
1. Introduction

Simulation is the process of building a model of a
real or proposed system to study the performance of
the system under specific conditions. A simulation
model could be classified as being static or dynamic,
deterministic or stochastic and discrete or continuous
[Bank 2005]. 

In the last decade, in several studies concerning
forest operations, dynamic, stochastic and discrete
simulations have been applied [Asikainen 1998;
Wang 2003; Väätäinen 2010; Asikainen 2010a; Hogg
2010]. Dynamic because the effects of changing vari-
ables and the workflow of the system according to the
simulation time are analyzed, stochastic because ran-
domness of observation is considered; discrete be-
cause the state variable changes only at a discrete set
of point in time. These types of simulations are gener-
ally called discrete event simulations [D-es] and are
generally applied to analyze the behavior of a system
defined as a collection of entities, usually workers and
machines, that act and interact toward the accomplish-
ment of some logical end over time [Law 1991].

Asikainen [1995] and Ziesak [2003] report some
advantages of the D-es simulation techniques, one of
which is the capability of this application to analyze
discrete and complex real-world situations that cannot
be solved by analytical operational methods because
of various interactions between the system compo-
nents. In addition the approach of D-es permits to de-
scribe the interactions between the system elements
and model the effects of random processes.

At a tactical level, many D-es models were devel-
oped for the analysis of the efficiency in transport in-
teractions. The logistic of a chipping terminal was al-
so modeled by a D-es model, which was based on a
manufacturing simulator in order to compare different

loading and transport technologies [Asikainen 1998].
In this study chipping into truck, chipping onto
ground and loading using a wheeled loader, long-dis-
tance transport by truck with drawbar trailer, by truck
with semitrailer and by truck with interchangeable
platforms were considered. 

Väätäinen [2010] investigated through D-es the
cost-effective patterns of harwarders for forest ma-
chine contractors in different logging structures and
conditions. A D-es model was also programmed to
find optimal set-ups for the supply chain of crushed
material made from stumps at different road transport
distances. The simulation model was based on the
continuous supply of crushed material from landings
to a district heating plant [Asikainen 2010]. Recently,
a D-es model was developed to find the optimal set-
ups for the timber yarding-processing-truck transport
system in mountainous condition using a logging site
and transport distance database as input [Asikainen
2010a]. 

At an operational level, applications of the D-es
model also concern the analysis of interaction to study
the cost-efficiency of a single machine or specific op-
eration systems. By changing simulation inputs and
observing the result outputs, machine and system be-
haviors can be studied and compared with different
simulation runs. This allows largely deterministic
base simulations that can be carried out to illustrate
the effects of machine interactions. Also a ground-
based timber harvesting system was modeled by an
object-oriented model from felling to extraction in or-
der to evaluate the interaction of stands, harvester
treatments, machines and extraction patterns [Wang
2003]. 

Chipping operation systems in thinning were also
analyzed by evaluating bin size, chipper productivity,
in-field extraction distance and forest-road haulage
distance [Talbot 2005], while multi-stem the mecha-
nized harvesting operation was analyzed under the
South Africa condition by comparing the current sys-
tem to two hypothetical systems. One of the alterna-
tive systems was based on modifying the operation
procedures but by considering the same machines and
equipments of the current system, the second one by
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changing also the machine and the equipment [Hogg
2010].

Some of these works have addressed the develop-
ment of D-es on a single component of a more com-
plex supply chain [Asikainen 1998; Wang 2003; Tal-
bot 2005; Hogg 2010] and only few have analyzed the
interaction between more parts on a complex supply
chain [Asikainen 2010a; Asikainen 2010b]. 

The study aims to develop a D-es model for evalu-
ating the productivity of the wood supply chain for
firewood production according to the current opera-
tional level from the harvesting site to the firewood
production terminal. Therefore the D-es model will be
applied to evaluate the productivity of the entire sup-
ply chain by considering the complexity of the trans-
portation network with the support of the GIS net-
work analysis according to different scenarios.

2. Materials and methods

2.1 Study site

The study concerns a firewood supply chain locat-
ed in the in northeastern part of Italy (Cansiglio for-
est), latitude N 46°12’37 – 46°11’67, longitude E
12°45’03 – 12°46’61. 

The forest plot (11.4 ha) consisted in a high stand
forest almost exclusively of beech (Fagus sylvatica
L.) and sporadic individuals of Norway spruce (Picea
abies Karst.). The altitude ranged from 1248 m to
1398 m a.s.l. with a slope gradient ranging between 5
and 35%. The average growing stock was 423 m3 ha-1

with a mean rate of growth equal to 7.6 m3 ha-1. The
adopted silvicultural system was the shelterwood
method and the analyzed operation regards a shelter-
wood selection cut with a cut mass of 776 m3 on 11.4
ha (exploitation percent about 15%). The mean diam-
eter at breast height of the cut trees was 24 cm and the
average height was 22 m.

2.2 Study layout

The study evaluates a distinctive supply chain for
firewood production. The case study can be considered
a representative situation of the application of the full
tree system (FTS) for firewood production from
broadleaves high stands in medium gentle terrain. The
supply chain was identified by four steps (Fig. 1): ex-
traction (Step A), cross-cut operation (Step B), off-
road transport (Step C) and on-road transport (Step D). 

The study considers the processes and the work-
flow of the wood from the stump site to the terminal
where wood in the form of logs and bundles of 1.1 m
length assortments were cut and split into firewood.

The extraction (Step A) was performed by hauling
the felled full trees from the stump to the nearest land-
ings. The extraction operation was ground based and
involved one agricultural tractor (67 kW) with a forest
winch. This operation was performed by two opera-
tors, one driving the tractor and one preparing and
hooking the loads (normally one full tree).

At the landing, four operators cross-cut full trees
into logs (4-6 m length and > 20 cm diameter) and in-
to small assortments of 1.1 m length considering three
different classes of diameter at half length (< 10 cm,
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Fig. 1 - Supply chain of full trees for firewood production.
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10-15 cm, 15-20 cm) (Step B). One operator was in-
volved in the piling operation of logs by using a
loader (lifting moment 60 kN m and maximum reach
of the boom 6.50 m) attached to an agricultural tractor
(74 kW), which was located in front of the cross-cut-
ting area. When full trees arrived to the landing, the
same operator grappled and moved the unhooked load
into the cross-cutting area (landing). At the same time
the tractor with the forest winch went back to the
stump area for a new extraction cycle. The same oper-
ator on the tractor with the crane pilled logs and bun-
dles in piles (maximum 4-4.5 m height), which were
located at the right and left side of the same tractor.
Other two operators cross-cut the full trees while the
remaining operator was mainly busy to sort, accord-
ing to the diameters at half length (< 10 cm, 10-15
cm, > 15 cm), the small assortments into three differ-
ent frames (one for each diameter) which were then
used for assembling the bundles (70 cm diameter).

Logs and bundles were subsequently transported
off-roads to the transshipment site along tractor roads
by an agricultural tractor (81 kW) with a trailer with
mechanical traction and a payload of 11 t (Step C).
Transport on a public road to terminal was performed
by a 4x2 WD truck (294 kW) and trailer with a total
payload of 22 t (Step D).

2.3 Definition of the D-es model

The model was developed on the base of Figure 1
to meet the primary objective to evaluate the influ-
ence of the extension of a forest road network on the
firewood supply chain. The model was developed as a
dynamic, stochastic and discrete simulation model
(D-es). 

The D-es model was created using the Witness
simulation modeling software [Lanner 2009], a visual
entities-based simulation application for system dy-
namics models. 

The model was therefore constructed interactively
in three steps (definition step, detailing step and logic
step) via graphic interfaces. According to the work-
flow of the supply chain, the names and quantities of
the elements and the variables of the system were
specified at the definition step. The detailing step al-
lowed then to define the parameters of each element
such as cycle times, setup times, transport capacities
and delay times. The logic step determined then how
each element operates and how its operation depends
on the action of other elements or state variables.

2.4 Functions and parameters of the D-es model

Simulation calls for information about the vari-
ables and processes. For instance, production func-
tions for the different working phases of the supply
chain needs to be defined. To define the productivity
for extraction, cross-cut operation, off-road trans-
portation and on-road transportation time studies were
sorted out in May and June 2009 and according to the
basic time concepts proposed by Björheden [1991]. 

Extraction was studied adopting the stop-watch
method. Data collection of the main factors affecting
time consumption of extraction considered: volume
(generally a single tree, V, m3), loaded (LD, m) and
unloaded driving (UD, m) distance and slope gradient
(SL, %) of the trail. The load volume (V) was deter-
mined after the cross-cut process by measuring the di-
ameter at half length and the length of each single log
(log volume, LV) and by recording the number and
the size of each small assortment (small assortment
volume, SAV) according with the frame where they
were sorted. The extraction distances and the slope
gradients were measured by a laser rangefinder with
an integrated compass allowing to measure the
straight distance and slope within 400 m. The cross-
cut operation of full trees at landing was studied with
the support of a digital video-camera and the work
sampling method. The off-road and on-road trans-
portation was also investigated by adopting the stop-
watch method to determine the average speed for
loaded and empty travel and for loading and unload-
ing time. In the case of the on-road transportation the
distance was always the same.

2.5 Statistical analysis

The time and motion study of the ground-based ex-
traction was subdivided in travel loaded TL and in
travel unloaded TU. For the travel loaded the produc-
tivity hypothesis was TL = f (V, LD, SL) and for the
travel unloaded TU = f (UD, SL). The time and mo-
tion study of the cross-cut (CC) supposed the follow-
ing productivity hypothesis CC = f (V, V_Type),
where V_type corresponds to a factor equal to 1 in the
case of a rate of small assortment higher than 10% on
the total volume, otherwise the factor is 0.

According to Stampfer [2010], the variance analy-
sis was used to quantify the influence of nominal and
ordinal-scaled variables. Also the analyses for the
three time and motion studies consisted in: estimation
of significant effects of the co-variables and factors
and an analysis of their significance, the evaluation of
the non-linearity of the co-variable, an analysis of the
interaction between factors and co-variables, parame-
ter estimation of significant factors and co-variables
and regression analysis. Further, the Box-Cox trans-
formations procedure was applied to determine an op-
timal transformation of the tree volume for stabilizing
the variance and making the deviations around the
model more normally distributed.

The locking and unlocking time for each cycle
time was verified in terms of distribution. The distri-
butions were analyzed by the Kolmogorov-Smirnov
test (K-S) at the confidence interval of 0.05 and sup-
posed to be of the normal type. 

Also for the collected data concerning the speeds
of the off-road transportation and the on-road trans-
portation and the un-loading and loading time were
analyzed by the K-S test at the confidence interval of
0.05 and supposed to be of the normal type. 
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Randomly-occurring delays have an important in-
fluence on machine and operation performance. The
frequency of the time between breakdowns and the
breakdown times were also determined. The distribu-
tions of breakdown time and interval were studied by
the K-S test. All the breakdown distributions were
supposed to be of the Erlang type with shape factor k
equal to 2 (bell-shaped distribution, strongly skewed
to the left and with a shape similar to lognormal dis-
tribution) [Lanner 2009].

2.6 Model validation

The D-es model was built according to the investi-
gated situation. During the model construction the
logical proceeding of work sequences were tested by
running the model step by step and observing the in-
teraction between all the elements by graphic and val-
ue outputs. 

According to Banks [2005], the validation ensures
that the model is a realistic representation of the real
system. The simulation model was verified with 15
daily firewood loads unloaded at the terminal, which
were registered by the forest enterprise. The valida-
tion supposed for the daily average (5 working days,
2880 min) of unloaded firewood mass in term of logs
and small assortments of 15 repetitions with a warm-
up period of 480 min and several different sets of ran-
dom number streams.

2.7 Experimental design

The experiment design considered 8 different ex-
tensions (scenarios, SC) (Tab. 1) of the transportation
network as a result of the increasing number of land-
ings within the forest plot (Fig. 2).

The numbers of the loads (the felled trees) corre-
sponds to the location of the 731 stump sites inside
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TABLE 1 - Scenarios (SC) and main values of the transportation network according to the increment of the forest landings.

Fig. 2 - Layout of the studied area with the distribution of the loads, the maximum supposed road network extension and the landings location.
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the study area. As the precise location of all the stump
sites was not fixed, the spatial distribution of the load
was determined by the Generating random points tool
of ArcGIS 9.3–ArcInfo which randomly places a
specified number of points within an identified area
[ESRI 2009].

As a consequence the volume of each load was de-
termined by a random number generation function ac-
cording to the distribution resulting by the 105 loads,
which were observed during the time and motion
study.

For each scenario, a routing analysis was thus car-
ried out to determine the total transportation distance
covered by extraction, off-road and on-road transporta-
tion to supply all the harvested wood (logs and bun-
dles) to the final terminal. All the routes connecting
each load to landings and also the landings to the trans-
shipment sites and the transshipment sites to the termi-
nal were calculated by ArcGIS network analysis [ESRI
2009] according to Djikstra’s algorithm, which is im-
plemented for determining a multiple origin-multiple
destination or multiple closest facilities [Cavalli 2010].

The network analysis supported thus the definition
of the input parameters about the transportation dis-
tance for each load according to the 8 scenarios.

Once all the parameters were defined, D-es simula-
tion was launched to perform 15 repetitions for each
scenario with a warm-up period of 480 min and sever-
al different sets of random number streams.

On the present work, all the statistical analyses
were sorted out using SPSS statistic software [SPSS
2009].

3. Results

3.1 Simulation model parameters

Table 2 shows the results about the regression
models and the distributions and the basic parameters
used in the model for the simulations.

The productivity resulting from the composed ex-
traction model, including the regression model of the
travel unloaded (TU) and the travel loaded (TL) and
the distribution of the hooking and unhooking opera-
tions, is reported on Figure 3. This composed model
concerning the Step A highlights the effects of the
volume and the extraction distance on the effective
productivity (calculated on the Productive System
Hour without delays - PSH0) (m

3h_1) of the extraction
system.

Figure 4 reports the results (m3h_1, PSH0) of the re-
gression model of the cut-crossing operation at land-
ing according to the rate of small assortment resulting
from the operation respect to the total volume of the
load.

3.2 Influence of the road network extension 
on the transportation system productivity

The average output equal to 1.48 truck and trailer
per day to the terminal of the 15 replications reported
by the D-es model built according to the current state
(corresponding to the Scenario B) was considered
consistent with the real condition reporting an average
of 1.52 truck and trailer per day to the terminal. For
this reason the model has been considered reliable and
hence it was used for the proposed aims. 
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TABLE 2 - Elements and parameters of the D-es model.
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The influence of the increment of the forest road
density and the extracted volume on the productivity
was evaluated by the variance analysis and then by
the linear regression analysis. The analysis of the
variance reported that the extracted volume does not
have a significant effect (p-value 0.067) on the pro-
ductivity of the supply chain, hence the forest road
density (DN) was assumed as the main variable influ-
encing the productivity (p-value 0.001). For this rea-
son a curve estimation procedure permits to estimate a
significant (p-value 0.000) regression model at a con-
fidence level of 95%. (Tab. 3) to fit the outputs result-
ing from the 8 Scenarios (Fig. 5).

From Figure 5 it appears that the increment of the
secondary forest road density up to 25-30 m ha-1

could be considered a significant feature to increase
the productivity of the supply chain. As can be seen,
the current forest road density (Scenario B) is 14.48 m
ha-1. An increment of the current forest road extension
to 20.00 m ha-1 (+38%, corresponding to 62 m in 11.4
ha) could correspond to a slight increment of the pro-
ductivity up to 1.8-2.0%. Therefore by the same sup-
posed increment of the forest road network, the sum
of the extraction distance (travel unloaded and travel
loaded) would decrease for the entire operation of
about 18-20%, corresponding to a reduction of 30-34
km of covered distance.

It should, however, be noted that the curve reported
in Figure 5 highlights a slightly positive influence
when DN increases over 20-22 m ha-1.
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TABLE 3 - Regression model and parameters on the hour productivity (m3 h-1) at terminal.

Fig. 3 - Extraction productivity for an average slope of 14% and three extracted volumes:
1.0 m3 (-�-), 1.5 m3 (-∆-) and 2.0 m3 (-○-) .

Fig. 4 - Cross-cut productivity with a rate of small assortment higher than 10% (-○-) and
lower than 10% (-�-).
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4. Discussion and conclusion

Simulation is the process of building a model of a
real or proposed system to study the performance of
its performance under specific conditions. The analy-
sis of forest operations and wood supply chains has
recently been applied in order to analyze discrete and
complex real-world situations that could not be solved
by analytical operational methods. 

The study has presented a first approach of a D-es
model integrated with a GIS network analysis to evalu-
ate the influence of the interaction between three main
transportation systems occurring during forest opera-
tions (extraction, off-road and on-road transportation)
on the final productivity of a wood supply chain.

The results indicate that the increment of the forest
road network may significantly increase the produc-
tivity of the wood supply chain. For the specific in-
vestigated condition, the increment of the forest road
network showed only a slight increment on the pro-
ductivity (up to 2%). Presumably this correlation de-
pends on the characteristics of the investigated supply
chain, which considered a harvesting site character-
ized by even terrain with an average slope gradient
approximately equal to 18%. 

According to the general indication reported by
Baldini [2008] the current forest road density, evaluat-
ed in 14.48 m ha-1 and corresponding to Scenario B,
could be considered a low index for a productive for-
est. Therefore the increment to 20-22 m ha-1 could be
considered reasonable by taking into account that in
average in Italy the forest road network is approxi-
mately about 18 m ha-1 and by considering that in
even terrain with a slope gradient of 40% (higher than
the investigated area) forest road density can be ap-
proximately to 25-30 m ha-1 [Hippoliti 2004].

The proposed study highlighted the possibility to in-
tegrate the D-es approach with the GIS analysis to sup-
port the complex evaluation of the wood supply chains
from the stump site to the final processing terminal. 

The main limitation of this study was due to the

fact that the investigated area represented an operative
condition located in medium gentle terrain. Future
work should include the analysis of forest productive
sites in steep terrain where the forest road density is
more complex to evaluate and the extraction trans-
portation network is mainly based on cable systems.
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SUMMARY

In this study a Discrete-event simulation (D-es) has
been developed to analyze the wood supply chain for
firewood production in a mountain area in North-east-
ern Italy. The D-es is applied in the modeling of ex-
traction (Full Tree System), processing of roundwood
into wood assortments (cross-cut and sorting), off-
road and on-road transport. 

In order to estimate the productivity functions and
parameters, field studies were conducted to gather da-
ta about the different operations linked in the model.
Also a GIS network analysis was developed to inte-
grate the spatial information onthe covered distance to
the D-es model for each of the supposed Scenarios. 

The results indicats that an increment of 5 m ha-1

of the forest road network could significantly increase
the productivity of the wood supply chain up to 2%.

Keywords: forest operation, supply chain, fire-
wood, Discrete-event simulation.
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