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Finite Element Analysis to Predict In-Forest Stored
Harvest Residue Moisture Content
Francisca Belart, Ben Leshchinsky, and John Sessions

Numerous researchers have worked on measuring and predicting wood moisture content to increase wood’s economic value for bioenergy production. Most have
focused on small logs, and predicting models include methods such as heuristic fitting and multiple regression. Finite element analysis (FEA) is a method that
allows determining drying rates while offering the flexibility of changing the way these residues are stored and their shape and location, material properties,
and drying seasons. FEA was used to develop drying rates for four different Oregon climate regions including Willamette Valley (Douglas-fir), higher elevation
Douglas-fir, Coast (Western hemlock), and East (Ponderosa pine). Compared with field data, statistical tests show model agreement with correlations between
0.56 and 0.92 in all sites. After performing analyses, we can conclude that selection of pile shape or size can be beneficial or detrimental toward drying,
depending on ambient conditions. Windrow is the shape that mostly promotes drying in the summer and rewetting in winter. It is best to reduce pile size to
facilitate drying in summer and increase pile size if material will be left in the field during winter. Drying times can be reduced by one-third if the material
is cut and left drying during summer versus winter months.
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Starting in 2005, the Renewable Fuel Standard program re-
quires increasing amounts of renewable fuel blended into
transportation fuel sold or introduced into commerce in the

United States. By 2022, 80 billion liters of advanced biofuel will be
required. Out of this amount, 61 billion liters should be cellulosic
biofuel (Energy Independence and Security Act of 2007), which
may be derived from various sources, including woody biomass.

Forest harvest residues are widely available in the United States
with estimates of more than 127 million cubic meters produced
yearly (Smith et al. 2009). Despite a small demand from cogenera-
tion plants, most of this material is burned in situ for site prepara-
tion and fire hazard reduction, mainly because of high production
costs and a developing market (US Department of Energy 2011).

High moisture contents of woody biomass are a prohibitive fac-
tor in its application for bioenergy. Transportation costs can com-
prise up to 40% of the production cost (Zamora-Cristales et al.
2015); hence, it is important to improve efficiency in the context of
moisture levels of transported materials. One notable inefficiency is
that material with high moisture, potentially limits transportation
capacity based on weight constraints, but not by volume. That is, a
significant proportion of the payload is free and bound water. For

example, reducing moisture content from 50 to 40% reduces trans-
portation costs up to 18% due to the increased bulk volume (calcu-
lation based on transportation cost of 100$/hour and load weight
capacity of 24 green metric tonnes). This inherent moisture is also a
primary cause for losses in recoverable heat energy when used for
power generation. When a cogeneration plant pays for delivered
biomass depending on its moisture content, potential price premi-
ums can be as high as 14% per dry ton for moisture content reduc-
tion from 50 to 30% wet basis (Sessions et al. 2013).

Moisture content of forest harvest residue has the potential for in
situ drying with knowledge of ambient conditions. It responds to
exposure to different environmental factors such as temperature,
relative humidity, precipitation, and air flow (Hakkila 1989). Al-
though ambient conditions cannot be controlled, other manage-
ment factors can be altered in the context of environmental condi-
tions to expedite the drying process. Wood is usually stacked to
increase air flow and facilitate drying (Simpson and Wang 2003). In
agriculture, hay is left to dry in windrows, and several studies have
been performed to determine the effects of ambient conditions and
conditioning on their drying (Thompson 1981, Smith et al. 1988,
Savoie and Beauregard 1990). However, there is limited literature
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describing the evaluation of the drying process for forest harvest
residue, either experimentally or numerically.

Some studies have addressed the effect of storage time on forest
harvest residue moisture content. Gautam et al. (2012) determined
moisture content and fuel quality in the summer for piled residue of
different ages (1, 2, 3 years old). Baxter (2009) determined changes
in moisture for piled residue over 10 months using digital meters.
Routa et al. (2015) determined residue moisture content changes
over 35–85 weeks using constant weight monitoring. Afzal et al.
(2010) determined piled residue internal moisture content with
destructive methods in 3-month intervals over 1 year.

Gjerdrum and Salin (2009) built a drying model for poles using
weather data and pole dimensions. Sikanen et al. (2012) developed
biomass drying models for whole trees based on heuristics fitting
and local weather in Finland. Kim (2012) developed drying models
in Oregon for Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco)
and hybrid poplar (Populus sp.) small logs based on precipitation,
evapotranspiration, and piece size using linear mixed-effects multi-
ple regression models. These authors confirm the relationship be-
tween weather and drying rates in wood. However, none of them has
focused on the use of physics to make moisture predictions or forest
residue material.

Because real-time monitoring and instrumentation of residue
piles are not practical on a large scale, modeling physical changes
driving residue drying serves as a better means of evaluating
drying of residue under field conditions. One potential approach
toward evaluating coupled physical processes under transient
conditions is through application of finite element analysis
(FEA), which is used to solve sets of differential equations for a
given continuum, boundary conditions, and constitutive prop-
erties, discretized through a finite mesh of interconnected ele-
ments and nodes. The FEA framework is frequently used to
evaluate a variety of physical behaviors exposed to change, in-
cluding structural analysis, thermodynamics, diffusion, electrical
conduction, and drying behavior of wood under controlled con-
ditions (Marchant 1976, Irudayaraj et al. 1992, Ferguson and
Turner 1996, Kovács et al. 2010, Hozjan and Svensson 2011,
ElGamal et al. 2013). The equations governing each element are
solved through a system of equations that can give an approxi-
mation of the body behavior as a whole (Fagan 1992).

Ambient drying is a complex problem that involves various in-
terdependent physics relationships, primarily including heat trans-
fer, diffusion, and laminar flow (movement of air and moisture
surrounding a continuum) but can also include solar radiation and,
in some cases, turbulent flow (Curcio et al. 2008). Heat transfer
occurs by three different mechanisms: radiation, convection, and
conduction (Monteith and Unsworth 2008). In the model pre-
sented, convection and conduction are considered to describe heat
transfer between surrounding air and the residue pile. Both depend
on the temperature gradient between the pile and air, and area
normal to the direction of heat flow. Convection will also depend on
the convective heat transfer coefficient of the surrounding fluid

(air/water) and conduction in both air and pile thermal conductivity
(Welty et al. 2008). Diffusion describes the movement of species
between media dependent on concentrations; in this case, the dif-
fusion of moisture between the surrounding air and residue pile,
which is most often described by Fick’s law, demonstrating the
relationship between the flux of diffusing species and the concentra-
tion gradient (Welty et al. 2008). Therefore, diffusion will depend
on concentration gradient and diffusivity coefficients. For wood,
diffusivity will depend on its moisture content because the water
contained in cell lumens can escape at a different rate than water
bound to the cell walls (Baronas et al. 2001). This water is chemi-
cally bonded, and it occurs when moisture content is below the fiber
saturation point (Bowyer et al. 2003). Diffusion and heat transfer
are also driven by fluid momentum transfer, which manifests in this
case by the movement of moist air at the surface of the pile (bound-
ary layer). The behavior of this layer depends on fluid properties (in
this case air) such as viscosity, density, pressure, and velocity, and the
momentum transfer associated with shear stresses (Monteith and
Unsworth 2008). Often, the material properties are related and
transient, typically varying with temperature and moisture content,
necessitating a numerical analysis that can account for not only
changing ambient conditions but also changing material properties
with time, requirements satisfied with FEA.

FEA provides the flexibility of changing the drying season and
duration, shape, size, location, porosity, moisture distribution
within forest harvest residue piles, and other properties. These ad-
vantages cannot be achieved with the current methods, and this is
the rationale for researching this methodology.

This project focuses on implementation of a FEA model that can
aid in predicting moisture changes in piled forest harvest residues for
given weather variables, informing opportunities to optimize drying
of in-forest stored harvest residue. Data collected from a series of
field experiments was used to build a series of baseline FEA models,
enabling evaluation of drying sensitivity to various parameters. The
results of these models provide further insight into pile drying be-
havior for given construction and ambient conditions, which can
directly use data from a given weather station.

Methodology
Field Tests

To capture the primary regional climates and productive forest
types of the Pacific Northwest, four monitoring units were set
throughout the state of Oregon, located near Depoe Bay, Corvallis,
Dexter, and La Grande and representing Coast western hemlock
(Tsuga heterophylla [Raf.] Sarg.) (CWH) forest, low-elevation
Douglas-fir forest (VDL), high-elevation Douglas-fir forest (VDH),
and arid ponderosa pine (Pinus ponderosa Lawson and C. Lawson)
(EPP) forest, respectively (Table 1). Each of these units contained
three residue piles built specifically to monitor environmental vari-
ables and internal drying behavior of the residue. Residue piles were
constructed within 1 month of tree harvest to maintain green mois-
ture content as an initial condition, with the exception of the VDL

Table 1. Site description for each unit.

Index Site Main species Location Elevation (m) Average precipitation (mm)

CWH Coast Western hemlock Depoe Bay, OR 122 1,779
VDL Valley Douglas fir Corvallis, OR 235 1,029
VDH Valley-East Douglas fir Dexter, OR 984 1,384
EPP East Ponderosa pine La Grande, OR 1,158 457
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unit, which was constructed 2 months after harvest due to operation
constraints. At pile construction, 30 wood samples were randomly
cut (of all different diameters) from material that was going to be
used to build each pile to determine the initial moisture content. For
clarification purposes, these samples are named “S” samples though
the document and represent a pile average moisture content.

Pile construction followed a consistent instrumentation frame-
work. Construction of each pile occurred in three stages. First, a
12 � 12 m base pad of approximately 0.9 m in height was con-
structed with three evenly spaced (3 m) conduits of different lengths
(9, 6, and 3 m) placed at the top of the constructed layer (Figure 1A)
and equipped with 0.30-m-long mesh protectors at their ends (Fig-
ure 2A). After the conduit placement, another layer of harvest resi-
due with a rectangular base of 9 � 9 m and height of 0.9 m was
carefully placed on top, with subsequently placement of two more
pieces of conduit of different lengths (6 and 3 m) on top. Finally, the
pile of harvest residue was capped with a final residue layer, reaching
a final height of 3.5 m. Once the conduit was located in the pile, a
polyvinyl chloride (PVC) pipe (7.6 cm in diameter) of the same
conduit lengths was used to introduce samples coupled with a tem-
perature and relative humidity sensor in the pile (Figure 2B). These
are referred to as “P” samples though the document, representing
piece average moisture content. Each P sample was approximately

30 cm long and 3.8–4.3 cm in diameter, consisting of a branch or
tree top taken from the same pile material. For protection, sensor
cables ran through the PVC pipe, providing real-time data to
HOBO Micro Station data loggers. Sensors were programmed to
collect temperature and relative humidity readings every 3 minutes
and report an hourly average. The mesh at the end of the pipe served
as a protective measure while still enabling exposure to internal
ambient conditions of the pile.

To comply with rules in Oregon, site preparation for reforesta-
tion needs to begin 1 year after harvest operations on a clearcut
(Oregon Department of Forestry 2014), meaning that forest harvest
residue would not remain in the field for longer than 12 months
unless it does not constitute a fire hazard and does not interfere with
the reforestation operation. For that reason, field data collection was
limited to 1 year. Weather stations and pile sensors recorded data
hourly for the 12-month monitoring period, whereas P samples
were retrieved from the pile and weighed monthly with a scientific
scale (0.5 g accuracy) to determine their green weight during storage
(the monitoring schedule is shown in Table 2). After data collection
was finished, these P samples were oven-dried to determine their dry
weight and calculate the moisture content changes through the year.
Weather stations installed next to each pile were monitoring precip-
itation, wind, temperature, and relative humidity. Finally, when
piles were deconstructed, 10 more S samples of different diameters
were randomly cut at four height levels of the piles (40 per pile) to
determine final moisture content throughout the pile.

Finite Element Models
FEA was applied to evaluate the physical process of the instru-

mented, drying residue piles. Discrete evaluation of individual
pieces of harvest residue, although a better representation of actual
pile conditions, is difficult to model due to the uncertainty regarding
the pile’s porous matrix, distribution of material conditions, bound-
ary conditions, and associated computational expense; therefore,
continuum modeling of porous media was employed as a viable
approach toward estimating pile behavior. Accounting for porosity
within the FEA continuum enables reasonable evaluation of tran-
sient physical behavior for a pile matrix without the computational
expense of modeling discrete branches or residue. The domain rep-
resenting a given pile from field monitoring was designed as a half-
ellipsoid with approximate 12-m width and 3-m height, surrounded
by a box that was 10 m, 10 m, and 30 m in height, width, and depth,
respectively (Figure 3). The box dimensions were selected from a
sensitivity analysis that demonstrated negligible boundary effects on
the given pile while maintaining computational efficiency. Assigned

Figure 2. A. Electrical conduit with screen. B. Sample and temperature (Temp)/relative humidity (RH) sensor attached to PVC pipe.

Figure 1. A. Schematic diagram of conduit placement in each pile
B. Conduit placement on a pile in the field.
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to the given pile domain was an isotropic, homogeneous material
representative of the porous matrix (properties are shown in Table
3), which applied properties presented in prior literature reports
(e.g., TenWolde et al. 1988, Hardy 1996, Nield and Bejan 1998,
Simpson and TenWolde 1999, Bowyer et al. 2003, Monteith and
Unsworth 2008, Welty et al. 2008). Wood and air material proper-
ties were weighted proportional to porosity according to Nield and
Bejan (1998) to obtain a better representation of the residue pile.
The fluid properties of air were assigned to the surrounding box to
represent ambient conditions.

To evaluate transient conditions within a given domain and
material properties, meshing, initial conditions, and boundary
conditions were assigned. A finer mesh was applied to the pile
because a higher level of precision is needed in that domain and
a coarser mesh was applied to the air; both domains were meshed
using tetrahedral elements (0.46 m average element size). Be-
cause air is not a domain of interest, computational time can be

saved by using a coarser mesh, especially around the edges. This
analysis accuracy can be refined in areas of interest by increasing
element density (reducing element size) where more precision is
needed (Cook et al. 2001). Each physics module (heat transfer,
laminar flow, convection, and diffusion) represents a set of gov-
erning differential equations that are coupled through various
analytical approaches (Figure 4), notably, the Arrhenius equa-
tion, which determines diffusion through activation energy, the
universal gas constant, and temperature (Welty et al. 2008).

Water is present in wood in two forms, free water and bound
water. For this reason, the diffusion process occurs in two ways: free
water may leave the cell lumens as water vapor and bound water is
transferred cell by cell through their walls (Baronas et al. 2001). This
water is chemically bonded to the cells, a process that requires more
energy for the water to be released. According to Baronas et al.
(2001), the diffusion coefficient depends on wood porosity, the
bound water diffusion coefficient Db, and the water vapor diffusion
coefficient Dv.

The authors define the vapor diffusion as follows:

Dv �
1.29 � 10�13 �1 � 1.54u�psTK

1.5

�Tk � 254.18�
�

d�

du
(1)

where u is moisture content, Tk is temperature in K (°), � is
relative humidity (%), and ps is the saturated vapor pressure (Pa),
defined as

ps � 3,390e��1.74�0.0759 Tc�0.000424 Tc
2�2.44�10�6 Tc

3� (2)

where Tc is temperature in ° C. The derivative of air relative
humidity with respect to wood moisture content was calculated
from sorption isotherms adapted by Simpson (1973) for wood
after curve fitting and testing the Hailwood and Horrobin theory
for hygroscopic materials. According to Baronas et al. (2001) the
diffusion coefficient for bound water (Db) can be defined with

Table 3. Material properties for the four sites.

Material property Air

VDL, VDH, CWH EPP

Wood (solid) Pile (porous matrix) Wood (solid) Pile (porous matrix)

Porosity 1 0.671 0.702 0.72 0.702

Bulk density (kg/m3) 1 5003 150 4203 127
Thermal conductivity (W/m K) 0.0254 0.115 0.056 0.075 0.046

Heat capacity (J/kg K) 1,0007 1,2503 1,0756 1,2503 1,0756

Material properties for the western Oregon sites were assumed to be identical due to species composition.
1 Based on 1,520 (kg/m3) cell wall density (Bowyer et al. 2003).
2 Data from Hardy (1996).
3 Data from Simpson and TenWolde (1999).
4 Data from Monteith and Unsworth (2008).
5 Data from TenWolde et al. (1988) Wilkes equation.
6 Data from Nield and Bejan (1998).
7 Data from Welty et al. (2008).

Table 2. Schedule of testing sites and sampling.

Site

2014 2015

May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

VDH S,P P P P P P P P P P P P P,S
VDL S,P P P P P P P P P P P P P,S
CWH S,P P P P P P P P P P P P P,S
EPP S,P P P P P P P P P P P P P,S

P wood samples are permanently weighed with constant dimensions, and S samples cut at the beginning and end of each trial covering all ranges of diameters.

Figure 3. Diagram of pile and air domains in COMSOL.
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the Arrhenius equation to determine the diffusion rate based on
material activation energy, air temperature, and gas constant
(8,314.3 kmol K). However, little information exists about rel-
ative diffusion rates for piles, which are a porous medium con-
taining porous wood (small voids) and air (large voids); there-
fore, an effective diffusion rate was determined iteratively based
on weighted, relative diffusion rates of wood and air based on
wood diffusivity values reported by Nadler et al. (1985). In the
specific case of the ponderosa pine site (EPP), the diffusion rate
was set to zero during the winter freeze; it is assumed that there is
no water movement during that period. That assumption was
corroborated by the constant moisture content of the P samples
located inside the pile during that time.

Input of Environmental Conditions
Weather stations measured environmental variables through a

period of 1 year. To model these environmental factors, mathe-

matical functions were created to approximate weather condi-
tions, including wind, temperature, precipitation, and relative
humidity for direct entry as boundary conditions for the FEA
model. The time-dependent relationships for each site are pre-
sented in Figure 5.

These functions present an approximation of the data collected
in the field starting in the month of May 2014 and ending in De-
cember 2015. Solar radiation was not considered in this model as
boundary heating could occur, realizing a rise in external pile tem-
peratures and marginal rise in internal pile temperatures. It was,
however, omitted from this analysis for computational efficiency
and a focus on the diffusion of moisture through diffusive processes
greatly influenced by movement of air.

Boundary Conditions and Initial Conditions
Finite element models require initial conditions to define a rep-

resentation of conditions before changes occur, specified as values

Figure 4. Diagram of physics modules and their association.

Figure 5. Functions for environmental variables on each site over their period of measurement.
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on each domain. Boundary conditions are defined on boundaries of
domains, representative of known values that govern the calculated
differential equations within the enclosed domains. Initial conditions
are based on experimental data and similar modeling techniques
presented in literature reports (Curcio et al. 2008, Sandoval-
Torres et al. 2011, ElGamal et al. 2013). The initial conditions
for each test pile are presented in Table 4.

Specific boundary conditions are shown in Figure 6. Wind ve-
locity was zero at ground level due to drag, at the inlet, there was a
wind function (m/s) describing the wind fluctuations over time
(shown in Figure 5), and in the outlet, the reference atmospheric
pressure (1 atm) to solve for wind velocity. Temperature was set as a
boundary condition in most walls to represent changes in tempera-
ture through the year. There was no heat transfer on the ground
since soil temperature was not measured. Equilibrium moisture con-
tent was set as a boundary condition in inlet, top walls, and side walls
so the wood in the pile would reach equilibrium, depending on
changing temperature and relative humidity.

Solver
For this study, a commercially available FEA solver (COMSOL

Multiphysics v5.1 with the heat transfer, laminar flow, and chemical
reaction engineering modules) was used. After the input of appro-
priate properties and physics, a transient analysis was performed for

given time increments, the maximum of which was 43,200 seconds
(12 hours to capture both day and night conditions), subsequently
analyzed in a postprocessing regime. To simulate the pile drying for
1 year (31,536,000 seconds), approximately 11⁄2-20 hours of com-
puting time was necessary on an Intel Core 2 PC (Windows 7
Enterprise, 3 GHz, 8 GB RAM).

Model Scaling
Because the residue pile consists of material of different sizes and

species and the soil activity and water accumulation affecting the
lowest portion of the pile is not modeled, the S samples taken at
the beginning and end of the trial were used to scale the models at
those two points in time. This adjustment was necessary to capture
the behavior of the pile as an average, because the original model is
based on, and validated with pieces of one particular diameter range.
These adjustment factors were a function of initial and final pile
moisture contents as well as diffusion rates; this because larger pieces
of wood will dry at a slower rate than smaller pieces. However, future
work could involve direct modeling of the pile as a whole to better
capture the change in pile moisture conditions more objectively.
The shape and the rest of the model parameters remained constant.
Properties that were changed to scale the models are presented in
Table 5. To distinguish these models from the originals, they will be
referred to as “pile model.”

Figure 6. Boundary conditions for pile, ground, and surrounding air. MC, moisture content; RH, relative humidity; T, temperature.

Table 4. Initial conditions for each site.

Site MCwb (%)
Pile and air

temperature (K)
Wind

velocity (m/s)

VDH 40 277.6 0
VDL 21 293.7 0
CWH 39 288.15 0
EPP 57 274.3 0

MC, moisture content; wb, wet basis.

Table 5. Model scaling parameters.

Site VDH VDL CWH EPP

Initial MCwb (%) 34 21 39 54
Final moisture content 27 19 36 39
Diffusion rate (m2/s) 2e�8 2e�8 1e�10 4e�8
Diffusion adjustment factor 20 20 4000 10

MC, moisture content; wb, wet basis.
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Sensitivity Analysis
After the models were scaled to represent whole-pile averages, the

sensitivity analysis was performed. Many pile parameters can affect
drying rates; in this study, pile shape, porosity, volume, and starting
drying season were observed.

The first study presents the effects of shape, using a semi-el-
lipsoid as a baseline geometry representative of field conditions
and both a cone and continuous berm shape of equivalent vol-
umes for comparison (238 m3). Besides changing the shape, the
element size changed with the different geometries after the
meshing process. Ranging from a minimum of 0.06 to 0.52 m
maximum for the half-ellipsoid, 0.10 to 0.91 m for the cone, and
0.11 to 1.06 m for the berm.

Porosity (the volume of voids compared with the total volume
of a porous matrix) was observed as a parameter that could affect
drying rate. Porosity can vary for a given pile; therefore, three
reasonable values within a 10% range were chosen for the second
study: 70, 80, and 90%. In addition, half-ellipsoid piles of half
(119 m3) or double (476 m3) the baseline volume (238 m3) were
evaluated for drying rates and defined as a third study. And
finally, the effect of delaying the drying start time was evaluated.
The baseline model starting time was delayed 3 and 6 months
from the original starting date to assess its effect on drying. The
starting month for VDH was May 2014, for VDL was August
2014, for CWH was October 2014, and for EPP was December
2014. The different studies that were implemented are summa-
rized in Table 6.

Results
Model Comparisons

The monthly average moisture content obtained with the models
was compared with the actual average moisture contents acquired in
the field on each corresponding month (P samples). These P sample

Figure 7. Modeled (original model) average moisture content (wet basis) versus field P samples.

Table 6. Model summary for sensitivity analysis.

Model Site Shape Volume Porosity
Start time

(mo)

1 VDH Half ellipsoid Field (control) 0.7 0
2 VDH Cone Field (control) 0.7 0
3 VDH Berm Field (control) 0.7 0
4 VDH Half ellipsoid Half of field 0.7 0
5 VDH Half ellipsoid Double of field 0.7 0
6 VDH Half ellipsoid Field (control) 0.8 0
7 VDH Half ellipsoid Field (control) 0.9 0
8 VDH Half ellipsoid Field (control) 0.7 �3
9 VDH Half ellipsoid Field (control) 0.7 �6
10 VDL Half ellipsoid Field (control) 0.7 0
11 VDL Cone Field (control) 0.7 0
12 VDL Berm Field (control) 0.7 0
13 VDL Half ellipsoid Half of field 0.7 0
14 VDL Half ellipsoid Double of field 0.7 0
15 VDL Half ellipsoid Field (control) 0.8 0
16 VDL Half ellipsoid Field (control) 0.9 0
17 VDL Half ellipsoid Field (control) 0.7 �3
18 VDL Half ellipsoid Field (control) 0.7 �6
19 CWH Half ellipsoid Field (control) 0.7 0
20 CWH Cone Field (control) 0.7 0
21 CWH Berm Field (control) 0.7 0
22 CWH Half ellipsoid Half of field 0.7 0
23 CWH Half ellipsoid Double of field 0.7 0
24 CWH Half ellipsoid Field (control) 0.8 0
25 CWH Half ellipsoid Field (control) 0.9 0
26 CWH Half ellipsoid Field (control) 0.7 �3
27 CWH Half ellipsoid Field (control) 0.7 �6
28 EPP Half ellipsoid Field (control) 0.7 0
29 EPP Cone Field (control) 0.7 0
30 EPP Berm Field (control) 0.7 0
31 EPP Half ellipsoid Half of field 0.7 0
32 EPP Half ellipsoid Double of field 0.7 0
33 EPP Half ellipsoid Field (control) 0.8 0
34 EPP Half ellipsoid Field (control) 0.9 0
35 EPP Half ellipsoid Field (control) 0.7 �3
36 EPP Half ellipsoid Field (control) 0.7 �6
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averages are used in the fitting tests as the time-dependent data are
more robust and enable better evaluation of relative time-dependent
drying and wetting. Both the modeled and sample averages follow a
similar trend through the year (Figure 7). However, the greatest
disparity can be seen at the EPP site.

Three statistical tests were performed to verify the agreement
between the modeled moisture contents and data obtained in the
field: a Wilcoxon signed-rank test, Kendall’s tau and Spearman’s rho
correlation tests. At a 0.05 significance level, the modeled and field
P sample average moisture content for the two Douglas-fir sites have
an identical distribution (VDL and VDH Wilcoxon signed-rank
tests, P value � 0.10). The other two site models (EPP and CWH)
have a nonidentical distribution compared with field data. When
correlation was tested, all sites present a statistically significant asso-
ciation between the model moisture content averages and field av-
erages. The P values shown in Table 7 for Spearman’s rho and
Kendall’s tau indicate that we can reject the null hypothesis that
variables are uncorrelated at a 0.05 level. Spearman’s rho indicates
correlations �0.70 for all sites (Table 7). This parameter is more
sensitive to differences compared with Kendall’s tau because it com-
pares the squared differences between pairs of data.

After the model was scaled to represent the overall pile moisture
content, drying rates over time follow the same pattern as the base

models. However, drying and rewetting occur at a slower rate. For
that reason, the pile dries to a lesser extent over time, and moisture
content is more stable throughout the year. The two points of com-
parison with S samples (pile initial � final moisture content) are
represented in Figure 8.

Sensitivity Analysis
Shape

For the original model, on comparison of the 10-day moisture
content averages of the control pile (half-ellipsoid, 0.7 porosity and
volume 238 m3) with the cone pile, differences in moisture content
over time are very subtle with the exception of the EPP site, probably
because of similar shape and length (6-m radius). However, the
berm pile shows a marked difference (20-m length), especially in
the drier and rainy months at the Douglas-fir sites. In the VDL
site, the difference can be up to 12% higher moisture content in
the winter and 7% lower in the summer (Figure 9).

When the model is scaled to pile averages (S samples), the
effect of shape has the same trend as the original model (Figure
10), which is implicit owing to simple changing of the diffusion
rate. For example, compared with the baseline shape, moisture
content can be reduced by 3% during the dry season and rewet
up to 5% moisture content during the rainy months in the valley
Douglas-fir site.

Volume
Volume is the parameter that affects the drying rate of the

piles the most. Material on a pile of the same shape and half the
volume would have an average moisture content that was approx-
imately 4 –12% lower during the dry season and almost 9%
higher during the wet months, depending on the site location
and species (Figure 11). When the pile volume doubled, average

Figure 8. Modeled (pile-adjusted model) average moisture content (wet based) versus field S samples.

Table 7. Model correlation and significance tests.

Site

Wilcoxon
signed-rank
test P value

Spearman’s rho Kendall’s tau

Correlation P value Correlation P value

VDH 0.4143 0.73 �2.2e�16 0.56 1.8e�6
VDL 0.1272 0.98 �2.2e�16 0.92 1.4e�7
CWH 0.0215 0.90 �2.2e�16 0.77 7.0e�5
EPP 0.0007 0.96 6.3e�3 0.87 6.7e�3
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moisture content can be as much as 26% higher (EPP site) during
dry months and, conversely, decrease during the rainy season
compared with the baseline volume. The effect of pile volume is
still the greatest within the sensitivity analysis when the models
are scaled, but also realize diminished changes in moisture con-
tent (Figure 12).

Porosity
Porosity accentuates the effects of ambient conditions on pile

behavior. With increasing porosity, the effects of drying and wetting
become exaggerated within the residue pile (Figure 13). Average
moisture content can be reduced by almost by 5% at any given time
for the EPP site when porosity is increased by 0.2 (from 0.7 to 0.9)
and increased by 19% during the rainy season when porosity is
increased by 0.1 (from 0.7 to 0.8).

In the scaled model, the effect of porosity is marginal in the VDH
and CWH sites and significantly smaller in the other two sites than
in the original model. The greatest effects occur at the ponderosa
pine site, where the pile rewets up to 9% more in a pile with a
porosity of 0.8 than for the baseline (porosity of 0.7) during the
spring rains (Figure 14).

Time
Even when the starting moisture content of the residue material

that comprises a given pile remains constant, the drying rate changes
depending on the starting point in which the material is stored in the
forest. For example, in the VDH site, it takes 52 days for the material
to reach an average moisture content less than 20% (wet basis) when
drying starts in spring. If the same material is harvested and stored 3
months later, it would take only 8 days to reach that moisture

content. Finally, if it was delayed another 3 months (6 months
total), the residues would reach the same moisture content in 73
days. As expected, when drying starts during the dry and warm
months, the residue will approach lower moisture contents faster,
reaching equilibrium with environmental conditions more expedi-
ently (Figure 15).

Similar to other parameters, the scaled model has a smaller im-
pact with time changes. For the VDL site, the effect is marginal.
However, for the EPP site, it takes 196 days for the average moisture
content to reach levels less than 43% (wet basis) if drying starts in
winter, 115 days in spring, and only 33 days in summer (Figure 16).

Discussion
The series of models presented here offered reasonable agreement

with field drying rates, confirmed by results of statistical tests com-
pared with field data (Table 7). This sets a framework to define and
compare different means of in situ residue drying for specific ambi-
ent conditions. Although it is difficult to represent all potential
conditions, the impact of parameters critical to drying may be eval-
uated. For all sites, residue piles dry fast during the first months,
finding particular dependence on the time of harvest, often reaching
a minimum in September–October. The ponderosa pine site (EPP)
has almost no drying during the first months, because there is no
diffusion during the winter deep freeze. Rain, along with lower
temperatures and higher relative humidity, allows the material to
remoisten during the wet rainy season.

After the model was scaled with S samples, results showed the
same trends as the base original models, with lower drying rates.
Material of larger sizes dries at a slower rate. For these models, there
is little drying in either valley Douglas-fir or coast western hemlock

Figure 9. Shape effect on moisture content (wet basis) for each site, original model.
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Figure 10. Shape effect on moisture content (wet basis) for each site, pile model.

Figure 11. Effect of pile volume on moisture content for each site, original model.
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Figure 12. Effect of pile volume on moisture content for each site, pile model.

Figure 13. Effect of pile porosity on moisture content for each site, original model.
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Figure 14. Effect of pile porosity on moisture content for each site, pile model.

Figure 15. Effect of drying time on moisture content for each site, original model.
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after 1 year of field storage. Some possible reasons are that the
Douglas-fir began with dry material, probably muting the observed
drying effects. The CWH unit was continuously under the effect of
marine moist air, which could be the explanation for stability of the
material’s moisture content. The greatest drop in moisture content is
observed in the EPP unit; this could be caused by the material being
very wet at the start of the trial and the likely lag of freezing preventing
diffusion of moisture, particularly underneath a layer of snow.

As expected, berm or windrow geometry works best to expedite
the drying process because of the large relative surface area and
exposure to ambient conditions and convection. This shape has
60% larger surface area directly exposed to wind, which is probably
the main cause for the differences. Residue moisture content is re-
duced between 2 and 5% compared with that of a half-ellipsoid of
the same volume during the dry season. However, the same advan-
tageous conditions for drying may also expedite rewetting in the
winter, probably because more surface area is directly exposed to
rain. The cone shape behaves similarly to the half-ellipsoid for all
sites probably owing to a generally similar shape in relative surface
area.

Volume is the parameter that most affects drying. When the pile
volume is halved, moisture content can be reduced by 2–5% during
the dry months and increased by 3–4% during the wet season in
comparison to baseline volume. When the volume is doubled, mois-
ture content can increase from 1 to 13%, depending on the site.
These changes are probably driven by the same principles that affect
the different pile shapes. A pile with smaller volume allows more
airflow through the interior of the pile, permitting more efficient
drying. At the same time, there is less coverage from the rain, allow-
ing more moisture to reach the material inside the pile. A larger pile,

has the opposite effect: more material is protected from wind and
rain.

Porosity is a pile property that is difficult to change in a practical
sense but may have impacts on the rates of drying or wetting for
given ambient conditions. Increasing the porosity has a greater effect
on sites such as VDL and EPP, where more voids may increase
sensitivity to weather conditions for the baseline model presented
(porosity of 0.7).

The time of harvest has notable effects on residue drying times
because the gradient in moisture or temperature for a given time
of year may expedite or slow drying. For example, in the case of
the ponderosa pine site (EPP), it can take one-sixth of the time it
takes for the residue to reach 43% moisture content when drying
starts in summer versus winter. During summer, higher temper-
ature and lower relative humidity reduce the wood equilibrium
moisture content, and there is little or no rewetting of the
material.

Conclusions
Finite element models were developed for four sites representing

the main climatic regions in Oregon and their respective commer-
cialized forest species. These models are able to sufficiently capture
forest residue drying rates within the pile with weather data input
such as precipitation, wind, ambient temperature, and relative hu-
midity. These diffusion rates, however, are dependent on the mea-
sured piece size, making scaling an important consideration for eval-
uating the whole pile’s drying behavior. For this reason, scaling
factors were necessary to better represent the entire pile’s drying
behavior. Future work could better capture the inhomogeneous
nature of the pile’s piece sizes, corresponding diffusion rates, and

Figure 16. Effect of drying time on moisture content for each site, pile model.
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packing density in a more objective manner. FEA may provide a
means of performing this task. Our conclusions include the
following:

● Piled residue moisture content responds to the environmental
conditions greatly. The selection of pile shape or size can be
beneficial or detrimental to the rate of drying, depending on
ambient conditions. Future work could better capture the effects
of the preferential, non-Darcy flow of precipitation through the
voids of a pile, given varying pile shapes, sizes, and piece size
distributions.

● A berm (windrow) presents the best option for expedient drying
because of its large surface area. Drying is the fastest in this shape
during dry summer months; however, the pile also rewets the
fastest during wet, winter months.

● It is best to reduce pile volume if storage will occur through
summer and increase size if it will occur through winter. The
reason behind this is the same as for the shape: a smaller pile will
have more airflow, but it will also become wetter in the rainy
season than a larger pile.

● Significant reduction in drying times can be achieved if the ma-
terial is cut and left to dry during the dry, warm summer months.
This reduction can be up to one-third of the time versus starting
the process in the winter.

● This methodology is a tool that has the flexibility to be able to
change parameters and conditions in which the harvest residues
are stored. For that reason, it opens several possibilities for future
research.

The models presented here were made with local data, and inferences
are generally specific to these locations. However, the main concepts
and sensitivity of pile drying parameters still present a general under-
standing for drying conditions in many different climates. As part of
future work, the effect of aspect and slope on drying rates will be as-
sessed. In addition, changing pile porosity with depth will be imple-
mented to produce a refined model. It is anticipated that this change
could result in a better model fit with the field sample averages.
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