
1 

 

World Bank 

Transport & ICT Global Practice 

Latin America and the Caribbean Region 

 

 

 

 

 

 

Improving the Reliability of  

Peru’s Road Network 
 

 

 

 

 

 

Abril, 2016 

 

 

 

 

 

 

Vice President: Jorge Familiar Calderon 

Country Director: Alberto Rodriguez 

Practice Manager: Aurelio Menendez 

TTL: Cecilia Briceño-Garmendia



2 

 

Reconocimientos 
 

This report was prepared by a team headed by Cecilia Briceno-Garmendia and made up of J. Luis Guasch 

y Luz Díaz (logistics component), and Julie Rozenberg and Laura Bozanigo (the adaptation of road 

networks to climate change component); with collaboration at different points from Harry Moroz, Xijie 

Lv, Adam Stern, Griselle Vega, Theresa Osborne, Diana Cubas, Carolina Rendon and Robin Carruthers. 

Special recognition is due to Raúl Andrade, Carlos Córdoba and Rodrigo Barrios, the technical team from 

APOYO Consultoría, who led the fieldwork. The team worked under the guidance of Aurelio Menendez, 

Marisela Montoliu-Munoz and Alberto Rodríguez. The team also thanks the valuable comments of 

reviewers Marianne Fay, Marialisa Motta, Anca Dumitrescu, Daniel Lederman, Baher El-Hifnawi, and 

Jean-Francoise Arvis; and the support of Pedro L. Rodríguez y Karina Oliva. Particular thanks to Nancy 

Itami Okumura and Mara Elena la Rosa for their impecable support in the organization of workshops and 

events. 

The team recognizes and is grateful for the very close collaboration of the Government of Perú under the 

leadership and coordination of Liliana Honorio and Francisco Ruiz with the collaboration of  Maria Elena 

Lucana (MINCETUR). Other collaborators from the Government include Pedro Monzón, Fernando 

Cerna, Carol Flores and Ana Vera (MINCETUR), Omar Linares, Ivo Diaz, Guillermo Chávez, Javier 

Hervias, Enrique Llocclla, Oscar Salcedo, Natalia Terulla  and Carlos Lozada (MTC), Martha Huaman, 

Gerald Toskano y Nely Romero (Provias Decentralizado), and Carlos Izurin (Consejo de Competencia), 

Fernando Málaga, Cesar Villareal Pérez and Aleksandr Lopez Juarez (CENEPRED), Lionel Fidel Smoll 

and Susana Vilca Achata (INGEMMET), and Laura Avellaneda (MINAM). 

Results of this work benefitted from disucssions with Hon. Ex. Magali Silva (Minister of MINCETUR), 

Hon. Ex. Edgar Vásquez (Vice Minister of MINCETUR), and Hon. Ex. Carmelo Henry Zaira (Vice 

Minister of Transport). 

The content, scope, and methodology of the report were also discussed in detail and validated in 3 

workshops reviewing the methodology and the results in November 2014, April 2015, August-September 

2015 with the participation of MINCETUR, Ministerio de Transporte y Comunicaciones, MINAGRI –

Ministerio de Agricultura, MINAM – Ministerio del Ambiente, PRODUCE – Ministerio de Producción, 

CNC - Consejo Nacional de Competitividad, SUNAT – Superintendencia Nacional de Aduanas y 

Administración Tributaria, PROMPERU, INDECOPI, Provías Nacional, Provías Descentralizado, 

SEDAPAL, MINEN, CENEPRED, INDECI, SENAMHI, PROINVERSIÓN - Agencia de Promoción de 

la Inversión Privada, OSITRAN - Organismo Supervisor de la Inversión en Infraestructura de Transporte 

de Uso Público and Ministerio de Economía y Finanzas. From the private sector, AAAP – Asociación de 

Agentes de Aduana, AGAP - Asociación de Gremios Agroexportadores del Perú, ADEX – Asociación de 

Exportadores, APACIT -  Asociación de Transporte y logística, ASPPOR - Asociación Peruana de 

Operadores Portuarios, ASMARPE - Asociación Marítima del Perú, CCL – Cámara de Comercio Lima, 

COMEX –Sociedad de Comercio Exterior del Perú, CONUDFI - Consejo Nacional de Usuarios del 

Sistema de Distribución Física Internacional, CONFIEP - Confederación Nacional De Instituciones 

Empresariales Privadas, FRIO AEREO, and SNI – Sociedad Nacional de Industria. 

The technical review of the technical componen on the adaptation of road networks to climate change 

took place as part of the regional study Road Networks, Accessibility, and Resilience: The Cases of 

Colombia, Ecuador, and Peru in collaboration with the Office of the Chief Economist of the Vice 

President of Latin America and the Caribbean of the World Bank. 

 

This study received generous funding from the State Secretariat for Economic Affairs SECO under the 

leadership of Martín Peter and with internal coordination inside the World Bank Group from Alvaro 

Quijandría. 

http://www.apacit.com.pe/


3 

 

 

Contents 
 
Methodology ................................................................................................................................................. 5 

A network approach for measuring criticality .......................................................................................... 6 

The Decision Matrix ..................................................................................................................................... 7 

Relationships and data (R) ........................................................................................................................ 8 

Road network ........................................................................................................................................ 8 

HDM4 and GIS ................................................................................................................................... 10 

Disaster data ........................................................................................................................................ 11 

Policy Levers (L) – or Interventions ....................................................................................................... 12 

Metrics (M) ............................................................................................................................................. 12 

Costs .................................................................................................................................................... 12 

Costs to the Economy -- looking for a practical though meaningful proxy for economic costs ......... 14 

Costs of Interventions ......................................................................................................................... 14 

Social costs .......................................................................................................................................... 15 

Uncertainties ........................................................................................................................................... 16 

Climate events ..................................................................................................................................... 16 

Traffic rerouting .................................................................................................................................. 17 

Impact of Water Level on the road ..................................................................................................... 18 

The outputs.................................................................................................................................................. 19 

How can we choose the most critical roads in the network? Selecting Corridors .................................. 19 

Selecting Links........................................................................................................................................ 21 

Selecting critical links exposed to extreme events .................................................................................. 24 

Economic analysis .................................................................................................................................. 25 

What are the expected annual losses linked to flood disruptions in three critical groups of links in the 

network? .............................................................................................................................................. 26 

How can we best reduce these losses? ................................................................................................ 27 

Conclusions and Policy Recommendations ................................................................................................ 32 

References ................................................................................................................................................... 33 

Annexes ...................................................................................................................................................... 33 

 

 



4 

 

Introduction  
High transport costs are among the most disruptive factors contributing to weak linkages between 

markets. In Latin America—where economies rely heavily on commodities
1
 and on economic and 

demographic patterns developed around urban clusters often far from dispersed rural populations
2
—

economic activity and population mobility depend to a great extent on transport. Transport costs can 

represent up to 70 percent of the trade costs associated with intraregional exports and imports (Moreira 

and others 2013). 

Peru’s export-oriented economy is also highly road dependent. Most of the exported products are 

transported by road from the various regions to the main export harbors. Peru’s topography and climate, 

however, presents serious challenges to its 13 000 km of transportation networks. Median altitudes range 

from less than 500 meters above sea level on the coast (“Costa”) and the Amazon (“Selva”) regions, to 

more than 3,000 meters in the mountainous areas (“Sierra”). And extreme temperature and heavy rains in 

particular may lead to the complete closing of roads due to flooding and landslides (MTC (Ministerio de 

Transporte y Comunicaciones), 2005). In 1982-83 and in 1997-98, severe El Nino events led to intense 

rainfall and consequent flash floods and landslides, with high losses. In the former event, for instance, 

most of the bridges in the Northern areas of the Panamericana road, along the Peruvian coast, were 

destroyed. To date, not all bridges have been reconstructed and many temporary structures remain. These 

interruptions are an important component of high logistics costs for export commodities.  

Policy makers therefore must ensure that the road network remains reliable. Of course, the best solution 

would be to intervene in the whole network. However, this is neither possible nor needed. The most 

efficient solution is to protect the most critical segments of the network – those for instance, with higher 

traffic, and/or highest socio-economic relevance. Ranking corridors based on their criticality can feed 

prioritization exercises, and, ultimately, enable the analysis of the economic and development impacts of 

specific interventions and policy decisions. This issue has been underresearched and underdocumented in 

the economic literature. 

Yet, not all critical links are vulnerable to natural hazards, or other risks. Therefore, policy makers need to 

know what the best type of intervention is, for each of the critical roads, given the risk they face. If they 

knew with certainty the frequency, location, and magnitude of these events, they could easily choose the 

best locations and the type of investment to protect the network from being disrupted. However, the 

frequency, severity, and length of these disasters are difficult to predict with accuracy.  

The challenge of addressing disruption risks in a road network is multi-fold. First, large sets of data are 

needed to accurately estimate the probability of an extreme natural event (extreme rainfall, earthquake) to 

occur in a particular place. And even if data is available, with climate change there is high uncertainty as 

to the magnitude of mean and extreme changes in precipitation that may occur in any country or region. 

                                                           
1
 For instance, the January 2015 edition of the World Bank Global Economic Prospects estimates that a one 

percentage point decline in China’s growth is associated with a 0.6 percentage point decline in growth in LAC 

(World Bank 2015). 
2
 Equality of opportunity and access to infrastructure is in great part a result of whether one lives in an urban or rural 

area (de Barro and others 2008; World Bank 2009). As Fay and Morrison (2007) points out, “Given that poverty is 

usually much higher in the countryside, lower rural access rates explain much (though by no means all) of the vast 

disparities in infrastructure coverage between rich and poor Latin Americans” (Fay and Morrison 2007). 
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This uncertainty is even more pronounced at the local level, at the scale needed for road projects –  

downscaling climate data tends to amplify uncertainty rather than reduce it. For disruptions that are not 

linked to natural events, like strikes or unplanned heavy traffic, the probabilities are also impossible to 

estimate. Moreover, the impact of natural disasters depend on where they fall – their impact is 

exacerbated if the road is critical to an economic sector, to a community, or to the whole network. It also 

worsens if the road is not well maintained, if deforestation makes the terrain prone to landslides, or if 

urgent response is not implemented in a timely fashion to make the road operational again in a short time.  

Whether a critical road can be repaired in a few weeks or several months can dramatically change the 

economic consequences of a disruption. All of these aspects need to be taken into account in order to 

properly prioritize interventions in a road network, but are difficult to predict when the decision is made. 

These uncertainties also make it difficult to predict the economic cost of road interruptions and therefore, 

to choose where to intervene in a road network and evaluate the trade-offs between different options.  

There is yet another planning challenge, which is related to the scope of the analysis. Traditionally, the 

focus has been on the project level. For instance, OSITRAN asks the concessionaries and the Ministry to 

submit economic analysis for each intervention individually. However, this approach misses the system-

wide benefits of the interventions, which in some cases may lead to different choices altogether of where 

to intervene. A system approach also allows the introduction of different decision metrics than purely 

financial ones, different from number of cars using the road – the commonly used metric 

Therefore, in order to plan for the reliability of a road network, it is critical to identify the critical links of 

a network whose rupture the economy cannot afford, and what the transport cost markups are, which 

alternatives to critical links impose on the economy and on a country’s connectivity. This work aims to 

help governments face these challenges. It proposes a methodology to establish priorities within the 

Peruvian road network, taking a system-wide approach, and help design interventions that may reduce its 

vulnerability, given the uncertainties related to the hazards and their impacts. Specifically, it helps answer 

the following questions: 

1. How can we identify the most critical roads in the national network?  

2. Given the existing uncertainties, how can we evaluate the vulnerability of these critical roads to 

extreme events?  

3. How can we choose between available ex-ante options and evaluate their effectiveness vis-à-vis 

ex post interventions, to reduce these vulnerabilities?  

 

The study finds that the disruption of some links could lead to very high economic losses for Peru, and 

that those critical links are exposed to floods, land slides, and/or storm surges. This is particularly the case 

in three clusters of roads: Carrettera Central, Piura, and Pan-Americana in the south of the country. The 

first two are critical export corridors. The most cost-effective options are cluster specific. In Piura and Pan 

Americana, building a flood-proof road is more profitable than the other options. Conversely, in the 

Carretera Central, building redundancy is the most robust option.  

Methodology 
The World Bank is tailoring and applying a number of state of the art approaches and tools – labeled 

Decision Making under Uncertainty (DMU) -- to manage deep uncertainty and disagreement in Bank 
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projects. The aim is to promote sustainability and resilience in client countries. Traditional analysis, 

sometimes called “Predict-then-Act”, hinges on accurately predicting climate and other conditions and 

then reaching consensus on what the future will bring. This does not work for long-term climate change 

and project-specific sites given the multiple challenges mentioned above.  

But innovative methods for managing long-term and uncertain risks for projects exist. Robust Decision 

Making (RDM) is such an approach. RDM is an iterative, quantitative, decision support methodology 

designed to help policy makers identify strategies that are robust, satisfying decision makers’ objectives 

in many plausible futures, rather than being optimal in any single best estimate of the future. RDM asks, 

“What are the strengths and limitations of our strategies, and what can we do to improve them?” To 

answer this, RDM rests on a simple concept.  Rather than using models and data to evaluate plans under a 

single or handful of scenarios, RDM runs models over hundreds of different scenarios. Statistical analyses 

of these model runs identify the key conditions under which each strategy satisfies or fails to satisfy 

decision makers’ objectives. Visualizations help decision makers understand how robust different 

strategies are by benchmarking those key conditions against the range of plausible outcomes. They also 

help compare strategies along other dimensions, such as cost, technical feasibility, and social acceptability 

(Lempert et al. 2013). Importantly, approaches like RDM are not new models. Rather, they use existing 

data and models transparently, revealing critical assumptions often hidden in analyses and putting 

decisions back in the hands of decision makers. Such approaches also promote consensus – decision 

makers can agree on a plan without agreeing on predictions of the unpredictable. 

Approaches such as this have been applied with increasing frequency in the U.S. to flood risk and land 

use planning (Fischback, 2010). The World Bank recently has been using DMU methodologies in 

different projects, such as hydropower investments in Nepal (Bonzanigo et al. 2015), water and energy 

investments in Africa (Cervigni et al., 2015), water resources planning in Lima Peru (Kalra et al., 2015; 

https://goo.gl/BRojPW), and wetland management in Colombo, Sri Lanka (paper to come). But it had yet 

to be tested on road networks.  

A network approach for measuring criticality 
In this study, we use a network approach to evaluate and address the vulnerability of some subset of the 

road system. Given the complexity and size of national road networks, an assessment of each link 

individually is costly in terms of data needs and computational demands. More importantly, an 

assessment of the entire network is unnecessary: carefully selected criticality criteria can narrow a road 

network of tens of thousands of links down to several hundred, which deserve further analysis. 

The impact that an individual road (a network segment more generally) has on the aggregate accessibility 

of the country or a region will give a sense of the relative importance of that individual road in the whole 

network or, in other words, its criticality. Critical links are therefore those of upmost importance for the 

performance of the whole network. This performance can be assessed using geopolitical, social, and/or 

economic criteria. In this study it is measured by the increase in aggregate road user cost and additional 

kilometers. The economic costs that result from the disruption of a link is therefore traffic multiplied by 

road user costs. For the assessment of the “level” of criticality, the technique of interdiction is used to 

estimate the economic and social impact of the disruption or degradation of a link on the overall network. 
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Ranking corridors based on their criticality can feed prioritization exercises, and, ultimately, enable 

analysis of the economic and development impacts of specific interventions and policy decisions.  

We therefore joined network analysis and RDM tools to identify and address the vulnerabilities of the 

Peruvian road network. The Matrix below explains the analytical elements.  

The Decision Matrix 
The key components of the decision-centric analysis were organized using a matrix to frame the problem, 

or “XLRM” framework (Lempert et al., 2003). This framework was the focus of discussion with 

stakeholders and helped build a common understanding of the road network’s challenges, potential 

disruptions, their costs, and possible options.   

The letters X, L, R, and M refer to four categories of factors: 

 Policy levers (L) are actions that decision makers want to consider, in this case investment 

available to reduce the vulnerability of the road network to natural disasters; 

 Exogenous uncertainties (X) are factors like climate change and time to rebuild the road that may 

affect the ability of actions to achieve decision makers’ goals and that are not directly in their 

control; 

 Metrics (M) are the performance standards used to evaluate whether or not a choice of policy 

levers achieves decision makers’ goals, e.g. cost of using the network for users; and 

 Relationships (R), generally represented by simulation models, define how the policy levers 

perform, as measured by the metrics, under the various uncertainties. 

The XLRM matrix developed for this study is summarized in Table 1. This section describes the models 

(R) that quantify the relationships among the factors, the policy levers (L) under consideration, the 

metrics (M) used to judge the effectiveness of those policies, and lastly the uncertainties (X). 
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Table 1 XLRM framework of key factors in this analysis 

Uncertainties (X) Policy Levers (L) 

 Climate change (intensity and frequency of 

rainfall events) 

 Impact of El Niño 

 Duration of disruption 

 Share of traffic that can go through the 

disrupted road 

 

 Intervene after the disaster to reinstate the 

road as it was 

 Increased redundancy 

 Intervene ex-ante on the first-best road 

o Tunnels 

o Better maintenance 

o Road upgrade 

 

 

Relationships and data (R) Metrics (M) 

 Road network, mapped in an origin-

destination GIS model 

 HDM-4 for road user costs 

 Natural disasters’ data  

o Deltares flood maps 

o INGEMMET landslide data 

 Road user cost 

 Time of travel 

 Km covered 

 Total cost (taking into account traffic) 

 Expected annual losses 

 Cost of interventions (initial investment, 

plus operation and maintenance) 

 

Relationships and data (R) 

Road network 

The georeferenced road network dataset (GIS roads) for Peru was obtained from the Ministry of 

Transport. The dataset covers 100% of the network, but lacks information on number of lanes and traffic 

(Table 2). In the primary network, only around half of the primary network is in good condition and 16 

percent in bad (Table 3). However 85 percent of Peru’s roads are paved (Table 4). 

Table 2. Coverage of GIS Road Data 

Network 

Type 

GIS 

Coverage 

of 

Reported 

Network 

KMs 

% 

Surface Type 

(Paved/Unpaved) 

Condition 

(Good/Fair/Poor) 

# of 

Lanes 
Traffic 

Primary 100 √ √ ---- √ 

Secondary 100 √ √ 
 

Some 

Tertiary 100 √ √ ---- ---- 
 

Source: Ministerio de Transportes y Comunicaciones (2013). 

Note: GIS = geographic information system. 
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Table 3. Condition as a percent of the total 

primary network 

 

Table 4.  Surface type as a percent of the total 

primary network 

  
Good 

% 

Fair 

% 

Bad 

% 

No info 

% 

Peru 55 20 16 9 
 

  
Paved 

% 

Not Paved 

% 

No info 

% 

Peru 85 8 7 
 

Source: World Bank based on GIS data. Source: World Bank based on GIS data. 

 

Creating a functioning network was challenging (see Annex). Constructing a consistent GIS road network 

usable both at the country and regional level involves the standardization of attributes before merging 

smaller subsets into an integrated set. Once the country dataset is assembled, road features must be 

extended into neighboring countries and clipped based on the border lines delineated by the World Bank 

Country Boundary Polygon shapefile. For network modelling purposes, the integrated network was 

planarized to ensure that the “nodes” are specified at the crossings between arcs. This allows vehicles to 

switch from one arc to another when modelling the routing. Then the network is dissolved to reduce the 

number of features that are contiguous and have identical attributes.  

For topography, the study utilizes the Digital Elevation Model (DEM) and classifies the country into 15 

more granular geographies based on elevation and relief roughness, which is the maximum elevation 

minus the minimum elevation of a defined area divided by half the area length (Meybeck and Vörösmarty 

2001). Peru has very rough terrains, with 74 percent of the land area being hilly or mountainous (Table 

5). 

Table 5. Terrain Classes and Percentage of Land Area Peru 

Class Description Peru 

1 Plains 0.11 

2 Mid-altitude plains 0.00 

3 High-altitude plains 0.00 

4 Lowlands 10.92 

5 Rugged lowlands 17.41 

6 Platforms (very low plateaus) 1.48 

7 Low plateaus 0.05 

8 Mid-altitude plateaus 0.00 

9 High plateaus 0.72 

10 Very high plateaus 0.14 

11 Hills 20.83 

12 Low mountains 7.44 

13 Mid-altitude mountains 10.37 

14 High mountains 16.81 

15 Very high mountains 13.70 
Source: Authors’ compilation. 

Another element to consider, due to its significant impact on the design of road networks and planning of 

specific road link interventions, is the type of terrain. In this study, terrain characteristics for each 

segment of the road network were derived using the GIS tool linear feature extraction. Linear feature 

extraction involves extracting elevation data at fixed intervals along the line of the road network and 

directly computing the road characteristics required for the topological categories to be used. Terrain 

classes were then calculated making assumptions about key road characteristics for each link: rise and 
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fall, number of rises and falls, horizontal curvature, super-elevation, and altitude.
3
 Basic steps required for 

this approach are presented in Figure 1. 

Figure 1. The Linear Feature Extraction Approach to Define Terrain Types  

 
Source: World Bank based on GIS data. 

 

Once the road characteristics are computed, each road segment is assigned to one of seven general classes 

of road geometry. For the purpose of this study, terrain class refers to seven different terrain or 

topological categories: straight and level, mostly straight and gently undulating, bendy and generally 

level, bendy and gently undulating, bendy and severely undulating, winding and gently undulating, and 

winding and severely undulating.  

HDM4 and GIS 

A starting point to estimate economic distances is to move away from Euclidean distances into network 

distance and, ultimately, into cost, speed, and time distances as perceived by the user. It is in this context 

that the GIS analysis is combined with the more traditional engineering approach of estimation of user 

operating costs. 

For the study, the Highway Development and Management Model (HDM-4) provides estimates for two 

key metrics: road users costs (RUCs) and (vehicle) speed. RUCs are defined as the unit cost of using a 

road expressed in dollars per ton-kilometer. The road user costs (RUCs) consist of two components: 

vehicle operating costs (VOCs), which reflect the cost of operating a vehicle, and value of time costs 

(VOTs), which reflect the cost of time associated with using a vehicle.
4
 HDM-4 also calculates the 

predicted vehicle speed in kilometers per hour for a given road link. 

HDM-4 uses two categories of inputs: data related to road characteristics and data related to vehicle 

fleets. Road characteristics are defined at the link level and vehicle fleet data are compiled at the national 

                                                           
3
 An alternative method known as landscape classification was also were tested for this exercise. The linear feature 

extraction method turned out to represent road characteristics more accurately with slightly less stringent data 

assumptions. For details, see annex 3. 

4
 The VOCs include the cost of fuel, lubricants, tires, maintenance parts and maintenance labor, crew time, 

depreciation, interest, and overhead. The VOTs include the cost of passenger time and the cost of cargo time. Each 

of these components is calculated separately as an output of the HDM-4 model.  
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level. For the purposes of the study, the vehicle fleet data were collected at the country level with a heavy 

truck taken as the representative vehicle. 

Road characteristics are defined multidimensionally and for each potential link of the country network. 

The six characteristics are:  

 Network type: primary, secondary, or tertiary 

 Terrain type: mostly straight and level, mostly straight and gently undulating, bendy and generally 

level, bendy and gently undulating, bendy and severely undulating, winding and gently undulating, 

and winding and severely undulating 

 Surface type: paved or unpaved 

 Pavement condition: good, fair, or poor 

 Traffic class: expressed in annual average daily traffic (AADT) (vehicles/day), <300, 300–1,000, 

1,000–3,000, 3,000–6,000, 6,000–10,000, and > 10,000 

 Number of lanes: one, two, four, or six (used to make assumptions about speed-flow type, which 

reflects vehicle flows based on road capacity)
 5
 

 

Using these six characteristics, HDM-4 was used to calculate 6,804 road user costs and their components. 

This corresponds to all possible combinations of the seven terrain classes, the two surface types, the three 

pavement condition classes, the six traffic classes, and the three lane classes.
6
 Finally, to incorporate the 

impact of congestion, road user costs were recalculated for links in urban areas using speeds derived from 

Google Directions (Annex). 

Eventually, each link in the geo-referenced road network is uniquely characterized by a single 

combination of six attributes (network class, terrain type, surface type, condition type, traffic level, and 

number of lanes). The same is true for each estimation of road user cost (and speed) produced using 

HDM-4. 

Disaster data 

The flood hazards are introduced in the analysis with a database of flood scenarios created by Deltares, 

using a global river flood model.
7
 Some of these scenarios are based on past rainfall events and others are 

based on climate change scenarios. For creating maps of floods under climate change scenarios over the 

2010–50 period, Deltares uses different Global Circulation Models to account for the uncertainty on 

future precipitations. 

For landslides, we used data on past landslides during El niño events, and additional data provided by 

INGEMMET. 

                                                           
5
 A limited number of characteristics relevant to the three case studies were chosen. However, HDM-4 is quite 

flexible and allows for further calibration to include not only more characteristics but also more categories within 

each characteristic. For a more detailed description of the potential model inputs see HDM-4 Road Use Costs Model 

Documentation and Archondo-Callao (2008) and references therein. 
6
 Three countries * 3 network classes * 7 terrain types * 2 surface types * 3 condition types * 6 traffic levels * 3 lane 

types creates 6,804 combinations of road characteristics. 

7 GLOFRIS Model (Winsemius and others 2013; also Ward and others 2013). 
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Policy Levers (L) – or Interventions  
To reduce losses linked to the disruption of part of the road network because of a disaster, policy makers 

have two choices: intervene after the disasters hit (ex-post), or try to reduce their possible impacts with 

ex-ante interventions. Ex-ante interventions include all those that allow reducing or eliminating disruption 

losses, whereas ex-post interventions include rehabilitation or reconstruction of the affected road. The 

advantage of the former is that no resources are directed where they may not be needed. However, to 

intervene after a disaster may be inefficient for three main reasons: (i) there are losses; (ii) intervention 

may be challenging and can take time, especially in those roads managed directly by the government, so 

the costs for the economy at large may escalate; (iii) build and then having to rebuild a road may cost 

more than building it differently in the first place. 

We focused on the ex-ante options and compared them with the cost of reacting to the event: doing 

nothing before the event hits, but having to reconstruct the same road once the event comes.  

Overall, the available options were the following:  

 Intervening on the critical road 

 Rebuild a road after a disaster (ex-post option).  

 Do more frequent maintenance. Generally, two types of maintenance are carried out by the 

road authorities: routine and periodic maintenance. The former includes all sort of ad-hoc 

small interventions on a road and can be carried out once a year or more often, depending on 

the weather, on the materials used, and on the traffic. Instead, periodic maintenance generally 

occurs every five years and includes major rehabilitation works.  

 Upgrade the first-best road, for instance by adding tunnels, or elevating a road. This option 

can be very costly, but we assume that it would make the road invulnerable to landslides and 

floods.  

 

 Adding redundancy  

 Upgrade an existing alternative to the first-best. For instance, this could mean transforming 

an existing secondary road, or an unpaved road, into a primary paved road. This could help 

add redundancy in the system, without having to build new roads. Currently, two roads are 

being upgraded to increase the redundancy of the Carretera Central.  

 Build a new road. This option can be very effective in reducing economic losses from total 

disruptions, where a second best road does not exist, may be much longer, or may take much 

additional time. But given Peru’s topography, it is not always possible.  

 

Other options that we did not consider in the analysis, but which could be as effective, if not more, as the 

engineering solutions, are for instance reforestation, traffic management, and multimodality. In the areas 

we considered, reforestation was not an option due to the rocky nature of the mountains surrounding the 

road. Multimodality may be an option especially in the Carretera Central, where the option of improving 

the existing railway is sometimes considered. However, to date, no information on the possible project is 

available.  

Metrics (M)  

Costs 

We use several metrics to quantify the performance of the road network, all of which are based on costs. 
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The reliability metric refers to the degree of operability of a route under any circumstance. Vulnerability 

can be defined as the lack of reliability of a route or system when exposed to hazards, and can be 

quantified by the level of losses when the disruption occurs. In the language of disaster risk management, 

reliability is the opposite of risk (which is a combination of exposure, hazard and vulnerability). Taylor 

and D’Este (2006) draw a similar distinction between vulnerability and reliability. Whereas reliability 

depends on infrastructure performance and is measured as the probability that two locations remain 

connected under any circumstance, “vulnerability is more strongly related to the consequences of link 

failure, irrespective of the probability of failure” (Taylor and D’Este 2006: 13). Indeed, the large 

consequences potentially associated with the failure of some network links may make worthwhile those 

investments that decrease the vulnerability of these links, regardless of the probability of the failure’s 

occurrence.  

In this study, we examine both the general vulnerability of the critical links (i.e. the cost of disrupting the 

links, regardless of the probability of a failure’s occurrence), and the flood risk of some critical links (i.e. 

the average annual losses that the network could suffer from based on the frequency and intensity of flood 

events). 

Costs to Users  

For each origin-destination pair (or route) of the network, the GIS model can calculate the number of 

kilometers, the travel time, and the road user cost (ROC), which depends on the fuel consumed, the wear 

on the vehicle, and many other parameters [ref]. 

To assess the performance of the whole network, we need to aggregate these measures over all routes. To 

do so, we assign weights to the different routes based on the importance of the origins and destination. 

Indeed, a simple sum of the number of additional kilometers or of the increased road user cost created by 

a disruption over all routes in the network would be misleading because some routes are much more used 

than others. For the aggregation it is therefore necessary to weight each route, that is, each Origin-

Destination pair. Here this is done by: 

 Assigning a weight to each node (e.g. cities, airports, frontiers crossing) equal to the sum of traffic 

getting in and out of the node 

 Calculating for each route, ie each Origin-Destination pair, a weight w: 

 

𝑤 =  
𝑇𝑂 ∗ 𝑇𝐷

𝑘𝑚𝑂𝐷
2  

 

where TO is the total traffic getting in and out of the origin, TD is the total traffic getting in and out of 

the destination, and kmOD is the distance between the origin and destination. 

We then used the weights w to calculate two metrics of the network performance related to the user costs 

only:  weighted sum of the road user costs over all routes, and weighted sum of the kilometers covered in 

the network. 
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To assess the cost of a disruption, we simply calculate the difference in total road user cost (as defined 

above) between the initial network and the network with a disrupted link or set of link. Similarly for the 

length of the network, we calculate the average additional kilometers that need to be covered because of 

the disruption. 

Costs to the Economy -- looking for a practical though meaningful proxy for economic costs 

Estimating the total cost of a disruption for the economy is very difficult. But as an initial step, one can 

look at the total private cost, defined as the private cost multiplied by daily traffic. To do so, we use the 

weights defined earlier and calculate the weighted sum of the road user costs multiplied by daily traffic on 

the disrupted link. We assume that the traffic of the disrupted link is redirected to the different second-

best routes according to their weight w. 

Depending on the severity of the disruption (on the level of water in the case of a flood, for instance) the 

share of traffic that has to be redirected to the second best road may vary. But in general, traffic that 

remains on the first-best road has to slow down and the cost of using the partially disrupted first-best road 

increases. 

In addition, the total cost will also depend on the numbers of days of the disruption. 

We thus express total losses as: 

𝐿 = 𝐷 ∗ ((1 − 𝑠) ∗ 𝑐1𝑠𝑡 𝑏𝑒𝑠𝑡 + 𝑠 ∗ 𝑐2𝑛𝑑 𝑏𝑒𝑠𝑡) 

Where D is the number of days of the disruption, s is the share of traffic redirected to the second best, c1st 

best is the cost of using the first-best route adjusted for the increased cost of use when partially disrupted, 

and c2nd best is the cost of using the second-best road. 

Whenever we have probabilistic data for extreme events, these losses can be expressed as expected annual 

losses, taking into account the probability of occurrence of disruptions every year and the associated 

redirection of traffic (see section Uncertainties). 

With this approach, we miss all the second-order effects such as missed hours of work, traffic congestion, 

the cost of missing a connection with other transport modes, or loss of perishable goods. Ideally, all these 

dimensions could be included. In reality, there is few and scattered data on these other possible losses.  

Costs of Interventions  

As mentioned above, it is necessary to distinguish between two types of interventions: the ex-ante 

interventions, which can reduce the total cost of the disruption, and ex-post interventions, which will be 

necessary after the disaster. The cost of the intervention is a share of the total cost of the disruptions and 

refers to the engineering costs ($/km).  

Ex-post interventions 

Ex-post interventions include rehabilitation and reconstruction of the road after the event. They are 

expenses that happen after the event and add up to the total cost of the event for society. The cost of ex-

post interventions depends on the severity of the disruption (i.e., on the state of the road after the 

disaster): it will be different if the road merely needs some repair, or needs to be rebuilt entirely. The cost 
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will also depends on the km disrupted and on whether the disruption may also destroy bridges. In case of 

floods, the state of the road after the flood hits depends on the duration of the event. These costs are not 

directly borne by the users but by local or national authorities or concessions. 

The speed at which ex-post interventions are implemented will have an impact on the total cost of the 

disruption (especially for the users) because it will increase the number of days during which some (or 

all) users have to take the second-best road.  

Ex-ante interventions 

Ex-ante interventions include all those that allow reducing or eliminating disruption losses (see Policy 

Levers (L) – or Interventions). Their cost needs to be assessed over their life cycle. For instance, if we are 

considering a new road or a tunnel, we need to take into account the initial capital cost but also the 

maintenance costs over the lifetime of the investment. 

The benefits of these investments are multi-fold. First, a road creates private benefits for its owner, 

whether it is the government or a concession. But some roads, if they increase the redundancy of the 

network, can also have huge social benefits that are expressed in terms of avoided losses for the users and 

society, every year, over the lifecycle. Depending on whose point of view the analysis is adopting, these 

avoided losses should or should not be taken into account. If the decision-maker is a public entity, these 

avoided losses need to be accounted for and they can be expressed as the difference in expected annual 

losses (see previous section) with and without the investment. 

In this paper, we express the net present value of an intervention in the road network as the difference 

between the costs (investment and operation and maintenance) and the avoided annual losses. 

𝑁𝑃𝑉 =  ∑ (
−𝑐𝑜𝑠𝑡𝑠(𝑡) + 𝐴𝐴𝐿(𝑡)

(1 + 𝑑)𝑡
)

30

𝑡=1

 

Where 𝐴𝐴𝐿 (𝑡) =  𝐸𝐴𝐿(𝑑𝑜 𝑛𝑜𝑡ℎ𝑖𝑛𝑔) − 𝐸𝐴𝐿(𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛) are the avoided annual losses, defined as 

the difference between annual losses with the intervention and annual losses if we do nothing. 

Social costs 

As discussed previously, our approach does not capture all the social costs of disruptions (and therefore 

the social benefits of interventions).  

Yet, every year, USD 5 200M of agricultural commodities, mainly from yellow onions, grapes, quinoa, 

coffee, and cocoa – are transported by road from the Andes or the Amazonian regions, to these harbors. 

For these five produce, logistics costs (from production to the export hubs) account for up to 50% of their 

final value. In a recent report, the World Bank found that transport costs of agricultural products are an 

important share of these high logistic costs: for instance, for yellow onion, transport constitutes about a 

third of the total logistic costs [ref]. These high transport costs depend primarily on losses during 

transport and delays, whose main causes this study identifies as disruption in the road network, mostly 

due to natural hazards. In the North, losses and delays can lead to 30% increased logistics costs. 

Therefore, reducing road network’s disruptions by addressing their causes in planning – may significantly 

benefit the Peruvian economy at large. 
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As a first step, we try to estimate the losses in agricultural products along some of the trade corridors, 

when they get disrupted by natural disasters. These losses strongly depend on the duration of disruption, 

the type of crops and the climate conditions at the place where the road is disrupted (if a truck full of 

sensitive crops is stopped for too long in a cold mountain weather, an important share of the merchandise 

may be lost). 

Uncertainties 

Climate events 

Intensity and frequency 

The uncertainty on the intensity of frequency of rainfall events is captured through the different Global 

Circulation Models (GCMs) that Deltares used to produce flood maps. In some places in Peru, some 

climate models project an increase in rainfall because of climate change while others project a decrease in 

rainfall (Figure 2, cluster central). 

Figure 2. Water Levels on the Three Clusters we analysed, for Different Frequency of Floods, 

according to different models (Return Period in Years). EU_historical is historical rainfall data 

while the others are Global Circulation Models taking into account climate change (with a RCP8.5 

scenario). 

 
 

 

 

 

Source: Authors’ compilation. 



17 

 

To take into account the impact of El Niño on rainfall certain years, we also run scenarios with increased 

probabilities of heavy rainfall. To do so, we shift the curves in Figure 2 to the left. For instance, if El 

Niño doubles the probability of rainfall events, an event that has a one in ten years probability has a one 

in five year probability to occur that year. 

Duration 

Data on flood duration and on the relationship between flood depth and flood duration in the three 

clusters is not available. Generally, it is not easy to calculate as it depends on many other factors than the 

flood depth, such as for instance the velocity of water or the topography.  

We constructed a simple curve based on information about past floods on the Carretera Central, but in 

order to better illustrate the uncertainty of the relationship, we considered several different scenarios 

(Figure 3).  

Figure 3. Relationship between Flood Depth and Flood Duration 

 

Source: Authors’ compilation. 

Traffic rerouting 

In case of landslide, we assume that all the traffic is redirected to the second-best route. 

For floods, we assume that the share of traffic that can drive through the flooded road depends on the 

water level on the road. Again, no information was available, so we built different scenarios of traffic 

disruption for different water levels (Figure 4).  
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Figure 4. Relationship between Water Level and Traffic Disruption 

 
Source: Authors’ compilation. 

For instance, in the optimistic scenario, 30 percent of traffic has to take the second-best road if water is 

between 15 and 25 cm, and 100 percent of traffic has to take the second-best road is water is above 60 

cm. Instead, in the pessimistic scenario, 100 percent of traffic needs to take the second best road already if 

water is 30 cm deep. For the share of traffic that can still use the first-best route, despite water on the 

road, we assumed that all vehicles have to go below 30 km/h and the RUC is increased accordingly. 

Impact of Water Level on the road 

The impact that different water levels may have on a road depends on many factors and engineering 

details – for which we had no data. After several discussions with road engineers, we decided to assume 

that the road has to be reconstructed if the duration of the flood is higher than 30 days, or rehabilitated if 

the flood duration is between 10 and 30 days (Table 6). We assumed that below 10 days of disruption the 

road only needs cleaning. These costs of reconstruction, rehabilitation, and cleaning depend on the 

characteristics of the disrupted link and are multiplied by its number of kilometers. Here we assume that 

reconstruction takes 30 days per km, rehabilitation 10 days per km, and cleaning 2 days per km. During 

reconstruction or rehabilitation, only a share of traffic can use the road. Since this is uncertain, here again 

three different scenarios are used (in the optimistic one 90 percent of traffic can use the link during 

reconstruction; at a slower pace, in the intermediate one 80 percent can use the link; and in the pessimistic 

one 70 percent of traffic can go through). 
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Table 6. Assumptions on Construction and Rehabilitation of a Paved Flat Primary Road, after the 

Flood 

 Cost per km (thousands of usd) Time per km (days) 

Reconstruction 2500 30 

Rehabilitation 1300 10 
Source: Authors’ compilation 

Table 7 Costs of the different options, per road type (thousands of usd dollars per km) [data from 

Colombia or MTC] 

CLASS 
SURFAC
E Terrain 

Flood Proof 
1m 

Maintenance 
per year Construction Rehabilitation 

Upgrade to 
primary Bridges Tunnels 

Primary Paved Flat  2,500   13   2,500   1,300   -     28,000   33,000 

Primary Paved Hilly  2,804   16   3,117   1,328   -     -     -    

Primary Paved 

Mount

ain  2,944   10   3,867   1,212   -     -     -    

Primary Paved Steep  3,573   19   4,712   1,531   -     -     -    

Secondary Paved Flat  2,137   15   1,563   850   1,650   -     -    

Secondary Paved Hilly  2,357   16   2,000   775   1,970   -     -    

Secondary Paved 

Mount

ain  2,647   13   2,617   844   2,236   -     -    

Secondary Paved Steep  3,126   15   3,260   978   2,658   -     -    

Secondary Unpaved Flat  1,646   6   840   243   3,163   -     -    

Secondary Unpaved Hilly  1,974   7   1,057   301   3,598   -     -    

Secondary Unpaved 
Mount
ain  2,265   9   1,433   372   4,072   -     -    

Secondary Unpaved Steep  2,706   10   1,924   457   4,855   -     -    

Tertiary Unpaved Flat  1,566   3   312   144   3,955   -     -    

Tertiary Unpaved Hilly  1,874   4   621   177   4,398   -     -    

Tertiary Unpaved 

Mount

ain  2,162   5   909   244   5,106   -     -    

Tertiary Unpaved Steep  2,600   7   1,329   326   6,088   -     -    

 

Once we had identified all these decision parameters, we created hundreds of their possible combinations 

to stress test the critical roads with, and of the difference alternatives available.   

The outputs 

How can we choose the most critical roads in the network? Selecting Corridors 
For obvious computation limits, it is not possible to assess the criticality of every single link in the whole 

Peruvian network. The first step in the analysis is to define the subnetwork to be evaluated. Here the 

subnetwork was defined with the roads providing basic connectivity between capital cities (national and 

provincial), population centers of over 25,000 inhabitants, main ports and airports, and border crossing. 

Such criteria vary depending on the policy objective. For instance, policy makers might decide to 

prioritize export outlets for agricultural products, mining corridors, or increased access of lagging areas to 

main cities. That criterion defines the universe of nodes or areas of interest that need to be connected. 

Out of all possible routes connecting capital cities, large population centers, ports and airport, only the 

least-cost paths connecting the selected locations of interest were extrapolated – the so-called indicative 
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corridors.
8
 The indicative corridor network was narrowed down to 15 % of the total Peruvian national 

network.   

However, as Figure 5 (left panel) shows, the network remains vast. Therefore, we applied a second filter, 

this time trying to reflect the socio-economic importance of the different routes: their traffic levels. We 

assigned traffic levels to each link of the Indicative Corridor Network. We ranked the links by traffic 

levels and selected the 10% links with the highest traffic, i.e. with 4,000 or more vehicles in average daily 

traffic (Figure 5, right panel)
9
. This reduces the analysis to about 1% of the national network.  

We call these least-cost routes with the highest traffic candidate critical links (from Taylor, Sekhar, and 

D’Este, 2006). It is important to emphasize that the criteria to identify the candidate critical links does not 

necessarily have to be traffic. Policy makers may choose a different metric that better represent economic, 

social, or geopolitical factors they are most interested in. We borrow the methodology from Taylor, 

Sekhar, and D’Este, 2006. These authors first identify the candidate critical links as those, which are part 

of the least cost route between two locations and then measure the change in cost or in accessibility 

associated with the loss of each of these links. For computation capacity reasons, in this study we 

modified the first step of their application by defining the candidate critical links as those links which are 

part of the least-cost routes and have the highest traffic.  

Figure 5. Indicative Corridors (left) and those with highest traffic (right) 

  
Source: Authors’ compilation. 

 

 

                                                           
8
 Note that these so-called indicative corridors might differ from the existing corridors as identified by governments 

as strategically important, whether because they are already important or because the government wishes them to be 

important in the future. Explicit criteria was imposed to define the corridors of interest to make sure cross-country 

comparison are possible. For identifying the indicative corridors, we used the Network Analyst, an extension of 

ArcGIS, which allowed us to analyze all routes via their Highway Development and Management Model (HDM-4) 

estimated RUCs, which fully reflects the physical characteristics of the existing road network. 
9
 The median average daily traffic (ADDT) for Peru is 982 vehicles. 
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 Table 8. Result of the Application of the First Two Criticality Filters 
 Total Network Network of 

Indicative 

Corridors 

Indicative Corridors 

with Highest 

Traffic* 

 Indicative Corridors 

with Highest Traffic* 

 Kilometers of Roads  Share on Total Network 

Peru 164,411 25,112 2,274  1.383% 
Source: Authors’ compilation. 

Note: * Later on referred as Candidate Critical Links. 

 

Selecting Links 
The second step is to get a sense of the criticality of each candidate link by measuring the cost for road 

users and for the network or the change in accessibility between two points when a link is disrupted, lost, 

or degraded. This is done through the interdiction technique, which solves the network when some of its 

elements are disrupted (Ukkusuri and Yushimito 2009; Murray and Grubesic 2006: 5–6; Sohn 2006; 

Rosca, Popa, and Rusca 2008; Zhao 2009; Lu, Peng, and Zhang 2014; Pokharel 2013). 

The baseline configuration of the network is the original indicative network (15% of the national 

network) where no links are disrupted. For each disrupted link, multiple reconfigurations of least cost 

routes emerge. To assess the impact of the disruption on the network, we calculate three metrics: the 

average increase in road user cost over the network, the average increase in kilometers and the economic 

cost of the disruption. 

For Peru, when we applied the “highest traffic” filter, we selected about 2,274 km out of the total 25,112 

km of candidate critical network.
10

 This constitutes of 974 links that have been disrupted one by one, to 

measure their criticality via the three performance metrics. Figure 6 presents the results of this step, by 

visualizing for each disrupted link the metrics for evaluating the criticality of the network (all are 

measured with respect to the baseline configuration):  

 The x-axis is the change in the length network, measured in km 

 The y-axis is the increase of the cumulative road users cost (RUC) at the country level, measured 

in USD per vehicle 

 The shape of the plotted links represents the additional economic cost when the optimal route is 

disrupted, i.e. the increase in road user cost multiplied by traffic. 

 

 

 

 

 

                                                           
10

 Just to recap, these results include links belonging to the indicative network (created to connect with the least cost 

routes connecting capital cities, population centers with over 25,000 people, main ports and airports, and border 

crossing) and selecting links with the 10 percent highest level of traffic. The traffic threshold is 4,000 



22 

 

Figure 6. Metrics of Criticality for Peru Network 

 
Source: Authors’ compilation. 
 

For most of the disrupted links, the impact on the network is limited. The increase in road user cost 

(RUC) is less than 40 usd per day, the increase in length is less than 70km, and the economic cost remains 

below 2 million usd per day (see histograms in Figure 6). If those disruptions remain short (no more than 

a few days) they could be manageable with traffic management. However, if these links remained flooded 

for a few days, losses would increase rapidly and structural interventions should be considered (see the 

analysis on the Cluster Piura in the next section). 

Some groups of links show much higher impacts. The disruption of these links can lead to more than 300 

km increase on average for the routes of the network and to more than $400 increase in RUC per user. 

The disruption of these links that lead to the longest detours and highest increase in RUC generally 

present high costs when traffic is accounted for (on average, between 2 to 4 million USD per day). One of 

these links, if disrupted, leads to losses above $4 million per day. Such disruptions therefore have very 

important consequences for the performance of the network even if they last for a short-time. 

The map in Figure 7 represents the economic costs of disruption with colored links. The links with daily 

costs higher than 2 million usd are represented in red and they all are located on the Pan Americana 
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Highway. This is not surprising as this is the road with the highest daily traffic and it is located between 

the sea and the mountains – it therefore has little redundancy. 

To summarize, the criticality assessment of a transport network provides a hierarchy of transport network 

components in relation to their importance. Via the interdiction method, we identified the links that would 

lead to extremely high losses, if disrupted. At this stage, we have not explored yet whether these links are 

potentially exposed to disruptions caused either by natural disasters or other unpredictable influences such 

as economic shocks, or structural engineering uncertainties.  

Therefore, the next part of the study adds the risk layer – and the related uncertainty analysis as to their 

occurrence, frequency, and impact
11

. In the next step then, we respond to: which critical links are more 

exposed to random events, and as such deserve closer attention by policy makers? How should policy 

makers intervene to increase reliability in a robust and cost effective way? These questions address 

directly the issue of decision-making prioritization.  

 

                                                           
11

 The methodological approach is similar whether the natural event is an earthquake or a landslide, provided that 

probability data are available. 
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Figure 7. Costs of disruption in Peru [this needs to be updated because we chose a different 

cluster central closer to Lima] 

 
Source: Authors’ compilation. 

Selecting critical links exposed to extreme events 
Exposure to floods and landslides allows narrowing down further the analysis: it helps select those links 

out of the critical links that are more likely to be flooded.  

We therefore overlay the network with natural hazard data. Figure 8 presents the links exposed to:  

 Severe floods (that is with a water level higher than 30 cm) for a one in 10 years return period, 

(red “x”)  

 Water levels between 10 and 30 cm for a one in ten years return period, (orange “x”) 

 Landslides (huaycos) during the past EL Niño event (1997) (green “+”) 

 

The links with the lowest redundancy and highest cost increase that are also exposed to floods are all on 

the Pan Americana highway. The Cluster Pan Americana (i.e., a set of critical links located on the 

highway) for instance is exposed to river floods, coastal floods, and sea level rise, and if it is disrupted it 

costs close to $3 million per day to its users, forcing them to drive an average of 300 additional kilometers 
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Upon suggestions of the policy makers, we chose to focus our analysis on the section on the Pan 

Americana North of Arequipa – for its very low current redundancy and high cost in case of flooding – 

and on both the Carretera Central and the region around Piura. As Figure 8 shows, these latter two do not 

show very high cost if the disruption lasts one day. However, both are strategic export routes for 

agricultural products. In the Carretera Central, disruptions occur very frequently – and each time, the 

road’s (partial) closure leads to immediate food price raise in Lima, which affects the poorest households. 

The cluster we chose is located between Lima and La Oroya. Finally, several disruptions due to floods in 

the region around Piura lead to the disconnection of 4 cities and one airport. We focus on one particularly 

strategic area in the south of the city, on one of the main export routes for coffee.  

Figure 8. Critical Links Exposed to Floods in Peru. V1, V2 and V3 are segments on the Pan 

Americana (map Figure 7) and the three clusters are the ones for which we will do a full analysis 

 
Source: Authors’ compilation. 

Economic analysis 
For the remaining of this paper, we perform an in-depth economic analysis of available options to reduce 

disruption costs on the three clusters Pan Americana, Carretera Central, and Piura.  

In this section, we will answer the following questions: 

- What are the expected annual losses linked to flood disruptions in three critical groups of links in 

the network (Pan Americana, Carretera Central, Piura)? 

- How can we best reduce these losses?  
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- What is the profitability of interventions already planned by the Ministry of Transport when 

avoided disruption losses are accounted for? 

 

What are the expected annual losses linked to flood disruptions in three critical groups of links in 

the network? 

Figure 9 represents the expected annual losses (as described in section Costs to the Economy -- looking 

for a practical though meaningful proxy for economic costs) for the three selected clusters. As expected, 

the highest expected losses for users (panel a) are on the Pan Americana, where the highest traffic is. For 

the Pan Americana, the uncertainty on future expected annual losses mainly depends on the impacts of 

climate change on flood frequency and on the uncertainty on flood duration, while Piura’ and the 

Carretera Central’s expected annual losses mostly depend on the duration of the disruption. They can 

therefore be reduced with improved maintenance and improved drainage, or traffic management, if water 

levels are not too high. 

Figure 9. Total costs of disruption expressed in expected annual losses for three groups of links in 

Peru  

(a) Private costs (for users) (b) Ex-post intervention cost 

   
 

The losses in Figure 9 (a) only account for private costs and do not include potential trade losses.  Yet, 

the Carretera Central is a major trade corridor: there, trade losses could be as high as usd 830 000 per day  

if part of agricultural exports are lost because of long disruptions caused by landslides. Similarly, 

disruption in the Piura cluster, and specifically in the segment Tocache-Zarumilla, could lead to usd 1.1 

million losses per day because of losses in coffee export. These losses add up to the total cost of the 

disruption and make even more pressing the need to reduce the impacts of disruptions. 

Figure 9 (b) represents the economic losses due to ex-post interventions to rehabilitate or rebuild the 

road. These losses are not borne directly by the users but by the collectivity through local governments or 

by the concession. These ex-post costs are of the same order of magnitude as the user costs, and they 

depend on the same factors: the longer the disruption or the higher the water level, the higher the 

rehabilitation or reconstruction cost (see the Uncertainty section for these relationships). Therefore, as an 

approximation, one can say that ex-post intervention doubles the economic cost of the disruption. For the 
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Carretera Central, the ex-post costs are proportionally higher, because of landslides that force to rebuild 

the road more often. 

How can we best reduce these losses? 

To decide what ex-ante intervention protects the road the best against disruption losses, we can calculate 

the net present value of each investment for all different possible scenarios of losses. We first consider 

four different options: (1) increased maintenance, which allows reducing disruption length (we assume it 

divides by three the disruption length of a flood event), (2) large-scale increase in redundancy, where we 

assume that most of the road segment used for second-best routes are upgraded to primary paved roads, 

(3) more targeted increase in redundancy, where only 30% of the alternative roads are upgraded to 

primary paved roads, and (4) flood-proof road, where we assume the road is elevated or drainage is highly 

improved in order to avoid all flood losses. This last option is highly speculative as we do not have many 

examples of flood-proof roads – nor of their costs. The costs that we assumed are in Table 7 (based on 

discussions with stakeholders) but could potentially be higher, making the investment less profitable. 

Figure 10 represents the net present value (NPV) of these four options, in all scenarios, for all three 

clusters. The net present value is calculated as described in the section on Metrics (M), and incorporates, 

in the avoided losses, both user costs and ex-post interventions. 

Here we used a discount rate of 3% and we have assumed that the traffic on the roads analyzed will not 

increase in the next decades. We vary these assumptions in the annex (with a 6% discount rate or a 3% 

growth rate in traffic), but these alternative assumptions do not change the order of preference of the 

different interventions. 

Note that since ex-post interventions are included in the NPV, whenever the NPV of an ex-ante 

intervention is negative, it means that ex-post interventions are more profitable than the ex-ante one. 
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Figure 10. Net present value of different interventions, for different 

scenarios, for the three Clusters  
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Note: These NPVs are calculated over 30 years, with a discount rate of 3% and with the assumption that traffic will 

not increase in the next 30 years. 

To choose the best option to be implemented, several criteria can be applied. Here, the chosen criteria is 

the minimum of the maximum regret across all scenarios. In other words, for each possible future the 

regret of each option is calculated (as the difference between the NPV of the option and the NPV of the 

best option for that particular scenario), and then the best option is the one with the lowest possible value 

for that regret. 

Table 9. Maximum regret for different choices on the Panamericana 

Maximum regret discounted over 30 years (billion usd) for the Panamericana 

Maintenance Increased 

redundancy 

Targeted increased 

redundancy 

Flood-proof road Do nothing (ex-

post intervention 

only) 

2.1 5.4 2.5 1.9 7.4 

 

Table 10. Maximum regret for different choices for the Piura group of links 

Maximum regret discounted over 30 years (billion usd) for Piura 

Maintenance Increased 

redundancy 

Targeted increased 

redundancy 

Flood-proof road Do nothing (ex-

post intervention 

only) 

0.50 0.82 0.64 0.040 4.8 

 

For the Cluster Pan Americana and Piura, the “best” option would be a flood-proof road (Table 9, Table 

10). Assuming that it is possible to build a flood-proof road at the costs that we have used, this option 

brings the highest benefits in some scenarios and although there are some scenarios with a negative NPV 

in case of lower rainfall and optimistic assumptions on duration of disruption, it remains the lowest regret 

option. Note that if we assume that traffic will increase at 3% per year in the next 30 years, the regret of 
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building a flood-proof road becomes negative, in other words there is no regret and whatever happens the 

investment should be made (Figure 14 in the Annex). 

If the option of a flood-proof road were not available for the Cluster Pan Americana and Piura, the second 

best option would be improved maintenance (Table 9, Table 10). For maintenance, the scenarios that 

lead to a negative NPV are the scenarios with an optimistic assumption on flood duration. Since 

maintenance reduces the duration of the flood, if the flood lasts a short time, maintenance is not useful. 

The option of improving redundancy is not profitable in these scenarios for the two Clusters, but for 

different reasons: for the Pan Americana, the number of kilometers of roads that would need to be 

upgraded in order to improve redundancy is very high (840km) so even if the potential disruption costs 

are very high (Figure 9), they do not offset the cost of upgrading as many kilometers of roads. For the 

Cluster Piura, the number of kilometers to upgrade is smaller (400 km) but the potential disruption losses 

are also lower, hence the upgrading of the second-best routes is not profitable. Note that if only a portion 

of the second best roads is upgraded (third intervention in Figure 10), this option becomes profitable in 

some scenarios with the highest expected losses. 

Table 11. Maximum regret for different choices on the Carretera Central 

Maximum regret discounted over 30 years (billion usd) for the Carretera Central 

Maintenance Increased 

redundancy 

Targeted increased 

redundancy 

Flood-proof road Do nothing (ex-

post intervention 

only) 

0.37 0.55 0.037 0.32 4.5 

 

For the cluster on Carretera Central, this third option of upgrading only selected second best routes is 

more profitable than all other interventions, and it has the minimum maximum regret across all scenarios 

considered (Table 11). This is because the Carretera Central is subject to landslides in addition to floods, 

therefore maintenance and flood-proof roads are not as efficient. Here again, the regret of targeted 

increased redundancy becomes negative if traffic increases by 3% per year (Figure 14 in the Annex), so 

this intervention should be implemented no matter what happens. 

Note that for all three clusters, the option of doing nothing and relying only on ex-post interventions is the 

one with the highest possible regret, and this regret increases as traffic increases. 

To dive deeper into the performance of the best option for the Carretera Central, we explored more in 

details the profitability of existing projects to increase its redundancy.
12

 To simplify the analysis, we only 

considered losses from landslides (which cause the biggest losses in that cluster). Moreover, we vary the 

probability of occurrence (and duration) of landslides every year and the discount rate.  

 

 

                                                           
12

 Road 1: Huaura – Sayán – Churin – Oyon – Ambo = 283.5 km. Road 2: Lima (Puente Santa Anita) – Canta – 

Unish (Vicco) = 239.3Km. Cost: around 700 million dollars 
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Figure 11. Profitability of increased redundancy around the Carretera Central, for different 

probabilities of occurrence of events and different discount rates. Profitability is defined as NPV>0 

0% growth in traffic 3% annual growth in traffic 

  

 

Figure 11 shows the profitability of the investment (that is so say, whether or not the NPV of the 

investment is positive) for different probabilities of occurrence of landslides and different discount rates. 

The left panel calculates the NPVs assuming there is no increase in traffic while the right panel assumes 

there is an annual growth rate of 3% for traffic. According to these results, for any discount rate lower 

than 15%, the investment makes sense even if traffic is disrupted for one day because of a (small) 

landslide and even if traffic does not increase for the next 30 years. If traffic does increase, the investment 

makes sense even with a 18% discount rate. 

Finally, we look at a more challenging investment to avoid landslides: a tunnel. We repeat the analysis, 

assuming that the tunnel avoids all losses but costs 33 million usd per kilometer (Table 7). 
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Figure 12. Profitability of a tunnel on the Carretera Central, for different probabilities of occurrence of 

events and different discount rates. Profitability is defined as NPV>0 

0% growth in traffic 3% annual growth in traffic 

 
 

 

Contrary to the option of upgrading alternative roads, the option of the tunnel is only profitable for 

relatively low discount rates (lower than 10%) or high probabilities of occurrence of landslides. The upper 

limit on the discount rate goes up to 12% if traffic increases by 3% per year. However, discount rates are 

usually lower than 10% for public infrastructure investments so this option could be considered by the 

local authorities or the government. Indeed, one advantage of tunnels is that they do not require to re-

build the road after an extreme event, contrary to upgrading alternative roads. 

In addition, these results only consider private losses. If we included the commercial costs, tunnels would 

probably make even more economic sense on roads subject to frequent landslides.  

Conclusions and Policy Recommendations 
Faced with the challenge of having to allocate resources efficiently and prioritize the most urgent 

investments on the road networks, decision-makers struggle to identify the most critical links and evaluate 

their vulnerability, in face of uncertain future events and uncertainties about their impact. In this paper, 

we sought to answer three key questions: (1) How can we identify the most critical roads in the national 

network? (2) Given the existing uncertainties, what are the expected annual losses linked to flood 

disruptions of critical group of links? (3) How can we best reduce these losses and choose between 

available ex-ante options and ex post interventions?  

To help answer these questions, this paper illustrates how to effectively combine traditional transport 

models, like HDM-4, with innovative network analysis and state-of-the-arts methods for managing 

uncertainties about the future.  

By using the interdiction technique on thousands of links, this paper shows how to select the most critical 

links. It then demonstrates how to select the most vulnerable of these links to floods and landslides. It also 
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shows that the analyst can easily take into account additional qualitative information on the strategic or 

economic relevance of some links, to improve the decisions. Finally, by running hundreds of scenarios of 

possible events and their impacts, it applies a robust decision-making approach to guide a cost-

effectiveness analysis of policy options available when a road network is exposed to unpredictable 

climate events. 

More data is needed to evaluate the full economic and social costs of disruptions and improve the 

economic analysis on the most vulnerable links of the Peruvian road networks. However, the testing in 

Peru of these prioritization and cost-effectiveness approaches to decision making has: (i) revealed the 

value that these tools have for making planning decisions in the transport sector that are climate-change 

sensitive and informed by concrete elements of past climate events (that while building in the past 

incidence of uncertain events do not try to predict the future); (ii) unleashed enormous appetite from our 

counterparts to use the framework in their prioritization processes, including explicit requests for capacity 

building in tools and knowledge transfer; and (iii) structured the sector-level dialogue among various 

ministries, sectors, and agencies in the pilot countries. 
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Annexes 
 

Box 1. GIS Data Limitations 
A number of limitations associated with the input datasets and the methods used in this analysis should be taken into 

account in the interpretation of results. 

 

 Scale of roads. The scale of the source data (that is, the level of detail) for roads is unknown, but there are 

obvious differences between the countries and in comparison with large-scale datasets such as Open Street 

Map. The smaller the scale, the less likely the features in the geographic information system (GIS) data will 

accurately represent the geometry of the roads on the ground. As a result, the total kilometers calculated 

based on the GIS data will deviate, to some degree, from the officially reported statistics. In figure 10 

below, scale makes a big difference in the calculated sinuosity index value. 

 

 Spatial resolution of the elevation model. The spatial resolution of the elevation model also presents a 

challenge, particularly with respect to the average width of roads. Figure 13 below shows a road drawn with 

a width of 7 meters, approximately one-third of the size of an elevation cell. In this case, extracted z-values 

will be affected by roadside features, particularly in areas of high relief. 

 

 Segmentation. In the terrain analysis, road characteristics are calculated by segment, which is defined 

somewhat arbitrarily according to the network geometry. While the start and end of a segment may not 

necessarily define a homogenous feature, errors in network geometry only exacerbate the problem. 
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Figure 13. Examples of Challenges with Input Datasets  
a. Scale difference between gROADS and 

Open Street Map 

b.  

 
 

c. Spatial resolution of Digital 

Elevation Model 

 

 
 

d. Segmentation example 

 

 

 

Source: Authors’ compilation. 
 

 

Box 2. Accounting for Urban Friction 

Due to higher traffic, urban centers tend to suffer from congestion problems (this is referred to as higher friction 

in the urban center in GIS terms). The average speeds of vehicles in the city are expected to be lower than in 

intercity corridors and even rural areas assuming all other conditions are equal. HDM-4 can be used to model 

congestion effects by inputting a reduced speed based on travel time and speeds calculated using Google’s 

Directions Application Program Interface ( API), which takes congestion into account. 

 

First, urban areas must be defined. This is done based on three criteria: percentage of built-up land; population; 

and status as a national or provincial capital. Roads which intersect the urban cluster mask are identified and 

considered “urban” for the purposes of analyzing urban friction. Travel time and speeds are then calculated for 

these roads using Google’s Directions API. 

 

An “urban friction coefficient” can be defined to provide a sense of congestion effects: 

 

𝑈𝑟𝑏𝑎𝑛 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑖 = 1 −  
𝐺𝑜𝑜𝑔𝑙𝑒 𝑆𝑝𝑒𝑒𝑑𝑠𝑖

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐻𝐷𝑀4 𝑆𝑝𝑒𝑒𝑑𝑠𝑖

 

The urban friction coefficient can be interpreted as the percentage speed reduction of the original HDM-4 speed 

estimates. For the urban road links in Colombia, Ecuador, and Peru, the average friction coefficients are 0.50, 

0.36, and 0.39 respectively. In other words, there is on average a 50 percent speed reduction in Colombia, 36 

percent speed reduction in Ecuador, and 39 percent speed reduction in Peru in the urban centers defined by the 

study. 

 

For the calculation of road user costs in HDM-4, the speeds derived from Google were inputted directly to the 

model and calculated as an additional road characteristic for all urban roads. That is, in the case of urban roads, 

HDM-4 was used to calculate the road user cost associated with an existing road link rather than the road user 

costs associated with a type of road based on the seven road characteristics. 
Source: Authors’ compilation. 

Note: For details see annex 5. 
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Figure 14. Net present value of different interventions, for different 

scenarios, for the three groups of links and with an annual 3% growth 

rate in traffic over the next 30 years 
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