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relatively few factors., some of them not directly influenced by R&M treatments. The agency life­

cycle costs component was found to be highly sensitive to the carriageway width. More than 96 % of 

the total variability of the agency life-cycle costs over the input space investigated is explained by the 

width factor. This makes sense since the quantity of rehabilitation work is a product of the pavement 

width and the number of lane kilometers to be repaired. It follows, therefore, that unit costs of R&M 

operations would have the same sensitivity to the agency life-cycle costs. What was not obvious., 

before this study., is the relative weight of the sensitivity of the width (and unit costs) factor 

compared to other input factors. 

Below this dominant factor in agency life-cycle costs (i.e . ., of the remaining less than 6% variability) 

the next active factors vary according to the R&M strategy. For the common R&M treaonents 

investigated., the agency life-cycle cost predictions are next most sensitive to the pavement 

construction and treatment history (A.GEi. A.GE2. AGE]), roughness and surface distress levels (QI, 

ACRA, ACRW, APOT, ARAV) at first year of analysis period., rutting calibration factor (Krp)., the 

cracking calibration factors (Kci, Kcp) and the roughness calibration factors (Kge, Kgp). 

The users" (VOC) life-cycle cost component was found to be dominated by the rise plus fall (RF) 

variable. This is expected given the significant role of road gradient (RF) in heavy vehicles fuel and 

tire costs (see Section 6.4.2). More than 9S% of the total variability on VOC life~ycle costs is 

explained by the RF factor. Similar to the pattern in agency life-cycle costs, the remaining (less than 

5 % ) variability is explained by different factors for different R&M strategies. In this case, the pool 

of active factors consist of mainly the same factors although the factor rankings were shown to vary 

from one R&M strategy to the next. The most active factors (after RF) for VOCs prediction were 

found to be the rutting calibration factor (Krp) the initial pavement strength (SN, DEF)., the pavement 

roughness (QI) and the surface distress levels (ACRA, ACRW, APOT, ARAV) at the beginning year of 

analysis and the horizontal curvature (C). The mean and standard deviation of rut depth were also 

shown to be sensitive to both agency and users' components of the NPV. 

The observed factor sensitivities for asphalt concrete on granular base were found relatively 

comparable to those obtained for surface dressing on soil cement pavements. 

Having looked at the behavior of the key life-cycle cost components (agency and users") the question 

now is does this new understanding about the key components contribute to explaining the behavior 

of the total life-cycle costs savings - the NPV? 
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6.4.2 Behavior of the NPV Predictions from the BDM-m Model 

The net present value (NPV) calculated by the HDM-m model was defined by Equations (4.8) and 

(4.9) in Chapter 4. The NPV represents the net saving of total life-cycle costs of a given strategy 

over a "do minimum" alternative. In simplified analyses where effects of generated traffic,, travel 

time savings and exogenous costs and benefits are not considered Equation (4.8) simplifies to: 

LJN/Jty<m-nJ = Li VOCty<m-n> - LiRMt,,,,...,,J ... (6.4) 

where~ &IBt,(WHIJ = ~net life-cycle cost savings" of strategy m relative to strategy n for link k. 
LI VOCt,,,,..", = voe savings of alternative m relative to alternative n in year y for link k. 
LlRMt,<,,..,,, = agency cost difference of alternative m relative to n in year y for link k. 

Notice the opposite signs for the users' costs and agency costs components. From Equation (6.4) .. an 

alternative associated with larger VOC savings will give a larger NPV. On the other hand.. an 

alternative with large agency cost will generate a smaller NPV. This explains why the factor effect of 

pavement width (W) on the NPV is negative (Table 6.5.. Figures 6.11 and 6.12). The high implied 

agency costs associated with the construction and life-cycle maintenance of a wider road are not 

offset by the reduction of VOCs resulting from the associated increase in travel speeds. 

From the above definition of the NPV, one fundamental gap arises when interpreting the behavior of 

the life-cycle cost components (agency and users') for the purpose of explaining the observed 

behavior of the NPV. The life-cycle cost components represent the absolute cost values for the 

strategy in question, whereas, the NPV represents the life-cycle cost difference between a '6cdo 

minimum" strategy and the strategy in question. In other words, economic evaluation of R&M 

programs is concerned more with cost differentials than the absolute life-cycle costs. Furthermore.. in 

such analyses (where new constructions or capacity expansions are not being considered) the 

comparison ~do minimum" versus the strategy in question is over the same existing alignment, 

therefore the alignment attributes, e.g., rise plus fall (RF), curvature (C), etc., remain unchanged. 

Bearing in mind the above definition of the NPV, and the focus in a network level analysis on cost 

differentials rather than the absolute life-cycle costs, the observed behavior of factor effects on the 

NPV prediction can now be explained. 

The ranking of factor effects on NPV found in the study (Tables 6.5 and 6.9) appears at a first 

glance to bear no relationship with the factor effects for the component agency and users.. life-cycle 
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costs. However, on a closer look, the factor sensitivity findings for the component agency and users~ 

life-cycle costs (Tables 6.6, 6.7, 6.10 and 6.11) translate very well in explaining the observed 

behavior of factor sensitivities for the NPV. For example, the rutting calibration, Krp, turns out to 

be the most sensitive factor in the NPV - as expected since it is the second most active factor in 

VOCs after the rise plus fall. It is worth recalling that although the RF factor was most significant in 

the voes predictions, the costs tradeoff between a given strategy and the "do minimum,. strategy is 

over the same alignment (fixed RF), hence the reduced sensitivity in the NPV predictions. 

Another example is the ranking of the strength parameters (SN, DEF) in the predicted NPV. It is 

noted that these factors are highly sensitive to both the agency and users' life-cycle costs. Notice also 

how well the positions of the carriageway width (W), the initial pavement distress level (ACRA, 

ACRW. APOT, ARAV), the rutting factors (RDM, RDS) and the pavement construction and treatment 

history (AGEi, AGE2, AGE3) in the agency life-cycle costs translate to the rankings in the NPV. 

6.4.3 Discussion of the Observed Interesting Factor Effects 

The behavior of factor effects of some of the sensitive factors presented in this chapter were rather 

interesting; explanation of their observed effects in the NPV predictions was not obvious. Such 

factors include rutting calibration factor, Krp, (Figures 6.11 and 6.12), roughness., QI, (Figure 

6.10)., and roughness calibration factor, Kge, (Figure 6.12). This subsection looks funber into some 

of these factors and explains the observed behavior. 

6.4.3.1 Variation of the Total Ufe-Cycle Costs NPVwith the Rutting Calibration Factor 

Figure 6.17 shows the effect of the rutting calibration factor (Krp) upon the rate of rutting and the 

resulting roughness progression for the typical road link used in the sensitivity study. At low Krp the 

rate of progression is low (Figure 6.17 (a)), changing only about 10 mm over 10 years. The age of 

the pavement at the start of analysis was 25 years; thus the initial rut depth of 35 mm. In Figure 6.17 

(b) when Krp is at the high level of 3.8, the 25 years old pavement bas reached a rut depth of 47 mm 

and progresses quickly to the maximum rut depth of SO mm in less than a year. The effect of these 

deep ruts on roughness is seen as: (a) higher initial roughness, and (b) faster rate of progression (4.5 

to 9 IRI in 10 years compared to 2.5 to 5 IRI in the same period). 

Figure 6. 18 shows the implication of the performance discussed above upon the VOCs and the 

predicted NPV. Figure 6.18 (a) shows that the effectiveness of the high standard R&¥ strategies 
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(STP3, STP4) in reducing VOCs is lost at higher levels of Krp (implying higher mean roughness). 

VOCs for all strategies converge at Krp beyond 2 - 3 .. At low Krp,, however, the high standard 

strategies are more effective in lowering VOCs than the low standard strategies (STro, STPl). 

The above phenomenon translates into the NPV behavior shown in Figure 6.18 (b). NPV, which 

here reflects only the VOC savings (agency costs were unchanged with Krp) is low at higher Krp 

since .. as shown earlier VOCs for STP4 and STPO, for example, are much closer at higher roughness 

levels than they are at low roughness. 
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6.4.3.2 The Effect of Rise Plus Fall on the NPV 

The rise plus fall (RF) factor ranks only about 8* in the NPV predictions, however, it was found to 

be extremely significant in the prediction of absolute users' life.cycle costs. The behavior of this 

factor with respect to the VOCs predictions (Figures 6.lS and 6.16) was rather interesting and merits 

further discussion. Figure 6.19 shows the behavior of the key vehicle operation costs components 

consumption with respect to the rise plus fall factor for the typical road link used in the sensitivity 

study. Typically, the three resources: fuel costs, vehicle repair pans costs, and tire costs represent 

55 to 65% and 75 to 80% of the total vehicle running costs at 10 and 120 m/lan rise plus fall 

respectively for buses and trucks for a typical road link in the case study region. Again, typically 

trucks and buses account for up to 9S % of the total VOCs for a road link with a typical traffic mix. 
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lllefU&II..,.. 

FIGURE 6.19 voe key components versus rise plus fall (RF) 

As shown in the figure, the rise plus fall (RF) has a general negative effect on travel speed; the effect 

is panicularly noticeable for buses and trucks. The reduction in travel speed translates into very 
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rapid increase in both fuel and tire consumption. Notice again the effect is most detrimental to the 

heavy vehicle classes. Interestingly, the parts costs seem to be unaffected by the rise plus fall factor. 

6.4.3.3 Effect of the Initial Roughness Lael and the Roughness Calibration 011 the NPV 

Another interesting behavior is the significant role of the interaction between roughness and the 

strength parameters "'Qlx (SN, DEF)" at low traffic. The results show that the NPV for strategy 

STPl at 265 ADT is dominated by the "'Qlx (SN, DEF)" interaction (52%). The main effects of 

roughness and those of the strength parameters separately account for only 35'1 of the ANOV A 

contribution. At ADT 1000 the interaction "'Qlx (SN, DEF).,. bas an almost insignificant effect on the 

NPV for strategies STP3 and STP4 (Table 6.9). This is a phenomenon worth investigating. Figures 

6.20 through 6.22 show the role of the calibration factors on the predicted roughness, the life-cycle 

costs and the NPV. 
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From Figure 6.20 it is noted that the roughness profile change associated with the Kgp change (0.8 -

l.2) is slightly higher but close to the change resulting from the Kge change of (0.8 - l.4). Figure 

6.21 shows the effect of the roughness profile change upon the predicted users' life-cycle costs. It is 

interesting to note that though generally the VOCs are close, in overall the Kge change is associated 

with slightly higher absolute users costs than the Kpg changes for the low strategies (STPO and 

STP I). Consequendy, the difference between the VOCs for the higher strategies (STP4 and STP3) 

and the voes for the null strategy, STPO are higher for Kge than Kgp over the same interval. This 

behavior is reflected in the NPV changes shown in Figure 6.22. Note the interesting decrease in 

NPV as Kge and Kgp increase for low strategies (STP19 STP2), whereas for the higher strategies 

(STP3, STP4) an increase in either Kge or Kgp results in an increase in the NPV. 
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Table 6.12 shows a summary of the factor sensitivities. The factors have been ranked according to 

their sensitivity to the NPV predictions. The table also provides, for comparison purpose, the factor 

sensitivities to the component agency and users' life-cycle costs. It is worth pointing out that the 

NPV sensitivities (ANOV A%) were adjusted to account for factor interactions and averaged over the 

two strategies (STP3, STP4) and two traffic levels. The ANOV A percentages for agency and users' 

life-cycle costs are given only for comparison; they were adjusted for factor interactions but not 

averaged over traffic. Notice the effect of traffic level on factor rankings for component Iife~ycle 

costs. 

Table 6.13 compares the final rankings based on factor sensitivities to the NPV and the 

corresponding rankings for the component agency and users' life--cycle costs for the individual 
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strategies. The table highlights the imponant fact that the factor sensitivities are. as expected. 

dependent on the strategies being investigated. 

Tables 6.12 and 6.13 show that the most significant factors in the NPV prediction are the rutting 

calibration factor (Krp), the pavement strength parameters (SN, DEF), the carriageway width (W). 

and the initial pavement distress level (ACIU, ACRW, APOT and ARAV). These first four ranking 

significant factors account for close to 64% of the total variability in the NPV. 

The next most sensitive factors in the NPV are, the roughness-environmental calibration (Kge), the 

level of rutting and its variability (RDM, RDS), the altitude (A), and the pavement construction and 

treatment history (AGEJ, AGE2, and AGE3). Road roughness (QI), cracking calibration factors 

(Kci, Kcp) and the base layer thickness (HBASE) were also found to be active in the NPV. 

TABLE 6.12 Summary of Factor Sensitivities in ANOVA% Contributions 

Factot: 
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• ANO VA% for NPV were adjusted for factor interactions and averaged over two strategies 
and nw traffic levels -ADT 500 and l 000. Symbols according to the Glossary. 



TABLE 6.13 Factor Ranking According to Semitivity to the NPV 
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6.4.S Comparison of the Sensitivity Findings with the Literature 
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As mentioned earlier in Chapter 2 the few isolated sensitivity studies on HDM-m found in the 

literature are of considerably limited scope and almost each of them is based on a different objective 

function. The brief section on sensitivity analysis in [Queiroz 91], for example, repons a ceteris 

paribus test of the effects of a 10% reduction in traffic level and 10% increase in R&M unit costs 

upon the predicted internal rate of return (IRR). [Queiroz 91) found that 10% lower traffic and 10% 

higher unit costs resulted in 4 to 8 % lower IRR. These results agree with those reponed by [Kerali 

91]. The latter work was aimed at investigating the break~ven traffic at which to upgrade a gravel 

road to paved standards, and was based on the NPV and IRR predictions as the analysis criteria. The 

results from [Kerali 91] show that for high rainfall in mountainous areas, an increase in traffic by 1 0 

vehicles per day yields about 0.8% increase in the IRR (of the upgrading strategy). 

Interpreting the NPV sensitivities given in [Kerali 91) (Table 3 pp. 36) as elasticity of the NPV with 

respect to traffic, values between 2.8 and 3.S for discount rates of 5 and 10% respectively are 
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obtained at the base traffic of 400 up to 700. These numbers compare well with ceteris paribus 

results from this thesis (Table 6.2). However, it is again emphasized that it is not appropriate to 

compare results that are based on the ceteris paribus investigation. It was shown earlier in this 

chapter that the ceteris paribus results are not conclusive. Besides, even when the elasticity approach 

is employed (to normalize /standardize the results for input /output factor ranges), consistent results 

are only achieved where the assumptions of linearity and additivity of factor effects are plausible. It 

was noted that for a response that is highly non-linear or subject to significant factor interactions the 

standardized ceteris paribus (and the linear regression) estimation of factor sensitivities fails. 

The earlier works in 1987 and 1988 by [Bhandari 87 and Bank 88] investigated, again using the 

ceteris paribus technique. break-even traffic volumes at which it becomes economical to pave a 

gravel road. A more interesting contnbution from [Bhandari 87 and Bank 88] is that dealing with the 

sensitivity of the NPV with respect to the pavement strength (SN). Based on studies carried out in 

Costa Rica and Mali, the two articles present interesting details of the interaction of the traffic level 

and the modified structural number (SN') upon the predicted NPV over a large number of R&M 

strategies. The behavior of the NPV with respect to the traffic level (ADT) as reported in these 

earlier studies is comparable to that in [Kerali 91 and Queiroz 91]. 

6.5 A Factor Sensitivity-Based Framework for Prioritizing Data Collection 

The findings from this research indicate that, for the typical link in the cross-section of paved roads 

in the case study region (15 - 20 years old, resurfaced 6 - 15 years ago, initial strength of 3.5 - 4.0 

modified structural number, and 0.5 - 1.0 million ESALs per lane per year traffic loading), the 

estimation of the rutting calibration {Krp), pavement strength, pavement width, and initial level of 

pavement distresses is very imponant in determining the precision of the predicted NPV. Other 

factors that were shown to be significant in the NPV prediction include the initial rutting level and 

its variability, roughness level and its calibration and pavement construction and treatment history. 

One important implication of the research findings is in the area of priority of local calibration of the 

pavement performance relationships in HDM-m. The sensitivity results indicate that the highest 

calibration priority should be given to the rutting progression calibration factor (Krp). The next most 

important calibration factors are the roughness-environmental-age factor (Kge) and the cracking 

calibration factors (Kci, Kcp). According to the findings, the ravelling calibration (Kw) and the 

potholes calibration (Kpp) should be given the least priority in local re-calibration. 
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The role of roughness, and the calibration of its progression was shown to have a lesser sensitivity 

than indicated in other studies. This is of course a result of the lower pavement standards (moderate 

to high roughness levels tolerated) in the cross-section of pavements in the case study region. It was 

shown (Section 6.4) that the effect of roughness on NPV is more significant for smoother pavements; 

beyond 6 - 9 m/km IR.I roughness bas a reduced effect upon the NPV. 

Another immediate application of the factor sensitivity results established in this study is in the area 

of prioritizing data collection and management resources for HDM-m application. In simplistic 

terms~ it is obviously logical to spend the available dollars on collecting first the data items that are 

most sensitive to the NPV predictions. 

Strictly speaking, however, factor sensitivities are not by themselves sufficient in prioritizing data 

collection resources. Factor sensitivities only provide a relative scale of comparing the "benefits" of 

collecting the individual data items. More attention should be paid to collecting/determining input 

factors with higher sensitivities. Compared to the impact of the less sensitive factors, the more 

imprecise these sensitive factors are the more unreliable are the NPV predictions. 

To complete the prioritization exercise it would be necessary to have the unit costs of collecting the 

data items. Given the input factors data collection cost per kilometer cost-effective allocation of data 

collection expenditure can be recommended using~ for example, the efficiency frontier. To draw the 

efficiency frontier of Figure 6.23 the benefit axis would make use of factor sensitivities as 

determined in this study. 
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The results given in this chapter have shown that the factor sensitivity rankings are, as expected. 

influenced (at least marginally) by the R&M strategies used in the investigation. Therefore. any 

realistic cost-effective allocation of data collection resource should be carefully planned on an 

application-specific basis. Such priority selection of factors should be based on sensitivities results 

averaged over a reasonable range of feasible strategies for the application at hand. 

6.6 Summary of Chapter Conclusions 

The results in this Chapter show that the most significant factors in the NPV prediction are: the 

rutting calibration factor (Krp)., the pavement strength parameters (SN, DEF), the carriageway width 

(W). and the initial pavement distress level (ACRA. ACRW, APOT and ARAV) .. These first four 

groups of sensitive factors account for close to 64 % of the total variability in the NPV. 

The next most sensitive factors in the NPV are, the roughness-environmental calibration (Kge), the 

level of rutting and its variability (RDM. RDS), the altitude (A), and the pavement construction and 

treatment history (AGEi. AGE2, and AGE3). Road roughness (QI), cracking calibration factors 

(Kci, Kcp) and the base layer thickness (HBASE) were also found to be active in the NPV. 

From the chapter findings, the least active factors to the NPV predictions from the HDM-m model 

are: rainfall (MMP), horizontal curvature {C)., superelevation (SP), effective number of lanes 

(ELANE)., surface layer thickness (HSNEW, HSOW), the base layer compaction (CMOD) and the 

strength code. Others are, potholes and raveling calibration factors (Kpp, Kvi). the construction 

faulty code (CQ) and the cracking and raveling retardation factors (CRT. RRF). Factors that are only 

slightly active are: rise plus fall {RF), altitude (A), shoulder width (WS), subgrade strength (SNSG) 

and the previous pavement distresses (ACRAb, ACRWb). 

The research findings also show that the NPV predictions from the HDM-m model are highly non­

linear with respect to sensitive input factors and are also subject to significant factor interactions. 

Explanation of the NPV behavior required funher investigation on the component life-cycle costs. 

This chapter also developed a framework for prioritizing data collection resources with respect to 

HOM-ID application at the network level. Once the factor sensitivities have been established., the 

data items to which more attention should be paid in allocating the collection dollars is determined 

on the basis of the factor sensitivities. Completion of the efficiency frontier for proper prioritization 

would require data on the costs and/or cost.effectiveness of collecting each individual data item. 
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SIMPLIFYING HDM-m APPLICATION BY DEFAULT INPUTS 

7 .1 Chapter Overview 

As outlined in Chapter 1 of this thesis,t one immediate use of the factor sensitivity findings is to 

examine the viability of reducing the data requirements for the HDM-m model application in priority 

programming. With the results presented in Chapter 6 it is now possible to test the principal thesis 

hypothesis tba~ for a specific application an acceptable quality of output criteria could be achieved 

by employing relatively more default inputs (hence fewer precise inputs) than currently claimed. This 

chapter presents the concept of model data needs reduction by the use of surrogate default inputs and 

the statistical validation of such a reduced model. 

The chapter first formulates a pool of default inputs for each of the life-cycle cost criteria from the 

ranking of active factors. Factors with main effects below a chosen cutoff point are classified as 

inactive factors. Typical values for these inactive factors are then assigned as default input values for 

subsequent model runs. Two streams of HDM-m outputs are generated by running the model over 

150 data sites from the Latin hypercube design data that explores the input space as fully as possible. 

One output stream is based on the default inputs (i.e.~ fixing the input values for the inactive factors 

constant for all validation runs). In the other output stream9 all predictor variables are allowed to 

take on their precise values. Comparison of these two model output streams provides the statistical 

hypothesis testing reported here. 

7 .2 The Concept of Reducing HDM-m Data Needs by Default Inputs 

The concept of using default inputs as a suitable framework in which the potential of the HDM-lli 

model can be made more available to the low-income road agencies was introduced in Chapter 2. It 

was argued that while other approaches sound attractive, for example developing simplified 

algorithms (with fewer input variables), similar to [Paterson 92] work:, their immediate benefit is 

only to those road agencies capable of developing (computer coding, etc.) their own analysis 

~engines" or entire pavement management systems, or in the very least, modifying the HDM-m 

computer code to make use of such simpler algorithms. 
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The thesis argues that with respect to most of the low-income road agencies in SSA the capability to 

make use of new algorithms is not fonhcoming. Further, it was observed that a suitably calibrated 

HOM-ill model is still good enough for simulating the road behavior in many tropical environments 

where the design standards are close to the HDM study conditions. Modifying the HDM-m 

computer code is not considered an imponant requirement in Sub-Saharan Africa, at least for now. 

Given the above argument. the most appropriate approach for making the application of HDM-m 

more available is to streamline the data requirements while retaining the existing computer code. 

This approach bas the advantage in that the existing HDM•fil code can be retained as is, hence no 

funher investment is required on the part of an existing user. It also allows the same simplification 

approach to be available to users of the fonhcoming model upgrade (HDM4) since it is expected to 

incorporate most of the existing HDM-m technical relationships. 

7 .3 The Existing Link Characteri7.ation Default inputs in HDM-m 

Currently, under the paved road link characterization class of inputs, the Brazil set of HDM-m 

relationships provide default inputs for a total of 14 input factors: altitude, superelevation, effective 

number of lanes, subgrade compaction, cracking and raveling retardation factors, and the seven 

performance calibration factors. The findings of factor sensitivities from this thesis (Chapter 6) 

suggest that the number of link characterization default inputs in HDM-m can be increased from the 

current 14 to more than 20 without a significant loss of quality of the predicted life.cycle costs and 

NPV. The specific number of inactive factors on per output-strategy basis is subsequently discussed 

in the next section. 

Ct is also worth pointing out that the current set of default (link characterization) input factors assume 

values that are, of course. reflective of the uncalibrated model for Brazil technological, 

environmental, and economic conditions during the HDM study. The only exceptions are the 

effective number of lanes and the superelevation. The default value for the effective number of lanes 

is estimated by the model as a function of the carriageway width, whereas the superelevation is 

determined as a function of the horizontal curvature. The approach demonstrated. in this thesis 

provides a mechanism of determining values of default input factors that are more reflective of the 

local conditions. This also applies to the less significant calibration factors: the potholes progression 

and the raveling calibration factors. 
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7 .4 A Framework for Selecting the Candidate Factors for Default Inputs 

7 .4.1 A General Framework 

Selection of the candidate input factors which can be replaced by default values (in subsequent 

analyses) for a given study region should be based on factor sensitivities of the model output 

criterion of interest. Since the sensitivity results are specific to the model output and are also 

dependent on the other input classes that were not investigated in this study (e.g., vehicle 

characterization variables., strategy definition factors., etc.)., deciding on variables to designate as 

default input for a given region requires a systematic investigation procedure. Figure 7 .1 presents a 

viable framework for such an investigation which ensures that the results of the subsequent HDM-m 

analyses remains reliable for the pavement management decision-making. The figure shows both the 

investigation and the application stages for task-specific default inputs. The specific nature of the 

default inputs is discussed in a later subsection; the following subsection looks at an important input 

to the framework descnl>ed above - the cutoff criterion. 

7 .4.2 Criteria for Choosing Candidate for Default Inputs 

The immediate evidence suggested by the factor sensitivities reported in Chapter 6 is that the life­

cycle costs components (of the NPV) are dominated by only a few sensitive factors. Agency life­

cycle costs for the resealing strategy (STP2)., for example, are dominated by the carriageway width 

(W)., the cracking initiation factor (Kcz), and the distress parameters (ACRA, ACRW, APOT, ARAV). 

For users' life-cycle costs over 98.7% of all the variability is attnbuted to the rise plus fall (RF)., the 

cracking calibration factor (Kcp)., the strength parameters (SN, DEF) and the road roughness (QI). 

Of the 39 link characterization factors., there are only about LO active factors that explains the 

variability in VOC life-cycle costs; the remaining inactive factors contribute less than 1.3 % . 

Similarly., for the agency life-cycle costs the top 10 factors (W, AGEi, AGE2, AGE3, Kge, Kvi. 

HBASE, SN and DEF) accounts for 99% of the total variability in the prediction. The imponant 

implication of this finding is that the large number of insensitive factors can be trimmed from the 

model with practically negligible or small loss of precision in the predicted NPV. 

The viability of streamlining the data requirements for applying HDM-m was examined by replacing 

the inactive factors in the model by constant values. The immediate question, however, is what level 
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of factor effect should be used to designate a variable as inactive? The importance of this cutoff level 

criterion is that it bears a direct implication upon the prediction accuracy of the simplified model. 

Unfommately it not possible to know exactly bow much prediction accuracy will be compromised 

for any given cutoff level. This is obvious from the fact that the factor effects estimated from the 

stochastic approach7 for example7 do not account for 100% variability in the actual model outputs 

(see subsection 6.3.2 and Figure 6.8). 

Typical ranges for input 
factors 

Analysis criteria/ output 
for priority programming 6-___ _,.. 

Sensitivity analysis 

Primary input factors..._ __ _ 

Field data collection 

Reliability/ quality 
criterion vs. cost of data 

Candidates for default values 

recise input 
for each factor, 

er link basis 

Typical values 
----iN for study region 

FIGURE1.l 

HOM-III data file 

Run HDM-lll for analysis 

Default values 
for all links 
in study region 

A framework for selecting candidate variables for default inpllls 
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7 .4.3 Specific Nature of Inactive Facton 

The results from the sensitivity study strongly suggest that the factor sensitivities change slightly 

across treatment strategies. It was shown, for example, with respect to agency life-cycle predictions., 

while pavement distress parameters are active factors under strategy STP2, they are inactive under 

strategy STP4 (Tables 6.10 and 6.11). Similarly, the mean and standard deviation of rut depth are 

only active in users' costs under strategy STP4. They are inactive both in the other strategies and in 

agency LCC. Again, the pavement age parameters are only active in agency LCC for strategy STP4. 

However, with respect to the NPV, the overall change in factor sensitivity rankings is not that 

noticeable. It is seen from Table 6.9 that the first 8 most active factors (ranks l to 4) for both 

strategies STP3 and STP4 include the same variables (Krp. SN, DEF, W, and surface distresses). 

From a general model building point of view, as more variables are dropped from a model, the more 

the estimated model parameters •absorb" the role of the dropped out variables. Therefore, the 

reduced model becomes less transferable to other situations. 

In the case at band., the other input factors in HDM-m that are central to R&M priority 

programming include R&M strategy definition attributes and unit costs and vehicle characterization 

variables (Figure 1. l and Table 1. I). These later factors were kept constant at their typical values for 

the case study region during the course of investigation. It can only be expected that the sensitivities 

determined are not independent of these other base case inputs. While the results from the ceteris 

paribus (Table 6.3) are still inconclusive they point out the significant effect of some of the vehicle 

characterization variables. In panicular., Table 6.3 shows the roughness coefficient, CSPQI, and the 

constant term in the pans - roughness equation to be extremely influential on the output NPV. 

This set of affairs highlights the fact that under different levels of such other significant factors the 

sensitivities determined for link characterization factors are likely to change. Therefore it is 

recommended that default inputs be determined on application-specific basis. 

7 .4.4 Proposed Default Inputs for Link Characterization Factors 

Findings on factor sensitivities for link characterization variables in HDM-m have been presented in 

Chapter 6. Tables 6.12 and 6.13 summarize the ranking of the most active factors identified in the 

study. The ranking results were subsequently used to determine the "inactive" model input factors 

that have little impact on the predicted life-cycle costs. For each type of the HDM-m outputs 
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(agency.. user's and NPV life-cycle costs) a set of candidates for default inputs was selected 

representing the inactive factors (those not ranked as active in Table 6.12). The values assigned as 

default inputs (used as constants in subsequent model runs) reflect the typical values for the factor in 

the case study region. 

7 .5 Testing the Validity of the "Defaults Based" Model 

Once the candidate inactive factors to designate as default inputs in subsequent model applications 

have been selected, the natural question is, how valid are the model predictions based on such default 

inputs? Are the predictions based on the ~reduced" model good enough for practical pavement 

management decision-making? This section discusses the question and the sample statistics which 

examine this key research question. 

The validation of the "reduced" model relies on comparing results of the analysis performed using 

the 04reduced" model (based on default inputs for the inactive factors) to the results from the full 

HOM-ill model (with full range variability in all model inputs). The underlying statistical question is 

to test the null hypothesis,. Ho against the alternative hypothesis H1 where, 

Ho: The HDM-m life-cycle costs predictions based on default inputs are significantly 
different from the predictions using the full set of input factors. 

H1: The HDM-ID life-cycle costs predictions based on default inputs are practically not 
different from the predictions based on full set of inputs. 

If there is sufficient statistical evidence, say at S% significance level, to reject the null hypothesis~ 

then it will have been demonstrated that very little quality of the output criteria is lost by using 

default inputs for the inactive factors; that in fact, there is no statistical evidence to doubt the 

analysis based on default inputs as good enough for decision-making in pavement management. 

The principal hypothesis stated above constitutes a general question to which it was desired to find a 

specific solution. Since the factor sensitivities studied in this thesis are based on life-cycle cost 

predictions for several R&M treatment strategies, the general hypothesis was tested at several 

specific levels. The specific sub-hypotheses tested are subsequently presented. 
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7 .5.1 Specific Validation Hypotheses and Sample Statistics 

To test the thesis principal hypothesis that the HDM-m model exluoits factor sparsity; that the model 

data needs are reducible by designating the inactive model factors as default inputs, specific life-cycle 

costs predictions for R&M strategies STP2 and STP4 were employed. 

Apan from the principal hypothesis stated above,. the study was also interested in finding out how 

specific the default inputs are across traffic levels and treatment strategies. 

The test problem outlined above can be re-stated as an equivalent ANOV A problem. It is desirable to 

see if there is any real difference between the life-cycle cost predictions using full set of input data 

and those based on default inputs. This is a comparison of means problem where the concern is to 

find out whether the observed differences among the means p.1, p.21 ••• , P.t are significant or whether 

the differences are pure noise (compared to within sample variability). 

ln an ANOV A test the hypotheses are: 

for any pair (j, k) of test samples 

The hypotheses stated above have been listed in specific terms in Table 7 .1. The three null sub­

hypotheses relevant to the theme of the thesis are subsequently summarized. Table 7 .2 defines the 

relevant symbols used in Table 7. l. The table lists the null hypotheses, the response variable to be 

tested and the test criterion for each of the four model outputs investigated. 

Referring to Table 7. l hypothesis one looks at the primary interest of this thesis. It poses the 

question, 6'Can reasonable model predictions be achieved by using default values in place of the 

inactive factors?" Hypothesis two looks at the effect of traffic level on the default values. Traffic 

level was also pointed out by the ceteris paribus results as one of the most active factors; the concern 

here is whether the integrity of the model predictions based on default inputs is preserved at different 

traffic levels. Hypothesis three intends to find out what happens when the default inputs developed 

using factor sensitivities for a given strategy are used in a different R&M strategy. 

Hypothesis 4 looks at users' life-cycle predictions by using default inputs. Since traffic level has a 

direct effect upon the VOCs., the comparison is between predictions using full data and predictions 
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based on default inputs within the same traffic level category. The default inputs ideally formulated 

for ADT 500, for one R&M strategy are reused to predict life-cycle costs with a different strategy 

and at different traffic levels. 

Part of the Latin hypercube experimental design data was used for generating the sample statistics 

required for hypotheses testing .. As discussed earlier (see Section 5.4.3) one of the advantages of the 

Latin hypercube design is that it ensures that any portion of the design matrix is a fully stratified 

sample of the input space regardless of the size of the sample and the sample location in the matrix. 

For the purpose of validation testing, the first 150 data points from the modified Latin hypercube 

design matrix was employed. The HDM-m model was run twice on these 150 data sites, first with 

all the predictor variables allowed to take their values as supplied at each data site. The second run 

employed default inputs whereby all the inactive factors (for a given output criterion) were fixed at 

their mean levels for all the runs, while the active factors were allowed to vary as per the data site 

values. The life--cycle predictions from the two runs provided the sample data for statistical 

hypothesis testing performed here. 

TABLE 7.1 The SpecificTest Hypotheses 

Hypothesis Null Hypothesis (Ila) Prediction Categories 

1.1 HDM-m agency life-cycle costs predictions using default Pa2oo=µa202=µa212=µa222=µa232 

1.2 

2.1 
2.2 

l.l 

... 1 

... 2 

-'.l 

"'·"' ... 5 
... 6 

"'·' ... 8 

Key: 

Pa4oo=Pa404=µa4/4=µa424=µa434 
inputs are comparable to predictions using full input data 

HDM-m agency life-cycle costs predictions do not change µa200=µa210=µa220=µa230 

significantly with traffic level Pa4oo=µa,11o=µa420=µa,,JO 

Swapping the default inputs from one strategy to another Pa2oo=µa204=µa214=µ022.,=µa234 

has no significant effect on agency life-cycle costs 

Road Users' life-cycle costs predicted using default inputs Pu2oo=pu202=µa2{),f 
Pat1oo=µa.,02=µa,,{),f 

are all equal to those predicted using full set of inputs at 
Pu21o=µu212=µa2u 

the same traffic Pa.,,o=µa-112=µa,,,,, 

Pu22o=µu222=µa22-, 

Pa-,2o=Pa-122=µa"2" 

pu23o=µu232=µa234 

Pat1Jo= Pa432= l'a4J.f 

See Table 7.2 for the definition of symbols (the mean values compared) 
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TABLE 7.2 Dermition of the Mean Values Used in the Hypotheses (Table 7.1) 

Description Symbol Life-cycle Type Set of Default Tnffic level of 
and Stntegy Used Inputs Used Prediction (ADT) 

Full data predictions µa200 LCC-R&M: STP2 Full data 500 

Pa4oo LCC-R&M: STP4 Full data 500 

µu200 LCC-VOC: STP2 Full data 500 

yu"oo LCC-VOC: STP4 Full data 500 

Same strategy (STP2) defaults, Pa202 LCC-R&M: STP2 STP2, ADTSOO 500 

different traffic Pa212 LCC-R&M: STP2 STP2, ADTSOO 264 

Pa222 LCC-R&M: STP2 STP2., ADTSOO 1000 

µa232 LCC-R&M: STP2 STP2, ADTSOO 1500 
Same strategy (STP4 ) defaults. Pa"°" LCC-R&M: STP4 STP4, ADTSOO 500 

different traffic Pa4U LCC-R&M: STP4 STP4. ADTSOO 264 

Pat12" LCC-R&M: STP4 STP4. ADTSOO 1000 

ea434 LCC-R&M: STP4 STP4, ADTSOO LSOO 
Different strategy defaults, Pa402 LCC-R&M: STP4 STP2, ADTSOO S00 

different traffic µa4/2 LCC-R&M: STP4 STP2. ADTSOO 264 

µa422 LCC-R&M: STP4 STP2. ADTSOO 1000 

ea432 LCC-R&M: STP4 STP2. ADTSOO 1500 

Different strategy defaults. µa204 LCC-R&M: STP2 STP4, ADTSOO 500 
different traffic µa2u LCC-R&M: STP2 STP4, ADTSOO 264 

µa224 LCC-R&M: STP2 STP4, ADTSOO 1000 

µa234 LCC-R&M: STP2 STP4, ADTSOO 1500 

Same strategy (STP2 ) defaults, µu202 LCC-VOC: STP2 STP2, ADTSOO 500 
different traffic µu212 LCC-VOC: STP2 STP2, ADTSOO 264 

µr,222 LCC-VOC: STP2 STP2. ADTSOO LOOO 

µu232 LCC-VOC: STP2 STP2, ADTSOO 1500 

Same strategy (STP2) defaults. 
µ""°" LCC-VOC: STP4 STP4. ADTSOO 500 

different traffic µu4U LCC-VOC: STP4 STP4. ADTSOO 264 

µu424 LCC-VOC: STP4 STP4, ADTSOO LOOO 

µu4J4 LCC-VOC: STP4 STP4, ADT500 1500 

Different strategy defaults, µu402 LCC-VOC: STP4 STP2, ADTSOO 500 

different traffic µu4/2 LCC-VOC: STP4 STP2., ADTSOO 264 

µu422 LCC-VOC: STP4 STP2, ADTSOO 1000 

µu4J2 LCC-VOC: STP4 Sn>l, ADTSOO 1500 

Different strategy defaul~ µu204 LCC-VOC: STP2 STP4, ADTSOO 500 
different traffic µu214 LCC-VOC: STP2 STP4, ADTSOO 264 

µu224 LCC-VOC: STP2 STP4, ADTSOO 1000 

µu234 LCC-VOC: STP2 STP4, ADTSOO 1500 

Key: LCC-R&M = agency life-cycle costs, LCC-VOC = users' life-cycle costs 
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7 .5.2 Statistical Assumptions for the t-test (or ANOVA) 

In paired responses situations statistical comparison is normally investigated using the simple two 

sample t-test. The investigation would9 for example. perform comparison of pairs of streams HOM­

III life-cycle predictions, one using a full set of inputs. and the other hued on default inputs for the 

inactive factors for a specific output. The one way analysis of variance (ANOVA) is the equivalent 

c-test for more than two samples. 

The key statistical assumptions under which the t-test (and the ANOV A) can be applied are: 

( 1) The two (k for ANOV A) samples or populations are approximately normally distributed. 

(2) The samples all have the same variance (homogeneity of variance). 

(3) The samples are independent of one another. 

The t-test (and ANOVA) is known to be robust with respect to moderate violations of these 

assumptions. However,. the test(s) cannot be applied where the assumptions are highly violated. ln 

other words, the conclusions reached using the t-test may be misleading if the assumptions for its 

application are highly violated. 

An examination of the HDM-m life-cycle costs predictions indicated that agency costs for the same 

strategy have approximately the same variance irrespective of the set of the default input or full data 

used and is also independent of the traffic level used. For the users' (VOC) life-cycle costs, the 

variance seems to be approximately equal for all strategies at any given traffic level. As long as the 

voe life-cycles are compared for the same traffic level. the assumption of equal variance does not 

seem to be questionable, whereas for agency life-cycle costs. the assumption seems to be met even 

when traffic level is disregarded as long as the comparison is done for the same R&M treatment 

strategy. 

7 .5.3 Normality of the BDM-m Life-Cycle Cost Predictions 

Stem and leaf and box plots are commonly used to show the distributional characteristics of a data 

set. Both locational and spread aspects of data as well as skewness are best viewed using these 

statistical tools. Such visual display provides a first indication of the normality or non-normality of 

the data. 
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Another common tool for testing normality is the normal probability plot. By plotting the soned 

observations against their cumulative expected standard score a straight line plot indicares the data is 

normal. The more the plot deviate from a straight line, the more non-normal the data is. 

Figure 7 .2 presents stem and leaf, boxplots and normal probability plots for selected response 

variables among the large number of HDM-m life-cycle predictions discussed in Chapter 7. 

Both the steam and leaf and normal probability plots show that the assumption of normality is more 

than moderately violated for the HDM-m life-cycle costs predictions. The predictions are generally 

enormously skewed and the tails are much heavier than the Gaussian distribution. 

A formal statistic commonly used for testing the assumption of normality is the Shapiro-Wilk [Cody 

91]. The Univariate procedure in SAs•a produced the Shapiro-Wilk statistic values typically in the 

range of 0.93 to 0.94. The corresponding p-values testing the null hypothesis that the life-cycle 

predictions are normally distributed were typically less than 0.0001. That is, there is a strong 

evidence that the HDM-m life-cycle predictions are not Gaussian. 

Several attempts were made to transform the life-cycle predictions into approximately normal. None 

of the common transformations provided any measurable improvement around the dilemma of the 

normal assumption. It was therefore, concluded that the hypothesis testing based on ANOV A 

technique are questionable unless we can validate them using other robust testing techniques. 

8 SAS is a registered trademark of &tS lnsdtute Inc.. Cary, North Carolina. 
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FIGURE 1.2 (e) Agency life-cycle costs_., STPl at ADT 1000 using STP2,,d,efault inputs (l'.m) 
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FIGURE 7.2 (h) Agency life-eycle costs for strategy STP2 at ADT 1500 usin~ STP2-defaults (p.,,132) 

7 .5.4 Non-parametric Tests Comparing "Default-Based" and Full Data HDM­
m Life-Cycle Predictions 

Non-parametric tests refer to a class of methods of statistical inference that do not require us to know 

the form of the probability distn1>ution of the sample data. Methods such as based on signs of 

differences or ranks of measurements etc.. do not depend or rely on the precise shape of the 

distribution. or the explicit parameters of such a distribution. 

Kruskal-Wallis test is the equivalent non-parametric of one way ANOVA for comparing three or 

more samples. Below we present the schematic plots of the test treatments and then carry out the 

formal Kruskal-Wallis test for each of the test hypotheses. But before that, we re-state the hypotheses 

given in Chapter 7 in a more convenient form for this test, and define the relevant symbols. 

7. 5.4. l Schematic Plots 

Figure 7 .3 shows schematic plot (for hypothesis I. 1) comparing the HDM-m predictions for R&M 

strategies STP2 and STP4. The plots show rather strongly that the life-cycle predictions from default 
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input data are extremely close to those based on full data. What is more interesting is that the default 

inputs seem to produce fairly good agency costs predictions even under different strategy and 

different traffic level. 
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FIGURE 7.3 (a) Sehematie plots of agency life-cycle costs for STP2 
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7.5.4.2 Kruskal-WaUis Test 
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I + ·--·--· 

a4l2 

The Kruskal-Wallis test statistic is based on comparing the average rank of the observations in the 

i-th sample with respect to the grand or overall average rank of all the observations. The sum of all 

the ranks is equal to N(N + 1)/2 where N is the total count of all the observations in the s treatments 

to be compared. Therefore, the grand average of all ranks is given by, 

( R + ... +R ) + ... +(R + ... +R ) 
11 In kl br R = • C 

N 
N + l 

= 
2 

... (7 .1) 

where .. R, stands for the rank of i-th observation in the j-th sample or treatment. 

The Kruskal-Wallis statistic is a meuure of the overall closeness of the R; to the grand average rank, 

R.. It is based on the weighted sum of the squared differences {R; - ½ (N + 1) )2. Thus, the statistic is 

defined as: 
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K= N (~\ l) #, n,( R, - N; l) i 
... (7 .2) 

where, Ri is the i-th treatment average rank. 

K is zero when the ~ are all equal, and is large when there are substantial differences among the 

treatments. The null hypothesis is rejected for large values of K,, corresponding to a given 

significance level. The critical values corresponding to the upper tail significant levels (a) are 

approximated by the Chi-square distn'bution with the degrees of freedom, d.f. = s - 1. For example,. 

if 3. 4. and 5 treatments are to be compared each of which bas 150 observations, the approximate 

critical values, Kc at an a level of 0.05 are: 6.0, 7 .8, and 9.6 respectively (Table I and J, [Lehmann 

751). 

The Kruskal-Wallis test results for the hypotheses defined in Table 7.1 are summarized in Table 7.3. 

The SAS* NP ARI WAY procedure was used. The table shows the sample statistics are all consistent 

with the null hypotheses given in Table 7. l. There is no evidence to reject the null hypotheses. The 

small magnitudes of the Chi-Square values indicates how close the default-based cost predictions are 

to the full data predictions. 

TABLE 7.3 Kruskal-Wallis Test Results 

Hypothesis d.f. Chi-Square (x1 
• ) Upper Tail Decision value: x~ at 

Number Approximation Chi-Square (Reject U. if 11
• >x1crJ 

1.1 4 0.0695 0.9994 9.6 

1.2 4 0.0797 0.9992 9.6 

2.1 3 0.2232 0.9738 7.8 

2.2 3 0.1463 0.9851 7.8 

3.1 4 0.1636 0.9968 9.6 

3.2 4 0.1999 0.9953 9.6 

4.1 2 0.7918 0.6731 6.0 

4.2 2 0.1199 0.9414 6.0 

4.3 2 0.1625 0.9219 6.0 

4.4 2 0.0S66 0.9721 6.0 

4.5 2 0.1398 0.9325 6.0 

4.6 2 0.1367 0.9339 6.0 

4.7 2 0.1314 0.9364 6.0 

4.8 2 0.1117 0.9457 6.0 
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Since the null hypotheses 1.1, 2.1, and 3.l (l.2, 2.2, and 3.2) states the equality of the default-based 

life-cycle cost predictions to the same full data predictions at 500 ADT, we conclude that for the 

same R&M strategy either set defaults inputs produce sufficiently accurate agency life-cycle 

predictions for all the traffic levels investigated. That is, we could in fact test the null hypothesis: 

... (7.3) 

against the alternative, 

for any pair (j, k) of full data/default-input-based predictions. 

The analysis of variance procedure in SAS• produced the ANOVA table (Table 7.4) for the R&M 

strategy STP4 predictions for a similar null hypothesis to Equation (7 .3). The F statistic obtained 

shows that, in fact, the between groups variation is much smaller than the within-group variation in 

life-cycle cost predictions. The average predictions are therefore fairly close for all the different set 

of default and full input data. 

TABLE 7.4 ANOV A Table for the Agency LCC: Strategy STP4 

Source DF Sum of Sauares MeanSauare FValm g vaJye 

Model 11 28611.028 2601.003 0.05 1.000 

Error 1768 94260701.38S 53314.876 

Corrected Total 1779 94289312.413 

7.5.4.3 Simple Scatter Plots 

The schematic plots as well as the Kruskal-Wallis tests focus at testing the overall distribution of the 

stream of values, i.e., they compare the typical or mean measures of the distributions. Scatter plots, 

on the other hand, provide a simple yet powerful technique of visualizing the closeness ( or lack of it) 

of the individual values in a pair of responses. 

Figure 7.4 shows the scatter plots for a selected pair of default-based and full-data-based streams of 

agency and users' life-cycle predictions. Figure 7 .4 (a) shows the agency life-cycle costs based on 

default inputs are extremely close to those based on full-data at all traffic levels and strategies 

investigated. Pan (b) of the figure shows that the users' life cycle cost predictions are also very close 

for both strategies and at all the traffic levels investigated. 
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7 .6 Default-Based NPV Predictions 

The comparisons presented so far have dealt with the component agency and users' life-cycle costs. 

The NPV predictions based on default inputs for the inactive factors determined in Chapter 6 (see 

Section 6.6) were investigated. The default-based predictions were generated by using typical values 

for the least active factors determined in Chapter 6. A total of 22 factors was assigned default values. 

The least active factors to the NPV predictions which were assigned default values for the 

comparison presented here are: rainfall (MMP)'t horizontal curvature (C), superelevation (SP) .. 

effective number of lanes (ELANE), surface layer thickness (HSNEW, HSOW)., compaction of the 

base layer (CMOD)., and the strength code. Others are't the potholes and raveling calibration factors 

(Kpp, Kvi) .. the construction faulty code (CQ)., and the cracking and raveling retardation factors 

(CRT. RRF). Also, default values were used for the slightly active factors - the rise plus fall {RF) .. 

the altitude (A), the shoulder width (WS) and the subgrade strength (SNSG). 

Figure 7 .5 shows the scatter plots comparing individual NPV predictions (default-based versus full 

data based) at each of the 150 data points. The figure shows that the individual default-based NPV 

predictions are reasonably close to the predictions based on full data. 

7. 7 Chapter Conclusion 

The statistical tests presented in this chapter show that default-based model reduction is viable. The 

results from the Kruskal-Wallis tests (Table 7 .3), the schematic plots (Figure 7 .3) and the scatter 

plots (Figure 7.4), all demonstrate that the default-based life-cycle cost predictions are very close to 

full data-based predictions. 

The results from the hypothesis testing, the schematic plots and scatter plots, have effectively 

demonstrated that life-cycle costs predictions remain fairly accurate once the active factors are 

accurately specified. The inactive factors can be assigned default values with practically negligible 

compromise to the quality of predictions. 

NPV predictions based on default inputs also reproduce fairly well the predictions based on full data. 
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Chapter 8 

CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this chapter is to highlight some of the principal findings of this research. point out 

some implications with respect to HDM-m application in priority programming~ and suggest areas 

requiring further research on the subject matter. The objective of this research was to explore the 

possibility of streamlining the HDM-m model for application as an analysis engine in pavement 

management. Comprehensive approaches to factor sensitivity analysis were developed and applied to 

determine the effect and behavior of input factors upon the common criteria used in priority 

programming based on the HDM-m model life-cycle predictions. 

8.1 Conclusions 

The priority analysis function in the context of a network level pavement management system 

provides the mechanism by which economic criteria are applied to evaluate and compare project 

alternatives to identify a set of optional choices for implementation. Among the several analysis tools 

available to low income road agencies, the HDM-m model is the most widely recommended choice. 

Data deficiency was recognized as the most serious constraint in low-income road agencies. and 

probably one of the major disincentives of widespread application of the HDM-m model. Other 

constraints pointed out as potentially discouraging routine uses of the model at the network level are 

the lack of a comprehensive guide for end-users' with respect to, low, medium and high priority 

input factors. and the lack of practical guidelines on region or application-specific calibration. 

A review of the practice in network level priority programming indicated that there are diverse 

schools of thought as to what criterion should be used for ranking or selecting project alternatives. 

Criteria based on life-cycle costs (for example, the internal rate of return (IRR), the net present value 

(NPV), etc.) have been widely used in developinJ countries where it is more desirable to compare 

alternatives on the basis of total societal costs. The findings in this thesis show that, among the 

various HDM-m predictions, the NPV index is the most suited for ranking and prioritizing 

maintenance and rehabilitation programs. Compared to the IRR, the NPV is consistently predicted 

for all link-alternatives in the analysis problem. This is of panicular practical advantage when the 
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model is applied in the context of larger suites of pavement management analysis. Control of the 

flow of information in the shared environments becomes easier. 

The Latin hypercube experimental design [McKay 79) was shown to provide a sound methodology 

for efficiently exploring factor sensitivities over the entire desired input space. In particular, this 

design is favored for its ability to uniformly and completely explore each factor's (practical) range in 

a multi-dimensional problem without a prior assumption of factors' role. 

Out of the various possible methods of analyzing the post-experimental data in a Latin hypercube 

model investigation, the use of regression approach in conjunction with the stochastic predictor 

approach proposed by [Sacks 89a] was shown to be a justifiable and practical choice. The analysis 

presented in Chapter 6 shows that the standardized coefficients of a suitably selected linear-additive 

model can provide initial estimate of life-cycle factor sensitivities. However, a more reliable factor 

sensitivity ranking must be corroborated by an estimation technique in which factor interactions can 

be identified. The stochastic model provided a useful tool for this purpose. The maximum likelihood 

procedure for estimating the stochastic model parameters is computationally intensive. As a result. 

only a small number of response variables could be studied by this method. 

The most interesting findings of this research are the factor sensitivities of the HDM-m predictions 

with respect to the link characterization inputs. The most significant factors in the NPV prediction 

were found to be: the rutting calibration factor (Krp), the pavement strength parameters (SN, DEF), 

the carriageway width (W), and the initial pavement distress level (ACRA, ACRW, APOT and ARA V). 

These first four ranking significant factors account for close to 64 % of the total variability in the 

NPV. 

The next most sensitive factors in the NPV are, the roughness~nvironmental calibration (Kge), the 

level of rutting and its variability (RDM, RDS), the altitude (A), and the pavement construction and 

treatment history (AGEi, AGE2, and AGE3). Road roughness (QI).,. cracking calibration factors 

(Kci. Kcp) and the base layer thickness (HBASE) were also found to be active in the NPV. 

The research findings show that the NPV predictions from the HDM-m model are highly non-linear 

with respect to sensitive input factors and are also subject to significant factor interactions. 

Explanation of the behavior of the NPV required further investigation on the component agency and 

users' life-cycle costs. 
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The component agency and users' life-cycle costs were shown to be dominated by different factors. 

Interestingly, some of the most active factors for both are those not directly influenced by R&M 

treatments. The agency life-cycle costs component wu found to be highly sensitive to the 

carriageway width. More than 96% of the total variability in the input space investigated is explained 

by the width factor. 

The next active factors below the dominant width (W) factor in the agency life-cycle costs were 

found to vary according to the R&M strategy. For resealing and similar R&M treatments, the next 

most sensitive factors to the agency life-cycle cost are the cracking calibration factor and the initial 

pavement distress level. For overlaying strategies, the next active factors are the pavement roughness 

level, the rutting calibration factor, the pavement construction and treatment age and the roughness­

calibration factor (Kge). The observed factor sensitivities for asphalt concrete on granular base were 

found to be relatively comparable to those obtained for surface dressing on soil cement pavements. 

The users' (VOCs) life-cycle cost component was shown to be dominated by the rise plus fall (RF) 

variable. Again, more than 95% of the total variability on VOC life-cycle costs is explained by the 

RF factor. Similar to the pattern in agency life-cycle costs, the remaining (less than S%) variability is 

exp Iained by different factors for different R&M strategies. The ranking of active factors was shown 

to vary from one R&M strategy to the next. 

One important implication of the sensitivity findings is in the area of re-calibration priority of the 

HDM-m pavement performance relationships. The sensitivity results (Chapter 6) indicate that, for 

the class of pavements investigated. the rutting calibration factor (Krp) and the cracking calibration 

factor (Kci, Kcp) call for the highest calibration priority. The next most sensitive calibration factors 

are: the roughness-environmental-age factor (Kge) and roughness progression (Kgp). According to 

the findings,. the ravelling calibration (Kw) and the pothole progression (Kpp) should be given the 

least priority in re-calibration. 

In Chapter 7 the research investigated the viability of expanding the scope of default inputs in the 

current HDM-m model. It was demonstrated that, given the factor sparsity exhibited by the 

component agency and users,. life-cycle costs,. the data requirements can, in fact, be streamlined 

without significant compromise in the quality of life-cycle cost predictions. The investigation 

demonstrated that for practical network applications the present pool of default inputs under link 

characterization factors can be at increased from the current 14 to about 20-22. 
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The least active factors to the (HDM-Ill) NPV predictions are: rainfall (MMP)., horizontal curvature 

(Q, superelevation {SP)., effective number of lanes (ELANE)., surface layer thickness (HSNEW, 

HSOW)., compaction of the base layer (CM.OD) and the strength code. Others are, the pothole and 

raveling calibration factors (Kpp, Kvi), the construction faulty code (CQ)., and the cracking raveling 

and retardation factors (CRT, RRF). The following factors were shown to be only slightly active: rise 

plus fall (RF)., altitude (A), shoulder width (WS), subgrade strength (SNSG) and the previous 

pavement distresses (ACRAb, ACRWb). 

8.2 Recommendations 

In the thesis research, an exhaustive investigation of input factor sensitivities of the HDM-m model 

using the Latin hypercube experimental design was demonstrated. Given the promising results 

achieved in this study, the following areas are recommended for funber research: 

1. The investigation presented looked only at two types of pavement (surfacing-base pairs}. Future 

research work should look at other common pavement types. 

2. The scope of the research in this thesis focused only on a few most common R&M strategies: 

patching, resealing and overlay. The intervention criteria reflected the low standards typical in 

Tanzania (and other low-income Sub-Saharan African countries). Funher work is recommended 

to study other strategies at higher policy standards. 

3. Since a substantial proponion of the road networks in low income countries consists of unpaved 

roads., it would worthwhile to extend the investigation to this class of roads. A starting point 

would be the link characterization factors and typical R&M treatment strategies for unpaved 

roads. 

4. Further investigation could also be carried out to include other factors relevant to R&M priority 

analysis. The vehicle characterization factors would be of particular interest. Although 

inconclusive, the ceteris paribus results presented in Chapter 6 suggest that some of the factors 

in this class are potentially very sensitive to the life-cycle predictions. 
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5. The research in this thesis investigated the application of HDM-m for the low-income road 

agencies of Sub-Saharan Africa (SSA). The demonstration was based on a case study from a 

typical country in SSA. The prevailing vehicle technology 9 fiscal or macro-economic factors .. 

input prices and policy standards9 all have a bearing on the results presented. It should be 

panicularly noted that in Tanzaniiy wage rates are relatively low in relation to vehicle inputs and 

prices. Also, road design standards are generally low (modified structural number of 3.5 to 4.5). 

Funhermore, intervention levels tend to fair conditions tolerating higher average roughness 

(mean IRI = S.5 m/km). Further research is needed to investigate higher pavement design 

standards and intervention policies. 

6. Section 6.5 developed a framework for prioritizing data collection resources with respect to 

network level application of the HDM-m model. Once the factor sensitivities have been 

es tab lished9 then the data items to which more attention should be paid in allocating the 

collection dollars are determined on the basis of the factor sensitivities. An important 

prerequisite for this framework for prioritizing data collection resources is costs and/or cost­

effectiveness of collecting such data. The literature is lacking on this relevant area of costs and 

benefits of collecting data for pavement management. This is an area that warrants a future 

study. 

7. The methodology of this research should benefit the upcoming upgrade of the HDM-m model. 

Since the HDM4 [ISOHDM 94] is expected to include several enhancements and additions or 

improvements of the technical relationships in HDM-m, funher research is recommended to 

investigate factor sensitivities in the upcoming HDM4 model. Such a study could provide 

extremely useful contribution, for example, in a comprehensive user guide on low and high input 

data priorities, approaches to local calibration9 and on region-specific applications of the new 

model. 
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A.1.0 Background 

The purpose of this appendix is to give a brief profile of the case study region. The role of data in 

this research. and the basics of the design and implementation of the data collection work were 

discussed in Chapter 4 (see Section 4.6). Given that the transferability of the sensitivity findings in 

the study are critically influenced by the base case factors employed. it was considered wonhwhile to 

provide the context in which the study was conducted. 

Most of the material summarized in this appendix are based on a report [Mrawira 95aJ submitted to 

the Ministry of Works. Communication and Transport (MWCT) of the United Republic of Tanzania 

as final product from the field research. Only the bare skeleton is given here; detail discussion would 

be found in the cited report. 

A.2.0 Executive Summary 

The Ministry of Works. Communication and Transport., (MWCT) of the United Republic of 

Tanzania, through financial arrangements from the USAID Agricultu~ Transport Assistance Project 

(AT AP)., retained the services of Mr. M. D. M. Mrawira., a consultant engineer with the National 

Construction Council and currently a Ph.D. scholar at the University of Waterloo, Canada., as an 

independent researcher to conduct a s~dy towards calibrating HDM-m to Tanzanian conditions. 

The primary objective of the study was twofold. First., to develop and compile a database of input 

data required for application of the World Bank's Highway Design and Maintenance Standards 

Model (HDM-Ill) in priority programming for the trunk and regional road networks in Tanzania. 

Second. the study was expected to provide a standard guide to the problem of calibrating the HOM­

III model to suit local conditions in Tanzania. 

A major part of this report discusses the data collection exercise. and highlights the study 

achievements and sboncomings with respect to the original scope. The study succeeded in compiling 

a substantial amount of the input data required for HDM-m application to network-level works 

programming. The collected data are presented in the appendices (bound separately) to the report. 

The complete volume of the study database was submitted on floppy diskettes (two 3.S'lt HD) to the 

Ministry of Works (MWCT) in both dBASE-W and Microsoft Assess file format. 
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It must be cautioned that the study success rate in terms of data actually acquired was not one 

hundred percent of the target scope; some gaps still exist in the study database. In panicular.. data 

relating to rates of road deterioration. and rates of resource consumption (in vehicle operating costs 

estimation) for different makes of vehicles was hard to come by. Such data required historical 

records taken periodically for the same subjects over time. Almost all REO?s do not maintain any 

such records. The MWCT bas yet to identify the need for such d~ and therefore9 no effort has 

ever been committed to acquire such systematic data in Tanzania. The report [Mrawira 9Sa] points 

out areas in the study database that need further improvements. 

Roughness data is also a major deficiency in most REOs. The repon recommended a road roughness 

evaluation protocol based on the TRRL vehicle-mounted Bump Integrator (Bl) calibrated by a 

MERLIN as an appropriate methodology in Tanzanian settings. To improve the quality of roughness 

results., the report recommends a number of precautions and techniques of calibrating the Bump 

lntegrator. 

Other areas recommended for improvements are the condition survey protocols. The current MWCT 

guidelines on condition survey. based on OECD approach. are inadequate. The rating determined by 

this approach is an arbitrary index that does not bear a direct functional relationship with the extent 

of road surface distresses. Condition survey data of this form have limited usefulness as a source of 

HDM-m input data. The traffic data also are deficient in quality and consistency; there is a need for 

updating and improving the current traffic counting protocols. Axle load SUIVeys should be 

introduced as a standard part of traffic counting. Also. more counting stations should be introduced 

so that any given road link has at one or two traffic counting stations. 

A.3.0 Country Prorde 

A.3.1 Location and Demographics of the Study Area 

Tanzania is located in Eastern Africa. bordering the Indian Ocean between Kenya and Mozambique. 

It also borders Uganda to the north9 Rwanda. Burundi and Zaire to the west. Zambia and Malawi 

complete the borders on the South-West. Figure A. I shows territorial boundaries of the country; the 

insen on the map shows the location of Tanzania on the African continent. 
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Tanzania has a large territory (slightly smaller than France and Spain combined). Its total area of 

945,090 square km (land area 886,.040 sq. km) is slightly larger than twice the size of California. 

The population was estimated at 28 million (in 1994) with demographic density concentrated on its 

geographic periphery. The population growth rate over the last 20 years has been about 2.6 to 3.2%. 

The climate varies from tropical along the coast to temperate in the Nonh-Eut and South-West 

highlands. The terrain consists of coastal low plains at O to 250 m above sea level,. an expansive 

central plateau ranging from 300 m to 800 m above sea level and highlands in the North-East and 

South-West rising from the Plateau to a series of mountain ranges well above 1S00 - 2000 m. Mount 

Kilimanjaro, the highest peak in Africa at about 589S m (19 340 ft) above sea level marks the terrain 

in the nonh. 

Land use statistics estimate the arable land as only 5% of the total land. Permanent cropping is 

exercised over a meager 1 % of the land. Irrigated farming was estimated (1989) as totaling only 

1530 sq. km. Other land use are: meadows and pastures 40%7 forest and woodland 47%7 and others 

7%. 

A.3.2 Macro Economic Context 

Tanzania is one of the poorest countries in the world. The economy is heavily dependent on 

agriculture which accounts for about 60% of GDP,. provides 85% of exports and employs 90% of 

the work force. Industry accounts for 8 % of GDP and is mainly limited to processing agricultural 

produas (sugar, beer, cigarettes, sisal twine) and light consumer goods. The economic recovery 

program announced in mid-1986 has generated notable increases in agricultural production and 

financial suppon for the program by bilateral donors. Growth in 1991-93 featured a pickup in 

industrial production and a substantial increase in output of minerals led by gold. 

National domestic product (GDP) - purchasing power equivalent - was estimated in 1993 at $16.7 

billion. From these World Bank's estimates the national product per capita for 1993 was about $600. 

National product real growth rate for the same year was ~timated at 3.2 % . The industrial 

production growth rate in 1990 was 9.3%. Mining also plays a strong role in the industrial produce, 

the dominant being diamond and gold mining. Other industries are: oil refinery, shoes,. cement, 

textiles, wood products and fertilizer. 
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Topography and climatic conditiom (frequent draughts) limit cultivated crops to only S% of land 

area. Important cam crops include: coffee, sisal, tea, cotton. pyredu:um (insecticide made from 

chrysanthemums), cashews, tobacco and cloves (Zanzibar). Sipificam food crops are: com, wheat, 

cassava. bananas, fruits, vegetables; small numbers of cattle, sheep and goats. 

• .............. ~·••"Ii ... 

FIGUREA.1 
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Most of the agricultural output is produced by small farmers scattered in small rural communities. 

while the major markets and processing centers for crops, as well as the distnoution points for 

agricultural inputs and fuel, are concentrated in urban centers located at considerable distances from 

each other and from major coastal sea portS. 

A.3.3 The Transportation System 

Because of this spatial distribution of human settlements and of production. transportation and 

communication assume an extraordinarily important role in Tanzania's economic development. In 

addition to its role of integrating domestic markets, Tanzania's transport system provides an outlet to 

the sea for the land locked countries of Malawi, Zambia, Burundi, Zaire and Uganda. In recent 

years. after coffee. the transport sector was the second largest earner of foreign exchange. 

Sector Summary 

The Tanzanian transponation system consists of: 

• A road network totaling about 88,000 Ian. 

• Two railway systetm - the Tanzania Zambia Railway (fAZARA) which links Dar Es Salaam 
with Zambia and the Tanzania Railway Corporation (TRC) which serves the central and nonbem 
regions and provides transit to 7.aire, Rwanda, Burundi and Uganda. 

• Four ocean pcm of Dar Es Salaam. Zanzibar, Tanga and Mtwara, and two inland pons of 
Mwanza and Kigoma. Inland waterways account for cargo and passenger movemems in Lake 
Tanganyika, Lake Victoria and Lake Nyau. 

• A civil aviation sub-sector consisting of Air Tanzania Corporation. several small airlines, two 
international airports and more than 60 smaller domestic airports and air strips. Twelve airpons 
have permanent surf.M:e runways; only 4 of these have runways over 12SOm long. 

• A fleet of road vehicles of more than 100 000, and 

• A 982 km pipeline (crude oil) from Dar Es Salaam to Ndola, Zambia. 

The Road Network 

The road network is by far the most dominant mode of transpon accounting for more than 60% of 

the total internal traffic flows. The network consists of about 3 800 km of paved trunk roads. 6 500 

km of gravel trunk roads, 17 750 km of regional roads and an estimated 30 000 1cm of district and 

feeder roads, mostly improved and unimproved gravel roads. In addition, there are about 30 000 km 

of unclassified roads which are managed by parastatals, national parks and village councils. 
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By mid the 1980's the road network bad become severely deteriorated as a result of inadequate 

maintenance over several years. It was estimated that only 15% of the trunk and 10% of the rural 

roads were in good condition at the stan of the Integrated Roads Project (IRP-1) in 1990. As a result 

of the World Bank funded IRP-1 project the proportion of trunk and rural roads in good condition 

has increased by at least 100 and 50% respectively at the start of this field worlc (1994). 

Vehicles and Trucking Capacity 

There is limited available data on the size of and characteristics of the vehicle population in the 

country. However, the best available estimates suggest a total fleet size of more than 100 000, of 

which~ 47% are private cars and pickups, 40% commercial vehicles, 7% buses and taxis and the rest 

special purpose vehicles. In terms of ownership, the private sector dominates the markets for both 

freight and passenger services. The are no regulatory barriers to market entry and markets have been 

decontrolled. However, for intra-regional traffic, tariffs are still being established thorough a process 

of negotiation between operators and the Regional Transport Coordinating Committees. Similarly in 

Dar Es Salaam, bus tariffs are negotiated between the Ministry of Works, Communication and 

Transport (MWCn and private and public operators. Inter-urban and intra-urban (apart from Dar Es 

Salaam) passenger transponation is provided entirely by the private sector at market rates. 

A.4.0 The Field Work Design and Context 

A.4.1 Scope of the Study 

The scope of this study was to compile all the basic input data required to apply HDM-m in 

maintenance and rehabilitation programs formulation. Two categories of data were envisaged. The 

first category was the type of data required for calibration of the pavement deterioration and vehicle 

resource consumption relationships in HDM-m. The intention was to construct time series sampling 

records from existing data that could be used to model pavement performance and VOC trends. The 

second category constitutes the bulk of HDM-m input data proper. This category was dealt with 

using a questionnaire survey intended to capture cross-sectional data of the regional road networks. 

The study area covered the trunk and regional roads of eleven administrative regions. The study 

regions were Morogoro, Iringa, Mbeya and Ruwma along the T ANZAM and Southern Corridors (see 

Figure A.l). Others are Tanga and Kilimanjaro on the North Eastern, and Shinyanga~ Mwanza and 
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Kagera on Central and Lake circuit. And finally, Lindi and Mtwara along the Southern Coastal 

corridor. The shaded area in Figure A. l shows the geographical distribution of the study regions. 

The selection was not entirely arbitrary. Most of these regions fall in the so called ~core rural 

regions" (under IRP-1); and incidentally all bad some Technical Assistance activities going on. It was 

considered that this sample will be manageable and yet wide enough to include all the imponant 

geographical, geological and climate as well as economical variations prevailing in Tanzania. 

The data compiled constitute very detailed information ranging from road link characterization 

attributes (e.g., alignment, environmental factors, current pavement condition, etc.), to maintenance 

standards and policies, traffic volumes and growth patterns, and vehicle fleet characteristics and 

vehicle operating costs (VOC) data. Appendix B (Study Questionnaire) illustrates the level of detail 

desired on each individual data item. 

Road roughness data was attached a special interest in this study. The justification was that 

roughness values used in most studies, consultants' reports and in regional action plans have 

historically been either purely subjective estimates or measured using an inappropriate approach. An 

example at hand is the recent study on TANZAM Highway Feasibility and Pavement Management 

[DCIL 92)9 where the consultant used HOM-ID to provide economic evaluation of R cl M needs. A 

vehicle-mounted bump integrator was used to measure road roughness on the said project; however, 

it is considered that the calibration of this roughness equipment was not properly performed. 

A.4.2 Respondents' Proffle 

A total of 13 questionnaires were completed, one each for the 11 study administrative regions, and 

two for the two independently managed highway units (T ANZAM and Songea - Makambaku 

Highways). A total of 45 respondents were consulted in person (by the researcher) to complete the 

13 questionnaires. Table Al shows a profile and distribution of the respondents. As seen in the table, 

the number of respondents ranged from 2 to 7 for the regional questionnaires and 2 and 1 for the 

T ANZAM and Songea - Makambaku highway units respectively. The engineering experience of the 

respondents varied from 3 to more than 10 years, most of whom were graduate engineers. 
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TABLE A.I: Prortle of the Questionnaire Respondents 

Reeion/ 
Corridor 

Question Name and OesilDldfon or Respondent 
-naire/1 

Nwnberof Experience/ 
Respondents Education 

Morogoro 01 

Iringa 02 

Mbeya 03 

Ruvuma 04 

Songea - OS 
Makambako 

Kilimanjaro 06 

Tanga 07 

Shinyanga 08 

TANZAM 09 
Highway 

Mwaoza 10 

Kagera 11 

Mtwara 12 

Lindi 13 

Farisi (Asu. PLE), Gumbi (Asa. RRE), 4 
Myovelwa (ME) 

A. Andreski (TA-REO), Shaun Kennedy (TA), S 
Mtigumwe (Asst. RRE}, Byabato (RE) 

Mlaponi (PLE), Kitali (ME), Kisaini {Asa. 7 
RRE}, Kalitwa, (~ PLE), Kissanga (RRE), 
Massaba (TRE), Kipande (RRE) 

Mac Mbwira (PLE), Chambo (RRE), S. 3 
Mwasindila (RRE) 

S. N. Jackson (Unit TRE), C. B. Ayo (Ass. 2 
TRE) 

0. C. Macbange {Asa. TRE), Laizer (TRE), 4 
Harrison (TA to REO), Mkuzu, Asst. RRE) 

Lyakurwa (TRE), Isige (PLE), Beda (RRE), 4 
Lyimo(RRM) 

Mbauka (PLE), G. A. Urio (RRE), E. S. 3 
Malamdi (TRE) 

Kabaka (TRE- Morogoro) l 

Damus P. M. Nakei (PLE), Ronald Lwakatare 3 
(As.g. RRE). D. Whatley (TA-REO) 

Kyaruzi (Asst. RRE), - (TRE) 2 

Kyomo (TRE), H. Swalehe (Asst. RRE), 4 
Nkine (ME), Masele (PLE) 

Kulaya (Asst. TRE), I. M. Byemerwa (RRE), 3 
Chekachene (TRE) 

3 - 10 years, Adv. 
Diploma. B.Sc. 

S - 10 years. B.Sc .. 
M.Sc. 

3 - 10 years. B.Sc. 

S - 10 years, B.Sc .. 
M.Sc. 

3 to S years. M.Sc. 

5 to 10 years, B.Sc. 
M.Sc. 

3 to S years, B.Sc. 

S - 10 years. B.Sc. 

S - 10 years, B.Sc. 

3 - 5, 10 + years. 
B.Sc. M.Sc. 

3 - S years, B.Sc. 

3 - 5 years, Adv. 
Diploma, B.Sc. 

3 - S years, B.Sc. 

Key: ME = Materials Engineer. PLE = Planning Engineer. RE = Regional Engineer. 
RRE = Rural Roads Engineer. TRE = Trunk Road Engineer. Asst. = Assistant. 
TA-RED= Technical Assistance to the Regional Engineer's office. 

A.4.3 Statistics of the Key Data 

Link characterization data compiled in the study covered a total of 66 paved road links constituting a 

total of 2750 Ian of roads. Table A2 shows a summary distribution of the paved road characterization 

data. Out of the 66 total links, 48 links (1671 km) were roads under REOs' jurisdictions and 18 links 

( l 083 km) were under the two independent highway units. The table also shows that the principal 

pavement types in the study regions are surface dressing (61 %) and asphalt concrete (39%). 
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A.4.3.1 Profile of the Link Cbaracteri7Jltion Data 

TABLEA.2 Paved Link Summarized by Region 

Region / Corridor Number Total Mean (Mipted) Meu(weiabted) Surface Type 
ofIJnks Lqtb(km) Widlb(m) Shoulder (m) '5SD CJJAC 

Kagera l 33 6.S 1.5 100 

Kilimanjaro 12 306 6.0 1.0 100 
Lindi 3 90 6.S o.s 100 
Mbeya 8 106 6.7 1.3 4 96 

Morogoro 2 262 6.7 1.5 100 
Mtwara 2 112 6.5 1.0 100 
Mwanza 8 164 6.0 1.3 98 2 

Ruvuma 1 20 6.5 l.S 100 
Shinyanga 3 197 6.S 1.4 100 
Songea - Makambaku 3 295 6.S 1.2 100 
Tanga 8 381 6.0 0.9 50 50 

T AN2AM Highway 15 788 6.8 l.S LOO 

Total or Average " 2754 6.46 1.25 Q).7 39.3 

Key: TANZAM =Tanzania-Zambia Highway, SD= surface dressing, AC= asphalt concrete. 

TABLE A.3 Unpaved Links Summarized by Region 

Region Number TotalLqtb Mean (weighted) Mean (weighted) 
of Links (km) Width(m) Gravel Layer (mm) 

Iringa 33 1352 4.9 ss 
Kagera 19 1226 S.4 25 
Kilimanjaro 21 490 4.9 130 
Lindi 14 982 5.6 100 
Mbeya 43 1332 S.3 110 
Morogoro 39 1071 S.2 120 
Mcwara 22 1106 4.6 140 
Mwanza 60 1300 4.7 so 
Ruvuma 35 1571 4.S 6S 
Shinyanga 22 790 6.4 40 
Tansa 26 966 5.1 80 
Total or Averaae 334 12186 5.1 80 
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A.4.3.2 Summary of the Roughness Data 

Roughness data was measured on a sample basis from all the eleven study regions. As shown in 

Table A3 a total of 2488 km of roads were meuured at an overall sampling rate of 82%. The table 

summarizes the distribution of the roughness measurements over the study region. It also shows the 

weighed average link roughness values for the study regions. Table A4 shows the mean, the standard 

deviation and the 95% confidence interval of the roughness observations on the paved road links. 

TABLE A.3 Rougbn~ Measurements Distribution Over the Study Area 

Link Paved Total Lenath Sampling MeanRoll&lmes 
Lenath (km) (km) Rate (Rimm/km) 

Kagera 0.0 90.50 89% 6449.74 
Kilimanjaro 177.2 238.20 69% 3574.72 
Lindi 63.4 288.60 68% 6364.S9 
Mbeya 25.0 308.40 100% 7532.30 
Mtwara 100.5 277.50 66% 5292.42 
M,"anza 95.0 237.00 64% 5124.13 
Shinyanga 136.5 173.S0 59% 5124.13 
Tanga 32.5 96.00 100% 5160.47 
Tanzam Highway (Dar .. Iyayi) 714.5 714.50 100% 2131.75 
Total (or Weighted Mean) 1344.6 2424.2 82°/4 4483.94 

TABLE A.4 Summary of Paved Litau Roughness Data 

Link Rou1bDeS1 (Bl mm/km) Ranae (95'1 Confidence) 

Mean STD. DEV. Lower Upper 

lsaka - Bu.kombe • Lusahunga Road (l/4) 3597.7 368.3 2875.9 4319.5 

Isaka - Bu.kombe • Lusahunga Road (214) 2582.4 207.S 2175.8 2989.1 

Isaka - Bukombe - Lusahunga Road (3/4) 3506.S 473.5 2578.5 4434.6 

Isaka - Bukombe - Lusahunga Road (4/4) 4306.2 628.l 3075.1 5537.3 

KMT (Arusha Rd. jctn.) - Macbame Road 4456.0 1113.6 2273.3 6638.8 

Masasi - Naganga (Lindi brd) (1 of 2) 2757.1 713.9 1357.8 41S6.4 

Masasi - Naganga (Lindi brd) (2 of 2) 2640.7 360.5 1934.1 3347.4 

Mingoyo - Masasi Road (1 of 2) 2647.2 394.0 1875.0 3419.S 

Mingoyo - Masasi Road (2 of 2) 2902.4 817.7 1299.7 4505.2 

Mkomazi - Same - Himo Jctn (1 of 2) 3907.6 763.2 2411.6 5403.5 

Mkomazi - Same - Himo Jctn (2 of 2) 2316.S 423.1 1547.3 3205.7 

Mtwara - Lindi Road (1/2) 4738.7 1263.9 2261.4 7216.0 

Mtwara -Lindi Road (2/2) 34S7.0 997.0 1502.9 5411.2 
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TABLE A.4 Snmmary of Paved Links Rouglme. Data (continued) 

Link Roqlmess (Bl mm/km) Ranae (,Sff, Confidence) 

Mean STD.DEV. Lower Upper 

Musoma • Mwama (1/2) 3444.9 330.9 2796.4 4093.4 

Tanga • Segera • Cbalinze Rd(l ofl) 1341.4 742.S 775.O 2796.6 

Tanga - Segera • Chalinu Rd (2 of 2) 1577.9 212.S 1161.S 1994.4 

Tanzam Highway (Dar Es Salaam to lringa) 1855.S 1629.0 780.0 5048.3 

Tanzam Highway (lringa to lyayi) 2786.S 1119.2 91S.l 4980.l 

Tanzam Highway (Uyole to Mbeya) 2052.9 210.6 1640.3 2465.6 

Tanzam Highway (Tunduma to Mbeya) 1752.9 165.2 1429.l 2076.7 

Uyole to lbanda (Malawi Road) 1752.9 165.2 1429.1 2076.7 

Minimum Link mean value 1341.4 165.2 775.0 

Maximum Link mean value 4731.7 1629.0 7216.0 

A.4.3.3 Summary of Vehicle Operation Cost Survey 

The vehicle data was collected from eight regions (see Table AS) and consisted of a total of 44 

records ranging from 3 to 13 vehicle class types per region surveyed. Table AS also shows that data 

collected ranged from 2 to 14 per vehicle class. Tables A6 and A7 present summaries of the key 

vehicle operating data by vehicle model and by MWCT vehicle classification respectively. 

TABLE A.5 Distribution of voe Data Respondents 

Number of Respondents per Vebide Cl&u 

Region Car Pickup L.Bus S. Truck L.Truck Semi Trailer Full Trailer Total 
Morogoro 2 l l 2 l 7 
[ringa l 1 l 2 7 l 13 

Mbeya 2 1 3 
Ruvuma 3 l 4 
Shinyanga l 3 4 

Mwanza 4 3 7 

Kagera l 2 3 
Mtwara 2 1 3 

Total 3 I 2 5 14 1 5 44 

Key: L = large; S= Small= less than 25 passengers(bus)I less than S tons (truck) 



TABLE A.6 Summary of the Vehicle Operatin~ Costs Data 

Vehicle Model Payload No. of Axles Iii!! ~ Rates of Consumption §oy[s• fiDD 
Fuel Lubricants Dru 

BENZ2824V8 38 8 22 80,000 0.400 0.0058 0.0055 M/SF.M.ABR 

Benzi2828 40 6 22 50,000 MIS S. T. ABRI 

Comet 16-14 10 2 6 19,300 0.330 0,0003 SHIRECU 

DAFAVM2100 10 2 6 34,000 0,240 0,0002 SHIRECU 

DAFFA 1800 8 2 6 43,700 0.270 0,0002 SHIRECU 

GORICA I 72,000 IRINGARETC 

GORICA 15 3 12 MBEYARETC 

HINO FF173K 7 2 8 100,000 IRINGARETC 

HINO FF173K 7 2 8 0.350 0.0085 0.0003 MBEVARETC 

Isuzu CVR 11K 10 2 8 0.◄20 0.0047 0,0002 KAURU(Ruvu 

Isuzu FTR a 2 8 38,000 0.450 0.0002 MtwaraRETC 

Isuzu FTR 11 K I 2 8 0.420 0.0053 0.0002 KAURU(Ruvu 

Isuzu FTR, 11 K a 2 8 31,500 0.400 0.0105 0.0000 Moretco 

Land Rover 10 2 4 80,000 Msura garage/ 

MITSUBISHI F 30 5 18 48,400 0.900 0.0023 0.0009 Moretco 

Mitsubishi FV 4 30 8 22 0.470 0.0124 0.0002 KAURU(Ruvu 

Mitsubishi FV 4 30 3 10 54,000 0,700 0,0003 Mtwara RETC 

MITSUBISHI F 15 8 22 0.900 0.0208 0.0009 MBEYARETC 

MITSUBISHI F 15 s 18 72,000 IRINGARETC 
, . ..., --.t:, 



TABLE A.6 Summary of the Vehicle Operating Costs Data (continued) 

Vebl!il• M!Ht•I !Dlil!t ~g. If A!III Iirll Rates of Consumption §oyrafl!Dl 
Fuel Lubricants Tires 

Nissan CKB 31 10 2 8 48,000 0.550 0.0002 MtwaraRETC 

Nissan CKB 31 10 2 8 0.470 0.0049 0,0001 KAURU (Ruvu 

NISSANCKB3 10 2 6 0,500 0.0109 0.0003 MBEYARETC 

NISSANCKB3 10 2 6 108,000 IRINGARETC 

Nissan OKB31 10 2 6 46,000 0.500 0.0013 0,0002 Moretco 

Peogeot404 2 4 225,000 Msuya garage/ 

Peogeot 504 2 4 Mindu Tours (Ir 

Peogeot504 2 225,000 Msuya garage/ 

SCANIA 93 40 8 22 40,000 MISS. T. ABRI 

SCANIA 113E 42 8 22 60,000 0,600 0,0058 0,0055 MISF. M.ABR 

SCANIA 143 50 8 22 40,000 MIS S. T. ABRI 

SCANIA F.83H 11 2 8 150,000 M/SCOMFOR 

Scanla HR83 F 2 8 208,000 Hood Bus Se,v 

Toyota UC HJ7 2 4 70,000 0.127 0,0001 SHIRECU 

VOLVO 50 5 18 50,800 0,0018 MIS S. T. ABRI 

VOLVON12, V 50 8 22 80,000 0.700 0.0082 0,0055 M/SF. M.ABR 

Mean value 2D 11 71,0&S 0.415 0,0073 0.0010 



TABLE A.7 Vehicle Operating Costs Data Summarized by Vehicle Type 

MoWVehTypc Payload Numof Asle1 Ann Jin Driven Fuel Rate Engine Size Lubricants rate SourceCompany 

0 

9 IRINGA RBTCO 

IS 3 MBEYARETCO 

12 3 

I 

2 2,400 1,680 Msuya garagrJ Mara T 

2 2,400 1,680 Msuya pragrJ Mara T 

2 1,971 Mindu Tours (lringaO 
I 

2 2,400 1,777 

2 

2 2,000 2,000 Msuya garage/ Mara T 

2 0,127 3,980 SHIRECU 

2 2,000 0.121 2,M 

4 

2 2,770 9,000 Hood Bus Services Ltd. 

II 2 2,250 9,800 MIS COMFORT LTD 

II 2 2,510 ,,400 

1.1 
1..1 



TABLE A.7 Vehicle Operating Costs Data Summarized h)' Vehicle T)'P(' (continued) 

MoW VebType Payload Numof A:iles Ann Hrs Driven Fuel Rate Engine Size Lubricants rate SourceCompany 

6 

7 2 0,350 6,443 0,0085 MBEYARETCO 

7 2 6,400 IRINOA RETCO 

8 2 0,450 S,785 Mtwara RETCO 

8 2 0,420 S,785 0,0053 KAUI\U (Ruwma Rctc 

a 2 0.400 5,785 0,0105 Morctco 

8 2 0.270 6,000 SHIRECU 

10 2 11,600 IRINGARETCO 

10 2 0,240 6,571 SHIRECU 

10 2 o,soo 11,670 0,0109 MBEYARETCO 

10 2 0,550 11,670 MtwaraRETCO 

10 2 0,500 11,670 0,0013 Moldm 

10 2 0,420 0.0047 KAURU (Ruvuma Rctc 

10 2 0,470 11,670 0,0049 KAIJRU (Ruvuma Rccc 

10 2 0,330 6,'71 SHIRECU 

' 2 0.408 1,271 0.0066 

7 

31 6 0,400 0,00.56 MIS F. M. ABRI 

40 6 9,000 MIS S, T, ABRI 

40 6 1,400 MISS. T. ABRI 

42 6 0.600 0,0058 MIS F, M, ABRJ 
1::1 
1-.J 



TABLE A.7 Vehicle Operating Costs Data Summarized by Vehicle Type (continued) 

MoWVebType Payload Nurnof Ades Ann Hn Driven Fuel Rate Engine Size Lubricant• rate SourccCompany 

50 s 1,300 0,0011 MISS, T, ABRI 

50 6 0,700 0,0082 MIS F. M. ABIU 

50 6 MISS. T, ABRI 

44 6 l,JSO 0.567 9,000 O.OOSJ 

• 
15 s 16,000 IRINGA RETCO 

15 6 0.900 16,031 0,0206 MBEYARETCO 

30 3 0,700 14,886 Mtwara RETCO 

30 5 0.900 14,186 0.0023 Morctco 

30 6 0.470 16,031 0.0124 KAUR.U (lluwma Retc 

24 5 0,742 15,567 0.0111 

GnndMeau: 
20 3 2,074 0.415 1,637 0.0073 
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QUF.SnONNAIRE FOR UPDATING TRUNIC (& REGIONAL) 
ROAD INVENTORY DATA FOR PLANNING REQUIREMENTS 

Region or Office: 

Persons Interviewal: 
[nrerviewcr: 

Date: 

11\IRODUCTIQN; 

Questionnaire ID _____ _ 

225 

Thank you for agreeing to be one of our valuable respondenrs to this questionnaire survey to establish road 

maintenance and_invcnrory data. 

This research is being undertaken joindy between the Minimy of Communication and Worb, NationaJ 

Construction Council (NCC) and the University of Waterloo in Canada. Allhough it is primarily part of a PhD 

thesis research by Mr Mrawira. it is also a response to one of Ministty's immediate re.warch ~. particularly 
under the current Management Action Group (MAG) objectives. 1be purpose of the study ba:d on this 

questionnaire is to compile updated road netWOrk charaaeristics and inventory data required for planning and 

programming maintenance and rehabilitation investments. The target roads are the trunk: and regional networks. 

The primary objective of the merall restarch w to calibrate a simplified methodology b8.1ed on the World Bank's 

HOM-ID model for the specific application in maintenance options analysw in Sub-Saharan Africa. The research_ 
will, in e.uence, attempt to dewkJp seas of dmult input parameters for the HDM model that can eventually be 

used to speed up ~ process of input files preparation for maimenance and rehabilitation needs analysis. It is 

anticipated that such an approach will make the HDM model more euily adaptable in day to day planning, 

programming and budgeting applicatiom for Regional Engineers as well u Ministerial needs, and therefore offer a 

valuable improvement in pawment managemem technology in, not only Sub-Saharan Africa but in all low-income 
countries. 

Given the above research gem, the use of die dala collected in this effort is comidered very c:enual ID both the 

success of the ~ itself and the validity of the simplified model for your region. We therefore request you to 

provide the information aked in this questionnaire • carefully and a accurare u possible. In cme you are not able 
to provide an answer based on records to any given quation9 please provide an e.1timare and mark it u personal 
estimate. 

qp/ 
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BQAQ QWlACfflU$TIC$ ANP LINK QRIND'IQN 

1. A link is defined a a road lengdl with dwt ynifgnn Piffle duoughout iL1 entire length; ~ a stt:tion of a 
link has uniform road geometry. pavement type. dime and condition.. 

1.1 Paved Roam Link Charaderistics: For die main ttunlc/ regional roads. provide the following 
information foe each individual road link; aaach lllCR sheets if na:esmy. 

Road Lillk(&(ff ori&fa ud dadlladall foradl) 

lnfol'lllatioa 0: 
D: 

Tr:iffic: \'Olumc (AAD11 

Road Length (km) 

Average rainfall (mm/yr) 

Rise plus fall (est.) 

Horizontal c:urvabft (at.) 

Carriageway widda" (Ill) 

Shoulder width (m) 

Surface type' 

Thickness or surface ~ (mm) 

Thicknes.s oC old sur£. ra,'CC' (mm) 

Thickness of base laya(s}4 (111111) 

Subgrade CSR (or SU'ellgdi est.) 

StrUCtural number. SN 

Benkelman ddleclion (link ave) (mm) 

Year of last Deflection mcaswement 

Area cnckcd (9/4) 

Area lil\'dlcd (9/4) 

Area pothole (%) 

Mean rut dcpda (mm) 

Likely error in rut dcpda (%) 

Year last consar arowalay 

Year last raealcd 

Roughness (or riding quality csr.t 

Roughness Unit 

1 Surface rreatnrat. hot rolled tlSphalt. etc. 
1 If the road lras bftll raw,faad. plcaa gtw ,_ most 'ffat layer thidnu.r. 
1 This rrprau,ts a n111atiot1 wlwn tM original a,fa« lr11t1e 6ffJf rurnft1t,2d or ovulaid. 

' In a sihlatiatr wkrr a btlS6 la,wT p/llS tlllOIMr (s,,IJ./JO#) ltl)'U of,~, q11ality IIUllmal ,nay lutv. bcc11 ll#d. 

5 If actllal munbu is (ltlai/abl~ liu /ntffltational Ra11glmus Inda (/RI) it am be used; othawi2 a subjeaillc Ulfmate of vay 
good. good.fair. poor or vr,y poo, ca,, be ll#d. 



1.2 UnpaTed Raads Link Cbanderistia: For lnlDk or regional mads netWOrt. plme provide die following 
information. for each individual road link; aaach aft sheers if necessary. 

RNd l.fak(Ori&fawl Deida.,_) 

lafonulioa 0: 
D: 

Traffic volume (AADT) 

Road Length (Ian) 

A\'croge rainCall (mm/yr) 

Rise plus fall (est.) 

Horizontal auv.dWe (est.) 

Carriageway width (m) 

Shoulder width (m) 

Oravcl type (volcanic:/1alcritic) 

Oravel thickness (mm) 

Initial rou~ . 
Roughnes.t Unit 

Material Qrooenies g[sur&oe a:wet: 
Pere. passing at skws: 2.0 mm 

0.425mm 
0.015mm . 

Plasticity index 
Minimum and maximum rougbncss1 

Material l!ronenies g(lm! unet: 
Pere. passing at siaa: 2.0 mm 

- 0.425mm 
0.075mm 

Plasticity index 

Minimum and maximum roughness' 

¥ecbanical compac;aio,:I (Y or N) 

Year last constr. or rcgrawdJed 

Year last rabapcd (deep pading) 

Subgrade CBR (or stralgtb est.) 

6 src footnote S IDtdu q,,ation I.I. 
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1 Tlie ro'llghnus and ranp ofrouglmus oftlte srufoa isji,ndion of for aa,,ple material p,oputiu. gh¥ tile poaib/c range of 
valua for the material. 
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1.3 The following questions relate to your wwers to 1.1 and 1.2 above. Please mark [with x) the most 
appropriare respome: 

1.3.1 How WU the horimnlal curvao.e for each link olxained? • 
[A] personal estimare or guess 
[BJ ftom design drawings or comttudion records 
[CJ other (plme specify) 

1.3.2 How were the pavement layer thicknems estimaltd'l 
[A) personal estimate or gum 
[B] from design drawings or comtruction re.cords 
[CJ core drilling. dynamic sounding, or other non-destructive method. 

1.3.3 Does your agency conduct regular visual impection to estimate pavement condition (cracking. 
ravelling, damaged~ pot-holing, etc.) □ Yes □ No 

If yes to 1.3.3 then. amwersub-quc:stiors 1.3.3.1 to 1.3.3.4; ocherwise skip. 

1.3.3.l Which paved road pavementdimesses are normally evaluated. Mark [x) all applicable. 
[A) aacking LBJ ravelling [CJ podloles [D] rut depth [E] area damaged. 

1.3.3.2 Which unpaved road disttmes are normally evaluared? Mark [x) all applicable. 
[A] gravel loa [BJ corrugatiom . [CJ dmting 
[DJ rutting [E] general damage [F] potholes 
[OJ comfortable speed [HJ other (specify) ______ _ 

1.3.3.3 How frequent arc the road impectiom'l Marie [x] the most appropriate. 
[A] never [BJ for rehabilitation design only 
[CJ once biannually or less [D] once annually or more. 

1.3.4 How often does your agency conduct pavement strength evaluation (e.g .. deflection)? 
[A) ~ [BJ for overlay or other rehabilitation design only 
[C] once biannually or le.u [DJ once annually or more. 

1.3.5 Does your agency conduct pavement riding quality or roughness 
evaluation? 

If yes to 1.3.6 then amwer sub-questiom l.3.5.1 and 1.3.S.2, otherwise skip. 

□ Yes □ No 

1.3.S.1 Stare the equipment used for roughness measurement: _______ _ 

1.3.S.2 What is the bquency of roughness measurement1: 
[A] never [BJ for overlay /other rehabilitation design 

• .,.. [CJ once biannually or Im [DJ once annually or more. 

qp4 
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MAIN'J'EN&NCI stMQ>Uffi: PQYCJI§ Mfl mm: COSTS 

2.1 Please provide the most ra:cnt unit mm of individual road mainfmulc:e oper;uions or C&1b (ba1ed on. for 
example, conttact bids or fixte-aa::ount raaes). Aaach more pages·if necessary. 

Ullit 0111 a(dae MaiateAIICe Openlioa by 

Maiacenaace Operadoa or Work Applicable Applicatfaa Vllittl EcNomic1 Fl■ucial' Fordca 
Type Sarf.e Crilerioa Ma.re EKll•&ie ,..__,_,. -

Cold/hot mi.~ patching 
.. - - Tsh/sq. m. 

Slurry seal. rcscal? Tsb/sq.m. 

Single surface dressing (8 .. 12mm) Tsb/sq.m. 

Double surface dRssing (20..JOmm) Tsh/sq. m. 

Hol mi-< asphalt overlay 25mm Tsb/sq.m. 

Hot mix asphalt overlay 40mm Tsb/sq.m. 

Hot mix asphalt overlay 50mm Tsb/sq.m. 

Routine maintenance (ancl signs. Tsblkmlyr. 
vegetation. drainage. roadside. CIC.) 

Light grading gmel rd ({2.S rr/m) Tsblkm 

Heavy grading grncl rd 02.S m3/m) Tsbllan 
Regravelling somm Tslllkm 
Regravelling 75mm Tsbllan 
Regraveling 100mm TsMml 
Spot rcgravelling Tsbsfm' 
Light grading earth roads TsMan 
Heavy grading canh mads Tsblkm 
Other (specify) 

2.2 A mainte~standard is defined a a set of operaliom with definite intervals or other criteria to determine 
when to carry ~m out. What are the fflQ5t common criteria in your agency? 
[A] faxed time inteMI [BJ der.erioration level [C] weighted by aaffic 
[DJ cumulative axle load F.SAL [EJ ocher {specify) ___ _ 

2.3 What is the tocaJ number of kilomeaes of road (by elm or surface type) under your jurisdiction? 
[A] Paved trunk roads ____ [BJ Unpaved trunk roads 
[q Paved regional roads ____ [DJ Unpaved regional roads 

2.3.1 What is the minimum annual level of road maintenance funds requirements for your region? 

1 Economic cosu reprue,,t d,e value of goods or SU'tlicu wlta Ille •• S!Odol s«rificu or oppo,111nitiu forqone to delivu 
th~ goods or S611ica an considend. 

9 ..Is oppo2d lo ~conomic costsji11011dal costs reflect 1M act11al nro,rey paid ill renmrfor goob or savicu. wl,~ther t~ dutiu 
art applicable or not. 
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2.J.2 How far is your region·s annual mailllenance budget lads are normally mea 
[A] SO~ or less [BJ 60 ro IOS [CJ SOS or mare 

2.3.3 Does your agency keep any cust records for compad and or ongoing maintenance and rehabilitation 
works? C Yes □ No 

2.4 Does your office mainrain cormuction com data. and vehicle operating costs darabasi fmitiared in IRP-ll)? • c~ □~ 

Part 3 TRAfflC VOLUME AND GRQWIJI CHARACTERISTICS 

3.1 For each road link provide the most recent traffic dara in renns of annual average daily tratric (MDU 
cl~ified into the following vehicle typeS (attach extra sheet if necessary): 

Road Link Awtnce D11ly TraKac forftllicle type: 

Oripn DcstinatiOII Pfdmp ... .. Tnca Trucks Seai l'uD 
lJR <25p >2!p <St >!t Trulcr Truler 

3.2 What is the likely ttaffte growth trends in )'OUr" region for the next 20 years? In the table below give growth 
projectiom indicating the periods with different growth rata. 

Tratrac Grawdl Rates (ia %) for vehicle type: 

Tnflic Growtll Period Car Pidaltt .. ... Truck Tndt Semi ,... 
lJR <25p >25p <!t >St Traaler Trailer 

Growth Period l (0 • 5 )UIS) 

Growth Period l.(.S -10 years) 

Growth Period 3 (10 - 15 years) 

Growth Period 4 ( 15 - 20 years) 

3.3. l How often does your agency conduet traffic suneys? 
□ never C for rehabilitation or new road design only 
C once biannually or less C once annually or more 

qp6 



J.J.2 What is the common method of aaffic suney? 
[A) 12-bours 7-days spot COUDIS 
[BJ 12-hours 3-days spot counts 
[CJ 16-hours 7-days spot coun• 
[DJ 16-bours 3-days spot COUIIIS 
[E] Olher methods (pleme specify) _________ _ 

3.3.3 Does your ttaffic dala include observation of seasonal variation? 

3.3.4 Are axle loadings dara collected as part of your traftac surveys? 

3.3.5 What will you estimate as the accuracy of the traffac (AA.OT) data? 

□ Yes C No 

□ Yes CNo 

□ 10" or less error C 10 - 20~ error □ 20 - 40" error □ 40S or more error 

3.3.6 How accurate would you put the trafite growth rares at? 

C 30~ or less error □ 30 - 60S error a 60S or more error 

VEHICLE FLEET CHARACTERISTICS ANQ UN[[ COSTS1
• 

231 

4.1 For each of the main corridors or road clmcs in your region give your ~ of the average 
characteristics of a typical vehicle in each class below. 
Firm/organisation _______________________ _ 
Applicable road classes or corridors __________________ _ 

10 This section would itlnJly be addrased ta rupondats ftom local trompartlng COlllpaniu. &.6-. taJti operatan. 'illlh4id•' 
owners. 1n1clcingjinns. etc. /f hownu. the Regional Engineen OJJice cannot adtlice the interviewer of ~pured transport jinns 
in the region. Iha, it is requested ta p,ovide utlmated response to dris scctiatt. 
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Vellick TypeorClul 

Velaide Cbnderilaic Car Pidalp .. ... T,_.. Tnacka Sad- NI 
UR <Up >2!. <St >5t Trailer Tnller 

Maximum engine power (mane HP) 

Gross vehicle weight (IOIIIICS) 

Number of axles (or Cira) 

Average Axle or (axle-group loads for 
each vehicle class 
Financial Uait Cosu: 

Cost per new vehicle 

Cost per new tire 

Vehicle repair rabour cost per hour 

Dri~r & ~ salary per hour 

Annual O\Ubead/aanding cost 
Interest ra1e on new vehicles 

Gasoline price~ liue 

Diesel price per litre 

LubricanlS cost per litre -
Cargo delay charges per..-ch-hour 
Annual kilometres driven perveb 

Estimated vehicJe life in years 

Hours driven per year 

Number of passengers per\'Chicle 

Economic Unit costr. 

Cost per new vehicle 

Cost per new me 
Vehicle repair labour cost per hr 
Driver & cn:w sawy per hour 

~ual CMrbcadfSlinclng cost 

lnlcrcSt ra1e on new ~cles 

Gasoline price per litre -

Diesel price per litre 

Lubricants cost per litre 

Cargo delay charges per'VCh-bour 
Annual lcilomcues dmu per vch 

Estimated \/Chicle life in years 

Hours driven per,ar 
Number of passengers per vducle 

Choose the appfllPriai# \'Chicle usage: Km 
CoDSlalll kilomcues driven per year 
Constant bows of use per year 

Hr 
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The Pre-processor Flow Chart and Source Code (C + +) 
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FIGUREC.I 

No 

Open design data file 

No 
-.:>------+1 Abort program 

Open HDM-m input file for appending data 

Format data into HDM-ID input 
file (link characterization) 

Other HOM input 
files (fixed) -------

Update 
output 
request 

RunHOM-ID 

other 
outputs 

Extract NPV /LCC values for each strategy 

Write NPV/LCC summary file _______ _, 

The pre-processor (for computing the tksign dais through HDM-111) flow chan 
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The Pre-processor C + + Source Code 

I* REVISED April 19. 1996. By Donath Mrawira *I 

I* This Program is a Preprocessor for Series A, HDM-lll Model input file *I 

/* The program reads from a file "SOURCE.DAT" an array of 39 values *I 

I* Arranged in 7 columns times 6 rows where the first value is used as a label *I 

I* The program writes out thefonnattedfile "PAVE0A.TXT" and then calls the *I 

I* Model by a batch call "runhdm.bat < run.at". Both RUNHDM.BAT and RUN.TX£ *I 

I* Have to be in same directory. Also, the other 6 HDM-111 input files (listed *I 

/* in run PA VE0R. TXT file) must be present. *I 

I* The program next reads the HDM-111 output file "REPORT. OUT *I 

I* First it extracts Undiscounted Economic Cost Totals Under "Cap+Rec", Existing */ 
I* voes" and "Total Econ. Costs". The values are written to file: "CONDITN.DAT *I 

I* Then it extract NPV values to another file: OUTPUT.DAT.. *I 

I* Note that if the files CONDITN.DAT and OUTPUT.DAT exit they will be appended. *I 

I* For each new run of an experimental batch, the user has to move or rename */ 

I* the files SOURCE.DAT, COND/TN.DAT and OUTPUT.DAT *I 

I* This version assumes (base, surface) combination: (I. 2), i.e. *I 

I* Asphalt Cement (AC) on Granular base*/ 

/************************************************************************* *I 

#include <stdio;h>~ 

#include <-li~i: 
#include-._~string:jf~ 

#include ~stdliJi;J(~~ 
#include <conj@~; 
#include <p~~_!h~ 

void cost_sum(int case_num); 

void extract(int case_num); 

void mainO 

{ 

ALE *fp _ data; /* pointer for the Series A source data *I 

ALE *fp_format; /* pointer for thefonnotted Series A data *I 

char input_str[lOOO]; /* pointer for reading one line of input *I 

char temp_ input(300J; 

noat xf[39]; J- an array variable/or breaking down the line string i1110 ind. values *I 
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char temp_str(20J; 

int count.loopvar: 

int num _lines =O; 

t-- counter variable *I 

fp_data=fopen("source.dat", "r"); 

if (fp _ data= =NULL) 

{ 

printf("Error. Cannot open the input data file\n"); 

printf("Exiting\n "); 

abonQ; 

} 

while ((fgets(input_str,500,fp_data))! =NULL) 

{ 
/CC Get a string of data *I 

/CC And the next six lines as well, because one set of data is in a 7 lines *I 

ror (loopvar= l;loopvar <7;loopvar+ +) 

{ 

fgets(temp _ input.300,fp _ data); 

strcat{input _ str ,temp_ input); 

} 

/CC Now break the data down into individual floating point numbers *I 

strcpy{temp _str.,strtok{input_str," \n")); 

/CC throw the first item out. It is a line identifier *I 

for (count=O;count<39;count+ +) 

{ 

strcpy(temp _str ,strtok(NULL, .. ")); 

xf[count] =atof(temp _ str); 

} 

Ill Now write the data to file *I 

fp _format=fopen("paveOa.txt", "w"); 

if (fp_format= =NULL) 

{ 

fclose(fp _ data); 

printf("Error cannot open the output file for writing the formatted data\n"); 

printf("Exiting\n "); 

abortQ; 

} 
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fprintf (fp_format, "LINK T703Nyanguge - Magu l Al0l \n"); 

fprintf (fp_format, "SECTION l 26.0 Al02 \n•); 

fprintf (fp_format. " SECTION DATA P ALL A201 \n"); 

~ now lets write in HDMformat the read variables into the file "pavela.txt" */ 
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fprintf (fp _format, " ENVIRONMENT %6.4f %6. lf A202 \n" ,xf(0]/1000.,xf[ l ]); 

fprintf (fp format. "GEOMETRY %6.lf %6.lf%6.3f%6.2f%6.4f%6.4f A203 

\n" ,xfl2),xf[3),xfl4],xfIS].xf[6],xf[7]); 

fprintf(fp_format, "SURFACE PAVO 2 1 1 %6.lf%6.lf A204 \n",xf[8],xf[9]); 

fprintf (fp format, " BASE/SUBGRADE 1 %6.lf l %6. lf%6. lf%6. lf A20S 

\n" ,xf[l0],xf[l l],xf[l2],xfll3]); 

~ select strength code: and insen corresponding values of SN or DEF *I 

if (xf[l4] = = l) 

{ 

else 

fprintf(fp_format. "STRENGTH PARAMETERS l %6.4f %6.2f A206\n", xf[l5), 

xf[l6]); 

} 

{ 

if (xf[l4] == 2) 

{ 

else 

fprintf (fp_format, " STRENGTH PARAMETERS 2 %6.4f A206\n", xf[lS]); 

} 

{ 
fprintf (fp_fonnat, " STRENGTH PARAMETERS 3 %6.2f A206\n" ,xf[l6]); 

} 

} t- end if for strength code *I 

fprintf (fp_format .. " DETERIORATION FACTORS %6.3f'l6.3f%6.3f%6.3f%6.3f %6.3f 
%6.3f A208\n" ,xf[l7],xf[l8t.xf[l9],xf[20],xf[21],xf122],xf[23]); 

fprintf (fp_format, " CONDmON %6.lf%6.lf%6.lf%6.lf%6.lf%6.2f%6.3f%i 
A209\n" ,xfl24),xf[25],xf[26],xf[27],xf[28J,xf[29),xfI30),(int)xf[31]); 

fprintf (fp _format, " HISTORY %6i%6i%6i%6.2f%6.2f%6. lf%S. lf A210\n" .. (int)xf[32], 
(inc)xf[33J, (int)xf[34], xf[3SJ,xf[36], xf[37], xf[38)); 

fprintf (fp_format, "END LINK A21 l \n"); 



fprintf (fp_format. "END SERIES A212 \n"); 

fclose(fp _fonnat); 

I* Now call the HDM-1/1 program by DOS Command. Note that the batch file *I 

I* RUNHDM.BAT must be in the same directory as this code. The batch.file is also *I 
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I* modified to supply the run controljile. by adding the line "C:\PATH\HDMJ.EXE <RUN.TXT•; *I 

I* Where "RUN.IXT" is another text.file with.filename/or *I 

I* run control; and PATH= directory of HDM executable.files. *I 

if (syscem("runhdm")== =-1) 

{ 

printf("cannot run bdm\n "); 

printf( "Exiting\n "); 

exit(O); 

} 

I* Now call the codes which extracts the data from the results file *I 

printf("Number of runs so far:%i\n", + +num_lines); 

cost_ sum(num _lines); 

extract(num _lines); 

} /* end while loop *I 

fclose(fp _ data); 

fclose(fp _format); 

exit(O); 

return; 

} /* end main*/ 

I* The following code extracts the undiscounted Cost Summary for ,rRepon.out ,r file *I 

void cost_sum (int case_num) 

{ 

FILE *fp, *fp3; 

char inp_str[lSO]; 

noat trf[SO]; 

char tmp_str[20]; 

int count =0; 

int found; 

int linkid =0; 

fp =fopen("report.out", "r"); 

fp3 =fopen("condim.dat", "a+"); 



if (fp= =NULL) 

{ 

printf("Error! Cannot Open Results File!!\n "); 

abonQ; 

} 

if (fgets(inp_str,500,fp)= =NULL) 

{ 

return; 

fprintf(fp3, "Case #%i NA NA NA NA NA NA NA NA", case_num); 

fprintf(fp3," NA NA NA NA NA NA NA NA NA NA NA NA\n"); 

fclose(fp3); 

fclose(fp ); 

} 

for (linkid =0;linkid <5;1inkid + +) 

{ 

found=O; 

while (found= =0) 

{ 

fgets(inp _ str, 120,fp ); 

strcpy(tmp_str,strtok(inp_str," \n")); 

if (strcmp(tmp_str, "ECONOMIC:")==0) found=l; 

} 

for (count=O;count < 8;count + +) 

{ 
strcpy(tmp_str,strtok(NULL," ")); 

trf[count] = atof(tmp_str); 

} 
fprintf(fp3, "%9.Jf %9.3f %9.3f" ,ttf[0] +trf[l],trf[2],trf[7]); 

} 
fprintf(fp3, "\n"); 

fclose(fp3); 

fclose(fp); 

return; 

} /* end extract Cost Summary Routine *I 

I* The following code extract NPV values from the HDM report file: •REPORT.RPT" *I 

void extract (int case mun) 

{ 
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int count=0; 

int num_so_far=0; 

ALE *fpt $fp2; 

int found=0; 

char input_str[300]; 

char temp_ str[20]: 

fp =fopen("report.out", "r"); 

I* the HDM-111 Output (report #11) must be in file named REPORT.OUT *I 
fp2 =fopen("output.dat", "a+"); 

I* NPV values will be stored in a file named OUTPUT.DAT *I 

if (fp==NULL) 

{ 

printf("Error!! Cannot open results tile\n"); 

printf("Exiting\n "); 

exit(l); 

} 

ir (fgets(input_ str ,S00.,fp) ==NULL) 

{ 

fprintf(fp2, "Case #%i NA NA NA NA NA NA NA NA", case num); 

fprintf(fp2," NA NA NA NA NA NA NA NA NA NA NA NA\n .. ); 

fclose(fp2); 

fclose(fp); 

return; 

} 

!*Now throw out all the i"elevant lines in the file *I 
found=O; 

while (found= =0) 

{ 

fgets(input_ str ,SOOJp ); 

strcpy(temp_str,strtok(input_str," ")); 

if (strcmp(temp _strt "T703 ") = =0) ft- The code expects the link code used to be 1703 *I 
found=l; 

} 

I* Now get the NPVvalues. There should be 20 of them•! 

I* throw out the next line. *I 
fgets{input_str,500,fp); 

while ((fgets (input_ str .,SOO ,fp}) ! == NULL) 
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{ 

strcpy {temp_str,stttok (input_str.," ")); 

for (count=l;count< 14;count++) 

strcpy (temp_str.,stnok(NULL," ")); r- get the 14th item, net pres val *I 

if (strcmp (temp_stt, "\0")!=0) 

{ 

fprintf (fp2, "CJi7.2f ", atof (temp_str)); 

num _so_ far++; 

ir (num so far= =4) 

{ 

found=O; 

num _so_ far =O; 

while ((found==O)&& ({fgets (input_str., 500., fp))!=NULL)) 

{ 

strcpy (temp_str.strtok (input_str," ")); 

if (strcmp (temp _str, "T703 ") = =O) 

} 

} 

found=l; 

Fgets (input_str,500,fp); /*throw out every 2nd line*/ 

} 

fprintf (fp2, "\n "); 

fclose (fp ); 

fclose (fp2); 

} ~ End extract NPVvalues Routine *I 
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APPENDIXD 

Diagnosis of the Stochastic Predictor: Cross Validation Residual Plots 

Figure D.l 

Figure D.2 

The predicted NPV (ADT 264) versus the predictor variables 

(See Section 6 .. 3.2. l and Figure 6.8) 

The predicted LCC-VOC (ADT 1000) versus the predictor variables 

(See Section 6.3.2.3) 

Key: NPV = net present value of the total life cycle costs savings of the R&M 

strategy STP 1 over STPO; pavement type: asphalt concrete (AC) on 

granular base; uajfic: 264 ADT; discount rate = 10% per year. 

LCC-VOC = users' (VOC) life-cycle costs for the Rt!cM strategy STP4,· pavement 

type: asphalt concrete (AC) on granular base; traffic: I 000 ADT 
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GLOSSARY 

AC 

AC/GB 

ADT(AADT) 

ASCII 

BI 

BLUP 

CPU 

CBR 

DOS 

EBM 

ESAL 

HDM-VOC 

HDM4 

HOM-ill 

HOM-PC 

lRI 

IRR 

ISOHDM 

LCC 

MoW 

MLE 
NPV 

pd/ 

PMS 

R&M 
RODEMAN 

RONIS 

RTIM3 (RTIM2) 

SD 

SD/CB 

SD/GB 

SSA 

STPO ( ... STP4) 

voe 

Asphalt concrete; hot rolled asphalt mix pavement wearin& course. 

Asphalt concrete on ,ranular base pavement. 

Averaae Daily Traffic (Annual Avera,e Daily Traffic). 

256 

American Standard Code for Information ImercbaJlle; 256 character set also called plain text 

Bump Integrator, the TRRL 's fifth wheel Towed Bump Intearator Index of Roughness. 

Best linear unbiased estimator (predictor). 

Central processing unit. 

California Bearing Ratio. 

Disk operating system. 

Expenditure Budgeting Model [Waraoatada 87b]. 

Equivalent Standard Axle load. The 8.2 ton (18 000 lb), dual wheel axle load equivalent. 

The HDM-m Vehicle Operating Cost Model; a limited version of HDM-m model. 

The forthcoming upgrade of HDM-fil [ISOHDM 93). 

The Highway Design and Maintenance Standards Model [Watanatada 87a]. 

The micro-computer (DOS) version of the HDM-m model [Bank 89]. 

International Roughness Index; unit of road roughness. 

Internal rate of return. 

International Study on Highway Development and Management tools [ISOHDM 93 I. 
Life-cycle costs; LCC-VOC: users' life-cycle costs; LCC-R&M: agency life-cycle costs. 

Ministry ofTransponation, Communication and Works, Tanzania 

Maximum likelihood estimator (estimation). 

Net present value (wonh). 

probability density function. 

pavement management system. 

rehabilitation and maintenance; road preservation activities. 

Road Deterioration and Maintenance Effects Model. A limited version of HDM-m model. 

Road Network Improvement System [Turay 90, 91]. 

Road Transpon lnvesnnent Model; version 3 (2) [TRRL 86, Cundill 95]. 

Surface (double) dressm,, also called surface (double, triple) treaunent. 

Surface dressin& on cement stabilized base pavement. 

Surface dressin& on ,rcmular base pavement. 

Sut,.Sabaran Africa. The Africa region south of the Sahara excluding the South Africa. 

Codes for paved road R&M treaanent strategies, also called maintenance alternatives. 

Vehicle Operating Costs. 



Link Characterization Variables 

A 

ACRA 

ACR.Ab 

ACRW 

ACRWb 

AGEI 

AGE2 

AGE3 

APOT 

ARAV 

C 

CMOD 

COMP 

CQ 

CRP 

DEF 

EUN 

HSNEW 

HSOLD 

Kci 

Kcp 

Kge 

Kgp 

Kpp 

Krp 

Kvi 

MMP 

QI 

RDM 

RDS 

RF 

RRF 

SN 

SNSG 

Altitude [above mean sea level] {m). 

Area of all cracks (% ). 

Area of previous all cracks (~) .. 

Area of wide cracks (%). 

Area of previous wide cracks (%). 

Age of preventive tteannent (years). 

Aae of surfacing (years). 

Age from last re--construction (years) .. 

Area of potholes(%). 

Area raveled (%). 

Horizontal cunature (degrees/km). 

Resilient modulus of soil cement (GPa). 

Relative compaction (%). 

Consuuction faulty code [yes /no). 

Cracking retardation time (years). 

Benkelman beam deflection (mm) .. 

Effective number of lanes. 

Thickness of new surface layers (mm). 

Thickness of old surface layers (mm). 

Cracking initiation calibration factor (dimensionless). 

Cracking progression calibration factor. 

Roughness-age term calibraaion factor. 

Roughness progression calibration factor. 

Pothole progression calibration factor. 

Rut depth progression calibration factor. 

Raveling initiation calibration factor. 

Average monthly rainfall (mm). 

Rouabness (IRI m/km, other units: BI mm/Ian and QI 1an·1). 

Mean rutdepdl (mm). 

Standard deviation of rut depth (mm). 

Rise plus fall (m/lan). 

Raveling retardation factor. 

Structural number. 

Subgrade strength in CBR (%) [ =California bearing ratio). 
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SP 

w 
ws 

Superelevarion (%) .. 

Carriaaeway width (m) .. 

Shoulder width (m). 

Vehicle characterization variables 

AKMo 
ALPHAI 

BETA 

C0LH 

C0SP 

C0TC 

CLHPC 

CLHQI 

CRPM 

CSPQI 

CTCTE 
EVU0 

GVW 

HPDRIVE 

HRDo 
HPRAKE 

PAYLOAD 

QI0SP 

VDESIROPV 

vehicle base annual utilisation. 
Unit fuel efficiency factor. 
Weibul shape parameter. 
Constant term in the Ul - PC equation. 
Constant term in the exponent of the QI - PC equation. 
Constant tenn in the tire wear equation. 
The PC exponent in the LH - PC equation. 

QI factor in the exponent of the Lil - PC equation. 
Calibrated engine speed (rpm). 

Roughness coefficient in the exponent of the QI - PC equation. 
Tire wear coefficient. 
Base elasticity of vehicle annual utilisation. 
Gross vehicle weight (metric toos}. 
Usable driving power (metric horse power, HP). 
Base number of hours driven per year. 
Usable braking power (HP). 

Payload (metric tom). 

Limiting QI at which the QI - PC equation becomes linear. 
Limiting desired speed for paved road (mis). 
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