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FORESTRY PLANNING

La industria forestal es una de las principales actividades económicas del país, por lo que el
desarrollo de procesos de plani�cación forestal e�cientes aparecen como una mejora signi�ca-
tiva para su competetividad a nivel internacional.

La plani�cación forestal es una problemática de gran tamaño ya que requiere resolver prob-
lemas logísticos complejos, muchos de ellos de naturaleza combinatorial. Comenzando con
resolver el problema de la red de caminos, la instalación de equipos de cosecha considerando
la e�ciencia de las maquinarias, predicción del crecimiento y rendimiento, de�nición de esque-
mas de trozado, y �nalmente las decisiones que respectan al transporte. La mayoría de estos
problemas son muy grandes y requieren de formulaciones con decisiones enteras y/o están
relacionados con formulaciones matemáticas difíciles de resolver. Dado que estos problemas
no han sido estudiados en profundidad para operaciones de gran escala económica, decidimos
asumir el desafío de resolver dos de ellos con datos de operaciones reales.

En base a las estimaciones de largo plazo de carga potencial forestal para un transporte
basado en trenes, de�nimos una matriz óptima de transporte.

También es muy importante estudiar la optimización de las operaciones forestales en ter-
renos con alta pendiente, las cuales son ejecutadas con sistemas de cables aéreos. Maximizar
la carga útil de la operacición del cable es un factor relevante para mejorar los niveles de
productividad forestal y alcanzar costos competitivos.
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FORESTRY PLANNING

Since forestry is one the main activities of the country, the development of e�cient forestry
planning processes appears as a signi�cative improvement in its global competitiveness.

Forestry planning is a major challenge since it involves the solution of complex logistics
problems most of them of combinatorial nature. Beginning with the road de�nition problems,
followed by harvesting issues, such as machinery location and machine e�ciency problems,
yield-growth prediction and bucketing problems and ending with the set of transportation
problems, most of them normally requires huge integer-based decision formulations and/or
are related to mathematical formulations hard to solve. Since some of these problems have
not been studied in deep under high-level of scale economics, we assume the challenge of
solve two of them with real-life operational data.

Based on the long-term national estimation of the potential forestry load for railroad-based
transportation systems, we de�ne an optimal forestry transportation matrix.

It is also very important to study the optimization of steep terrain forestry operations,
which are executed with cable logging systems. The maximization of cable yarding log
payload is a relevant factor to improve forestry productivity levels and achieve competitive
costs.
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Chapter 1

Study of railroad opportunities in the

forestry sector transportation matrix

Abstract: based on the long-term national estimation of the potential forestry load for
railroad-based transportation systems, we de�ned a strategic transportation model for a big
forestry company. The model de�nes transportation modes, required services, �eet structures
and expected productivity and costs. As the model de�nes the long-term equilibrium for the
associated transportation matrix, we used it to support a long-term railroad services bidding.

1.1 Introduction

The present work looks for the opportunities to incorporate railroad freight to the transporta-
tion matrix for a Chilean forestry supply chain. It seeks to de�ne required �eets, operational
sizes, costs, associated operational savings and operational restrictions in a highly competi-
tive truck transportation scenario with high levels of scale economics. To do so, we compare
optimal truck transportation options against optimal railroad transportation options based
on structure of operational costs.

Since the railroad infrastructure is not prepared to operate the forestry loading activities,
such option will require important investments to activate suitable stations. This model
based on high �xed costs would be feasible only under high levels of transportation.

Due to the uncertainties in potential long-term aggregate railroad demand, the Chilean
national railroad company requested a strategic study which de�ned the potential demand
for each one of the existing stations, de�ning the investments required in each one of them.

The literature related to the optimization of the forestry supply chain is extensive and has
been studied by di�erent authors over the last 20 years.

D'Amours et al. [11] indicates that there are numerous compilations available today
in the literature that explore di�erent perspectives on the forest supply chain. Röonqvist
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[31], Martell et al. [28] and Epstein et al. [14] summarize the contribution of OR to the
forest industry, focusing on various aspects related to forest production and transport to
the forest products conversion industry. Carlsoon the al. [5] has focused on the planning
and distribution of forest products to consumption centers. D'Amour's argues that there is a
high relationship between the quality of forestry planning and operation and the performance
of the supply chains of the di�erent associated forest products, being reported by various
researchers who have worked with aspects as diverse as forestry prescriptions, the sequencing
of forest harvesting units, the construction of forest roads and the storage and transportation
of forest products. In the Handbook on Operations Research in Natural Resources, Weintraub
et al. [37] presents various models designed to improve the integrated planning of a forest
production business.

Karlsson et al. [22] studies the problem of integrating the planning of operator crews,
transportation and storage of forest products.

Karlsson et al. [23] has proposed a MIP model to solve the problem of forest harvesting,
forest transport and road maintenance combined for a planning horizon of 1 year.

Forsberg et al. [16] has studied the integration of road transport with ship and rail
transport for forest products. It de�nes the scope of logistics decisions in the strategic,
tactical and operational �eld, focusing on strategic questions such as the need for a mixed
transport matrix and tactical questions such as the capacities of train and truck �eets, the
number and location of train-truck transfer stations in a bimodal transport system.

Mahmudi et al. [27] analyze the alternatives of direct biomass transport by truck versus
bimodal transport, �rst by truck and then by train, concluding that the optimal combinations
of transport by train and truck depend on the di�erent supply distances.

Tahvanainen et al. [36] analyze the most e�cient biomass transport systems for Finland
according to the total transport distances, concluding that in distances over 135 kilometers,
train transport is more competitive than truck transport.

In [29] Mathisen et al., highlight the greater energy e�ciency of non-road freight trans-
port systems over road transport, being the study of bimodal transport systems, via rail
and sea systems for long distances, a critical action for the development of a sustainable
transport system. According to this review, research on intermodal freight transport systems
began to be developed in the early 1990s and from 2000 onwards there has been a steady
increase in related publications that, according to the author, should be explained by the
strong impulse of public policies to intermodal transport systems as a way to minimize the
negative externalities of road transport systems. Despite the fact that the greater number
of articles are related to rail transport in recent years there has been a growing interest in
maritime transport although the author concludes that the analysis of the terminals is poorly
developed.

In [9] Crainic et al. provides a frame of reference for the planning of intermodal transport
systems, de�ning a 3-level taxonomy to classify the decisions associated with such a system,
strategic or long-term for long-term investment decisions and which will determine the strate-
gies of operation of the systems, including the design of the transport network, decisions of
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location of terminals, decision of purchase of equipment and tari� policies. The level of tacti-
cal decision seeks an e�cient and rational allocation of existing resources in the system with
the objective of improving its complete e�ciency. These decisions are made at the aggregate
level by abstracting detailed information. These decisions include the selection of the services
to be performed, their optimal routes, general rules of operation of the terminals, product
storage rules, tra�c routing and repositioning of empty cars. Finally, the operational level is
resolved locally and allows to organize the detailed activities of the vehicles and terminals,
de�ning the sequencing of the services of loading, routing and dispatch of vehicles and the
programming of the crews.

In [38], Wieberneit makes a review of published case studies of freight transport, mainly at
a tactical level, whose resolution by exact methods is generally di�cult to solve and describing
the solution strategies used to solve these problems. In its conclusion, it states that many of
these problems are still partially unsolved.

In [35], SteadieSei� et al. makes a review of 2005 onwards developments and e�orts in
multimodal planning. His �rst conclusion is that there is an important e�ort in strategic
and tactical planning but not at the operational levels. They also conclude that there are
still important challenges in the area, such as in the study of the di�erent transport net-
work topologies to be de�ned, transport corridors, hubs and networks. Also, in the con�ict
between the objectives of minimizing costs and time, establishing the need to investigate
multi-objective models for these trade-o�s. According to the author, a very relevant chal-
lenge is to properly incorporate the planning of �back� �ows in the planning of �outbound�
�ows by integrating the repositioning decisions of empty cars in the network design decisions.
However, due to capacity constraints and those imposed by current legislation, it is necessary
to incorporate multiple resources into the planning, for example, the joint planning of vehicles
and drivers. Most publications assume that the transport system is centrally managed taking
into account only the requirements of multimodal operations. Obviously, the interaction and
competition between the di�erent operators of the system in�uence the execution of the plan
and their collaboration could be very bene�cial in order to ful�ll the plan. Moreover, the
integration of di�erent levels of planning could deliver more e�cient solutions for the entire
industry. However, the solution of each level separately is already a challenge given its high
complexity. In this context, the use of relaxation and decomposition techniques and tools are
used extensively. Branch cut algorithms deliver a �exible platform to include properties of
network design problems, �nd stronger dimensions and cuts and increase limits on the sizes
of solvable problems.

The paper is organized as follows: we �rst introduce the long terms national study of
potential railroad load based on future stocks of wood plantations. We de�ne potential
transport of logs and transference node selection. Then, we present a speci�c logistic problem
for a big Chilean forestry company. Based on previous work we de�ne a forestry supply chain
hierarchic planning model to use and their associated parameters. Finally, we introduce the
bimodal supply chain model and current results and conclusions.
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1.2 Long term national estimation

We estimate the potential railroad freight of forestry products for the next ten to �fteen
years. The study is based on the localization of supply of logs and demands points as well
as the available railway infrastructure and costs.

The methodology implemented considers the supply of most of the logs in the country,
information supplied by the two main forestry companies in Chile, both providing long terms
projections of �ows of logs from origins to destinations for the next 20 years. Based on those
�ows and considering a valid truck-train transportation network it is feasible to build e�cient
alternative routes for each log �ow, one being the direct truck travel from origin to client and
the second one being a bimodal approach, namely modal truck-train transportation mode,
which includes a �rst truck travel from the origin to an intermedia train station, a transference
process from truck to train and a �nal train travel to the demand point. Then, and based on
a unit cost model plus transference costs, it is possible to calculate the transportation cost
for every feasible route of logs and select the most convenient option for any one of the �ows.

The potential estimate of by-railroad demand of logs suppose a binary decision in every
�ow of logs since we assume a captive demand for the selected means of transport.

1.2.1 Chilean forestry industry background

The Chilean forestry industry relies on two basic areas, silvicultural operations and primary
wood industry. The main products of the forestry industry are logs which are totally con-
sumed by the national primary industry which in 2013 demanded 41 million of cubic meters.
The national primary industry is composed mainly by cellulose mills, sawmills, industrial
boards and plywood and chipping centers, as shown in Figure 1.1 (a big amount of the �nal
products of this industry are exported).

Figure 1.1: Historical industrial log consumption. Own elaboration. Source: INFOR report
2014.
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Primary industry consumption

The industrial consumption has increased steadily beginning with 14 MM cubic meters by
1990 until 40 MM cubic meters in 2008. During 2009 the Chilean forestry sector was strongly
a�ected by the Sub Prime Crisis reducing consumption by 8.7%. During 2010 the country
was a�ected by a huge earthquake with big losses in the road and mill infrastructure. From
2011 and on the primary industry recovered the 2008th rates of consumption.

The cellulose industry is the main consumer of the country with a 40% of log's market
share by 2013. There existed 11 Cellulose mills, 8 chemical kraft plants, the 3 remaining
being mechanic mills and producing a total of 5 MM tons of cellulose by 2013. Ten of the
eleven mills belong to the two main forestry companies.

Sawmills consumed 15 MM cubic meters by 2013, corresponding to the 37% of the log
market. There existed 353 permanent sawmills producing a total of 7.7 MM cubic meters of
solid wood in 2013. On that date, 51% of the sawmill production was concentrated in the
biggest four forestry companies (Arauco, Cmpc, Forestal Tromen and Masisa), and nearly
35% of the sawmill production was exported.

The boards and plywood industry consumed 3.8 MM cubic meters by 2013, corresponding
to the 9% of the log market and producing 2.67 MM cubic meters of panels. In 2012 a big
forest �re destroyed Arauco's Nueva Aldea Plywood plant (440.000 cubic meters of annual
production) rebuilt completely by 2014. Also, in 2013, Cmpc Plywood plant increased con-
sumption by 500.000 cubic meters by year. By 2013, the 83% of the panels production was
concentrated on the biggest 3 companies: Arauco, Cmpc and Masisa, and nearly 44% of the
total production was exported.

The chipping industry consumed 5.2 MM cubic meters of logs by 2013, corresponding to
the 12% of the log market. A little portion of the chipping process is done with eucalyptus in
the forest to support the cellulose mill demand. There also exist chipping plants integrated
to the sawmills processes which consumes waste from the sawmill process and elaborate chips
for the cellulose industry. Those integrated plants consumed nearly 4.86 MM cubic meters of
waste. Chips are raw material for the cellulose and chipboard industries but also to energy
plants. The chipping industry produced 9,8 MM cubic meters of chips by 2013 and nearly
38% was exported. This market presented a high level of deconcentration with more than 42
chipping centers and 129 integrated chipping plants all from at least 25 di�erent companies.

Finally, it is important to note that Arauco is building a new 5 MM cubic meters by
year consumption cellulose mill (MAPA Project), mainly oriented to process eucalyptus and
produce 2 MM tons by year of cellulose.

Stock of wood in plantations

INFOR (Chilean Forestry Data Institute) predicts future stocks of woods from plantations
in the country. To do so, they solve a mathematical model to maximize the stock of wood
for the three main species available (Radiata Pine, Eucalyptus Globulus and Eucalyptus
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Nitens), satisfying minimal cutting ages and management of plantations restrictions to insure
the sustainability of stock thru the years. Figure 1.2 shows the projection of volumes until
2040, and it is possible to appreciate that the available stock grows until 2019 and remains
stable in 47 MM cubic meters until 2040, balanced with the installed and projected industry
in the country.

Figure 1.2: National availability of plantation future stocks. Source: INFOR, report 2014.

1.2.2 Log transport

The most common practice of transportation begins with logs just harvested stockpiled in
landings or besides the road. Even when in some conditions the logs must be transported
to intermedia courts, with a lot of extra management costs, most of the times the logs are
transported directly to the �nal destinations.

In the special case of Radiata Pine timber products, since the length and width of the logs
to transport is a commercial condition, there could be a previous packing process in order to
optimize the container dimensions of the transport machinery.

Legal regulations allow a maximum weight of 45 tons for every truck loaded. Since a
normal tare is about 15 tons, the maximum load per truck is 30 tons. For a long time,
CORMA (Chilean national organization of timber producers) has been promoting an increase
in the maximum weight of trucks to 60 tons. This new regulation would allow the use of
B-Train, trucks with higher capacity and much lower logistics costs associated.

Of the 41 million of cubic meters transported in 2013, only 300 thousand were transported
by train, less than 1% of the total.
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Rail freight transport of forestry products is carried out completely in EFE railway net-
work. EFE is the national railway company and own all the railway infrastructure. The
transport service is executed by two private carrier companies, FEPASA and TRANSAP,
both oriented to the forestry and Mining industries. Until 2013, the joint services of both
companies reached 10.6 million of cubic meters by year. Figure 1.3 shows that the forestry
participation of the carrier services during 2014 was 51%.

Figure 1.3: Railroad freight distribution over EFE network in year 2014.

Carrier companies are contracted by clients and by law EFE charges for the use of infras-
tructure in a mixed modality of �xed and variable tolls, the �rst one, the right to use of the
infrastructure is a �xed charge, the second one, a �xed annual charge to use di�erent sections
of the railroad network and �nally a variable charge for tons transported per kilometer.

This toll mode impose high barriers to the entry of new carriers since current ones already
considers as sunken the �xed charges. The current law ends in 2024 and most potentials new
carriers expect a more competitive system to open since then.

As an example of concentration of volumes in few carriers, Figure 1.4 shows the distribution
of the 2013 FEPASA freight forestry volumes corresponding to 7.3 MM tons.

7



Figure 1.4: FEPASA forestry freight volume distribution year 2013.

Table 1.1 shows the volume of logs transported by train in 2014. The grand total of 365
thousand of tons is mainly composed by deliveries to mills Nueva Aldea and Nacimiento and
El Arenal port. The average transportation distance was 213 kilometers and the minimal
transportation distance was 128 kilometers.

Table 1.1: Log �ow associated to train transportation, year 2014. Source: EFE.

Table 1.2 shows other forestry products transported by train in 2014. Of the approximate
5 MM tons, the main products were cellulose (88%), cellulose supplies (8%) and plywood
(3%).
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Table 1.2: Forestry product �ow (di�erent than logs) by train, year 2014. Source: EFE
report.

1.2.3 Basic information

There is detailed information on the two mail forestry companies of the country.

The basic information consists of the �ow of logs from the origins to the consumption cen-
ters in a yearly basis. Each company provides long term projections with volumes harvested
in each forestry origin every year identifying species and products. As the forestry business is
a long term one and since the areas planted in the current year must be harvested in between
10 and 15 years, in case of Eucalyptus, or in between 18 and 26 years in case of Radiata Pine,
strategic long term forestry planning process must consider at least 30 years horizons using
growth simulation models to estimate the �nal performance of each forest. Both companies
use optimality models to forecast the future �ows.

There are also Geographic Information System (G.I.S.) data of EFE railroad network.
The study will consider the southern section of the network beginning in the north of the
country in Rancagua station (Libertador Bernardo O'Higgins Region) and �nishing in �La
Paloma� station (Los Lagos Region). Figure 1.6 shows the railroad network section used in
the study. There is also detailed information of the national road network including primary
and secondary roads, as shown in Figure 1.5.

As a criterion to determine if a consumption center is accessible to the railroad network,
we de�ned that it would be connected (or would be easily connected) to the actual railroad
network. To do so, we de�ned a parameter of 5 kilometers of maximum distance between
them. Figure 1.7 shows the main consumption centers of the country.
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Figure 1.5: Section of National road network used in present study.

Figure 1.6: EFE railroad used in the present study. In blue active railroad. Own Elaboration.
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Figure 1.7: Geographic localization of main consumption centers: Arauco, CMPC y MASISA.

1.2.4 Methodology

Firstly, for each origin and destination tuple we de�ne two potential roads, one directly by
truck and the other using transference from truck to train. To do so, we used an own de-
veloped computer system1 which evaluates all feasible routes over the complete railroad plus
road networks and obtain e�cient routes for both cases based on an �equivalent kilometer�
index.

In second term, we calculate the associated cost for each pair of routes, based on unitary
costs for truck and train transportation (US$/ton-kilometer) plus a transference bimodal cost
(US$/ton). For the case of truck transportation cost, it is necessary to add a toll cost which
is already considered in the case of train costs. Finally, we choose the cheapest option for
each tuple origin and destination.

The train freight demand estimation considers a binary modal decision. Contrary to the
passenger transportation demand estimation, in which the binary modal decision must be
done thru a discrete choice model based on random utility theory, In the case of freight
transportation, it is assumed that the demand is captive of the best option for the producer
(we assume the unit of demand as the �ow de�ned in between each origin and destination).

The demand information is available as the estimation of annual �ow from origin to
destination for the two main companies of the country, corresponding to the 70% of the
national production, considering the production in own lands plus the trade of logs with
thirds parties. This market share will increase with the launch of MAPA project and Arauco's
new sawmill by 2022.

As we assume as potential train destination the closer one to existing railroads (less than
5 kilometers), these will require few investments to be connected to the railroad. From the
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existing destinations, Loncoche sawmill and Nacimiento cellulose mill must be connected to
the railroad.

In relation to the trade logs, both companies privilege the purchase of logs near the mills,
looking for minimal transportation costs, which make trading logs unattractive for train
transportation.

The modal truck-train option considers a transference operation in a site next to the actual
stations as a way to perform such operations in an e�cient way. These operations include the
discharge of trucks, the loads of train cars and the stock piling of logs. The base scenario will
allow to use any station as transference node and would possibly activate a bigger amount
of transference nodes than the strictly necessary. Section I.2.6 studies the minimal amount
of necessary transference nodes and the impacts in train logs availability.

Route development

To elaborate all the feasible origin to destination routes for the model, both truck and truck-
train modal routes, we develop a routing system based on all valid train and truck connections
in between origins and destinations. The system provides e�cient routes to connect two
points of the network based on equivalent-kilometer indexes, which ampli�ed kilometers in
dirty and graveled roads thru a conversion factor1. The system evaluates truck and truck-
train routes and select the best based on minimal equivalent-kilometer indexes.

Cost model and modal selection

Figure 1.8 shows the cost model applied to the selection of the route for every origin to
destination �ow.

Figure 1.8: Cost Model applied to both transportation modes. Source: Own Elaboration.
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The parameters used in the model are:

CtoTteCam: The cost of moving a ton of logs for one kilometer by truck
CtoDesCam: The cost of unload a ton of logs by truck
CtoCarCam: The cost of load a ton of logs by truck
CtoTteTren: The cost of moving a ton of logs for one kilometer by train
CtoDesTren: The cost of unload a ton of logs by train
CtoCarTren: The cost of load a ton of logs by train
CtoCancha: The incurred cost to keep a ton of logs in a transference node

As we can observe in Figure 1.8, the by-truck route needs only one load operation in
the origin and one unload operation in the destination while the bimodal truck-train route
includes an extra load plus unload operations in transference node. If we assume similar
load/unload costs for truck and train, the main di�erence in between the two options occurs
in the transference node. We can de�ne the parameter CtoAcop as the combined load/unload
cost for the operation of a ton of logs in a transference node in US$/ton.

CtoAcop: CtoDesCam + CtoCarTren + CtoCancha

Then, the equations required to compare both routes are:

Truck Cost= CtoTteCam * DistCOP [ US$/Ton]
Train Cost= (CtoTteCam * DistCOA + CtoAcop + CtoTteTren * DistTAP)

[US$/Ton]

We de�ne Truck Cost as the logistic value of transfer 1 Ton of Logs using route COP.

We de�ne Train Cost as the logistic value of transfer 1 Ton of Logs using �rstly the route
COA, then passing by the transference node and �nally using the route TAP.

In some of the road segments used in both routes it is necessary to include a toll value
which may be relevant to decide the cheaper option. Figure 1.9 shows the toll applied to
speci�c roads and therefore included in corresponding routes.
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Figure 1.9: Toll map. Own Elaboration.

1.2.5 Base scenario results

The log density factor, which de�nes the weight of logs in tons derived from cubic meters
depends on a series of factors including the moist content and the shape of the logs.

We are using factor 0.910 (cubic meters/Ton) obtained from a 2010 Valdivia mill study
(Vera1). This value agrees with FAO UNECE studies (including 13 Europe countries plus
US) which de�nes values in between 0.912 and 0.8941.

The marginal transportation cost by truck (US$/ton_kilometer) used in this study is
made up of the transportation cost from origin to destination, which depends on the road
materials, paved roads, gravel roads, dirt roads and so on, but also depends on the �xed costs
of timeouts of trucks in origins and destinations. As the timeout cost is modelled �xed, the
marginal cost of a short route became marginally more expensive than a longer route.

The average transportation cost by truck for routes over 50 kilometers is 0.08 [US$/ton_kilometer]
and 0.068 [US$/ton_equivalent_kilometer].

As mentioned previously, the transportation cost model by truck is based on an �equivalent
kilometer� concept (the consideration of no-paved road surface kilometers been ampli�ed in
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terms of the paved/unpaved truck speed relationship) which enables to use a cost formula
based only in term of paved road surfaces. We use the value 2.3 as the Paved/unpaved speed
relationship.

The previous calculus of average transportation cost for trucks considers only routes over
50 kilometers since shorter routes are unattractive for train services.

This calculus does not consider the use of toll in concession roads since the toll values are
applied to forestry transportation cost in a route by route basis as shown by Figure I 9.

The average train transportation cost considered in the study is 0.038 [US$/ton_kilometer].

We validate this number based on 2013 FEPASA Annual Report which indicates an av-
erage cost of 0.034 US$/ton_equivalent_kilometer. The 76% of the total FEPASA �ow
consists of cellulose shipping. As the log density is much lower than the cellulose one, the
10% of over cost is consistent with these cost parameters.

The value 0.038 [US$/ton_kilometer] represent the value of transportation services that
carriers charge forestry companies and do not represent carriers cost structure.

A correct comparison of by-truck and by-train transportation cost requires to consider toll
charges in concession roads. Table 1.3 shows the toll charges considered.

Ruta 5 Sur Quinta US$ 11.08
Río Claro US$ 11.08
Retiro US$ 11.08
Santa Clara US$ 11.54
Las Maicas US$ 11.54
Pua US$ 10.92
Quepe US$ 10.92

Autopista del Itata Agua Amarilla US$ 17.45
Rafael US$ 8.67

Ruta 160 Chivilingo US$ 13.38
Curanilahue US$ 11.15
Pilpilco US$ 11.15

Ruta 148 Chaimávida US$ 4.46
Ruta 156 San Roque US$ 7.69

Table 1.3: Comparison by-truck and by-train transportation costs.

As mentioned earlier, the study considers a by-train transportation model including nodes
to execute truck to train logs transference services. These services include log unload/load
operations. To estimate the transference node unit cost we consolidate service values from the
two main forestry companies and obtained a value of US$ 2.92, which considers temporary
storage of logs in the transference node.

In order to de�ne suitable transference nodes, it is important to consider their log transfer-
ence rate. Section 1.2.6 shows a 25 transference nodes scenario which de�nes a 154 thousand
m3/year average �ow for each transference node and a 30 transference nodes scenario which

15



de�nes a 137 thousand m3/year �ow for each node.

With a 150 thousand m3/year net �ow of logs and considering 44 shift/month (11 shifts
by week, working in double shit from Monday to Friday plus an extra shift in Saturdays) it
will be necessary to serve 10 trucks by shift. A loader machine can manage this �ow of logs
e�ciently.

Flow of logs modal selection

In order to have a better understanding of the convenience of the modal decision (truck
against modal truck-train transportation mode) we de�ne the following classi�cation of �ows:

• Fit Truck: Truck route is more than 10% cheaper than truck-train route

• Marginal Truck: Truck route is less than 10% cheaper than truck-train route

• Marginal Train: Truck-train route is less than 10% cheaper than truck route

• Fit Train: Truck-train route is more than 10% cheaper than truck route

By using the above classi�cation, it is possible to appreciate the modal selections of �ows of
logs sensitive to change in parameter values, meaning �marginal �ows�, and modal selections
of �ows of logs insensitive to change in parameter values, meaning �Fit �ows�.

The primary result indicates that in the period 2016 to 2019, an average of 3.6 MM
m3/year are economically convenient to transport by truck-train modal operations. Of these,
about 1.9 MM m3/year are convenient by less than a 10% of the cost.

Table 1.4: Annual average �ow in period 2016 - 2019.
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In the period 2020 to 2023, an average of 4.7 MM m3/year are economically convenient to
transport by truck-train modal operations. Of these, about 2.2 MM m3/year are convenient
by less than a 10% of the cost. Table 1.4 and Table 1.5 shows these results classi�ed by
destination.

Table 1.5: Annual average �ow in period 2020 - 2023.

The long terms plantation stocks predictions indicate a stable behavior of log �ows from
2024 onwards.

The volume of logs to be purchased to third parties is classi�ed as �Fit Truck� since it will
be mainly transported from locations near to mills that are inconvenient for train operations.

The launch of Arauco's main Project (MAPA) explain the increase of �ow in 2020. Based
on available information, there are no evidence of further relevant projects nor the increase of
the annual availability of plantation timber until 2040. Table 1.6 and Table 1.7 characterizes
the �ows by train classi�ed by destination for periods 2016 to 2019 and 2020 to 2023. It
shows average tons by year, average tons_kilometers by year and average train distance by
year.

Table 1.6: By-train transportation mode �ows for period 2016 - 2019.
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Table 1.7: By-train transportation mode �ows for period 2020 - 2023.

Table 1.8 and Table 1.9 shows the log �ow by train classi�ed by destination for periods
2016 to 2019 and 2020 to 2023.

Table 1.8: By-train transportation mode �ows classi�ed by destination for period 2016 -
2019.

Table 1.9: By-train transportation mode �ows classi�ed by destination for period 2020 -
2023.
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In period 2016 to 2019 the model activates 55 transference nodes, all of them related to
one existing train station. The average logs �ow is 86 M tons/year/node been Parral station
the biggest one with a �ow of 865 M tons/year. Since there are many nodes with minimal
amounts of �ow, we can concentrate the �ow of logs in less stations, reducing the quantity
of transference nodes required. Section 1.2.6 studies the convenience of deactivate di�erent
transference nodes and its impacts in the log �ows by train.

From year 2020 onwards the model assigns an average of 4.7 MM m3/year by truck-
train modal transportation system with an average index of 685 MM ton_kilometers. These
results are signi�cant compared with 365 M ton/year and 3.6 MM ton_kilometers of total
log freight by 2014 and compared with a global freight amount of 10.6 MM ton/year and 1.7
MM ton_kilometers transported by EFE in 2013.

1.2.6 Transference nodes analysis

This section analyzes and de�nes the quantity and location of transference nodes required.
The transference nodes are required for the modal truck-train transportation mode and in-
volve an associated cost of transference activities which is relevant to decide the optimal
transportation option for the �ow. It is important to study the amount and location of
transference nodes and its relationship with the total �ow of logs convenient to the modal
truck-train mode.

The transference nodes proposed for modal operations must be located adjacent to rail-
roads. Without loss of generality we assume that transference node locations are neighbors
to all existing train stations. We want to study the relationship in between the number
of transference nodes and the availability of logs �ows for modal truck-train transportation
mode. The analysis is focused in the availability of di�erent transference nodes, in which
case, having lower availability of transference nodes, the truck approach trip from the forest
to the transference node is longer and a�ects the selection of transportation mode decision.
If we assume an equivalent land value along the railroad, the distance in between the trans-
ference node and the railroad station became irrelevant and we can consider the transference
node adjacent to the train station.

In contrast to the last de�nition, as the economic impact of the required transference
node investments should be relevant for the modal truck-train transport mode �nal cost,
which make of primal importance to minimize them and also it will be relevant to look for
a location that minimize potential community con�icts, and since both conditions tends to
move away transfer nodes from train stations then we must evaluate an optimal location
for transference node as a trade o� in between transference operations simplicity against
investment considerations and community complexity.

Under the supposition of transference nodes adjacent to any existing train station the
model uses 70 transference nodes from a potential of 112 transference nodes but many of
them with low levels of logs �ow.

This section shows the results of di�erent scenarios, starting with 70 active transference
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nodes, and applying successive restrictions on the total number of active transference nodes
to see the e�ect on the amount of log �ows selected for the modal truck-train transport
mode. This section is split into four parts: the transference nodes historically used, the node
selection methodology, the de�nition of a node selection model and the results.

Transference nodes historically used

A transference node analysis starting point for the next decades should be the transference
nodes used in the last years. Table 1.10 shows the log �ows transferred in the period in
between 2008 and 2015 in 19 di�erent nodes with an annual average of 10 nodes used by
year. Transference nodes are temporary facilities that may be activated in di�erent years
depending on the proximity of forestry activities. The average annual log �ow is 36 M
tons/year with a maximum of 217 M ton/year in node Inspector Fernandez.

Table 1.10: Transference nodes historically used and annual �ows (ton/year).

Node selection methodology

As mentioned previously, the base scenario assumed any transference node adjacent to an
existing train station as activated, resulting in 70 active transference nodes (see Table 1.11).
This would be the �free scenario� in which scale economics are not considered due to the
concentration of log �ows in a reduced number of transference nodes. The following scenarios
are being obtained by closing successively potential transference nodes and analyzing impacts
over log �ow selection for the modal truck-train transport mode.

Due the big amount of train stations (and subsequently potential transference nodes) we
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decided to close 10 transference nodes in every iteration (exceptionally in the last iteration
we closed just 5 nodes).

Table 1.11: Transference nodes used in Base Scenario. Period 2016 - 2023.

In order to deactivate transference nodes, we assume that associated log �ows would
be redistributed to another active transference node. The deactivation criterion considers
that additional movement of logs to other transference nodes is minimized. Namely, we
choose 10 stations to deactivate under the assumption of minimal additional movement in
ton_kilometers to redistribute log �ows associated, what is achieved by closing nodes with
less �ow and near to others.
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Given the big amount of potential �deactivation node� combinations we build a MIP model
to select the required nodes to close.

De�nition of a node selection model

The proposed MIP looks for the minimization of log movement (measured in ton_kilometers)
when we redistribute the �ow of deactivated nodes. The mathematical model associated is
described below:

Sets

e, j Transference node initially active

Parameters

Flowe Initial �ow associated to transference node e
Distej Railway distance in between transference nodes e and j
N Quantity of transference nodes that will be deactivated

Variables

Ye Binary variable Y is set to 1 when transference node e will be deacti-
vated, otherwise 0

Xej Proportion of �ow from deactivated transference node e that will be
redistributed to node j

Equations

Objective function

Minimize the extra movement of logs (in ton_kilometers) when deactivating N trans-
ference nodes. The �ow of logs initially assigned to these N nodes will be redistributed
to other activated nodes with an additional freight movement.

FO =
∑
e,j

Flowe ∗Distej ∗Xej

Out-Flow Node e Conservation

The in-�ow of logs initially assigned to deactivated node e must be completely redis-
tributed to activate nodes j. ∑

j

Xje = Ye∀Flowe > 0
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In-�ow Node e Conservation

The in-�ow of logs redistributed to node e must be 0 when is deactivated, otherwise
may receive �ow from deactivated nodes j.∑

j

Xje <= N ∗ (1− Ye∀Flowe > 0

Total quantity of deactivated nodes

The summary of Y variables must be equal to the quantity of nodes to deactivate
(N). ∑

e

Ye = N

Results

Starting with the �free scenario� in which there were 70 activated transference nodes we de-
�ned 5 additional scenarios by iteratively deactivate 10 transference nodes from the previous
scenario, with exception on the last scenario in which we deactivate only 5 nodes. As a way
to simplify nomenclature we will refer to each scenario as the number of active nodes, by
example �70 nodes scenario� will be the basic �free scenario�.

We use the same transport mode selection procedure as in the base scenario described
in Section 1.2.4 using the routing system for each origin-destination �ow of logs we selected
the most convenient truck route and the most convenient modal truck-train route and then
selected the cheapest one. Since the best truck route will be always the same, every time
we deactivated transference nodes, we updated the routing system and calculated again the
best modal truck-train route and selected the cheapest one in between the two transportation
modes. Table 1.12 shows the transference nodes deactivated in each of the �ve iterations of
the model. It is important to note that there are more than 10 deactivated nodes in some
iterations, and it is explained by the presence of previous unused transference nodes that
are activated in the current iteration. These new nodes are incorporated to the active set of
active nodes, deactivating previous active ones.
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Table 1.12: Incrementally deactivated transference nodes.

Figure 1.10: Transference nodes selection process scheme.

Figure 1.10 shows the selected transference nodes in each iteration.

The next example will help us to appreciate the e�ect of deactivating transference nodes.
Figure 1.11 shows the �ow of logs from Pencahue commune to the south of the country.
Initially the modal truck-train transportation mode used a truck route connecting to the
railroad in �Talca� transference node. In the �rst iteration �60 nodes scenario�, the model
deactivates the transference node �Talca� and must use the transference node named �Maule�
to connect the modal truck-train transport mode, which is further from the origin than �Talca�
and considers a longer truck trip and a shorter train trip. This new route is less competitive
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than the previous one.

Even when at the �rst iterations the process of deactivating transference nodes may have
marginal e�ects since there are many transference nodes and very close to each other, the next
iterations will decrease the amount of log �ows selected to be carried by modal truck-train
transportation mode.

Figure 1.11: Example of truck-train transportation mode change of selected transference
nodes.

Table 1.13 compares the 6 scenarios in terms of total tons/year carried by modal truck-
train transportation mode.

Table 1.13: Incremental decrease of �ow selected to modal truck-train transportation mode.

The last column shows the average of tons/year associated to the deactivated transference
nodes in each iteration. This value indicates the total amount of �ow that may pass to the
truck transportation mode, but some of it will be associated to other transference nodes.
The column �accumulated decrease� shows the �ow that e�ectively pass from modal to truck
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transportation mode. When passing from iteration �30 nodes scenario� to the iteration �25
nodes scenario� the amount of �ow in �risk� to change of transportation mode is 575 M
tons/year but only 254 M tons/year change their transportation mode.

Figure 1.12: Accumulated decrease of Flow assigned to modal truck-train transportation
mode.

Figure 1.12 shows the amount of �ow passed from modal to truck transportation mode
and the percentage of �ow loss from modal transportation mode. As the model has initially
many transference nodes activated, decreasing them do not a�ect the amount of �ow carried
by the modal transportation mode. The �30 nodes scenario� report a loss less than 2%.
However, the �25 nodes scenario� reports a loss of 8% and, given the exponential shape of
the % of loss curve, we can infer a big impact with fewer active transference nodes.

A second look at the decrease of active transference nodes would be to analyze �ows
measured in ton_kilometers. Table 1.14 shows the �ows in terms of equivalent ton-kilometers,
summarized from annual averages for the period in between 2016 and 2023, in which we
consider for each �ow from origin to destination only the cheapest transportation mode.

Table 1.14: Flow tons-kilometer-equivalent selection of cheapest mode (Annual Average,
Period 2016 -2023).
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It is possible to infer a decrease of modal transportation mode selection directly related
with the decrease of active transference nodes. Additionally, there is an inverse relationship
in between the average travel distance of the total transportation system and the number of
active transference nodes.

Finally, the amount of variation of the total expenditure in transportation is presented
in Table 1.15, with little impact in �rst iterations, but with a 4% increase in the �30 nodes
scenario� compared with a 2% of modal transportation loss and a 5% increase of expense
compared with an 8% of modal transportation loss.

Table 1.15: Expenses increase in transportation caused by decrease of activated nodes (period
2016-2023).

1.2.7 Transportation cost scenario

This section is oriented to a sensitivity analysis on transportation cost parameters and its
impacts over the �ow of log carried out by modal transportation mode. This sensitivity is
referred to market changes or variations in costs and supplies and technology or infrastructure
improvements in transportation services.

It is important to note that the selection of transportation mode for log �ows depend
on the relative relationship of both transportation mode parameters so that a proportional
change in parameters from both transportation modes will not change the current decision.
So, we decide to perform a sensibility analysis based only on changes of modal transportation
parameters.

The referential cost of train transportation used in the model is 0.038 US$/ton_kilometer.
The sensibility analysis considers two scenarios over train transportation cost variations of
0.031 US$/ton_kilometer and 0.023 US$/ton_kilometer.

Table 1.16 and Figure 1.13 shows for the period in between 2016 and 2019 that a 20%
decrease in train transportation costs generate an increase in the volume of modal transporta-
tion mode of 15% to 19% and a 40% decrease generate an increase of 33% to 40%. For the
period in between 2020 and 2023 the increase in the volume of modal transportation mode
of 25% to 39% is sharper than increase in period in between 2019 and 2019 when decreasing
the train transportation cost in 20%. In the case of a decrease of 40% in train transportation
costs the increase in volume goes from 47% to 63%.
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Table 1.16: Sensitivity analysis of train transportation costs. Period 2016 � 2019.

Figure 1.13: Sensitivity analysis of train transportation costs. Period 2016 - 2019.

1.3 Company problem description

The objective of this work is to study the inclusion of rail freight into the transport matrix
of a relevant forestry company in southern Chile. To carry out this study, the company
provided detailed information over an 8-year period forecasts of the �ows between the origins
of the wood and the consumption centers (pulp mills, sawmills and board plants) for the area
under study.

The truck transport system considers the existence of a road infrastructure not limited by
capacity that allows a set of empty trucks to travel to di�erent origins where they are loaded
with wood. Each truck then travels to a speci�c destination where it must wait until it is
unloaded. Once serviced, the empty truck is available again to repeat the transport process.

Since the country's existing rail infrastructure consists of a main line that is located in
the center of the country plus di�erent branches to the coast and the mountains (see Figure
1.14), the transportation mode from origins to the consumption centers must be bimodal,
i.e., a short truck trip from the origin to a transference station o node plus a train trip from
the transference node to the �nal destination.

We intend to compare the modalities of bimodal transport versus direct by truck trans-
portation for all wood �ows in the long term.
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Figure 1.14: Railroad for Southern Chile.

The comparison is made for each origin and destination pair and considers the alternative
costs of each mode of transportation.

A �rst approximation to the alternative costs of these transportation options that allow
an objective comparison is made according to the structure of operational costs proposed by
[17], in which the authors analyze the alternative of comparing transportation rates versus
cost structures of transportation modes. According to [17], the latter is the most objective
option to make a comparison leaving out market imperfections that could be contained in
rates.

Additionally, the authors propose a cost structure based on the operating costs of the
transport operators, leaving out the distortions that might exist when considering payments
for the use and maintenance of infrastructure.

The cost structure considers the following items:

• fuel.

• circulation costs (vehicle insurance, tra�c rights).

• vehicle maintenance (tires, lubricants, maintenance services and other materials).

• personnel (drivers / crew, operation personnel).

• depreciation of the �eet.

• management and administration costs

• other operating expenses (weighing, on route expenses, other operational costs).

Depending on the availability of equipment in the area under study, we de�ne a railway
load equipment with a load capacity of 840 tons and a road load equipment of 25 tons
[17]. Figure 1.15 details the cost summaries in $ / ton-km of both alternatives. The train
transportation cost of $ 15.6 Ton-Km is competitive compared to the cost of $ 18.8 / Ton-
Km of truck transport. Additionally, in the case of transport by train, the depreciation of
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the equipment corresponds to 46% of the total rate, with fuel and personnel being only 29%
of the total cost, under circumstances that the transport cost per truck, the personal plus
fuel costs represents 65% of its total cost, the fare of the train being more stable compared
to external changes.

Figure 1.15: $/Km_Ton cost under national transportation standard (2015).

The results presented are promising for the bimodal transport alternative, however they
correspond to transport operations with high degrees of operational e�ciency. This aspect
is especially relevant given the high % share of �xed costs in the rail service cost structure
that could have an important e�ect on the associated costs in case of not making intensive
use of train transport capabilities.

This point is particularly important given the large amount of idle time of the rail in-
frastructure in southern Chile. This is an important opportunity to take advantage of the
economies of scale that the train alternative could o�er.
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In the case of forest transport by truck, this is an activity that operates with high levels of
e�ciency in southern Chile, with an intensive use of economies of scale, with a large market
with rates that re�ect a high level competition and very limited pro�tability rates which is
an important barrier to the entry of substitute means [1].

An adequate railroad evaluation should not avoid any of the infrastructure investments
required for a correct operation of railroad services. The Chilean national railroad company
requested a strategic study which de�ned the potential demand for each one of the existing
stations, de�ning the investments required in each one of them. In the study, we estimate
the potential railroad freight of forestry products for the next ten to �fteen years, based
on the localization of supply of logs and demands points as well as the available railway
infrastructure and costs.

1.4 Forestry supply chain hierarchic planning model

The planning of the forestry supply chain that considers all the involved elements is a di�-
cult problem due to the large number of decisions and considerations that must be taken into
account. The planning of this supply chain includes both long-term decisions such as invest-
ment decisions, as well as decisions that must be made in a period not exceeding one week,
by example, the adjustments of the di�erent train itineraries according to the variations of
the supplies and demands.

In [9] Cranic argues about the complexity of the di�erent freight transport systems that
involve a large amount of human and material resources with a signi�cant amount of rela-
tionships and trade-o�s between the various administration policies and decision levels. In
order to simplify this scenario, he proposes a speci�c taxonomy to classify these policies into
those three levels of planning: strategic, tactical and operational.

This hierarchical classi�cation of the decision levels for the planning of a freight trans-
port system determines the associated information �ows in which each level must deliver the
necessary information for the decision making of the higher level. These hierarchical rela-
tionships allow the formulation of di�erent models associated with speci�c problems of each
of the decision levels.

According to the taxonomy described in [13], it is intended to formulate a strategic plan-
ning problem that allows the de�nition of:

• The investments required to implement a bimodal transport system for trucks and
trains in terms of equipment (locomotives and cars).

• The quantity and location of the optimal transfer stations and the facilities required at
the destinations.

• The optimal truck �eet required to supply the trip from the origins of the forest products
to the transfer stations.

• The optimal truck �eet required to perform the transport fraction only by truck.

• The de�nition of �ows between origins and transfer stations and between origins and
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destinations of minimum cost.

• The services to be implemented in rail freight planning and the optimal equipment
con�guration to ful�ll those services.

In the case of rail investments, the cost of transportation is largely a�ected by scale
economics, since in order to be an e�cient and competitive alternative, it must be able to
distribute large investments in a very large amount of freight. Then, the representation
of transport costs by train will be non-linear and decreasing functions by sections. This
function structure is explained mainly by the high levels of �xed costs that will be distributed
decreasingly as the load transported increases until the equipment is occupied completely. In
order to increase the transported volume, additional equipment must be incorporated with
very high marginal costs which will decrease again as the transported load increases.

Given the low level of utilization of the railway infrastructure in the area, the possibilities
of congestion of rail tra�c will be minimal, being modeled only as a standard waiting time
when operating on a minimum number of daily trips.

A good strategic planning of this supply chain is of great value because it ensures a bal-
anced supply of raw materials to the di�erent industrial consumption centers and minimizes
the costs of transferring raw materials from the origins to the destinations across the chain.

Clearly, given the size and complexity of the problem, it is expected that this set of
decisions can be supported by some computational tool based on optimization algorithms
that allow this activity to be performed systemically and repetitively.

1.5 Cost parameters for the model

We present the costs of the di�erent activities involved in the supply chain under study.
First of all, we introduce the costs associated with Truck trips. This study is carried out
according to the de�nition of [17] with the exception of circulation costs, which are calculated
independently of the standard travel cost in $ / km-ton, that is, we calculate the circulation
costs of each trip. The foregoing is justi�ed given the great variability in circulation costs
in the study area, therefore having an important impact on the choice of transportation
alternatives for each origin. To achieve this, and according to tables in Figure 1.15, 1 ($ /
ton-km) is discounted from the cost of the trip and then the circulation cost calculation ($ /
ton-km) is incorporated for each origin and destination pair.

To value the entire trip by truck between a tuple origin and destination, we must consider
the following aspects:

• the cost of the empty truck trip to the origin.

• The cost of empty truck travel on the way to the origin.

• the cost of waiting for the truck at the origin.

• the cost of loading timber at the origin.

• the cost of transporting the truck loaded with wood from the origin to the destination.
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• the cost of circulation of the truck loaded with wood from the origin to the destination.

• the cost of the waiting time of the truck at the destination door.

• and the cost of downloading at destination.

The cost of the loaded trip is calculated based on the cost structure proposed in [17]. This
factor corresponds to the paved transport standard at standard circulation speed. In the case
of forest transport in southern Chile, approximately 30-40% of the trips are made on roads
with gravel or dirt folders and high slopes, which mainly a�ects fuel consumption and vehicle
maintenance. As a way to represent this situation is that there we apply a transformation
of the distances of �trips in non-standard conditions� in equivalent distances in standard
conditions by a �Standard Correction� factor that according to historical background of the
forestry sector in southern Chile approximates the value 2.31 ([Reference to gravel / paved
correction factor]).

Additionally, the loaded truck rate considers a �productivity factor� that is a non-linear
function of the total hours used by each truck of a contract in a month , which allows to
re�ect a common bene�t policy between the transport operator and the company requesting
the service. The company delivers more products to the operator to the extent that it is
more productive and in return, applies a lower rate.

In order to calculate the hours of work assigned to each truck, a standard is used that
considers the use of an circulation average speed of 60 (km / hour),for both the hours of
loaded and unloaded truck travels plus a standard for load and unload waiting times of 40
(minutes / trip) each. The �nal formula for travel times used by truck is:

Travel_Time (Hours/travel)= (Kilometers_standard_trip_origin_destination +
kilometers_not_standard_trip_origin_destination
* 2 .31) * 2 / 60 + (40 * 2) / 60

Circulation costs are represented by the payment of both private and public tolls associated
with each of the routes used in the truck transport operation. In order to bring the cost of
tolls to units ($ / ton) it is necessary to consider a standard of load per trip per truck (ton
/ trip). According to the law of transport of cargo in force in Chile, the maximum weight
to be transported is 45 tons / trip and given the truck fares in use between 17 to 19 tons /
truck, the maximum net weights to be transported would be 28 tons / trip, standard that
are used in this study (assuming a very e�cient truck transport system).

For the purposes of this study, the cost of the empty trip is simpli�ed assuming that it
has the same cost as the trip charged. Although this is a quite strong assumption in theory,
Chilean forestry statistics show that the actual costs of empty trips are quite stable and are
fairly well represented with the corresponding loaded trip.

Load/unload costs are associated with a �at rate per ton.

In the case of waiting time cost at origin, a �xed waiting time is assumed which is repre-
sented by a �xed cost per ton. This de�nition is based on the intensive use of the ASICAM
optimization system in the Chilean forest industry, which allows trucks to be routed in such
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a way that synchronization of the arrival to the origins is achieved avoiding congestion and
controlling the waiting times and associated costs.

In the case of destinations costs, these are mainly associated with waiting times at the
doors of the wood processing plants. Unfortunately, there has not been achieved the same
level of e�ciency in the destinations than of origins in the control of waiting times, allowing
the existence of waiting lines even in the design of the transport solution. Consequently, the
waiting costs at destination are highly dependent on congestion times and represented as a
function of a non-linear nature of the size of the waiting queue of the trucks at the door of
the plant.

For the purposes of this study, the problem of congestion times in destinations is not
considered, assuming a �xed cost per ton.

The formulas for the calculation of transport costs per truck, according to the structure
of operating costs proposed by [17], would be the following:

Transportation by truck Cost ($/ton) = [Loaded_Trip_Cost ($/ton) +
Unloaded_Trip_Cost ($/ton) +
Loaded_Circulation_Cost ($/ton) +
Unloaded_Circulation_cost ($/ton)
+ Origin_Load_cost ($/ton) +
Destination_Unload_Cost ($/ton)
+ Origin_Waiting_cost ($/ton) +
Destination_waiting_cost ($/ton)]
* Productivity_Factor (Efec-
tive_Hours_�eet_month)

Loaded_Trip_Cost ($/ton) = (Kilometers_Standard_trip_origin_destination
+ Kilome-
ters_Not_Standard_trip_origin_destination
* 2.31) * (18.8 � 1) ($/ton-km)

Unloaded_Trip_Cost ($/ton) = Unloaded_Trip_Cost ($/ton) =
Loaded_Trip_Cost ($/ton)

Loaded_Circulacion_Cost ($/ton) = Loaded_Circulacion_Cost ($/ton) = To-
tal_Toll_Origin_Destination ($/trip) /
28

Unloaded_Circulation_Cost ($/ton) = Unloaded_Circulation_Cost ($/ton) =
Loaded_Circulation_Cost ($/ton)

Below are the calculations for the travel cost in bimodal mode. We must consider the
following elements:

• the cost of the trip by truck between the origin and a transfer station

• and the cost per train from the transfer station to the destination.

The cost calculation of the truck section of the trip is identical to that used for the trip
from an origin to a destination.
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In the case of the rail travel costs, the cost structure proposed in [17] could be considered.
However, the latter proposition assumes high levels of utilization of the railway infrastructure
and equipment in freight transport, which de�nes a scenario of very e�cient and competitive
costs. This will not necessarily be the condition that is present when evaluating the incorpo-
ration of bimodal transport to the transport matrix of forest products, even more when the
competitor is highly e�cient and with a large-scale and consolidated operation in the area.
This is why we build a �typical train operations cost structure� from scratch for the southern
zone of Chile to transport forest products. The parameters for the calculation of travel times
and associated costs are the following:

Available working time = 5720 (Hours/locomotive-year)
Load/unload time = 7 (minutes/car)

Train stay time at transference station = 30 to 45 minutes
Train Average Speed = 30 (kilometers/Hour) with interference

40 (kilometers/Hour) without interference
Maximum Train Length = 800 (meters /train)

Locomotive Type = 3.300 HP refurbished 19.5 meters long &
115.8 (Ton). This locomotive is able to
travel all over the railroad without weight
restrictions

Car Type = Flat 4 axes car and 15.5 meters long, can
transport di�erent log dimensions. Given
the 19 (ton/axes) law limitations, the
gross weight of the car will be 76 (ton/car)
and the net weight will be 60 (ton/car)

Maximum number of cars by train
(length restriction) = 47 (cars/train)

Maximum number of cars per train
(law restriction) = 28 (cars/train)

Operational assumptions:

• All trains are considered to use a route from origin to destination with the same loco-
motive.

• Only two loading conditions are considered: loaded train and empty train, that is, the
trains will be fully loaded from the origin to the destination and completely empty for
the return journey.

• Empty travel times and charged travel time are considered equivalent.

• A maximum weight in each car of 19 (ton / axe) is considered. Cars of greater capacity
are not analyzed given the current restriction of bridges on the rail route, infrastructure
that will not be improved in the medium term.

• Operational availability of locomotive equipment = 85%

• Operational availability of cars = 95%

• Road availability = 83%
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The network structure for train transport considers the origin or transfer stations, passing
stations, destination stations and railway line. Figure 1.16 identi�es all the elements of the
proposed network.

Figure 1.16: Railroad Structure.

The current network structure considers the stations of origin: Molina, General Cruz,
Monte Aguila, Inspector Fernández, Quillem, Lautaro, Cajón and Loncoche. The destination
stations are Mininco and Nacimiento, with the Coigue pass station existing.

Given this con�guration of stations, Table 1.17 shows the list of 16 possible services.

Each of these services can be implemented through various rail operation models. Each
operation model has a particular focus on optimizing the railway operation, for example,
minimizing total operating costs, minimizing total operating times, minimizing investments.
The implementation of one or another model of operations will require a di�erent combination
of equipment and will require a speci�c amount of work hours to execute each of the services.

Depending on the selected operation model and the selected service, it is possible to calcu-
late the total hours of operation required and the necessary equipment con�guration. With
this information we proceed to calculate the costs associated with the investment required
and the operation.
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Table 1.17: Services between two stations.

The alternative operation models to be evaluated in this study have been developed and
prepared by CHENA railway logistics advisory company. The proposed operational models
consider the following assumptions:

• If necessary, each destination provides an unload equipment available for the complete
operation.

• If necessary, each transference node provides a loading equipment available for the
complete operation.

• The cars are grouped into sets of 14 cars. Each �Group of cars� serves a single origin
and a single destination on each trip. A locomotive can drag 0, 1 or 2 �car groups�,
according to the maximum load allowed.

Three models will be evaluated: model 1A, which optimizes time, model 1B, which opti-
mizes the car at the origin, and model 1C, which optimizes the yard operations. The details
for each model are described next.
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Model 1A: �Time Optimization Model�

• Operational unit initially constituted by a locomotive and 6 �Car groups�.

• Before starting the operations of the period, the locomotive is located next to 4 empty
�car groups� in an open destination. There are 2 empty �car groups� located in the
farthest transference node.

• The locomotive works always transporting 2 empty �car groups� to origin and 2 loaded
�car groups� to destination without waiting times.

• The locomotive only stops to change empty cars for cars loaded at origin and loaded
cars by empty cars at destination.

• When the locomotive leaves the empty cars at origin, the loading equipment proceeds
to load them immediately and when the locomotive leaves loaded equipment at desti-
nation, the unloading equipment proceeds to unload them immediately. In this way,
every time the locomotive arrives at its origin or destination, it always has cars ready
to transport without requiring waiting times.

• In case of having more tonnage to transport and, therefore, more hours of locomotive
for transport, the model allows to increase its transport capacity by adding a new
locomotive and 2 �additional car groups�.

• If a transference node requires more than one service, the farthest service is operated
�rst and then the closest service.

• In the same way, when there is more than one open transference node, the farthest
origin is operated �rst.

• In both cases, on the last trip of the service, the locomotive transports the empty cars
to the new origin and / or destination as appropriate.

Figure 1.17: Model 1A.
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Model 2A: �Car Optimization Model at Origin�

• Operational unit initially constituted by a locomotive and 4 �Car groups�.

• Before starting the operations of the period, the locomotive is located next to 2 empty
�car groups� in an open destination. There are 2 empty �car groups� located in the
farthest transference nodes.

• The locomotive works always transporting 2 empty �car groups� to origin and 2 �car
groups� loaded to destination.

• The locomotive only stops to change empty cars for cars loaded at origin. When the
locomotive leaves the empty cars at origin, the loading equipment proceeds to load
them immediately.

• When the locomotive arrives at the center of consumption with loaded cars, it proceeds
to unload them immediately.

• In this way, every time the locomotive arrives to an open transference node it always
has the cars ready to transport without requiring waiting times, instead, when the
locomotive arrives at its destination, it must wait for the download process before
returning the origin.

• In case of having more tonnage to transport and, therefore, more hours of locomotive
for transport, the model allows to increase its transport capacity by adding a new
locomotive and 2 �additional car groups�.

• If an open transference node requires more than one service, the farthest service is
operated �rst and then the closest service.

• In the same way, when there is more than one open transference node, the farthest one
is operated �rst.

• In both cases, on the last trip of the service, the locomotive transports the empty cars
to the new origin and / or destination as appropriate.
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Figure 1.18: Model 2A.
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Model 3A: �Yard Optimization Model�

• Operational unit constituted by a locomotive and 2 �Car groups�.

• Before starting the operations of the period, the locomotive is located next to 2 empty
�car groups� in a destination.

• The locomotive works always transporting 2 empty �car groups� to origin and 2 �car
groups� loaded to destinations.

• When the locomotive arrives with unloaded cars, it proceeds to load them immediately.

• When the locomotive arrives at its destination with loaded cars, it immediately unloads
them.

• In case of having more tonnage to transport and, therefore, more hours of locomotive
for transport, the model allows to increase its transport capacity by adding a new
locomotive and 2 �additional car groups�.

• If a transference node requires more than one service, the farthest service is operated
�rst.

• In the same way, when there is more than one open origin, the furthest origin is operated
�rst.

• In both cases, on the last trip of the service, the locomotive transports the empty cars
to the new origin and / or destination as appropriate.
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Figure 1.19: Model 3A.
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Based on the standard costs indicated in Table 1.18, the cost curves of each of the 3 models
to be evaluated are constructed based on the amount of work required. These functions will
be modeled in terms of �xed costs and variable operating costs required by the equipment.

Investment Cost locomotive: 2.870.000 USD
(locomotive & cars) Car unit cost: 86.000 USD
Workforce Driver: 1.427.019 CLP/month

Driver Assistant: 941.892 CLP/month
Yard Supervisor 1.427.019 CLP/month

Fuel (Diesel) Correction factor 25%.
Long Term fuel cost 230 CLP / liter
Station Consumption, 20% notch 1, 80% idle
Interference Consumption, 100% idle

Locomotive & Cars Locomotive maintenance: 720 CLP/km.
maintenance Maintenance workforce: 2.736.856 CLP/month/80 car

Monthly maintenance: 22.381 CLP/month/car
Maintenance by traveled kilometer: 18178 CLP/-
car/1000 km

Tolls Variable: 0,071 UF / 1000 TKBC
Fixed: 17,74% of 2.050 million CLP
Canon: 17,74% of 40.000 UF
17,74% correspondent to the fraction of forestry trans-
portation using EFE infrastructure ($406,54/ton)

External Services Equivalent to 30% of workforce
Insurance 3.53% over total costs
General Expenses 10% over total costs
Unforeseen 8% over total costs
Load/Unload equipment 1.980.000 CLP/unit x month, includes investment de-

preciation, operational costs and workforce

Table 1.18: Standard cost table.

Figure 1.20 shows by-train transportation unitary cost for the proposed models based on
the total number of tons transported by train in the evaluation period.
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Figure 1.20: Unit Costs ($/Ton) by train transportation mode for each operational model.

Figure 1.20 shows that the unit cost curves ($ / Ton) based on the total tons transported
(Ton / year) are non-linear in nature and decreasing by sections, which is explained by the
limited availability of operational hours for the railroad transport equipment and its high
investment value. This characteristic allows us to approximate this cost structure through a
linearization by sections, which allows modeling the problem through �rst-order equations.

1.6 Bimodal supply chain strategic planning

The problem of strategic planning of the bimodal supply chain of forest products will de-
termine the wood �ows that will go directly from the origins to the destinations by truck
and the �ows that will go through transference stations. To achieve this, the optimal �eets
of trucks and trains required will be determined, in the latter case including the necessary
long-term investments in locomotives, cars and equipment in transfer stations. Finally, the
optimal services to be implemented in rail freight planning will be evaluated.

Next is the mixed integer linear programming model developed to solve this problem.
The temporal variable is modeled through discrete intervals of duration equal to 1 year. It is
assumed that at the beginning of the planning horizon all equipment is available according
to the requirement of each of the operation models evaluated.
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Parameters

I Set of origins of forestry products
J Set of bimodal transference nodes
K Set of destinations for forestry products
T Set of planning periods
C Set of truck �eets. Each �eet is de�ned by a set of trucks and has its

own transportation cost parameters
B Set of railroad transportation models. Each model uses a di�erent con-

�guration of equipment and is associated with a speci�c goal, by ex-
ample, minimize operational times or minimize total investment. Each
model allows to implement one or more freight services

M Set of forestry products
itoj Origins i that are associated to a speci�c transference node j
itok Origins i that are associated to a speci�c destination k
jtok Transference nodes j that are associated to a speci�c destination k
imt Product m is available in origin i in period t
kmt Product m is demanded in destination k in period t
r Set of �operation ranges� r. It allows us to discriminate minimum and

maximum operating hours for a speci�c equipment. Beginning with
a cheap equipment (minimum investment) in the lowest range, it is
possible to raise the investment and operational hours as the range
grows

rant Set of previous ranges of range r
A Set of planning periods
atot Periods associated to a speci�c planning year
ofertaimt Tons of product m available in origin i in period t
demandakmt Tons of product m demanded in destination k in period t
Mrar Maximum and minimum quantity of available hours associated to a

speci�c range r
Cjj Installation cost of transference j

Cjmf jb Implementation cost of service model b starting in transference node j

Ckk Installation cost in destination k
CFjr Total investment plus �xed cost required to implement model b in op-

eration range r
CXij Truck transportation Unit Cost in between origin i and transference

node j
CF ik Truck transportation Unit Cost in between origin i and destination k
CP ij Truck circulation Unit Cost in between origin i and transference node

j
CP ik Truck circulation Unit Cost in between origin i and destination k
CEij Truck waiting time Unit Cost in between origin i and transference j
CEik Truck waiting time Unit Cost in between origin i and destination k
HF ikik Truck transportation time (hours/trip) in between origin i and desti-

nation k
HF ijij Truck transportation time (hour/trip) in between origin i and transfer-

ence j
HFjkbjk Train model b transportation time (hour/trip) in between transference

j and destination k. Includes load/unload times when the activity is
performed by the transportation locomotive
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KMjkjk Kilometers in between transference j and destination k

LTjkjk Fuel liters used by a locomotive to perform a trip in between transfer-
ence j and destination k

FProdc Productivity factor associated to truck �eet c
F licitc Bidding factor associated to truck �eet c
HrF lc Standard yearly working hours for truck in �eet c
F lotaac Total amount of trucks in �eet c
TonCamion Total net ton transported by truck
TonFfcc Total net ton transported by train
CombFfcc Locomotive fuel value ($/liter)
MantLocomotora Locomotive Maintenance Cost ($/kilometer)
MantCarroKm Car Maintenance Cost ($/kilometer)
P eajeV arFfcc Train Toll Unit Cost ($/ton_km)
P eajeF ijoFfcc Train annual Cost ($/year)
P esoTaraFfcc Train tare weight (Ton)

Variables

ximtjc ∈ R+ Flow of product m in between origin i and transference j in period t
with truck �eet c

fimtkc ∈ R+ Flow of product m in between origin i and destination k in period t
with truck �eet c

zjmtkb ∈ R+ Flow of productm in between transference j and destination k in period
t with train model b

WJ j ∈ {0, 1} 1 if transference j active, 0 otherwise
WJMF ajb ∈ {0, 1} 1 if transference j active with train model b in year a, 0 otherwise
WKk ∈ {0, 1} 1 if destination k is active to train receptions, 0 otherwise
Vrb ∈ {0, 1} 1 if range r active with model b, 0 otherwise
Hikac ∈ R+ Truck e�ective Hours of transportation from origins to destinations in

year a with �eet c
Hijac ∈ R+ Truck e�ective Hours of transportation from origins to transferences in

year a with �eet c
Hjkab ∈ R+ Train e�ective Hours of transportation from transference nodes to des-

tinations in year a with model b
Hjkrabr ∈ R+ Train e�ective Hours of transportation from transference nodes to des-

tinations in year a with model b in range r
Kjkab ∈ R+ Total distance transported by train in between transference nodes and

destinations in year a with model b
T jkab ∈ R+ TKBC (Ton kilometers Gross Loaded) by train in between transference

nodes and destinations in year a with model b
Ljkab ∈ R+ Total Fuel (Liters) consumption by train transportation in between

transference nodes and destinations in year a with model b
CREQac ∈ R+ Total amount of trucks required in year a by �eet c
TFCa ∈ R+ Total amount of money ($/year) spent in truck transportation in year

a
TFT a ∈ R+ Total amount of money ($/year) spent in train transportation in year

a
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Objective function

M in
∑

a(TFCa + TFCa) +
∑

j WJ j ∗ CJ j +
∑

k WKk ∗ CKk +
∑

ajbWJMF ajb ∗ Cjmf jb

(1.1)

Restrictions

∑
c,itoj

ximtjc +
∑
c,kmt

fimtkc = ofertaimt ∀imt (1.2)

∑
c,imt

fimtkc +
∑
b,jtok

zjmtkb = demandakmt ∀kmt (1.3)

∑
c,imt

ximtjc +
∑
b

zjmtkb = 0 ∀kmt, jtok (1.4)

WJ j ∗BIGM −
∑
c,imt

ximtjc = 0 ∀j (1.5)

WKk ∗BIGM −
∑

kmt,jtok,b

zjmtkb = 0 ∀k (1.6)

WJMF ajb ∗BIGM −
∑

kmt,jtok,atot

zjmtkb = 0 ∀a, j, b (1.7)∑
kmt,imt,atot fimtkc

Toncamion
∗HF ikik −Hikac = 0 ∀a, c (1.8)∑

imt,itoj,atot ximtjc

TonCamion
∗HF ijij −Hijac = 0 ∀a, c (1.9)

(Hikac +Hijac)

HrFlc
− CReqac = 0 ∀a, c (1.10)

Flotaac − CReqac <= 0 ∀a, c (1.11)∑
kmt,jtok,atot zjmtkb

TonFfcc
∗HFjkbjk −Hjkab = 0 ∀a, b (1.12)∑

kmt,jtok,atot zjmtkb

TonFfcc
∗KMjkjk −Kjkab = 0 ∀a, b (1.13)∑

kmt,jtok,atot zjmtkb

TonFfcc
∗ LTjkjk − Ljkab = 0 ∀a, b (1.14)

Kjkab ∗ (P esoTaraFfcc ∗ 2 + P esoNetoFfcc)− Tjkab = 0 ∀a, b (1.15)

Hjkab −
∑
r

Hjkrabr = 0 ∀a, b (1.16)

Vrb ∗Mrarant −Hjkrabr = 0 ∀a, b, r, rant (1.17)

Hjkrabr − Vrb ∗Mrar = 0 ∀a, b, r (1.18)∑
r

Vrb <= 1 ∀b (1.19)
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( ∑
imt,itoj,atot,c

(CXijij + CEijij + CP ijij) ∗ ximtjc

+
∑

kmt,imt,atot,c

(CF ikik + CEikik + CP ikik) ∗ fimtkc

)
∗(Flicitc + FProdc)− TFCa = 0 ∀a (1.20)[∑

b,r

CFjrbr ∗ Vrb +
∑
b

Kjkab ∗ (ManTCarrKm+MantLocomotora ∗ 2)

+
∑
b

(Ljkab ∗ CombFfcc+ Tjkab ∗ P eajeV arFfcc)

]
∗(1 + %Seguro+%Imprevistos)− TFT a = 0 ∀a (1.21)

The objective function (1.1) minimizes the sum of truck and train costs plus investment
required on both transfer nodes and destinations. Restrictions (1.2), (1.3) and (1.4) ensure
the balance of the �ow of forest products from the origin to destinations or to transference
nodes and from transference nodes to destinations by train. Restriction (1.5) activates the
installation of each transference node and the investments in equipment necessary to operate
them. Restriction (1.6) activates the reception of forest products via train and the invest-
ments in equipment required to operate them. Restriction (1.7) activates the �xed cost of
cargo equipment required to operate a train service in the transference node. Restrictions
(1.8) and (1.9) calculate the total transportation hours required for each �eet to transport
forest products from the origins to the �nal destinations and to the transference nodes.

Restrictions (1.10) and (1.11) allow to calculate the number of trucks required of each
�eet, determining the optimal �eet size for the problem. Restrictions (1.12), (1.13) and
(1.14) allow us to calculate the total transportation hours required for each train transport
model, the kilometers traveled, and the liters of fuel required to do it. This additional
background is necessary to proceed to calculate the variable operating costs of the train. The
restriction (1.15) allows to calculate the TKBC (Tons full gross kilometers) KPI obtained from
calculating the gross tons transported by the kilometers traveled. Restriction (1.16) activates
a speci�c range of train transport hours: each range is associated with an investment level.
As the range active increases, it also happens with the investment levels and consequently
the availability of train transportation hours.

Restrictions (1.17), (1.18) and (1.19) allow to control the correct activation of time ranges,
that is, from the �rst ranges with less available hours and higher costs to the ranges with
greater number of hours available and lower transportation costs. Working bounded to a
speci�c range ensures the linearity of the costs in that range. Restrictions (1.20) and (1.21)
determine the total annual transportation costs by truck and by train.

The proposed model1 was applied for a 8-year strategic planning of transportation re-
sources of a Chilean forestry company, including 80 MM tons from 2,000 di�erent forest

1The model was developed in GAMS/Cplex 24.1.3.
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origins to 24 destinations, using 5 transfer �elds and two �nal destinations for train/truck
combination, which concentrate approximately 60% of the total volume transported in the
planning period.

Given the need to make investment decisions for a long planning period, the evaluation
considered a set of scenarios with the purpose of analyzing the robustness of decisions against
changes in operating conditions.

We analyzed scenarios for the 3 proposed operation models with upper limits in the total
ton by train from 10% to 50% for the 2 destinations with train option. In each case, the
resulting truck transport model and its operational feasibility were analyzed.

1.7 Results

According to the results obtained, model 3A has the lowest cost for most of the scenarios
analyzed. Model 3A is only overperformed in scenarios of highest train volume and low use
of train-scale economics due to the increase of services at stations closest to the consumption
centers, making the time used for loading and transportation more relevant (see Figure 1.21).

Figure 1.21: Optimal train transportation models.

The optimal scenario (minimum total transport cost) is obtained for an average transport
of 1,706MM (Ton / year), being 9% cheaper than truck-only transport (see Figure 1.22). The
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scenarios between 1.5 MM Ton / year and 2 MM Ton / year have a cost di�erential of less
than 1% with respect to the optimal scenario.

Figure 1.22: Optimal transportation cost scenarios.

Figure 1.23 presents the analysis of unit transport costs in ($ / Ton) of bimodal mode
compared against truck-only transport mode ($ 5911 / Ton). The unit cost curves represent
the e�ects of the scale of operation in the case of the train and the shorter truck transport
distances as the delivery volumes in bimodal transfer stations increase. However, beginning
with the scenarios of 1.7 MM Ton / year the unit costs of the truck begin to rise due
to the need to increase the radios of wood supplies to the transfer stations, making the
total transport costs less optimal. This situation is re�ected in Figure 1.24 where the unit
transport costs in terms of $ / Ton_Km increases. Additionally, the optimal rates obtained
are compared against the standards indicated in [17].

Figure 1.25 shows the total tonnages associated with each transfer station. The graph
shows the tonnage stability associated with the stations farthest from the destinations and
the sustained increase in tonnage associated with the station closest to the consumption
centers (Lautaro Station) in scenarios greater than 1.7 MM Ton / year.
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Figure 1.23: Comparison of optimal train cost against truck cost ($/Ton).

Figure 1.24: Train Transport Unit Cost ($/Ton_km) by scenario.
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Figure 1.25: Tonnage distribution by transference node.

1.8 Conclusions

This work presents the development and implementation of a mathematical model to solve
the problem of strategic planning of the forest products supply chain according to a mixed
transport matrix that combines direct trips by truck with trips by bimodal truck-train system.

The application of the proposed model to a real problem had good results obtaining high
quality solutions (gap under 0.01%) at very reasonable execution time (10 - 15 minutes),
without having to use additional techniques, decompositions or relaxations or heuristic tech-
niques.

The implementation of these developed tools had an important e�ect on the long-term
planning of the company, allowing the bidding of the forest products transport matrix for 8
years and assigning a tonnage greater than 0.7 MM / Ton_year to systems of Rail transport
estimating sustainable saving of 1.5% to 2% of the total transport cost of the complete
system.

As future work, it is proposed to incorporate congestion management into the model both
in the reception of trucks in plants and in the transit of trains.
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Chapter 2

Optimization of yarder productivity

based on the maximization of cable

payload in forestry steep terrain

operations

Abstract: The maximization of cable yarding log payload is a relevant factor to improve
forestry productivity levels and achieve competitive costs since it allows to minimize the overall
cable operation including operation and setup times.

We introduce a Bayesian-based optimization heuristic designed to minimize the overall oper-
ation time achieved with a standard multi-span yarding system, one of the most commonly
con�gurations in use today, based on an e�cient algorithm and accurate new forest inventory
models just recently made available at industrial level.

The �rst �eld test informs levels of improvements up to 7% under normal operation conditions
including setup plus operational working times.

2.1 Introduction and Literature Review

For the next decades, about 50% of Chilean forestry operations will be executed in steep
terrains with cable yarding systems. In this scenario, the maximization of cable yarding log
payload is crucial to improve forestry productivity levels and achieve competitive costs for
this economic sector.

In order to carry out an accurate steep terrain planning process, it is necessary to de�ne
an optimal solution for a complex combination of related activities which includes, among
others, the optimal location of cable yarding systems, the maximum operation's payload for
the cable yarding system, the construction of access roads to the productive area and the
transportation of �nal products to the clients.
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During the last two decades, the Chilean forestry area has been using a computational
system named PLANEX [15] to support the steep terrain planning process, including road
construction and machinery location planning. The system is based on a graphic interactive
interface linked to a geographical information system (GIS) storing information on topog-
raphy, timber availability and geographical barriers like rivers and ravines. The decision
process of PLANEX is based on a greedy heuristic. The system has been used successfully,
leading to important cost savings as well as better preservation of the environment [25].

Although Planex de�nes the location of cable landings, it does not de�ne the optimal
yarding con�guration for each line and do not considers the setup times required for the
complete operation.

One of the most commonly used yarding con�gurations today in Chile is the multi-span
yarding system which utilizes intermediate supports to enable �the carriage� to carry a load
of logs over a topographic break in slope, condition which otherwise inhibits cable operations
since the line would bite into the ground.

There is a big opportunity in optimize the �multi-span� yarding con�guration, i.e., the
number, size and position of supports in order to maximize the cycle payload. It is also
relevant to minimize the overall cable operation including setup times, since cable setup
times constitute an important proportion of total costs.

It is a common practice in the Chilean forestry area to use the software LOGGER PC [20]
in order to calculate the maximum log payload for each line. Since there are no optimization
criteria involved in this calculus, which leaves in the judgment of the operator the yarding
con�guration, there is a great opportunity in productivity improve by de�ning the optimal
yarding con�guration and setup times.

Yarding con�guration options depends largely on mechanical analysis of cable systems.
As mentioned by Dupire [13], there are two di�erent approaches concerning the mechanical
analysis of cable yarding systems. The European traditional method consists of linearized
analyses of cable structures [30] while North American one lies on closer to reality non-linear
analyses [6] [7]. Although the load path during cable yarding is a dynamic problem, all the
existing methods treat it as a static case due to the relatively low speed of the load along
the skyline.

According to Dupire [13], the predominant cable system in Europe is known as standing
skyline. The skyline is �xed to anchors at both ends implying a constant unstretched skyline
length for any load weight and location. The static response to a point load by such cable
structures is characterized by the skyline shape and tensile forces change with the load
location. It is also important to consider that the cable elasticity also increases the total
length of the skyline and also the loaded span length increases by gaining some of the available
unloaded adjacent spans cable length [2].

The simpli�ed European method to assess the geometric layout of a cable road is estab-
lished from linearized analyses of cable structures known as �Pestal Equations� [30] where
only the changes in skyline shape are considered. This method leads to shorter spans and
more intermediate supports than necessary as shown in previous work [2].
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By contrast, under North American non-linear analyses of cable structures approach,
they have considered the cable elasticity and changes in shape and tensile forces according
to load location. Although these approaches are more realistic, they remain computer-time
consuming and by the way are concentrated on single-span cases [13].

Bont and Heinimann [2] developed a complete computer-aided program based on Zweifel's
[39] �close-to-catenary� approach for multiple spans con�guration which included all the cable
responses cited previously. Their algorithm also enables optimizing the intermediate supports
locations while respecting prede�ned safety conditions.

The setup of cable yarder lines is an important part of total costs of a cable yarding
operation. Unlike ground-based operations, considerable time is required for rigging a cable
line before extraction can begin, as well as taking down the rigging after the extraction is
complete. Basic rigging steps include laying out the guylines, preparing the guyline anchors,
connecting them and tightening them appropriately. The use of intermediate supports is
another speci�c rigging option that can be employed to extend the terrain range that a
yarder can e�ectively operate. This involves a support jack being rigged into a sturdy tree
along the lines that will suspend the skyline above the ground. The use of intermediate
supports in cable lines have bene�cial e�ects such that it allows the yarder system to harvest
on terrain that is not concave, allows the lines to be extended and allows the logs to remain
at least partially suspended as they are being extracted from the stump to the landing. Cable
operations are most e�cient in larger clearcut operations, where the proportion of rigging
time is small compared to the time spent extracting timber. Also, once a yarder is set-up,
subsequent lines from the same yarder/landing location can be rigged relatively quickly [34].

A large number of factors in�uence individual yarder installation times. Line length,
terrain factors, extraction direction, and yarder type have been identi�ed as key factors
in central Europe. Also, subsequent lines from the same landing location require shorter
installation times [34]. Finally, both the number of intermediate support installations as well
as the height of the supports are critical factors in�uencing setup times.

Since last years it has been available LIDAR technologies that recently allows to obtain
a census of the forest, describing each one of the trees at each geographic position. Arauco
developed a pilot project oriented to evaluate the accuracy and feasibility of semi-automatic
forestry census methods, over operational plantations of Pinus radiata [Bustamante, San-
doval]. The pilot considered a LiDAR cloud points of 16 point/m2 and was used to identify
trees top height and delineating its crowns width thru a segmentation algorithm. The results
obtained allowed us to extrapolate the pilotage area of study an generate an accurate tree
census of the harvesting pilot area, obtaining an �individual tree� model based on height of
the trees which de�nes, for every tree in the study area, the position of the tree, the height
and the height-diameter relationship, required to evaluate intermedia support feasibility.

Although, several researches had been published in recent years related to cable systems,
e�orts are still needed in order to develop computerized methods that integrate accurate
mathematical approaches for the structural analysis of cable systems. This scienti�c lack
meets the interests of forest operators and managers for an operational and accurate tool
for optimizing the setup of cable yarding systems and operating this material in a safe and
productive way [13].
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Such a tool must contain at least a geographic information system (GIS) based interface
to include all the di�erent possible cable locations and directions, a mechanical model to
search the optimal layout of intermedia support and cable tensile forces for each potential
cable line to insure workers' safety at minimum costs and a location mathematical model
to select the optimal set of cable lines that minimizes the whole operation at minimal cost
including setup times.

Within the present work and based on previous research we propose a geographic based
software tool oriented to ful�ll those last objectives. Using results from this software we have
test real cable yarding operations for di�erent conditions of steep terrains and forest condi-
tions and have found productivity improvements based on proper setup times and intermedia
support selection. Those last results are described in the present paper.

2.2 Problem formulation

In order to examine all possible paths for logging the harvest area and based on tons available
for each tree we built a 10 mt. by 10 mt. cell containing all the tons of its associated
�individual tree�. Each line is associated with a �harvest cone� with its apex been the yarder
location and a 50 meters base at the bottom of the harvest area. The cone intersects all
the feasible logging cells (see Figure 2.1). Each cell is associated to its nearest �point� at
each potential line assuming that the logs are going to be harvested thru this point. (the
model does not manage the downhill rolling of logs case). Also, each line is associate with
a �Yarding line�, a 4 meter's width box along the cable which contains all the intermediate
support candidate trees for the line (see Figure 2.1).

The proposed problem looks for a minimum time to complete the whole yarder operation
within security conditions and its mathematical model is compound by a network location
problem looking to minimize the complete setup & cycle time for all the feasible yarder
positions plus a maximization problem for the log load which can be carried out from the
farthest point on the skyline to the yarding area while not exceeding the maximum allowable
skyline tensions and maintaining adequate log clearance [4].

In order to solve this complete problem, we should be able to solve a large and complex
non-linear conditional tension equation system together with an integer location model [4].
Rather than try to solve the problem using traditional nonlinear optimization techniques,
due to the potential size and complexity of the model, we propose a two phase technique
which, in �rst term, optimize each potential line independently and then solve the yarder
location problem based on each optimal line solution.

In order to solve adequately the problem, it is necessary to run a previous �geometric
phase� to o�er feasible lines, based on potential yarder locations.

For the �geometric phase� we build a GIS-based tool that draws the lines based on pre-
de�ned yarder locations. The yarder locations are related to the landing geographic position
de�ned by the PLANEX solution [15]. For each landing position, we de�ne a series of poten-
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Figure 2.1: Yarding line & cone.

tial yarder locations separated along the landing.

Each yarder locations de�nes a fan of lines over the harvesting area (see Figure 2.2). The
GIS tool eliminates unfeasible lines based on terrain slopes. Since the �line cones� are big
enough we drawn the line closer to each other, so the cones got overlapped allowing a bunch
of feasible solutions. The geometric phase draws all the feasible lines taking into account the
requirement of full harvesting area coverage, the harvesting area limits and environmental
restrictions. Each line has to be feasible, which means that depending on the composition of
slopes present thru the line, the skyline should be able to �run� completely thru it, otherwise
it is eliminated from the solution set (see Figure 2.3).

Since the shape of the harvest area is normally highly irregular as well as the distribution
of mass in between cells, together with the bounded availability of yarder locations based
on roads dispositions, the geometric phase should o�er enough lines to make feasible the
complete harvest of all the cells.

The problem of optimizing intermedia support has been largely solved by intuition or trial
and error by the years [3], mainly by some rules of thumbs proposed by [30].

Chung proposed an automatic procedure to locate intermedia support based on �rstly
installing intermedia support on all protruding pro�le points and then eliminate the second
of three consecutive intermedia support. The procedure iterates until a termination condition
is met but without optimality proofs [8].
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Figure 2.2: Geometric phase.

Figure 2.3: Feasible line.
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Leitner proposed an optimal intermedia support location and height [26]. However, the
model did not take into account a minimal ground clearance.

Bont developed an optimal intermedia support location and height model based on close
to catenary cable mechanics [3]. However, the model does not take into account the existence
on actual trees near the selected intermedia support location.

Based on previous work we develop a maximum �log load algorithm� for each feasible line
with the following steps:

1. De�ne a descending list of {max loads} from 3 Tons to 1.5 Tons.

2. De�ne an ordered list of {support-type con�gurations}, been the �rst one, no intermedia
support & �tail in stump�, the second one, no intermedia support & �tail in support�,
the third one intermedia support & �tail in stump�, and so on, been the last one 3
intermedia support & �tail in support�.

3. For each combination of {max load} & {support-type conf.}

(a) For each {intermedia support location} in the line identify all support trees in the
�Yarding line� and select the feasible ones.

(b) Evaluate all the combination {feasible intermedia support location, quantity of
intermedia support, height} using the Skyline XL tension equations and calculate
the maximum log load as the objective function.

4. Once evaluated all combinations, select the maximum load achieved

During the �log load algorithm� when evaluating phase (3.b) and given that the selection
of the optimal log load must be performed by the extremely computational expensive tension
equations, we implemented a Bayesian Optimization method since it has been successfully
used to optimize complex black-box functions whose evaluations are expensive [21][33]. The
Bayesian Optimization method allows us to evaluate all the combination of intermediate
support positions in order to maximize the log load of each feasible line.

The basic tension equations were developed by Kendrick [24] and are implemented in Sky-
line XI. Skyline Xl was developed by the Oregon State University and the Oregon State Forest
Service and accepted worldwide as a tool to get the maximum tension for cable operations
calculus.

We took Skyline Xl and treat it as a �black box� to evaluate maximum cable tensions.

Finally, in the last step of the optimization process we minimize the setup & cycle times
for all the feasible lines de�ned using a mixed-integer optimization model and the results of
the second step optimization as the cycle time for each line. The output of the Bayesian
Optimization method works as an input for the mathematical model that minimizes the
overall operation.

As the feasible lines must be close enough to each other, in order to cover all the cells,
the harvest cone of di�erent lines overlap each other, and the optimization process must
select in between several adjacent lines. Based on this main idea and in order to harvest
each cell one and only one time we introduce the concept of over-distance logging, in which
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the line will harvest cells beyond his �harvest cone� with an extra time: this �overlogging�
option is a commonly used operational solution for this problem. As the amount of �over-
distance� can be a big operational problem that has to be controlled, the model only allows
the �overlogging� of a reduced number of cells.

In order to implement the latter conditions, the model selects optimal lines that harvest
all their associated cells and allows to harvest over-logged cells near to optimal lines.

Additionally, some operational restrictions have to be implemented. As mentioned earlier,
there are environmental restrictions that prevents logging over certain areas. In our solution,
the �geometric phase� takes into account this condition and restrict potential lines that logs
over protected areas.

Also, operational rules restrict the crossing of logging lines even if it is optimal. In order
to implement this restriction, we calculate and restrict all the combinations of lines that
violates this restriction.

Mathematical Model

Sets

I Cells to be harvested
J Potential yarder installation points
L Potential lines
Lj Set of lines associated to installation point j
Il Cell to be harvested optimally using line l
I ′l Cell to be harvested non optimally using line l
Li Line l that harvest optimally cell i
L′

i Line l that harvest non optimally cell i
Rl Set of all lines that violates the crossing restriction for line l

Parameters

fj Instalation time for position j

nj
l Instalation time for line l for position j

cil Logging time for cell i using line l optimally
c′il Logging time for cell i using line l non optimally
vi Total mass available on cell i
ql Total quantity of cell feasible to be harvested optimally by line l

Variables

Xoil Indicates 1 if cell i is logged optimally thru line l
Xsil Indicates 1 if cell i is logged non optimally thru line l
Yi Indicates 1 if cell i is logged optimally
Tj Indicates 1 if location point j is activated
Lol Indicates 1 if line l logs optimally
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Objective function

M inz =
∑
j∈J

Tj ∗ fj +
∑
j∈J

∑
l∈Lj

Lol ∗ nj
l +
∑
j∈J

∑
l∈Lj

∑
i∈Il

Xoil ∗ cil +
∑
j∈J

∑
l∈Lj

∑
i∈I′l

Xsil ∗ c′il

Restrictions

Yi >= 1 ∀i (2.1)

yi −
∑
l∈Li

Xoil −
∑
l∈L′

i

Xsil = 0 ∀i (2.2)∑
i∈Il

Xoil − ql ∗ lol = 0 ∀l (2.3)

lol −BigK ∗
∑
k∈Rl

lok <= 0 ∀l (2.4)∑
l∈Lj

lol −BIGj ∗ tj <= 0 ∀l (2.5)

yi , xoik , xsik , lok , tj binary

The objective function minimizes the logging time of cells optimally logged plus the logging
time of cells �over-logged� plus the setup times for lines plus the installation time of yarders
in the di�erent positions. Restriction (2.1) obligates to harvest all cells. Restriction (2.2)
obligates to harvest a cell thru an optimal line 1 or as an over-logged cell using a non-optimal
c′il harvest time. Restriction (2.3) activates an optimal line l only when all its associated
optimal cells are activated. Restriction (2.4) restricts the activation of optimal lines that
violates the �crossing line� condition. Restriction (2.5) activates the installation of a yarder
in position j when at least one line associated to position j is activated.

2.3 Implementation & results

The Geometric phase is implemented over an ESRI ArcGIS graphical environment and allows
the user to de�ne the landing location, all the alternative tower positions, environmental
restrictive polygons and parameters for the de�nition of potential lines, such as distance in
between lines, logging distance and cone width.

The Bayesian Optimization's �rst step of the model is implemented on a Python 3.0
environment and solve a landing in a variable amount of time that goes from 15 minutes to
17 hours depending on the complexity of the terrain conditions and the number of lines.

The MIP Mathematical location's optimization procedure is implemented in GAMS 24.9
that runs under CPLEX 12.7.1, in a 64 bits Windows System on an Intel Xeon 2 Server with
156 GB RAM.
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Once the two steps on the algorithm are �nished, a digital report is sent back to the
geometric phase and a graphical view of the result is presented to the �nal user. This �nal
report includes the graphical view of the selected lines, the maximum log load of each line
at each point and the cells covered by the solution.

As traditional planning of lines tends to de�ne an exit support for the line in its �rst
20 meters, the proposed solution tends to de�ne higher log loads for the lines increasing
the overall productivity of the team. Additionally, as the model is very strict in complying
with technical, security and environmental restrictions, it generates solutions that are more
friendly with the environment and safer.

We test the proposed methodology for 5 landing positions in the study area. For each
landing, where the initial position of the tower was de�ned by operational crew, we calculate
and compare the optimal line con�guration against the traditional operational solution. The
traditional operational solution is normally build using the �LoggerPc� tool in a later �eld
validation.

We use a standard function to calculate time for each solution as a way to compare the
quality between them. We have compared the optimal versus the traditional solution for
each landing considering the complete operation including setup operational times.

2.3.1 Preparation of input data

The software has been tested in one of the operational areas of Forestal Arauco located in
Llico, Arauco, eight Region, Chile. The test included Radiata Pine stands whose character-
istics are shown in Table 2.1, while the team characteristics are described in Table 2.2.

Size of the stand (ha) 40
Age of the stands (Years) 21
Density of the stands (Tree/ha) 1300
Average height of the stand (m) 26
Average volume by tree (m3/tree) 0.5
Average volume by stand (m3/ha) 600

Table 2.1: Test area characteristics.

Harvesting mode Full tree
Felling mode Traditional (manual chainsaw)
Logging mode Cable using multispan skyline
Processing mode Processor
Yarder Height (m) 14
Number of Anchor 5

Table 2.2: Test team characteristics.

For the sake of the study we got land use maps including environmental restrictions and
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plantations, planned area maps including harvesting areas, roads and landing locations and
DEM (Digital Elevation Model) LIDAR based maps. The base info is separated geographi-
cally into independent �Landings� based on landing locations and harvest area associated.

We also prepared an �Individual tree� model layer for each �Landing� based on [Busta-
mante, Sandoval]. Thru the �Individual tree� model available por each �Landing� we can
recover, for each tree, its position and total height and estimate Diameter at Breast Height
(DBH) and Height-Diameter relationship. And each �Landing� is incorporated to an ARCGIS
application that builds the data entry for the model.

From Arauco's o�cial productivity systems we recovered, for the speci�c team been tested,
the average time of the operational cycle at di�erent extract distances and slope conditions.
We also recovered average setup times including installation times for the yarder, change of
line average times (new line) and intermedia support installation time.

From the planned area maps we got each landing zone. Since the landing zone is repre-
sented by a single dot in the map, we replace each dot by a 900 square meters (50 x 18 meters)
rectangle shaped around the road representing the full �Landing zone�. Each �Landing zone�
is drawn along the road and centered around the original dot and allows the installation of
�ve di�erent locations for the yarder. We de�ne 5 di�erent locations for the yarder in each
landing (1 position every ten meters along the landing)

On each Yarder location it is possible to de�ne subsequent lines that require shorter
installation times. Depending on the size of the harvesting area, and for each yarder location,
we de�ne as many consecutive lines as possible to cover the complete harvesting area. Each
line is de�ned by a yarder location point and an azimuth direction which de�nes the course
of the line. Each line de�nes a 5-meters sequence potential intermedia support points.

From de �individual tree� model it is possible to, thru a LIDAR based tree height measure,
adjust with high accuracy a height-diameter model to any tree in the harvest area [10] [19]
[18] [12] [32]. Using the height-diameter relationship it is possible to de�ne �candidate trees
for intermedia support� at di�erent locations throughout the line.

From the �individual tree� model it is possible to estimate the volume of wood available
on each point of the harvest area [10] [19] [18] [12] [32]. Using standard density (Kg/M3)
functions we calculate available tons to carry out of the harvest area.

2.3.2 Numerical results

We test the model for the landing number 36 in the study area. We recovered the lines
de�ned in �elds by experts (landing direction, length and number and position of intermedia
supports) and we compare them against the optimally de�ned lines de�ned by our system.

For the sake of a valid comparation, to calculate setup times, we the standard for �Tower
installation times� and �intermedia support installation times� for the speci�c team. Also, as
the �traditional� solution does not consider any tree model, we associated the LIDAR based
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�individual tree model� to the �traditionally� de�ned lines and used it to calculate operational
times, based on max load de�ned by operators.

In this case, the model optimally selected lines 5, 10, 14 21 and 29, as shown in Figure
2.4.

Figure 2.5 shows the pro�le of one the �ve selected lines by the mathematical model that
minimizes the total operational plus setup times.

Figure 2.4: Lines selected.

Figure 2.5: Pro�le for selected lines.

Then, we compare the optimally de�ned lines against traditionally de�ned. As observed
in Figure 2.6, the traditional crew selected lines 15 and 19 instead of lines 14 and 21.
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Figure 2.6: Comparison of traditional versus system selection of lines.

The traditional method selected lower setup-time lines but slower in operation speed. Al
the end, when considering the overall productivity time, the inclusion of more complex lines
gave a better productivity condition due to faster overall operation times. Finally, Table 2.3
present a summary of total times for the complete harvesting of landing 36.

Table 2.3: Summary results of landing 36.
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When we compare the total operational plus setup times for the landing using the tra-
ditionally de�ned lines against the optimally de�ned lines, we obtain 7% of productivity
improvement.

2.4 Conclusions

The results obtained showed that based on LIDAR technology it is possible to build a tree
census of the harvesting pilot area, obtaining an �individual tree� model that allow us to
evaluate intermedia support feasibility. Based on terrain experience it is possible to identify
in �elds the intermedia support candidates to maximize log load capacity.

Even though the two-step model generates accurate solutions to harvest accurately the
study area, still the line Bayesian-based optimization step is highly time consuming taking
a bunch of time in di�cult cases. By example, a complex landing area may take up to 17 to
20 hours to process.

Although the main aspects related to the preparation of harvesting projects considers the
location of machinery and the design of access roads, functions that areas completely covered
by Planex, it is also of vital importance the de�nition of log lines that maximize the log load
capacity oriented to achieve productivity increase in steep terrain zones.

This paper presents a heuristic approach that supports the latter decisions and has been
tested successfully in a pilot area in Chile and that successfully combines operation research
techniques and geographic information techniques in a computational solution that impacts
the forest operation planning process.

Despite the individual tree model showed accurate results to identify intermedia support
candidates, in the case of high-density forests, i.e., forest with more than 700 trees by hectare,
it became di�cult to identify individual trees in the forest. For such cases we propose a static
based methodology instead of an individual tree model. Such methodology must expect the
existence of a certain quantity of candidate trees in a speci�c area near the line.

Although the model returns adequate results for intermedia support solutions, it may take
a lot of time, mainly in the �rst step of the process. One option to minimize the excessive
amount of processing time is to evaluate each line just in the changes of slope, instead of
every 5 meters, just as it happens in Logger Pc traditional operations.

The application of the model in real operational conditions gave us a direct improvement of
7% in productivity versus traditional method for the study area. The next step of the project
will consider the comparison of all the remaining landings in the study area (approximately
�ve landings).
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