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A Road Prov i s ion  Model Using System Dynamics 

Khaled A Abbas 
Department o f  C i v i l  Engineer ing 

Univers i ty  of Newcastle upon Tyne 
Newcastle upon Tyne N E l  7RU, U . K .  

ABSTRACT 

One o f  t h e  most d i f f i c u l t  t a s k s  f a c i n g  highway a d m i n i s t r a t o r s  is how t o  
e f f i c i e n t l y  manage t h e  a l l o c a t i o n  o f  road funds .  I n  t h i s  paper a  
comprehensible,  e a s y - t o - u s e ,  highway management t o o l  is presen ted .  This  t o o l  
t a k e s  t h e  form of  a computer s i m u l a t i o n  model which i s  in tended t o  assist 
managers o f  a network of highways t o  make b e t t e r  d e c i s i o n s  concerning the  
a l l o c a t i o n  o f  s c a r c e  funds.  I t  mainly s i m u l a t e s  t h e  e f f e c t s  of d i f f e r e n t  
investment s t r a t e g i e s  and maintenance o p t i o n s  on t h e  road network. This  is 
done by t r a c i n g  t h e  l i f e - c y c l e  c o s t s  of t h e  major a c t i v i t i e s  o f  p rov id ing  and 
main ta in ing  t h e  road system, and by c o n s i d e r i n g  t h e  e f f e c t s  t h a t  these  
a c t i v i t i e s  have on t h e  s t a t e  and performance of t h e  road network. 

1. INTRODUCTION 

The con t inued  development of t h e  road network is looked upon a s  a  n e c e s s i t y  
t h a t  c o n t r i b u t e s  t o  t h e  p r o s p e r i t y  and wel lbe ing  o f  a  coun t ry .  Cons t ruc t ion .  
maintenance and upgrading o f  roads c o n s t i t u t e  a  l a r g e  p o r t i o n  o f  the  t r a n s p o r t  
budget i n  many c o u n t r i e s .  y e t  t h e  growing c o n f l i c t  between the  requirements 
o f  t h e  road network and the  a v a i l a b l e  f i n a n c i a l  r e s o u r c e s  is one o f  the  most 
s e r i o u s  problems t h a t  highway a u t h o r i t i e s  have t o  d e a l  wi th .  There is a  need 
f o r  s i m p l i f i e d  planning techniques  t h a t  a r e  capab le  o f  t e s t i n g  a l t e r n a t  i-.le 
s t r a t e g i e s  f o r  i n v e s t i n g  i n  t h e  road ne tvork  system. 

T h i s  f i n a n c i a l  s t r i n g e n c y  r e q u i r e s  t h e  development of road management systsms 
t o  provide suppor t  f o r  highway decis ion-makers  s o  t h a t  they can make more 
r a t i o n a l ,  informed d e c i s i o n s .  These d e c i s i o n s  should be t a r g e t e d  towards 
ach iev ing  a  b e t t e r  management and c o n t r o l  o f  t h e  road network system. 

Road management systems can  be d e s c r i b e d  a s  computer ised,  a n a l y t i c  t o o l s  t h a t  
c o n s i d e r  t h e  whole l i f e - c o s t i n g  o f  a l t e r n a t i v e  s t r a t e g i e s  f o r  :he road 
network. These t o o l s  enable  t h e  t e s t i n g  of a l t e r n a t i v e  management and planning 
programmes f o r  t h e  highway s e c t o r .  

2 .  PURPOSE AND APPROACH 

The main purpose o f  t h i s  s tudy  is t o  c o n s t r u c t  a dynamic, s i m u l a t i o n  model 
t h a t  d e s c r i b e s  the  s t r u c t u r a l ,  feedback i n t e r a c t i o n s  of the  road network 
system. The model is meant t o  ana lyse  t h e  impacts o f  proposed changes i n  the 
funding l e v e l s ,  a s  we l l  a s  i n  t h e  s t r u c t u r e  of t h e  p r i o r i t i e s  involved i n  the  
a l l o c a t i o n  o f  road funds .  

The System Dynamics methodology. ( F o r r e s t e r  1968) ,  is  used i n  t h i s  s tudy a s  
t h e  modell ing framework w i t h i n  which t h e  road management model is developed. 
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The model s imu la t e s  the  e f f e c t s  of  d i f f e r e n t  road investment  s t r a t e g i e s .  Th i s  
is done by t r a c i n g  the  l i f e - c y c l e  c o s t s  o f  the  a c t i v i t i e s  which a r e  necessa ry  
t o  develop and mainta in  the  road system, and e s t a b l i s h i n g  t he  impacts t h a t  
these  a c t i v i t i e s  have on t h e  cond i t i on  and performance of  the  road network. 
The main o b j e c t i v e s  of  t he  model a r e  a s  l i s t e d  below. 

( 1 )  To model t he  p rocess  involved i n  t h e  a l l o c a t i o n  o f  road funds.  Th i s  
a l l o c a t i o n  process  is meant t o  s a t i s f y ,  ( i n  a  r e l a t i v e  s e n s e ) ,  the  
f i n a n c i a l  requirements o f  t he  changing p h y s i c a l  cond i t i on  o f  the  road 
network. The two main c o n s t r a i n t s  t h a t  a r e  cons idered  i n  t h i s  p rocess  
o f  a l l o c a t i o n  include:  t he  l e v e l  o f  a v a i l a b l e  funds and the  p r i o r i t i e s  
f o r  a l l o c a t i n g  road funds t o  t he  main a c t i v i t i e s  o f  t he  road network. 

( 2 )  To provide b e t t e r  i n s i g h t  and unders tand ing  o f  the  dynamic, feedback 
n a t u r e  o f  the  road system. 

( 3 )  To a c t  a s  an  exper imental  management t o o l  f o r  a s s e s s i n g  t he  s h o r t -  and 
long-term consequences o f  d i f f e r e n t  road s t r a t e g i e s  on the  phys ica l  
development of  t he  road system. A road s t r a t e g y  invo lves  the  
de te rmina t ion  o f ;  road funding l e v e l s ,  p r i o r i t i e s  f o r  a l l o c a t i n g  road 
funds and time i n t e r v e n t i o n  c r i t e r i a  f o r  performing maintenance 
a c t i v i t i e s .  

( 4 )  To a s s i s t  i n  management and c o n t r o l  o f  t he  road system. 
( 5 )  To provide a  s e t  of  performance i n d i c a t o r s  t h a t  de sc r i be  the  s t a t e  of  

t he  road system a t  any po in t  i n  i t s  l i f e t i m e .  

3.  MODEL DESCRIPTION 

The road p rov i s i on  model c o n s i s t s  o f  two main p a r t s ,  a s  shown i n  Figure  1. 
The f i r s t ,  is the  u se r  i n t e r f a c e  module, the  second is the  System Dynamics 
road p rov i s i on  module, s e e  (Abbas 1990) .  

I n  t h i s  s e c t i o n ,  t he  System Dynamics concep tua l  model is int roduced.  The 
feedback i n t e r a c t i o n  between demand and supply o f  t h e  road network system is 
e x p l i c i t l y  cons idered .  The main assumptions and some of  the  important  
v a r i a b l e s  o f  t he  model a r e  explained.  Causal diagrams a r e  cons idered  t o  be 
an  advanced and comprehensible s t e p  o f  the  Sys tem Dynamics mode 1 l i n g  
procedure .  Th is  paper p r e sen t s  the  fundamental ,  c a u s a l  mechanisms under lying 
t he  s t r u c t u r e  of  the  System Dynamics road p rov i s i on  model. 

3 . 1  Managing t he  Process o f  A l loca t i on  of  Road Funds 

Each t ime i n t e r v a l  o f  the  s imu la t i on ,  road funds a r e  a l l o c a t e d  among f i v e  
road system a c t i v i t i e s .  Re fe r r i ng  t o  Figure  2  the  main a c t i v i t i e s  o f  the  road 
p r o v i s i o n  model include:  

( 1 )  road admin i s t r a t i on  a c t i v i t y ;  
( 2 )  r o u t i n e  road maintenance a c t i v i t y ;  
( 3 )  road cons t ruc t i on  a c t i v i t y ;  
( 4 )  road r e h a b i l i t a t i o n - r e c o n s t r u c t i o n .  i . e .  r e s t o r a t i o n  a c t i v i t y ;  and 
( 5 )  p e r i o d i c  road maintenance a c t i v i t y .  

Th is  investment a l l o c a t i o n  process  is performed i n  a  dynamic f a sh ion  s o  a s  
t o  be r e l a t i v e l y  c o n s i s t e n t  wi th  the  competing p r i o r i t i e s  and the  changing 
demands of  the  road network system. The p r i o r i t i e s  f o r  the  a l l o c a t i o n  o f  



System Dynamics '90 5 

(d) restoration of roads; and 
(e) periodic maintenance of roads. 

(3) Expenditure and levels of: 
(a) constructed roads; 
(b) administered roads; 
(c) routinely maintained roads; 
(d) restorated roads; and 
(e) periodically maintained roads. 

3.3 Main Input Values by the Model User 

The user interface module can be described as a computerised, friendly 
dialogue, designed mainly to instigate creativity in constructing alternative 
scenarios for the road network, and also to work as a medium to facilitate the 
specif iction of the model exogenous parameters by the user. The following 
presents the main input parameters of the model and describes the options 
available to represent these parameters, through using the user interface 
module. 

Initial unit cost of: 

(1) Yearly Road Administration Cost Per Kilometre. 
(2) Routine Road Maintenance Cost Per Kilometre. 
(3) Periodic Road Haintenance Cost Per Kilometre. 
(4) Road Construction Cost Per Kilome tre . 
(5) Road Rehabilitation-Reconstruction Cost Per Kilometre. (Refer to 

Figure 10) 

InElation/deElation rates of the previously stated unit costs. (Refer 
to Figure 10) 

The user can choose from among several forms chac are available for 
inputing road funds. Road Funds can be generated using any of the 
following options: 

(1) Empirical function (linear or nonlinear). 
(2) Deterministic function. 
(3) Random Stochastic Eunction (stochasticity assumed to be of the 

Gaussian type, and randomness is based on the pseudo randomisation 
process). 

(4) Combination of any of the above i.e. at a time specified by the 
user, the function of the road funds changes from one form to 
another. The available combinations include: 
(a) Empirical function with Deterministic Eunction. 
(b) Empirical function with Stochastic function. 
(c) Deterministic function with Stochastic Eunction. 

The life cycle of a road progresses through time from an inicial state 
of being in good condition, passing through a state of fair condition 
and terminating at a state of poor condition. where the road is almost 
unusable, due to radical structure failure, i.e. high surface roughness 
values. The maintenance specifications of the model matches particular 
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th reshold  t imes a t  which the  condi t ion  of a  road changes from one s t a t e  
t o  another .  The main two threshold  t imes introduced t o . t h e  model a r e  
def ined  below. 

(1)  Good To Fa i r  Per iod,  which represen ts  t he  per iod of  time the  road 
l a s t s  i n  a  good cond i t i on  i . e .  the  time when road cond i t i on  
changes from good t o  f a i r ,  and hence r equ i r e s  pe r iod i c  

. maintenance. Refer t o  Figures  11 (Harra l  1988) and 12 (Bhandari 
1988) 

( 2 )  F a i r  To Poor Per iod ,  which represen ts  the per iod  of time over 
which a road l i f e  cyc l e  lasts i . e .  the  time when road cond i t i on  
changes from f a i r  t o  poor,  and hence r equ i r e s  r e s t o r a t i o n .  Refer 
t o  Figures  11 (Harra l  1988) and 1 2  (Bhandari 1988) 

A s  mentioned above, both threshold per iods a r e  meant t o  provide 
t he  t imes when the i n t e rven t ion  c r i t e r i a  f o r  performing pe r iod i c  
and r e s t o r a t i o n  maintenance a c t i v i t i e s  a r e  s a t i s f i e d .  The use r  
i n t e r f a c e  module provides  s eve ra l  d i f f e r e n t  forms f o r  genera t ing  
these i n t e rven t ion  times a t  which the above-s ta ted  maintenance 
a c t i v i t i e s  should be performed. These forms a r e  descr ibed below. 

( a )  De te rmin i s t i ca l l y  scheduled to  occur a t  a  time s p e c i f i e d  by the 
model u s e r .  (*) 

(b)  S tochas t i c ly  scheduled t o  occur a t  a  time s p e c i f i e d  by the  model 
u s e r .  Time here  is' randomly generated,  from a  normal 
d i s t r i b u t i o n ,  with a  mean and a  s tandard dev ia t i on  s p e c i f i e d  by 
the model u se r .  This  op t ion  i s  introduced,  t o  c a t e r  f o r  the 
r e l a t i v e  unce r t a in ty  involved i n  determining the  exac t  th reshold  
t imes. (*) 

( c )  Condition responsive,  according to  the HDM 111 e m p i r i c a l ,  
aggregate  model (Paterson 1987), t h a t  de sc r ibes  the  progress ion  
of  roughness over paved roads.  The HDM 111 equat ion is  of  the 
following form: 

R I  ( t )  - [ ~ 1 ~ + 7 2 5  [ ~ + S N C ) - ~ * ~ N E , ( ~ )  ] e0-0153t 

where 

R I ( t ) ,  RI, - roughness a t  times t and t-0 r e spec t ive ly ,  i n  
m/km IRI ,  

S NC - modified s t r u c t u r a l  number, 

t - age of  the pavement s ince  r e s t o r a t i o n  o r  
cons t ruc t ion ,  

NE4(t) - cumulative equiva len t  s tandard ax l e  loadings 
u n t i l  time t ,  us ing damage f a c t o r  -4,  i n  m i l l i o n  
ESA/lane . 

I t  is t o  be noted t h a t  sur face  roughness of roads is considered 
to  be the  most represen tab le  performance ind i ca to r  of the changing 
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condition of paved roads over time. (**) 

(*) Scheduled maintenance is made at a specific time of the life of 
a road. Scheduled maintenance, sometimes called preventive 
maintenance, is applied irrespective of the actual condition of 
the road at the time of maintenance. 

(**) Condition responsive maintenance is performed at a time when the 
condition of the road has deteriorated to a prescribed threshold 
level. This conditional level is specified by the user according 
to his acceptable criteria regarding the performance of roads. 

The model is structured to keep the input data to a minimum, yet to produce 
a comprehensive output of the condition and expenditure of the road network. 
This information enables a thorough examination by the model user, thus 
rationalising the decision making, concerning road funding strategies and 
maintenance combination options. 

4. SUMMARY AND CONCLUSION 

A simulation model for the dynamic provision of roads is presented. The 
model simulates the effects of road investment policies on the development 
of the road network system. The investments are allocated among the 
construction, maintenance and administrative activities. The maintenance 
activities involved are routine, periodic and restoration maintenance. The 
model is a typical policy analysis tool and is meant to give information 
about the structure and performance 'of the road network system. The road 
provision model allows us to analyse the life-cycle costs of a road under a 
variety of alternative road funding policies, maintenance options, initial 
unit costs, inflation rates, etc. 

System Dynamics, the modelling approach used in this study, seems to fulfill 
a need, which is not met by the standard planning and programming approaches. 
namely that of providing for the concept of controllability, (Coyle 1978). 
System Dynamics is a very strong, policy-orientated modelling technique. 

In attempting to present the road provision model, three main topics were 
addressed. First, to indicate how available road funds would be allocated 
into major appropriation categories. Second, to introduce a set of 
uncomplicated, yet reasonably, comprehensive submodels of the road system. 
These submodels when linked together form the structure of the System Dynamics 
road provision module. Third, to show the main input parameters required by 
the model and to explain the options available for inputing each parameter by 
using the flexible user interface module. 

The overall objective of the developed model is to serve as a management tool 
for designing, testing and assessing strategies that support the decision 
making process in the field of Highway planning. The model is to be used by 
transportation system managers, in policy planning, and by government 
decis ion-makers in making better decisions concerning the road network 
sys tem. 
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Fig. 11: Deterioration o f  Paved Roads Over Time 

Source : (Harrel 1988) 
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Source : (Bhandari 1988) 
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