might be defined as the combination of 
roughness = 50 in./mile and cracking = 5 percent. 
Note that the definition of a condition state re­
tains the descriptions of individual pavement dis­
tressesi consequently, better matching of preserva­
tion actions to pavement condition is possible. This 
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is in contrast with an alternative approach in which 
a combined score is calculated from the levels of in­
dividual pavement distresses. In the latter approach 
the specific causes of deteriorated pavement condi­
tion cannot be identified if only the combined scores 
are predicted for future time periods. 

Alternative pavement preservation actions could 
vary from do-nothing to routine maintenance only to 
minor and major rehabilitation. The performance of 
these actions is specified through transition prob­
abilities. A transition probabili ty [Pij(ak)) speci­
fies the likelihood that a road segment will move 
from state i to state j in unit time (e.g., 1 year) 
if action ak is applied to the pavement at the pres­
ent time. A Markovian process is assumed to have only 
a one-step memory. Thus the transition probability is 
assumed to depend only on the present condition state 
i and not on how the pavement reached that condition 
state. Note, however, that by including factors such 
as age and design life of the last rehabilitation ac­
tion in the definition of a condition state, the one­
step memory can be made to consider the effect of 
type and time of the last action. A preservation 
policy for the entire network is the assignment of 
an action to each state at each time period. 

Under the assumptions of a Markovian process, the 
specification of condition states and transition 
probabilities for alternative actions permits the 
calculation of the probabilities that a road segment 
would be in different condition states at any future 
time period for an assumed preservation policy ( 2). 
The probability that a road segment is in a given 
condition state can also be interpreted as the ex­
pected proportion of all segments in that condition 
state. This allows the calculation of the expected 
proportion (qi) of the network of r oad segments in 
the ith condition state at the nth time period for a 
given preservation policy. Figure 4 shows the be­
havior of a network under the assumption of a Marko­
vian process. The performance of the network can be 
evaluated in terms of these proportions. For exam­
ple, desirable and undesirable condition states can 

Note : 

l. q ~ = Proportion or roads m cond11mn slale i at time t 

~ p .. (a ) 0 Prnnor1,o n of roads lh>r move from cond,iion slale "-r' " ' "" "" ""'"'"""""''""""" """" • "'""''" 

~ 

FIGURE 4 Behavior of a road network under a Markovian decision process. 
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ENGINEERING INPUTS 

• Cost estimates 
• feasible actions 

• Road categories 

• Transition 
probabilities 
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FIGURE 5 Determination of short- and long-term rehabilitation policies. 

be defined, and the proportions of the network in 
these two categories can be plotted as a function of 
time. Also, whether the "health" of the network is 
improving or deteriorating can be assessed. A major 
objective of pavement ma nagement would be to find 
the preservation policy t hat would maintain desired 
performance standards over a long period of time at 
the lowest possible cost. 

From a planning point of view, it is desirable 
that after some initial transition period (Tl the 
network achievee a steady-otatc condition. A staady­
state condition means that the proportion of road 
segments in each condition state remains constant 
over time. Mathematically, this implies that 

T T+l T+2 
qi qi = qi = .•• ,for all i. 

The advantages of reaching a steady-state condi­
tion is that the preservation policy will be sta­
tionary after time T (i.e. , the selection of the 
preservation actions will be a function of condition 
state only and will not be affected by time) • The 
expected budgetary requirements will also remain 
r.onRt.ant. one~ a steady-state condition is obtained. 

The user agency may desire to have control over 
the time (Tl it would take for the network to reach 
the steady state. Depending on the initial condi­
tions and the available budgets during the T time 
periods, short-term standards that are somewhat 
lower than the long-term standards may be accept­
able. Optimal short-term policies (which may be 
different from the optimal long-term policy) can be 
determined to upgrade the network from its present 
condition to the long-term standards in time period 
T with minimum total expected cost while maintaining 
short-term standards during the first T time pe­
riods. Figure 5 shows the overall approach to deter­
mining the optimal long- and short-term preservation 
policies. Mathematical formulations are presented in 
Kulkarni et al. (ll. 

Advantages of Markovian Decision Process £or 
Pavement Manageme nt 

A Markovian decision process provides the capability 
to address two key questions of pavement management: 

1. What are the minimum budget requirements to 
maintain desired performance standards for a network 
of pavements? 

2. What maximum performance standards can be 
maintained for a fixed budget? 

The first question is answered directly because 
for fixed performance standards, optimal policies 
and the corresponding minimum budget requirements 
are identified (see Figure 6). Note that both short­
ann long-term budget requirements are shown in Fig­
ure 6. The second question can be answered by vary­
ing performance standards until the minimum budget 
of the optimal policies matches the available budget. 
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under optimum policies. 
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The formulation of a PMS as a Markovian decision 
process offers certain distinct advantages. 

1. Possibilities of pavement performance better 
or worse than expected are recognized and properly 
accounted for in the selection of preservation 
policies. 

2. Future decisions of preservation actions for 
different roads are not fixed. They depend on how 
the pavements actually perform, and hence would be 
more realistic and cost effective. 

3. The actions to be taken at the present time 
for different roads are uniquely identified. This is 
essential for planning purposes. In addition, the 
most likely actions to be taken during the next 2 to 
3 years are also identified with a high degree of 
reliability. 

4. Performance of a pavement following any given 
preservation action needs to be predicted only for 
one time period into the future. The prediction of 
pavement performance at succeeding time periods is 
conditional on how the pavement behaves and what 
action is taken. In contrast, a static decision 
model requires long-term predictions that are un­
conditional (i.e., independent of how the pavement 
may behave in the future). Such predictions are 
known to have poor reliability. 

5. The success or failure of pavement management 
decisions can be evaluated by comparing the expected 
proportions of roads in desirable and undesirable 
condition states with the observed proportions of 
roads in those condition states. If the observed 
performance is significantly worse than expected, 
causes for this situation can be searched, identi­
fied, and corrected. Examples of such causes are 
poor quality control during construction, different 
materials, extreme environmental conditions, higher­
than-expected traffic, and so forth. 

6. A dynamic decision model has the potential 
for significant cost savings through the selection 
of less conservative preservation actions that still 
maintain the desired performance standards. Because 
a small proportion of a highway network can be ac­
cepted to be in poor condition at any given time, 
the model can consider actions for which there is 
some probability of pavement failure before reaching 
a prescribed design life. The probability of pave­
ment failure along with the cost of repairing the 
deteriorated pavement are properly weighted to eval­
uate the options of substantial corrective actions 
when a pavement is in poor condition versus some 
moderate preventive actions before reaching poor 
condition. 

ARIZONA'S PMS: A SUCCESSFUL APPLICATION OF THE 
MARKOVIAN DECISION PROCESS 

The heart of the PMS in Arizona is an optimization 
model termed the network optimization system (NOS) • 
It recommends pavement preservation policies that 
achieve long- and short-term standards for road 
conditions at the lowest possible cost. The NOS is 
based on formulating the problem as a constrained 
Markovian decision process that captures the dynamic 
and probabilistic aspects of the pavement management 
problem. Linear programming is used to find the 
optimal solution. The details of this system are 
provided in Kulkarni et al. ( 3) and Golabi et al. 
(4). The main steps involved in the development of 
the NOS were 

1. Definition of condition states, 
2. Selection of maintenance actions, 
3. Development of transition probabilities, 
4. Specification of performance standards, and 
5. Development of computer software. 
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A brief description of each step is given in the 
following sections. The implementation of the system 
and its benefits are also summarized. 

Condition States 

The variables used to define the condition states 
were present roughness (three levels), present 
amount of cracking (three levels), change in amount 
of cracking during previous year (three levels), and 
index to the first crack (five levels). A total of 
135 combinations of these variables are possible. 
However, 15 of these combinations are considered 
highly unlikely, which left 120 condition states. 

Roughness represents the traveling public's per­
ception of pavements in terms of comfort and the 
wear and tear on the vehicle caused by rough roads. 
It is measured by a Mays meter, which records devia­
tions between the axle and the body of the car and 
adds up the number of inches of bumps per mile. 
Cracking is the highway engineers' rating of the 
structural adequacy of the pavement and its need for 
corrective maintenance. The road surface is compared 
with pictures showing different percentages of 
cracking. 

Index to the first crack is a number that is 
linked to the last nonroutine maintenance action 
taken on the road. It is used to account for differ­
ences between the probabilities of deterioration of 
roads with no visible cracks, but with different 
last nonroutine actions. To understand the signifi­
cance of the index, consider two road segments: A 
and B. The last nonroutine action on A has been 
resurfacing with 1 in. of asphalt and the last ac­
tion on B has been resurfacing with 3 in. of as­
phalt. No cracks are visible on either road, and 
routine maintenance is planned for the current year. 
The two roads will have significantly different 
probabilities of developing cracks during the next 
year. Because the indices are different, the model 
assigns these roads to two different states with 
different probabilities of deterioration. However, 
once a road shows some cracks, the amount of future 
cracking depends only on the current cracking and on 
the rate of change in cracking: it is not important 
anymore to know the last nonroutine action taken or 
the time the action was taken. It is worthwhile to 
note that roads with the same age may behave dif­
ferently because of other factors (for instance, 
subsurface moisture and deflection) • The net effect 
of all these factors, including aging, is captured 
by the two condition variables: cracking and the 
rate of change in cracking. 

To summarize, a state is defined by a vector (u, 
llll, r, z), where u denotes the present amount of 
cracking, 6u the change in cracking during the 
previous year, r the roughness, and z the index to 
the first crack. The index z changes only if a non­
routine maintenance action is taken. 

The statewide network was divided into nine road 
categories that were defined as combinations of 
average daily traffic and a regional environmental 
factor that depends on several climatic conditions: 
elevation and rainfall were the primary variables 
used to define the regional factor on a scale of O 
to 5. Because traffic density and the regional fac­
tor are independent of the preservation action, each 
pavement remains in one road category. This in ef­
fect made nine networks, each of which was charac­
terized by a set of 120 condition states. 

Maintenance Actions 

A total of 17 alternate maintenance actions, rang­
ing from routine maintenance to substantial correc-
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tive measures, were selected for asphalt concrete 
pavements. From this master list, a set of feasible 
actions was specified in the model for each state. 
~he average number of feasible actions for each 
state was about six. 

Transition Probabilities 

The existing models for predicting road deteriora­
tion depend, for the most part, on empirical equa­
tions relating long-term deterioration to the struc­
tural properties of the pavement. Althouqh these 
models are suitable for cases where adequate data do 
not exist, they were not appropriate for Arizona. 
Over the years Arizona had accumulated extensive 
data on its road conditions and the corrective ac­
tions taken on those roads. To obtain better predic­
tions, regression equations were developed that 
concentri!te<'I on short-term deterioration, and Ari­
zona's data base was used. 

First a set of independent variables that are 
traditionally used for predicting deterioration were 
considered: deflection, spreadability, subgrade 
support, and so forth. However, the correlations 
obtained with these variables were rather poor. 
Second, it was argued that the influence of the 
engineering and environmental factors was captured 
by the observed pavement conditions. Hence the pres­
ent values of the condition variables and the rate 
of change in these variables should reveal a strong 
correlation with future pavement condition, an as­
sumption that was confirmed by the analysis of data 
(correlation coefficients for regression equations 
ranged from 0.81 to 0.95). This approach was consis­
tent with the requirements of the optimization 
model, because it requires only what (condition) 
state the pavement would be in, and not why it would 
deteriorate to that state. 

With this approach, the independent variables 
considered were present pavement condition (rough­
ness or cracking), change in pavement condition 
during the previous year, maintenance actions, traf­
fic densities, and the regional environmental fac­
tor. The dependent variables were changes in rough­
ness and cracking in 1 year. 

The (normal) continuous probability distributions 
of the dependent variables were discretized to give 
the probability of going from one level of roughness 
and cracking to another level in 1 year. It is rea­
sonable to assume that roughness and cracking are 
probabilistically independent. Thus if the roughness 
associated with state i is denoted by ri, the crack­
ing by ui, and the change in cracking in the previous 
••--- \.. •• A.. .,_\.. ... ..., 
:JCCI.L U::[ Lll..l.i' \..11"1;:U 

Pij (a) p (moving from ri to rj in 1 year under 
action a) or 
p (moving from ui and llui to Uj and lluj 
in 1 year under action a). 

As mentioned earlier, the index to the first crack 
foi: state j is the same as that of state i if a is 
routine maintenance, and is the index associated 
with a if a is nonroutine maintenance. 

The data for the regression equations were de­
rived from a randomly selected group of 270 road 
segments within the Arizona network. For each road 
segment, 2 or 3 years of data were available, lead­
ing to about 700 data points for each regression 
equation. To verify the accuracy of the predictions, 
an independent data set of 53 road segments not 
included in the initial development was selected at 
random from the Arizona Department of Transportation 
(ADOT) files. Verification was obtained by comparing 
predictions of roughness and cracking with actual 
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measurements and observations for 5 years. The cor­
relation coefficient between observed and predicted 
values was greater than 0.9 for the first year, and 
between 0.7 and 0.8 for the fifth vear (the model 
needs only predictions from 1 year). 

For every feasible action, a pavement in a given 
condition state can only go to three or four states. 
Thus, for feasible actions, only 3 percent of the 
elements in the transition probability matrix were 
nonzero. Because for each state 6 of the 17 actions 
are feasible, the number of nonzero Pij(a) 's is 
about 2 , 600 (for each road category), or slightly 
more than l percent, 

Specifying Pe rformance Standards 

To set performance standards, acceptable and unac­
ceptable states were defined and ADOT' s management 
specified the minimum proportion of roads required 
to be in acceptable states and the maximum propor­
tion of roads permitted to be in unacceptable 
states. The performance standards may vary as a 
function of average daily traffic (see Table 1). 

TABLE 1 Performance Standards for the NOS 

Minimum 11,,f,:iv;n,nm MinLT!!.!.!.!!l Matlm1.1m 
Proportion of Proportinn nf Prnportion of Proportion of 

Average Roads with Roads with Roads with Roads with 
Daily Acceptable Unacceptable Acceptable Unacceptable 
Traffic Roughness Roughness Cracking Cracking 

0-2 ,000 a.so 0.25 0.60 0.25 
2,001-10,000 a.so 0.15 0.70 0.20 
> I 0,000 0.80 0.05 0 .80 0 .10 

Note : Acceptable pavement condition is defined as roughness of Jess than 165 in./mile 
and cracking less than 10 percent. Unacceptable pavement condition would mean 
roughness of more than 256 in./mile or cracking of more than 30 percent. 

Development of Computer Software 

A coordinated set of computer programs was developed 
to accept the engineering and management inputs 
shown in Figure 4 and to generate matrices suitable 
for a linear programming (LP) software package. The 
output report after obtaining the optimal solutions 
summarizes the NOS actions and costs year by year 
for each mile of highway in the statewide network. 
The present condition of each mile and the last 
nonroutine action are used to determine the condi­
tion state, which is then matched to the NOS output 
r iJ.e to aeterm1ne tne appropriate action for the 
current year. For subsequent years, the NOS predicts 
the most likely condition state of each mile, the 
corresponding action, and the estimated expected 
cost. 

Implementation and Benefits 

After extensive testing with real and hypothetical 
data, the NOS was fully implemented in the summer of 
1980. A pavement management group comprising 11 
people was formed at ADOT. The group is responsible 
for collecting data on road conditions, providing 
engineering inputs, eliciting management inputs to 
the system, reviewing inputs with district engi­
neers, running the NOS, and recommending pavement 
preservation policies to management. The NOS is now 
routinely being used to prepare pavement preserva­
tion budgets and policies. 

The PMS has changed the pavement management deci­
sion process in Arizona from a subjective, nonquan-
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t itative method to a modern system that integrates 
managerial policy decisions and engineering inputs 
through an optimization system. The significant 
benefits of the system to ADOT are as follows. 

Cost Reductions 

During the first year of implementation (fiscal year 
1980-1981) , the PMS saved $14 million of preserva­
tion funds. Because pavement condition data were 
available since 1974, it was possible to calculate 
the proportions of roads in acceptable and unaccept­
able conditions for past years. Those proportions 
have remained fairly stable. The amount budgeted by 
ADOT for 1980-1981 to keep the network at the same 
standards was $46 million. using the PMS and follow­
ing its recommended policies, ADOT was able to 
achieve the same standards with $32 million. The 
long-range standards used in the model (Table 1) 
were also the historical standards. The $14 million 
were subsequently spent on other highway-related 
projects. Because the NOS ties present actions and 
conditions to long-range performance standards, and 
large fluctuations in total annual expected costs 
are not allowed, the cost reduction in 1980-1981 was 
not at the expense of either poor future road condi­
tions or costly measures in subsequent years. This 
is confirmed by the 1981-1982 preservation budget, 
which was only $28 million to keep the roads above 
acceptable standards. 

There were two reasons for the cost reduction. 
First, traditionally, the roads have been allowed to 
deteriorate to a rather poor condition before any 
preservation action was taken. The roads then re­
quired substantial and costly corrective measures. 
The actions recommended by the PMS are mostly pre­
ventive measures i that is, it recommends less sub­
stantial measures before the road deteriorates to an 
extremely poor condition. Analysis indicates that 
less substantial but slightly more frequent measures 
not only keep the roads in good condition most of 
the time, but the measures are overall less costly; 
they prevent the road from reaching poor conditions 
that require much costlier corrective measures. 

Second, in the past corrective actions were too 
conservative; it was common to resurface a road with 
5 in. of asphalt concrete. The assumption was that 
the thicker the asphalt layer, the longer it would 
take for the road to deteriorate below acceptable 
standards. Although this assumption is correct, the 
time it takes for a road to deteriorate is not pro­
portional to the asphalt layer. For example, the 
prediction model indicates that there is no signifi­
cant difference between the rate of deterioration of 
a road resurfaced with 3 in. of asphalt concrete and 
a road resurfaced with 5 in. Therefore the policies 
recommended by the PMS are less conservative i for 

TABLE 2 PMS Plan for Preservation Funds 

Funds {$000,000) 

Interstate 4R Surplus 
Fiscal Preservation Funds 4R 
Year Funds Needed Available Funds 

1982-1983 13.2 17.0 3.8 
1983-1984 l 8.5 28.3 9.8 
1984-1985 19.0 37.1 18.l 
1985-1986 20.0 37.1 17 .I 
1986-1987 2LQ. 48.0 liQ_ 

Total 91 .7 167 .5 75 .8 
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example, a recommendation of 3 
rather rare and is reserved for 

in. of overlay is 
the worst condi-

tions. It is important to note that the results of 
the prediction model are not sufficient for deter­
mining the optimal maintenance policy. Al though the 
prediction model enhances highway engineers' under­
standing of the general effectiveness of actions, 
the final recommendation depends on considering the 
costs versus benefits of all actions in the context 
of short- and long-term standards and current road 
conditions. Given the size of the problem, this 
would only be possible through the use of a formal 
optimization model. 

sources of Funds 

A major source of funds for highway maintenance is 
FHWA. These funds, called restoration, rehabilita­
tion, resurfacing, and reconstruction (4R) funds, 
are based on factors such as miles of Interstate, 
the amount of land owned by the federal government 
in the state, and population. The estimated amount 
of 4R funds available to Arizona for preservation of 
the Interstate highway during the next 5 years is 
$167. 5 million. By using the PMS, ADOT estimates 
that only $91.7 million is needed to maintain Inter­
state roads in acceptable conditions during the next 
5 years. The surplus of $75.8 million will be allo­
cated to other construction projects over the next 5 
years (Table 2). 

In addition to the 4R funds, the federal govern­
ment provides Arizona with funds for maintaining and 
constructing primary and secondary roads [called 
primary-secondary construction funds (PSCF)l, of 
which a minimum of 20 percent has to be spent on 
preservation. Traditionally, ADOT has allocated 50 
percent of these funds for this purpose. By using 
the PMS, ADOT finds that only 20 percent of the PSCF 
is needed for preservation during the next 5 years. 
The difference of $25.6 million that would have been 
spent on preservation of secondary and primary roads 
will now be allocated to construction projects 
(Table 2). 

Budgets 

The PMS has provided a defensible procedure for 
preparing 1- and 5-year budgets for preservation of 
pavements. This has helped ADOT's management to 
justify the revenue requests before oversight legis­
lative committees. 

SUMMARY AND CONCLUSIONS 

Pavements represent gradually deteriorating struc­
tures for which advance signs of impending failure 
can be observed. Most agencies collect pavement 

Non-Interstate 
Primary/ PSCF 
Secondary Funds Surplus Total 
Funds Needed Available PSCF Surplus 

23.1 23 .1 0.0 3.8 
30.3 36.7 6.4 16.2 
36.6 43 .0 6.4 24.5 
38 .3 44.7 6.4 23 .5 
40.9 47.3 ...M 33 .4 

169.2 194.8 25.6 I 01.4 

Note: The data in this tabJe give the funds needed to preserve present road and cracking conditions for the next S years (1982-1983 to 
I 986-1987), the funds available, and the resulting surplus. 
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condition data on a regular basis to identify such 
signs. However, neither the timing of occurrences of 
these signs nor the timing of actual failure follow­
ing the signs can be predicted with certainty. Thus 
pavements designed and built the same way under the 
same traffic and environmental conditions reveal 
signs of distress at different times. Given this 
probabilistic behavior of pavements and the avail­
ability of periodic pavement condition data, a dy­
namic decision model, rather than a static decision 
model, is much more appropriate for such pavement 
management decisions as the selection of cost-effec­
tive preservation actions for pavements in different 
conditions and forecasting the future performance of 
a highway network. 

In a dynamic decision model the choice of a fu­
ture action depends on the pavement condition that 
would be observed before making the choice. Although 
future pavement condition would not be known with 
certainty at the present time, probabilities of 
different pavement conditions can be estimated basea 
on the past performance of the pavement and factors 
such as traffic and environment. In contrast, in a 
static decision model future actions are fixed at 
the present time based on present information. 

A special class of dynamic decision models-­
called a Markovian decision process--is described in 
this paper. This model is particularly suitable for 
pavement management decisions because it can incor­
porate multipl~ t-,Javt::mt::1u.. coHdit.ion vai:iables, a 
large number of alternative actions, and a large­
sized highway network. The model provides the capa­
bility to determine the minimum budget requirements 
to maintain desired performance standards for the 
highway network or, alternatively, to determine the 
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maximum performance standards that can be maintained 
for a fixed budget. Among the significant advantages 
of a PMS using a Markovian decision process are 
reliable prediction of future performance of the 
network and identification of preservation actions 
that are generally less conservative (and less 
costly) than the traditional choices of actions and 
yet maintain the network performance at prescribed 
performance standards. 

The development of a PMS for Arizona represents a 
successful application of the Markovian decision 
process to pavement management. Significant cost 
savings have resulted from the use of this system. 
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Life-Cycle Costing of Paved Alaskan Highways 

RAM B. KULKARNI 

ABSTRACT 

The development of a pavement design evalua­
tion system (PDES), which provides a system­
atic, consistent, and efficient procedure to 
evaluate alternative initial designs for 
paved highways in Alaska on the basis of 
their total life-cycle costs, is described. 
The major cost components of PDES are ini­
tial cost of construction, cost of routine 
maintenance required to keep a pavement 
serviceable, possible salvage value, and 
user costs. PDES consists of four subsys­
tems: pavement performance subsystem, cost 
subsystem, life-cycle cost procedure, and 
optimization subsystem. Mechanistic proce­
dures tailored to Alaskan conditions and 
calibrated with empirical data and engineer­
ing judgments have been used to predict 
future physical characteristics of alterna­
tive pavement designs. The performance 
variables for which prediction models are 
developed are roughness caused by cumulative 
application of traffic loading, roughness 
caused by thaw settlement in permafrost 
regions, fatigue cracking, and major trans­
verse cracking. Uncertainties associated 
with the prediction of future pavement 
performance are explicitly considered in 
PDES to calculate the total expected costs 
during a specified analysis period and to 
determine the minimum cost alternative that 
satisfies desired reliability constraints. 
As a tool for the designer and decision 
maker, PDES provides a means of documenting 
and justifying specific design selections 
for site-specific projects contemplated for 
construction in Alaska. 

Recent developments in the field of pavement manage­
ment indicate that the selection of an initial pave­
ment design should consider not only the initial 
construction cost, but also costs incurred during a 
life-cycle period. Life-cycle costs should include 
user costs caused by increased surface roughness, 
routine maintenance costs for maintaining pavements 
in minimum acceptable condition, and inflation and 
interest factors. 

Currently, the Alaskan road design process con­
siders only the initial cost of the ty-pe of struc­
ture as determined by the provisions of the design 
manual. Alternative design choices are few and are 
usually a direct response to budget changes during 
the preconstruction period. The eventual effects of 
increasing or decreasing layer thickness cannot be 
rationalized because the trade-offs between in­
creased initial costs and decreased life-cycle costs 
(user and maintenance costs) are not considered. 

The primary objective of the investigation de­
scribed in this paper was to develop a systematic 
procedure for the determination of life-cycle cost 
comparisons for alternative pavement designs con­
templated for use in various climatic zones in 
Alaska. For purposes of this investigation, life 

cycle refers to serviceable life of original con­
struction with prov1s1on for such maintenance 
activities as crack filling, seal coat, leveling, 
and thin overlays; however, thick overlays are not 
considered because they generally are not used in 
Alaska. Cost considerations include initial cost of 
construction, cost of routine maintenance required 
to keep the pavement serviceable, salvage value, and 
user costs. 

To meet the objectives of the project, a pavement 
design evaluation system (PDES) was developed that 
provides a systematic, consistent, and efficient pro­
cedure to evaluate alternate designs and to select 
the optimum alternative for paved highways in Alaska. 

The paper is organized into six major sections: 

1. Research approach: An overview of the ap­
proach used in the investigation. 

2. Pavement performance subsystems: The develop­
ment of pavement prediction models used to estimate 
the future physical characteristics of alternative 
pavement designs. 

3. Pavement cost subsystem: Cost models used to 
associate pavement costs with alternative design 
considerations. 

4. Life-cycle cost calculations: Procedures and 
assumptions that are necessary to combine perfor­
mance expectations with costs for alternative design 
considerations. 

5. Optimization subsystem: Procedures used to 
determine the expected costs of feasible alternative 
designs. 

6. Summary and conclusions: A review of resui ts 
from the investigation with suggestions for imple­
mentation and periodic updating. 

RESEARCH APPROACH 

Figure 1 shows the basis for structuring the PDES. 
The major subsystems are given in this figure and 
show the general order and continuity of the pro­
posed system. A brief description of each subsystem 
is provided in the following sections, which de­
scribe in detail the development of each subsystem. 

Pavement Performance Subsystem 

Two sets of pavement performance models are con­
sidered: 

1. Statistical-mechanistic pavement performance 
prediction models used for the analysis of the 
normal structural pavement layers for surface en­
vironments (i.e., without considering the impact of 
permafrost conditions), and 

2. Models that estimate the rate of development 
of pavement roughness for subsurface environment 
(i.e., roughness caused by thaw settlement for roads 
built over permafrost foundations). 

The performance models are used to estimate the 
expected life cycle of the pavement (i.e., the time 
to reach a specified terminal condition) for two 
selected performance variables: roughness and 
fatigue cracking. In addition, an estimate of the 
dispersion around the expected life cycle is made 
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Mechanistic/Empirical Mechanistic/Empirical 
prediction models for prediction models for 
tran1c ano ma1er1a1 maw seniemem 
performance factors performance factors 
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) 
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• Life cycle costs 
• Reliability constraints 

based on the analysis of available data and engi­
neering judgment. 

Cost subsys t e m 

The following cost components are included in the 
calculation of the total cost of a design alter­
native: 

1. Initial construction and material costs (in­
cluding possible salvage value); 

2. Routine maintenance costs during a specified 
analysis period; 

3. User costs, including vehicle operating costs 
and time delay costs; and 

4. Inflation and interest factors. 

Life-Cycle Cos t Procedures 

Computational procedures are developed to combine 
the performance models with th~ co9t mod~1R in nr~P.r 
to reflect maintenance policies and user cost con­
siderations. 

Opt imi zation Subsys t em 

The total expected cost of each design alternative 
is calculated, and the alternative with the minimum 
total expected cost that satisfies specified reli­
ability constraints is determined. A ranking of all 
design alternatives on the basis of their total 
expected costs is also produced. 

PAVEMENT PERFORMANCE SUBSYSTEM 

For purposes of this investigation, performance is 
characterized in terms of the following distresses: 
fatigue cracking (caused by traffic) , major trans­
verse cracks (caused by material properties and sur­
face environment), and roughness (caused by traffic). 

• Ranking alt ernatives 

In addition, for projects to be designed in perma­
frost locations, roughness caused by differential 
thaw settlement was also considered. A prediction 
model was developed to estimate the progression of 
each distress type with time as a function of the 
initial design, expected traffic, and surface and 
subsurface environmental conditions. Expected values 
of each distress, as well as the dispersion around 
the expected values, were characterized in the de­
velopment of the performance prediction models . 

Because of constraints on space, only the predic­
tion model for fatigue cracking is described in this 
paper. Details regarding all of the prediction 
models are provided in Kulkarni et al. (.!.). 

Prediction Model for Fatigue Cracking 

Fatigue cracking is a result of cumulative damage 
produced by repetitive loadings applied to a pave­
ment. Damage is believed to be associated with the 
deflection-induced strains that occur in the under­
side of the asphalt concrete layers. Fatigue cracks 
;,r" uRually referred to as alligator cracks because 
of the resemblance of the crack patterns to that of 
the skin of an alligator. 

Fatigue cracking is influenced by a wide variety 
of factors, including pavement thickness, layer 
thicknesses, material properties, environment (tem­
perature, rainfall, frost penetration), and traffic 
loadings (weight and frequency) • Models to predict 
fatigue cracking should incorporate as many of the 
enumerated characteristics as appropriate. 

Three general models were considered for use in 
predicting fatigue cracking: 

1, A mechanistic-empirical model (PDMAP) devel­
oped for NCHRP (2); 

2. An empirical model (OPAC) reported by Meyer 
et al. (3); and 

3. Empirical relationships reported by McHattie 
et al. (!). 

The PDMAP program was considered a prime candi­
date during the planning phases of the project; how-
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ever, the model was eventually eliminated because of 
the lack of sufficient information relative to mate­
rial properties and detailed performance informa­
tion. A less sophisticated but adequate model was 
developed for this study based on damage models 
reported by McHattie et al. (4). It is pertinent to 
note that the PDMAP procedures can be incorporated 
in the PDES program once more information is avail­
able for damage models and material properties. 

To take advantage of the information reported in 
McHattie et al. ( 4) , two assumptions were required, 
as follows. -

1. The majority of fatigue cracking occurs dur­
ing the critical thaw weakening season (period). 
Observations of fatigue cracking at the AASHO Road 
Test (~) indicated that the majority of cracking 
occurred during the spring thaw period. Similar 
findings are reported for Alaskan highways (4). 

2. Traffic during periods of thaw wea~ning is 
proportional to the total annual traffic ( in terms 
of equivalent 18-kip single-axle loads) over a site­
specific project. Consequently, the total traffic 
for each given project can be used as an independent 
variable in the regression analysis of fatigue 
cracking data on different projects. Because the 
distribution of the annual traffic by periods of the 
year will not be necessary, this will simplify the 
estimation of traffic data. 

A total of 120 special study sections were avail­
able for developing a fatigue cracking prediction 
model (4). Only sections with fatigue cracking were 
included in the analysis because the timing of when 
fatigue cracks would develop could not be estimated 
for uncracked sections. Several alternative regres­
sion equations were tried with different independent 
variables and their combinations. The final equation 
selected for PDES was as follows: 

Jog (FC) = -19.05 + 5.67 Jog (BB)+ 2.09 log (EAL) (I) 

where 

FC 

BB 

EAL 

percentage of fatigue cracking in the 
section for both wheelpaths (ranges from 
0 to 100 percent), 
surface deflection in 10- 3-in. units under 
9-kip dual wheel load as measured with the 
Benkelman beam and represented by the mean 
deflection plus two standard deviations, and 
annual equivalent 18-kip single-axle loads 
using AASHTO equivalency factors. 

The square of multiple correlation coefficient for 
Equation 1 was 0.54. 

Estimation o f I nputs to Fatigue Cracking 
Prediction Model 

In order for the designer to use the fatigue crack­
ing prediction model, it will be necessary to esti­
mate traffic and deflection for each design alterna­
tive. Traffic can be estimated based on available 
traffic count data for adjacent projects and the 
expected use of the new roadway. The deflection for 
each alternative design section is estimated by means 
of an elastic-layered structural analysis. The spe­
cific program incorporated into PDES is the N-LAYER 
program described by Schiffman (§_). 

The required inputs for the N-LAYER program to 
predict surface deflection under a standard 18-kip 
axle load are (a) elastic modulus of each layer of 
pavement, including foundation materials, during the 
critical period when most fatigue cracking occurs: 
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and (b) thickness of each pavement layer. The data 
for the development of modular information were 
available from two sources: backup reports in 
McHattie et al. (4), as provided by Alaska Depart­
ment of Transportation and Public Facilities 
(ADOTPF) staff: and information from Dyna test con­
sulting, Inc. (ll. 

Studies by ADOTPF research personnel have indi­
cated that the occurrence of fatigue cracking is 
related to the percentage of fines in the aggregate. 
Information from Dynatest Consulting, Inc., provided 
data relative to the in situ moduli of asphalt con­
crete, aggregate base, and the supporting materials 
to a depth of 48 in. below the base. Thus an effort 
was made to predict the moduli of granular layers 
based on the percentage passing the No. 200 sieve. 
The moduli values used in developing the prediction 
model were the spring values reported by Dyna test 
Consulting, Inc. 

The general form of the model was 

MR = f(-200 in each layer) (2) 

where MR is the resilient modulus, equivalent to 
modulus of elasticity; and -200 is the percentage of 
fines passing the No. 200 sieve. 

Specific regression equations were developed for 
the base course (usually the first 6 in. below the 
surface layer) and the granular layers below the 
base course. The development of these equations is 
described in Kulkarni et al. (J) • 

The modulus of the asphalt concrete layer has 
been set at 1.1 x 10 6 psi, which is representative 
of values used by Dynatest Consulting, Inc., during 
field testing with the falling weight deflectometer. 
This value is included as a default value in the 
N-LAYER program. 

PAVEMENT COST SUBSYSTEM 

The principal elements in the cost subsystem include 

1. Initial and stage construction ( including 
possible salvage value), 

2. Routine maintenance, 
3. Excess road user costs, and 
4. Considerations of interest and inflation. 

Each of these elements is responsive to a combina­
tion of designer inputs and prediction model outputs. 

Estimation of Initial Costs 

The cost subsystem can accommodate the initial and 
stage construction costs for two general cases: a 
roadway section that traverses an area where no 
permafrost is present, and a section that traverses 
an area where permafrost is present. For cost com­
parisons, mass grading is excluded. It is assumed 
that mass grading will be essentially the same for 
all alternatives. 

The roadway section that traverses a nonperma­
frost subgrade would consist of a non- or low-frost­
susceptible borrow on which the pavement section is 
constructed. For those sections that traverse a 
subgrade with permafrost, additional embankment 
would be constructed before the borrow layer. The 
installation of insulation and the construction of 
thermal berms could also be accommodated. 

Designer inputs would include those items neces­
sary to establish the geometry of the section such 
as paved width, roadway width, fill slopes, thick­
ness of pavement layers (asphalt concrete, aggregate 
base, aggregate subbase), thickness of borrow, thick-
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ness of insulation, thickness of unclassified fill, 
and the dimensions of the thermal berms. Stage 
construction is assumed to be the construction of 

before construction of the asphalt concrete surface. 
For the stage construction alternate, the width of 
the BST would be required. 

The designer would also be required to input unit 
costs for the various materials of construction in 
the units included in the following table: 

lli!!!. 
Asphalt concrete 
Aggregate base 
BST 
Aggregate subbase 
Borrow 
Insulation 
Unclassified fill 

!!!ill. 
$/ton 
$/ton 
$/yd• 
$/ton 
$/ton 
$/yd2 /2- in. thickness 
$/yd' 

If some salvage value is associated with certain 
materials for a specified design alternative at the 
end of a selected analysis period, the unit costs 
for initial construction should be reduced by the 
present worth of the salvage value. 

Estimation of Routine Maintenance Costs 

Maintenance cost records from 1977 through 1980 were 
provided by the Information Systems Division of 
ADOTPF in Juneau. These data consisted of the annual 
cost per mile for those activities associated with 
maintenance of the pavement surface. The information 
was provided for selected major paved routes in the 
state's highway system. The activities currently 
reported for surface maintenance include pothole 
repair (Activity 002), skin patching and thin over­
lays (Activity 004), crack sealing (Activity 011), 
and seal coats (Activity 012). The paved highway 
performanr.P. P.valuation data for 1978, 1979, and 1980 
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were used to establish relationships between perfor­
mance and routine maintenance costs. 

Information on the suspected locations of perma­
frnRt- waR oht-ainP.il by examinin9 the raw data print­
outs from the Mays meter. There is a characteristic 
signature produced by the Mays meter graph that has 
been correlated with areas where permafrost is known 
to exist. The Mays meter records for all of the 
major routes were examined and the limits of sus­
pected permafrost were identified. In almost all 
cases section lengths were less than 0.2 mile. 

Although clear relationships between distress (as 
reported in the road inventory) an.d maintenance 
costs could not be identified, examination of the 
data did reveal general trends. By using these 
trends and engineering judgments, relationships were 
developed between fatigue cracking, traffic rough­
ness, and thaw settlement roughness observed for a 
given year and routine maintenance costs for that 
year based on 1980 dollars. Only the relationship 
between fatigue cracking and routine maintenance 
costs is summarized in this paper. Details regarding 
all the relationships can be found in Kulkarni et 
al. (1). 

For fatigue crack sealing (Figure 2), the first 
portion of the curve represents repair by crack 
filling, which might occur during the early stages 
of fatigue crack development. It was estimated that 
when more than 30 percent of the road section length 
has fatigue cracking, the choice would be the con­
struction of a seal coat, which is represented by 
the linear portion of the curve. 

~stimation of Excess Road use r Costs 

The roughness of a pavement can contribute to road 
user cost by increasing running time and operating 
cost. In considering excess road user cost (i.e., 
those road user cost differentials that are causen 
by pavement roughness only), it was decided to limit 

Fati<Jlle Crackinq , percent 

FIGURE 2 Relationship between routine maintenance cost and fatigue cracking. 
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the analysis to the estimation of excess cost ex­
perienced by commercial vehicles. Not included are 
excess road user costs associated with the operation 
of private vehicles. The differential operating 
costs are probably quite small, and noncommercial 
driver time may not have a significant dollar value. 

A relationship was developed from information 
contained in the literature and from interviews with 
two trucking companies, which allowed the estimation 
of excess user costs as discussed in the following 
sections. 

Differential Running Time 

Zaniewski et al. (~) reported on a relationship that 
was developed between riding comfort and speed and 
includes such factors as volume/capacity ratio and 
speed limit. With riding comfort converted to pres­
ent serviceability index (PSI) and speed to miles 
per hour, this relation becomes: 

s = 2.404 (PSI)0.092s (v/cro,021s (SL)o.104 

where 

s speed (mph), 
v/c volume/capacity ratio, and 

SL speed limit (mph). 

(3) 

The Mays meter used for roughness measurements on 
Alaskan highways has not been correlated to PSI as 
of this date. A method of correlating PSI with Mays 
meter readings is contained in Walker and Hudson 
(9). McHattie et al. (4) indicated that the average 
PSI for paved Alaskan highways was 2.2. The average 
Mays meter reading for the 1,200 miles of paved 
highway in the sample included in this study was 91 
in 1980. Using this information, the following rela­
tionship was developed: 

PSI= 5 exp[-(! n M/4.7)5] (4) 

where exp is the base of the natural logarithms, and 
Mis the Mays meter readings (in./mile). 

Combining Equations 3 and 4 results in the fol­
lowing relationship between speed and Mays meter 
reading: 

S= 50 (v/c)-0·0275 exp[-(lnM/4.7)5
] x0.0928 (5) 

This equation uses a speed limit of 60 mph. Although 
this is not the speed limit in the state, the use of 
60 mph provides calculated average speeds that cor­
respond more closely to the relationship between 
average speed and roughness obtained from interviews 
with trucking companies. For an average driver cost 
of $33/hr, the average cost per Mays meter inch per 
mile over a wide range of roughness is $0.00055. 

Differential Operating Costs 

The estimated average cost per mile for operating a 
four-axle tractor and multiaxle semitrailer on 
Alaskan highways is $0.92. Included in this cost are 
fuel and oil, tires, depreciation, and maintenance 
and repair. In response to questions to trucking 
companies regarding an increase in costs when operat­
ing on extremely rough roads, it is estimated that 
the operating cost increase is $0. 00125 per Mays 
meter inch per mile. 

Total Excess Road user Costs 

Combining driver cost and operating cost, the total 
excess road user cost for large long-haul vehicles 
is estimated to be $0.0018 per Mays meter inch per 

23 

mile per truck. With the lowest Mays meter reading 
observed of about 30 in./mile, the excess road user 
cost then becomes $0.0018 (M - 30). 

A relationship was developed between equivalent 
axle loads (EALs) and excess road user cost. using 
EAL constants developed for California and taking 
into consideration the greater axle load limit in 
Alaska, it is estimated that the heavy truck-trailer 
combination for which the excess road user costs 
were developed has an EAL equivalent of 3.25. The 
excess road user cost caused by roughness can be 
expressed as follows: 

Excess road user cost = $0.0018/3.25 
= $0.00055 (M - 30) per EAL per mile (6) 

Estimation of Interest and Inflation Factors 

Epps and Wootan (.!Q) recommend that the interest 
rate to be used in economic studies of this type 
should represent the real cost of capital. That is, 
it should be the actual rate of return on assets 
after inflation. They report that since 1966 the 
inflation-free interest rate has ranged from 3.7 to 
4.4 percent. This represents approximately the dif­
ference between interest and inflation. It is in­
teresting to note that although interest and infla­
tion rates have varied considerably since 1966, the 
differential has remained nearly constant. 

Because maintenance is labor intensive, the 
largest contributor to inflation of maintenance 
costs would be salary increases. It is reported that 
this has been at a rate of 8.5 percent during the 
past few years. The Planning and Programming Divi­
s ion of ADOTPF recommends an interest rate of 10. 5 
percent for studies of this type. Although this rate 
may be artificially low, it is used to provide uni­
formity throughout the state. An interest rate 
around 15 percent may be more realistic. Because the 
rates of inflation for construction costs, mainte­
nance costs, and user costs may be different, PDES 
allows the user to input different rates of infla­
tion for these cost components. A common interest 
rate is then used to convert the inflated costs 
incurred at different times into their present worth. 

LIFE-CYCLE COST PROCEDURES 

Figure 3 shows the logic used in calculating life­
cycle costs. Input parameters shown in Figure 3 are 
used to develop prediction models for the relevant 
pavement performance variables. Various cost com­
ponents are then estimated as a function of the 
performance variables. 

The procedures used to incorporate uncertainties 
in pavement performance and to calculate different 
life-cycle cost components are described in the 
following sections. 

Treatment of uncertainties 

Because of the uncertainties in predicting roughness 
and fatigue cracking, exact routine maintenance 
costs or user costs cannot be estimated for any one 
year. However, the probability that roughness or 
fatigue cracking would be equal to a specific value 
can be estimated. For given values of the two perfor­
mance variables, costs could then be estimated. 

The continuous probability distributions of 
roughness and fatigue cracking at any given time 
were discretized into 10 intervals, each with a 
probability of 0.10, and the median value for that 
interval was assumed to represent that interval. For 
a variable X, the 10 intervals and their representa-
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FIGURE 3 Life-cycle cost logic. 

tive values n~Le as fcllc;:::; (X.0 .r1...,...,,.......,..,..~ +-h .o ,.T'!!lo, 11.0 

of X such that the probability o! being less than or 
equal to Xp is p): 

Representative 
I nterval Value 
Xo.9 - X1.o Xo.95 
xo.s - Xo.9 Xo.85 
X0 . 7 - Xo.s X0.75 
Xo.6 - Xo . 7 X0.65 
xo.s - Xo.6 X0.55 
Xo.4 - Xo.5 Xo.4,:; 
Xo.3 - Xo.4 Xo.35 
Xo . 2 - Xo.3 X0.25 
Xo.l - Xo . 2 X0.15 
Xo - Xo . l xo.o s 

If X is normally distributed with mean µ and stan­
dard deviation o (or coefficient of variation c = 
o/µ) , t hen Xp c an be calculated fl:om XR = IJ + kpo, 
where kp is a val ue from norma l probabfl. ity tables 
that co rresponds t o t he cumulat i ve p robability of p. 

It was assumed that if a pavement performs worse 
or better than the average at one time, it would 
continue to perform the same way at any other time. 
This is a reasonable assumption, because for a given 
project traffic and environmental conditions are 
fixed, and future pavement performance would depend 
on factors such as initial design and quality of 
construction that are determined at the time of 
construction. With this assumption, the performance 
values (Xp) at different time periods were con­
nected to obtain a performance cu,rve such thilt the 
probability of being less than or equal to the value 
on this curve at any given time would be p. Corre­
sponding to 10 values of p, 10 different performance 
curves were thus defined for fatigue cracking and 
total roughness. This is shown schematically in 
Figure 4. 

For each performance curve, maintenance cost and 
user cost were calculated by using the procedures 
described in the following sections. The expected 
costs at time t were then calculated by averaging 
the 10 values of the cost at that time. A standard 
deviation of the cost was also calculated by con­
sidering the deviations from the expected cost. 

The initial costs o f each design alternative are 
calculated from the specification of the cross sec­
t ion of the design and properties of different 
layers (thickness, density, material, insulation), 
and unit construction costs. Volumes, weights, or 
areas of different quantities are calculated, multi­
plied by the appropriate unit costs, and summed to 
obtain cost per lane-mile. 

For stage construction, the construction cost of 
the first stage is combined with the present worth 
cost of the second stage to obtain the tot.Rl initial 
cost. 

If some salvage value is appropriate to consider 
for a particular design alternative at the end of 
the analysis period , the unit costs should be r e­
duced by the amount of the present worth of the 
salvage value of different materials (asphalt con­
crete, aggregate, and so forth). 

Maintenance Costs f o r Fat igue Cracking 

The maintenance policy used to estimate costs for 
fatigu"C" cracking i5 shown ir, Figure 5. The baa!c 
fatigue cracking model estimates, with some un­
certainty (not shown) , that the amount of fatigue 
cracking will first reach 10 percent at year t 1 , 
Maintenance will then be initiated that will correct 
the condition, bringing fatigue cracking to zero. 
Fatigue cracking will continue to develop according 
to the initial prediction curve. When the 10 percent 
cracking level is exceeded again at yea!'. t 2 , main­
tenance will again be initiated to correct the con­
dition. The maintenance cost is estimated as a func­
tion of the percentage of fatigue cracking in the 
year of maintenance, The process is repeated to time 
T for which the comparisons of alternate designs are 
to be made. Time T should be equal to or greater 
than the time required to develop 10 percent crack­
ing in the most effective design. Alternatively, the 
user may specify an analysis period that is greater 
than the maximum design life of the strongest sec­
tion. It is recommended that the user use an analy­
sis period of 15 to 20 years. The program is cur­
rently limited to a maximum 25-year analysis period. 

-
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FIGURE 4 Treatment of uncertainties in performance prediction. 
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FIGURE 5 Fatigue crack sealing policy. 

The expected maintenance cost for fatigue crack­
ing in ith year [EMCF(i)l is given by 

EMCF(i) = L MCF(i,FCp) P(FCp) (7) 

where MCF ( i, FCp) is the main,tenance cost for fatigue 
cracking in the ith year if the performance FCp is 
followed, and ~(FCP) is the probability of the 
performance curve FCp· 

Because 10 equiprobable performance curves are 
generated in the program, Equation 7 can be simpli­
fied to 

EMCF(i) =(I/IO) L MC F(i,FCp) (8) 

The present worth of the total expected mainte­
nance cost for fat igue cracking (TMCF) during an 
analysis period of T years is calculated from 
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T 
TMCF; :E a; EMCF(i) (9) 

i= l 

present worth factor; [(l + Iml/(1 + Id)li, 
inflation rate for maintenance activities, 
and 
interest rate for discounting. 

Maintenance Costs for Total Roughness 

The process here is similar to the one describe~ for 
fatigue cracking. The limiting value of roughness is 
assumed to be 160, and maintenance is assumed to 
reduce roughness to 130. Maintenance cost is a func­
tion of the percentage reduction in the roughness at 
the year in which maintenance takes place. 

For stage construction, the second stage is as­
sumed to reduce roughness to a mean value of 35 and 
a coefficient of variation equal to that assumed for 
roughness at any other time. 

Equations for calculating the expected mainte­
nance cost for roughness in ith year [EMCR(i)] and 
the present worth of the total expected maintenance 
cost for roughness (TMCR) during T years are similar 
to Equations 8 and 9, respectively. Thus, 

FMCR.(1,1; (1i10) L MCR(, ,Rp) (iO) 

and 

T 
TMCR ; :E a; EMCR(i) (l l) 

i= l 

User Costs 

Expected user costs for year i [EUC ( i)] are calcu­
lated as a function of unit user cost in dollars per 
inr.h of roughness per EAT,, total estimated roughness 
in a given year, and the number of EALs for that 
year. Thus 

EUC(i); (l/10) :E UC(i,Rp) x EAL(i) (12) 

where UC(i,Rp) is the user cost ($/EAL) in the ith 
year if the t otal roughness curve ~ is followed, 
and EAL(i) is the number of EALs du r ing the ith ye ar. 

The present worth of the total expected user 
costs (TUC) for T years is obtained from 

T 
TUC ; i /3; EUC(i) (J 3) 

i = I 

where 

(14) 

and Iu is the inflation rate for user costs. 

Total Cost 

The present worth of the total expected cost (TEC) 
during an analysis period of T years is the sum of 
individual cost components during T years. Thus 

TEC ; 10 + TMCF + TMCR + TUC 

where 10 is the initial construction cost. 

OPTIMIZATION SUBSYSTEM 

The primary objective of PDES is to rank 
alternatives on the basis of their minimum 

(15) 

design 
total 
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expected costs. Because of the uncertainties in the 
prediction of pavement performance, consideration 
should be given to achieving some minimum reliabil­
ity uf satisfactury pecfurmant;e .in dUUiL.iU11 LV ff1i r1i­
mizing total expected cost. Reliability is defined 
here as the probability that a pavement would not 
reach a limiting condition within a specified time 
period. Mathematically, the reliability constraints 
can be stated as follows: 

P [X>X* in time t*] <;;a (J 6) 

'!'his constraint states that the pruuaulllly Lhlll 
the performance variable x exceeds a limiting value 
X* in time t* should be less than or equal to a. 
The reliability level associated with this specifica­
tion will be 1 - a. The values of X*, t*, and a 
are provided by the user. This constraint is used 
both for fatigue cracking and total roughness in 

reliability constraint for both fatigue cracking and 
total roughness, that alternative is considered in­
feasible and is not included further in the cost cal­
culations. Only feasible design alternatives are 
ranked on the basis of their total expected cost. 

SUMMARY AND CONCLUSIONS 

The development of a PDES to rank alternative pave­
ment designs in Alaska on the basis of life-cycle 
costs is described. Two main components of this 
system are pavement performance models and cost 
models. The performance variables for which predic­
tion models were developed are roughness caused by 
cumulative application of traffic loading, roughness 
caused by thaw settlement in permafrost regions, 
fatigue cracking, and major transverse cracking. The 
major cost components of PDES are initial cost of 
construction, cost of routine maintenance, possible 
salvage value, and user costs. 

Recommendations for future improvements in PDES 
include 

1. Systematic and continuing collection of pave­
ment performance data and adjustment of performance 
prediction models based on these data, 

2. Accumulation of materials information neces­
sary for mechanistic analysis of multilayered pave­
ment systems and incorporation of more comprehensive 
mechanistic prediction models, 

3. Development of improved modular values for 
the granular materials based on both field (falling 
weiqht deflectometer) and laboratory studies, and 

4. Special studies (with somewhat limited scope) 
to obtain data on routine maintenance costs and 
excess user costs, 

Although PDES is a stand-alone system for esti­
mating life-cycle costs of alternative initial de­
signs and selecting the minimum cost design, it can 
be expanded to fit into a broader pavement manage­
ment system (PMS). This would involve the evaluation 
of combinations of initial designs and subsequent 
rehabilitation strategies such as overlays or pos­
sibly reconstruction. Most of the present structure 
of PDES, including the cost and performance predic­
tion models, can be used in the development of a PMS 
suitable for Alaskan conditions. 

In summary, PDES is a comprehensive procedure for 
ranking alternate pavement designs based on perfor­
mance and cost expectations, while recognizing the 
uncertainty associated with each consideration. As a 
tool for the designer and decision maker, PDES will 
provide a means of documenting and justifying spe-
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cific design selections for site-specific projects 
contemplated for construction in Alaska. 
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1v1anagement ~ystem 
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F. J. M. van VELZEN 

ABSTRACT 

Testing of the Delft University pavement 
management system on the secondary roadway 
network of the province of Zuid-Holland in 
the Netherlands is described. The applica­
tion of network-level monitoring techniques, 
riding comfort measurements, skid resistance 
measurements, and visual condition surveys 
is discussed. The detailed visual condition 
surveys have proved to be especially useful. 
These surveys can be used to predict pave­
ment performance, plan maintenance, and 
estimate the required maintenance budget 
levels. as well as determine the present 
status of the network. Techniques are pre­
sented for determining maintenance urgencies 
and leveling required budgets for a 3-year 
period. On the project level, the applica­
tion of falling weight deflection measure­
ments is described. These measurements are 
used to establish the structural condition 
of a roadway section. Overlays were designed 
for a section with a poor structural condi­
tion. The average of all individual overlays 
to be applied appeared to be equivalent to 
that estimated from the visual condition 
surveys. 

The overall objective of a highway department is to 
keep its highway network in such a state that both 
safe traveling of all vehicles is guaranteed and 
sound structural pavement condition can be main­
tained without excessive costs. criteria such as 
maximum levels of distress or levels of minimum 
serviceability determine the budget required to 
achieve this objective. usually the budget will 
exceed the total available funds; therefore an ap­
proach is required in whi(;h af1 optimum balance be­
tween benefits and costs can be found. This approach 
or management system should incorporate the follow­
ing components: 

1. Procedures to determine visual condition, 
riding comfort, and skid resistance; 

2. Criteria to identify highway sections with 
poor visual condition, riding comfort, or skid 
number; 

3. Procedures to determine residual lives: 
4. Procedures to determine the structural condi­

tion in a nondestructive way; 
s. Criteria to determine when maintenance should 

be applied and procedures to determine which mainte­
nance or rehabilitation strategy should be applied; 
and 

6. A methodology to evaluate alternative mainte­
nance options and to select the optimum strategy. 

The method developed at the Delft university of 
Technology incorporates all these components (.!_). 

The main objectives of this method or system are to 
(a) evaluate the pavement condition, (bl estimate 
the maintenance and rehabilitation needs, (c) deter­
mine the budget level for each year in the program­
ming period, and (d) determine budget allocations. 
These components should be structured in such a way 
that the total system can be implemented by user 
agencies with minimal difficulty. 

Therefore, before proceeding with any implementa­
tion, it is recommended that the workability of the 
system be tested. In the test program errors and 
discrepancies can be eliminated and, if needed, ad­
justments to models and er i ter ia can be applied to 
improve the management system and make it viable. 

In this paper the results of the test program of 
the Delft University pavement management system 
(DUPMS) are described. Tests have been executed on 
(for Dutch circumstances) a relatively large second­
ary roadway network. In consultation with the High­
way Administration of the province of Zuid-Holland, 
the secondary roadway network of that province was 
chosen as the testing area (see Figure 1). The net­
work is 380 km long. The subsoil of the province of 
Zuid-Holland consists mainly of clay or a clay peat 
combination, except in the coastal region where a 
sand subsoil is found. Pavement construction varies 
from a 100-mm asphalt layer on a 350-mm blast fur­
nace slag base layer to a 200-mm asphalt layer on a 
sand base. The majority of the roads are of the 
two-lane type, are 2 x 3,50 m wide, and are usually 
without a paved shoulder. The average daily traffic 
(ADT) on these roads can range from 4,000 to 20,000, 
with truck percentages of 15 to 20. 

In the test program attempts have been made to 
find answers to the following issues: 

1. can the system be used on a large network 
without causing problems in the storage and re­
trieval of large amounts of data? 

2, can the data inventory, condition surveys, 
and deflection measurements be conducted within an 

horizon? 
3. Are the maintenance and rehabilitation pro­

posals resulting from the survey data and deflection 
tests acceptable both from .i theoretical point of 
view as well as from practical considerations, or do 
the various decision criteria have to be adjusted? 

4, Does application of the management system 
lead to optimum budget allocation? 

FRAMEWORK OF TEST PROGRAM 

Like many currently used pavement management sys­
tems, DUPMS makes distinctions between monitoring on 
the network level and on the project level. 

Network-level monitoring involves conducting 
inventories and several condition surveys to estab­
lish the current status of the roadway network. In 
an efficient system, these activities must be simple 
because they have to cover the complete network. By 
introducing criteria such as acceptable levels of 
serviceability or levels of maximum allowable dis-
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FIGURE 1 Roadway network of province of Zuid-Holland. 

tress, an indication of the location and extent of 
poor road sections in the network can be acquired, 
Also, a fir:st estimate of maintenance budgets and 
planning of maintenance activities can be made. 

Also, only selected road sections should be 
selected for project-level monitoring . This restric­
tion is made to save monitoring costs and to speed 
up the monitoring procedure, because pcoject-level 
techniques such as deflection testing and high­
precision profile measurements are usually expensive 
and time-consuming. In some cases the interpretation 
of the survey results requires skilled personnel. 

The str:ucture of OUPMS, as tested on the second­
ary road network of the province of zuid-Holland, 
consists of the following elements. 

1. Network level 
a. Conduct a data inventory 
b. Determine the visual condition by general 

visual condition surveys, the objective 
being to obtain a first ranking of all 
sections according to their visual condi­
tion (based on this ranking a selection 
is made of roadway sections on which a 
detailed visual condition survey should 
be conducted) 

c. Determine the visual condition by de-

tailed surveys to obtain data on the 
present visual status of the network (the 
results are used in the interpretation of 
deflection testings and in the assessment 
of residual pavement lives) 

d. Determine riding comfort 
e. Determine skid resistance 
f. Select roadway sections for project-level 

monitoring 
g. Estimate maintenance budget requirements 

(the results of the detailed visual con­
dition survey can be used for a first 
estimate of the maintenance and rehabili­
tation budget needed for the next 3 years) 

2. Project level 
a. Determine structural condition by deflec­

tion tests 
b. Conduct high-precision profile measure-

C • 

ments to evaluate road roughness 
more detailed way (only on sections 
poor riding comfort) 
Determine the texture depth on all 
tions with a low skid resistance 

d. Determine overlay design. 

in a 
with 

sec-

One element of DUPMS--the general visual condi­
tion survey--has not been executed in the test pro-
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gram. usually this step, together with the data 
inventory, is the first step to be executed in the 
monitoring process. In this case this step has been 
nmi+-t·o>r'I fnr t-ho> fnllnwina reason. 
- -··-B;f~r; --sta~ting the-test program, the various 
districts of the province of Zuid-Holland, on behalf 
of the Provincial Highway Administration, had 
selected all roadway sections to which nonroutine 
maintenance or rehabilitation should be applied 
within the next 3-year period. For reasons of time, 
those selected sections were used in the continua­
tion of the monitoring process because it was 
t.hn11ght that the general visual condition survey 
would yield the same poor sections. 

The total length of the selected sections was 110 
km, or 250 lane-km, and covered around 30 percent of 
the secondary road network. A detailed description 
of the entire test program is presented elsewhere 
(1,l>· 

NETWORK-LEVEL MONITORING ACTIVITIES 

Da ta I nve n t o ry 

In a data inventory, usually data such as age, sec­
tion boundary geometrics, surface type, and so forth 
are gathered. A delay in the execution of the moni­
torina orocess was caused by invalid, incomplete, 
and i n;fficient data storage. Therefore, it is 
stated emphatically that each district should frame 
its data bank in such a way that it can provide 
valid and complete data to a wide range of users. 

Riding Comfort 

Network-level evaluations of road roughness of the 
sections tested have been done in terms of riding 
comfort. These measurements are believed to be suit­
able for use on the network level because they pro­
vide a general impression of road roughness and can 
be conducted in a simple and fast way, 

The Delft University ridemeter (4) was used in 
t he test program. This ridemeter is- a compact in­
strument (25 x 20 x 20 cm) that evaluates comfort 
based on the comfort criteria proposals of the In­
ternational Standardization Organization (ISO). 
Vertical accelerations of the bottom of the car are 
measured by an external accelerometer and weighted 
by filters based on the ISO proposals. Subsequently, 
the average root-mean-square value of the signal is 
determined over a period of 15 sec, which is equiva­
lent to a 200-m segment when traveling at 48 km/h, 
or to 333 m when traveling at BO km;"h, In the t.,st 
program a traveling speed of 48 km/h was used for 
all sections. The obtained value is displ ayed on the 
counter of the r idemeter; it is called the ride 
index. 

A high ride index indicates poor riding comfort. 
The magnitude of the ride index depends on road 
roughness, and also on the velocity of the car and 
car characteristics s uc h as mass, springs, shock 
absorbers, tire pressure, and so forth. 

In the test program only one type of car was used 
during the testing--a Mercedes Benz 5080 with a 
gross mass of 3570 kg. The car charac te r ist ics were 
assumed to be constant during the 3-day testing 
period. 

F i gure 2 shows a histogram of all ride indices 
obtained on the zuid-Holland roadway network. In a 
previous paper ( 1) leve ls of ac ceptabl e riding com­
fort, based on pres en t serviceabi li ty index (PSI) , 
have been presented for an Opel Kadett (the U.S . 
equ i va l ent for this car type is the Chevrolet 
Chevette) , These levels had to be adjusted to fit 

Transportation Research Record 997 

% of Sections 

20 

15 

10 

~ POOR -+ CRITICA L 

5 

Ride Index 

FIGURE 2 Histogram for ride index distribution. 

into the conditions used in the test program. 
rh~nno>R in t he ~~rand the level of sensitivity of 
the ridemeter necessitated multiplication o f tne 
l evel s of acceptable riding comfort by a factor o f 
4. For this study a ride index of 80 was considered 
to provide poor riding comfort, whereas at a level 
of 120 or higher application of maintenance strat­
egies due to lack of i: iding comfort was considered 
to be inevitable. 

The histogram in Figure 2 shows that only 6 per­
cent of the surveyed sections had poor riding com­
fort and that only a small number did not meet the 
minimum level of 120. Consequently, the majority of 
the network provides fair to good riding comfort. No 
extra profile measurements were performed on the 
very poor sections because these sections had poor 
visual conditions as well, This in turn resulted in 
deflection testings to determine all feasible main­
tenance strategies. Because an improvement in the 
structural condition will result in an improvement 
in the riding comfort, the expensive profile mea­
surements could be omitted. 

Figure 3 shows the relationship between the ride 
index and the number of deduct points as obtained by 
the detailed visual condition survey. This figure 
shows that riding comfort measurements can be used 

Deduct Points 

60 80 

MERCEDES BENZ 5080 

100 
Ride Index 

FIGURE 3 Relationship between ride index and de<lucl 
points obtained in the detailed visual condition survey. 
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for the selection and ranking of highway sections in 
terms of visual condition, 

Skid Resistance 

An essential requirement of all roads is that vehi­
cles should be able to travel safely . All roadways 
should therefore have a surfacing with adequate 
resistance to skidding. In this test program the 
determination of skid resistance is based on the 
friction coefficient between the vehicle tire and 
the pavement surface. The actual tests were per­
formed by the Road Engineering Division of the Na­
tional Public works Department. To measure skid 
resistance they used a trailer with a rolling wheel 
in an 86 percent slip mode, mounted with a smooth 
Permanent International Association of Road Con­
gresses (PIARC) tire, towed at a traveling speed of 
50 km/h. A wet skid resistance of 0.38 was con­
sidered to be the utmost minimum to be permitted on 
arterial roadway systems, according to proposals of 
Working Group Rl of the Dutch Study Centre for Road 
Construction (5). To avoid allowing the surface 
condition to d;teriorate to that level, a warning 
level was set at 0.45. 

No problem occur red in the test program on th is 
condition aspect because a wet skid resistance value 
of 0.45 or more was measured on all sections. There­
fore, because of sufficient resistance to skidding, 
additional texture depth measurements could be 
omitted. 

Visual Condition 

In DUPMS surface distress is monitored by visual 
condition surveys. The objective of these surveys is 
to establish the present status of the pavement 
condition by identifying the type, degree, and ex­
tent of distress. By rating these distress identifi­
cations and by setting selection criteria, the fol­
lowing characteristics are obtained: 

1. Maintenance and rehabilitation volume, 
2. Budget level, 
3. Additional monitoring actions (e.g., deflec­

tion tests), and 
4. Location of poor roadway sections, 

For reasons of efficiency, extensive visual con­
dition surveys should only be conducted on highway 
sections where the extent and degree of distress 
give cause to these detailed surveys. Therefore, a 
general visual condition survey is recommended as a 
first action to evaluate the present status of pave­
ment condition in a quick and simple way, Quantity 
in this phase is more important than quality. Based 
on the status of the pavement condition, a selection 
of the sections where detailed surveys should be 
conducted is made. 

General Visual Condition Survey 

In DUPMS five general survey distress-type combina­
tions are rated I see Figure 4 ( 6) I . These ratings 
express both extent and severity;-they range from 1 
to 5 , where 1 means that no visual distress o.r only 
slight distress of limited extent can be observed, 
and 5 indicates that either moderate distress of 
large extent or seve.re distress is present. Usually 
detailed surveys are recommended when a rating of 3 
or higher is assigned to one of the distress types 
of texture, roughness, or soundness (see Figure 4). 

As previously mentioned, this general visual 
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condition survey was omitted in the test program 
because the Provincial Highway Administration of the 
test province already provided a list with roadway 
sections to which some type of nonroutine mainte­
nance should be applied within a 3-year time hori­
zon, It was assumed that the roadway sections from 
the visual condition survey would be almost similar 
to that resulting from the general survey. 

Detailed Visual Condition Survey 

The system developed by Texas A&M University (l) was 
used for the detailed visual condition survey in 
DUPMS, Only slight modifications had to be applied 
to adjust it to Dutch circumstances. In this system 
the type, extent , and degree of distress can be 
identified, and each combination is rated according 
to a deduct point table. 

To achieve consistency, the surveys are conducted 
using distress catalogs with photographs and de­
tailed descriptions of each distress type. This 
consistency can be enhanced by using sheets on which 
the exact location and severity of cracks can be 
drawn (see Figure 5). Introduction of these sheets, 
along with the standard notation sheets (Figure 6) , 
resulted in a remarkable improvement in consistency 
of the survey results from each individual survey 
team (_!!). An additional benefit of these sheets is 
that they can be used in the interpretation of the 
results of deflection tests, These sheets indicate 
where irregularities in the deflection basin might 
be explained by the occurrence of cracking, 

In the test program 110 km (250 lane-km) was 
selected by the Provincial Highway Administration. 
Because of manpower and time constraints, the de­
tailed survey could not be conducted on each sec­
tion. Instead randomly selected 100-m segments of 
each section were chosen in such a way that of each 
section kilometer at least 50 percent was surveyed. 
It was believed that the difference in deduct 
points, obtained when each section was surveyed 
completely, and those obtained in the 50 percent 
mode, would be neglectable. 

Figure 7 presents a histogram of the deduct 
points. It shows that only 4,3 percent of the sur­
veyed 100-m segments has more than 40 deduct points. 
From previous research it is noted that not more 
than 4 O deduct points should be admitted to avoid 
the risk of excessive damage caused by severe 
winters (9). 

From the conducted surveys it could be concluded 
that surface defects (e.g., potholes) and rutting 
are of minor importance. Only a limited number of 
sections have these distress types. The prevailing 
distress type is raveling. 

All survey data were processed by the computer 
program WBP-3 (10). This program converts the key­
punched survey notations into deduct points and has 
options to provide graphical displays of deduct 
point subtotals and to select poor segments. But 
only the present status of the pavement condition is 
considered, and no indication of the degree of in­
crease in deduct points is provided. The next sec­
t ion deals with this issue. 

Visual Condition Performance 

If the present status of a section or a roadway net­
work is unacceptable, maintenance and rehabilitation 
actions can be programmed to restore the status of 
the network and to keep it at an acceptable level. 
Usually these activities have to be planned a.t least 
1 year before actual application. Therefore, besides 
indications on the present status, data on the de-
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FIGURE 4 General visual condition survey sheet (6). 

gree of deterioration of the roadway network cannot 
be omitted in a pavement management system . This 
degree of deterioration in DUPMS is assessed by 
visual condition performance models. Periodic sur­
veys provide the data fer these models. Policy •1ari­
ables such as levels of maximum acceptable number of 
deduct points decide when a roadway section will 
enter the less-acceptable condition phase. The 
actual date of transition into this lower phase is a 
useful tool in planning maintenance activities and 
estimating maintenance costs. A short abstract of 
the model is presented in the following paragraphs. 
A complete description is provided elsewhere (11,li). 

has been introduced. This index links the current 
number of deduct points to its corresponding maximum: 

Visual Condition Performance Models 

To compare distress types or combinations of dis­
tress with each other, the visual condition index 

Pv = I - (dp/dPmax) 

where 

visual condition index, 
number of deduct points, and 
maximum number of deduct points. 

(I) 

From periodic surveys, the decline of Pv with time 
could be derived: 

Pv = I - exp{a[(t/T)- I]} (2) 

where 

t = years since construction, 
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T = pavement life (Pv = 0), and 
a.= construction parameter:. 

Figure 8 shows the performance curve of the 
visual condition index. In this graph the ratio t/T 
is called the life index. The magnitude of the con­
struction parameter (a) determined the shape of 
the performance curve. A high a value involves a 
steep decline of the visual condition index when the 
pavement life expires, whereas a low a value causes a 
more gra:'lual, predictable deterioration. usually as­
phalt pavements with rigid bases have high a values 
(a = 7 to 8), whereas constructions with unbound 
bases have low a values (a• 3 to 4). 

Visual Condition Index, Pv 

1.0 F=:==::-c=======--

0,5 

o~-~~~~~~-~-~-~-~-~--
o 0~ 1~ 

t/T 

FIGURE 8 Visual condition performance curves. 

By periodic surveying, Pv - t combinations enable 
the determination cf" and T by using linear-regres­
sion techniques. For a first survey, the construction 
parameter (a) can be assessed by using the data in 
Table l to determine T. When more survey data are 
available, a more appropriate a value can be 
determined • 

Condition Phase and Minimum Level 

If Pv = O, the maximum number of deduct points has 
been assigned and consequently the roadway section 
involved has reached its pavement life for the dis­
tress type considered. When Pv = O, the section has 
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TABLE 1 Construction Dependency of ex Value 

Overall 
Distress Type Raveling Cracking Condition 

Consuuuiun Lypt: 

Asphalt layers on cement-bound base s 7.6 7.4 
Asphalt layers on base of blast furnace 

slags showing cementation 5 5-8.S 6-8.7 
Asphalt layers on unbound base s 3-3.S 4.3 
Bituminous construction s 5.5 5.5 

failed already, and reconstruction is inevitable. To 
avoid large expenditures and to provide an accept­
able level of serviceability, the visual condition 
index should not drop to its bottom value. 

Maintenance should be applied when the degree of 
deterioration is only limited . F i gure 9 shows the 
process of deterioration for a number of roadway 
sections. It can be seen that the lower the minimum 
acceptable level chosen, the more deferral in main­
tenance will be accepted. From data of highway au­
thorities it appears that maintenance activities 
should be started when the visual condition index 
has dropped to 0.7 for cracking and 0.6 for the 
overall condition. Figure 9 shows that not every 
roadway section has the same degree of deter iora­
tion. It was thought necessary to take this degree 
into account. This has been done by the maintenance 
urgency range: that is; the period required tor tne 
visual condition index to drop from its minimum 
level to its ultimate minimum level. This level is 
set to O. 5 for cracking and O. 4 for the overall 
condition. The shorter the urgency, the less mainte-
nance can be deferred. 
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FIGURE 9 Visual condition phases. 

Confidence Levels 

The procedure previously described can be run for 
each 100-m survey segment. In the test program, 
however, only roadway sections selected by the dis­
tricts were used. For each of these sections, the 
mean and standard deviation of the number of deduct 
points of the corresponding survey segments were 
calculated. The mean and standard deviation of the 
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visual condition index could be derived from these 
data. 

When this mean visual condition index is entered 
in the performance model, a mean life index and mean 
condition phase lives will be obtained. A mean value 
indicates that there is the probability that 50 per­
cent of the section will have a lower visual condi­
tion index, and subsequently a shorter pavement life. 
This probability can be diminished by entering a 
lower visual condition index. If the combined mean 
minus standard deviation is entered, the probabil­
ity that parts of the roadway section will have a 
shorter pavement life has already been reduced to 15 
percent. Figure 10 shows the influence of the choice 
of confidence level on the condition phase length of 
Section 1 from Figure 9. 

Level or Years since Survey 

Confidence O 2 . 

50 % 

70 % 

85 % 

95% 

0 

3 s 

3 4 5 

FIGURE 10 Relationship between level of confidence 
and visual condition phases. 

6 
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Based on confidence levels, condition phases, and 
minimum levels, plans for maintenance activities, 
maintenance costs, and reinspection and deflection 
tests are made. For determining visual condition 
indices, res i dual lives, and condition phases, the 
computer program PLAIN has been developed (~). 

Es timating Volume a nd Costs of Maintenanc e 

In the previous section it was noted that, based on 
levels of the minimum acceptable visual condition 
index, roadway sections with high maintenance 
urgency can be selected. By using the visual perfor­
mance models, a ranking of those sections can be 
made according to their maintenance urgency, which 
in turn can be used in planning maintenance and 
rehabilitation and in estimating maintenance costs. 
Although the total surface area to be improved is 
known and the data on pavement condition in terms of 
deduct points or visual condition index are gath­
ered, no exact programming of maintenance or an 
exact allocation of funds to individual projects can 
be made. The network-level data are not accurate 
enough and do not yield information on the struc­
tural condition that is detailed enough. Therefore 
deflection measurements are recommended. But for a 
general indication of the budget required, visual 
condition survey results are satisfactory. 

Estimating Maintenance Volume 

An overlay design is usually based on the present 
structural condition, the structural condition at 
the end of the design period, and the length of the 
design period. The sections on Structural Condition 
and Overlays (presented later in this paper) will 
deal with this issue in more detail. They also will 
demonstrate how the structural condition index can 
be assessed from the visual condition index. This 

35 

means that, based on data from visual condition 
surveys, an indication of the overlay required can 
be obtained. This overlay design will of course be 
rough because the conversion from the visual condi­
tion index to the structural condition index will be 
subjected to inaccuracies. But based on this rough 
overlay design, an estimate of maintenance volume 
and maintenance costs can be made. Evaluation of the 
overlay designs based on deflection measurements 
indicated that the visual condition data yielded an 
overestimated overlay thickness in some cases, 
whereas in other cases the overlay thickness was 
underestimated. However, the average overlay thick­
ness derived from visual condition survey data over­
estimated the average overlay thickness, as deter­
mined by using deflection test data, by only 4 
percent. Therefore this method can be used on the 
network level to indicate the maintenance volume and 
corresponding costs. For an exact allocation of 
funds, more accurate and detailed data are needed. 

This method of determining the maintenance volume 
on the network level was used in the zuid-Holland 
test program. A study was made of how the distribu­
tion of the total surface area of the surveyed sec­
tions to be maintained would change with changing 
minimum acceptable visual condition index levels and 
levels of confidence. 

A previous section indicated what should be the 
m1n1mum acceptable level and what should be the 
ultimate minimum level for the visual condition. 
Between these values, the minimum allowable visual 
condition indices have been varied to test the main­
tenance volume dependency. Three levels have been 
used: 

1. Level A: Minimum visual condition index for 
cracking " O. 7, and minimum visual condition index 
for overall condition" 0.6; 

2. Level B: Level A - 0.1; and 
3. Level C: Level A - 0.2. 

The determination of the maintenance volume has 
been performed for four levels of confidence (i.e., 
50, 70, 85, and 95 percent). Figure 11 shows the 
relationship between the maintenance volume (ex­
pressed in surface area of the surveyed sections) 
and the minimum acceptable levels and confidence 
levels. This figure shows that there is a shift in 
surface area to be maintained to the first year, 
when a h i gh minimum level of acceptable visual con­
dition and a high level of confidence are chosen. 
This peak diminishes when one or both on these 
levels are lowered. Over a 3- to 4-year period the 
maintenance volume is less dependent on these 
levels. Therefore, for reasons of saving on mainte­
nance volume, there is no need to let the pavement 
deteriorate to a low acceptable level. 

Estimating Maintenance Costs 

Deferral of maintenance leads to an increase in the 
maintenance budget. If the v i sual condition index 
has dropped to zero, the construction will be in 
such a poor state that only expensive rehabilitation 
can restore the pavement condition to an acceptable 
level. Deterioration of the condition involves crack 
propagation through the construction. At a visual 
condition index of Pv =- O, cracking has propagated 
through the entire construction, whereas at a level 
of Pv =- 0. 7, cracking has only propagated for 60 
percent. Based on this and other results of crack 
growth analyses (13), it could be calculated that 
dropping the minimum allowable visual condition 
index for cracking from 0.7 to 0.6 or 0.5 will in­
volve an overlay thickness of 1.3; that is, 1. 75 
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FIGURE 11 Histogram for maintenance volume distribution for 
three minimum levels for the visual condition index. 

thicker than would be needed if the overlay was 
applied when Pv was O. 7. These factors are direc­
tives and are based on crack growth characteristics 
of conunon Dutch asphalt mixes. 

In estimating the budget required, the magnitude 
of the variation in the visual condition index of 
the occurring distress is of importance, If this 
variation is large, then for any level of confidence 
there will be more sections with a poor index than 
in the case of a small variation. This indicates 
that, in the case of a large variation, each unit of 
surface area to be maintained requires more budget 
than would be needed for this same area in the case 
of a small variation. The data in Table 2 give the 
magnitude of this effect as a function of level of 
confidence, minimum acceptable visual condition 
index, and coefficient of variation in the visual 
condition. Figure 11 shows that in year 1, for Level 
A and a confidence level of 85 percent, 61.0 percent 
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TABLE 2 Additional Maintenance Cost Indices 

Variation Coefficient of Visual Condition by Level of Minimum 

l P.VP. I nf 
Acceptance Visual Condition• 

Confidence 0.1 U.2 U.j 

(%) A B C A B C A B C 

50 1.02 1.19 1.53 1.11 1.29 1.58 1.22 1.34 1.59 
70 1.02 1.10 1.39 1.04 1.14 1.36 1.09 1.20 1.36 
85 1.00 1.05 1.27 1.02 1.06 1.20 1.04 1.09 1.20 
95 1.00 1.02 1.15 1.00 1.02 1.07 1.01 1.03 1.07 

aleve l A: minimum visual condition index for cracking= 0.7, and minimum visual 
condition index for overall condition= 0.6; Level B: Level A - 0.1; and Level C: Level 
A - 0.2. 

of the surveyed area will need maintenance, whereas 
for Level c 24,7 percent will need maintenance. When 
a variation in condition within the sections of 0,2 
is assumed, then in the first case 61.0 x 1.02 61.2 
unit costs and in the second case 24.7 x 1.20 = 29.6 
unit costs are required, 

Figure 12 shows the result of application of the 
data in Table 2 to Figure 11. Table 2 unit costs 
have been calculated for a variation coefficient of 
0. 2 and are corrected for inflation and rates of 
discount. The chosen rate of inflation is 6 percent 
and the rate of discount is 10 percent. The data in 
Table 3 give the cumulative unit costs over a 4-year 
period. An estimate of the actual maintenance costs 
can be made based on these costs. 

Planning Maintenance 

The data in Table 3 indicate that for the combina­
tion p = 70 percent, Level A is the combination with 
the lowest costs, However, 85 percent of the mainte­
nance budget is concentrated in the first 2 years of 
the 4-year analysis period, For the combination P = 
70 percent, Level B indicates that for an additional 
2 .6 percent, a more equilized distribution of the 
budget required will be obtained. 

If no acceptable distribution can be found, the 
distribution can be adjusted by shifting maintenance 
projects forward or backward in time. The choice of 
which project or section should be shifted can be 
based on the visual performance of the project or 
section considered. Figure 9 shows the degree of 
deterioration of a number of sections. Sections 2 
and 4 in this figure will enter the condition phase 
0.7 - 0.5 at the same date. Section 4, however, will 
complete this phase more quickly and should have a 
higher maintenance urgency than Section 2. There­
fore, if one of these sections should be dropped 
from the maintenance program temporarily, it would 
be preferable to select Section 2. 

PROJECT-LEVEL MONITORING ACTIVITIES 

In the previous sections of this paper all network­
level monitoring activities, as performed in the 
test program, have been described. By introducing 
decision criteria, the surveyed sections can be 
categorized, maintenance can be planned, and the 
necessary project-level monitoring activities can be 
selected. 

As already mentioned in the sections on Riding 
Comfort and Skid Resistance, there was no need to 
evaluate roughness and skid resistance in a more 
detailed way. The number of sections with insuf­
ficient riding comfort or skid resistance was so 
small that only attention will be paid to the 
diagnostic survey of the structural condition. 

It was also noted that prediction models of 
pavement performance in terms of visual condition 
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Maintenance 
Costs 

FIGURE 12 Histogram for maintenance costs distribution for 
three minimum levels of the visual condition index. 

can be us efu l in determin i ng resid ual lives, condi­
tion phase s , and ma intena nc e vol ume . The visual 
condition performance model can also indicate the 
struc t u r al cond it i on, bu t to acquire more detailed 
in f o r mation d efl ection tests should be taken. These 
tes t s s hould only be taken if the result s of the 
visual condition survey give cause to these activ-

TABLE 3 Maintenance Unit Costs Over a 4-Year Period 

Level of Minimum Acceptable Visual Condition• 

Level of Confidence(%} A B C 

50 94.5 96.4 100.6 
70 91.7 94.l 110.3 
85 92.9 94.l 103.7 
95 94 .8 93.8 96.4 

Note: Oata are For the Zuid-Holland secondary road network, J 982. 

8Leve l A: minimum visual condition index for cracking = 0.7, and minimum visual 
condition index for overall condition = 0.6; Level B: Level A- 0.1; and Lt!ve l C: Level 
A - 0.2. 
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ities. It would take too much time, personnel, and 
cost if each sect i on was mon i tored in this way. How 
these sections were selected is presented in the 
next sections. 

Distinction is ma de be t ween i ndica tive fal ling 
weight deflection measu r ements (one d ata poi n t e ve ry 
100 m) and diagnostic fa l ling we i ght de.flection 
measurements (five data points every 100 m). 

I ndic ative Deflection Measur e me nts 

Indicative deflection measurements were thought to 
be necessary if the visual condition index for 
cracking in asphalt constructions with rigid bases 
dropped below 0.8. These pavement structures can 
show a steep increase in the extent of cracking when 
the pavement life expires. Therefore these indica­
tive measurements leave a larger margin in terms of 
time to plan maintenance strategies. Indicative 
measurements should also be taken if no more than 3 
years have passed since construction, while the 
v isua l conditi on index foe crac king has alrea dy 
dropped below O. 8 . I f such new construc t ion a lready 
s hows t hat exte nt o f d is-tress, the struc t ur a l condi ­
tion should be monitored period ically to take pre­
cautions to avoid rapid deterioration, 

Dia gnostic De flec tion Measuremen t R 

In general, diagnostic deflection measurements should 
be taken if the visual condition index for cracking 
is 0.7 or lower. In this case the structural c ondi­
tion has deteriorated to such a degree that detailed 
information to determine feasible maintenance strat­
egies is required, 

Sometimes cracking will not be the prevai1-ing 
distress type. In this c a s e diagnostic measur eme nts 
are recommended if the visual condition index for 
the overall condition drops below O. 7. No measure­
ments are required if the visual condition index for 
cracking is still 0.8 or more. If the visual condi­
tion index for cracking is O, 8 or lower and the 
residual life is less than 2 years for constructions 
older than 3 years, diagnostic measurements must be 
taken to determine the most feasible strategy. 

Structural Condition 

In DUPMS monitoring the structural condition on the 
project level is done by falling weight deflection 
measurements. The objective of these tests is to 
obtain de t a iled information on the load-carrying 
capacity and the degree of deterioration. The load­
carrying capacity is characterized by the equivalent 
layer thickness calculated to Odemark's theory (_!i): 

he ~ 0.9 "t h; t' E;/E 11 

where 

i= I 

equivalent layer thickness, 
thickness of layer i, 
stiffness of layer i, 
stiffness of layer n = subgrade modulus, 
and 

n = number of layers. 

(3) 

By using this relationship, which was derived be­
tween the equivalent layer thickness and the deflec­
tion basin, the equivalent layer thickness can be 
estimated from deflection measurements. Because 
loading magnitude and temperature influence the 
deflections and consequently the equivalent layer 
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thickness, adjustments have to be applied to correct 
for these factors. Besides these factors there is a 
dependency of the equivalent layer thickness on the 
subgrade modulus. In order to compare different 
constructions with each other, adjustments are 
applied in such a way that two identical equivalent 
layer thicknesses will relate to identical perfor­
mances (.!.,.!l_l. 

A maximum value of the equivalent layer thickness 
is determined at the moment of construction. A 
minimum value of the pavement condition is con­
sidered where a crack has pcopagated through all 
bound pavement layers and where no transfer of the 
load caused by aggregate interlock across the crack 
takes place. This condition of a fully developed 
crack coincides with a visual condition index of 
Pv = O. 

The degree of structural deterioration of a 
pavement structure is represented by the structural 
condition index: 

where 

Pa structural condition index, 
h 11 equivalent layer thickness after n load 

applications, and 
he 0 initial equivalent layer thickness. 

(4) 

Figure 13 shows the decrease of the structural 
condition index as a function of the number of load 
applicat ions and the dispersion in the l ayer thick­
nesses and layer moduli (= S1og Jill. 'l'his S1og N 
v,., uP ('lil n be determined by deflection measurements 
(13). With use of the previously mentioned defini­
tion of the minimum equivalent layer thickness, cal­
culations indicated that this minimum corresponds to 
a minimum Pa = 0.65 if the surface curvature index 
is smaller than 140 µm, and o. 75 if the surface 
curvature index is greater than 200 µm. For inter­
mediate curvature indices, intermediate minimum 
structural condition indices can be used (13). This 
minimum index, and the corresponding number of load 
applications, is called N. 

Structural Condition Index, Pd 
1.00 

,95 

.90 

.80 

• 75 

.70 

,65'----- -__JL..,_ _ _ _1..__.....1. _ ___.1._...__,_...J....:::i, .. 
• 1 ,2 ,3 .4 .s .6 ,7 .8 .9 1,0 

n 
N 

FIGURE 13 Relationship among structural condition 
index, allowable number of axle loads, and S1 0 g N 

value. 

For an accurate determination of the structural 
condition index, the equivalent layer thickness 
should be measured just after completion of the 
construction. Unfortunately, most deflection tests 
are only conducted on roadway sections with a poor 
condition. In those situations it is recommended to 
conduct deflection tests on locations not subjected 
to traffic loading to obtain candidate he 0 values. 
In the zuid-Holland test program, the area between 
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the wheelpaths was used to estimate he0 • The hen 
value was obtained from deflections measured in the 
wheelpaths. 

In some cases, however, a structural condition 
index larger than 1 was obtained. ·1·nis oenaviuL is 
probably caused by extension of cracking from the 
wheelpaths to the area between the wheelpaths. Other 
reasons may be postcompaction of the granular base 
caused by traffic loads, which will cause a stiffen­
ing of the base in the wheelpaths, or differences in 
asphalt th ickness in and between the wheelpaths 
caused by maintenance activities. In those cases the 
st r uctural condition index can be assessed from the 
visual condition index (see Figure 14). '!'he surrace 
curvature index measured sets the minimum structural 
condition index. From the visual condition surveys, 
a life index t/T, which is based on years, is deter­
mined. This index can be converted to an index based 
on traffic intensities or axle load repetitions when 
the ratio of traffic intensity in year t=T over 
tratt1c intensity in year t=G .i.~ ki"1UW1i. The patarr.­
eter Slog N, as determined by deflection testings, 
determines the exact shape of the structural perfor­
mance curve. But to avoid these conversions and to 
determine a proper value for the structural condi­
tion index, deflection measurements should be taken 
just before a new pavement construction opens to 
traffic. 

Visual Condition lnde,i , Pv 
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Note: R = ratio of traffic intensity in year t = T over 
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FIGURE 14 Com•ersion from visual condition intlP.x 
into structural condition index. 
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Overlays 

In the Zuid-Holland Test program only overlays were 
taken into account as maintenance activities. The 
main objective for applying this type of maintenance 
was to reduce stresses and strains in the existing 
pavement structure and to reduce crack propagation 
through both the existing pavement structure and the 
overlay. The reduction required is a function of the 
structural condition required at the end of the 
design period, the amount of traffic to be carried, 
and the probability that the overlay design will be 
successful. 

The overlay design method used in the Zuid-Hol­
land test program has been outlined elsewhere 
(13,15). Here the most important aspects are sum­
m~ized. The number of axle load applications (Ni) 
that the pavement can sustain for a probability of 
survival (Pi) is calculated from 

log N; = a0 + a I b0 + a, b I log he; - u;S10g N 

where 

equivalent layer thickness, 
standardized normal deviate associated 
with a probability Pi, 
standard deviation of the logarithm of 
the number of load repetitions to 
failure, 
constants from the relation log N = 
a

0 
+ a 1 log£, and 

constants from the relation log£ 
b0 + b1 log he. 

(5) 

If pavement life has to be extended, the required 
equivalent layer thickness can be calculated by 
using Equation 5. If N1 is the number of allowable 
load applications for an equivalent layer thickness 
(he1) and a probability (P1) , and if N2 is the 
sum of the number of axle loads to be carried in the 
design period and for Ni, than for a probability 
of survival (P2 ) the requ i red equivalent layer 
thickness (he2 ) can be calculated as follows: 

log (N 1/N2) = a1 b, log (he 1/he2) - u, S1og N + u2S1ug N 

if 

Then Equation 6 can be rewritten into 

(6) 

(7) 

(8) 

The overlay thickness can be calculated by using 
Odemark's (14) theory: 

where 

overlay thickness (m), 
overlay stiffness (MPa), and 
subgrade modulus (MPa). 

(9) 

Note that only information on the amount of traffic 
is needed in terms of a ratio for past traffic (see 
ratio N2/N1 is Equation 8). Exact knowledge of the 
axle load spectrum is not strictly necessary. Fur­
thermore, note that an exact asphalt fatigue rela­
tion does not need to be entered, but that it can be 
confined to data on the slope of this relation. 

The chosen overlay design life was for a 10-year 
period. Valk (12.) indicated that an overlay design 
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period of 10 to 15 years will result in the lowest 
costs. The structural condition index required at 
the end of the design period was set at 0.85, which 
involves only a slightly cracked pavement. The prob­
ability of survival required was set at 85 percent. 
The data in Table 4 give the overlay thicknesses, 
calculated in this way, for all the selected sec­
tions. Also given are data on what overlay thickness 
would be necessary if the determination was only 
based on construction data and visual condition 
surveys. Although for some sections the difference 
in overlay thickness can be up to 40 mm, the average 
thickness required equals that determined by using 
structural condition data. This proves that, on the 
network level, maintenance volume and costs can be 
estimated by visual condition surveys, but that for 
an accurate allocation of the budget to individual 
projects, structural condition data, as determined 
by deflection measurements, are necessary. 

TABLE 4 Overlay Thickness for 10-Year Design Period 

Overlay Thickness (mm) 

Based on Based on Visual 
Deflection Condition 

Roadway Section" Measurements Surveys 

S 7 . L 4.6 - 5.0 87 79 
S 7 • R 4.6 - 5.0 86 79 
S 7 • L 6.3 · 6.9 71 81 
S 7 • R 6.3 - 6.9 73 81 
S 7 ·L 11.8-12.3 31 52 
S 7 • R 11 .8 -12.3 81 52 
SIS . L 1.6-2.0 31 48 
SIS . R 1.6 - 2.0 20 41 
SI 5 . L 4.4 - 5.4 82 64 
SI 5 . L 5.4 - 6.0 67 64 
SIS -R 4.4 - 6.0 71 64 
S22 -L 0.9 - 2.0 39 79 
S22 -R 0.9 - 2.0 60 79 
S22 . L 3.4 - 5.1 71 83 
S22 -R 3.4 - 3.8 47 83 
S22 . L 23.3 - 23.4 66 43 
S22A- R 3.1 - 3.5 24 21 
S29 . L 9.0 - 10.0 25 19 
S29 . R 9,0 - 10.0 19 19 
S30 . L 6.2 - 7.2 70 51 
S30 -R 6.2 - 7.2 68 51 
S36 . L 16.8 - 18.0 II 23 
S36 -R 16.8 - 18.0 16 23 
S40 • L 3.9 - 4.8 16 35 
S40 . R 3.9 - 4.8 23 35 
S47 . L 30.9 - 31.9 68 53 
S47 • R 30.9 • 31.9 68 53 

Avg 52 54 

Note: Data are for the Zuid-Holland secondary road netw ork, 1982. 
3 Roadway sections selected by visual condition surveys . 

CONCLUSIONS AND RECOMMENDATIONS 

Difference in 
Overlay 
Thickness (mm) 

-8 
-7 

+IO 
+8 

+21 
-29 
+17 
+21 
-18 
-3 
-7 

+40 
+19 
+12 
+36 
-23 
-3 
-6 

0 
-19 
-17 
+12 

+7 
+19 
+12 
-17 
-17 

+2 

The results of tests of the DUPMS to a provincial 
roadway network have been presented. Some of the key 
issues involved in the test program are summarized 
as follows. 

l, For a reliable assessment of pavement lives 
and a well-funded determination of maintenance or 
rehabilitation, an efficient structured accessible 
data bank is a prerequisite. 

2. For the selection of maintenance projects, 
general visual condition surveys are recommended. 
Periodic surveys provide information on the perfor­
mance of the visual condition. 

3. A good assessment of the condition of roadway 
sections can be obtained by detailed visual surveys. 
To acquire uniform and consistent data, attention 
should be paid to the training of the inspectors. 
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Using sheets where the exact location of cracking 
can be drawn has proved to be valuable. 

4. Visual condition surveys can be used for 
planning maintenance activities and estimating main­
tenance costs. 

5. In the determination of the structural condi­
tion index, deflection tests should taken just after 
finishing the construction or application of a major 
maintenance strategy. 

6. If the data mentioned in item 5 are not 
available, a comparative structural condition index 
can be obtained by conducting deflection tests both 
in and between the wheelpaths. 

7. In roadway sections with a large extent of 
cracking, visual condition surveys have proved to be 
useful in the interpretation of the deflection basin. 

8. Determining the overlay thickness (on the 
project level) by using only visual condition survey 
data and construction data is not recommended. On 
the network level, however, a reliable estimate of 
the average required overlay thickness can be deter­
mined in this way. On the project level, deflection 
tests should be used for an accurate determination 
of the structural pavement condition and the overlay 
thickness. 
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Developing Pavement Management Systems at 
County and City Levels 

WES WELLS 

ABSTRACT 

The experience of San Francisco Bay Area 
cities and counties in collectively attempt­
ing to improve pavement maintenance prac­
tices by use of a pavement management system 
(PMS) is discussed. The development of this 
tool is viewed as a major factor that is 
necessary to assist in securing additional 
road maintenance revenues and in improving 
performance in an environment of limited 
revenues. The findings of the Metropolitan 
Transportation Commission, the agency that 
served as the catalyst for this effort, are 
summarized. These findings should have rele­
vance and broad applicability as many other 
cities and counties begin developing or up­
grading their pavement maintenance capabil­
ities. Better understanding about what a PMS 
is, what it can do, and what should be con­
sidered before such a system is implemented 
are addressed. A user's manual to help guide 
the implementation of PMSs will be developed 
as these efforts continue. 

The San Francisco Bay Area includes 94 cities and 9 
counties. There are 1,400 miles of freeways main­
tained by the state. However, the focus of this 
report relates to the 11,000 miles of streets main­
tained by the cities and the 6,000 miles of roads 
maintained by the counties. These 17,000 miles of 
local roads were budgeted at $18 billion in replace­
ment costs, making it the single biggest public 
investment in the Bay Area. 

The Metropolitan Transportation Commission (MTC) 
is the metropolitan planning organization (MPO) for 
the region. It was created by state legislation in 
1970. Historically, most of its staff have concen­
trated on administering federal and state transit 
grants and preparing and updating a regional trans­
portation plan and a transportation improvement 
program. However, in early 1981 a group of public 
works directors came to MTC seeking help in docu­
menting local street and road maintenance needs. 

An ensuing study, taking 18 months to complete 
(_! ,1) , documented numerous maintenance shortfalls, 
which have since fostered substantial follow-up 
activities. Three recommendations from that study 
were as follows: (a) significant new additional 
revenues must be found (in aggregate about $170 
million was being spent, whereas it was estimated 
that roughly $310 million was needed); (b) local 
officials and the general public were largely un­
aware of the problem, and a large-scale public in­
formation program was needed; and (c) significant 
cost savings could be achieved through improved 
maintenance practi ces. The subject of this paper 
deals largely with the latter r e commendation. 

BACKGROUND 

Reviewing Bay Area Maintenance Practices 

In initially estimating maintenance needs, surveys 
of street pavement conditions were required. It 
became evident in seeking condition data that few 
cities or counties had systematically documented 
their information. Moreover, even fewer jurisdic­
tions built road maintenance budgets or planned 
annual or multiyear maintenance programs on an auto­
mated pavement management system (PMS) basis. The 
definition of PMS used in this paper is as follows: 
An integrated set of systematic procedures designed 
to assist engineers and managers in making consis­
tent and cost-effective decisions related to the 
design, maintenance, and restoration of pavements. 
Arguably, it appeared prudent to try to establish 
some sort of prototype PMS. 

Apparently, others had the same idea. In early 
1982 a proposal was submitted to MTC to develop such 
a system. The proposal was to take 5 years and cost 
roughly $1.5 million. Ten to fifteen cities and 
several counties were to jointly participate in the 
development of such a system. Public works directors 
from several major Bay Area cities and counties met 
with MTC during the course of several months to 
evaluate the proposal. The group concluded that 10 
jurisdictions could probably come up with $30,000 
per year for 5 years, but this was not the direction 
to go at that time. Instead, it was recommended that 
a pavement management evaluation committee (PMEC) be 
formed, made up of pavement experts from local ju­
risdictions who had been working in this general 
area. This group was both to review their collective 
experiences with PMSs and formulate next-step recom­
mendations that MTC, acting as a catalyst and fa­
cilitator, would help implement. 

Representatives from 15 jurisdictions met over 
the course of six monthly meetings in the latter 
half of 1982. Most of the time was spent reviewing 
the positive and negative experiences that four 
jurisdictions had encountered in working with PMSs. 
Four consultants with PMS experience also presented 
their systems and made various suggestions on what 
to do and what not to do. The collective recommenda­
tions of this PMEC resulted in MTC securing the ser­
vices of a consultant to assist the jurisdictions in 
improving their pavement management practices. 

The Consultant Effort 

The effort of using a consultant to help MTC act as 
a catalyst marked a significant departure from the 
prototype PMS development work mentioned earlier. It 
was a recognition that a step backwards was neces­
sary (i.e., even more reconnaissance was needed). 
There was strong sentiment from city and county 
jurisdictions that they did not want to "reinvent 
the wheel." There was also a strong indication that 
there were issues beyond merely developing a PMS 
that had to be addressed. [These issues will be 
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discussed in greater depth lateq but several of 
them are as follows: there was a need for stronger 
management support and emphasis in this area (pave­
~n~ m~in~Pn~nr.P. is generally not at the top of the 
public works director's list) , there was a need to 
gain better public understanding and support, and it 
was important to recognize the different and some­
times competing needs within a public works depart­
ment from budgeting, engineering, maintenance, and 
administration.] 

T6 be able to go beyond the development of a PMS 
and to grasp some of the issues just mentioned, the 
expertise of a consultant was required, which proved 
difficult to find. Many consultants in this field 
were well skilled in developing maintenance manage­
ment systems, but this dealt more with work flow, 
scheduling, and tracking, which was not the manage­
ment system desired. several consultants had devel­
oped excellent PMSs but could not see beyond the 
n~Pn tn ~Pll thP.ir own systems. 

What was desired by MTC, beyond the capability to 
provide a useful PMS, was to have such a capability 
grow and increase in utility in subsequent years. 
Therefore an understanding of the public works 
milieu was required. The ability to communicate with 
the technician, the administrator, the engineer, top 
management, the public, and elected officials was 
needed. Other desirable skills of no less importance 
included the ability to (a) conduct training classes 
and lead seminars, (b) write clearly and succinctly 
at several levels, and (c) have a national perspec­
tive on pavement maintenance experience. 

In the remainder of this paper the major findings 
acquired from the 18-month study of maintenance 
needs, the reviews of pavement management practices 
with local public works personnel, and a question­
naire that surveyed local perceptions of PMSs and 
other maintenance problems and needs are discussed. 
It is primarily findings from these three areas that 
have helped define the scope of work for the con­
sulting contract that is currently under way. It is 
believed that these findings will have broad appli­
cability as many other cities and counties begin to 
develop or upgrade their pavement maintenance capa­
bilities. In the concluding portion of the paper the 
basic orientation that has evolved in the Bay Area 
because of the findings is described. The basic 
products and activities that will be produced as a 
result of this contract are also described. 

FINDINGS 

Findings from the 18-Month Study of Bay Area Local 
Road Maintenance Needs 

The overhwelming conclusion drawn from this study 
was that the Bay Area's 17,000-mile local road sys­
tem was not beinq adequately maintained. It was 
noted that local jurisdictions were actually fall­
ing further behind. That is, roads were deteriorat­
ing at a rate faster than they were being repaired. 
Roughly $170 million was being spent anm~ally for 
road maintenance purposes: 

Maintenance 
Category 
Preventive 
Routine 
Nonpavement 

Street lighting 
Traffic safety 
Street cleaning 
Landscaping 
Miscellaneous 

Other 
Special programs 
Administrative, engineering 

Total 

Expenditure 
($000,000s) 

41 
31 

29 
18 
10 
11 
11 

5 

ii 
170 
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The evaluation indicated that $270 million (or a 
shortfall of about $100 million) should have been 
spent. (More important, 65 percent of this shortfall 
was for preventive maintenance.) The money was spent 
only for ongoing maintenance, or maintenance that 
was required to keep roads in adequate condition. A 
backlog of $400 million was also documented. This 
would have been the amount required to bring roads 
that had deteriorated because of deferred mainte­
nance back to adequate condition. Converting this 
shortfall to a 10-year capital improvement program 
would have meant the total required maintenance ex­
penditure would have to be $310 million, or roughly 
80 percent more than the current level (1). 

Moreover, the revenue shortfall was found to have 
been part of a gradual revenue reduction that had 
been taking place for more than a decade. This bleak 
revenue situation underscored deeper seated problems 
associated with staff resources, morale, and methods 
of planning, programming, and budgeting. For exam­
ple, a typical city's or county's overall approach 
at budget time was reduced to one of picking which 
line items in the prior year's budget were to absorb 
the new cuts. In some cases long-term revenue de­
cline had fostered complacency and a sense of lack 
of urgency from top management. 

The shortfall was determined by conducting a 
windshield survey of visual pavement distress in 11 
jurisdictions representing about 10 percent of the 
Bay Area's road miieage. In aggregate, 55 percent u.L 
the pavements were noted to be in adequate condition 
and the remainder required some sort of corrective 
maintenance. Twenty-five percent required seals, 15 
percent required overlays, and 5 percent had dete­
riorated to the extent that complete restoration was 
required. 

It was also found that wide variations existed 
among jurisdictions. There were significant differ­
ences in the conditions of pavements depending on 
not only the quality of past maintenance activities, 
but also on such factors as the commitment of the 
council, the age of the streets, and the growth in 
traffic. There were variations in how maintenance 
was performed and the types of treatments used. For 
example, some jurisdictions tried to direct limited 
funds to higher-order streets (arterials), whereas 
others merely repaired on a complaint basis with no 
overall strategy. There was also wide variation in 
the amount of surface preparation done before the 
application of seals and overlays. In summary, there 
was diversity in pavement condition, maintenance 
strategies, and maintenance treatments and their 
application. Most of the problems that were found 
across jurisdictions could be substantially improved 
by thP. establishment of or improvements in PMSs. 

However, the conditions previously described 
underscore the futility of merely upgrading PMS 
r.ap~hilitiP.~ if those other issues are not ad­
dressed. If pavement maintenance practices were 
expected to be improved, the first need had to be 
additional revenues, but this was only the first 
step. Issues such as public, council, and even 
management priority and support; staff adequacy as 
well as morale and motivation; maintenance strat­
egies that seek ways to hold the line instead of 
constructing what-if scenarios that do not speak to 
reality; as well as a host of other issues must all 
be dealt with head-on. 

Findinqs from Working with Local Public Works 
Personnel 

In the initial efforts to develop a large-scale 
prototype PMS, six public works ai,eccors were asked 
to review the 5-year, $1. 5 million proposal. They 
concluded that a common mistake was to be too am-
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bitious initially, particularly in terms of what was 
actually needed. They also indicated that PMSs were 
often oversold, and worse, were developed beyond the 
jurisdictions' resources so that the resultant 
system was only partial, or not usable in an ongoing 
sense, particularly by maintenance personnel. The 
orientation was often theoretical and did not fit 
the needs of the jurisdictions by considering the 
public works milieu. 

The public works directors also pointed out that 
PMS was such a broad concept that it could mean all 
things to all people. Therefore it was difficult and 
confusing to talk about a PMS. For example, a public 
works director may see a PMS as a tool that pr i­
mar ily helps to build a road budget. A road chief 
may want to have a system to schedule treatments and 
allocate personnel. Engineers may want a system to 
test alternative maintenance strategies. The mainte­
nance researcher may want to build a pavement per­
formance model for a maintenance optimization pro­
cess. Finally there is the programme r whose primary 
interest is the logic s y stems t hat o r ganize, manipu­
late, and display the data. Because of these numer­
ous confusions and vary ing perceptions, it would 
appear necessary , particularly during the initial 
steps, to clearly define the major users and what 
level of effort would be requi r e d to develop spe­
cific PMS elements for spec ific needs. 

The public works directors' advice was to not 
reinvent the wheel, but rather to build on the 
substantial body of experience that existed within 
local departments, and build incrementally. Dif­
ferent jurisdictions were at different steps in 
developing a PMS i what was needed was to use the 
best parts of existing systems. Other jurisdictions 
already had the necessary information, but they 
lacked the knowledge of what to do with it or the 
computer expertise to process it. They therefore 
concluded that MTC should take personnel from cities 
or counties who had some experience and use thi s 
group's experience in charting a new course or 
direction for PMS development. 

Therefore PMEC was formed, 
experience was reviewed 
monthly meetings. They 
mendations. 

over 
made 

and their collective 
the course of six 
five major recom-

1. Develop guidelines to help jurisdictions 
improve maintenance practices: This would be a 
user's guide that contained sections pertinent to 
understanding, promoting, and implementing a PMS. 

2. Develop techniques to promote standardiza­
tion: Because many cities and counties were con­
sidering the d e ve l opment of a PMS, it was thought 
that an oppor t un ity to achieve some standardization 
could provide r e a l cost s av i ngs in three ways: 
uniformity in measuring pave me nt distress (common 
elements would be gathered because individual ju­
risdictions might not use all measures or may weigh 
measures differently), uniformity in treatment 
options, and potential uniformity through centra­
lized computer, equipment, and inventory procedures 
and personnel. 

3. Improve communication: The key to this recom­
mendation was the recognition that clear information 
and e d uca tion was needed at several l evels , such as 
informa tion and v isual aids for off ic ial s and the 
public, gene ral i nf o r mat ion f o r manage me nt, and 
ma t e rials a nd techn i ques fo r train i ng. The following 
imp rovements were needed: i n f ormation on t he effec­
tiveness of new maintenance treatments, educational 
materials for elected and administrative officials 
on the potential benefits from PMSs, increased 
sharing of mutual problems and pr act ices, and more 
relevant training for engineering and road mainte­
nance personnel. 
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4. Develop three basic elements of a PMS--pave­
ment condition index, maintenance treatment options, 
and a t echn ique to match the i ndex to the options: 
The deve l opmen t of these three eleme nts is v iewed as 
occurring incrementally, beginning with manual 
systems and moving toward full automation. Current 
think ing has t hese e lemen ts being developed at th ree 
d ifferent levels deJ?ending on the va r y i ng sizes a nd 
needs of each j urisd iction. 

5. Gather more comprehensive information to 
better define maintenance problems and needs by 
jurisdiction size: Given the variations in experi­
ences among jurisdictions, PMEC suggested that a 
questionnaire be prepared that surveyed all cities 
and counties. In this way information could be 
stratified by grouping common responses to such 
th i ng s as e xperience in implementing !?MSs, percep­
t ion of main t ena nce problems a nd needs , secur i ng 
v iews on po tential f acilitato r a nd catalytic func­
tions, and other needs or deficiencies that might 
have been overlooked. 

Findings from the Questionnaire 

All Bay Area jurisdictions were sent a questionnaire 
in June 1983. To date, 8 of 9 counties and 40 of 94 
c i ties have responded. This represents jurisdictions 
responsible for 75 percent of the 17,000 miles of 
local streets and roads. 

The following maintenance problems, in priority 
order, were listed as the most serious: 

1. Lack of resources (both revenues and staff), 
2. The ability to design an overall maintenance 

strategy, 
3. Cost-benefit information on various mainte­

nance strategies, and 
4. Knowledge of road conditions. 

Two other problems frequently cited were decisions 
on maintenance versus construction and lack of 
council or board support. 

In an attempt to more accurately measure the 
extent of PMS development, city and county personnel 
were asked if they had PMSs that were implemented 
and funct iona l. Eight said yes, 10 said t hey were in 
the i mpleme nta tion stage, and of the rema inder 8 
were at the _developmental stage and all but 4 said 
they were interested in implementing a PMS. Of the 
four that indicated no interest, three said they 
were too small and lacked the necessary funds, and 
the fourth indicated they did not know what a PMS 
was. 

A PMS can be developed at various levels of 
sophistication and at various levels of data gather­
ing. Cities and counties can also implement a few 
basic elements or all possible elements of a PMS. To 
better understand this issue, additional information 
on desirable levels of data, sophistication, and 
elements of a PMS were gathered. PMS information 
cited as being of greatest utility, in priority 
order, were p avement condition, ma i ntenance history, 
design and construction data, structural capacity, 
average daily traffic, and functional class. Most 
respondents assigned much lower priori ties to ride 
quality and skid resistance. PMS elements cited as 
being of greatest utility were identification of 
street conditions, identification of required main­
tenance treatments, and budget data on needs. Ele­
ments rated as slightly lower in priority included 
projection of future pavement condition, economic 
analysis of alternatives, and determination of cause 
of deterioration. 

These answers confirm the finding that most 
jurisdictions initially want the three basic ele­
ments of a PMS: ( a) a process to measure pavement 



44 

condition, 
maintenance 
identified 

(b) a list of the most cost-effective 
treatments to correct the problems 

in the pavement condition measurement, 
;inn (,...) " mP""" of m"tr.hina treatments to Problems 
by street segment so that priorities can be estab­
lished, Two underlying issues relate to varying 
responses based on jurisdiction size and stage of 
PMS development. 

Additional analysis indicated that larger juris­
dictions, and those jurisdictions with more devel­
oped PMSs, consider the more advanced PMS elements 
(projections of future conditions, alternative 
network analysis) to also be of high utility. 

Correcting maintenance practices goes beyond just 
the development of PMS. Jurisdictions were asked to 
indicate what types of information sharing would be 
most useful. Roughly 85 percent of the responding 
jurisdictions indicated that forums for periodic 
information exchange, training on pavement inspec­
tion and other aspects of pavement maintenance, 
seminars on maintenance options and treatments, and 
seminars on PMS experience would be useful, 

Only 30 to 40 percent indicated that monthly bul­
letins on bid prices or joint purchases would be use­
ful. This information indicates a high level of 
interest in both developing and expanding PMSs, and 
improving other areas of pavement maintenance 
practices. 

RECOMMENDATIONS 

Orientation 

Tt is worth summarizing the major overall orienta­
tion gained from synthesizing the experiences and 
findings from the Bay Area. Before considering the 
development of a PMS, jurisdictions should be aware 
of the factors presented in the following list. 
These factors represent the major findings that 
ought to be directly addressed before developing a 
PMS. A jurisdiction can easily spend in excess of 
$100,000 for a system and discover later that spend­
ing more time on deciding what was needed and 
phasing that process in incrementally could save 
dollars and increase utility. 

The major factors to be aware of before imple­
menting a PMS are as follows: 

1. Most cities and counties already have PMSs, 
It is only a matter of how complete, automated, and 
sophisticated these systems have become. 

2. There appear to be great opportunities fo r 
several ju~isdictions to pool efforts in developing 
PMSsi (a) sta.ndurdizaticn cf basic PMS elements can 
promote cost savings, centralization of some data 
and computer functions, and a better basis for ulti­
mately comparing effectiveness of trgatment options: 
(b) information sharing about positive and negative 
PMS experiences becomes increasingly important as 
more are developed (it also helps to alleviate the 
"black box" syndrome): and (c) technology transfer 
does not occur readily, and therefore seminars on 
new maintenance treatments, materials, and tech­
niques are needed. 

3. Two major needs are readily apparent in most 
cities and counties: What are the most cost-effec­
tive maintenance treatments for similar pavement 
conditions? What overall maintenance strategies are 
most cost effective given certain budget levels? (It 
is er itical to be able to determine whether current 
budget levels are gaining or losing ground in terms 
of keeping streets in adequate condition,) 

4. Different size cities have different needs 
and capabilities. In the Bay Area roughly one-third 
of the cities have less than 50 miles, one-third 
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have 50 to 150 miles, and the other third have more 
than 150 miles. Probably two-thirds of the cities 
(those having up to 150 miles of streets) will have 
little need to develop PMSs beyond the three basic 
elements, (Only nine jurisdictions have systems 
greater than 500 miles.) 

5. Locating a PMS in a public works department 
is no minor matter. All of the following disciplines 
can play a vital role: engineering, maintenance, 
planning, and budgeting. Locating a PMS on the 
periphery where interrelationships are weak can 
limit or doom its utility. 

Many of the variabilities across jurisdictions 
that were discussed earlier argue convincingly for a 
great deal of tailoring at the front end of PMS 
developmental efforts. However, the experience of 
actually getting 11 jurisdictions to conduct pave­
ment condition surveys, and completing this effort 
in several months, also argues convincingly that 
there are great opportunities for standardizatiuu, 
sharing, and centralizing some functions as well. 

What follows are several overall orientations 
that should be considered and emphasized. First, a 
PMS is merely a tool, For that tool to work effec­
tively it must be supported, understood, and used by 
the management and personnel in each jurisdiction. 
The latter point is key. In smaller public works 
departments where the public works director, the 
budget analyst: the engineer, Lone 11laif1L~1-1ance supeI:­
visor, and the data processor m"y be the same person 
or only a few, the fragmentation may not be criti­
cal, But in larger departments, for example, if the 
engineers implement a PMS, but it is not really used 
to develop budgets, secure funds, and implement a 
maintenance program, the investment might as well 
not have been made. This suggests that all of these 
groups must not only be involved but must be ad­
dressed in terms of organization, education, train­
ing, and required performance. 

A related but more implicit part of this view 
concerns the broader context into which a PMS is 
developed. That is, effective road maintenance can 
only be achieved if practices above the public works 
department level are addressed (e .g., citywide bud­
geti ng and priority setting prooesses). As stated 
earlier , in the Bay Atea the ptocess of estimating 
what it would take to keep roads adequately main­
tained appears to have been replaced by trying to 
hold the line against further cuts. When maintaining 
the status quo or retrenchments become institu­
tionalized, strategies developed across broad fronts 
must be addressed if there is to be any hope of 
improving pavement maintenance practices, 

A second overall orientation is in a sense di­
rectly related to the first. It is important to keep 
in mind that in preparing reports, different re­
quirements in the political, financial, technical, 
and management fields must all be addressed. This 
means that to have a PMS generate 30 different re­
ports on different maintenance priorities is not 
adequate. Different audiences (elected officials, 
the public, engineers, administrators, and so forth) 
all require different information presented at dif­
ferent levels. Technical manuals, slide shows, sim­
ply illustrated summary reports, and the like are 
all necessary. 

A third overall orientation relates to PMSs at 
several levels. The development of a PMS is given in 
the following outline. The process assumes starting 
with a simple framework and using existing informa­
tion as much as possible. The system should be de­
veloped at the network level first, with a strong 
link to the budget development process. The system 
should provide a list of segments that require main­
tenance by maintenance options, alternative strat-

... 
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egies to achieve required maintenance with costs by 
year, and identification of the match or mismatch of 
required costs with anticipated revenues. The work 
flow framework is as follows: 

I. Preliminaries 
A. Decide what is wanted based on needs and 

resources 
B. Define initial required data elements to 

define pavement condition, including 
survey process 

C. Define road system by segment and func­
tional class 

D. Develop a data management package (start 
with a simple system and automate incre­
mentally) 

E. Set up an agreed on institutional and 
organizational structure with time lines 
and management reviews 

II. Basic elements 
A. Construct pavement condition scales 
B. Formulate cost-effective treatment op­

tions 
c. Develop a logic system to match street 

segments to treatment options 
III. Enhancements 

A. Develop prediction models of pavement 
performance as pavement condition sur­
veys are repeated 

B. Develop maintenance strategies using 
optimization techniques 

The previous outline gives the basic elements of 
a PMS, but the elements are not monolithic in either 
sophistication or in when they are implemented. 
Although a great deal of indiv i dual tailoring is 
necessary, a prototype PMS is possible. It is only 
that different jurisdictions start at different 
points in the process timewise. Different jurisdic­
tions may also only choose to implement the three 
basic elements in a manual process. Others may stay 
with the three basic elements but move to more auto­
mated processes. A few may have needs and the neces­
sary resources to add all the e nhanceme nts and fully 
automate on a large frame data base manager. 

In addition to the overall orientation, it is 
useful to also emphasize and consider important 
points that would apply within individual elements 
of a PMS or in the design of the implementation 
process. 

1. Do not underestimate the data management and 
computer aspects . I ncluded here would be the impor­
tance of clarifying what data a re gathered, when, 
and at wha t levels. The complete street segment 
inventory ve rsus sa.mpling, as well as updating, ar e 
also not t rivial matters. 

2. There are many ways to measure paveme nt dis­
tress, but relyi ng on a single d i mension index is 
probably an oversimplification. For e xample , to 
meaningfully relate treatments to conditions, the 
cond ition should discriminate a mong underlying 
causes such as subgrade drainage failures or exces­
sive heavy traffic. •rhis suggests differing levels 
of measurement at differ ent stages (e.g., at the 
network level visual d istress may be suff·icient, but 
at the project level, once a class o f segments has 
been highlighted as deficient, more detai.led mea­
surements including deflection and core samples may 
be required) • 

3 . I n d eve lopi ng PMS elements, it is important 
to remember not only the building-block approach , 
but also that e lements should be modular. That is, 
it s hould be possible to upgrade one PMS e lement to 
a more comprehensive option without having to change 
any other elements. 
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Consultant Work Tasks 

The major focus of the consultant effort will be to 
produce a report composed of stand-alone modules, 
which will act as a user's guide to developing PMSs 
(see Table 1). Some of these modules will be tech­
nical in orientation, others will be simple sum­
maries for lay audiences, whereas others may actu­
ally be packaged slide presentations stressing the 
importance of developing s ystematic pavement mainte­
nance strategies. 

Most of the modules highlighted in Table l are 
self-explanatory at this stage in their development. 
However, module 2 does require some additional ex­
planation, particularly because the economic bene­
fits of PMSs have seldom been clearly documented. 
Economic benefits at two levels will be illustrated: 
(a) different combinations of maintenance techniques 
on different distress conditions, and (bl a struc­
tured PMS. 

TABLE 1 User's Guide to Developing PMSs 

No. Module 

Evaluation of successes and 
failures in PMS efforts 

2 Economic analysis of 
elements of PMS 

3 Questions concerning PMS 

4 Define, describe, document, 
and chart PMS elements 

5 Potential catalytic and 
facilitator functions to 
promote PMS 

6 Packaged technical and 
public presentations 

Purpose 

Through case studies and actual experiences 
with PMSs, document major causes of 
failures and requirements for success 

Such an analysis will help illustrate to de­
cision makers the economic benefits of 
(a) different combinations of mainte­
nance techniques on different distress 
conditions, and (b) a structured PMS 

Major questions voiced by public works 
directors, managers, and engineers will 
be compiled and addressed 

Major elements will be summarized, differ­
ent implementation levels will be de­
scribed, and a step-by-step procedure for 
moving up the ladder will be provided 

Utility of following functions will be ana­
lyzed: training, seminars, centralized 
data structures and computer facilities 1 

standardized PMS elements, standard 
output reports, and so forth 

On the technical side, a training course 
would be produced that combines the 
basic concepts of a PMS with state-of-the­
art pavement rehabilitation techniques; 
on the public side, the cost-effectiveness 
of ,1 structurod nrproach to pavement 
1nm1age111011t w!ll he tlrovidod 

For the first level, a range of typical pavement 
conditions and t reatments will be described for a 
sample of street segments. Next, the different main­
tenance techniques will be applie d both individually 
and in logical combinat ions to the different pave­
ment conditions. For each appl ication, t he c os t of 
construction and future maintenance over the ex­
tended life of the street segment will be estimated. 
Extended life will of course not be precise, but by 
assuming a range of possible lives, the economic 
effects over this range can be calculated . Through 
the application of this approach, the relative 
cost-effectiveness of each maintena nce technique and 
combination of techniques can be i llustrated . 

For the second level--economic benefits of a 
structured PMS--a more involved approach will be 
necessary. First, a small pavement network of 20 to 
30 street sections will be described in terms of 
design, conditions, traffic, age, and so forth. Life 
prediction models will be developed based on pre­
vious research and information from Bay Area experi­
ences. Two different PMS concepts will be analyzed: 
one will be a nonstructured approach typical in most 
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cities and counties, and the other will be a struc­
tured PMS. The nonstructured system will reflect the 
typical policy of letting pavements fa il before per­
forming maintenance wor k, then ove rlay i ng or recon­
structing t he pavements . Tne s ys tem will """"' nv 
f o rmal procedures fo r se l ect i ng segments for mainte­
nance t r e atments . The s t ructured s ys tem wi ll have 
t he basic components o f a PMS, incl ud i ng a pavement 
cond i tion r ati ng procedu r:e, a procedu re for set ting 
prior it ies , and a reasonable procedure for selecting 
maint enance treatments bas ed on co s t -effectiveness. 

The two approaches will be applied to the ne twork 
over a per iod of 40 to GO year s . Al l o f the cos ts of 
maintenance wil l be acc umulated, and t h~ <.:Ondi Li on 
o f che pavement sec tions will be r ecorded ove r the 
analysis pe r iod. A d irect comparis on of t he pavement 
network cost s and ove r all network condition will be 
made for each of the systems. The results should 
graphically show the economic benefits of the struc­
tured system, parcicula.rly if some measure of user 
cost increases, caused by aJ.J.owing pc1v"'"'""'-" <-u 

deteriorate below acceptable standards, can be fac­
tored in. 

The o t her ma jor f ocus o f t he cons ul tant e f f o rt 
will be to develop t he three basic elements o f a PMS 
as pr ovided in t he previ ous outUne. The objective 
of thi s effort is to go beyond the description o f 
the framework necessary for establishing PMSs. The 
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three basic elements will be described at a level of 
detail sufficient for individual jurisdictions to 
pursue ac tua l PMS development. In this way actual 
implementat ion probl ems can be experienced, and 
opporcun i i:: i es for ~t a11J.cu. J.i~o \..:.vii c an ..,c ... e:=:~!:!:!. Th~ 
o ngoing interest i n impr ovi ng Bay Area PMSs and 
maintenance practices can cont i nue to be explored. 
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A Stable, Consistent, and Transferable Roughness 
Scale for Worldwide Standardization 

CESAR A. V. QUEIROZ, W. RONALD HUDSON, ALEX T. VISSER, and 

BERTELL C. BUTLER, JR. 

ABSTRACT 

since the AASHO Road Test there has been 
grea.t inter e s t i n the measurement o f road 
roughness f or eval uat ion o! servicealJ ill t:y 
as def i ne d by Carey and I rick, and, perhaps 
more broadly and importantly, for evaluation 
of road roughness as it affects vehicle 
operating costs and road maintenance, par­
ticularly in developing countries. In this 
paper work done in the United States, 
Brazil, Canada, Bolivia, Nigeria, Panama, 
and elsewhere with respect to the selection 
of a uniform method for calibrating road 
roughness devices is reviewed. Because most 
roughness measurements are made with re­
sponse- t ype roughness measuring instruments, 
there need s to be a calibration technique 
for such instruments that can be easily used 
by any country. It is essential that the 
method be based on charac teristics of the 
road surface and not on character is tics o:t; 

any individual vehicle or measuring velocity 
of the response-type roughness meter. A 
specific ,.::.,,...111::at-;nn algor i thm is also 
needed. A calibration technique is recom­
mended that is based on a true profile of 
the roadway surface analyzed with wavebounrl 
analysis to determine root-mean-square ver­
tical acceleration for several applicable 
waveband statistics that are combined to 
produce the calibration factor. The develop­
ment of the methodology is presented. 

Since the AASHO Road Test, where the concept of 
pavement serviceability was developed by Carey and 
Irick (!), increasing importance has been given to 
user-related pavement evaluation. This type of eval­
uation is concerned primarily with the overall func­
tion of the pavement; that is, how well it serves 
traffic or the riding public. 
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The serviceability of a pavement is largely a 
function of its roughness (2), and several models 
can be found in the literatu~e to estimate service­
ability as a function of roughness alone (3,4). More­
over, it has been demonstrated that roughmiss is the 
principal measurement of pavement condition directly 
related to vehicle operating costs (5,6). 

Roughness is normally measured with response-type 
measuring systems, which are relatively fast and 
inexpensive; however, the output of these systems is 
not stable over relatively long periods of time. 
Consequently, it is necessary to establish a stable 
roughness scale against which response-type rough­
ness measuring systems can be calibrated. 

In this pap·er a roughness scale is presented that 
can serve as a universal standard . The scale is 
stable and consistent and allows transferability 
over time and space . The roughness scale is derived 
from the quarter-car index (QI) scale. It was origi­
nally defined in the Brazil costs study (7). rt was 
based on simulating a quarter-oar• s response to a 
road profile as measured by a Surface Dynamics pro­
filometer (SD or GMR profilometer) • The simulation 
was de_signed to duplicate the response of the old 
B-ureau of )>ublio Roads roughometer. flow to obtain 
the QI scale from an analysis of a rod-and-level­
generated road profile is discussed in this paper . 

It is expected that rod and level profile summary 
statis-tics put forth in this work can be used to 
characterize pavement roughness over a wide range of 
wavelengths in a more reliable manner than other 
existing profilometer systems. 

USE OF PROFILE SUMMARY STATISTICS TO QUANTIFY 
PAVEMENT ROUGHNESS 

The motion of a vehic1e on a pavement results from a 
dynamic system whei:e the vehicle is excited by the 
vertical displacements of the pavement profile. If 
the parameters that define the dynamic system as 
well as the ro_adway profile are known, vibration 
theory can be used to determine the vehicle vertical 
movement at a given speed {8,9). 

Most vehicle parameters- (tires, suspension, body 
mounts, seats, and so forth) are relatively similar. 
Moreover, on any particular road, most cars will be 
driven at similar speeds. Therefore, the excitations 
into the car, and thus the riding characteristics, 
become primarily a function of the road profile (1). 
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To determine the QI roughness scale from rod and 
level measurements of pavement profiles, four dif­
ferent summary statistics wei:e tested that the pub­
lished .literature indicated might be useful: (al 
wave amplitude, which was originally shown by Wil­
liamson et al. (4) to be highly correlated with rat­
ings of riding quality; (b) root-mean-square verti­
cal acceleration, which has been used as a basis for 
Maya meter calibration (10): (cl mean absolute ver­
tical acceleration, which has been suggested for 
Mays meter calibration (.!l): and (d) slope variance, 
which was found to be highly correlated with ser­
viceability rating at the AASHO Road Test (_!1). 

QI ROUGHNESS SCALR 

The Surface Dynamics profilometer used in Brazil and 
Texas studies consisted of a light delivery vehicle 
that houses a profile computer, analog tape re­
corder, quarter-car simulator , a road-following 
wheel in each wheelpath, potentiometers, and ac­
celerometers. A potentiometer is connected between 
each road-following wheel and the vehicle body to 
measure the relative movement between the test wheel 
and the body (Figure 1) • •rwo accelerometers are 
secured on the vehio1e body directly over the road­
following wheels to sense the movement of the body. 
The potentiometer and accelerometer signals are then 
electronically combined to i:emov-e car body movement 
and obtain a stable roughness measurement (.!l). 

The profile computer is a special-purpose elec­
tronic system that processes the potentiometer sig­
na.ls and the accelerometer signals to obtain the 
road profile . An analog tape recorder is used to 
record the profile data so it can be processed after 
the recording. The quarter-car simulator (QCS) is a 
special-purpose analog computer that simulates the 
motion of a single tire mass system over the road 
profile as it is generated or from the analog tape. 
The system consists of a body mass, one tire, shook 
absorber, and springs; the response measured is a 
summation of the body movement relative to the wheel 
axle over a fixed distance (Figure 2). The parameter 
values incorporated into the QCS are for a Bureau of 
Public Roads (BPR) type roughometer, as reported in 
the manufacturer's instruction manual. 

The roughness output from the QCS, termed the QI, 
can be accepted as a standard measure of roughness. 
Qip has units of deformation per unit length trav-

,\nalog 
\I heel pa th 
Profil e 

Quat"ter 
car 

Simula tor 

Topa 
Recorder 

Analog-to­
Oigi tal 
Conver tor 

Digital 
Tape for 
Analysis 

FIGURE 1 Simplified block diagram of the SD profilometer measurement system. 
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Kt~ 
35 .7 5 kgf/cm 

Ml 

(272.40 kg) 

~,} 
(44 .04 kr.) 

FIGURE 2 QCS schematic. 

n • 107.24 kRf. s ec/cm 

eled, but to avoid confusion wit.h othec coughness 
measuces , the units were designated counts per kilo­
meter. Referring to Figvre 2, QI is defined by 

n, - 1 l'l 1 r ,v• "' • ,... 
"< ... -- • 1.t....1. J 1~1 -A2IUL 

where 

x 1 ordinate of sprung mass cxi dX1/dL), 
x2 ordinate of unsprung mass (X2 = dX2/dL), 

and 
L distance along the road. 

(I) 

Application of Newton's second law to M1 and M2 in 
Figure 2 gives the following set of second-order dif­
ferential equat ions: 

-K1 (X 1 - X2) - D(X: 1 - X2) = M1 X1 

KI (X 1 - x,) + D(X I - x,) - K, (X2 - W) = M2 x, 
(2) 

(3) 

The solution of these equations is required for the 
evaluation of QI. The electronic circuits in the 
profilometer QCS were especially designed to give an 
analog solution to the equations , thus providing the 
QI , Note that the solution can also be obtained 
through digital computers , when the p vement profile 
is known , by using numerical integration. To indi­
cate the range of Q_I , values of less than 30 counts/ 
km have been observed on new paved roads after con­
strnc:~ ion in 13razil, whereas pavt,ments that require 
an overlay normally have va ues greater than 60 
counts/km. 

ROD AND LEVEL MEASUREMENTS OF PAVEMENT PROFILE 

The leveling method is slow and requires consider­
able care and labor; therefore , this method is not 
feasible for regular use in measuring long road 
segments. Thus in this paper the rod and level mea­
surements ate examined solely for use in calibrating 
roughness measuring devices . use of the leveling 
method is feasible where an expensive profilometer 
is not available. The shortest practical distance 
between successive profile readings or measurement 
points using rod and level procedures was considered 
to be 100 mm. The implication of longer intervals 
between measured points is addressed later . In spite 
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of the continuous nature of a road profile, di~crete 
measurements are not detrimental because the profile 
must in any event be expressed in discrete terms to 
be analyzed digitally. 

A three-person te.am cons.i::::tir..g of one sur·veyor 
and two assistants performed the profile measure­
ments while traffic was continually controlled by 
flagmen or police. Typically , a maximum of 1io to 
130 m of road were surveyed per day on points marked 
in each wheelpath. 

A standard survey level and a rod readable in 
millimeters were used; elevations were recorded in 
millimeters . Specially designed code forms were used 
in t.hl' field to minimize tu,n>1~clption errors, and 
the data were double-checked after input on the 
computer by us i ng an edit program and by plotting 
each data point of each profile. Errors are detected 
and cone ted through this procedure. The use of 
profile plots is particularly appealing because it 
provides visual identification of errors, so that 
only reliable data are analyzed, 

ROUGHNESS MEASUREMENT SECTIONS 

Twenty paved road sections varying from smooth to 
rough were selected to compare relationships between 
rod and level measurements of pavement profiles and 
the Surface Dynamics profilometer. The objective wa~ 
to correlate QI with some other profile summary 
statistics so that a convenient standard to cali­
brate Mays meters (or other response-type roughness 
measuring devices) could be available in the absence 
of an SD profilometer, Response-type roughness mea­
suring systems such as the Mays meter must be con­
tinually calibrated and checked because their char­
acteristics change as the tires, shock absorbers, 
and springs on the vehicle wear or as adjustments to 
the sensors are made. 

The sections selected for this study included 
asphaltic concrete and double surface treatment 
surfacings. To ensure that profilometer measurements 
would properly reflect section roughness at the time 
of the survey, each section was measured with the 
profilometer a week before, during, and after the 
measurements with rod and level. From these runs a 
QI value was established for each wheelpath of each 
section. The results are given in Table 1. 

A total of 3,200 and 6,400 data points was ob­
tained to describe the profile of a short and long 
section, respectively. Short sections (160 m) were 
used only when a uniform 320-m section was not found 
at the required roughness level, In addition, three 
long sections that had low, medium, and high rough­
ness levels were surveyed twice t o provide replicate 
data f<.>z: a repeatability sLu«ly . Thus a total of 
131,200 data points was obtained with rod and level 
for this analysis. 

As stated, wave amplitude, root-mean-square ver­
tical acceleration (RMSVA) , mean absolute vertical 
acceleration (MAVA), and slope variance were tested 
to estimate QI as a universal standard. The mathe­
matical details are presented elsewhere (13,14). 
Only the details of RMSVA are reproduced here,~~ 

USE OF RMSVA TO ESTIMATE QI 

RMSVl\ is a relatively simple profile statistic (lQ) • 
RMSV/.\ can be definea as the root-mean-square differ­
ence between adjacent profile slopes, where each 
slope is the ratio of elevation change to the cor­
responding horizontal distance interval selected . 
·rhis horizontal d istance is the base length, and 
RMSVA can be computed for several base lengths. 
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TABLE 1 Profilometer Results (QI) on Roughness Correlation Sections 

Length 
Se c tion (m) Surface 

MOS 320 AC 

M06 160 AC 

MO? 160 AC 

MOS l 60 AC 

M09 160 AC 

Ml 3 320 OST 

Ml4 320 DST 

Ml5 320 DST 

M22 320 AC 

M2J ]20 AC 

M26 320 AC 

M27 320 AC 

M28 320 AC 

M29 320 AC 

M30 320 AC 

M3l ]20 AC 

MJ2 320 AC 

M38 160 AC 

Al6 320 DST 

Al 7 320 DST 

M2J(R) ] 20 AC 

M28(R) 320 AC 

M30(R) 320 AC 

AC = asphalt i c c oncr e t e 

DST= doubl e surface tre a tmen t 

R repli ca t ion 

RMSVA is obtained from elevations Y1, Y2 ••• , 
YN of equally spaced points along one wheelpath by 

r N-k l 
V Ab = ~=~ + 

1 
(SB;)

2 
/(N - 2 k)J (4) 

where 

VAb RMSVA corresponding to base length b, 
b ks (i.e., the base length), 
k arbitrary integer used to define b as a 

multiple of s, 
s = sampling interval (i.e ., the horizontal 

distance between adjace.nt points), and 
SBi an estimate of the second derivative of y 

at point i given by 

SB;= { [(Y;+k - Y;)/ks] - [(Y; - Y;_k)/ks] } /ks 

or 

SB;= (Y;+k - 2Y; + Y;-k)/(ks)2 

A simple computer program was developed to per­
form RMSVA computations illl . The least-squares 
method and ridge analysis were used to develop a 
model to predict profilomete:r Ql from rod and level 
profile RMSVA. The following equation was found to 
best fit the data: 

Qlrmsva = -8.54 + 6.17 VAIO + 19.38 VA25 (5) 

R squared= 0.95 , standard e, ror = 5.65 , and Cl= Qirmsva ± 1 J. 68 

Profilomete r QI Survey 

Ri g ht Pat h 

62 

48 

99 

68 

137 

77 

62 

59 

77 

27 

58 

48 

58 

76 

87 

66 

37 

105 

62 

72 

22 

5 7 

86 

where 

Qirmsva 
VAlO, VA25 

CI 

Left Path 
Date 

68 05/79 

40 05/79 

92 05/79 

60 05/79 

105 l0/79 

61 l0/79 

60 1 1 /79 

74 10/79 

68 08/79 

23 08/79 

57 08 /79 

41 08/79 

53 08/79 

67 l0/79 

67 10/79 

70 10/79 

36 08/79 

97 ll / 79 

94 06/80 

76 06/80 

23 03/80 

55 03/80 

68 03/80 

QI estimate from RMSVA: 
RMSVA corresponding to base lengths 
of 10 and 25 decimeters, respectively 
(mm/m 2

): and 
approximate 95 percent confidence 
interval, 

A visual presentation of how well Equation 5 
predicts QI is shown in Figure 3, wher e profilometer 
QI is plotted against Qirmsva. 

COMPARISON BETWEEN ROD AND LEVEL ANALYSIS PROCEDURES 

The data in the previous section·s demonstrate that 
it is possible to compute summary statistics from 
rod and level profiles that correlate well with the 
SD profilometer QI. This is true in varying degrees 
for the statistics used to summarize rod and level 
profile data , namely (a) wave amplitude , (b) RMSVA, 
(c) MAVA, and (d) slope variance. The best predictor 
was RMSVA, 

From consideration of standard error for resid­
uals, multiple correlation coefficient , and stabil­
ity of regression coefficients , it can be concluded 
that wave amplitude , RMSVA, and MAVA predict QI to 
about the same degree of accuracy and represent a 
better estimate than slope variance. From a computa­
tional point of view, the v~LLical acceleration 
procedures (i.e., RMSVA and MAVI\) are preferable to 
wave amplitude, whose computation is more detailed . 
Because RMSVA p:red icts QI slightly better than MAlf7.I, 
it appears ~easonable to recommend the use of Equa-
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FIGURE 3 Relationship between SD profilometer QI and QI estimated from 
RMSVA. 

tion 5 for estimating QI from rod and level measure­
ments of pavement profile. For further applications, 
the QI estimate from RMSVA (i.e., Qirmsva) will be 
represented simply QIR. 

REPEATABILITY OF ROD AND LEVEL ROUGHNESS MEASUREMENTS 

The repeatability of an instrument refers to the 
degree to which the repeated measurements made with. 
the instr ument ag r ee with each other (12.) • When the 
profile of a test section is measured twice, the 
results are not e >Cpeoted to be exactly t he same 
because of variations in the exact profile line 
surveyed and random measurement error . 

Three test sections with low, medium, and high 
roughness were selected for studying the repeatabil­
ity of rod and level roughness measurements. The 
measureme nts on these sections were replicated about 
6 months af e r t he i nitial measurements . 

The W;ilRh test wa s uocd to compare the means o f 
the Q-:t statistica obtained from the replicate pave­
ment profile surveys. This nonparametric test was 
selected because o f its power and usefulness for 
small samples (16) • The results indicated that the 
rod and l e vel measurements of pavement roughness in 
both surveys were not significantly different at the 
10 percent oon£idence level. Therefore, the data 
analyzed indicate that the rod and level procedure 
has good repea tabi l .i'ty. 

USE OF QI FOR CALIBRATING ROUGHNESS MEASURING SYSTEMS 

Roughness measuring systems such as the Mays meter, 
bump integrator, and roughometer have in common the 
fact that their roughness output for the same road 
section can vary with time as changes in machine 
condition (e .g., tires, springs, shook absorbers , 
mass) occur . Roughness measuring instruments of this 

type are classified as a response-type road rough­
ness measure system (RTRRMS) in contrast to systems 
that measure the longitudinal profile characteris­
tic directly (17) • Rod and level measurements of 
pavement profil~all in the second category. 

In general, RTRRMSs have the advantage of rela­
tively low cost, simple operation, and high measur­
ing speed. However, because of their susceptibility 
to changes, RTRRMSs require periodic calibrat ion 
against a stable measuring system to provide con­
sistent and useful measures of pavement roughness. 

The kind of calibration problem of concern here 
can be described as follows (18): there are two 
related quantities X and Y, such that X is rela­
tively easy to measure and Y is relatively difficult 
and requires more effort or expense; furthermore, 
the error in a measurement of Y is negligible com­
pared with that for x. In this context X can be 
interpreted as an RTRRMS output and Y is some pave­
ment profile summary statistic ohti,ined, for exam­
ple, from rod and level measurements. The problem 
consists of estimating unknown values of Y, corre­
sponding to measurements of x, through a calibration 
equation established from simultaneous X and Y mea­
surements on a number of sections [i.e., the cali­
bration equation is of the form Y = f(X)]. 

From the foregoing discussion it can be concluded 
that a roughness measure Y, to be useful as a rough­
ness standard, has to be repeatable and highly cor­
related with the roughness outputs from the devices 
whose calibration is desired. The good correlation 
between the rod and level summary statistic QI and 
several roughness measuring devices will be dis­
cussed later. Rod and level repeatability was noted 
to be good; therefore, QI obtained from rod and 
level measurements of pavement profile represents an 
acceptable means to calibrate response-type rough­
ness measure systems. 

For calibrating RTRRMSs 
summary statistics (e.g., 

agains t rod and 
QIR), the same 

level 
method 
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developed by Walker and Hudson (19), which uses the 
SD profilometer as standard, is""" recommended. The 
method requires that about 20 paved sections cover­
ing the roughness range of interest be selected. 
Test section length should be a multiple of the 
roughness device output intervals and, preferably, 
on the order of 300 m or longer. Depending on the 
pavement structure and traffic loads on these cali­
bration sections, rod and level measurements of both 
wheelpaths should be conducted about twice a year or 
even at shorter time intervals if seasonal effects 
are suspected to be a significant factor in ride 
quality. 

In summary, the calibration procedure recommended 
for use remains the same whether rod and level or 
the so profilometer is used as the standard. The 
roughness device to be calibrated is operated over a 
number of test sections whose wheelpath profiles 
have been measured with rod and level i the output 
from the roughness device for each section is then 
correlated against the profile summary statistic QI. 
Thus a calibration equation is obtained that permits 
the pavement roughness, in terms of QIR, to be esti­
mated from measurements with the other roughness 
device. 

ANALYSIS OF SAMPLING RATE EFFECT ON ACCURACY OF 
QI ESTIMATES 

As stated previously, a 100-mm sampling interval was 
chosen for the rod and level measurements of pave­
ment profile in this study because it represents the 
minimum interval feasible to be implemented in the 
field. Subsequently, it was demonstrated that rod 
and level summary statistics obtained with this 
sampling interval constitute an accurate means to 
estimate QI. In this section the possibility of 
adopting longer sampling intervals, which would 
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expedite not only the field work but also data pro­
cessing, is examined. 

By eliminating intermediate data points, differ­
ent sampling intervals were simulated for this anal­
ysis. A maximum sampling interval of 500 mm was 
selected because it is necessary for computing VA10 
and VA25, which are independent variables in Equa­
tion 5. 

Differences between mean QI obtained from the 
500-mm sampling interval and the basic QI (i.e. , at 
100-mm intervals) were analyzed by a test for cor­
related samples (20). The results indicate that the 
hypothesis of equal QI means from the two sampling 
intervals used cannot be rejected at the 10 percent 
level of significance. The good agreement obtained 
between QI values calculated from 100- and 500-mm 
sampling intervals is shown in Figure 4. Therefore, 
a sampling interval of 500 mm is recommended for use 
in future applications. 

An investigation of the influence of sampling 
interval on the Qiwa and Qimava indices was also 
carried out. The wave amplitudes computed from a 
200-mm sampling interval are significantly different 
from the ones obtained when the original 100 mm is 
used. Therefore, it is considered that only 100-mm 
sampling intervals or less can yield accurate wave 
amplitude values and, consequently, accurate QI 
estimates when this approach is used. The influence 
of sampling intervals on MAVA was found to be 
similar to the influence on RMSVA. 

ADEQUACY OF QI SUMMARY STATISTIC OF ROADWAY ROUGHNESS 

Several statistics have been proposed to summarize 
measurements of roadway roughness as reviewed by 
Gillespie et al. (17). In this section the suitabil­
ity of QI as one of these statistics is examined. 

80 

(S= lOOmm) 

Equality line 

too l 20 
-------, 

t40 

FIGURE 4 Comparii!On between QI values obtained from 100- and 500-m sampling 
intervals. 
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It has been demonstrated in t he Brazil study (21) 
that QI is an extremely useful measure of roadway 
roughness because it is one of the most significant 
independent variables in the equations developed to 
prediot road user costs, Bump integrator measure­
ments ot pavement roughness, which are highly cor­
related with QI, were also demonstrated to be an 
important predictor of vehicle operating costs in 
the Kenya study (5), Therefore, insofar as road user 
costs are concerned, QI can be considered as a good 
summary statistic of roadway roughness. 

It has been stated that a good roughness index 
should correlate well with human panel ratings of 
riding quality (4). The evaluation of 40 teat sec­
tions, selected -on the paved and unpaved highway 
network in the vicinity of Brasilia by a panel of 52 
taters, yielded the following correlation equation 
C_lll: 

SI = 4 .66 exp(---0.00534QJ) (6) 

K squared = 0.83 

where SI is the present serviceability index (i.e., 
an estimate of the mean panel rating) and QI is the 
quarter-car index (counts/km). 

This equation indicates that QI correlates well 
with serviceability rating. Because QI also is an 
important explanatory variable in road user cost 
prediction equations, it appears reasonable to rec­
ommend QI as a roadway roughness summary statistic 
for general use. Furthermore, studies of road dete­
rioration in .Brazil have provided equations to pre­
dict roughness using QI units , for both paved (11) 
and unpaved (23) roads, as a function of variables 
such as matedal char.acteristios, traffic loads, and 
volumes. These relationships, together with road 
user cost equations, provide an essential tool for 
the economic analysis of highway investments. 

CORRELATION BETWEEN QI AND ROUGHNESS 
MEASURING SYSTEMS 

An International Road Roughness Experiment (IRRE) 
conducted in Brazil in May and June 1982 examined 
the correlations between QI (and other roughness 
scales) and different road roughness measurement 
equipment in use throughout the world (1_!). A total 
of 49 sections, each 320 m long, were evaluated for 
roughness on a wide range of paved and unpaved 
roads. The roughness was measured at a number of 
speeds by seven RTRRMSs, including three Mays meter 
systems, a car-mounted bump-integrator unit from the 
Transport and Road Research Laboratory (TRRL), a 
National Association of .Australian State Road Au­
thorities (NAASRA) roughness meter from the Austra­
lian Road Research ooard (ARRB) , a TRRL !.,ump-inte­
grator trailer, and a BPR-type roughometer from the 
Federal university of Rio de Janeiro. 

A summary of the correlations between QI and the 
RTRRMSs included in the IRRE is given in Table 2 for 
all road surface types studied (i.e., asphalt con­
crete, surface treatment, gravel, and earth). The 
overall correlation is good, but the highest corre­
lation coefficients are obtained when the RTRRMSs run 
at 50 km/h. Therefore, it is recommended that this 
speed be used for calibrating an RTRRMS against the 
QI scale. If other speeds are selected for roughness 
measurements (e.g., 32 or 80 km/h), regression equa­
tions should be developed to convert RTRRMS readings 
at these speeds to the readings that would be ob­
tained at 50 km/h. 

CORRELATION BETWEEN QI AND RARV 

A roughness scale--reference average rectified 
velocity (RARV)--was defined as part of an NCHRP 
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TABLE 2 Summary of Correlations Between QI and RTRRMS 
(R-Squared Values) from the IRRE 

RTRRNS SPEF!l ()(}!/~) 
RTRR~IS 

32 50 RO 

NMOl . 89 .95 • 72 

)11-102 . 94 • 94 • 77 

'IM03 • 88 . 9 1 .67 

BI-CA R .92 • 92 • 84 

'.'IAASl(A .93 .94 .92 

81-TRL .92 .94 ---
BPR . 85 --- ---

project (.!1) , The RARV roughness scale depends on 
the simulated speed and sampling interval used to 
measure the road profile. In the IRRE, a 500-mm 
sampling interval was used to measure the road pro­
files with rod and level; t.herefore, RA.RV based on 
this sampling interval was obtained for all of the 
49 road sections studied. Figure 5 shows the rela­
tionship between QI and RARV for a simulated speed 
of 50 km/h. Similar sc~tt~r~ we~e obtained for simu­
lated speeds of 32 and 80 km/h, where the computed 
R-squared value1, were O. 92 and O. 97, respectively. 
The good correlation between QI and RJ\RV has two 
simple explanations. First, both QI and RARV origi­
nated from a linear simulation of a quarter of a 
car; their values, however, are not the same because 
the model parameters used in the simulation (e.g., 
spring constants, sprung mass, and nonsprung mass) 
are different. Second, RARV values obtained from 
different simulated speeds are intercorrelated. 
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FIGURE 5 Relationship between QI and RARV at 50 km/h. 

For practical purposes, QI and RARV are inter­
changeable when road sections of the same length are 
used; however, some recent work by Visser indicates 
that the RARV computation may present problems as­
sociated with variable section length. Because QI is 
easier to compute and the QI scale has been imple­
mented in various countries (e . g. , Brazil, Bolivia, 
South Africa, Nigeria, Panama, and at least one 
state in the United States) , its use is recommended 
for worldwide standardization. 
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INTERNATIONAL VALIDATION OF THE QI ROUGHNESS SCAL~ 

Two important research projects have contributed to 
the international validation of the QI scale: (a) 
the IRRE conducted in Brazil in May and June 1982, 
which has been discussed earlier in this paper, and 
( b) a correlation study of roughness measurements 
with QI carried out in South Africa (25). A brief 
summary of the South African experiment~s presented 
here. 

The aims of the study were to extend and evaluate 
the results from Brazil to a wider range of road 
sections and measuring instruments. The specific 
objectives were to 

1. Run a correlation experiment so that the 
estimated QI values on paved and unpaved sections 
could be related to the outputs obtained with the 
different roughness measuring instruments used in 
South Africa, 

2. Check the repeatability of the estimated QI 
values obtained from measurements at different times 
on a rough and smooth section, and 

3. Evaluate the influence of distance between 
adjacent measured points of the profile on the esti­
mated QI of gravel roads. 

Several response-type roughness measuring devices 
are in use in South Africa and were used in the 
correlation experiment. These include (12) a modi­
fied Portland Cement Association (PCA) meter, a 
linear displacement integrator (LDI), a BPR 
roughometer, and a photologger roughness output. 

In the original study a 100-mm spacing between 
adjacent rod and level elevation points was used, 
but it was found that on paved roads the spacing 
could be increased to 500 mm without affecting the 
roughness statistic (13). For the South African 
study, the 500-mm spacing was used on the paved 
roads, whereas a 100-mm spacing was used on unpaved 
roads because of uncertainties about the influence 
of corrugations with a 1-m period on the summary 
statistic. 

A trained team of one surveyor, one assistant for 
noting the readings, and one assistant skilled in 
using the staff could complete a 200-m paved test 
section in a day. This includes traveling to the 
site, marking out the section, and placing traffic 
control devices. Normally, two assistants were em­
ployed for traffic control, except on roads carrying 
heavy traffic where the aid of traffic police was 
required. A section length of 200 m was selected 
because the roughness instruments measure in multi­
ples of 100 m and because difficulty was encountered 
in finding a longer homogeneous length of road, 
especially in the rougher range. 

An automatic self-leveling instrument with a 
vernier attachment was used for most of the measure­
ments. The rod appropriate to this instrument is 
called a half-decimeter rod (i.e., a half meter is 
divided into 100 divisions). Therefore, in conjunc­
tion with the vernier, the precision is 0.05 mm. This 
precision is unnecessary for the present purpose, 
and results were only recorded to 0.5-mm accuracy. 
Specially designed code forms were used in the field 
to minimize transcription errors. After keypunching, 
the data were checked by an editing routine, and the 
remaining errors became obvious from plotting the 
profile. On the unpaved sections the same procedure 
as for the paved sections was used, except that 
elevations were measured every 100 m111 ins Lead of 
every 500 mm. A rough and a smooth paved section 
were also measured by using a standard level with a 
split-bubble, and a staff graduated in centimeters. 

The repeatability of the rod and level procedure 
was checked on two paved sections, one smooth (sec­
tion 25) and one rough (section 26). Note that the 
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section numbers relate to sections on the standard 
calibration route. The measurements were first made 
in the beginning of October 1981 and repeated at the 
end of November 1981. This time span was long enough 
to ensure that no marks from the first measurement 
were visible, but it was also short enough to pre­
vent any major changes in roughness on the sections. 
Results of the two measuring sessions are given in 
Table 3. The differences between the means of the 
two sessions are 0.7 and 1.0 for sections 25 and 26, 
respectively. These differences are not meaningful. 

TABLE 3 Repeatability of Rod and Level Measurements 
in South Africa 

Sect i o n 25 

Da t e QIR QIR Q!R 
out e r wheel i nn e r wheel mea n 

2 Oct 198 1 19 .1 18. J 18. 7 

27 Nov 1981 2 l. J 17 . 6 19 .4 

24 Nov 198'! ( Cm rod ) 2 I. 5 LR. 7 20, l 

Sect io n 26 

14 Oc t 1981 6 7. 6 7 5. 6 71. 6 

JO Nov 198 1 68. J 77 .0 72 , 6 

25 Nov 198 1 (Cm r od ) 69. 7 76. I 72,9 

In Brazil a standard survey level and a staff 
graduated in centimeters were used. To test the 
influence of the survey instrument, two different 
level instruments and staffs were used in this com­
parison. One instrument was an automatic self-level­
ing instrument with vernier attachment and a half­
decimeter rod, and the other instrument was an 
ordinary surveyor's level with split-bubble and an 
ordinary staff graduated in centimeters. Sections 25 
and 26 were again measured; the results are also 
given in Table 3. For the ordinary level the com­
puted QI values are slightly higher than for the 
automatic level, but the difference is less than one 
unit of QI when compared with the mean of the values 

TABLE 4 Computed QI Values on Unpaved Road Profiles 
Measured at 100- and 500-m Intervals 

Sec t ion Interval QI QI QI 

(mm) outer whee l inner wheel mean 

GI 100 67. 5 152. 9 110 . 2 

500 69. 0 157 .,, 11 3 . 2 

68. 9 156. I 11 2 . 5 

65. 9 155. 7 110. 8 

68. 5 148.0 108 . 2 

65. 0 14 7. J 106 .2 

G2 100 131. 7 1)5.2 133 . 4 

500 131. 8 128. 4 130. l 

135. 5 I JI. 4 1 JJ. 5 

129. 7 142. 6 136 . l 

130. 3 138 . 0 114. I 

1)0.7 134. 1 1 )2 . 4 
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TABLE 5 Statistics Related to the Linear Regressions Between QI and Roughness Outputs of 
Different Instruments in the South African Study 

Dependent Independent R- Standard error 

Variable Variable squared of residuals 

QI LOI 0. 98 3 . 40 

QI Photologger 0.96 4.45 

QI In PSI 0.97 3.78 

QI outer BPR o. 90 7. 73 

wheelpath 

obtained with the automatic level. The centimeter 
rod, which was less precise than the half-decimeter 
rod, would yield rounding i>.rrors, and this is re­
flected by the slightly higher QI value. However, 
the difference is not meaningful, and any accurate 
surveyor's level could be used in generating QI 
measurements. 

Unpaved roads normally exhibit car rugations or 
deformations that have a greater amplitude than 
those found on paved roads, and concern existed 
about the QI generated from profile measurements 
taken at 500-mm intervals. For this reason measure­
ments were taken at 100-mm intervals on the two 
unpaved sect i ons, both of wh i ch exhibited co,:ruga­
tions . The data collected permi tted an evaluation of 
whether the 500-mm spacing of readings has a mean­
ingful influence on the result. The data in Table 4 
give the Qis completed and the variations are not 
significant, 

The statistics related to the correlations be­
tween QIR and the PCA roadmeter, LOI, photologger, 
and BPR roughometer are given in Table 5. From these 
statistics it can be noted that, based on the stan­
dard error of estimate and the R-squared, the de­
creasing order of best correlation with QI is the 
LOI, PCA roadmeter, photologger, and BPR roughom­
eter. In fact, the correlation with the BPR roughom­
eter is considerably poorer than for the other in­
struments. The relatively poor performance of the 
BPR roughometer is attributed to its advanced age 
and poor condition. The correlation between QI and 
the LOI, which is similar in characteristics to the 
Mays meter, is similar to the values obtained in 
Brazil, 

OTHER VALIDATIONS 

Sample Intercept Slope 

size Cooefficient t-va lue 

18 -4 .60 22 . 46 27.1 

18 6. 74 0 . 1898 20. 5 

18 92.63 -56.39 11. 9 

18 -16 . 98 o. 68 66 -24.3 

roads and establishing a country-wide pavement eval­
uation and management system. 

SUMMARY AND CONCLUSIONS 

It has been demonstrated in this paper that rod and 
level measurements of pavement profile, using short 
sampling intervals, represent a feasible and accu­
rate mean~ fnr P.~t-~hl h:i.hing ::ii C!~:::ah1.o. ... ,..,,,g1,,,".f"I,~ ... .,.. .... ..,., c. 

(QI). Estimates of QI were developed from four dif­
ferent profile summary statistics found in the lit­
erature: wave amplitude, RMSVA, MAVA, and slope 
variance, From a computational point of view, the 
vertical acceleration procedures (RMSVA and MAVA) 
are superior. 

When a 500-mm sampling interval is used to col­
lect pavement profile data with rod and level, QI 
can be estimated more precisely from RMSVA than from 
MAVA; therefore, Equation 5 using RMSVA is recom­
mended for obtaining QI . 

The rod and level QI scale is particularly ap­
pealing for developing countries, where the costs of 
such procedures may be significantly less than the 
costs of other procedures, depending on sophisti­
cated imported profilometers. 

A number of alternatives for transferring a 
roughness standard from one region to another have 
been presented in the technical literature, includ­
ing the rod and level survey method. Taking into 
account the inherent limitations of some of these 
alternatives and the analysis conducted in this 
study, and considering simplicity, reliability, and 
costs as important factors, it is reasonable to 
conclude that, with the current state of the art, 
the QI scale is a suitable worldwide roughness stan­
dard, and its adoption is recommended. 
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The rod-and-level-based QI scale calibration proce­
dure has been successfully used to control roughness 
measurements in a number of countries. For the 
Ministry of Transport in Panama, Hudson et al. (~) 
established a roughness measuring capability to 
assist in determining priorities for pavement reha­
bilitation and maintenance for Panama's highways. 
The National Highway Service of Bolivia first used a 
TRRL pipe course and then, under Butler's direction, 
replaced it with the rod-and-level-based QI calibra­
tion procedures to control roughness measurement 
taken with two Mays meters (~). Bolivia maintains a 
network-wide roughness inventory on its paved roads 
and has studied maintenance service levels for ag­
gregate road grading frequencies based on roughness. 
Hudson is also using the rod-and-level-based QI 
calibration procedure in Nigeria for inventorying 
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Serviceability and Distress Methodology for Predicting 
Pavement Perform:1nrP. 

ALBERTO GARCIA-DIAZ and MICHAEL RIGGINS 

ABSTRACT 

In this paper the fundamental aspects in the 
development and application of a methodology 
for predicting pavement performance are 
summarized in terms of three indices: (a) 
present serviceability index, (b) distress 
area index, and (cl distress severity index. 
A statistical procedure used for estimating 
the parameters of the performance relation­
ships guarantees that the goodness-of-fit 
between predicted and observed data is maxi­
mized. The most salient feature of the pro­
posed methodology is the use of an S-shaped 
curve that recognizes a change in the rate 
of deterioration of a pavement as the traf­
fic level accumulates until rehabilitation 

data obtained from 164 pavement test sec­
tions, are used to predict the performance 
of black-base, hot-mix, and overlay pave­
ments. In addition, the proposed method can 
be used when pavement performance is ascer­
tained in terms of area and severity dis­
tress ratings for several types of pavement 
distress such as rutting, flushing, ravel­
ing, alligator cracking, transverse crack­
ing, longitudinal cracking, and patching. 

The purpose of this paper is to summarize recent 
developments and actual applications of a pavement 
performance equation that predicts the loss of ser­
viceability or deterioration caused by various types 
of distress. The proposed model represents an im­
provement over the original AASHO Road Test perfor­
mance equation in that it predicts more realistic 
long-term behavior. This is achieved through the use 
of a sigmoidal or S-shaped curve that recognizes the 
ability of a pavement to reduce its rate of deterio­
ration as the traffic level approaches the end of 
the service life of the pavement. This behavior, for 
example, is typical of pavements that have received 
adequate routine maintenance in the past. To eval­
uate the parameters in the performance model, a 
least-squares curve fit technique is employed using 
field measurements from the data base for flexible 
pavements available at the Texas Transportation 
Institute (_!). The types of pavements considered 
along with the number of test sections evaluated are 
as follows: black base, 51 sections: hot-mix as­
phaltic concrete, 36 sections: and overlays, 77 
sections. 

The data for each test section consisted of 
values of the present serviceability index as a 
function of the number of 18-kip equivalent axle 
loads. In addition, the structural performance of 
the pavement was evaluated in terms of distress 
severity and area for the following distress types 
(in each case the primary variable correlated with 
the distress type is shown in parentheses): rutting 
(N-18), alligator cracking (N-18), patching (N-18), 

flushing (ADT), raveling (ADT), longitudinal cracks 
(time), and transverse cracks (time). For the pri­

mary variables, N-18 and ADT represent the number of 
18-kip single-axle loads and the average daily traf­
fic, respectively: in addition, time represents the 
number of months since initial construction. 

The paper is divided as follows. First background 
information that pertains to the development of the 
AASHO highway performance equation is presented. 
Second, the development a nd characteristics of the 
proposed sigmoidal or s-shaped curve are described. 
Third, the procedure for determining the design 
constants for the curve, using present serviceabil­
ity index data, is presented. Fourth, the prediction 
of pavement distress using the proposed methodology 
is discussed. Finally, an actual application of the 
method to predict the functional and structural 
performance of Texas pavements is presented. 

GENERAL BACKGROUND ON PERFORMANCE EQUATIONS 

Types 0£ Per formance 

In the 20 years since the AASHO Road Test began, the 
idea of performance has been accepted and broadened 
to accord with the measures of service that the 
pavement provides. Because of this, it is now pos­
sible to define roughly three types of performance: 
functional, structural, and survival (.~) . 

1. Functional performance: This is the measure 
that was adopted by the AASHO Road Test: that is, 
the present serviceability index, which measures the 
quality of riding conditions from the point of view 
of the traveling public. 

2. Structural performance: The deterioration of 
structural performance is measured by the appearance 
of various forms of distress and their relative 
importance in triggering decisions to maintain or to 
rehabilitate a pavement. These measures include 
roughness, cracking (several types), rutting, flush­
ing, raveling, failures (potholes), and patches in 
flexible pavements. The measures for rigid pavements 
include spalling, cracking, and joint problems such 
as pumping, failures, and faulting. Because struc­
tural performance is visible or measurable, whereas 
functional performance is primarily subjective, 
there have been several attempts to relate the two. 

3. Survival: The survival of a pavement is de­
termined by the amount of time that it lasts before 
major maintenance or rehabilitation must be per­
formed. Survival is measured by the probability that 
a given pavement is still in service a number of 
years after its construction. Historical records may 
be used to develop such survivor curves, which are 
important in projecting budget levels for mainte­
nance and rehabilitation work. 

Each of these kinds of performance has its own use 
in serving the public. The latter two are of princi­
pal importance to the agency that is responsible for 
keeping a roadway network in good operating con­
dition. 

The form of the AASHO equation is 

.. .. 
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g=(W /pf (I ) 

where 

g = damage function, which is a normalized 
variable that ranges from Oto las distress 
increases or as functional performance or 
survival probability decreases; 

W quantity of normalized load or climatic 
cycles, or the total elapsed time to reach a 
given level of 91 

p quantity of normalized load or climatic 
cycles, or the total elapsed time until g 
reaches a value of l (it is usually assumed to 
be a function of the structural variables) i 
and 

s a power that dictates the degree of curva­
ture of the curve relating g to the ratio of 
W/Pi a high value of S (greater than 1) 
indicates that g remains low over the majority 
of the life of the pavement, whereas a low 
value of a (less than 1) indicates a high 
value of g over the life of the pavement. 

The damage function in the AASHO design equation 
is defined as a serviceability index ratio: 

g = (PO - P)/(P O - Pr) (2) 

where Po is t he i ni t ial servic eabi lity i ndex , and 
Pf is t he min imum se rv iceabi l ity i ndex (in t he AASHO 
design equation t his va l ue is equal to 1. 5), Combin­
ing Equations 1 and 2, the AASHO design equation can 
be rewritten as 

P=P0 - (P0 -Pr)(W/pf (3) 

A graphical representation of Equation 3 is shown in 
Figure 1. 

p 

FIGURE 1 AASHO performance curve. 

Alternative Forms of Functional Performance Equations 

The shape that a functional performance curve should 
take can be deduced from the boundary conditions 
placed on the serviceability index scale as well as 
from long-term observations of field data, The ser­
viceability rating scale ranges between O and 5 and, 
as it is defined, can be neither greater than 5 nor 
less than 0. As pavement roughness increases, the 
serviceability rating will decrease and will ap­
proach, but not drop below, a serviceability rating 
of Ono matter how much traffic passes over the pave­
ment. Thu,; the performance curve etarts out horizon­
tally bounded from above by a rating of 5. As load 
repetitions increase, the curve is bounded from be­
low by a rating of O, a value that it approaches as 
an asymptote. These boundary conditions imply that a 
functional performance curve should be S-shaped, 
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The form of the AASHO design equation (Equation 1) 
assumed that the serviceability-index-versus-traffic 
curve never reverses its curvature, as shown in Fig­
ure 1. By way of contrast to this assumed form of 
equation, a number of observed serviceability-index­
versus-traffic relations have shown a reversal of 
curvature (see Figure 2), 

p 

'--- --- ---- ---------w 
FIGURE 2 S-shaped performance curve. 

The S-shaped feature of the curve shown in Figure 
2 requires an equation of the form 

(P0 - P)/(P0 - Pr)= exp [- (p/Wf ) (4) 

which can be rewritten as 

P= P0 - (P0 - Pr) exp[- (p/Wf) (5) 

In this paper the s-shaped performance function 
defined in Equation 5 has been considered, Obviously, 
there are many choices for this function: the follow­
ing list of considerations is helpful in deciding 
what particular choice to use. 

1. The function must have a maximum 
value at traffic level (or time) equal to 
must be strictly decreasing (increasing) 
traffic level increases, 

(minimum) 
zero and 

as the 

2. The function cannot have negative values; 
indeed, if the performance value is standardized to 
be between O and 1, the particular choice of the 
func tion cannot have values outside this range as 
traffic or time increases. 

3. The function must have at least one parameter 
so that a family of pavements may be represented for 
different values of the parameter or combinations of 
parameter values in the case of several parameters, 

4, The structure of the performance function 
must be suitable for an efficient estimation proce­
dure of the parameters on the basis of observed data. 

It is easy to verify that all of these conditions 
are satisfied by Equation 5. This equation has been 
investigated and validated by using an extensive data 
base for flexible pavements available at the Texas 
Transportation Institute, Previous studies have also 
demonstrated the validity of Equation 5 in predict­
ing pavement performance (!,l-i). 

PROCEDURE FOR DETERMINING DESIGN CONSTANTS 

Assuming that P0 is known, the purpose of this sec­
tion is to develop a statistical procedure to deter­
mine the constants Pr, p, and Son the basis of ob­
served performance data for a given type of pavement, 

The performance relationship (Equation 5) can be 
expressed as 

P0 - P = Ci exp[- (pfWf) (6) 
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where 

(6a) 

Taking the natural log;irit.hm of r:q11r1t:ion 6 yields 

Ln(P O - P) = Ln(a) - (p/Wi (7) 

which can also be written as 

Ln(P0 -P) = Ln(a)- p~(l/W)~ (8) 

using the transformation eT 1/W, Equation B becomes 

which is equivalent to 

z=a-bc' 
where the variables of substitution are 

z= Ln(P0 -P) 

a= Ln(<>) 

b = p~ 

C = e~ 

(9) 

(!Oa) 

(!Ob) 

(IOc) 

(!Od) 

(IOe) 

Given a collection of m data points (P1, Wi), 
where Pi is the serviceability index corcespondrng 
to a traffic level wi, and i = 1, 2, ••• , m, the re­
maining portion of this section deals with the devel­
opment of a statistical procedure to find a, b, and 
con the basis of observed data. 

Specifically, the data can be computed as follows: 

1. Find zi = Ln(P0 - Pi) for i = 1, 2, ••. , m, 
and 

2. Find Ti= Ln(l/Wil for i = 1, 2, ••• , m. 

Therefore, the observed values of Pi and W~ are 
transformed into values of zi and Ti' respectively. 
The statistical model to be used is defined as 

(J I) 

where £i is the random error corresponding to 
the value zi associated with Ti· 

The basic procedure to estimate the parameters a, 
b, and c is the well-known least-squares method. This 
method computes a, b, and c in such a way that the 

m • 
quantity t £i is minimized. This quantity can be ob-

i=! 
tained from Equation 11 as 

~ E;2 = ~ (zi -a+ bc'i)2 

i=l i= l 

The necessary (and in this case 
conditions for a minimum are given by 

a (J, E/ )/ab= o 

(12) 

sufficient) 

(13a) 

(13b) 

a(I E;2)/ac=o (13c) 

These conditions can be shown to be equivalent to 

m }; (zi -a+ bc'i) = O (14) 
i=l 
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m }; (zi -a+ bc'i)c'i = O 
i= l 

(15) 

(16) 

It is noted that Equations 14 and 15 are linear in a 
and bi therefore both parameters can be obtained in 
terms of zi, Ti, and c. The corresponding results are 
as follows: 

a=[(.~ C2 'i) (.~ zi)-(.~ C'i) (.E ZiC'i)~ 
1=1 1=1 1=1 r=I 'J 

-;-~n ·(} C2 'i)-(.E C'i)(.E cr;\l l t-1 1=1 1=1 /J (17) 

b = Lm . (.E ZiC'i) + ( r C'~ (-~ Z;\J L 1=1 1=1 ) ,-1 i/ 

-;-[m ·(J
1 
C2 'i)-C~, C'i)C~

1 
C'i)] (18) 

The values of a and b given by Equations 17 and 18 
can be substituted into Equation 16 to obtain the 
following final result: 

m 
r. zj :i 

i=I 

xf_~ T;C2,;) =O 
\,= 1 

(19) 

Equation 19 can be solved for c by using a trial­
and-error method or a simple numerical analysis 
method. Once c is determined, a and b can be computed 
f ram Equations 17 and 18, respectively, and their 
corresponding values can be used to estimate o (and 
thus Pf.), P, and B from Equations lOo, lOd, and lOe. 

In the case of the method discussed in this paper, 
the observed data Pi and wi are transformed into Zi 
and T1, respect vely. It is noted that both param­
eters a and b are linear functions of the trans­
formed data for a fixed choice of c. Therefore, a 
valid s trategy is to consider a collection of c 
values and for each one concluct a regression ana.ly­
s is, while monitor ng the accep·ta.bility of the c 
value in terms of Equation 16 or its equivalent 
Equation 19. The error of the estimation procedure 
is summarized by the degree at which Equation 19 is 
held as an equality. Of course, for each choice of c 
the variance of the estimates of the para.mete-rs a 
and b can be measured by using well-known regression 
analysis results. These rnsults are not given in 
this paper but are available in any textbook on 
elementary statistics that includes a discussion of 
the variance of the estimates in regression analysis, 

PREDICTION OF PAVEMENT DISTRESS 

Pavement distress is best represented in two sepa­
rate components: density and severity. Density may 
be expressed as either the percentage of the total 
pavement surface area that is covered by the dis­
tress, or total crack length per unit area or crack 
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spacing or similar measures. Severity may be ex­
pressed as either an objective or subjective mea­
sure. Examples of objective measures are crack 
width, crack depth , and relative displacement at a 
joint. Subjective. measures may be assessed reliably 
by comparing the observed distresa with photographs 
of different levels of severity . The severity may be 
described as none, slight, moderate, or severe and 
may be given numerical ratings such as O, 1, 2, and 
3, respectively, or be assigned numbers that are 
proportional to these in a range between O and 1. 
The change of either area or severity of distress 
can be evaluated by using the previously discussed 
equations. 

To study the behavior of the area covered by a 
given type of distress and the corresponding level 
of severity, two indices are introduced: ( a) the 
distress area index, and (bl the distress severity 
index. Each of these indices represents a number 
between 1 and O that decreases as the level of 
traffic is increased. Note that the present service­
ability index has a similar behavior, with the 
exception that it decreases from P0 to Pf• 

Specifically, the distress area index decreases 
from a value A0 (A0 .S. 1) to a value Af (0 5.. Af 2_ A0 ) 

as the traffic increases: similarly, the distress se­
verity index decreases from a value of S0 (S0 2_ 1) to 
a value sf (0 2_ sf ~ S

0
) as the traffic level in­

creases. Note that both the area and severity indices 
are reduced as traffic increases: that is, a recently 
rehabilitated pavement will have indices close to 
one, as opposed to pavements in need of rehabilita­
tion, which will have indices close to zero. 

The distress area index (A) is expressed by a re­
lationship similar to that of Equation 3, namely, 

A= A0 - (A0 -Ar)exp[-(p/Wi] (20) 

Similarly, the distress severity index (S) is ex­
pressed as 

S = S0 - (S0 - Sr)exp [-(p/Wi) (21) 

Using the A., S, and w data from the Texas Trans ­
portation Institute data base it is possible to esti­
mate Af, Sf, P, and B following the procedure de­
scribed by Equations 5-19 for each o f the following 
types of distress: rutting, raveling, flushing, alli­
gator cracking, longitudinal cracking, transverse 
cracking, and patching. 

APPLICATION, SUMMARY, AND CONCLUSIONS 

The s-shaped performance curve is found to ade­
quately describe the performance of flexible pave­
ments in Texas as a result of increased traffic 
levels. This behavior has been analyzed primarily in 
terms of the decrease in the present serviceability 
index (PSI) as a function of the number of 18-kip 
equivalent axle loads. The proposed performance 
curve was developed on the basis of observed data 
for pavements in each of the following categories: 
black base, hot mix, and overlays. A more detailed 
description of the curve fit parameters, along with 
the original data, can be found in the report by 
Garcia-Diaz et al. (1). The data in Table 1 give the 
number of test sections in each category along with 
mean value and minimum and maximum observed values 
of the design parameters. The mean values of the 
curve fit parameters were obtained from the statis­
tical procedure described earlier in this paper. 
Figure 3 shows the average performance curves ob­
tained by using these design parameters (see Table 
l) for each of the three pavement types. 

The analysis of the data revealed four possible 
cases for the curve fit. Typical test sections for 

TABLE 1 Serviceability Performance Curve Parameters by 
Pavement Type 
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Pavement Type I Bl ack Base Hot Mi x Aspha It Concrete I 
Over I aysl 

Number of I I Test Sections 51 36 77 

p (mean) 2 . 321 1.%0 I 1. 974 

p (min) 0.005 0.100 0.013 I 

p (max) 17 .239 I I 1.098 
I 

9 .188 i 
a (mean) I I 

1.337 I . ~52 [ 1.196 

a (min) 0 . 300 0 . 095 

I 
O . 095 

I a (max) 6 .2 77 7 . 259 2 .893 

' p (mean) 4 .15 3 .87 l.92 0 

p 
0 

(min) 2. 79 2 .86 2 . 07 

I p (max) 4. 77 4. 78 4 , >l8 0 
I 
' pf (mean) l.%2 1.66 l 2 .121 

pf (min) <l . 000 0.000 0 . 004 I 
pf (max) 4 .295 I 4 . 305 4 .391 
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FIGURE 3 Performance curves from 
the mean design parameters. 



60 

5 (a) 

.....: ~ 

(J) 

(L 2 

08 

(cl 

.....: 
(J) 

(L < 

N- 18 (mi 11 ions) 

SECT ION 2515 

N- 18 (millions) 

SECT ION 1894 

.....: 
(J) 

(L 

.....: 
(J) 

(L 

s I bl 

= 

< 

00 

~ Id I 

' 

2 

Transportation Research Record 997 

N- 18 (mi 11 ions) 

SECT ION 2353 

N-18 (mil lions) 

SECTION 160 

~ 

7 

FIGURE 4 Typical sections for the four cases of serviceability performance. 

each case are shown in Figure 4. A description for 
each case follows. 

1. Case 1 (Figure 4a): p > 1, B > 1, and P0 > Pf• 
Note that the complete s-shaped pattern can be 
distinguished. The percentage of pavements of this 
type = 26. 9. The example shown in for a black base 
(test section 2515). 

2. Case 2 (Figure 4b): p > 1, B > 1, and P0 > Pf• 
Note that the upper half of the s-shaped curve is ob­
served. The percentage of pavements of this type = 
28.6. The example shown is for an overlay (test sec­
tion 2353). 

3. Case 3 (Figure 4c): P > 0, 8 < 1, and P0 > Pf . 
Note that the lower half of the s-shaped curve is ob­
served. The percentage of pavements of this type = 
21.3. The example shown is for an overlay (test sec­
tion 1894). 

4. Case 4 (Figure 4d): p > o, B = O, and P0 = Pf• 

TABLE 2 Primary Distress Type and Curve Fit Parameters by 
Pavement Type 

k>avement Type Black Base Hot' Mix Aspha 1 t Over l ay s 
Concrete 

Type of Alligator Cracking Alliyator Transverse Crack-
bi stress Severity Cracking Area i ng Seveci ty' 

p(mean) 1. 19 0 .93 85 .57 

p(min) U. 14 0.07 £4 .13 

p(max) 3.01 3 .63 194.83 

B(mean) 2 .54 3 . 43 1.47 

a(min) 0 .89 0 .SU O.SU 

a(max) 8. 78 18 . 21 5 . 52 

aThe p and 8 terms for this case are determined in terms of the 

number of months the pavement has been in service . 

Note that no noticeable curve is observed. The per­
centage of pavements of this type= 21.3. The exam­
ple shown is for an overlay (test section 160). 

The s-shaped performance curve is also applicable 
in the analysis of distress data. For this case the 
a~sumptions that A0 = S0 = 1 and Af =Sf= 0 will 
simplify the analysis because only the parameters p 

and B remain to be estimated. These values can then 
be used to develop a performance curve for each of 
the two distress indices (area and severity). The 
development and application of distress models for 
rutting, alligator cracking, longitudinal cracking, 
and transverse cracking are summarized elsewhere (1). 
Sample results of this analysis for distress types 
found to be critical [using the method of discrimi­
nant analysis as discussed by Allison et al. (3) J 
are given in Table 2. -
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Development and Testing of a Portable Microprocessor­

Based Capacitive Weigh-in-Motion System 

DAVID R. SALTER and PETER DAVIES 

ABSTRACT 

In this paper current techniques for the 
measurement of dynamic axle load are re­
viewed and the development and testing of a 
prototype portable weigh-in-motion (WIM) 
system at the University of Nottingham, 
England, are described. Current techniques 
for dynamic axle load detection tend to be 
characterized by a need for permanent sen­
sors within the road pavement that can be 
both costly to install and maintain. A por­
table WIM system that uses a temporary ca­
pacitive weighmat has been developed at the 
National Institute for Transport and Road 
Research of south Africa, and extensive 
tests have revealed that the system can 
provide accurate results for accumulated 
axle loadings over large samples of vehi­
cles, but that results for individual axle 
loads are subject to larger errors. In an 
attempt to improve the reliability of weight 
data from the capacitive sensor, a new mi­
croprocessor-based detector unit was devel­
oped at the University of Nottingham. Some 
current WIM systems developed in the United 
States and in the United Kingdom are eval­
uated, and the theory of operation of the 
capacitive sensor is described. Laboratory 
tests undertaken to determine the response 
of the sensor to controlled loading are dis­
cussed in detail, and the prototype detector 
unit is described along with the results of 
field trials conducted on a main U.K. high­
way. The results of these trials indicated 
that improvements over previous capacitive 
WIM systems had been achieved and that the 

combination of a commercially available ca­
pacitive sensor and a new microprocessor­
based detector unit provided axle load data 
that was within ±15 percent of static 
weights. A commercially available capacitive 
WIM system, developed by the Golden River 
Corporation from this prototype system, is 
described along with a second-generation au­
tomatic weighing and classification system 
that was under development at the time of 
writing. 

The geometric design of a highway is based on esti­
mates of the expected total flow of traffic and the 
expected changes in the traffic flow over the design 
life of the road. Pavement design depends on other 
factors, and structural damage is caused almost 
exclusively by commercial vehicles ( 1). The normal 
practice in Europe and North America - is to express 
the expected number of commercial vehicles as the 
cumulative total of equivalent standard axles. In 
the United Kingdom this is calculated by multiplying 
the expected number of commercial vehicles by two 
design factors, one characterizing the average num­
ber of axles per commercial vehicle and the other 
the number of standard axles per commercial axle. 

The accuracy of the standard axle estimates is 
dependent on the reliability of data on past and 
present trends in ~~,P lo~dlngs, which are in turn 
related to the size of the vehicle samples moni­
tored. When manual classification and recording of 
axle loads are necessary, sample periods may be too 
short to allow accurate annual estimates of traffic 
loading to be deduced. In addition, axle load sta-
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tistics tend to lag behind trends toward larger and 
heavier trucks. 

The use of automatic vehicle classification sys­
tems (AVCSs) will enable data on axle numbers and 
v,=.hit'!1P tvpo~ t-n ho f"n11ol""t-cu~ nnor e~tended periods. 
This could allow better estimates of heavy vehicle 
flows and of average numbers of axles per truck. 
Weigh-in-motion (WIM) facilities in conjunction with 
classification equipment could go further by improv­
ing the estimates of numbers of standard axles for 
particular vehicle classes or by direct measurements 
of standard axle loadings. 

Investigations into the incorporation of WIM with 
automatic vahicla classification have been under­
taken by the Transport and Road Research Laboratory 
(TRRL). Results presented by TRRL (~) have indicated 
that current axle weighing systems can provide the 
required data; however, these systems are unlikely 
to gain widespread acceptance because of their high 
cost. Only a minority of automatic traffic monitor­
ing installations are likely to incorporate W!M 
using current, high-cost technology. 

The unsuitability of current systems and the 
increasing demand for axle load data led to a re­
search program at the University of Nottingham on 
dynamic axle load measurement, complementing ongoing 
work on automatic vehicle classification. Initial 
studies indicated that several possibilities existed 
for low-cost WIM sensors, and two of these were 
ReleCted -fnr f'nrt-hor nouol npmont-. u; hr:::11,-.l"'l::riv p; Clo'71"\­

electr iC cable is being studied at Nottingham under 
contract to TRRL. Capacitive weighmats were the 
second technique to be studied, and these form the 
subject of this paper. 

The capacitive weighmat concept was first devel­
oped and patented at TRRL. Basson (l) reviewed fur­
ther development of the approach carried out at the 
National Institute for Transport and Road Research 
(NITRR) in South Africa. Field tests with this sys­
tem, reported by Basson and Paterson (!), indicated 
that cumulative axle load measurements were accurate 
for large samples of vehicles, but that individual 
axle results were poor. The aims of the work at Not­
tingham were to note if accuracies could be improved 
by using digital processing techniques, and to de­
velop a capacitive system that would be compatible 
with automatic vehicle classification equipment. 

PREVIOUS SYSTEMS 

Axle weighing systems fall into two main categories. 
The first can be used for static weighing or, in 
some cases, for weighing axles moving at low speeds 
(less than 8 km/h), The second is designed to record 
the axle loads of vehicles as they travel at normal 
speeds within the traffic flow. 

Systems that are only able to measure axle loads 
of vehicles that are stationary or moving very 
slowly have little application for the automatic 
recording of axle weights because vehicles have to 
be separated from the normal traffic stream and 
directed over the weighing equipment. The cost of 
manual weighing is high, both for the public agency 
responsible and in terms of truckers' delays. Many 
systems fall into these static and slow-speed 
categories. 

The most common static weighing devices use elec­
trical resistance load cell units to support a steel 
deck onto which vehicles are driven. Alternatively, 
the plate can be fitted with strain gauges to mea­
sure its bending under load. The load cells and deck 
form a platform that may be sunk into the pavement 
or it may be surface mounted. Using this technique, 
wheel loads can be determined to a high degree of 
accuracy, especially if precautions are taken to 
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eliminate the effects of vehicle tilt. Some of these 
systems are portable, but most are permanently fixed 
into pits in the pavement. 

A few systems have been designed to measure the 
~~1:2 lewd:; cf vehicles moving a\.. slow speeds in 
order to increase the efficiency of the weighing 
operation. They are generally large pieces of equip­
ment consisting of a weighing platform wide enough 
to accommodate an entire axle or tandem. These slow­
speed devices are similar to static weigh scales and 
accept a small loss of accuracy in exchange for an 
increased throughput of vehicles. 

The first in-motion weighing systems were devel­
oped in the United Statco (5), Later work by Lee (G) 
led to the development of the Radian portable weigh 
scale, which consisted of steel platforms supported 
on eight load cells and mounted in a shallow pit. 
Wright (7) reported that the accuracy of the system 
is acceptable for most design purposes. However, 
running costs are high because constant manning is 
required during operation. 

Several European systems use different tech­
niques. The TRRL dynamic weighbridge consists of 
three or four units mounted side-by-side across one 
wheel track. Each unit contains an arrangement of 
load cells and springs, and each is mounted in a 
steel frame set in reinforced concrete. Bundesan­
stalt fur Strassenwesen (BAST) in West Germany de­
veloped its bending plate system for in-motion 
weighing (8) ~·;rith three widsr steel plates :;u.pported 
by a light steel frame in a shallow pit. Finally, 
the French Laboratoire Central des Ponts et Chausees 
(LCPC) developed a dynamic balance by using piezo­
electric transducers located within alloy units sunk 
into the pavement(~). 

Bergan and Dyck (10) describe the development of 
a dynamic weighing platform at the University of 
Sascatchewan in Canada, The unit consists of two 
rectangular plates resting on a common foundation. 
One platform is located in each wheel track, Loads 
on the platforms produce a vertical movement in a 
centrally located oil-filled piston, which acts as a 
load cell. Additional vehicle parameters are mea­
sured by using inductive loops. 

These dynamic axle-weighing systems are all char­
acterized by a need to excavate the road pavement 
for installation. Installation costs are generally 
high, and the work disrupts traffic flow for sub­
stantial periods of time. The objective of the work 
described in this paper was to investigate fully 
portable systems that do not require any permanent 
fixtures in the highway for their operation. 

CAPACITIVE SYSTEMS 

A design for a flexible weighpad consisting of two 
or more parallel sheets acting as the plates of a 
capacitor was patented in 1968 by J ,J. Trott and 
J.W. Grainger (Improvements in Capacitors, U,K. 
Patent No. 1234083, filed April 2, 1968). This de­
vice consisted of three perforated plates separated 
by and enclosed in layers of natural rubber. Sub­
sequent inventions by R.P. Miller (Electrical Weigh­
ing Apparatus using a Capacitive Flexible Mat, U.S. 
Patent No. 3565195, filed April 16, 1969) and by 
S.H. Kuhn, C.R. Freeme, R. Beulink, and J.E.B. Basson 
(Measuring Transient Loads, u.s. Patent No. 3782486, 
filed May 12, 1971) were devices of slightly dif­
ferent construction, but which operated on the same 
principle. 

The theoretical performance of the capacitive 
weighpad is described by Basson (3) by considering 
the deflection of a mechanical modei of the weighpad 
sensor under load. Empiri~al data on the deflection 
of the actual sensor and on the relationships be-
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tween tire contact area and wheel load were applied 
to this model to produce a theoretical relationship 
between axle load and percentage change in capaci­
tance. An outline of this evaluation is presented 
here. 

Consider the mechanical model shown in Figure 1. 
A wheel load (P) acts over a tire contact area (Aa) 
on a senor of total area (A) • The sensor has an 
unloaded capacitance of cu and a loaded capacitance 
of Cw. The sensor comprises three plates, each sepa­
rated by a material of thickness X. The deflection 
of the sensor under load is ax. 

The sensor capacitance in the unloaded state is 
given by 

Cu= K · 2 · A/X (I) 

where K is a constant, depending on the dielectric 
properties of the material between the capacitor 
plates. 

The sensor capacitance in the loaded mode is 
given by 

Cw= [K · 2 · (A- Aa)/X] + { K · 2 · Aa / (1 - (dX/2)]} 

Therefore the change in capacitance is given by 

dC = Cu-Cw 

=(K • 2 · A/X)-{K • 2 [(A-Aa)/XJ} - {K · 2 · Aa/[J -(dX/2)]} 

=K ((2 · Aa/X)-{2 · Aa /[X-(dX/2)J}) 

(2) 

(3) 

Hence the change in capacitance relative to the 
initial sensor capacitance is given by 

dC/Cw = ((2 · Aa/X)-{2· Aa/ [X-(dX/2)1})/(2 · A/X) (4) 

or 

dC/Cw = (Aa/A) {1 - X[X-(dX/2))} (S) 

In order to evaluate the theoretical performance 
of the sensor, the relationships between wheel load, 
inflation pressure, and tire contact area were 
established by empirical tests on a variety of tire 
types. Similarly, the deflection of a weighmat sen­
sor for varying loads and tire contact pressures was 
also measured in a laboratory testing rig. For a 
given wheel load and inflation pressure, it was 
therefore possible to calculate the tire contact 
area, the average contact pressure, and hence the 
sensor deflection. These could then be substituted 
into Equation 5 to give the theoretical change in 

Dielectric thiclmcs~ 
in unloaded mode: X 

Total Sensor 
Area: A 
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capacitance for a particular wheel load and infla­
tion pressure. 

The results of the exercise indicated that the 
relationship between wheel load and percentage 
change in sensor capacitance was linear and passed 
through the origin. There was also no apparent dif­
ference in the relationship for the range of wheel 
loads and inflation pressures found on single or 
dual-wheeled axles. 

Construction of the three-plate capacitive sensor 
developed at NITRR is described by Basson (ll• Ini­
tial designs comprised steel mesh conductors sepa­
rated by a polyurethane dielectric. Problems with 
the mechanical strength of the mesh and dielectric 
and the sensitivity of the polyurethane to changing 
loads led to a final design comprising steel plates 
separated by natural rubber. The plates are encased 
in a tough synthetic rubber compound. The sensor 
unit, which is 1.8 m x 0.4 m x 7 mm in thickness, is 
secured to the road in one wheel track by means of 
perforated plates pop-riveted to its sides. The per­
forated plates are fixed to the road with strips of 
bituminous tape and road nails, as shown in Figure 2. 

The equipment has had extensive testing in South 
Africa and has also been appraised in other coun­
tries. Results from South Africa, reported by Basson 
and Paterson (!), indicate that with correct cali­
bration the system gave accurate results for accumu­
lated axle loadings over large samples of vehicles. 
However, individual vehicle results were subject to 
large errors, as indicated for a 500-vehicle sample 
given in Table 1. Graphical results from a 13-site 
evaluation program in South Africa are also shown in 
Figure 3, where dynamic load from the Axle Weight 
Analyser is plotted against actual static axle load. 

The apparent conclusion that might be drawn from 
the NITRR weighmat studies is that practical capaci­
tive WIM systems have not entirely lived up to their 
theoretical performance. On the other hand, the 
systems demonstrate considerable promise as rela­
tively low-cost, portable approaches that might be 
refined to produce results of higher accuracy. With 
these tentative conclusions in mind, a program of 
laboratory and development studies was commenced at 
the University of Nottingham during 1982. 

LABORATORY TESTS 

At the start of the laboratory tests an existing 
capacitive weighmat system was tested under labora­
tory conditions to determine its response charac­
teristics to loading. This was followed by the de­
velopment of a microprocessor-based monitoring 

Wheel Load:P 

Tyre Contact 
Area:Aa 

Deflection of Loaded 
Area:dX 

Dielectric thickness dX 
under loaded area: X - 2 

FIGURE 1 Model of the capacitive sensor under load. 
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FIGURE 2 Sensor layout for the NITRR dynamic weighbridge. 

TABLE 1 Accuracy of Static and Dynamic Load Comparisom 
with NlTRR Equipment 
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FIGURE 3 Comparison between static and dynamic axle loads 
with the NITRR weight analyzer. 

system that was capable of automatically recording 
the weight of axles passing over the weighmat. The 
new system was then tested under field conditions to 
assess its accuracy and reliability, 

The existing system tested at the start of the 
program consisted of a capacitive weighmat sensor 
and a dedicated electronic detector unit. The sensor 
was constructed from perforated steel sheets encased 
in rubber, which formed the parallel plates of a 
capacitor. The dedicated electronics comprised a 
frequency-to-voltage convertor that translated 
changes in sensor capacitance to a proportional 
analogue voltage output. For this purpose, the 
sensor formed part of a tuned circuit driven by a 
sinusoidal oscillator. Increases in sensor 
capacitance produced a reduction in the frequency of 
oscillation that was converted to a change in the 
voltage output. The analogue voltage was then used 
as the input to an electro-mechanical counter unit. 

The laboratory tests carried out on the system 
involved the application of static and dynamic loads 
applied in an electronic servo-controlled hydraulic 
load testing machine, similar to those developed at 
the University of Nottingham for the testing of 
subgrades, pavements, and piezoelectric axle load 
sensors. A fairly large capacity machine was re­
quired to simulate actual tire contact pressures 
over the loading plates, which were approximately 
the same size in contact area as a vehicle tire. The 
loading rig was capable of producing at least 10 
tonnes at a frequency of 10 Hz, For load applica­
tions, the mat was divided into 150-mm sections 
numbered l to 12, and loading tests were conducted 
at each position. 

The weighmat was subjected to four basic loading 
tests to determine its response to static and 
dynamic loading, Initially, the capacitance change 
of the weighmat under various static loads was mea­
sured directly with a Wayne Kerr capacitance bridge 
unit. Figure 4 shows the capacitance change of the 
weighmat over the load range of Oto 10 tonnes. The 
relationship is not linear, but capacitance in­
creases throughout with load, 

To verify that the signal-conditioning elec-
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tronics of the weighmat system were not distorting 
this relationship, the same loadings were applied at 
the same position on the mat and the corresponding 
output from the detector unit was recorded. The two 
sets of results were then constrained to coincide 
for loads of O and 10 tonnes on a composite graphi­
cal plot. Figure 5 shows that for observations at a 
constant temperature, the voltage output from the 
detector unit follows close to the capacitance 
change of the mat. 
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FIGURE 5 Voltage output from detector compared with mat 
capacitance change under varying load. 

The weighmat was then loaded through four dif­
ferent footprint areas to determine the effect of 
changing tire size and configurations. The results, 
shown in Figure 6, indicate that the output from the 
weighmat is not wholly independent of tire contact 
area as would be suggested by the theory of opera­
tion. 

Using the dynamic capability of the loading rig, 
a series of tests was undertaken to determine the 
sensitivity of the weighmat to variations in the 
frequency of the applied load. Loads of O to 10 
tonnes were applied at a variety of positions along 
the mat and at a range of frequencies. Figure 7 
shows the peak output from the detector for various 
dynamic loads applied at frequencies of 2, 5, and 10 
Hz. These results are typical of the plots obtained 
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FIGURE 6 Weighmat output with varying load and tire footprint 
area. 

at other positions on the mat and indicate that the 
detector output is independent of the frequency of 
the applied load. 

Figure 8 shows the variation in positional sensi­
tivity of the weighmat for a range of dynamic loads, 
all applied at a frequency of 5 Hz. The results 
indicate that the sensitivity of the weighmat is not 
constant over its length. variations of approxi­
mately ±10 percent are evident over the width of 
the sensor. 

PROTOTYPE HARDWARE DEVELOPMENT 

Following the tests on this first design of the 
weighmat, a second weighmat was tested to the cur­
rent NITRR specification. The two main differences 
from the earlier weighmat design were (a) the paral­
lel plates of the capacitor were fabricated from 
three solid-steel sheets rather than from perforated 
plates, and (b) the sine-wave oscillator that drives 
the tuned circuit was incorporated in the cable 
connector fixed to the we ighmat on the road. Th is 
latter development has the effect of eliminating any 
effects of capacitance changes in the connecting 
cable between the mat and the detector unit. 

A prototype microprocessor detector unit was 
developed to work with the modified design of the 
weighmat, based on digital loop detector technology. 
Digital loop detectors use the loop as the inductive 
element in a tuned circuit, where changes in loop 
inductance produce a change in the resonant frequency 
of that circuit. By using two crystal oscillators, 
the number of oscillations of the tuned circuit in a 
given time period can be counted. This count is used 
by the unit as a digital measure of loop inductance. 

The digital measurement of capacitance was ap-



66 

I­
:> 
a.. 
I­
:> 
0 

"' 1-
..J 
0 
> 

6 

2 

~ 

-~---
..... .. 

.J 

Transportation Research Record 997 

10 Hz 

2 6 7 8 9 10 

DYNAMIC LOAD (tonnes) 

FIGURE 7 Weighmat output for three different loading frequencies. 

proached in the same way. The capacitive weighmat 
replaced the inductive loop as the variable element 
in a current digital loop detector unit. This modi­
fied loop board was mounted in a Golden River por­
table roadside Environmental Computer at the Univer­
sity of Nottingham. Machine code routines were 
written for the manipulation of this digital weigh 
board output, initially for its display on a video 
display unit (VDU) • A further series of laboratory 
tests was undertaken by using this new detector unit 
to establish its compatibility with the capacitive 
sensor for axle load detection. 

Initially, further laboratory tests were under­
taken to determine the response of the new sensor 
and detector units to controlled loading. The weigh-
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mat was loaded in the hydraulic testing rig at a 
variety of positions by using three standard static 
loads. Figure 9 shows the digital output from the 
detector for loads of 2, 4, and 6 tonnes. The re­
sults indicated that the combination of the capaci­
tive sensor and new detection hardware produced 
linear outputs with load, and that variations in 
sensitivity along the length of the mat were on the 
order of ±10 percent. 

To examine the sensitivity of the mat to chang­
ing environmental conditions, a series of tempera­
ture tests was undertaken. The sensor unit was 
heated with infrared lamps, and the temperat_ure of 
the top and bottom surfaces of the mat, in the 
vicinity of the load position, was recorded with 
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thermocouples. When stable temperatures were 
reached, static loads were applied and the detector 
output noted. Figure 10 shows the variations in the 
output for four mat temperatures. 

Both the absolute output from the mat and the 
changes in output with load vary with temperature. 
The absolute output variations could be caused by 
oscillator characteristics as well as by expansion 
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of the rubber dielectric of the capacitor because of 
heating. The changing sensitivity with load was 
attributed to variations in the elastic properties 
of the rubber dielectric between the capacitor 
plates with temperature. However, the effect is only 
marked at relatively high temperatures and wheel 
loads. 

For the laboratory tests, the software used for 
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the digital readout from the new detector system had 
been limited to simply reading and displaying the 
raw digital value from the modified loop board. 
Before the system could be used for continuous moni-
1eu, u,g uf venic.Le loads, software had to be devel­
oped to determine when an axle was on the mat, to 
smooth the signal, and to read and store the maximum 
digital value produced by that axle. 

SOFTWARE DEVELOPMENT 

An assembly language program was written at the 
Unlversi ty ot Nottingham to perform the tasks of 
signal processing and data storage for axle load 
measurement. The Golden River Environmental com­
puter's Forth Assembler was used to produce a 
machine code routine capable of scanning the weigh­
mat at high speed in real time. 

The software for the detection, manipulation, and 
s t o r age of digital signals from the weighmat had to 
be capable of performing six principal functions: 

l. To determine, by smoothing and processing 
signals from the mat, when an axle is present on the 
sensor; 

2. To read the digital output from the modified 
loop board at a fast enough scanning rate to ensure 
that the peak of the signal is detected: 

3. To deteLmine, in the period between signal 
scans, the amplitude of the signal and assess 
whether it is the peak value: 

4, To determine when the axle has left the mat 
and store the difference between the peak and the 
base value; 

5. To track any gradual changes in mat capaci­
tance resulting from environmental drift: and 

6, To allow user control over the running of the 
program and the reading of the stored data. 

A typical vehicle wheel traveling a t 40 mph will 
pass over the mat in approximately 30 to 40 milli­
seconds, The duration of the peak value was not 
known at first, but it was thought likely to be only 
a few milliseconds. To achieve the fast scanning 
rate required to detect this peak, functions 1-6 
were performed in the machine code portion of the 
routine. The user control program was written in 
Forth, which is a higher-level language fast enough 
for between-vehicle processing. 

The main steps of the code routine are as follows: 

1. The routine tells the weighmat processor 
board that a digital value of mat capacitance is 
required. A special function of the capacitance 
value is takP.n to speed processing at a later stage, 

2. The value read on this scan of the mat is 
smoothed e xpo ne ntially with a previously weighted 
v a l ue to r educe the effect of noise. 

3. The smoothed value is then compared with a 
threshold. If the current value exceeds this thresh­
old, a wheel is assumed to be on the mat. 

4. The maximum value of the signa l from the 
weighmat is accumulated as the wheel passes over the 
sensor. 

5. If the mat has been active for a relatively 
long period, it is assumed to be locked on, This 
might be as a result of sudden heavy rainfall, or 
could be caused by a vehicle parking on the sensor. 
In this event the routine is automatically reset. 

6. If the mat has just changed from being active 
to inactive, the maximum value it has accumulated is 
stored in memory, 

7. Automatic tracking and compensation take 
place when the sensor is inactive to allow for fac ­
tors such as temperature changes. 

Transportation Research Record 997 

8. The user keyboard, located on the front panel 
of the computer, is checked to determine whether the 
user wishes to suspend program operation. 

The Forth program that permits user control al­
lows the user to operate the computer in one of four 
modes: (a) run the assembler program, (b) succes­
sively display the last N peak values stored in 
memory on the eight-digit LCD display on the com­
puter's front panel, (c) display the number of 
memory bytes already used for data storage, and (d) 
display capacitance scans (signatures) of vehicles. 
The Environmental computer operates off it.R nwn 
internal battery supply and therefore, by using this 
software, it was possible to tes t the weighmat in 
the fie ld and to a s s ess its perfo r mance for dynamic 
axle l oad detect ion. 

FIELD TRIALS 

To assess the performance of the system for auto­
matically recording axle loads, a series of correla­
tion exercises was undertaken. The sensor unit was 
fixed to a h ighway t ha t had a good ride quality . 
Vehicles tha t had prev i oue1.y been weighed at nearby 
static sca l e s were recorded a s they passed o ver the 
we i ghmat, Weights were subsequently compared by 
matching license plate numbers, which is easy in 
Europe because of the large size of the plates. 

In addition to the recording of these random 
vehicles, two test vehicles were driven over the 
sensor at a range of speeds. Single-axle loads of up 
to 10 tonnes were recorded. Tandem axles were weighed 
together on static scales but were recorded sep a ­
rately on the weighmat. These dynamic record i ng s 
were combined to allow them to be plotted on the 
calibration graph given in Figure 11. Recordings 
were taken on three separate days, and the weighmat 
was removed at the end of each of the recording 
periods. 

The results of this correlation exercise indi­
cated that the capacitive sensor, coupled with a 
prototype microprocessor-based detector unit, was 
c apable of r ecor d i ng dynamic axle l oad s i n t he range 
0 to 10 tonnes t o within approxi ma t e ly ±15 percent 
o f t he i r s tat i c va lue at a conf idence .level of 95 
percent. For the heaviest loads, where the individ­
ual a xle s of tandems were recorded s epara t ely and 
combined to correlate with weig hbr i dge data , the 
accuracy of the comparisons improved to approxi­
mately ±10 percent for 95 percent confidence. 
These figures correspond to statistical accuracies 
(standard errors) of about 7. 5 and 5 percent, re­
spectively . 

PRODUCTION SYSTEMS 

Production capacitive WIM systems have been devel­
oped by Golden River Corporation from the research 
prototype development system previously described. 
These systems have involved complete hardware and 
software redesigns to take account of a number of 
development program findings and to e nsur e co mpati­
bility with other Golden River Mar ks man and Re­
triever equipment. 

The Marksman Axle Weight Classifier uses a ca­
pacitive weighmat sensor with a portable roadside 
Marksman microprocessor traffic counter and clas­
sifier. Axle counts in 12 user-defined weight bins 
are stored in solid-state memory at preset intervals 
of between 1 min and 24 hr on the internal clock and 
calendar. Individual axle weights can also be dis­
played in any appr opriate unit for checking of cali­
bration. 



Salter and Davies 

140 

120 

JOO 
/, 

.... 80 
:, 
0.. / .... 
:, 
0 
.J 60 '1'. .... 
u 
0 

40 I 
20 

0 
IO 12 14 

/ 
/ . 

/. 

/ 
/ 

/ 

Range or results 
for test veh icle 

16 13 

69 

+15% 

/-15% 

20 

/\X LE 1.0/\D (tons) 

FIGURE 11 Results from the weighmat calibration exercise. 

Data retrieval is by a separate microprocessor­
based Retriever, which is compatible with other 
Marksman counters and classifiers, or by direct 
telephone modem. Internal rechargeable batteries 
will support the Retriever for several days and the 
Marksman for about 5 weeks. The Marksman weight 
classification equipment has been tested in the 
United Kingdom and in the United States in Arizona. 

The second production capacitive weighing system 
is the Golden River Advanced Vehicle Classification 
and Weighing System (AVCWS), which will be available 
shortly. This equipment will count, weigh, and 
classify vehicles by type, as required by the user. 
Operation is fully automatic and takes place in real 
time. Vehicles are classified into 1 of 14 cate­
gories recommended by FHWA; for each class, leading 
axles, other axles, tandems, and gross vehicle 
weights are recorded in 12 user-defined weight bins, 
thereby giving a large number of possible cate­
gories. Alternatively, data can be grouped into 
fewer weight or type categories, or individual vehi­
cle dimensions, weights, speeds, and class can be 
stored in memory for subsequent analysis. 

Recording intervals can again be preset by the 
user, although necessarily with short intervals and 
using maximum numbers of categories, because memory 
storage capacity limits the interval between data 
retrieval. Compliance with the Bridge Formula is 
also tested for each vehicle in real time, and the 
proportion of vehicles violating the formula is 
stored in each time period. Fully automatic adjust­
ment of axle weights is included in the micropro­
cessor algorithms according to vehicle speeds and 
ambient temperature. 

Road sensors for classification and weighing 
consist of two inductive loops and one capacitive 
weighmat per lane. If cl~ssifi~~t.ion is required 
without weighing, the weighmat can be replaced by a 
pneumatic tube. Fully portable operation can be 
achieved by the use of bituthene or similar tem­
porary loops, or permanent speed measuring loops can 
be used instead. The equipment is housed in a stan­
dard Marksman box with internal rechargeable battery 

power, and is again serviced by a Retriever for 
initialization and data retrieval. System accuracies 
have yet to be established, but are likely to be 
similar to the prototype for individual axle 
weights, rather better for gross vehicle weight, and 
around 90 to 95 percent accurate for 14 vehicle type 
classifications. 

SUMMARY 

Capacitive weighmat systems have been tested under 
laboratory conditions to determine their response 
characteristics to load, Investigations revealed 
that the sensor unit had a reasonably linear re­
sponse to load, but that the output was also related 
to the tire contact area and to the position at 
which the sensor was loaded. 

A new microprocessor-based detector unit has 
been developed for the capacitive weighpad, and 
initial field trials have indicated that the statis­
tical accuracy of dynamic axle load determination 
using this portable system is in the region of ±7.5 
percent. On the basis of this work a Marksman Axle 
Weight Classifier has been developed and further 
tests on the system are currently in progress. The 
combination of axle weighing and automatic classifi­
cation facilities is now a practical proposition, 
and the first AVCWSs are expected to be available 
shortly. 
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Development of a Data Base for Nondestructive 
Deflection Testing of Pavements 

M. Y. SHAHIN, D. D. DAVIS, and S. D. KOHN 

ABSTRACT 

currently the u ,s. Army is using a pavement 
management system called PAVER that was 
developed by the U.S. Army Construction 
Engineering Research Laboratory (CERL). 
Along with the Army, the American Public 
Works Association, the u.s. Navy, and the 
U.S. Air Force have implemented the manage­
ment system at several sites. The present 
system has been developed over several 
years. The system is centered around a hier­
archical data base used to store pertinent 
information [System 2000 is the data base 
management system (note that System 2000 is 
a registered trademark of Intel Corpora­
tion) J • Using the data base and interface 
analysis programs, the user is provided with 
rapid report generation and analysis of 
critical information, which allows objective 
input to the decision-making process. A 
recent addition to the data base structure 
is the ability to store nondestructive de­
flection testing data. The development of 
the data structure used to store this infor­
mation and its planned use are described. 

Nondestructi·,re testing (NDT) deflection data a re an 
important addition to the PAVER pavement management 

system for the purpose of pavement design and eval­
uation and condition prediction. The PAVER system is 
designed to be a comprehensive management tool 
(1,2). Therefore, it is imperative that all relevant 

p"ii°ve"ment information for management at both the 
project and network levels be included. The concept 
of storing all data in a comprehensive data base 
structure, where it can be manipulated and pro­
cessed, is also appealing to the user from an orga­
nizational viewpoint. 

At the project level NOT data are used for the 
purpooco of pavement evaluation and subsequent res­
toration, rehabilitation, and resurfacing design. 
There are several deflection-approach pavement de­
sign schemes that require deflection information as 
input. NOT can also be used to determine in situ 
material properties of individual layers such as 
modulus of elasticity (E). This is usually done 
based on deflection values, layer thicknesses, and 
using analysis techniques such as elastic layer or 
finite-element methods. The in situ material prop­
erties are used for computing stresses and strains 
for the selected design vehicle (s), which are in 
turn used to compute remaining pavement structural 
life based on past and future traffic. 

At the network level NDT data can be used for 
planning and forecasting. The deflection values, 
normalized for temperature and time of year, can be 
assumed to be constant until very near failure. Thus 
a pavement's deflection, or a derivative function of 
deflection, can be used as an indicator o f pavement 
strength. This indicator then becomes an independent 

ii, 
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variable for predicting pavement performance (3), 
Also, a sudden increase in deflection values would 
indicate imminent failure. 

In the following sections of this paper the data 
base structure for the NOT data, its relation to the 
other data in the PAVER system, and planned use of 
the NOT data in conjunction with the existing and 
newly developed pavement analysis programs are de­
scribed. 

NOT DATA BASE STRUCTURE 

In order to describe the NOT data structure, it is 
necessary to describe the overall PAVER data struc­
ture. Figure 1 is a conceptual diagram of the exist­
ing PAVER data base. Each box shown in the figure is 
composed of a group of data elements: these groups 
can be repeated as necessary to store the informa­
tion on a pavement network. Thus each box is called 
a repeating group. Within each repeating group, one 
or more elements called critical elements are de­
fined. The critical elements serve as the unique 
address identifiers and allow the user to repeat the 
data group when the critical elements are changed. 

The NOT data structure is designed to fit into 
the existing data base and provide the user with a 
great deal of flexibility. The new structure con­
sists of the repeating groups shown in Figure 2. 
(Note that the data groups delineated by dotted 
lines are from the original PAVER data base.) As an 
example of the data contained in a repeating group, 
the elements of the Device ID group are shown in 
Figure 3. The element marked with the exclamation 
point ( ! ) is the critical element of this group. 
Thus each time the Device ID description (Desc) is 
changed, a new data set can be entered. 

The NOT data '}roups are struct.1.1rP.il sn t:h;it: thP.y 
can accommodate analysts who wish to record specific 
test location data or those who wish to record only 
summary data. Any level of detail can be stored, 
depending on the requirements of the engineer. Fol­
lowing is a description of each of the NOT repeating 
groups. 

Device ID 

The data elements in the Device ID group will accom­
modate pertinent information on any NOT testing 
device in use today and others under development by 
the U.S. Army Corps of Engineers. Devices in use 
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DEVICE ID POLICY <RGlt 1200* 
1201* 
1202• 
1203* 
1204* 
120:5* 
1206• 
1207• 
1208• 
1209• 
1210* 
1211* 
1212• 

DEVICE ID DEBC <NAME XC:5) IN 1200lJ 
PLATE DIAMETER <DECIMAL NUMBER 9(3).99 IN 1200)1 
DIAMETER UNITS <NON-KEY NAME XXX IN 1200)1 
NUMBER OF SENSORS <NON-KEY INTEGER NUMBER 99 IN 1200lt 
FREQUENCY (DECIMAL NUMBER 9(3).9 IN 1200)1 
FREQUENCY UNITS <NON-KEY NAME XXX IN 1200)1 
MASS <INTEGER NUMBER 9(6) IN 1200)1 
MASS UNITS <NON-KEY NAME XXX IN 1200)1 
LOADED AREA <DECIMAL NUMBER 9(6).9 IN 1200)1 
AREA UNITS <NON-KEY NAME XXX IN 1200)1 
VEHICLE SPEED <INTEGER NUMBER 999 IN 1200)1 
SPEED UNITS <NON-KEY NAME XC:5) IN 1200)1 

FIGURE 3 Device ID data group. 

today can be grouped into three types based on the 
type of load applied: static, vibratory, and impulse. 

The Benkelman beam (4) is an example of a device 
used for measuring deflection under static loading. 
The road rater (4) is an example of the vibratory 
loading type where a sinusoidal force is applied to 
the pavement through a loading plate. This is usu­
ally achieved by applying a dynamic force on a sta­
tic mass existing on the plate (Figure 4). 'l'here-

FIGURE 4 Road rater vibratory load NDT device. 

fore, data elements have been defined for storage of 
plate diameter, mass, and frequency. The falling 
weight deflectometer (FWD) is an example of the 
impulse loading type, where a weight is dropped onto 
a loading plate (Figure 5). The u.s. Army Corps of 
Engineers and Purdue university have been working on 

FIGURE 5 Schematic diagram of 
the FWD. 

the development of a noncontact NDT deflection and 
profile measuring system that uses lasers ( 5) 
mounted on the side of a load vehicle. For this 
device, two data elements have been defined for 
vehicle speed and loaded area. 

Sensor Layout ID 

The Layout ID group provides detailed information 
about deflection measuring sensors. Because a par-

ticular device may have more than one sensor layout 
or configuration, a separate repeating group is 
provided. The Layout ID group has data elements 
(Sensor Distance and Sensor Offset) to describe the 
location of up to seven sensors in two dimensions. 
(Seven is the largest number of sensors available on 
commercial NOT devices.) This is also a practical 
limit for characterizing layer material properties 
based on a deflection basin profile. The Layout ID 
group also has a data element called Loaded/Unloaded 
for each sensor. This element is of great signifi­
cance when testing jointed concrete pavements. It is 
used to indicate whether a sensor is on the same 
pavement slab as the load plate. Such information is 
essential for te~c1.ng load transfer across trans­
verse and longitudinal joints in concrete pavements. 

Several sensor layout patterns may be defined and 
stored. For example, a typical sensor layout for 
testing asphalt concrete pavements is a linear ar­
rangement with sensors set at 12-in. intervals, 
whereas the sensor layout for testing load transfer 
at a concrete pavement joint may be just two sensors 
(one each 6 in. from the joint on adjacent slabs). 

The position of the Device ID and sensor Layout 
ID repeating groups in the data base structure al­
lows them to be stored in the most efficient manner. 
Information on the various devices and sensor lay­
outs used to test all of the pavements in a network 
needs only be stored once. 

NOT Test Series 

The NOT Test Series repeating group is used to store 
summary information for a particular test series. A 
series is defined as a group of tests on various 
locations in the pavement section that are con­
sidered to be of the same population. This group has 
average or representative values for a given pave­
ment section. 

The data elements in the NDT Test Series group 
(Figure 6) can be divided into three general sub­
groups. The first subgroup consists of the basic 
test series information. The pavement section as 
well as the device and sensor layout are specified. 
The NDT Test Series is also identified and described. 

Figure 7 is an example of two test series for an 
asphalt highway pavement section (plan). Figure 8 is 
an example of four test series for a jointed con­
crete runway pavement section (plan). The total 
number of test locations for each series as well as 
the test interval (average distance between test 
locations) may also be recorded. Such information 
provides an indication of the adequacy of coverage 
of the tests as well as the reliability of the 
representative values for the test series. 

The second subgroup of data elements in the NOT 
Test Series group consists of representative or mean 
weather conditions found during testing. The air and 
pavement temperatures are important for normalizing 
test deflections recorded in all types of weather 

... 
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INSIDE 
LANE 

OUTSIDE 
LANE 

3200• NDT TEST SERIES (Ra IN 1000)1 
3201* !DEVICE ID (NAME X(5) IN 3200)1 
3202• !LAYOUT ID (NAME X<5> IN 3200)1 

3203* ! NDT TEST DATE <DATE IN 3200)1 
3204* ! TEST SERIES (NAME X ( 10) IN 3200) I 
3205* TEST SERIES DESCRIPTION (NON-KEV NAME X(l5) IN 3200)1 
3206* NUMBER OF TESTS (INTEBER NUMBER 99 IN 3200)1 
3207* TEST INTERVAL <DECIMAL NUMBER 9(4).9 IN 3200)1 
3208* INTERVAL UNITS (NON-KEV NAME XX IN 3200)1 
3209* REP AIR TEMP <DECIMAL NUMBER 9<3).9 IN 3200); 
3210* TEMP UNITS (NON-KEV NAME X IN 3200>1 
3211* REP PAVEMENT TEMP (DECIMAL NUMBER 9(3).9 IN 3200)1 
3212* TEST COMMENTS <NAME XC44) IN 3200); 
3213* REP SERIES LOAD (INTEGER NUMBER 9(5) IN 3200>; 
3214* REP SERIES LOAD UNITS (NON-KEV NAME XX IN 3200)1 
3215* REP CORRECTED DSM (INTEGER NUMBER 9(5) IN 3200)1 
3216* DSM UNITS <NON-KEV NAME X(3) IN 3200)1 
3217* REP CORRECTED DSM STD DEV <DECIMAL NUMBER 9999.9 IN 3200)1 
3218* REP CORRECTED LON0 LOAD TRANSFER <INTEGER NUMBER 9(3) IN 3200)1 
3219* REP CORRECTED LONG LD TRANS STD DEV 

3220* 
3221* 

3223* 
3224* 
3225* 
3226* 
3227* 
3228* 
3229* 
3230* 
3231* 
3232* 
3233* 
3234* 
3235* 
3250* 

(NON-KEV DECIMAL NUMBER 9(2).9 IN 3200); 
REP CORRECTED TRANS LOAD TRANSFER (INTEGER NUMBER 9(3) IN 3200)1 
REP CORRECTED TRANS LD TRANS STD DEV 
<NON-KEV DECIMAL NUMBER 9(2).9 IN 3200>; 
REP BASIN CHARACTERISTIC 1 (DECIMAL NUMBER 9(3).9 IN 3200)1 
REP BASIN CHARACTERISTIC 2 <DECIMAL NUMBER 9(3).9 IN 3200); 
REP BASIN CHARACTERISTIC 3 <NON-KEV DECIMAL NUMBER 9(3).9 IN 3200)1 
REP BASIN CHARACTERISTIC 4 (NON-KEV DECIMAL NUMBER 9(3).9 IN 3200>1 
REP SERIES DEFL UNITS <NON-KEV NAME XX IN 3200)1 
REP SERIES DEFL 1 <DECIMAL NUMBER 9(3).9 IN 3200)1 
REP SERIES DEFL 2 (DECIMAL NUMBER 9(3).9 IN 3200)1 
REP SERIES DEFL 3 (DECIMAL NUMBER 9(3).9 IN 3200)1 
REP SERIES DEFL 4 (DECIMAL NUMBER 9(3).9 IN 3200>1 
REP SERIES DEFL 5 (DECIMAL NUMBER 9(3).9 IN 3200)1 
REP SERIES DEFL 6 <DECIMAL NUMBER 9(3).9 IN 3200)1 
REP SERIES DEFL 7 <DECIMAL NUMBER 9(3).9 IN 3200)1 
REP SERIES DEFL 1 STD DEV (DECIMAL NUMBER 99.9 IN 3200)1 
TEST-CONCAT (NAME X(38) IN 3200); 

FIGURE 6 NDT Test Series data group. 

TEST SERI ES 2 

"""*- - --*- - --+- - -------*- - -*-

TEST SERIES 1 

--* - - *- - -*- - *- - *--
1-zoo'---j 

FIGURE 7 Example of test series for a two-lane highway 
asphalt concrete section. 

airfield and highway pavement evaluation procedures. 
Load transfer across transverse and longitudinal 
joints can also be stored. Such data are especially 
important for design and evaluation of concrete 
pavements. Data elements are also provided for re­
cording the standard deviation of key section char­
acteristics such as DSM, load transfer, and Sensor l 
deflection. The standard deviations provide valuable 
information on section variability. 

The flexibility of the data base is exemplified 
further by the four Basin Characteristic elements. 
These are not specified explicitly, but can be used 
for such items as deflection basin areas or slopes. 
Because there are no universally accepted deflection 
basin parameters, the user is free to choose the 
ones that prove to be the most useful for his eval­
uation procedure. Similarly, data elements are pro­
vided to store units of measure. 

conditions. Also, the Test Comments data element can 
be used to record other relevant information. 

The third and largest subgroup of data are repre­
sentative information of the test series in terms of 
load level, corresponding deflections, and other 
computed parameters such as the dynamic stiffness 
modulus (DSM) (6). DSM (Figure 9) is the slope of 
the stra i ght line portion of load versus deflect ion 
and is a required input to the Corps of Engineers 

All data elements in the NOT Test Series group 
can be repeated for each different combination of 
NOT Test Data and Test Series data elements. 

T 
25' 

+ 25 ' 

1 

. • 
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+ • 

- " 

+ SLAB CENTER TEST SERIES 
• TRANSVERSE JOINT TEST SERIES 
• LONGITUDINAL JOINT TEST SERIES 
" SLAB CORNER TEST SERIES 

. 
+ 

FIGURE 8 Example of test series for jointed portland cement concrete runway pavement 
section. 
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data elements that describe test results for a par­
ticular test location and time of testing. The loca­
tion information consists of the test location sta­
tion and offset. The Time of Test is a critical data 
element in this data group. It is used to distin­
guish between test results of the same location or 
station but tested at different times. This is im­
portant when using a specific test location as a 
reference point to establish a temperature correc­
tion relationship for a given test series. Because 
the pavement temperature varies over the course of a 
day, the NDT deflections are also likely to vary, as 
shown in Figure 10. Thus a temperature-deflection 
relationship should be establlshed. 

Test Series Load 

The data elements for the Test Location/Time 
group are shown in Figure 11. Both the air tempera­
ture and the pavement surface temperature may be 
recorded. Parameters computed from deflection data 
such as DSM, Load Transfer, and Basin Characteristic 
1 through 4 may also be stored at this level. 

The Test Series Load group is a subset of the NOT 
Test Series group. It allows for storage of deflec­
tion data for various load levels. Thus an unlimited 
number of representative series loads and deflec­
tions can be stored for future analysis. 

All data elements in the Test Location/Time group 
can be repeated for each different Time of Test data 
element. 

Load Level 

Test Locat on/Time 

Tne Test Location/Time repeating group is also a 
subset of the NOT Test Series group. It consists of 

The Load Level repeating group is a subset of the 
Test Location/Time group and represents the last 
level in the data base struct1-1re. This gro!.!p con­
sists of the actual test values for a particular 
load and its resulting deflections. The data ele­
ments are shown in Figure 12. Once again, there are 
seven data elements, labeled Defl 1 through Defl 7, 
available to record deflection values. Also, at the 
end of this group there is space for comments. 
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EVALUATION PARAMETERS DATA GROUP 

0 1.-..................... _.__ ..................... _.__ .............. _ 
607 6 9101112pl 2 3 

The Evaluation Parameters data group is a direct 
subset of Section Identification (i.e., information 
in this group can be stored regardless of whether 
NOT data are stored or not) • The data elements of 
this group are shown in Figure 13. The information 
in this group can be repeated for any different 
combination of the following data elements: Evalua­
tion Date, Design vehicle, Design Load, and Design 
Passes. The group is designed, as for the rest of 
the PAVER system, for use for both highway and air­
field pavements. The following example from an eval­
uation of a U.S. Army airfield is provided for il­
lustration purposes. For a given pavement section 
with a design aircraft Cl41, a design load of 323 
kips, and design passes of 20,000, the evaluation 
parameters given in Table 1 were computed (7). As 
can be seen in Figure 13, a data element has been 
defined for the storage of each of the determined 
evaluation parameters. 

TIME OF DAY 

FIGURE 10 Example deflection 
change with time of day (or 
temperature) for a concrete slab 
corner. 

3300• 
3301* 
3302* 
3303* 
3304* 
3305• 
3306• 
3307• 
3308• 
3309• 
3310* 
3311* 
3312* 
3313• 
3314* 
3315* 
3316• 
3350* 

TEST LOCATION/TIME <Ra IN 3200)1 
TIME OF TEST (INTEGER NUMBER 9(4) IN 3300>1 
LOCATION-STATION (NAME XC7) IN 3300); 
LOCATION-OFFSET <NAME XC10) IN 3300)1 
SURFACE TEMPERATURE <NON-KEY DECIMAL NUMBER 9(3).9 IN 3300>1 
AIR TEMPERATURE <NON-KEY DECIMAL NUMBER 9(3).9 IN 3300); 
DSM CINTE0ER NUMBER 9(5) IN 3300); 
CORRECTED DSM CINTE0ER NUMBER 9(5) IN 3300); 
LDN0 LOAD TRANSFER <INTEGER NUMBER 9(3) IN 3300)1 
CORRECTED LON0 LOAD TRANSFER CINTE0ER NUMBER 9(3) IN 3300)1 
TRANS LOAD TRANSFER (INTEGER NUMBER 9(3) IN 3300>1 
CORRECTED TRANS LOAD TRANSFER (INTEGER NUMBER 9(3) IN 3300); 
BASIN CHARACTERISTIC 1 (DECIMAL NUMBER 9(3).9 IN 3300>1 
BASIN CHARACTERISTIC 2 (DECIMAL NUMBER 9(3).9 IN 3300)1 
BASIN CHARACTERISTIC 3 (NON-KEY DECIMAL NUMBER 9(3).9 IN 3300)1 
BASIN CHARACTERISTIC 4 CNON-KEY DECIMAL NUMBER 9(3).9 IN 3300)1 
LOCATION COMMENTS (NON-KEY NAME XC40) IN 3300)1 
TESTLOC-CONCAT CNAME XC43) IN 3300); 

FIGURE 11 Test Location/Time data group. 
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3700• 
3701* 
3704* 
370:5* 
3706* 
3707* 
3708* 
3709* 
3710• 
3712* 

LOAD LEVEL (R8 IN 3300)1 
! LOAD ( INTE8ER NUMBER 9 (:5) IN 3700) I 

DEFL 1 (DECIMAL NUMBER 9(4).9 IN 3700)1 
DEFL 2 (DECIMAL NUMBER 9(4).9 IN 3700)1 
DEFL 3 (DECIMAL NUMBER 9(4).9 IN 3700)1 
DEFL 4 (DECIMAL NUMBER 9(4).9 IN 3700)1 
DEFL :5 <DECIMAL NUMBER 9(4).9 IN 3700>1 
DEFL 6 (DECIMAL NUMBER 9(4).9 IN 3700>1 
DEFL 7 <DECIMAL NUMBER 9(4).9 IN 3700>1 
LOAD COMMENTS <NAME X<40) IN 3700>1 

FIGURE 12 Load Level data group. 

structure, with data groups located at levels 0 
through 4. The amount of detail increases with the 
increase in level number. For example, at level O an 
entire street is defined, at level 1 each uniform 
section of the street is defined, and so forth. This 
is true as long as the groups are linked. Thus for 
Drainage, no more details can be stored beyond level 
2, whereas for Pavement Structure the Layer Material 
Properties group can be repeated as desired. 

There are three groups that are not associated 
with the Section Identification group: Device ID, 
Layout ID, and Maintenance Policy. The information 
in these groups need not be changed among pavement 

TABLE 1 Evaluation Parameters 

The remaining two data elements in this group are 
only applicable to airfield pavements. They are 
provided for the storage of the internationally 
required evaluation parameters known as the Aircraft 
Classification Number (ACN) and the Pavement Classi­
fication Number (PCN). An FAA circular is being 
printed that describes the determination of these 
parameters based on allowable aircraft load (_!1_). 

Parameter Value 

Allowable load for 20,000 passes (kips) 229 
Allowable passes for 323 kips 30 
Asphalt concrete overlay required for 20,000 passes of 323 kips (in.) 5 
Portland cement concrete (in.) 

OVERALL PAVER DATA BASE STRUCTURE Fully bonded overlay required 
Partially bonded overlay required 7 

The PAVER data base structure, including NOT, is 
shown in Figure 14. It is shown in an inverted tree 

Unbonded overlay required 8 

SAMPLE 
UNIT 
IDENTIFICATION 

PAVEMENT 
DISTRESS 

3 Not evaluated. 

2800* EVALUATION PARAMETERS (RB IN 1000)1 
2801* ! EVALUATION DATE (DATE IN 2800)1 
2802* DESI8N VEHICLE (NAME X<8) IN 2800)1 
2803* DESIGN LOAD (NAME X(6l IN 2800)1 
2804* DESI8N PASSES <INTEGER NUMBER 9(8) IN 2800)1 
280:5* ALLOWABLE LOAD ( INTEGER NUMBER 9(6) IN 2800>1 
2806* ALLOWABLE PASSES ( INTEBER NUMBER 9(8) IN 2800)1 
2807* REMAININ8 LIFE ( INTEGER NUMBER 99 IN 2800)1 
2808* AC OVERLAY REQUIRED ( DECIMAL NUMBER 99.9 IN 2800)1 
2809* PCC-F OVERLAY REQUIRED ( DECIMAL NUMBER 99.9 IN 280011 
2810* PCC-P OVERLAY REQUIRED ( DECIMAL NUMBER 99.9 IN 2800)1 
2811* PCC-U OVERLAY REQUIRED ( DECIMAL NUMBER 99.9 IN 2800)1 
2812* ACN (INTEGER NUMBER 999 IN 2800)1 
2813* PCN (INTEGER NUMBER 999 IN 2800lJ 
2814* PCN CODE (NAME X(4) IN 2800>1 

282:5* EVAL-CONCAT (NAME X<40) IN 2800)1 

FIGURE 13 Evaluation Parameters data group, 

MAINTENANCE 

BRANCH 
IDENTIFICATION 

POLICY t-----1------1 

SECTION 
IDENTIFICATION 

DEVICE ID 

LAYOUT 10 

SECONDARY 
STRUCTURES SHOULDERS 

LAYER 
MATERIAL 
PROPERTIES 

TEST 
LOC/TIME 

LOAD 

FIGURE 14 New PA VER data base logic structure. 

TEST 
SERIES 
LOAD 
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sections; rather it can be used as a reference. Thus 
the groups are stored under a dummy Branch IO. The 
groups are also designed so that any number of De­
vice ID or Layout ID groups could be defined. 

PLANNED USE OF NOT DATA BASE 

The PAVER system is a dynamic system. New develop­
ments and improvements are regularly added. Those 
developments planned that will make use of NOT data 
include pavement condition forecasting models and 
pavement structural evaluation routines. 

The pi:opo>,!etl !Jctvement condition prediction models 
will be based on the pavement condition index (PCI). 
PCI is a repeatable index that is a key to the PAVER 
system. PCI is highly correlated to the level of 
maintenance required. Thus PCI is an excellent indi­
cator of the amount of money required to maintain a 
pavement network. 

PCI prediction models are based on available 
relevant variables such as NOT data. These models 
provide valuable input to both network- and project­
level management. At the network level they are used 
for condition forecasting and budget planning. At 
the project level they are used to determine the 
consequence of changes in traffic or the impact of a 
given maintenance strategy. Structural evaluation 
and overlay design models that use NOT data are also 
curr~ntly being inte~faced with PAVER. Such programs 
would greatly expedite the calculations required to 
evaluate every pavement section for several design 
vehicles. The possible number of design vehicles 
could be extremely large for airfield pavements. 

The planned use of NOT data is not intended to 
replace the need for qualified pavement engineering 
expertise, but it will reduce the amount of labor 
and tedious work involved. 

SUMMARY 

NOT data groups have been added to the PAVER pave­
ment management system data base. The data were 
arranged in several repeating groups on four hier­
archical levels. The NOT data elements are flexible 
enough to handle various types of testing devices 
and patterns. Many levels of data can be stored, 
from summary network-level information to specific 
local test information. These data are currently 
being interfaced with analysis programs for improve­
ment in the evaluation, design, and condition pre­
diction capabilities of the PAVER system. 
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Although these elements have been designed for 
the System 2000 data base management system, it is 
believed that, to have full use of NOT data, a simi­
lar set of data elements are needed in any system. 
(Note that System 2000 is a registered trademark of 
Intel Corporation.) 
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Serviceability Evaluation of a Complete Interstate 

Highway Network 

WALTER P. KILARESKI and RAYMOND A. KRAMMES 

ABSTRACT 

Pavement management systems (PMSs) are becom­
ing more widely used for the efficient man­
agement of highway networks at all levels of 
government. PMS strategies usually provide 
management with two levels of information: 
network level and project level. Network­
level information provides broad-based data 
about the entire system, whereas project­
level data are specific about construction 
information. The present serviceability in­
dex (PSI), or roughness of the highway, is 
becoming a standard tool for network evalua­
tion. In this paper the results of an analy­
sis of the roughness of the Interstate high­
way network in Pennsylvania are presented. 
PSI measurements were made on the network 
for three years (1976, 1970, 1901) and are 
summarized for the system as a whole, by 
districts, and by routes. This framework 
provides a picture of the change in average 
conditions over time and the variation in 
average condition from district to district 
and route to route. A regression analysis 
was performed on the data to predict condi­
tions on the Interstates during the succeed­
ing 5 years. An analysis was also made of 
the impact of betterment projects on the 
serviceability of the system. Results of the 
study indicate that the weighted mean PSI of 
the system has declined from 3.74 in 1976 to 
3. 51 in 1901. The average rate of decline 
annually was 0.04 between 1976 and 1970, and 
0.05 between 1978 and 1981. An increase in 
the standard deviation suggests that the 
variability in conditions is increasing 
across the state. 

Pavement management systems (PMSs) are becoming more 
widely used for efficient management of highway net­
works at all levels of government. Regardless of the 
size of the highway network or the sophistication of 
the PMS procedure, most PMS strategies can offer 
assistance at two levels: the network level and the 
project level (!.,1). Network-level strategies are 
usually designed to provide management with broad 
views of the highway system as a whole. Information 
for planning purposes and fiscal analysis is often 
provided by the network analysis. On the other hand, 
project-level PMS information can include specific 
details about engineering design, construction man­
agement, and cost accounting. Obviously, the data 
required for each level differ considerably. 

Data for a project-level PMS are unique and spe­
cific for each individual highway section. Mal:.er ial 
properties, layer thicknesses, deflection measure­
ments, and condition surveys are some of the data 
collected at this level. This type of information 
usually requires considerable time to assemble. Con­
versely, at the network level information must be 

gathered quickly to prov.idea "snapshot" view of the 
entire system within a , reasonable amount of time. 
Several PMS concepts use pavement serviceability 
(roughness) as the primary tool for network analysis 
(3,4). Pavement roughness is a variable that can be 
measured quite rapidly with consistent results. This 
is especially important for agencies that have large 
highway networks. 

SCOPE OF STUDY 

The study described in this paper was conducted for 
the Pennsylvania Department of Transportation. The 
objective of the research was to demonstrate the 
feasibility of computer-aided graphical mapping of 
the present serviceability index (PSI) for the en­
tire Interstate highway network in Pennsylvania <.~>. 
Before this study, PSI values were hand-plotted on 
the Interstate maps by department personnel. This 
proved to be a time-consuming job, and thus it was 
desirable to computerize the process. 

To plot each segment of Interstate PSI and repre­
sent it with a color code on the map, the Interstate 
system had to be digitized with a PSI value assigned 
to each highway segment. This type of data provided 
an ideal opportunity to summarize the PSI values for 
the entire Pennsylvania Interstate system. The PSI 
statistical information for the entire network is 
summarized herein. 

The PSI data for three years (1976, 1978, and 
1981) are summarized for the system as a whole, by 
district, and by route. Such a framework provides a 
picture of the change in average conditions over 
time and of the variation in average conditions from 
district to district and from route to route. A re­
gression analysis was performed to predict condi­
tions on the Interstates during the next 5 years, 
and an analysis was made of the impact of betterment 
projects on average conditions. 

MEASURING PSI 

Roughness measurements have been made by the Penn­
sylvania Department of Transportation since the mid-
1960s. Since that time the department has used 
several devices for the measurement of roughness. 
The first device used was the Bureau of Public Roads 
(BPR) road roughness indicator. It was used by the 
department from 1965 to 1967. In 1967 the department 
evaluated a Portland Cement Association (PCA) road 
meter, which was referred to as an Autoflect. The 
Autoflect was used for roughness measurements until 
1972. In 1972 the department evaluated and subse­
quently adopted the Mays ride meter as the device to 
measure pavement roughness in Pennsylvania. It should 
also be noted that the department purchased a GMR 
Surface Dynamics profilometer and quarter-car 
simulator in 1~68. 

In the mid-1970s the department undertook an ex­
tensive evaluation of its pavement roughness mea­
surement program (6). At that time the entire high­
way system was classified according to maintenance 
functional classes. Also, a study was conducted to 
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provide a relationship between pavement roughness as 
measured with the department's Mays meters and the 
original AASHO Road Test concept of PSI determined 
by a rating panel. The study resulted in the devel­
opment cf the following mati·1ernaLlcal relationships. 
For a rigid pavement, 

PSI = (11.10)- 3.67(log RF)-0.09 y'c+P 

and for a flexible pavement, 

PSI= (11.33)- 4.06(log RF) - 0.01 y'c+P - 1.34 RD2 

where 

PSI present serviceability index (0 to 5), 
RF c Mays meter roughness factor (in./mile), 

C cracks (ft/1,000 ft 2
), 

P patches (ft 2 /l,OOO ft 2
), and 

RD= average rut depth (in.). 

(I) 

(2) 

Because the department considered the measurement 
of rutting and cracking and patching to be too time­
consuming in terms of the size of the system (45,000 
miles), an evaluation was made to determine the ef­
fect of these parameters on the PSI value. It was 
determined that, over the range of roughness mea­
sured, the reduction in PSI caused by rutting and 
cracking averaged 0.37 for rigid pavements and D.17 
for fle~ible pa•.romQnts. ConaeqtH:i"~tly, the :relaC. i on-
ships for PSI as measured by the Mays meter in Penn­
sylvania are, for rigid pavements, 

PSI= (10 .73) - 3.67 (log RF) (3) 

and for flexible pavements, 

PSI= (1 I .I 6) - 4.06 (log RF) (4) 

These equations have been used by the department 
since 1975 to convert the Mays meter roughness value 
(in./mile) to a PSI value. All roughness measure­
ments discussed in this paper were measured with the 
department's Mays meter and converted to PSI. 

An important question to consider when measuring 
roughness is the calibration of the measuring de­
vice. Changes in vehicle characteristics (shocks, 
springs, and so forth) will change the measured re­
sponse rather than indicate an actual change in 
pavement roughness. To prevent this, the department 
calibrates its Mays meters by driving them over test 
sections of pavement and comparing the output with 
the GMR profilometer response. This ensures that a 
consistently calibrated Mays meter was used for 
testing purposes over the years of the study 
described in this p a pe r. 

STATEWIDE PRESENT SERVICEABILITY CONDITIONS 

The average condition of the Interstate highway sys­
tem on a statewide basis is summarized in Table 1. 
The weighted mean PSI value of the system declined 
from 3.74 in 1976 to 3.51 in 1981. A weighted mean 

TABLE 1 Mean PSI Values on Pennsylvania 
Interstate System Network 

Year 

1976 
1978 
1981 

Miles 
Measured8 

1,968.7 
2,074.8 
2,136.0 

8 Route miJes in both directions. 

Weighted 
Mean PSI 

3.74 
3.66 
3.51 

Standard 
Deviation 

0.271 
0.332 
0.337 
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was necessary to account for differing lengths of 
PSI measurements. The average rate of decline an­
nually was 0.04 between 1976 and 1978, and 0.05 be­
tween 1978 and 1981. The increase in standard devia­
tion from 1976 to 1981 suggests that the variability 
in condition across the state is increasing. It 
should be pointed out that the entire Interstate 
system was measured. This provides information about 
the complete population of the data set. Conse­
quently, it is not necessary to make statistical 
conclusions as if only a sample of data was avail­
able. The values given in Table 1 indicate that the 
system is in .fact becoming more r ough with time, 
which will direc t ly result in a s ys t e mwide decrease 
in the PSI value. 

The deterioration in condition and the increase 
in variability of PSI values are shown in Figure 1. 
The distribution of miles of Interstate highway by 
PSI value resembles a bell-shaped normal distribu­
tion. (Tests for normality are described in the fol­
lowing paragraphs.) A shift to the left in the 
curves from 1976 to 1981 demonstrates the decline in 
mean PSI values; the increasing breadth ana the de­
creasing height of the curves demonstrate the in­
crease in variability. 

FIGURE 1 Distribution of PSI 
values for all Interstate highways 
in Pennsylvania in 1976, 1978, 
and 1981. 

The data in Table 2 give another measure of the 
deterioration in the condition of the Interstates: 
the miles of Interstate highway below Pennsy lva n i a's 
minimum accepta ble PSI value of 3. 3. The n umber of 
miles of Interstate highway below a PSI value of 3.3 
has more than quadrupled from 1976 to 1981, when 
more than 18 percent of the system was below the 
minimum acceptable value. 

TABLE 2 Mill'.s of P,mnMylvania 
Interstate with PSI Values Less than 
3.3, Statewide 

Miles Less Percentage Less 
Year than 3.3 than 3.3 

1976 82.0 4.2 
1978 155.1 7.5 
198] 395.1 18.S 

Two tests for normality were performed on the PSI 
data because normality was an inherent assumption of 
the regression analysis (described later) and be­
cause sta t istical desc rip t i ons would be simplified 
in the event the data wer e normally distributed. The 
primary test was a Minitab (7) procedure that in­
volved three steps: ( a) calculating normal scores 
for the data, (b) producing a normal probability 
plot, and (c) measuring the straightness of the plot 
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TABLE 3 PSI Values by District, Interstate System 

1976 1978 1981 

Miles 't Less Miles 't Less Miles i Less 

Mean Mil es Less than Mean Miles Less than Mean Miles Less than 

District PSI Measured than J .J J.J PSI Measured than J .J J .J PSI Measured than J.J J.J 

3.81 276 .o 4.0 J. 78 332 .4 

2 3. 75 192.0 0.0 0 3 .67 196.0 

3 3.65 106 .0 5 .3 4 3.62 106.0 

4 3.69 349.7 10.0 2 3 .62 368.4 

5 3.62 254.6 22 .8 8 3.60 289.6 

6 3 .64 82.0 9 .2 11 3.50 129 .2 

8 3.86 310.8 5.0 3.78 315.6 

9 3. 58 46 .7 7., 15 3 .55 48.1 

10 3.77 160.0 8.0 4 3.65 162.0 

11 3. 71 52.0 1.0 3. 76 55.0 

12 3.76 138.9 9.6 6 3.49 176.4 

by using a correlation coefficient. (A stra i g ht-line 
plot with a high correlation coefficient is con­
sistent with normality.) The normal probability plot 
indicated some curvature, although the correlation 
coefficients for each year were fairly high (0.992, 
0.974, and 0.986). These results suggested that al­
though there was a slight deviation from normality, 
it could be assumed that there is a normal distribu­
tion of the data. A second test, the SAS Univariate 
procedure (~), was used to measure two other aspects 
of the distribution. The results revealed that there 
was some skew in the data, indicated by the larger 
tail to the left of the mean, which accounted for 
some of the deviation from normality. A second mea­
surement was taken for kurtosis, which measures the 
flatness or steepness of a curve. This indicated 
that the distribution was slightly flatter than a 
perfectly normal distribution. 

These results suggest that, by making a normal 
approximation for the distribution of PSI values, 
the proportion of mileage less than the mean or less 
than the minimum acceptable PSI value would be a 
conservative estimate. 

CONDITIONS BY ENGINEERING DISTRICT 

The average condition of the Interstates by district 
was considered to determine whether variations 
existed from district to district. The data in Table 
3 summarize the PSI data for each engineering dis­
trict. Considerable variations can be observed. 
Three measures are suggested to evaluate the dif­
ference in conditions between districts. 

1. The first measure is the mean PSI value, 
which ranged in 1981 from a low of 3.35 in District 
6 to a high of 3.67 in District 8. 

2. The second measure is the number of miles and 
the percentage of Interstate highways with PSI 
valuee less than 3.3. Distriots 4, 5, and 12 e>'l~h 
had more than 60 miles with PSI values less than 
3.3, representing 17, 22, and 29 percent, respec­
tively, of their total Interstate mileage. In both 
Districts 6 and 10 almost one-third of the Inter­
states had PSI values less than 3.3. In contrast, in 

11.0 3 3.62 332 .4 36.3 10 

4.0 3 .45 188.0 33.0 17 

5.0 4 J.49 106.0 8.0 

12. 7 3 3 .47 371., 63.8 17 

34., 11 3.46 296.6 66 .3 22 

18.1 14 3 .35 141.2 46.4 32 

2 .4 0 3.67 318.6 13.5 4 

6 .9 14 3.48 48.1 7.5 15 

13.6 8 3.42 160.0 53.0 33 

0.0 0 J.58 69.0 6.0 8 

47.3 26 3.49 209 .4 61.3 29 

Districts 3, 8, and 11 less than 10 percent of the 
Interstates were deficient. 

3. A final measure of the differences by dis­
trict is the rate of decline in mean PSI values from 
1976 to 1981. The greatest decline occurred in Dis­
trict 10, where the mean PSI value dropped by O. 35, 
compared with a decline of 0.23 in the statewide 
mean PSI value (Table 1). Deterioration was also 
greater than the statewide average in Districts 2, 
6, and 12. In the other districts the rate of de­
cline was less than the statewide average, with the 
smallest decline (0.10) occurring in District 9. 

Several factors that might explain the differ­
ences among districts are suggested here, although a 
thorough investigation is beyond the scope of this 
paper. One factor is the age of the Interstates in 
each district. The average year of completion of the 
Interstates for each district, compiled from the 
Pennsylvania Department of Transportation's Road 
Log, is given in Table 4. (In re spect to pavement 
life, age is more accurately measured by the amount 
of heavy truck traffic carried than by the number of 
years since the completion of the highway.) The 
quality of init ia l construction may also be a vari­
able. Other factors would include not only the level 
of funding for Interstate maintenance and resurfac-

TABLE 4 Average Year of 
Interstate Completion by 
District 

District 

1 
2 
3 
4 
5 
6 
8 
9 

JO 
11 
12 

Avg Year 
of Completion 

1964 
1968 
1965 
1965 
1962 
1963 
1962 
1961 
1965 
1959 
1964 
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TABLE 5 PSI Values by Route 

1976 1978 1981 

Miies 1, Less M1 les '.l. Less Miles '.l. Less 

Mean Miles Less than Mean Miles Less than Mean Miles Less than 

Route PSI Measured than 3 .3 3.3 PSI Measured than 3 .3 3.3 PSI Measured than 3.3 3.3 

70 

76 

78 

79 

80 

81 

83 

84 

90 

95 

176 

279 

283 

378 

380 
C'< 
U/U 

3.55 90;6 15. 7 

0.00 0.0 0.0 

3.60 65.9 7.0 

3.80 355.0 2.0 

3.66 606.8 30. 7 

3. 79 464.0 8.4 

3.87 102.0 3.0 

3.75 90.4 3.0 

4.26 38.0 0.0 

3 .64 82.0 9.2 

3.87 22.0 0.0 

0.00 o.o o.o 
0.00 o.o 0.0 

0.00 o.o o.o 
3.65 52.0 3.0 

0.00 o.o u.O 

TABLE 6 Average Year of 
Interstate Completion by 
Route 

Route 

70 
76 
78 
79 
80 
81 
83 
84 
90 
95 

176 
283 
378 
380 
676 

Avg Year 
of Completion 

1961 
1951 
1958 
1966 
1966 
1965 
1958 
1973 
1959 
1968 
1958 
1964 
1961 
1966 
1959 

17 3.27 130.5 

0 3 .43 42.0 

11 3. 71 95 .9 

3. 76 357 .5 

5 3.58 622.8 

2 3. 71 464.9 

3 3.70 100.0 

3 3.72 104.2 

0 4.04 92.4 

11 3 .54 85.2 

0 3.79 22 .o 
0 0.00 o.o 
0 3.86 5.8 

0 0.00 0.0 

6 3.62 54 .0 

u 3.30 2.0 

ing, rehabilitation, and reconstruction (3R) work, 
but also the degree of effectiveness in the use of 
those funds. Finally, environmental conditions are 
likely to vary from one district to another. 

CONDITIONS BY INTERSTATE ROUTE 

Statistics describing average conditions by 
state route were developed to determine the 
to which conditions varied from route to 
These statistics are summarized in Table 
reference, the average year of completion 
Interstates is given in Table 6. 

Inter-
extent 
route. 

s. For 
of the 

Excluding spur routes, mean PSI values in 1981 
ranged from a low of 3.16 for I-76 to a high of 3.67 
for I-90. Several Interstates had considerable mile­
age with PSI values less than 3. 3, whereas others 
had very little. For example, 171.3 miles (28 per-

54 .2 42 3.38 163.5 65 .6 40 

9.0 21 3 .16 46.0 27 .1 59 

8.0 8 3.50 95 .9 22 .1 23 

0.0 0 3 .63 35R.O 1?.1 3 

58.5 9 3.42 612.8 171 .3 28 

2. 7 3.56 466.0 40.3 9 

2 .4 2 3.61 102.0 7.5 7 

3.0 3.62 104.8 3.3 3 

4.0 4 3.67 92.4 19.7 21 

8.1 10 3.46 93.2 17 .3 19 

1.2 5 3.65 22.6 0.6 3 

o.o 0 3.47 13.0 3.0 23 

o.o 0 3. 71 5.8 0.0 0 

0.0 0 3.57 6.4 0.4 6 

3.0 6 3.58 56.0 2.6 5 

1.0 50 2.90 2.0 2.0 ,ao 

cent) of I-80 were deficient in 1981, as were 59 
percent of I-76 and 40 percent of I-70. On the other 
hand, less than 10 percent of I-79, I-81, I-83, and 
I-84 were deficient. Such statistics can help deter­
mine which Interstates are in the poorest condition. 

CONDITIONS BY INTERSTATE ROUTE AND DISTRICT 

Another level at which the variability of the condi­
tions of the Interstates can be evaluated is the 
individual routes by district, because certain 
routes (I-70, I-78, I-79, I-80, I-81, and I-380) run 
through several districts. For example, I-80 runs 
through six engineering districts, and there might 
be interest in whether the condition of I-80 in Dis­
trict 1 is better or worse than in Districts. vari­
ability at this level was evaluated by summarizing, 

; 3 

f 
2 

I I YEAR MIDPOINT 

f---12 ---1 DIST 

FIGURE 2 Weighted mean PSI values, I- 70. 
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in a histogram, the mean PSI value of the route in 
each district through which it runs. These histo­
grams are shown in Figures 2-7. Comparisons among 
districts can be made in terms of both the relative 
mean PSI values in a given year and the relative 
rate of change in conditions between 1976 and 1981. 

Inspection of the histograms suggests that, for 
an individual route, conditions do not vary a great 
deal from one district to another. Some variability 
is observed, however, in the relative rate of change 
in conditions. For example, on I-80 the mean PSI 
value declined at a much faster rate in District 10 
than it did in District 1. Comparisons among routes 

3 

2 

FIGURE 3 Weighted mean PSI values, I-78. 

1976 1978 1981 

f------ I ---------j 

FIGURE 4 Weighted mean PSI values, 1-79. 

4-

2 

1976 1978 1981 
I-- I----, 

FIGURE 5 Weighted mean PSI values, 1-80. 

81 

and districts can provide valuable information to 
decision makers in identifying problem areas and in 
determining how to allocate funds. 

PREDICTION OF FUTURE CONDITIONS 

A regression analysis of the Interstate PSI data was 
performed as a means of predicting future PSI 
values. The analysis used the statewide weighted 
mean !;'SI values for 1976, 1978, and 1981 (presented 
earlier), rather than the values for each Interstate 
section. The objective was to estimate average con­
ditions for the succeeding 5 years, based on the 
assumption that the historical trends of statewide 
mean PSI values would continue. 

Because only three data points were available and 
additional points were desirable, a fourth point was 
estimated that represented the PSI value of the In­
terstates when they were new. The average year of 
completion of all Interstates in Pennsylvania, based 
on data compiled from the department's Road Log, was 
1964. Therefore, the fourth point used in the re­
gression analysis was a mean PSI value for new pave­
ments in 1964. The average PSI value for new high­
ways in Pennsylvania is approximately 4.2. 

Two regression models were tested : a linear model 
with the mean PSI value as a function of the number 
of years after construction {i.e., AGE [MEAN PSI = 
a + b (AGE)]] and a power function [MEAN PSI 
a(AGE)b]. A power function was tested because AASHO 
Road Test data suggested that such a function best 
described the relationship between PSI and accumu-

1976 9713 1961 YEAR MIDPOINT 
f--10 ------j DISTRICT 
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FIGURE 6 Weighted mean PSI values, 1-81. 

FIGURE 7 Weighted mean PSI values, 1-380. 

lated axle loads. The power function suggested by 
AASHO is 

where 

Co initial PSI, 
P = PSI at time,, 
K constant, 
W = equivalent axle load (EAL} application with 

time, and 
B positive power. 

This equation describes the relationRhip between the 
change in PSI and accumulated axle loads. The re­
gression performed with Interstate data provides for 
the empirical relationship between PSI and years 
after initial construction. These two models were 
tested for each of three cases. case l involved the 
use of the weighted mean values for PSI measurements 
in 1976, 1978, and 1981. Case 2 included a fourth 
point--a mean PSI value of 4.2 for new pavements in 
1964. Case 3 used a mean PSI value of 4. 0 for new 
pavements in 1964. 

In each case the linear model fitted the data 
better than the power function did. A plot of the 
data points (Figure 8) shows some curvature, but the 
results suggest that the curvature is not signifi­
cant enough to be modeled better by a power function. 

The results from the regression analysis are given 
in Table 7. These results suggest that if the Inter­
state system in Pennsylvania continues to decline in 
the future at the same rate it has in the past, the 
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FIGURE 8 Linear­
regression models for 
mean PSI as a function 
of year. 

statewide mean PSI value will drop to between 3.24 
and 3 . 39 by 1987 . This prediction means that by 1987 
almost one-half of the Interstate system will be 
below the acceptable PSI level of 3. 3. This would 
represent a 32 percent increase in efficient high­
ways. It should be noted that these mean PSI values 
are for all sections of Interstates in Pennsylvania 
and include sections that have not been rehabilitated 
as well as sections that have. This point raises a 
question that will be addressed in the next section, 
What has been the impact of betterment projects on 
the decline in statewide mean PSI values? 

ANALYSIS OF BETTERMENT PROJECTS ON THE 
INTERSTATE SYSTEM 

Considerable effort and significant amouhts of money 
have been expended on betterment projects on the 
Interstate system in Pennsylvania. It would be ex­
pected that these betterments have had a positive 
impact on the average condition of the Interstates, 
either reversing the decline in mean PSI value or 
reducing it. Statewide mean PSI values presented 
earlier, however, indicate that the mean PSI value 
declined by 0.04 per year between 1976 and 1978 and 
by 0.05 per year between 1978 and 1981. This raises 
the question whether the PSI measurements and mean 
PSI values are accurate, and, if so, why the better­
ments have not had their intended effect. 

A partial answer to these questions can be found 
in Table 8, which indicates that a significant num­
ber of miles of betterment projects did not exist 
until 1980. (Data were not available on the sections 

--
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TABLE 7 Summary of Linear-Regression Models for Estimating Weighted 
Mean PSI Values 

Es timated 

PS[ Value Regress ion PSI Value 

Case in 1964 Eguat ion a R2 in 1987 
Power Function 

Log (MEAN PS I) 0. 772 0 .184 LOG( AGE) 97.3 3.32 

2 4. 2 Log (MEAN PSI) 0.625 0.0559 LOG (AGE) 91.2 3 .54 

3 4. 0 Log (MEAN PSI) 0 .604 0.0377 LOG (AGE) 72 .5 3 .57 

Li near Function 

Mean PSI 4.30 0 .0463 [AGE] 99.3 3.24 

2 4 . 2 Mean PSI 4.25 0.0426 [AGE] 99.8 3 . 27 

3 4 .0 Mean PSI= 4.05 - 0.0289 [AGE] 94 .9 3. 39 

aThe coefficient for the [AGE] term can be interpreted as the rate of dee line 
in statewide mean PSI value per year. 

TABLE 8 Miles of Betterments 
on Interstate System in 
Pennsylvania per Year 

Year 

1978 
1979 
1980 
1981 
1982 

Miles of 
Betterments 

11.7 
11.0 
99.9 

176.4 
201.8 

on which betterments were performed before 1978.) 
Further, an analysis of the sections on which bet­
terments occurred indicates that the betterments in 
1978 and 1981 were performed after PSI measurements 
had been taken. Therefore, only the mean PSI value 
for 1981 would reflect the impact of betterments, 
and then only the betterments performed in 1978, 
1979, and 1980. This suggests that the PSI measure­
ments and mean values are reasonably accurate. 

The finding that the mean PSI value declined at a 
faster rate between 1978 and 1981 (during which bet­
terments occurred) than between 1976 and 1978 (dur­
ing which no betterments occurred) appears incongru­
ous. A more valid comparison can be made between the 
observed rate of decline from 1978 to 1981 with bet­
terments versus what the rate would have been with­
out those betterments. To make this comparison, 
those sections on which betterments occurred before 
1981 were sorted out, and a mean PSI value was cal­
culated for only those sections on which no better­
ment occurred. The mean PSI value for sections with­
out betterments was lower than the mean PSI value 
for all sections by less than 0.01. This suggests 
that there were so few miles of betterments between 
1978 and 1981, compared with the total mileage of 
the Interstate system, that their impact, while dis­
cernable, was virtually negligible. A much larger 
number of miles were improved in 1981 and 1982, and 
it would be useful to identlfy Lheir impact on the 
statewide mean of the next set of PSI measurements, 
scheduled to be taken in 1983, and on the predicted 
statewide mean PSI value for 1987. 

Another analysis was designed to evaluate whether 

the sections on which betterments occurred were 
logical selections from the standpoint of their PSI 
values. The total mileage of betterment projects was 
obtained from department records. Figures 9 and 10 
are examples of the analysis performed on sections 
with betterments in 1981 and 1982, respectively. The 
distributions of PSI values in 1981 indicate that a 
significant number of betterment projects (211.8 out 
of 378.2 miles) were performed on sections of Inter­
states with PSI values greater than 3.3. A compari­
son of this information with the number of miles of 
Interstates with PSI values less than 3. 3 in 1981 
(Table 2) suggests that betterments were not neces­
sarily performed on the sections with the lowest PSI 
values. Although 395 miles (Table 2) of Interstates 
had PSI values less than 3.3 in 1981, only 109 out 

24 
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FIGURE 9 Distribution of PSI 
values in 1978 and 1981 for sections 
with betterments in 1981. 
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FIGURE 10 Distribution of PSI 
values in 1981 for sections with 
betterments in 1982. 
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of 176 miles (Table B) of betterments in 1981 and SB 
out of 202 miles (Table B) of betterments in 1982 
had PSI values less than 3.3, 

Obviously, other factors come into play when de­
termining how to allocate funds for betterments on 
the Interstates; for example, a significant amount 
of the work involves the repair of joints, and in 
many cases this does not improve ride quality. 

VALIDATION OF PAVEMENT DESIGN PROCEDURES 

The validation of the Pennsylvania pavement design 
procedure is beyond the scope of this paper; how­
ever, network analysis can provide information on 
this topic, Most of the Interstates were designed in 
accordance with AASRTO procedures. The majority of 
Pennsylva nia's I nters t a te pavements are 10-in.-thick 
portland ceme nt concrete with joints spaced every 
61.5 ft, A dowel basket with 1.25-in. dowels pro­
vides the load transfer at the joint. After review­
i ng the overall network condition of Pennsylvania's 
Interstates, it can be concluded that the pavements 
certainly are deteriorating; however, based on their 
predicted design life, the pavements should be in 
much worse condition. Because the system is, on 
average, older than its 20-year design life, the 
mean PSI value would be expected to be near 2. 5 
(terminal PSI for AASHTO design) . By simplifying the 
power function of PSI loss to a linear relationship, 
as described earlier, it was demonstrated that the 
annual loss of PSI over 20 years should be about 
0.085 units (assuming that initial PSI = 4.2), The 
average rate of PSI loss in Pennsylvania is about 
0.04 to 0.05 units. 

It is speculative to predict what the average PSI 
of the Interstate system will be in the next 5 or 10 
years, Figure 11 shows three possibilities: (a) an 
extrapolation of the data based on the linear equa­
tion developed earlier; (b) an extrapolation of data 
assuming that a PSI of 2.5 is reached 20 years after 
construction 1 and (ci an ext r apolation assuming that 
a PSI of 2.5 is reached 25 years after construction, 

FIGURE 11 Prediction of 
average Interstate PSI. 

It is doubtful that the Interstate system will dete­
riorate at a rate that will result in either case b 
or case c. Therefore, it can be said the the AASHTO 
design procedure, as used in Pennsylvania, is conser­
vative, The mean PSI of 3.51 in 1981 is a good indi­
cation that the overall system is performing well, 
considering the amount of heavy vehicle traffic car­
ried and the age of the pavements. 

SUMMARY AND CONCLUSIONS 

In this paper the serviceability evaluation of the 
complete Interstate highway system in Penns ylvan ia 
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has been described. It has been demonstrated that 
PSI can be used at the network level to provide 
management with an overall picture of the system, 
With such information it is possible to determine 
which routes are dett>r i or11H ng mo!'lt r apidly. It is 
also possible to compare deterioration by district. 
The historical trends of PSI data can also be used 
to predict future network conditions on the Inter­
state system. Specific conclusions drawn from the 
study are as follows: 

1. On a network level, the PSI of the Interstate 
system steadily declined since 1976 to a mean value 
uf 3,,1 in 1981; 

2. Approximately 18 percent of the Interstate 
system in 1981 was less than the acceptable level of 
3,3; 

3. PSI values can be used on a network level to 
rank districts and individual routes according to 
need for funding; and 

4. Betterment projects carried out between 1978 
and 1980 had only minimal effects on the rate of 
deterioration of the Interstate system. 
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Status of Highway Condition Scoring 1n New York State 

DAVID T. HARTGEN 

ABSTRACT 

In this paper highway condition rating meth­
ods and results in New York State, as of the 
summer of 1983, are summarized. The focus of 
the paper is on procedures that the New York 
State Department of Transportation uses to 
assess the condition of highways in the 
state, and to provide that information in an 
accurate, rapid, and consistent fashion. The 
history of highway condition assessment in 
New York is briefly reviewed, and activities 
in scoring are described. Improvements in 
training procedures, tests of field con­
sistency, improvements in data processing, 
and similar activities that are being under­
taken in other agencies are reviewed. Re­
sults indicate that the overall condition of 
New York's 15,750-mile Touring Route System 
is generally good, but that 13 percent of 
road surfaces and 17 percent of road bases 
are rated in poor condition, It is concluded 
that the highway condition rating procedures 
used in New York are currently moving into a 
"shake-down" phase, where required improve­
ments are less from year to year and results 
are generally satisfactory. 

Pavement management is a broad strategy to protect 
the capital investment in the highway system and to 
ensure maximum serviceability of the highway system 
to the motoring public at a reasonable cost. It en­
compasses all aspects of highway planning, design, 
construction, and maintenance of pavement systems. 
Pavement management involves comparing investment 
alternatives for individual projects as well as net­
work strategies, coordinating the various activities 
of the highway agency in maintaining and improving 
the highway system, and using information to make 
decisions in the best long-term interests of the 
motoring public. 

The New York State Department of Transportation 
(NYSDOT) has established a Pavement Management Task 
Force to review its procedures and practices in 
pavement evaluation and to recommend methods for 

INVENTORIES 

e HIGHWAY CONDITION SURVEY 

e PRI (RIDEABILITY) 

SAMPLES 

• HPMS 12800 SECTIONS) 

e CONTINUOUS COUNTERS (59 SECTIONS) 

• ALBANY CO. DEMO (121 SECTIONS) 

o Planned 

D Photograph Scale 

improving these procedures. The department has also 
developed a model to predict long-term network con­
dition and funding requirements for alternative re­
habilitation strategies, as well as to identify sec­
tions likely to need repair in future years. 

An additional major effort described in this 
paper is the department's highway condition rating 
procedures. The most recent progress on this par­
ticular subject, which builds on earlier papers pre­
sented to the Transportation Research Board (,!,±,), 
is reviewed. 

REVIEW OF NYSDOT ROAD RATING PROCEDURES 

As Figure 1 shows, the department has conducted sev­
eral types of surveys of highway condition. The con­
dition survey consisted of road ratings on a verbal 
scale of 1 to 10. It is similar to the pavement ser­
viceability rating (PSR). Highway condition assess­
ment was undertaken periodically by regional teams 
in the department's 11 regional offices. Over time 
individual regional teams began to drift apart in 
consistency of using these verbal scales, and dif­
ficulties in processing the data and making it 
available in a useful form considerably reduced its 
value. As a result, the highway condition rating 
process, termed the sufficiency process, fell into 
disfavor in the 1970s and was conducted only period­
ically. In the meantime, the department used a road 
roughness measure called the present rideability 
index (PRI). But changes in vehicles and calibration 
problems associated with the system, as well as con­
cerns about the process by which technical data on 
road roughness were correlated with perceptual data 
on rideability, led to the decline in the use of the 
system. PRI data were last collected in 1981. The 
department has currently (spring 1984) reassessed 
its system-level condition data needs. 

The department also uses various sample-based 
road rating systems: (a) the federally mandated 
Highway Pavement Management System (HPMS) sample of 
2,800 sections, which uses the familiar PSR rating 
scale; (b) the department's own system of continuous 
counters at which roads are rated by using the high­
way condition assessment; and (c) the Albany County 
highway deterioration study, which tracks the dete­
rioration of 121 test and control sections using 
several condition measures. 

'70 ' 72 '74 '76 '78 'BO '82 '84 

• • • • • ••• 0 

••••••• 

• • 0 

••• 0 

FIGURE 1 NYSDOT highway condition data. 
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Improvements in condition rating procedures were 
initiated by NYSDOT in 1981. To remove some of the 
problems with the highway condition survey, the de­
partment undertook the following major improvements. 

1. Photograph scale: To improve the consistency 
and accuracy of data collected in the field, the 
department constructed a scale of photographs for 
use in the field. Each photograph was selected by 
standard methods in psychology and arranged in such 
a way that they formed a 10-point interval scale. 
The photographs were then reproduced and made avail­
able to regional rating teams along with revised 
verbal and technical description 11i.:1Le1111.l on par­
ticular distress signals. Examples of this scale are 
given elsewhere (1,2). 

2. Training: -Detailed training was held in 
Albany for regional rating teams on the use of the 
photographs and the revised verbal scales. 

3. Consolidation: The number of sections and the 
information collected were re,v"iewsd and conaolida­
tions of information were made wherever possible to 
streamline the rating effort. 

4. Computer processing: Computer processing was 
steamlined and automated so that data would be made 
available to regional offices within 2 to 3 weeks of 
receipt. This allows data collected in one year to 
be used directly in program development for the next 
year. 

5.. C,,mm~..-.a .a~• were 
added to the department's processing system, so that 
relevant and useful summaries of the data could be 
provided to the department's program managers. Sum­
maries of the condition of the entire system were 
prepared and distributed. 

6. Forecasts of condition: The department devel­
oped a condition forecasting method, called the 
highway condition projection model (3), which uses 
these data to project highway condition in the 
future and estimate the cost of highway repair 
strategies. 

These activities have greatly improved the re­
peatability, consistency, accuracy, and relevance of 
highway condition data. The highway condition infor­
mation now being collected is finding its way into 
many aspects of the department's project development 
process, and it is being used as the primary method 
of highway condition assessment for the state high­
way system. 

RECENT IMPROVEMENTS 

The 1981 and l9B2 experience indicated that the 
visual rating procedure was extremely easy to use in 
the field and it was satisfactory in accuracy, con­
sistency, and reliability of the data provided. 
Therefore, additional improvements since 1983 have 
been minor. 

Tie-Breaker Photographs 

The department's IO-point scale is generally suit­
able, but great accuracy is needed in the 5- to B­
point range of this scale, where most decisions 
concerning pavement rehabilitation are made. Accord­
ingly, the department selected tie-breaker photo­
graphs for insertion between points 5 and 6, 6 and 
7, and 7 and 8. These photographs allow better judg­
ments of which condition level a particular pavement 
section falls into. The department considered the 
development of half-point positions in the middle of 
the scale, but found t he effort unnecessary. A typi­
cal condition scale is shown in Figure 2. 
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FIGURE 2 Schematic of photographic condition scale. 

Special Codes 

Although the two major highway condition scales 
(surface or base) allow foe the classification of 
pavement condition, certain other rating needs 
arise. An excellent example would be the recent 
extensive joint-failure problems associated with 
I-84 in southern New York. These problems are as­
sociated with block faulting as a result of failure 
of load-transfer devices between the concrete sec­
t ions, primarily in the driving lane. Such problems 
are associated with underlying distress and are 
recognized as such by regional raters, but manage­
ment believed that it was important to specifically 
identify certain distress symptoms. Accordingly, a 
third code was added, called the special code, to 
provide other information believed necessary to have 
a thorough picture of the road condition. The spe­
cial codes used for the 1983 surveying effort are 
given in Table 1. As may be noted, the codes focused 
primarily on faulting problems and on particular 
distress signals associated with overlays, such as 
edge faulting. 

TABLE 1 Special Codes, 1983 

Code 

I 
2 
3 
4 
5 
6 
9 

Description 

Faulting, low to medium severity (<0.25 in.) 
Faulting, high severity (> 0.25 in.) 
Shoulder wash-out 
Widening dropoff 
Distortion 
Localized, severe distress 
Other (write in margin of score sheet) 

Note: PCC = portJand cement concrete. 

Pavement Type 

PCC/overlay 
PCC/overlay 
All 
Overlay 
Flexible 
All 
All 

Special codes may be changed each year as new 
issues develop, thus increasing substantially the 
flexibility of the rating process. In effect, the 
special codes operate like a marginal note, allowing 
the regional scorer to tell the main office about 
particular problems that need attention, but they do 
not necessarily fall under the more systemitized 
rating procedures developed thus far. 

Maintenance Index 

The department periodically asks its resident engi­
neers (those individuals responsible for highway 
maintenance in each of the state's 62 counties) to 
prepare an assessment of the difficulty of maintain­
ing each section of highway in its present condi­
tion. Discussions with the department's maintenance 
people and with the resident engineers led to im­
provements in this particular index for the 1983 
rating effort. The maintenance index is given in 
Table 2. Note that the rating is not quantified in 
visual terms; it is essentially a verbal scoring 
system. 
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TABLE 2 Maintenance Index 

Code 

9-10 

Description 

Facility in excellent condition; requires little or no nonroutine 
maintenance 

8 Facility shows some minor distress; requires some attention with 
nonroutine maintenance such as pothole repair 

5-7 Facility shows some significant distress; requires considerable 
attention by maintenance operations 

3-4 Facility requires an inordinate amount of maintenance resources; 
needs attention by construction contract 

1-2 Facility is beyond the capability of maintenance forces to main­
tain; requires immediate attention by construction contract 

Flip-Sook Format 

The use of visual scales is greatly assisted in the 
field if color photographs are arranged in flip-book 
format. The book may then be held up against a wind­
shield and the photographs compared with the driver's 
eye view of the road. The highway condition scoring 
manuals were reformatted into flip-book formatting 
for the 1983 effort. 

These improvements are generally minor compared 
with major improvements in the development of the 
scale, and the preparation of consistent codes, 
which was undertaken in 1981 and 1982. The effort 
for 1983 largely refined the existing scale and made 
minor improvements in scoring procedures. 

TRAINING 

The major improvements of the 1983 rating effort 
focused on training. Each of the department's 11 
regions has a team responsible for rating the state 
highway system within its region. For the 1983 ef­
fort, training consisted of field tests and a train­
ing film. 

Field Tests 

Previous training processes were highly successful 
in introducing consistency and accuracy among the 11 
regional scoring teams. The resulting consistency in 
estimates of condition by 11 regional teams was 
described in previous papers Cl,,.?_), but the esti­
mates were based on films of roads, not actual field 
tests. Therefore, training did not ensure that field 
scores would be consistent. To ensure this, the 
department instituted a field test for the 1983 
survey. The 11 regional teams were asked to drive 
over a route in the Albany area consisting of 10 
test sections. These sections had been filmed for 
training purposes. The route (Figure 3) contains 
pavements of different types (rigid, flexible, and 
overlay), varying condition levels, and varying 
urban and rural settings. Regional scoring teams 
drove over the route shown in the figure, and re­
corded their estimates of surface and base ratings 
as well as the special codes previously described. 
The data were then discussed thoroughly the follow­
ing day. 

Training Film 

The department developed materials for a training 
film on highway rating. The film shows the field 
test described in the previous section, and the 
results of the field tests and the visual field 
rating principles are discussed. 

The videotape of the field test sections was 
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FIGURE 3 Test routes for training session. 

shown to regional teams after they had completed 
their training. After each test section was tra­
versed, the regional rating teams were invited to 
discuss their scores against the discussion on the 
videotape. The training film will also be used to 
train other governments in condition rating. 

OVERALL PAVEMENT CONDITION, 1983 

The overall pavement condition of the State Touring 
Route system remains quite good. Road surfaces are 
in slightly better condition than road bases. As of 
1983, approximately 87 percent of road surfaces were 
in fair to excellent condition (level 6 or higher), 
compared with about 83 percent of road bases. Ap­
proximately 13 percent of road surfaces and 17 per­
cent of road bases were in poor condition (level 5 
or lower) • These percentages are slightly different 
from those obtained in 1982, but the differences are 
smaller than probable scoring errors. About 1,909 
sections out of 18,331 ( 10. 4 percent) have special 
problems, p.rimarily f aulting and localized distress. 

The average surface condition of the New York 
State Touring Route is about 6.93 (Table 3). Over­
all, the average condition has remained quite stable 
during the p ast 3 years. However , the department's 
continuing emphasis on resurfacing and rehabilita­
tion has added mileage to the excellent (score 9 to 
10) category, which now totals 12.3 percent, an 
encouraging sign. Approximately three-quarters of 
the mileage in the system le in the fair-to-good 
range (score 6 to 8), and not much progress has been 
made in decreasing this total. This means that the 
potential remains for major deterioration of the 
system (from the 7 to 6 level to the 5 level) if 
repair work is not increased. In particular, the 
level 6 condition (just above the poor level) con­
tinues to represent more than one-quarter of all 
mileage . These are sections that can often be reha­
bilitated with medium-to-heavy overlays (2.5 to 4 
in.Ji but at an average cost of $300,000 pe r 2-lane 
miJ.e, the backlog of work at this level alone is 
$1.58 billion . Unfortunately , if the department is 
unabl e to increase its attention to roads in this 
category, they will deteriorate into the poor cate­
gory, where work is considerably more expensive . 
Thus, although the ovcri'.lll system is in good s har.e , 
many sections of pavement currently need attention. 

The data in Table 4 indicate that the 1983 aver­
age condition of road bases is about 6. 79 and has 
remained quite stable. These 1982-1983 differences 
are not large. More than 70 percent of the mileage 
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TABLE 3 Surface Condition, New York State Touring Route System 

1981 1982 1983 

Lane Lane Lane 
Condition Level Miles Percent Miles Percent Miles Percent 

Excellent IO 1,188 3.0 } 6.6 
1,021 2.6 } 9.9 

1,487 3.7 } 12.3 9 1,439 3.6 2,904 7.3 3,435 8.6 

Good to fair 8 8,381 21.1 7,656 19.J 7,761 19.4 
7 13,487 34 0 80.4 11,858 29.8 \ "' 

11,638 29.1 75.0 
6 10,012 ,,, I 10,745 27.0 10,593 26.5 

Poor 5 3,828 9.7 4,249 10.7 4,214 10.5 
4 I, 15 2 2.9 1,041 2.7 699 1.8 
3 154 0.4 ) 13.0 234 0.6 J 14.0 168 0.4 12.7 
?. 1 7 n n, 19 o.os IO 0.02 
I 2 0.005 2 o.oos 

Total 39,661 39,729 40,005 
Avg 6.82 6.82 6.93 

TABLE 4 Base Condition, New York State Touring Route System 

1981 

r :tne 
Condition Level Miles Percent 

Excellent ID 1,115 2.8 } 6.4 
9 1,442 3.6 

Good to fair 8 6,473 16.3 
7 10,6 10 26.8 72.6 
6 11,712 29.5 

Poor 5 5,641 14.3 
4 2,217 5,6 
3 409 1.0 21.0 
2 39 0 .1 
I 3 0.008 

Total 39,661 
Avg 6.53 

remains in the good-to-fair range, with an espe­
cially large proportion (55 percent) in categories 7 
and 6 (just above the poor range). No progress has 
been made in decreasing this proportion, and without 
attention, this mileage will slip into the lower 
range, thus necessitating more extensive work in the 
future. 

FIELD CONSISTENCY IN RATING 

The field training goes a long way to ensure that 
when highway sections are rated in the field, they 
will be rated consistently by different teams, But 
unless sections are checked in the field, there is 
no guarantee that the rating was accurate. To ensure 
this, NYSDOT undertook two measures. 

Double-scoring 

In 1982 and 1983 the department field-checked a 
representative sample of highway sections. These 
sections, totaling approximately 10 percent of the 
state highway system, are shown in Figures 4 and 5. 
For half of these highway sections, a field team 
from the Albany main office estimated the condition 
of the section (Figure 4). For the other half, 
regional teams double-scored sections in adjacent 
regions (Figure 5), The data in Table 5 indicate 
that in a high proportion of cases, the difference 
between the two scores was one point or less. These 
results substantially improved the department's con­
fidence in the overall rating process as it occurs 
in the field. 

Consistency with Field Di stress 

To ensure that the department's photograph scale 
system is consistent with more detailed field dis-

1982 

Lane 
Miles 

1,044 
2,747 

6,461 
11 ,039 
10,439 

5,763 
1,753 

403 
77 

3 

39,729 

Percent 

2.6 } 6.9 
9.5 

16.3 
27.8 70.4 
26.3 

14.5 
4.4 
1.0 20.1 
0.2 
0.008 

6.64 

1983 

Lane 
Miles 

1,275 
3,859 

6,298 
10,795 
10,982 

5,130 
1,352 

257 
57 

40,005 

Percent 

3
·
2 

} 12.8 9.6 

15.7 } 

:;; i::: 
0.2 j 
6.79 

FIGURE 4 Main office field check. 
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TABLE 5 Field Consistency in Rating 

Total sections checked 

Surface 
Average difference (points) 
Probable range (points) 
Percentage within± 1 point 

Base 
Average difference (points) 
Probable range (points) 
Percentage within ± I point 

1982 

1,130 

-0. 11 
0.52 

96 .6 

-0.39 
0.55 

91.2 

Note: Data are based on I ,173 double-scored sections, 6'74 by the main office and 
499 by other regions. 

1983 

1,173 

+0.05 
0.53 

95.5 

+0.05 
0.57 

92.0 

tress, detailed field scoring is being undertaken of 
the sites in the Albany County demonstration proj­
ect. This is a study that contains 121 test and 
control sections in Albany County. These sections 
have been treated with various kinds of improvements 
and then allowed to deteriorate. Detailed distress 
information on cracking, rutting, and patching are 
collected annually for each test and control section 
on the same highway. To develop the regression rela­
tionships between these detailed parameters and the 
overall scores, the analysis team has visually 
scored the same 121 sections annually. 

PROCESSING 

The following improvements have been made to the 
department's procedures for processing the highway 
condition data. 

Summaries of Deteriorated Sections 

The department has streamlined the procedure for 
developing its "red flag" list (i.e. , highway sec­
tions that are in deteriorated shape). An "English 
names" version of highway sections is being added to 
the file so that the data may be listed in verbal 
rather than coded form. This facilitates the process 
of looking up deteriorated sections and identifying 
their locations. In addition, coordinates are being 
added to the highway sufficiency file so that the 
locations of sections may be plotted. This plotting 
capability will allow visual map-type summaries of 
data to be provided directly to the regional offices. 

Processing and Modeling 

The department's highway condition projection model 
(HCPM) (3) is a recently developed tool that allows 
the analysis of alternati ve rehabilitation strat­
egies. A projection is made of a condition of a 
system in the future by using de terioration rates 
developed from hi s t ory. Rehabilitation s t r ategies 
are applied and the repai rs are simulate d. HCPM 
kee ps t r ack o f est i mated costs and conditions, and 
it provides thi s inf ormation a t various levels of 
geographic detail, as well as an overall summary and 
a 5-year construction program. 

Tools such as this are considerably more valuable 
if they can be made available to the individuals 
responsible for nP.vP.loping such strategies. At 
NYSDOT this is done primarily by the regional of­
fices. Therefore, considerable effort has been 
undertaken to regionalize HCPM (i.e., make it avail­
able to regional offices through existing computer 
equipment and terminals available in each of the 
department's regional offices). 
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Paneling of Data 

To ensure the accuracy of deterioration rates used 
in a variety of studies, the department has tight­
ened its highway section measurement procedures. The 
result is that condition tracking of sections over 
time is now possible. Deterioration rates for high­
way sections over time from 1981, 1982, and 1983 
highway condition surveys are given in Table 6. 

TABLE6 Deterioration of Sections, 1982 to 1983 

Centerline Miles Avg 
Surface Base Combined Change 

Condition improved (2+ point 
increase) 894 1,082 988 +3.14 

Unchanged or rescored (0, + 1) 9,537 9,464 9,500 

} 
Deteriorated 
-1 3,581 3,410 3,496 -0.18 
-2 273 329 301 
-3 22 23 22 
-4,-5 2 2 2 

Total 14,309 14,310 14,309 

Of the 15,750 centerline miles inventoried in 
1983, the department was able to match and compare 
the 1982 condition on 14,309 miles (90.6 percent). 
(Unmatched sections generally result from added or 
realigned mileage and are generally in good-to-ex­
cellent shape.) The data in Table 6 indicate that, 
of these, about 988 miles were improved an average 
of 3.14 points, whereas about 9,500 miles remained 
unchanged (0 or +l in score), 3,496 miles declined 1 
point, and 325 miles deteriorated 2 or more points. 
The particular causes of this rapid deterioration 
are unknown, and the department is attempting to 
isolate the factors. Therefore, although the overall 
data suggest a stable mean condition, the underlying 
reality is inexorable but slow deterioration that 
will eventually result in even greater future costs. 

APPLICATIONS BY OTHER GROUPS 

The highway condition ratings procedures described 
here have received considerable attention and inter­
est from other groups. Current efforts to use the 
highway condition assessment process in other places 
are as follows. 

1. New York State Thruway: The New York State 
Thruway Authority, which is responsible for the 
587-mile-long Thruway, used this scoring process. 
Thruway personnel attended the training sessions and 
conducted a rating assessment of the Thruway in 1983. 

2. Albany area: The metropolitan planning or­
ganization responsible for planning in the Albany 
metropolitan area used the rating process to eval­
uate the condition of Federal-Aid highways in the 
Albany area. They are also rating a sample of local 
roads, so that overall condition of different sys­
tems in different jurisdictional and functional 
classes can be compared on a consistent basis. 

3. Niagara County: In the Buffalo metropolitan 
area a complete rating of county roads was under­
taken in 1982 using the department's highway condi­
tion rating procedures. The data were processed by 
the Niagara County planning and engineering staff. 
Erie County (Buffalo City) is currently studying the 
use of the method for its needs. 

4. New York City: New York City is planning to 
rate highway sections under its jurisdiction, and it 
is currently undergoing training by NYSDOT personnel 
in the use and application of the rating methods. 
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CONCLUSION AND DISCUSSION 

The status of the department's highway condition 
rating efforts is reviewed. Great progress has been 
made in the p~:;t 3 yaaz-z; in !mp.Loving the e;v11sis­
tency, accuracy, and quality of the highway condi­
tion data collected by New York and in providing it 
to a variety of clients in rapid and relevant 
fashion. Virtually all aspects of the highway condi­
tion assessment and data processing effort have been 
reviewed and streamlined. The big effort, in terms 
of methodology development, is over, and the proce­
dure is now moving into an implementation and 
"shake-out" phase in which rcfincmcnto to the meth­
odology are becoming more detailed and fewer changes 
are occurring from year to year. Overall, the de­
partment is pleased with the methodology, and is 
placing greater reliance on the results of the sur­
vey and on the analyses that are conducted from it. 

No highway condition assessment procedure should 
be static,. Issues, highway conditions, and concerns 
change. The procedure being developed by the depart­
ment is flexible and is capable of undergoing change 
to meet evolving needs, while at the same time re­
taining consistency in data so that trends may be 
computed. A fully integrated and static data base is 
probably beyond the need of the department, but it 
can be reasonably well approximated by the applica­
tion of consistent measurement principles and a 

Transportation Research Record 997 

tightened rating and data provision process. This is 
the goal that the department is working toward, and 
it is the goal to which the department believes it 
has made considerable progress. 
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Use of Pocket Computers for Rehabilitation of 

Rural Roads 1n Dominica 

LOUIS BERGER and JACOB GREENSTEIN 

ABSTRACT 

A 50-km rural road that connects Roseau-Pont 
Casse and Hatton Garden in Dominica was 
evaluated by means of the Benkelman beam in 
February 1983. The rebound deflection basin 
obtained under a dual-wheel axle load was 
interpreted by means of a pocket computer 
with 8-K RAM. The subgrade modulus, subgrade 
California bearing ratio, base modulus, as­
phalt modulus, and the required asphalt con­
crete overlay were calculated for each point 
while performing the nondestructive testing 
(NOT) survey. Although measurement of de­
flection basins with the Benkelman beam is 
not common practice, satisfactory results 
were obtained. A team composed of the truck 
driver and his assistant, an experienced 
engineer and his assistant, and two traffic 
control men was able to measure BO to 100 
deflection basins, or about 10 km of road, 
in a typical working day. By using the 
pocket computer, all calculations, including 

the overlay thickness of each tested point, 
can be completed in about l min. Therefore, 
the road rehabilitation design can be com­
pleted while conducting the NOT. In Dominica 
both the NOT and the strengthening design of 
the 50-km road were done simultaneously and 
completed in l week. The detailed methodol­
ogy and computer programs are presented in 
this paper. The program is based on the 
theory of linear elastic systems and written 
in BASIC language. It can be easily adjusted 
and implemented with other nondestructive 
pavement evaluation devices such as the road 
rater or the falling weight deflectometer. 

In the evaluation process of pavement systems by 
means of nondestructive testing (NOT), the response 
of the pavement is observed and material properties 
can be back-calculated. Among the different re­
sponses of the pavement to load, the only practical 
measurements are elastic deflections. Two methods 

-
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for determining the elastic deflections are gener­
ally used. According to the first method (_!-].), in 
each location only the center or the standard maxi­
mum deflection is determined. The magnitude of this 
deflection is interpreted to predict pavement per­
formance. 

In the second procedure, which is a rational one, 
the deflection basin (i.e., the center deflection) 
and at least one offset deflection are determined 
(4-7). The deflection basin is used to back-cal­
culat e the elastic modulus of the subgrade and pave­
ment system. These strength parameters and the pro­
jected traffic loading are used to design pavement 
strengthening. 

This rational procedure was implemented in 
Dominica by means of a pocket computer (Sharp PC-
1500) to upgrade 50 km of low-volume road between 
Roseau-Pont Casse and Hatton Garden (see Figure 1). 
The computer program (Figure 2) is written in the 
BASIC language and can be implemented on any personal 
or pocket computer that has 8-K RAM. Because the pro­
gram is based on the theory of the linear elastic 
system, it can be easily adjusted and used with 
other nondestructive pavement evaluation devices 
such as the road rater (pavement profiler) or the 
falling weight deflectometer. 

BENKELMAN BEAM DEFLECTION PROCEDURE 

The Benkelman beam is a widely used device to mea­
sure surface deflections in all types of pavement 
structures. The beam operates on the lever prin­
ciple, as shown schematically in Figure 3. Every 
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vertical movement of the tip of the beam generates a 
rotation of the beam through the pivot. A proportion 
of the tip movement is read with the dial gauge in­
stalled at the far end of the beam. The ratio of the 
rotating lengths of the beam is generally 1: 4 ( in­
cluding the beam used in Dominica) i thus the dial 
gauge (Figure ld) at the end of the beam moves one­
fourth of the vertical movement at the tip of the 
beam. Often the dial gauge is already calibrated to 
read the full tip movement (i.e., no multiplication 
by four is required). 

The truck used in Dominica had a single dual­
wheel rear axle weighing 7174 kg and a tire pressure 
of 4. 9 kg/cm 2

• This load was chosen instead of the 
commonly used 8200-kg axle load because Dominica 
truck loads seldom reach the 8200-kg level. The 
dual-wheel load (PP) ( in kg) is specified in line 
5050 in the program, and any value of PP can be used. 

The so-called "rebound method" was used in the 
Benkelman beam measurements. The truck moved away 
from the testing point at creep speed, and the re­
bound deflections were measured. This method was used 
to measure not only the maximum deflection under the 
rear axle (D~), but also to measure two additional 
deflections--D4¢ and D8¢--at 40 and 80 cm away from 
the maximum, respectively. This nonroutine Benkelman 
beam deflection procedure was used to characterize 
the whole deflection basin that is needed in the 
structural evaluation methodology explained in the 
following sections. 

The choice of 40 and 80 cm was not arbitrary. The 
goal was to choose one distance where the deflection 
would be about 50 percent of the maximum deflection. 
In Dominica this distance was between 30 and 40 cm, 

FIGURE 1 Benkelman beam operations in Dominica (Roseau-Hatton Garden Road). 
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100:REM NAME BENKE 
LMAN BEAM;POMI 
NICA FEB. /1983 

105:REM NAME"BBDO 

110:REM ASSUME WH 
EEL DIST.=3A 

120:REM FEB./1983 
200:GOSUB 5000:REM 

DATA 
210:AC=A 
220: INPUT ''H/L=( 10 

, INFINIT)";M$ 
230:COOE=3 
240: IF M$=" 10"AND 

U3=.5THEN LET 
CODE-! 

250:IF M$="10"AND 
U3=. 4 THEN LET 
CODE=2 

255:REM CDDE=l(H/L 
=10, U=. 5) 

260: IF CODE>ITHEN 
GOTO 320 

265:YB=.620:M8=. 18 
3:M9=.520: 19=. 
16!4:ZZ=.1925/ 
. 1614 

270:B=0:BB=l.6890: 
('i('I-, 4065 

280: IF OR/00).7 
THEN GOTO 900 

290:B=2:BB=4.5663: 
AA=2.6947E-3 

305:GOTO 900 
310:REM CODE 2(H/L 

=10,U=,4) 
320:IF COOE>2THEN 

GOTO 380 
325:Y8=.602:M8=. 19 

2:M9=.480: 19=. 
1689:ZZ=.!925/ 
. 1689 

330:B=0:BB=l.B246: 
AA=.3804 

340:IF OR/00).426 
THEN GOTO 900 

350:8=3:89=4.9903: 
AA=4.3795E-4 

365:GOTO 900 
370:REM CODE 3(H/L 

=INF !NIT) 
380:9=0:BB=l.7117: 

AA=.3210 
390:YB=.525:MB=.18 

0:M9=.440: 19= 
1925:ZZ=l.0 

900: IF E300THEN 
GOTO 1200 

1000:REM COMPUTE 
E3 HOGG 

1040:RS=R*<l/AA"( 
J/BB)-9)/((J 
/AAt<00/0R- l 
))"(l/BB)-B) 

1050:LPRINT "R50 
CM=";INT (RS 
*10)/10 

1060:AC=A 
1070:L0=(Y8*R5+ 

SQR (( YB*R5) 
"2-4*MB*AC*R 
'.J) )/2 

1080: IF AC/L0<. I 
THEN LET L0= 
<YB-. 1*M8 HR 
5 

1085:LPRINT "L0 
CM='';INT (L0 
*10)/10 

1087:WAIT 
1090:AC=A 

/L0-. J))"-1: 
REM SR=S/S0 

I I 10: IF SR< l THEN 
LET SR=! 

1!20:E3=(J+U3)*(3 
-4*U3)/2/( l­
U3H19*PP/00 
/SR/L0 

1200:LPRINT "E0 K 
G/SQ. CM="; 
INT (E3) 

120J1WAIT 
l 202: CBR=E3/CE 
1203:LPRINT "CSR 

% =";INT (CB 
R*l0)/l0 

1205:nS=F3*L0"3*2 
t<l-U3)/( l+U 
3)/(3-4*U3) 

1208:WAIT 
1210:RFM rT NTFR 

DEF BETWEEN 
WHEELS ;ULIT 
Z OFFSET DEF 

USED TO CAL 
CULATE 00 

1220:AA=2*<l-U3) 
1223:NN=l00 
1225: IF CODE= 1 

THEN LET NN= 
10 

I 227: IF CODE=2 
THE.N LET !J ... ~ ~ 
10 

1230:RR=l.S*A 
1240:EC=2*U 
1250:DC=AA/EC/RR 
1260:ZC7 HC+.6*A*A 

/HC 
1270:RC=SQR (ZC*Z 

C+RR*RR) 
1280:DC=DC-<AA+(Z 

D/RC)"2)/RC/ 
EC 

1290:HE2=.9*HC*<< 
EC/E3)"( J/3) 
) 

1300:ZC2=HE2+.6*A 
*A/HE2 

13J0:RC2=SQR <ZC2 
*ZC2+RR*RR) 

1320:DC=DC+(AA+(Z 
C2/RC2)"2)/R 
C2/E3 

I .330: ZC3=HE2+NN*L 
0+.6*A*A/(HE 
2+NN*L0) 

1340:RC3=SQR (ZC3 
*ZC3+RR*RR) 

1350:DC=DC-(AA+(Z 
C3/RC3)"2)/R 
C3/E3 

J355:DC=DC*(l+U3) 
*PP/Jl/2 

1360: IF ABS <DC-0 
0)/00<. 01 
THEN GOTO 16 
10 

1370:EC=EC*DC/00 
1380:GOTO 1250 

FIGURE 2 Computer program printouts. 

Direction Ot Travel --
Position I I I 40 cm 

1/1 :,,1 ~ 

1610:LPRINT "E* K 
G/SQ. CM="; 
INT <EC) 

1620: WAIT 
1890:REM COMPUTE 

1900: IF El<)0THEN 
GOTO 2110 

2000:REM COMPUTE 
El 

2010: IF TRB=0THEN 
LET TRB=99. I 
3-26.35*.434 
3*LN <PEN) 

2020:PJ=20*TRB+50 
0*.4343*LN ( 
PEN)-1951.55 

2030:r1-r1r<TRB-~ 
0*.4343*LN < 
PEN)+J20.15) 

2040:SB=l. 157E-6* 
TS"-.368*2.7 
183"-Pl*<TRB 
-TC)"5 

2050:UG=(I-MB)/GS 
*<l-UA) 

2060:UG=UG/C~8/G8 
>(1-MB)/GS) 

2070:CU=UG/(I-UA) 
2080: IF UA>.03 

THrn LET CU­
CU/ (. 97+UA) 

2090:N9=.B3*.4343 
*LN (4E5/S8) 

2100:El=ATM*SB*<I 
+2.5/N9*CU/( 
!·-CU) )"N9 

2110:LPRINT "El K 
G."S0. CM-::: 1

' ; 

INT (El) 
2120: WAIT 
2390:REM COMPUTE 

E2 
2400:JF E2<>0THEN 

GOTO 2610 
2500:REM COMPUTE 

E2 
2510:A8=H2/Hl 
2520:N8=J.0:REM N 

B=El/E2 
2530:REM E6=<E*/E 

I >TRIAL 
2540:E6=A8"4+4*A8 

"3*N8+6*A8"2 
*N8+4*A8*N8+ 
N8"2 

2550:E6=E6/N8/(A8 
+N8)/(AB+l)" 
3 

2560:E7=EC/El 
2570: IF ABS (E6/E 

7-1)(.0001 
THEN GOTO 26 
00 

2580:N8=N8*E6/E7 
2590:GOTO 2540 
2600: E-.2=t. l/N8 
2610:LPRINT "E2 K 

G/SQ. CM="; 
INT (E2) 

2620: WAIT 
2900:REM COMPUTE 

PH 
3000:HH=(EC*(HC"3 

)/3.0/E3)"(1 
/3) 
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3010:LPRINT ''HEQ 
CM="; INT <HH 
) 

3100: WAIT 
3200:0H=<MJ*<CBR" 

..,.,..,, ""' ,,,_.-
-.JJ/-nn//HC. 

3300:LPRINT "DH 
CM=" ; I NT <DH 
*10)/ 10 

4000:END 
5000: REM DATA 
5010:REM UNITS:CM 

. , KG. 
5020:READ ATM 
5030:DATA 1.0 
5040:READ PP,A, TS 

, TC 
:,11:,11: IJI-\ 11-\ 3:,8), 111 

.5, .010, 27 
5080:READ PEN, TRB 
5090:DATA 50, 55.A 
5100:READ UA, GS 
5110:0ATA .035, 2. 

65 
5120:READ GB,MB 
5130:DATA 1.04, .0 

5 
5140:READ Hl,H2, H 

C 
5150:DATA 1.0, 14. 

0, 15. 0 
5160:READ U3,AE 
5170:DATA .4, 3.5 
5180: READ El, E2 
5190:DATA 0000., 0 
5200:READ E3, EC, C 

E:REM CE=E/C 
BR 

52i0 , jjHi H ij , 0 , i30 
5220:READ D0,R, DR 

'MJ 
5230:DATA 0.85E-l 

, 40, 0. 44E-1, 
:>6.20 

5240: RETURN 

RUN h/i 

R50 CM= 41. 5 
L0 CM= 21 

10 

E0 KG/SQ.CM= 447 
CBR % = 3.4 
E* KG/SQ.CM= 4596 
El KG/SQ.CM= 222Ba 
E2 KG/SQ.CM= 2367 
HEQ CM= 22 
DH CM= 4 

RUN h/t = oo 

R50 CM= 41. 6 
L0 CM= 17.3 
E0 KG/SQ.CM= 594 
CBR % = 4.5 
E* KG/SQ.CM= 2773 
El KG/SQ.CM= 22289 
E2 KG/SQ.CM= 1128 
HEQ CM= 17 
DH CM= 3.9 

Position 2 J~ocmJ 
040 d!: 

--/IA""'r""°«-,....-©__c---===::;ir,e,~;:;;·;:i....__ 

5m 
Position 3 
D80 

Position 4 "Zero" Raference~no 

FIGURE 3 Schematic of Benkehnan beam deflection procedure. 
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and 40 was chosen for routine measurements. With 
little practice it is possible to measure the offset 
deflections without having to stop the moving truck. 
A team composed of the truck driver and his assis­
tant, an experienced engineer and his assistant, and 
two traffic contr.ol men was able to measure 80 to 
100 deflection basins, or about 10 km of road, in a 
typical working day. It is desirable that a small 
pickup truck is used to carry the men, the beam, and 
miscellaneous equipment. 

DETERMINATION OF THE SUBGRADE MODULUS 

In this section the subgrade modulus (E¢) and the 
California bearing ratio (CBR) are determined [see 
lines 1000 to 1023 of the program (Figure 2) J. The 
modulus of the subgrade E¢ is determined by using the 
Hogg model (4-6) with a finite subgrade at a depth of 
H = 10 x L¢ (see Figure 4) or at a depth of infinity, 

r (cm) 

(r50=32.4) 

O.OO ;:.~-..a;2.c..O-,,r4-r0c.._,,-=,=---rc::,::;..;;;....,-..;.;; 

0.2 

0.4 

~ <J 0.5 
~ ~ 0.6 
~ <I 

H/L0•10 t E01 µ = 0.4 
w111;ou, .. , 

IO"-~-'---'~~~~__.~..__.__. 
Determlnolion of r

5
d,R5) - Example 

00=.085, R=40, OR•.0340R/00=0.40 
Result ,50 • 32 4 cm LC.,= 14.6 

FIGURE 4 Deflection basins for Hogg 
model and Benkelman beam loading. 

h = m. Figure 5 shows the computerized procedure that 
determines E¢ from the interpretation of the deflec­
tion basin. This procedure is based on the following 
steps: 

Step l: Determination of r50 = RSO: 
Step 2: Determination of l(L¢); i(L¢) is the char­

acteristic length <i-..§.J; 
Step 3: Determination of the ratio S0 (point 

load stiffness) to s (area load stiffness): and 
Step 4: Calculation of E¢ (E3). 

Step l: Determination of r50 (RS or RSO) 

For purposes of this paper, r SO = RS, which is the 
offset distance Rat which 6r/60 = DR/0¢ = 0.5. 0¢ 
and DR are the center and offset deflection, respec­
tively. 

The shape of the deflection bowl for point load­
ing is described by the following equations: 

(DC/)/DR) - I= A[(R/2) + B] c (]) 

or 

R = Q { (1/A)[(DQ)/DR)- I] } I/C - B (2) 

where A, B, and C are curve-fitting coefficients 
( see Table 1) and R is the distance offset of DR. 
For DR/0¢ = 0.5, 

READ DATA 

Load, Radius 

Ll.o, LI.,, LI.._, LI., 
r,. r21 r3 

CHOOSE HOGG M~ 
hit 

10 00 

~ 
Value 

CHOOSE 2 SENSORS 
FROM AMONG 

DETERMINE 
roo, (Ll.r/Ll.o= 5) 

DETERMINE 
CHARACTERISTIC 

LENGTH t 

DETERMINE 
S./S 

COMPUTE Eo S1.8GRAOE 

E . U •,..)(3-4µJ, ts 1

1
·~1, P 

•. 2(1-µ) {s;; .t.7::,. 

INFINITE or 
FINITE 
SUBGRADE 

alt 

FIGURE 5 Determination of E subgrade 
from deflection measurements using 
Hogg model. 

r50 =RS= Q((J/A) 1/C - B] 

Thus Equations 2 and 3 give 

RS= R ( ((l/A)1ic_ B] / { (I/A) [(DC/)/DR)- I] 1 /c_ B}) 
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(3) 

(4) 

The values for A, B, and c, as obtained for the Hogg 
model, are given in Table 1. For example, for ~ = 
0.4, h/L¢ = 10, 0¢ = 0.085 cm, DR= 0.034 cm, R 40 
cm, and DR/D~ = 0.034/0.085 = 0.40, use Equation 4 to 
find RS= 32.4 cm. 

TABLE I Curve-Fitting Coefficients 

H/U/) DR/DQ) µ A B C 

H/LQ) = 00 Any value Any value 1.3210 0 1.7117 
10 >0.7 0.5 0.4065 0 1.689 
10 >0.7 0.5 2.6947 X J o·J 2 4.5663 
10 >o.426 0.4 0.3804 0 l.8246 
10 < 0.426 0.4 4.3795 X 10·4 3 4.9903 

Figure 4 shows a graphical verification of the 
computerized solution. Enter the figure with DR/D~ = 
0.40 and r = R = 40 cm. Draw a line parallel to the 
L~ lines until meeting the DR/0¢ = 0.5 horizontal 
line. Read r50 on the horizontal axis (RS = r50 = 
32.4 m). The methodology for determining r50 is de­
scribed in lines 1040 and 1050 of the computer pro­
gram (see Figure 2). 

Step 2: Determination of Characteristic length l(L0) 

Figure 6 shows the theoretical relationships between 
i/r50 and a/l for different values of H/i andµ [a(A) 
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is the radius of the contact area between the tire 
and the surface] • The equation shown in Figure 6 
gives the same relationships in analytical form. Each 
different line in Figure 6 (1, 2, or 3) is described 
in the equation by different values of the parameters 
Yo and m for different values ofµ and subgrade depth 
H/11) = 10 or "'• 

0 
IO 

~ 

0.7 

CODE 
h/.f 

~ 

~ 
m 

0.2 0.4 0.6 08 ,.o 
al~ 

~ = -,.,50 jc)'o '5J-· 4mor50 
2 

I 2 3 
10 10 oO 

05 0.4 va~:Jes 
0.620 0.602 0525 

0.183 0.192 0.180 

FIGURE 6 Benkelman beam 
loading[£= f(r 50 , a/£)). 

The equation is used in the personal computer pro­
gram to determine l(II)). As an example, use the data 
that were used to determine r50: H/L¢ = 10, µ = 0.4, 
a(A) = 11.5 cm, 0¢ = 0.085 cm, r50 = 32.4 cm, and 
PP= 3587 kg. Thus by using Code 2 in Figure 6, l(L¢) 
is 

l = {0,602 X 32.4 + [(0.602 X 32.4) 2 

- 4 X 0.192 X 11.5 X 32 0 4]1/2}/2 0 

l = 14.6 cm. 

The methodology for determining l(L¢) is described in 
lines 1070 and 1080 of the computer program. 

Step 3: Determination of Ratio So/S 

'l'o develop numerical solutions of the subgrade mod­
ulus that are programmable in pocket computers, it 
is necessary to use this intermediate step. This step 
finds the theoretical relationship between point load 
(S

0
) and area load (SJ stiffnesses for a given ratio 

a/l. This relationship is shown in Figure 7. Stiff­
ness is defined as the ratio of the load to the de­
flection. The different lines (1, 2, and 3) in Figure 
6 have an analytical expression that is also shown in 

Figure 7. A different value of the parameter ffi is 
used for different values of H/L~ andµ. In the nu­
merical example, 

A/L = a/1 = 11.5/14.6 0.79; 

thus 

S0 /S = 1.0 - 0.48 (0.79 - 1.0) = 0.67. 

The ratio S0 /S is determined in the computer pro­
gram between lines 1100 and 1110. 
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0 .9 

0.8 

0 .7 
U) 

~Q6 

0.5 

0.4~-~-~--~-~ 
0 05 1.0 15 2.0 

CODE I 
h/~ 10 

~ 0.5 
iii 0.520 
I 0.1614 

al~ 

2 
10 

04 
0.480 
0.1689 

3 
oO 

~Hr-
0.440 
0 .1925 

-r• 1.o-iil(j-010> 

b. =IxtR<fof1 

R =Eo 2(1- 11) 

lltJIX3·4!'1 

FIGURE 7 Benkelman beam loading 
[S

0
/S = f(a/1!)]. 

step 4: Calculation of E~ 

E¢ is finally found by using the following equation 
(~ee lines 1120 to 1200 of the program}: 

EC/)= { [(! + µ) (3 - 4µ)] /2(1 - µ)} x (I*PP/LC/)*DC/)) x (S0 /S) (5) 

where I is a fitting parameter that depends on H/L¢ 
andµ (see table in Figure 7). For the data of the 
example, 

E¢ = { [ ( l + 0. 4) ( 3 - 4 X O. 4)] /2 ( l - 0. 4)} 

X [(0.1689 X 3587)/(14.6 X 0.085)] 

x 0.67 = 534 kg/cm 2
• 

Determination of Subgrade CBR 

The subgrade modulus can be used to calculate the 
CBR (!-i,.!!_,i): 

CBR = EC/) (in kg/cm2 )/CE (6) 

(see lines 1202 and 1203), where CE is an empirical 
factor that varies between 100 and 160 for in situ 
CBR between 2 and 30 (4), CE= 130 (see data lines 
5 200 to 5210) was used- a nd found to be appropriate 
for the subgrade of the Roseau to Hatton Garden road 
in Dominica. 

~I 
PPl2j PPl2 ='iT pA2 

i 00 

El, 

HC Modulus 
H2 E*,µ E2, Base 

H/l Pavement 

- ~--------t-

E0 ~ E3 Subgrade 
µ 

H0=Nt 

N=iO frnile rigid 
botiom 

N = KlO infinite rigid 
""-'""""""'--=,,....=-==!<""::.,,,- bottom 

( = L0• Characteristic 
Length 

FIGURE 8 Determination of pavement 
modulus (E*). 

---
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DETERMINATION OF PAVEMENT MODULUS (E*) 

The combined modulus E* of the asphalt concrete and 
the base layers with a combined thickness of HC = Hl 
+ H2 (see Figure 8) is determined by using the Ode­
mark-Ullidtz equations (10) for equivalent thickness 
(11). The equi valent t h ick ness is determined accord­
ing to the £ollowin~ equation: 

HE= 0.9 HC (E*/E(J))1 i3 (7) 

The relationship between the center deflection D~ 
(between the dual wheels), the elastic modulus of the 
subgrade (E~), and the pavement (E*) is given in the 
following equation: 

D(J) = [( ! + µ)(PP)/2rr] [ (1/E*) ( [2(1 - µ/r] - [1 /R(l)] { 2(1 - µ) 

+ [Z( l)/R(l )]2}) + (1/E(J)) ( [l/R(2)] { 2(1 - µ) + [Z(2)/R(2)) 2} 

- [! /R(3)] { 2(1 - µ) + [Z(3)/R(3)] 2 } ) ] (8) 

where 

r=!.5A=l.5a 

Z(l) = HC + 0.6 (A2 )/HC 

R(l)= {[Z(l)]2 +(1.5A)2 }1/2 

Z(2) =HE+ 0.6 (A2)/HE 

HE= 0.9HC (E*/E(/))113 

R(2)= {[Z(2)] 2 +(1.5A)2} 1/2 

Z(3) =(HE+ NQ) + 0.6(A2)/(HE + NQ) 

R(3) = { [Z(3)] 2 + (l.5A)2} 1/2 

N 
N 

pp 

10 for rigid bottom at finite depth, 
100 for infinite subgrade, and 
7TA 2 p (p = tire pressure). 

(9) 

(9a) 

(9b) 

(9c) 

(9d) 

(9e) 

(91) 

(9g) 

Equations 7, 8, and 9-9g are used iteratively to 
determine the pavement modulus E* for any given com­
bination of subgrade modulus (E(il°), pavement thickness 
(HC) , load (PP) , tire pressure (p) , and center de­
flection (D~). This calculation is done automatically 
by the computer (see lines 1210 to 1610 in Figure 2). 

DETERMINATION OF ASPHALT MODULUS El 

Guidelines to determine the asphalt modulus are 
given, among other sources, in several reports 
(12-16). The Shell methodology (15,~) was found to 
be practical i it is implemented here for low-cost 
roads. According to this methodology, the stiffness 
of the bitumen (asphalt cement) can be calculated 
according to the following equation quoted from 
Ullidtz and Peattie (11): 

SB= 1.157 X 10-6 X r;0 •3 6 8 Xe-PI X (TRB - TC)5 

where 

(I 0) 

SB stiffness of bitumen (kg/cm 2
) i the term 

stiffness is used to denote the modulus or 
instantaneous relationship between the 
stress and the strain, which corresponds to 
particular values of temperature and of 
loading i 

Ts= time of loading (sec)i 
TRB softening point, ring and ball (ASTM) of 

bitumen (°C)i 
TC temperature of the bitumen (°C)i and 

PI= penetration index of the bitumen, i.e., 

PI= [20 (TRB) + 500 LOG (PEN)- 1,951.55] 

+ [(TRB) - 50 LOG (PEN) + 120.15] 

where PEN is the bituminous penetration at 25°C. 
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(11) 

For the analysis of pavements, the properties of 
the bitumen in the road must be used. It may be con­
venient to recover bitumen from the road and measure 
its penetration directly. The following approximate 
relationship (11) has been found to apply to many 
road bitumens: 

PEN in road = 0.65 x original PEN (12) 

It may also be convenient to measure TRB di­
rectly. Measurements of a wide range of road bi tu­
mens led to the development of the following empiri­
cal relationship (11): 

TRB (°C) = 99.13- 26.35 x LOG (PEN) (13) 

Equation 10 gives reasonable results when the 
loading time is between 0.01 and 0.1 sec, the PI is 
between -1 and +1, and the TRB - TC is between 20° 
and 60°C. The detailed procedure to calculate PI and 
SB is given in the program (see lines 2000 to 2040). 
For example, if TS= 0.01 and TC= 27°c (data line 
5050), and if field penetration PEN= 50 and TRB = 
55°C (data line 5090), then using Equation 11 (lines 
2020 and 2030 in the pr og r am) gives PI = 2. 3 x 
10-2 "' O, and using Equation 10 ( line 2040) 
gives SB "' 110 kg/cm 2

• 

The elastic modulus (El) of the asphalt concrete 
(AC) mix is a function of the stiffness of the bitu­

men, the amount of mineral aggregate, and the air 
void percentage. El can be calculated according to 
the following equations (11): 

El = SB x {I + (2 .5/N) • [CV/(! - CV)]} N 

N = 0.83 LOG (4 x 105 /SB) SB in kg/cm2 

_ { VG/(! - VA) when VA< 0.03 
CV - VG/ [(I - VA) x (0.97 + VA)] when VA> 0.03 

VG= [(I - MB)/GS] x (I - VA)/ {(MB/GB)+ [(l - MB)/GS]} 

where 

(14) 

(14a) 

(14b) 

(14c) 

GS= specific gravity of the mineral aggre­
gate (see lines 5100 and 5110, 
GS = 2.65), 

VA= percentage of air voids (see lines 
5100, 5110, VA= 0.035), and 

GB and MB= specific gravity and percentage of the 
bitumen, respectively (see lines 5120 
and 5130, GB= 1.04 and MB= 0.06). 

For the specific case presented in Fi gure 2 (com­
puter prog ram), SB= 110.9, VG= 2.65, VA= 0.035, 
GB= 1.04, MB= 0.06, and El= 22 289 kg/cm 2

• 

The following concluding remarks summarize the 
determination of El (AC elastic modulus). 

1. El is determined mainly from the engineering 
properties of the bitumen, the aggregate, and the AC 
mix. 

2. El is used to determine E2 (g r anular mate­
rial) based on the NOT methodology, as described in 
the following section. In the event that El is over­
est i mated or underestimated, this will be reflected 
in the value of E2 in such a way that the total 
flexural stiffness (EH 3

) remains constant as back­
calculated from the NOT data. 

3. The methodology presented herein is applica-
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ble to uncracked, sound AC layers greater than 1 in. 
thick. Cracked or thin asphalt should be considered 
as part of the granular layer. 

DETERMINATION OF BASE MODULUS E2 

The modulus of the base layer is determined accord­
ing to Nijboer' s equation (Equation 15), which is 
based on the theory of strength of materials (16): 

E*/EJ = [H2/HJ)4 + 4{H2/HJ)3 (EJ/E2) + 6(H2/H1)2(EJ/E2) 

+ 4(H2/Hl)(EJ/l'.;2) + (EJ/E2)2] / { (El/E2)[(H2/Hl) 

+ \hl/b'..1)] f(ll 'l/Hl) + l] 3 } (15) 

Equation 15 is based on the assumption that the 
flexural rigidity (EI) of the two layers Hl and H2 
is equal to the EI of the composite pavement E• and 
HC, or 

EI (El, Hl and E2, H2j = EI (E•, HC). 

It is also assumed that there is full friction be­
tween the asphalt and the base layers. The input 
data are 

Hl asphalt layer thickness, 
El asphalt modulus, 
H2 base thickness, 
~· composite pavement modulus of the asphalt 

and base materials, and 
HC Hl + H2, which is the total pavement 

thickness of asphalt and base materials. 

The only unknown is the elastic modulus of the 
granular material (E2), which is determined itera­
tively by using the personal computer (see lines 
2500 to 2610 in the computer program). 

DETERMINATION OF OVERLAY THICKNESS DH 

The required overlay thickness DH' is determined by 
using the following procedure: 

DH'= H-HEQ (16) 

where DH' is the required additional thickness of 
gravel material (subbase or base), and His the re­
quired total pavement thickness, subbase (CBR = 30) 
+ base (CBR = 80) + thin layer of asphalt (usually 
less than 2 in.) • H can be determined by using any 
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pavement design methodology for low-volume roads 
( 17-21) that presents the relationship between the 
subgrade CBR, the projected traffic loading, and H. 
Figure 9 (21) shows the thickness design curves used 
for the rehabilitation program of tne Roseau-Hatton 
Garden road in Dominica: the curves are based on the 
Transport and Road Research Laboratory (TRRL) method 
(21). As an example, the projected traffic loading 
of the road section from Pont Casse to Hatton Garden 
is 16,000 equivalent axle loads (EALs). In this 
case, the required thickness for CBR = 6 is H = 10.5 
in, The mathematical relationship between H and CBR 
for the Roseau-Hatton Garden road [TRRL method (21)] 
ie given in the !ollowlny equatlun (see also Figure 
9): 

H = (MJ)•(CBRr0 ·
59 (17) 

where His the required thickness (in.) and MJ is a 
constant for a given traffic loading: 

Road Section (in Dominica) 
Roseau-Hillsborough Bridge 
Hillsborough Bridge-Pont casse 
Pont Casse-Hatton Garden 

Nl8 
16,000 
36,000 
45,000 

MJ 
30.0 
32.0 
33.0 

The existing pavement is a nonuniform granular 
waterbound macadam covered by a thin asphalt layer, 
The thickness of the granular material varies between 
4 .:lnd 8 in., and the asphalt thickness is less than 
l in. The elastic modulus of the pavement (E•) varies 
mainly between 0.5 to 10 times the E~ of the sub­
grade. The lower values (E• = 0.5 to 2E~) generally 
correspond to failed-to-poor sections. 

For cases such as Dominica, where there is a 
large variability between the back-calculated E•/E~ 
ratios, it is necessary to bring the different sec­
tions to the same comparative basis. This is done by 
introducing the flexural stiffness concept. Flexural 
stiffness is a function of the thickness of the 
pavement and its modulus of elasticity and Poisson's 
ratio. Poisson's ratio is assumed to be constant for 
low-cost roads and to vary between 0.35 and 0.45. If 
the existing pavement with elastic modulus E* and 
thickness HC is equivalent to a new pavement with 
elastic modulus Ep and thickness HEQ, the following 
relationship between the flexural strength of the 
existing and the new pavement holds: 

(E*) (HC)3 = (Ep) (HEQ)3 (I 8) 

HEQ in Equations 16 and 18 is the equivalent thick­
ness of the new pavement. 

The pavement structure of low-cost roads is con­
structed mainly from granular material such as sub­
base or base. The thickness of the AC is usually 
less than 2 in, In these cases the elastic modulus 
of the pavement structure (Ep) is derived from the 
elastic modulus of the granular material and must 
lie between 2 and 4 times E~ (11). In Dominica, the 
relationship of Ep = 3E~ was used to determine HEQ 
and DH', as defined in Equations 16 and 18. In sim­
pler terms, if E• is found equal to 3 times E~, then 
HEQ is equal to HC. Finally, if E* is greater than 3 
times E~, then HEQ is greater than HC. The value of 
HEQ gives credit to the flexural strength of the 
existing pavement. 

DH' determined according to Equations 16-18 is in 
inches of granular material. When asphalt is used to 
overlay the pavement, DH' should be divided by an 
equivalency factor. This factor varies mainly be­
tween 1,5 and 4.0. According to the FAA (22), l in • 
of AC is equivalent to 1.5 in. of high quality base, 
According to the Asphalt Institute (3) and the 
Transportation Research Board (21), l in:- of asphalt 
might be equivalent to 2 to 3 in. of granular mate-
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rial. The AASHTO (B) practice is that 1 in. of as­
phalt is equivalent to 3.2 in. of unstabilized base 
course or 4 in. of subbase. In the case of Dominica, 
it was found that the AC produced from the local 
aggregates has high strength and durability values. 
The Marshall stability is more than 2,000 lb, flow 
is 10 to 15, and inunersion compression retained 
greater than 85 percent. Therefore, for this project 
in Dominica, where a high quality AC is designed, 1 
in. of asphalt is equivalent to 3.5 in. of granular 
material, or the DH in thickness of AC is as follows: 

DH = (H- HEQ)/3.S = [(MJ)*(CBRf0
·
59 

- HEQ]/3 .S (19) 

The methodology for determining DH is described be­
tween lines 2900 and 3300 of the computer program. 

SUMMARY 

The computerized rational methodology of road reha­
bilitation presented in this paper was implemented 
in upgrading 50 km of a low-volume road in Dominica. 
A pocket computer (Sharp PC-1500) with 8-K RAM was 
used in the field to determine the minimum required 
AC overlay to carry 16,000 to 45,000 EALs. The fol­
lowing engineering parameters were calculated (see 
calculation example in Figure 2): 

1. R50 (r50), the offset distance Rat which the 
deflection ratio DR/D~ = 0.5 (see Figure 4) i 

2. L~(i), the characteristic length (Hogg model) i 
3. E¢, the subgrade elastic modulusi 
4. CBR, the subgrade CBRi 
5. E*, the combined modulus of the asphalt and 

the base layersi 
6. El and E2, the modulus of the asphalt and the 

base, respectively: 
7. HEQ, the equivalent thickness of a new pave­

ment with E* = 3E¢i and 
8. DH, the required AC overlay thickness. 

The calculations of the AC overlay are done with a 
finite subgrade at a depth of h = lOi (see Figure 4) 
or at infinity, h = ""• The finite subgrade case is 
more often implemented and always results in lower 
values of the subgrade modulus and higher values of 
the pavement modulus in comparison with the infinite 
subgrade model. The AC overlay thick- ness DH is not 
sensitive to the subgrade depth. The use of the com­
puter enables all the calculations, including the 
over lay thickness, to be completed in about 1 min. 
Therefore the rehabilitation or the overlay design 
can be completed while conducting the NDT. In Domin­
ica, the NDT and the strengthening design of 50 km 
of rural roads were carried out simultaneously and 
completed in 1 week. 

REFERENCES 

1. C.K. Kennedy and N.W. Lister. Prediction of 
Pavement Performance and the Design of Over­
lays. TRRL Report 833. Transport and Road Re­
search Laboratory, Crowthorne, Berkshire, En­
gland, 1978. 

2. N.W. Lister, C.K. Kennedy, and B.W. Ferne. The 
TRRL Method for Planning and Design of Struc­
tural Maintenance. Proc., 5th International 
Conference on the Structural Design of Asphalt 
Pavements, NP.thP.rlannR, 1qA'-. 

3 . Asphalt Overlays and Pavement Rehabilitation. 
In the Asphalt Institute Manual, Series 17 (MS-
17), Asphalt Institute, College Park, Md., 1977. 

4. G. Wiseman, J. uzan, M.S. Hoffman, I. Ishai, 
and M. Livneh. Simple Elastic Models for Pave-

97 

ment Evaluation. Proc., 4th International Con­
ference on the Structural Design of Asphalt 
Pavements, University of Michigan, Ann Arbor, 
1977, Volume 2. 

5. G. Wiseman. The Interpretation of Surface De­
flection Measurements Using the Model of an 
Infinite Plate on an Elastic Foundation. In 
Symposium on Nondestructive Test and Evaluation 
of Airport Pavement, u. S. Army Corps of Eng i­
neer s Waterways Experiment Station, Vicksburg, 
Miss., Nov. 1975. 

6. J. Greenstein. Pavement Evaluation and upgrad­
ing of Low-Cost Roads. !.!!_ Transportation Re­
search Record 875, TRB, National Research Coun­
cil, Washington, D.C., 1982, pp. 26-32. 

7. B.A. Anani and W.P. Kilareski. Evaluation of In 
Situ Moduli and Pavement Life from Deflection 
Basins. Proc., 5th International Conference on 
Structural Design of Asphalt Pavements, Nether-

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

lands, 1982. 
J.L. Green and J.W. Hall, Jr. Nondestructive 
Vibratory Testing of Airport Pavements. In Ex­
perimental Test Results and Development of 
Evaluation Methodology and Procedure, Report 
FAA-RD-205, Publ. WES TR s-75-14, FAA, U.S. 
Department of Transportation, Sept. 1975., 
Volume 1. 
W. Heukelom and A.J .G. Klomp . Dynamic Testing 
as a Means of Controlling Pavements During and 
After Construction. Proc., International Con­
ference on the Structural Design of Asphalt 
Pavements, University of Michigan, Ann Arbor, 
1962. 
P. Ullidtz. Overlay and Stage by Stage 
Proc., 4th International Conference 
Structural Design of Asphalt Pavements, 
sity of Michigan, Ann Arbor, 1977. 

Design. 
on the 
Univer-

P. Ullidtz and K.R. Peattie. Pavement Analysis 
by Progranunable Calculators. ASCE, Journal of 
Transportation Engineering, Vol. 106, No. TES, 
Sept. 1980. 
F. Bonnaure et al. A New Method of Predicting 
the Stiffness of Asphalt Paving Mixtures. 
Proc., Association of Asphalt Paving Tech­
nologists, Vol. 46, 1977. 
J.s. Miller, J. uzan, and M.W. Witczak. Modifi­
cation of the Asphalt Institute Bituminous Mix 
Modulus Predictive Equation. In Transportation 
Research Record 911, TRB, National Research 
Council, Washington, D.C., 1983, pp. 27-36. 
M.R. Thompson and M.S. Hoffman. Concepts for 
Developing an NOT-Based Design Procedure for 
Determining Asphalt Concrete Overlay Thickness. 
In Transportation Research Record 930, TRB, 
National Research Council, Washington, o.c., 
1983, pp. 12-18. 
Asphalt Pavements and Overlays for Road Traf­
fic. In Shell Pavement Design Manual, Shell 
International Petroleum Co., Ltd., The Hague, 
Netherlands, 1978. 
L.W. Nijboer. Dynamic Investigation of Road 
Constructions. Shell Bitumen Monograph 2. Shell 
International Petroleum Co., Ltd., The Hague, 
Netherlands, 1955. 
R.G. Ahlvin and G.M. Hanunitt II. Load-Support­
ing Capability of Low-Volume Roads.!.!!_ TRB Spe­
cial Report 160: Low Volume Roads, TRB, Na­
tional Research Council, Washington, D.C., 
1975, pp. 198-203. 
A Guide to the Structural Design of Bitumen­
surf;ir.P.d Ro;ids in 'l'ropi.r.al and Sub-Tropical 
Countries, 2nd ed. TRRL Road Note 31. Transport 
and Road Research Laboratory, Crowthorne, Berk­
shire, England, 1977. 
J. Greenstein and M. Livneh. Design Thickness 
of Low-Volume Roads. In Transportation Research 



-

98 

Record 702, TRB, National Research Council, 
Washington, D.C., 1979, pp. 39-46. 

20. J. Greenstein and M. Livneh. Pavement Design of 
unsurfaced Roads. In Transportation Research 
Record 827, TRB, National Research Council, 
Washington, D.C., 19a1, pp. 21-26. 

21. Structural Design of Low-Volume Roads. Synthe­
sis 4, Transportation Technology Support for 
Developing Countries. TRB, National Research 
Council, Washington, D.C., 1982, 48 pp. 

Transportation Research Record 997 

22. E.J. Yoder and M.W. Witczak. Principles of 
Pavement Design. Wiley, New York, 1975. 

Publication of this paper sponsored by Committee on 
Low Volume Roads. 

-




