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application within the log yard with an overview of existing literature which includes several 
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Abstract
For sawmills, paper mills, particleboard, oriented strand board (OSB), fiberboard and other wood 
production factories, the log yard is the first step, where raw materials are sorted and stored 
before production begins. Due to the size of these production sites great potential exists for the 
optimisation of internal logistics. In this paper the different planning problems of the log yard are 
introduced and existing literature examined. Beginning with the tactical problems of structure, 
such as assessing material flow, planning facility layout and assigning storage areas, it continues 
with operational problems such as vehicle movement planning within the log yard, empty trip 
minimisation and the seasonality of raw material availability. Data derived from this study reveals 
a variety of possible solution methods, the applicability of which depends on the precise nature 
of the log yard operations. Additionally, several real life examples are provided which illustrate 
the potential for operational improvement.
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List of symbols

OSB Oriented strand board
GDP Gross domestic product
m3 Cubic meter
L Set of locations
Djk Distance of locations j and k (equivalent to Dij)
Ahi Number of transportation runs between location h and i (equivalent to Aij)
xhj Number of trips between location h and j (equivalent to xik and xij)
λij Transportation matrix for locations i and j
Hisource Source characteristics of location i
Hjsink Sink characteristics of location j (equivalent to Hisink)
Si Supply of vehicles at location i
Ni Demand for vehicles at location i (equivalent to Nj)
δij Number of empty trips from location i to j

1 Introduction

As analysed in detail by Lebedys and Li (2014), the contribution of forestry to national gross domes-
tic product (GDP) is, for many countries, slightly declining. Despite this the industry remains a 
very important sector of many economies and as such provides significant opportunities for process 
improvement and optimisation. Since the marketing of this sector is globally oriented, low costs 
of production and transportation ensure its competitiveness whilst providing high revenues. This 
has been previously described by Rönnqvist (2003) who illustrates the nature of the forest-based 
industries and describes and summarises the variety of planning problems. The work summarises 
the problems which arise in the strategic planning for forest management, where the time scale 
can be hundreds of years, the tactical planning of harvesting in a time period of a few months to a 
year and includes short term operational planning such as transportation, routing and production 
planning.

Another review paper analysing the potential for optimisation in forestry, Rahman et al. 
(2014a) structure the existing research work according to the optimisation or simulation techniques 
used. Their paper introduces linear and integer programming over artificial intelligence-based 
methods and simulations however little research is provided on the improvement of the logistical 
operations within a production site’s log yard.

In the currently existing literature the main focus of forestry research is on: production plan-
ning (Kazemi Zanjani et al. 2010; Maturana et al. 2010; Vergara et al. 2015; Huka and Gronalt 
2017), supply chain management (Singer and Donoso 2007; D’Amours et al. 2008; Santa-Eulalia 
et al. 2012; Bouchard et al. 2017) and value chain optimisation (Audy et al. 2014; Gendron et 
al. 2016) with few papers addressing the potential of logistic optimisation within the log yard. 
The main contribution of this paper is to gather the existing literature on optimising the log yard 
logistics and divide the problems arising into those of tactical structural and operational planning. 
Additionally, newly relevant planning problems within different areas of processes are identified 
and solutions suggested. The paper concludes with selected case studies, where methods previously 
described in the paper are applied.
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2 Log yard logistics analysis

2.1	Definition	of	a	log	yard

A good overview of different types of log yards can be found in the report by Dramm et al. (2002) 
where concepts and advantages applicable to the forest industry in the United States are discussed 
and analysed. Gronalt and Rauch (2018) apply a discrete event simulation to examine the prevail-
ing wood railroad terminal layout configurations in order to show systems bottlenecks and reveal 
potential improvements. In this paper, however, the focus is on log yards integrated into forestry 
production sites rather than the external yards used for gathering and sorting the raw material. The 
primary wood industry, sawmills, board industries and power plants handle raw material which is 
both heavy and bulky. This, combined with the complexity of the material, with its varying dimen-
sions of length and diameter, different stacking requirements, variety of species plus the nature of 
the output (which is not only logs but includes sawmill by-products such as wood chips, sawdust, 
bark, slabs and recycled wood) necessitates log yards of considerable size. Size also aids somewhat 
in stabilizing the production process since availability and price fluctuation could otherwise disrupt 
the production planning process as can the internal distribution grading of wood, a process which 
is undertaken after initial processing. Additionally, apart from log yard size, the high cost of capital 
equipment has to be taken into consideration. Fig. 1 shows a schematic diagram of a theoretical 
log yard serving a combination of sawmill, various board productions, a paper mill and a power 
plant and illustrates the different ways raw material can be handled and processed. The raw timber 
can be delivered as whole stems or already cut-to-length, sorted by species and dimensions or in 

Fig. 1. Schematic log yard diagram of a super wood factory where a sawmill is combined with board 
production, paper mill and a power plant. The pre-processor is an additional possible step before pro-
duction which can be debarking, bucking, chipping or particle preparation.
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mixed batches which may or may not have been debarked. Furthermore, the consistency of recycled 
wood varies from log yard to log yard. It can either be chipped before arriving at the log yard or 
later but, in most cases, it needs to be sorted and inspected to identify the quality and consistency.

The optimisation of log yard logistics is complicated by the variety of input materials, the 
handling technologies available, the vehicle types and the complexity of the material flow, which 
is itself dependent on the production process employed. Clearly then, given the nature of the glob-
alized market, structured layout development, cost-efficient material handling and warehousing 
are becoming increasingly important elements of efficient log yard operations. Though it can be 
investigated either as sub-problems of the whole or sequentially, as individual problems, little 
research has been conducted. Table 1 shows the different subject areas of existing literature which 
have been investigated and the solution method the respective authors used to solve the specific 
problem.

2.2 Special features on the log yard

The log yard is usually outdoors and has to cope with a variety of weather conditions. Special 
infrastructure needs to be provided such as light towers that divide the storage area and sprinklers 
for quality issues of the logs. As mentioned before, a large storage space is needed for the volume 
of processed raw material. The different qualities, species and sometimes varying origins and cer-
tifications with the same dimensions can lead to even more assortments and space requirements as 
can the different geometries, bulk and piece goods, which require different vehicles in the log yard. 
The material flow can further be complicated by different delivery methods such as truck, train or 
ship and several possible material charges, different sawing or production lines or pre-processing. 
Moreover, the ground surface, concrete, asphalt or gravel, determines both the weight per area 
which can be stored there and the type of the stored material. In addition, a strict first-in-first-out 
policy needs to be pursued to prevent quality losses through biological or chemical degradation. 
This leads to detailed considerations of the placement of storage areas and their accessibility. Also, 
dealing with a natural resource entails seasonal variation in supply. Several safety regulations have 
to be considered on the log yard as well. The minimal distance of buildings to storage areas has 
to be kept and piles of chips and sawdust have to be mixed and rearranged to prevent fire due to 
biological deterioration and the resulting heat build-up. The potential fire risk limits the overall 

Table 1. Papers on log yard logistics with different subject areas and solution methods.

Authors Subject area Used method

Baesler et al. (2002) Loader scheduling Simulation optimisation; Genetic algo-
rithm heuristic

Beaudoin et al. (2012) Material flow analysis; Loader scheduling and 
duty assignment

Discrete event simulation

Rathke et al. (2013) Facility layout planning; Storage assignment Mixed integer programming  model; 
Heuristic

Rahman et al. (2014b) Storage assignment; Seasonality Discrete event simulation; Metaheuristic
Robichaud et al. (2014) Material flow analysis; Facility layout plan-

ning; Loader scheduling; Seasonality 
Discrete event simulation

Silver and Zufferey (2005) Inventory management; Seasonality Heuristic; Tabu Search; Simulation
Shaik et al. (2012) Loader scheduling Multi-agent based simulation
Yujie and Fang (2009) Material flow analysis; Facility layout planning Relationship chart; Correlation and 

closeness table
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size of storage areas. The safety of pedestrians has to be considered and special footways have to 
be planned to prevent collisions with the heavy machinery. In order to clarify the different chal-
lenges of log yard logistics specific management requirements are worked out at the beginning of 
this paper. Clearly, the focus of log yard logistics is always on material movement and storage.

2.3 Log yard operations and management support

The whole production site and its process benefit from a better organized log yard. The first step 
then is to determine the goal of the analysis and to examine relevant improvement options. The 
next step is to select the appropriate evaluation method for each option. For some problems simu-
lation is better suited than a mathematical model. All the conflicting goals have to be considered 
and choices made such as minimising distances travelled versus storage space, planning reserve 
capacities versus just-in-time storage or balanced work share versus minimisation of vehicles versus 
maintenance planning. Furthermore, potential investment decisions can be investigated or different 
policies within the log yard can be studied and established. In a further step, the problem of log 
yard logistics can be embedded in the productivity of the whole supply chain. The next step of the 
analysis is to gather the underlying data, examine the yard dimensions and its layout, compute the 
distances within the yard and investigate the boundary conditions. Moreover, the storage needs to 
be analysed with reference to the number of assortments, the space each element requires, their 
maximum storage heights, storage requirements, raw material geometries and the driveways neces-
sary. Furthermore, the different vehicles, used or potential, together with their specific properties 
and applications are investigated. These basic elements of layout, storage and vehicle data for the 
analysis of the log yard logistic problem are described in Table 2.

In the last step the suitable material and methods for improving log yard operations need to 
be determined. The appropriate or preferred solution method, dynamic versus static, exact versus 
heuristic, simulation versus optimisation or integrated into an existing IT-solution, needs to be 
chosen (Table 3). The following section divides the planning problem of log yard logistics into 
three main smaller sub-problems which arise when planning or handling a log yard.

Table 2. Basic elements: data, storage, transport (vehicles and loaders).

Data

• Volume • Weight
• Yard dimensions • Yard layout
• Distances • Location of fixed items
• Seasonality in data • Boundary conditions
• Number of assortments

Storage
• Needed space • Geometries
• Storage requirements • Driveways
• Maximum storage heights

Vehicles

• Vehicle types • Duties
• Transportation fleet variety • Capacity per trip
• Multimodality • Shift models
• Schedule • Non-profitable duties
• Loading and unloading • Technical details
• Costs
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3 Tactical structural problems

3.1	Material	flow	overview

For facility layout planning a good knowledge of the existing material flow and space restrictions 
is crucial. The first step to expand or plan a layout for a log yard is to analyse the existing material 
flow within it and extract valid data based on the different assortments. Further, their final desti-
nation within the log yard, namely the processing machine, has to be specified. In addition, the 
number of the assortments needs to be estimated. Material flow can be analysed with qualitative 
and quantitative measurements. Qualitative measures describe restrictions or suggestions for the 
placement of assortments or production segments in relation to each other, whereas quantitative 
measures are given in amount per time such as litre per second or tons per shift. Muther (1973) 
introduces closeness relationship values for the qualitative measurement of material flow. These 
values can be summarised in a relationship chart and together with the reasons for the closeness 
values illustrated in Tompkins et al. (2010) they indicate boundary placement restrictions for the 
different assortments. This veers toward a possible layout solution of the facility.

Yujie and Fang (2009) use this technique to determine a good layout for a log yard with a 
total area of 19.5 hectares in Heilongjiang Province with a total annual timber flow of 85 375 m³. 
This log yard is a combined facility used by eight forest farms located separately outside of the 
factories. Despite this, the proposed method for arranging assortments is appropriate. After analys-
ing the basic elements of the technological process within the log yard the authors divide it into 
operation areas and develop a correlation and closeness table for the logistics and non-logistics. 
As a next step the authors determine the extent of closeness of the relationship between the operat-
ing regions and draw the related location map of the operating area. Next, they identify the actual 
area of each operating area and the material flow pattern. With this information they establish the 
actual layout of the log yard.

Besides a directed graph and a from-to-chart another possible tool to show the quantitative 
material flow is the Sankey diagram which is based on Minard (1870) and further established by 
Sankey (1898). For details on the history of the Sankey diagram see Schmidt (2008). A Sankey 
diagram is a specific type of flow diagram where the width of the arrows proportionally shows the 
flow quantity and is more advantageous compared to a simpler directed graph and from-to chart. 
The Sankey diagram is suited to find inefficiencies and reveal saving potentials. Moreover, it is 

Table 3. Planning problems.

Problems Applications

Tactical  
structural  
planning

• Material flow overview
• Facility layout planning
• Storage assignment

• New facilities planning
  ⸰ Placement of grading and measuring stations
  ⸰ Location of machines
• Evaluation of log yards
  ⸰ In/dependent storage assignment

Operational  
planning

• Material movement
• Empty trips
• Seasonality and raw  
  material supply

• Operations and IT support
  ⸰ IT-systems integration
• Loader control system
  ⸰ Loaded and empty runs
  ⸰ Routing and dispatch of loaders
• Frequency and re-planning
  ⸰ One time setup planning
  ⸰ Automatic re-planning for seasonality
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possible to map value flows with this kind of diagram. Knowing the material flow the required log 
yard capacities can be roughly estimated and the actual layout can be planned. The advantages of 
the use of a Sankey diagram are shown in a case study in Section 5.3.

3.2 Facility layout planning

Facility layout planning is a well-known concept introduced by Koopmans and Beckmann (1957) 
who propose a model to the problem of placing plants with material flow in between. It can be 
implemented in different levels of detail such as arranging buildings in a factory or positioning tools 
on a workbench. Methods for facility layout planning may act on the design of production lines and 
the arrangement of material feeding as well as for providing room for the workers to complete their 
tasks properly and may also be applied for the whole plant. Kusiak and Heragu (1987) prepare a 
survey and comparison of different solution methods and heuristics for the facility layout problem. 
Furthermore, Drira et al. (2007) give an overview of the different layout representations, the for-
mulations of layout problems and their respective solution approaches however there are not many 
applications in the forestry production. Balakrishnan et al. (2003) for example propose an efficient 
but also user-friendly heuristic approach to solve the static facility layout problem with unequal 
department sizes which can be used on the log yard. Their method uses two effective algorithms, 
simulated annealing and genetic algorithms, to generate a heuristic layout solution. Furthermore, 
Abotaleb et al. (2016) describe a new approach to the facility layout planning of construction site 
layout problems based on genetic algorithms which can handle non-rectilinear shapes and mimics 
dynamic behaviour of geometries of site facilities. This means the facilities are modelled using 
a geometric shape, such as offset planar curves, dynamic freeforms or dynamic rectangles and 
their dimension and form can change in each run of the algorithm. Moreover, the model provides 
different proximity measures and therefore allows movement between the facilities including pas-
sageways and access roads. According to Singh and Sharma (2006) the facility layout problems 
can be classified into static and dynamic problems and solved with different solution approaches 
such as quadratic integer programming, mixed integer programming or by the use of graph theory. 
The facility layout problem is modelled and solved to find an efficient layout for facilities on a 
site. Tompkins et al. (2010) describe the facility layout planning process as a holistic fundamental 
component of the supply chain. Due to contrary objectives of the facility planning the main goal 
of the layout planning has to be identified and potential optimisation losses of contrary objectives 
have to be considered. The placement of the facilities within the plant area has a significant impact 
on manufacturing costs, work in process, lead times and productivity. A good placement there-
fore contributes to the overall efficiency of operations and can reduce up to 50 percent, the total 
operating expenses. Page (1991) reports that, on average, 40 percent of a company’s sales come 
from new products. However, the change in product mix leads to a modification of the production 
flow and thus affects the layout. Gupta and Seifoddini (1990) state that many companies undergo 
major reorganization of the production facilities every two years. In forest-based industries it can 
be observed that advances in production technology or a change in material flows are seldom 
directly addressed in newly optimised layouts. On the other hand, transportation distances in pro-
duction facilities of forest-based industries are usually very large and cause high movement costs. 
Decision support is needed to show how to deal with technology changes in production and how 
to efficiently incorporate new material flows in a facility. Consequently, facility layout planning 
is a continuous improvement process because it must adapt to new products, market changes and 
alternative production technologies (Fig. 2).

Due to the interaction between the areas assigned in the log yard during facility planning, the 
placement of machines and the delivery points, the underlying optimisation problem is quadratic.
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A discrete method to solve the facility layout problem is the quadratic assignment problem 
which is introduced by Koopmans and Beckmann (1957). By this, the layout and the referable 
units are divided into equally sized squares and each square is assigned to one storage area square. 
The objective of the quadratic assignment problem is to minimise the travelled distance Djk of 
connected locations with the number of transportation runs Ahi, given by the transported volume. 
The decision variable xhj tells which locations should be connected to each other and where which 
raw material should be stored considering the resulting material flow between the locations.

Min D A x xjk hi hj ik
k Lj Li Lh L ����
���� ( )1

subject to x h Lhj
j L�
� � � �1 2( )

x j Lhj
h L�
� � � �1 3( )

x h j Lhj �� � � �0 1 4, , ( )

Fig. 2. Continuous improvement facilities planning cycle, Tompkins et al. (2010).
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The problem is linear and therefore easier if there are no interactions between the areas 
which have to be assigned and if delivery point and material charge are already fixed. The model 
for the linear assignment problem is introduced in the next section. Thus, dependent and indepen-
dent storage assignment problems have to be distinguished and the appropriate solution method for 
the problem needs to be used. To highlight one existing heuristic to plan a layout, the slicing tree 
algorithm is presented. Here, a continuous area is separated with horizontal or vertical Guillotine-
cuts. The major advantage of this heuristic is the possibility to simultaneously plan a suitable 
driveway system within the layout. These driveways have minimal crossroads and no dead ends 
which lead to a total improvement in accessibility. The quadratic assignment problem or the slicing 
tree approach are two possible ways to solve the facility layout problem. In Scholz et al. (2009) the 
authors introduce a heuristic based on slicing tree and Tabu search. The introduced heuristic seems 
to be superior to existing heuristics and promising for solving large problems in reasonable time.

3.3 Storage assignment

After obtaining the general layout of the log yard and the placement of fixed objects such as measur-
ing unit, sorting line, sawing lines and dry kilns the continuous improvement cycle proceeds with 
the storage assignment for all assortments. As assortments change over time with volume variations, 
the introduction of new assortments and seasonal variations, the optimal storage assignment is 
modified. Similarly, external conditions such as supplies, demands, products and technologies may 
vary too. Consequently, re-evaluating the existing storage assignment and optimising it is crucial.

As there is usually no interaction between storage areas the original problem of storage 
assignment is linear, as already introduced by Koopmans and Beckmann (1957), and again the 
distance travelled is minimised.

Min D A xij ij ij
j Li L ��
�� ( )5

subject to x i Lij
j L�
� � � �1 6( )

x j Lij
i L�
� � � �1 7( )

x i j Lij �� � � �0 1 8, , ( )

When the main layout of the log yard and its key features such as placements of machines, 
the sorting line, the grading and measurement station are fixed the optimisation potential lies in 
the reassignment of storage areas.

Contrary to the common log yard the next paper presented investigates a log yard using a 
gantry crane instead of log stackers to sort the material into storage areas and feed the saw, which 
makes the transportation aspect within the log yard much easier. Rathke et al. (2013) use math-
ematical programming and heuristics to improve the internal logistics of the log yard with a given 
layout of a medium sized European hardwood sawmill. The log yard layout planning problem in 
general includes two different assignment decisions. First, each assortment has to be assigned to 
one ejection box along the sorting line according to diameter, length and wood type and secondly, 
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each assortment has to be assigned to one or more storage areas. By rearranging the box assign-
ment for different assortments and assigning the optimal storage areas for the material, the total 
transportation time of the crane can be decreased for one production cycle of 15 days. Moreover, 
a redesign of the log yard reducing the number of storage areas by combining some of them is 
investigated. The authors develop two optimisation approaches. The first approach divides the 
problem into two separate assignment problems and solves the storage box assignment first, whereas 
the second approach solves the two problems concurrently. The best solution, with a reduction 
of transportation time by 16 percent, can be reached when reducing the number of storage areas, 
thereby enlarging the maximal capacity of some storage areas and solving the allocation problem 
of ejection boxes along the sorting line and storage areas simultaneously. The authors state that the 
model finds a good solution within seconds but proving optimality is hard because of the similar 
volumes of the different log assortments and the similar capacities of the storage areas. Thus, the 
heuristics are seen as an easy way to reduce the transportation time without the need of sophisti-
cated optimisation tools.

Contrary to the aforementioned, the paper by Rahman et al. (2014b) proposes a discrete 
event simulation approach to improve the log yard and its processes. By this, the storage bins are 
rearranged to effectively minimise the log stacker time. Due to computational limits, not all pos-
sible arrangement options of the combinatorial optimisation are investigated but metaheuristics 
are incorporated. Therefore, they investigate a genetic algorithm and compare it to a simulated 
annealing approach. These two improvement methods were checked against the existing layout. 
Due to the smaller investigated solution space of simulated annealing, the genetic algorithm is 
better suited for this problem. Additionally, different random arrival patterns of logs have been 
studied. The models are applied to a sawmill log yard in Sweden with an annual production of 
about 400 000 m³.

The aforementioned problems describe principal challenges on the log yard. In the follow-
ing section more specific questions and problems such as the material movement in the log yard, 
which loaders are used and assigned to which tasks together with the robustness of the solutions for 
varying data are discussed. Nevertheless, understanding the material flow on the log yard, knowing 
the facility layout of the production site and being aware of the storage assignment is essential for 
a more detailed analysis of log yard logistics.

4 Operational problems

4.1	Material	movement

Transportation operations are a significant cost for the primary wood industry. Audy et al. (2012) 
give a thorough overview of existing planning methods and support systems for the vehicle rout-
ing problem for timber transportation. This review study however does not include the internal 
transportation on a log yard, the analysis of how many loaders are necessary for a continuous 
production, the allocation of duties, the planning of reserve capacities and maintenance planning, 
shift models and scheduling of loaders.

Baesler et al. (2002) propose a simulation optimisation methodology applied to a produc-
tion line for a secondary manufacturing wood processing plant in Chile. Their simulation model 
is integrated into a genetic algorithm heuristic and studies different resource configurations for the 
plant. The authors are able to optimise the number of forklift cranes within the production line. The 
average time required to finish the complete cycle of a product can be decreased by approximately 
18 percent by increasing the number of forklift cranes by four as they are basically in charge of 
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transporting material from one working centre to the next and constitute a bottleneck of the pro-
cess flow. The increase creates a more synchronised system. A further study of the layout and the 
increased forklift crane flow has to be conducted to guarantee the feasibility of the proposed solution.

Beaudoin et al. (2012) investigate different loader to truck allocation strategies and their 
influence on truck cycle time and loader driving distance on the log yard using discrete event 
simulation. The sawmill examined, with an annual consumption of 600 000 m³, handles up to 140 
log trucks per day and is located in the western part of Canada. The authors compare the current 
practice of first-in-first-out to empty-the-queue-first and longest-queue-first allocation strategy for 
the log trucks. While empty-the-queue-first leads to an average decrease in truck cycle time and 
loader driving distance, the longest-queue-first approach has no significant impact on the truck cycle 
time but increases the average total distance travelled compared to the first-in-first-out approach. 
A sensitivity analysis on mill consumption rate and travelling speed of loaders was conducted. 
However, the authors mention that both newly introduced and analysed approaches have a higher 
variance in waiting time. Furthermore, no distinction between trailer types was investigated though 
this would allow comparison of individual truck wait time per trailer type among the allocation 
strategies.

Another simulation approach to increase the efficiency of log yard operations is conducted 
by Shaik et al. (2012). In their work they develop efficient work order decisions for two log stack-
ers at a Swedish sawmill and compare three different scenarios with the conventional approach 
by multi-agent based simulation. The first approach is to increase the buffer on the measurement 
station by one to three segments, thereby providing more time for the log stackers in between 
unloading trucks. The second approach prohibits the unloading of trucks to the ground as an 
artificial buffer space for the measurement station. Thus, the waiting time of trucks is increased 
which leads to high demurrage fees which have to be paid by the sawmill. For both of these 
approaches the responsibilities of the log stackers stay the same as in the conventional approach 
where both stackers are doing the same tasks but with different priorities. For the third approach 
the responsibilities of unloading trucks, filling the measurement station, feeding the sawmill and 
emptying the storage bins along the sorting conveyer belt are split between the two log stackers. 
However, compared to the conventional approach the buffer size does not change. The authors 
conclude that prohibiting unloading to the ground is better but the waiting time will therefore be 
increased. Furthermore, it is better to divide the work load between the two stackers if the physical 
layout is not changed. Hence, Approach 3 is superior to the status quo. Approach 2 and 3 lead to 
a significant improvement because the performance of the sawmill depends directly on the speed 
at which the buffer is filled.

Investigating the material movement and vehicle routing problem on the log yard, assign-
ing specific duties to each vehicle and analysing different shift models to synchronise the vehicle 
capacity to the production capacity is the next step in optimising logistics within the log yard after 
establishing the layout. For this problem simulation is a suitable solution method to study the given 
problem or question.

4.2 Empty trips

All the aforementioned methods and the papers presented minimise the distance of loaded trips 
whereas the empty trips are neglected. Arnold and Furmans (2006) propose a method to determine 
the number of empty trips in the best-case scenario. With the solution of the optimised loaded runs 
from the storage assignment problem, the transportation matrix λij is calculated. This matrix gives 
the number of loaded runs from location i to location j. In a next step source (Hisource) and sink 
(Hjsink) characteristics of each location are calculated.
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H i Li
source

ij
j L

� � �
�
� � ( )9

H j Lj ij
i L

sink � � �
�
� � ( )10

With the transportation matrix the number of trips starting and ending at one unit can be 
computed. Consequentially, it can be determined if there is supply or demand of vehicles in one 
specific location.

H Hi
source

j demand N H H

S H

i i
source

i

i i�� � � � � �

� � �sink supply
sink0

0 ssource
iH i L

��
�
�

� �
sink

( )11

Thus, the total distance of empty runs, where δij are the number of empty runs, can be com-
puted when the supply and demand of vehicles need to be balanced at each location.
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This concept is introduced by Arnold and Furmans (2006). As mentioned before this is an 
approach to estimate empty trips as it minimises the distance of unproductive trips for the best-
case scenario, therefore giving a lower bound on empty trips. Another option to investigate and 
evaluate the empty runs is to simulate the total vehicle movement within the log yard taking the 
delivery rate of raw material, the production rate of the saws and all other duties of the loaders into 
considerations. Consequentially these analyses and solutions lead to a routing and dispatch system 
for the log yard indicating the next task which has to be performed for each vehicle.

Generally in literature, the empty trips on the log yard are not taken into account, but among 
others two papers on the supply chain planning to the log yard which deal with the minimisation 
of empty trips were found. Gronalt and Hirsch (2007) introduce a Tabu search based method to 
reduce overall duration of empty truck movements for the round wood transport whereas the paper 
by El Hachemi et al. (2011) investigates the potential of both constraint programming and math-
ematical programming for the log truck scheduling. The total costs of non-productive activities 
and distances driven empty by vehicles are minimised. But the aforementioned literature does not 
take the empty trips within the log yard itself into account.

4.3	 Seasonality	and	raw	material	supply

The first problem is to determine how much raw material should be stored in the log yard through-
out the year. The stock level should adapt to the material inflow and this is normally kept high to 
maintain feedstock for continuous production and ensure low setup cost for production. The chip 
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pile management for any mill that stores chips is discussed by Fuller (1985). The author highlights 
the history of pile storage for chips used in wood products which is required to handle the inter-
mittent flow and is maintained over several periods especially when the supply is low, e.g. during 
winter or rainy seasons. The paper reviews practices to avoid deterioration and economic losses 
caused by chip storage. Dramm et al. (2004) on the other hand discuss the problem of excessive log 
inventory and storage at log yards. The authors examine the trade-off between reducing bottlenecks 
to improve mill productivity and keeping the inventory low. Finally, they conclude that companies 
may have to maintain a generally large inventory that fluctuates with the season. Motivated by the 
raw material management at a sawmill Silver and Zufferey (2005) develop a heuristic method for 
inventory management. With Tabu search and simulation, the expected costs of lost sales facing a 
known and constant demand rate is minimised. However, the lead times are random and moreover 
the probability distribution of the lead times change in a seasonal fashion.

There are several ways to deal with seasonality reflected in data. One possibility is to 
solve the layout and assignment problem for the largest volume to ensure an optimal assignment 
when the log yard is used to its capacity. Marasini et al. (2001) propose an integrated simulation 
model which uses artificial intelligence methods to solve the problem of designing and manag-
ing a make-to-stock stockyard layout for the concrete products industry with seasonal demand. 
Another way is to indicate the best enhancement strategies for the different assortments of the 
log yard. Therefore, the storage assignment problem is solved for average volumes and the stor-
age areas used are fixed. In a next step the volumes are increased and the next best location for 
each assortment is computed thus indicating where the additional material should be stored if the 
usual volume is exceeded.

A further way to solve the seasonality problem is to solve the assignment problem from the 
previous section over several periods and to enhance the objective function by a marshalling com-
ponent to always ensure the optimal solution of the problem. This additional component represents 
the costs of reassigning storage areas and the time it takes to alter an existing layout. The concept 
of re-marshalling is well known in the area of container handling in port container terminals. Kim 
and Bae (1998) describe a methodology to convert an existing layout to a desirable one with the 
fewest possible moves and the shortest possible travel distance. They divide the problem into the 
three sub-problems of: finding the desired layout, planning the move and sequencing the tasks 
to be performed. The problem of re-marshalling within a limited time frame is solved by Yu and 
Qi (2013). Here they solve the problem with a heuristic algorithm to restore the optimised space 
allocation. This concept can be easily adapted to the log yard layout planning.

In existing literature there are two papers investigating seasonal effects on the log yard 
design. For the log yard design and yard performance evaluation Robichaud et al. (2014) examine a 
discrete event simulation applied to a medium sized lumber mill log yard in Quebec with an annual 
consumption of 500 000 m³. Their work is based on the research of Hampton (1981) about planning, 
construction and operation of dry land log yards and the work of Baker and Canessa (2009) on a 
structured approach for a warehouse design. After collecting relative data Robichaud et al. (2014) 
model the material flow and establish flow priorities. Furthermore, space needed for each activity 
is determined and preliminary plans are proposed and tested with the proposed simulation model. 
This is similar to the steps introduced by Hampton (1981) but extended by the final simulation. 
These crucial steps are generally valid but here different data sets are investigated to simulate the 
seasonality of the problem. The simulation model is tested for one layout with equipment combina-
tions for high and low utilization and arrival rates. The key performance indicators are scheduled 
time utilization and total travelled distance. A noticeable improvement in the distance travelled can 
be achieved by relocating the slashing station. Furthermore, the authors conclude that there was a 
potential saving of one loader during spring time, which is the time with fewer arrivals.
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The paper above by Rahman et al. (2014b) also investigates the storage assignment with 
seasonal data. As they assign dynamic storage bins, the effects on changing data and therefore 
varying transport volume can be studied. They compare the solutions of two different data sets. 
One is a one-month planning sample and the other a three-month planning sample covering the 
one-year planning horizon. Compared to the existing layout, the saving potential on distance trav-
elled by log stackers with the improved storage assignment is better for the three-month planning 
sample. The authors conclude that the distance increases even more for a larger input sample size 
and therefore the potential of optimisation increases as well.

Dealing with seasonal data is never easy but it is even more important for the forest-based 
industries because of the quantity of raw material and the disparity between high and low arrival 
rates.

Next, in order to supplement the work referenced, several case studies are discussed using 
some of the models presented above.

5 Case studies

5.1	 Sawmill	A

The sawmill investigated, with an annual production volume of around 100 000 m³ mainly pro-
cesses large dimensional timber. It has three different sawing techniques, a gang saw, a band saw 
and a profiler. Additionally, an automatic sorting and packing facility and several dry kilns are 
at its disposal to produce 16 different product categories. Situated on both sides of a main road 
(Fig. 3), it has within it eight different vehicles to manage the internal logistics of logs and sawn 
timber which together cover approximately 8500 kilometres per month. The forklift movements 
during the production process are shown in Fig. 4.

Fig. 3. Layout of the sawmill bisected by a main road, © GIS Steiermark, 2017, www.gis.
steiermark.at.
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In order to improve the overall log yard logistics, the storage assignment is initially recal-
culated with a two-opt-heuristic where two storage areas are switched when the required storage 
space differs between the two assortments by at most a third of the space. This approach is based 
on the work of Buffa et al. (1964). The authors propose a heuristic where facilities are allocated 
and pairwise exchanged to minimise the transportation costs. A further improvement for the overall 
material flow within the log yard can be obtained by installing a central unloading station next to 
the main road alongside the sawmill which can be identified by use of simulation. Central unload-
ing would reduce main road crossing (Table 4).

The final part of the study is to optimise the routing and dispatch of the forklifts and syn-
chronise them with the production schedule. Additionally, the efficiency of the transport processes, 
the utilization of the forklifts and the transport distances are analysed. Thus, an agent-based dis-
crete event simulation model is used with the underlying data of production volume, product mix, 
production processes and sales and purchases of both raw and sawn timber. Several different shift 
scenarios are tested and compared to the status quo. With the simulation model the company is 

Fig. 4. Forklift resource scheduling logic during the production process.

Table 4. Potential savings of improved storage assignment and centrally located unloading station in 
comparison to the existing layout.

Original layout Central unloading
Distance Crossings Distance Crossings

Status quo 27 705 km 28 896 27 984 km 30 090
New assignment 25 339 km 24 207 25 706 km 25 401
Possible improvement 2366 km 4689 2277 km 4689
Savings 8.5% 16.2% 8.1% 15.6%
Savings compared to original layout 7.2% 12.1%
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able to eliminate one of the forklifts and distribute the workload to the other remaining vehicles 
evenly. Moreover, the total distances covered both of loaded and empty runs can be reduced due 
to improved forklift dispatch.

5.2	 Sawmill	B

Another sawmill has annual production capacity of about 250 000 m³ and is the first part in a long 
value chain producing glued laminated timber that finds wide use in the wood construction industry. 
The current situation of the log yard storage assignment is compared to an optimised one where 
the sorting capacity, the production capacity of the saw and the capacity of the loaders are taken 
into consideration. Additionally, a new position for the material charge is investigated to provide 
easier access for the loaders. The optimisation model is based on the storage assignment model, 
in Section 3.3 by Rathke et al. (2013) where the transportation distance between ejection boxes, 
storage boxes and material charge is minimised. The initial log yard layout and the position of 
material charge are shown in Fig. 5.

Fig. 5. Log yard layout of the sawmill investigated with a sorting line on the bottom left corner 
with 40 ejection boxes, storage areas located at the upper left corner alongside a tree line where 
the debarked logs are stored and the material charge on the top right corner of picture, © GIS 
Steiermark, 2017, www.gis.steiermark.at.
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In addition, the average grapple utilization of the loaders is determined and the possible 
savings with an improvement of this utilization is studied. The results of savings in operating hours 
for different scenarios are listed in Table 5.

The grapple capacity utilization of 100 percent is the theoretical upper bound which will 
never be actually possible on a log yard. Nevertheless, to increase the actual grapple utilization the 
company wants to install a routing and dispatch system to determine which ejection box along the 
sorting line needs to be emptied next. This enables the loader drivers within the log yard to follow 
a schedule which enhances their work performance. The management of the company anticipates 
an average usage of approximately 80 to 85 percent of the grapple capacity. Even so, the operat-
ing hours can be reduced by at least 7 percent by relocating the material charge without altering 
the existing storage assignment consequently this is the first step the company will implement in 
the log yard.

5.3	 Panel	industry	A

The next case study investigates the layout problem for the log yard of a large European panel 
producer. The first step studies the material flow and sets target values for each assortment. Subse-
quently this is used to determine how much space each assortment requires in the log yard. These 
target values are determined by the purchasing and production departments of the project partner. 
Optimising the log yard layout using these values produces an ideal layout. Within this panel pro-
ducer’s site the material flow is more complicated as there are three different delivery points, all 
with the possibility of pre-processing and three different material charges. The current layout is 
compared to an optimisation approach where the storage space used is rearranged and also to an 
approach where all the free space is taken into consideration. These two optimisation approaches 
serve as a lower and upper bound for the feasible new layout for the industrial partner. Consider-
ing that the location of material charge, machines and feedings are known and constant we again 
use the linear storage assignment problem introduced in Section 3.3. As a next step the minimal 
empty runs are estimated. This computation for each vehicle is based on Arnold and Furmans 
(2006) where the authors give a method to minimise the empty runs as described in Section 4.2. 
Several different scenarios and combinations are tested. With the final layout yearly transportation 
costs can be reduced by approximately 32 percent. This can be achieved by eliminating empty 
movements and the rearrangement of the storage spaces. For the project partners the illustration of 
the material flow in the log yard with a Sankey diagram, introduced in Section 3.1, is an everyday 
tool used for better understanding (Fig. 6).

Table 5. Saving in operating hours for different grapple utilization and scenarios for all vehicles on the log yard.

Grapple utilization 56% 60% 70% 80% 90% 100%
Status quo 0% 4% 11% 16% 20% 24%
Optimised 5% 8% 14% 18% 22% 25%
Relocation of material charge 7% 10% 18% 23% 27% 31%
Relocation and optimised 12% 15% 22% 26% 30% 33%
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5.4	 Panel	industry	B

The next case study deals with chip board industry and investigates the material flow in the log 
yard taking into account new processes and plant renovations. The existing layout is compared 
to the solution obtained by assigning new storage areas for the raw materials sequence according 
to the required number of transportation runs. Thus, the raw material with the highest number of 
transportation runs is assigned to the storage area with the closest distance to the material charge. 
This heuristic assignment approach is described in Askin and Standridge (1993) where elements 
are assigned in a 3-dimensional space. Therefore, the storage areas used are rearranged to minimise 
the overall travel distance and thus reducing transportation by approximately 8 percent. More-
over, additional storage areas are investigated by dividing the space into a grid and assigning the 
raw material according to the number of transportation runs needed. Here all free areas on the 
log yard are considered to be available for storage. In this way the transportation runs can further 
be minimised by 26 percent. Finally the plant was renovated and the resulting new material flow 
investigated which showed that the total number of transportation runs could be reduced by 33 
percent mainly by pre-processing chips and recycled wood. The improved storage arrangement 
with indicated storage areas is shown in Fig. 7.

Fig. 6. Internal material flow within the log yard of a panel producer where the material is delivered at three different 
locations and distributed to different storage areas on the log yard depending on the assortment and geometry of the raw 
material, with pre-processing if needed, waste management, different production sites, indicated with different colours 
and discarded material.
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6 Conclusion and further research

This paper introduced a structural approach to the log yard logistics problem. The different plan-
ning problems which affect the log yard, namely tactical structural and operational problems, are 
described. Additionally, the existing literature on these topics according to the aforementioned 
classification is listed. Given the size of log yards in the wood industry, the complexity of their 
material flow, the variety of stored geometries and vehicles required as well as the seasonality 
of the raw material inflow, great potential lies in the optimisation of log yard logistics. Further, 
due to the constantly changing externalities such as supply, demand, products and technologies, 
a continuous improvement cycle is mandated. When considering the importance and repetitive 
necessity of planning log yard logistics it is surprising that so little research has been conducted.

The first step needed to improve the internal logistics of a log yard is to study and understand 
the existing material flow. Moreover, the facility layout and the storage assignment can be analysed 
and improved. With this information the actual vehicle movement and the empty trips within the 
log yard can be planned. In addition, the appropriateness of the solution can be tested for season-
ally varying data. Depending on whether the problem is dynamic or static, either optimisation, 
simulation or heuristics may be more suitable. In the second part of the paper several case studies 
using different methods are described and varying problems of log yard logistics are studied. The 
first case study optimises the storage assignment with a two-opt heuristic and solves the routing 
and dispatch of forklifts by analysing different shift models and utilization rates of the vehicles 
with a discrete event simulation. In the next two sawmill case studies, the storage assignment can 
be optimised with a linear model as described in Section 3.3. Additionally, the benefits of a rout-
ing and dispatch system were analysed with the linear optimisation model applied to the second 
case study. Contrary to the first two case studies, the third case study, Panel industry A, illustrates 
material flow with a Sankey diagram. The last case study, Panel industry B, investigates changes 
in the log yard and investment potential with the help of a simple heuristic.

As mentioned before there are several different approaches to solving the investigated 
problems. For future work the focus should be on the analysis and implementation of routing and 
dispatch systems in the log yard as these have the greatest potential. Another interesting problem is 
to synchronise the shift scheduling of loaders with the production program. Due to smaller diameter 

Fig. 7. Layout and storage assignment of sample chip board industry with storage areas indicated in yellow for different 
geometries of raw material, locations of material charges in turquoise and locations where recycling material accrues 
in red.
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logs on the sawmill fewer trips are needed to supply the saw because with one trip more material 
can be transported. Moreover, the throughput per hour decreases so fewer vehicles are required 
for sawn timber. In addition, the dry kiln scheduling, especially the loading and unloading of each 
dry kiln, can be synchronised with the availability of vehicle capacity and planned according to 
the loader schedule. Furthermore, for the primary wood industry, the sensitivity of the solutions 
to seasonal data needs to be studied or seasonality models with a marshalling factor implemented. 
Finally, new transport systems and automation of the log yard can be considered in order to bring 
the next industrial revolution to the log yard.
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