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Abstract. The implementation of pavement management seems to ignore road safety, with its focus being mainly on
infrastructure condition. Safety management as part of pavement management should consider various means of reduc-
ing the frequency of vehicle crashes by allocating corrective measures to mitigate accident exposure, as well as reduce
accident severity and likelihood. However, it is common that lack of accident records and crash contributing factors
impedes incorporating safety into pavement management. This paper presents a case study for the initial development
of pavement management systems considering data limitations for 3000 km of Tanzania’s national roads. A performance
based optimization utilizes indices for safety and surface condition to allocate corrective measures. A modified Pareto
analysis capable of accounting for annual performance and of balancing resources to achieve good surface condition
and low levels of safety was applied. Tradeoff analysis for the case study found the need to assign 30% relevance to
condition and 70% to road safety. Safety and condition deficiencies were corrected within 5 years with the majority of
improvements dedicated to surface treatments and some geometric corrections. Large investments for correcting geo-

metric issues were observed in years two and three if more money was made available.
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1. Introduction

It is typical for initial implementations of pavement manage-
ment systems to face shortages of data. Even if an agency has
a track record of collected data, it is not rare that at the time
of implementation, new needs for data may appear. At such a
point two decisions are possible: to collect the required data
(extending a few additional years), or to use what is available
to obtain a first cut model. Such an initial model is valuable
to demonstrate the advantages of implementing a manage-
ment system, and should be improved as new data becomes
available in future periods. In many cases this may go in line
with taking advantage of favorable political climate for im-
plementing infrastructure management systems.
Traditionally, initial implementations of road mana-
gement systems are dedicated to achieve optimal levels of
condition while dealing with budget restrictions (Haas
et al. 1994; Tighe et al. 2001). Other important objectives
(i.e., mobility, safety, accessibility and social cost) are nor-
mally left for a future stage (Feunekes et al. 2011). Engine-
ers have historically considered skid resistance as a means
to incorporate safety into pavement management (Ong,
Fwa 2007). This approach is however, deficient as it lacks

of a consideration of the ample full range of factors related
to accident likelihood, exposure and severity.

It was a decade ago that a framework with a compre-
hensive list of factors for a more integral incorporation of
road safety was proposed (Tighe et al. 2001). Even though
such an approach recognized the presence of human, road
and vehicle factors when explaining accidents (collisions),
it was clear that safety-improvements can only mitigate
their impact (Odgen 1996). Current approaches to pave-
ment management, however, only provide direct counter-
measures for road factors. Human and vehicle factors can
only be mitigated, due to its random nature, by improve-
ments mostly in the form of safety hardware (i.e., guar-
drail, rumble strip) reducing accidents’ severity. In addi-
tion, the allocation of safety improvements relies on safety
performance of road segments based on observed collisi-
ons. In addition one may want to consider other indicators
of safety issues not necessarily leading to accidents. Such
indicators take the form of conflicts which have the poten-
tial to become accidents when the road experience great-
er traffic volumes or when other factors change (i.e., weak
police enforcement) (Road safety manual 2003).
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Several attempts have been made to develop a mana-
gement framework with a decision making system capable
of combining two or more objectives. Computing softwa-
re such as HDM3 (Watanatada et al. 1987) and HERST
(FHWA 2009) recognized the need to incorporate several
objectives in the analysis, however, their formulation was
based on the monetization of all objectives to achieve a
common dimension and, their analytical frameworks re-
lied on lifecycle cost-benefit analysis.

This paper uses locally available information on safety
hardware to build a safety indicator in order to base initial
decisions while data on accident frequencies is collected.
This indicator is combined with international roughness
index (IRI) to base decisions on funding allocation for the
operational and strategic management of a network of pa-
vements. The decision making system applies linear pro-
gramming to allocate investments on maintenance and re-
habilitation actions with the objective of sustaining good
levels of safety and condition while constrained by annual
budgets. A case study of the Tanzania road network, where
limited information was available, is employed to establish
a first cut model. This model explicitly considers several
individual safety issues and proposes - in the understan-
ding of its limitations - a method capable of balancing
dissimilar units which translates into a budget exercise
capable of supporting strategic planning. The authors did
recognize the need to complement and expand this initial
model as new data becomes available in the future (from
in service road safety audits).

1.1. Objective

To incorporate road safety into pavement management in
the absence of accident frequencies and other traditionally
required information.

2. Methodology

2.1. Performance modeling

Pavement Deterioration models used in this study fol-
lowed traditionally-shaped curves similar to those well
documented in the literature (Haas et al. 1994, Paterson,
Attoh-Okine 1992; Watanatada 1987). For safety, perfor-
mance models can take the form of a safety index that
changes across time (De Leur, Sayed 2002) or a measure
that captures the potential for improvement (Anastaso-
poulos, Mannering 2008; Hauer 1997). The latter consid-
ers, the unavoidable amount of accidents related to the
randomness of human errors and vehicle failures (El-
Basyouny, Sayed 2010) and it serves as a base level in the
prioritization of improvements when contrasted with pre-
dicted accident frequencies.

An accident database with records of accident’s nature,
contributing factors and sequence of issues, was not avail-
able for Tanzania. Therefore a safety index, based on expo-
sure, severity and accident likelihood (probability) from local
observations of existing safety hardware and road condition,
was used for this case study as suggested elsewhere (De Leur,
Sayed 2002). In the future and once road accidents databases

are established, collision frequencies should be correlated
with a set of causal factors (fixed, random or variable) for the
development of a more refined safety performance model
employing conjugated Poisson modeling.

A safety index was based on local assessments of safe-
ty hardware and pavement surface condition, each of the
safety elements (exposure, severity and likelihood) was giv-
en a factor from zero (negligible) to three (deficient) and
in some cases up to five (highly deficient) according to the
scale used by Tanzania Roads inspectors. All factors were
combined by multiplying their individual effects to obtain a
final safety index for each segment of the network (Eq (1)).
This resulted in a 0 to 27 scale, calibrated to produce safe-
ty performance models by fitting traffic progression from
very low volume roads to nearly levels of service of satura-
tion (between LOS C and LOS D). Land use was used as
a proxy of road’s functional classification due to the lack
of information on traffic volumes. In Canada some DOTs
have used functional classification as a proxy for traffic in-
tensity (Cunningham et al. 2010). Therefore a traffic index
(V) per land use was created; values in the zero to one scale
were given to four land uses (Urban, Interurban, Rural,
Forest Reserve). Based on this, a combined factor of severi-
ty and exposure was obtained by adding such a traffic index
with a normalized ratio of length (L), per segment.

V. L. . E E
SI:27{ i i J[ Si J{&errc”} (1)
Viax Lvax )\ Smax n h

1

; h vpd;
Vyax - max traffic volume index, vpd; L; - length of seg-
ment i, km; L,y - max segment length, km; S, - speed
at the i segment, km/h; S,y - max speed in the net-
work, km/h. CF; to CF, = contributing factors of likeli-
hood, such as pavement condition, existence of guardrail,
road alignment, shoulder or lane width, etc.

where V. - traffic volume index of segment i

2.2. Treatments for safety and condition

Two treatments to correct deficient surface conditions
were identified: micro-surfacing (for minor rutting issues)
and mill-overaly (to correct major rutting and bleeding).
Table 1 summarizes the effectiveness of safety treatments
measured by an extension of service life (in gain of years)
or gain in safety index, and their cost. It should be noticed
that, microsurfacing and mill-and-overlay treatments
could be triggered by either objective (safety or condition),
their effectiveness in terms of safety are the same because
they correct all surface deficiencies. In the absence of local
information on cost, each improvement in the model was
given a value based on 2007 exchange rate for Canadian
dollars to EUR per lane-meter as observed in the province
of New Brunswick (Feunekes et al. 2011). Three levels of
safety index were established (low, medium and high), and
the network was segmented accordingly. Low safety index
went from zero to three, medium from three to nine and
high from nine to twenty seven.

Effectiveness was based on the following assumptions:
road realignment will eliminate not only geometric issues
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but will also correct pavement surface, shoulder and lane
deficiencies. Therefore effectiveness of realignment was ba-
sed on a reset to the base level of the safety index due to the
correction of all 6 factors in the likelihood of the model, it
should be noticed that this did not reset the safety index to
zero because of the presence of random factors as explained
before. Any corrections on shoulder or lane width will reset
the individual component of safety to zero but only parti-
ally improve the overall safety index. Any treatment correc-
ting surface problems (rutting or bleeding) will be treated
similarly contributing only partially to reduce the overall
safety index. In addition, it will have an effect in pavement
condition. Three generic safety improvements were speci-
fied in the model (as explained before) in order to account
for the existence of other safety issues for which informa-
tion was unavailable, in addition to future safety deficien-
cies not currently identified but linked to increases in traffic

growth. The three generic improvements obey different le-
vels of required corrections, namely: minor for hardware,
medium for surface related treatments and major for rea-
lignments or other major investments.

Treatments dedicated to improve pavement condi-
tion are presented in Table 2. Effectiveness was modeled
by an extension of service life. Reconstruction resulted in
a full correction of road safety (including alignment) and
rejuvenation of both: structure and surface.

2.3. Optimization model

A multi-objective formulation based on optimization was
used for this case study. Detailed mathematical formula-
tions of linear integer programming for condition or safety
can be found elsewhere (Li, Madanu 2008; Lytton 1994;
Watanatada et al. 1987). Eq (2) summarizes the objective
and budget constraint for this case study.

Table 1. Treatment effectiveness (Gain in years or in Safety Index) and cost in EUR/m

Urban Location

Rural Location

EUR/m
PFI Low Medium High Low Medium High
Realignment Resetto SI, Resetto SI, Resetto SI;, Resetto SI, ResettoSI, Resetto SI, 394
. 15 yrs or 9 yrs or 3 yrs or 12 yrs or 6 yrs or 3 yrs or
Milland overlay ASI=405 ASI=8.10 ASI=810 ASI=337 ASI=675 ASI=675 !
|
Z
25) . . 15 yrs or 9 yrs or 3 yrsor 12 yrs or 6 yrs or 3 yrs or
= Micro-surfacing ASI=405 ASI=8.10 ASI=810 ASI=337 ASI=675 ASI=675 >
>
g Widening Shoulder 50
(=W
= New Shoulder 5 yrs or 3 yrs or 1 yrsor 4 yrs or 2 yrs or 1 yrsor 99
> Guardrail ASI=135  ASI=27  ASI=27 ASI=1.13 AS[=225 AS[=225 4
[S3]
% Lane Widening 36
w
a . . 5yrsor 3 yrsor 1 yrs or 4 yrs or 2 yrs or 1yrsor
g Minor safety issues AST=135 ASI=270 ASI=270 ASI=113 ASI=225 ASI=225  °°
~
. . 15 yrs or 9 yrs or 3 yrsor 12 yrs or 6 yrs or 3 yrsor
Medium safety issues AST=405 ASI=8.10 ASI=810 ASI=337 ASI=675 ASI=675 o'
Major Safety Issues Reset to SI; Resetto SI;  Resetto SI, Resetto SI, ResettoSI, Resetto Sl 328
Note: SI, - Initial road safety index; ASI - gain in safety index. Low, medium, high - Potential for improvement.
Table 2. Treatment effectiveness for pavements (lifespan extension in years) and cost in EUR/m
Treatment type AC-High AC-Low / ST-high ST-Low Cost, EUR/m
Crack sealing 2 3 - 1
= Micro-surfacing 7 8 - 33
<
- ’é Mill and overlay 9 10 - 131 (per lane)
;E =< Major Rehabilitation 15 22 - 197 (per lane)
3
é Reconstruction Back to zero Back to zero - 328 (per lane)
— Second Seal - YR6 YR 6 9
% Minor Rehabilitation (level and reseal) - YR 10 YR 10 17
w
Double Seal (pulverize & seal) - YR 14 YR 14 30

Note: AC - asphalt; ST - surface treatment; High and Low - intensity of transit; EUR/m - EUR per linear meter.
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MAXIMIZE Z = QZZZL Qi + BZZZ% i (2)

i=1t=1j=1 i=1t=1j=1

Subject to:

Zzzct ]xt i,j 1 (3)

i=1t=1 j=1

where o and B - variable weights for the analysis; x - a
binary decision variable for safety or condition; Qyij and
Stij - condition or safety index of asset i on period t after
receiving treatment j; L, - length of segment i, km; Cyj
unitary cost in EUR/m of treatment j on year ¢; B, - annual
budget on year t.

This mathematical formulation is complemented with
a total enumeration process (Watanatada et al. 1987) with
arcs connecting paths and nodes recording levels of ser-
vice (safety or condition) and associated cost in the event
that a particular treatment (or none) is selected. This enu-
meration maps expected consequences of applying each
available treatment at each segment of road at each time
step and for the length of the analysis. It produces alter-
native chains of decision variables from which the soft-
ware selects the optimal in terms of the objective and
constraints. Integer linear programming (as herein sug-
gested) or a heuristic method such as evolutionary algo-
rithms may be used to obtain a solution (although the lat-
ter approximate).

The formulation herein presented, explicitly incor-
porates indices from two conflicting objectives instead of
monetizing them. A global objective resulting from com-
bining both safety and condition through a weighted sum
(Revelle et al. 2003) was used to examine the dominance
of one over the other by changing the variable weights
a and (i.e., different relative importance of the objec-
tives). Results from the previous procedure were used to
identify the non-inferior set of possible solutions, further
refined using a performance criterion that compares the
degree of achievement and capacity to sustain good re-
sults across time.

3. Case study

3.1. Portion of the Tanzania road network

Tanzania is a low income country with an estimated road
network of 86 000 km (Fig. 1) of which 7% are paved
roads. In terms of safety, fatalities reached 2595 in 2007
which translates to 5.8 per 100 000 people (World Bank
2011). For a country with a gross domestic product (GDP)
per capita of US $514 (in 2010) this goes in line with
the findings of Koptis and Cooper (2005) and Mumford
(2011), therefore one can argue that, as the country devel-
ops, there is a very high likelihood of reaching levels be-
tween 16 and 25 fatalities per 100 000 as predicted by the
aforementioned models. This justifies the need to develop
a road management system that considers safety, in order
to mitigate fatalities and injuries from road collisions.

The first step for the model was to prepare a joint da-
tabase for safety and condition. Safety data was available in
geospatial format, while condition information was avail-
able in an MS-Excel spreadsheet format. Both databases
were merged based on route and link number. The latter
produced a subset of records of approximately 3000 km
of paved roads (bolded in Fig. 1). In particular they con-
sisted on (a) records of condition: IR, rut depth, bleeding,
raveling, shoulder condition, (b) geometric data: shoulder
width, lane width, horizontal and vertical curves, existence
of guardrail, (c) other information: land use, pavement
surface condition, presence of vegetation and drainage
condition. Fig. 1 presents a summary of segment counts
per level of deficiency. Deficiency for roughness (IRI)
ranged from 0 (none) to 5 (very deficient), for rutting from
acceptable (0) to deficient (1) to highly deficient (2), ravel-
ing and bleed strip range from acceptable (0) to highly de-
ficient (5), guardrail, shoulder, alignment and lane width
deficiencies ranged from none (0) to very high (4).

3.2. Safety performance modeling

Six safety performance models were developed for Tanza-
nia depending on land use and potential for improvement.
Land use was divided into urban and rural. According to

Deficiency 0 1 2 3 4 5
Roughness! 0 279 2034 5214 1131 N/A
Rutting 3069 3927 1155 N/A N/A N/A
Raveling 4182 1929 696 918 282 144
Bleed strip 6390 327 96 558 114 666
Guard rail 8256 234 117 51 N/A N/A
Improve Shoulder 6 252 4026 4374 N/A N/A
New Shoulder 5787 2559 312 N/A N/A
Alignment 3486 1404 567 3201 N/A N/A
Lane Width 732 180 6852 891 N/A N/A

Note: very good IRI < 1.5; good IRI from 1.5 to 2; fair from 2 to 3; poor from 3 to 5 and very poor > 5

Fig. 1. Tanzania Road Network and Inventory of deficiencies (segment counts)
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the World Bank (2011), economic development of Tanza-
nia reached 6% of GDP growth in 2009 and, population
growth for the same year near to 3%. Both amounts were
assumed to correlate to rural and urban development, and
to traffic growth. Thereafter max traffic capacity per lane
was based on 1800 vehicles per lane per hour. The lifes-
pan of any segment, for safety performance, was limited
by such level of service and derived from the traditional
equation of compound growth.

Likelihood (Eq (1)) was based on six contributing fac-
tors as follows: pavement surface from roughness, skid re-
sistance from raveling and bleeding records, adequate co-
verage of guardrail from length of horizontal and vertical
curves combined with roadside grades, shoulder adequa-
cy (width and surface), lane width compliance (standard
width from 3.5 m to 3.7 m) and intensity of curves (ver-
tical and horizontal). Specific safety improvements were
established for each of those factors as shown on Table 1.
No data was available for other elements (i.e., pavement
marking, traffic signs and etc.). However, it is recognized
that such elements should be included in future updates of
the model when sufficient information becomes available.

4. Results and discussion

A first analysis was conducted to identify required levels
of budget to achieve optimal values of safety and condi-
tion (Fig. 2). This budget fluctuated from zero to 28 min
EUR, and with an average of 8.5 mln EUR per year to

45

10 — Senario B (CANS$ 8 Million) 4

--- Scenario G
35

30 — CAN$12,91 Million

25

20

Millnions

15

5

10 -4
4

0 e 1

achieve optimal levels of service (Scenario G). With such a
budget it was possible to achieve and sustain optimal val-
ues of both condition and safety indexes, while minimiz-
ing expenditure (Scenario G, Figs 2 and 3). The analysis
proceeded by running a series of scenarios based on vari-
able levels of budget aimed to minimize safety issues and
maximize condition. It was found that good results could
be achieved with as little as 5 mln EUR (Scenarios A to F).

A weighted global objective (Eq (2)) was used to
combine condition and safety. Variable weights a and {
were used to establish six scenarios intended to determine
the ideal solution. A two stage analysis followed; first by
determining dominance criteria for every scenario, during
a 15 year period of analysis and fixed budget of 5 mln
EUR and, secondly, by looking at the performance criteria
of each non inferior solution. Scenarios C, D and E were
dropped off the analysis, because they were inferior and
dominated by scenario B (Table 3).

Plots of performance (mean levels of network safety
and condition) across time were used to determine the go-
odness of each solution in terms achievement and sustain-
ment of acceptable results (Fig. 3). Alternatives A and F
were discarded after analyzing their performance and rea-
lizing that they produced solutions that achieved better va-
lues of one objective in detriment of the other one (Fig. 3).

It was confirmed that, as suggested in the literature
(Haas et al. 1994), applying a silo approach (1 mln for
safety and 7 mln for condition) based on alternative B

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0% +————+—+—

u Safety ($)
Condition ($)

6 7 8 9 10 11 12 13 14 15
Time, years

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time, years

Fig. 2. Mean annual expenditure and budget allocation for Scenario B

Table 3. Dominance and performance criteria for a fixed budget of 5 mln EUR

Maximize Minimize
. Objective 1 Objective 2 . A o
Scenario Pavement Dominance criteria Performace criteria
(@) ® - Safety Index
Condition
A 0.9 0.1 361.4E+07 2.2E+07 Non Inferior PCI dominated
B 0.7 0.3 357.2E+07 2.0E+07 Non Inferior Final Solution
C 0.5 0.5 356.1E+07 2.0E+07 Dominated by B
D 0.4 0.6 355.3E+07 2.0E+07 Dominated by B
E 0.3 0.7 351.4E+07 2.0E+07 Dominated by B
F 0.1 0.9 325.8E+07 1.9E+07 Non Inferior SI Dominated

Note: Scenario G is not included because it has a variable budget.
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(Scenario B1) worsen the results by producing a shift (property damage, fatalities and injuries), economic los-
that delayed the recovery rate of both safety and condi- ses (vehicle operating cost, passenger hours) and regio-
tion (Figs 4 and 5). Such a delay signifies higher social nal productivity drop in competitiveness from deferred
cost in the form of avoidable collisions and safety issues maintenance and rehabilitation.

Table 4. Investments allocation with 5 mln EUR - Scenario B (in thousands of EUR)

E $ 2 S 5 g 2t g S =
T ¢ ¢ EE oef oz 4 g8 53 5 %
5 g8 2 38 5: 3§ 3 & sk st % &
1 1.921 2.117 0 0 0 0 0 3.269 679 0 14
2 71 3.563 29 1.463 0 0 0 1.690 1.025 0 158
3 23 1.040 68 5.663 0 0 156 157 210 241 441
4 95 142 134 5.666 0 0 186 107 0 645 1.024
5 3 0 0 0 0 0 9 7.077 0 0 910
6 0 0 0 0 1.629 242 14 5.137 0 0 0
7 0 0 0 0 1.843 0 175 5.981 0 0 0
8 0 0 0 0 1.780 0 46 6.174 0 0 0
9 0 0 0 0 1.941 0 10 182 0 0 0
10 0 0 0 0 1.870 0 17 607 0 0 0
11 0 0 0 0 1.882 0 191 3.467 0 0 0
12 30 0 0 0 1.780 0 0 6.190 0 0 0
13 0 0 0 0 1.843 0 7 6.150 0 0 0
14 38 0 0 0 1.812 0 0 4.013 0 0 0
15 0 0 0 0 1.885 0 0 3194 0 0 0
Table 5. Investment allocation 8.5 mln EUR - Scenario B (in thousands of EUR)
g g E g 8 s g g8 g = =
£ 55 2 o Fz % g § &3 5 3
v 5 =5 5 Ex 22 L % I ZZ  sE % %
7 5 g & z =% 3¢ A 3 g 39 £ =z S
& & G E z 55 35& & g O e S & = 3
1 0 1.975 5.104 0 600 0 0 0 2.495 1.953 600 182
2 4.025 53 820 149 5.225 0 0 0 717 1.669 0 250
3 10.977 24 714 76 315 0 0 0 157 210 0 436
4 247 88 223 0 6.355 0 0 4 4.924 215 0 853
5 0 0 0 0 0 0 0 0 12.144 0 0 766
6 0 0 0 0 0 1.629 213 0 10.390 0 0 0
7 0 0 0 0 0 1.823 0 0 11.087 0 0 0
8 0 0 0 0 0 1.774 0 22 11.055 0 0 0
9 0 4 0 0 0 1.909 0 0 5.837 0 0 0
10 0 0 0 0 0 1.773 0 0 11.137 0 0 0
11 0 0 0 0 0 1.826 0 0 10.847 0 0 0
12 0 13 0 0 0 1.773 7 0 11.117 0 0 0
13 0 0 0 0 0 1.829 17 0 11.063 0 0 0
14 0 23 0 0 0 1911 0 0 3.238 0 0 0
15 0 0 0 0 0 2.004 0 0 0 0 0 0
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It was found that the approach of maximizing condi-
tion and minimizing safety by means of a global objecti-
ve with relative weights of 0.7 and 0.3 for condition and
safety (correspondingly) produced almost as good results
as the optimization with variable levels of budget (Scena-
rio G), but with a much lower and stable budget require-
ment (38% less). It was noticed that, for all scenarios, the
amount of roads with safety issues, reached similar levels
towards year 5. This can be explained by corrections of sa-
fety issues for the known portion of the network finalizing
at that time. New deficiencies detected by future safety au-
dits motivated the provision of generic treatments. Safe-
ty levels for current segments were increased annually by
correlating it with expected traffic growth.

According to Fig. 5, scenario B represented a more
balanced solution by allocating treatments for improving
road condition and reducing safety issues during the ana-
lysis period. It also required lower and certain (stable) le-
vels of budget. Tables 4 and 5 show the allocation of resour-
ces to both objectives of Scenario B (two levels of budget).
For the 5 mln EUR budget, it was observed that the system
focused more on applying individual treatments than rea-
ligning roads. Surface treatments received the majority of
funding allocated for road safety and condition combined,
followed by some investments in shoulders. An increase
in budget to 8.5 mln EUR, for the same scenario (B), re-
sulted in a very similar allocation of resources (Table 5).
Minor differences were investments towards correcting
geometric deficiencies in years two and three, resulting in
combined safety and condition improvements. Disregar-
ding levels of funding, resources were used in years 1 to
5 to stabilize safety and condition, thereafter investing on
preserving both objectives at acceptable levels. However,
this observation contradicts future needs on capital upgra-
des to correct inadequacy of crossings and intersections
once traffic volumes have surpassed certain thresholds, for
which a deeper understanding of deficiencies from road
audits is required.

This first allocation of investments was used for a
strategic analysis, a coordination of treatments for safe-
ty and condition will be required to prepare tactical and
operational plans. Detailed knowledge of all safety issues
(pavement marking, traffic signs, etc) will be required for
coordinating. In service road safety audits should be con-
ducted for the entire network in order to better typify safe-
ty deficiencies in order to refine this first cut model.

5. Conclusions

This paper has illustrated the initial development of a net-
work level lifecycle-optimization for road safety and pave-
ment condition. The proposed model develops safety per-
formance models based on land use and severity of safety
issues. Ability to predict long term road safety deficiencies
was limited to site-specific characteristics which can only
be learnt from safety audits. Therefore, safety deficiencies
were split into known and unknown. Known safety issues
were corrected in about five years. Traffic growth was used

from that point in time to reflect the increase in unknown
safety related issues and, generic safety corrective actions,
at three different levels (surface corrections, new hard-
ware and realignment), were incorporated in the analysis
to consider investment needs for a longer term budget ex-
ercise. In practice, tactical and operational planning will
require in service safety audits to identify deficiencies in
order to prepare future tactical plans. Traditional Pareto
optimality analysis, complemented by ensuring good per-
formance across time of road safety and pavement condi-
tion, was used to identify recommended weights to com-
bine both objectives into a global indicator for the integer
programming optimization. It was found that traditional
practices for achieving and sustaining good levels of ser-
vice would have demanded a mean annual budget of al-
most 9 mln EUR, with large variations on budget require-
ments (base case), meanwhile a maximization scenario
with a fixed budget of 5 mIn EUR, for a weighted objective
(0.3 and 0.7 for condition and safety, correspondingly), re-
sulted in almost as good results as the base case but, in
average with 38% less budget. It was observed that known
safety deficiencies got corrected during the first 5 years,
disregarding level of funding. The majority of the invest-
ments were allocated in surface-related treatments that
helped improve both: condition and safety (i.e., micro sur-
facing). When more resources were available, large invest-
ments for correcting geometric issues were observed in
years two and three which translated into joint safety and
condition improvements. Results from this paper should
be understood within the aim to have a first cut model, ca-
pable of providing guidance in budget requirements and of
preparing a first tactical plan. It presents the opportunity to
prioritize investments for improving road safety and pave-
ment condition with a good degree of certainty in the short
term, in the understanding that these results must be com-
plemented and updated after conducting road safety audits
on the entire network to better identify safety deficiencies
at specific sites. In such a case, a more reasonable allocation
of resources will result after allocating treatments to correct
safety deficiencies related to exposure, severity and likeli-
hood. For a low income nation as Tanzania, this first model
signifies the possibility to align its management framework
to be compliant with United Nations call on reducing fatali-
ties during the 2011-2020 decade.
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