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1. State-of-the-art assessment

By taking into account today’s main challenges in the decarbonizing con-
struction, wood material has considerable advantages with regard to its envi-
ronmental and ecological benefits [1]. The use of this material in construction
and civil engineering applications raises new technical challenges in terms of
performance-based durability design, i.e. the long-term behavior and the
remaining useful life of timber structures [2, 3]. Nevertheless, the use of
wood is hindered by durability issue related to the dependence relation be-
tween mechanical and physical properties and the in-situ service conditions.
The development of fungal attacks requires a minimum moisture content of
20% and a temperature of 25 to 30 °C [4]. Therefore, biological attacks
are more significant in outdoor structures subject to high humidity levels.
By studying more than 245 large-span timber structures, Dietsch et al. [5]
showed that damages usually depend on significant variations in the MC. As
a result, maintenance strategies should be organized to develop inspection
and monitoring methods destined for controlling moisture content in wooden
structures. In this context, nondestructive testing (NDT) methods are pre-
sented as one of the solutions for the assessment of MC for timber structures.
Several techniques were investigated by several studies for example :

- The near-infrared spectroscopy by characterizing the surface chemical
changes in response to moisture uptake and loss in wood [6].

- The gammadensimetry by applying gamma-type electromagnetic radi-
ation which is a method applied in the laboratory [7].

- The Ground Penetrating Radar (GRP) by propagating electromagnetic
waves of frequencies between 300 megahertz and 300 gigahertz [8] in
order to evaluate the dielectric constant : this technique is characterized
by a sensitivity to electrode size, bonding pressure and the presence of
cracks [9].

- Electrical method to evaluate the material resistance or conductance by
injecting electrical current into wood/electrode surface ; this method
is mainly integrated into the in-situ measurement strategies [10, 5] and
requires a consideration of the effect of temperature variation [11].
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In order to evaluate wood MC using electrical method, different electrodes
types were used. Bjorngrim et al. [12] have proposed to place stainless steel
thread between the glulam beams while Li et al. [13] have used copper
patches as electrodes. Moreover, the use of needle-shaped probes and pins
pressed against the material, or inserted into it, are very popularly used
thanks to the ease of instrumentation. In fact, an European standard has
been produced for Commercial instruments for a MC between 7 and 30%
[14]. For this MC range, and at a constant temperature, the wood electrical
resistance R (also valid for resistivity p which is an intrinsic property of the
material) decreases as it MC (denoted w) increases according to Eq. (1),
where F and F are two material constants [15].

In(R) = E+ F In(w) (1)

Nevertheless, the techniques mentioned above are generally suitable for
yield local measurements and they are limited to the element surface [16].
Hence, such solutions remain impractical for providing more general informa-
tion to evaluate the MC distribution for a timber building element, i.e. the
moisture gradient which could cause differential shrinkage and increase crack
risk [17, 18]. For those reasons, this work suggests to employ the Electric
Resistivity Tomography (ERT), also known as the electrical imaging gener-
ally used in geophysics, and to adapt it to wood material. In geophysics, by
injecting a direct current (DC) into the ground, ERT allows the development
of a 3-dimensional survey based on the intrinsic electrical properties of soil
(resistivity and chargeability due to the polarization of the medium). By
using electrical geophysical imagery, many research works have been applied
to semi-infinite mediums to study the features of a hydrocarbon contami-
nated site [19], to detect buried quarry and soil cracks [20] and to study the
internal structure of volcanoes [21]. In order to evaluate resistivity fields,
experimental measurements are generally coupled with numerical modeling
by assuming a surface point current injection. Verdet et al. [22] showed that
the electrode finiteness should be considered in case of small-scale ERT sur-
veys. An inversion procedure based on optimization methods is also applied
to minimize the differences between experimental and numerical modeling
results. Among these methods, the least-squares optimization method of
Gauss-Newton or Levenberg-Marquardt are the most common [23].

In recent years, ERT has been adapted for applications on finite mediums,
for example to investigate the health state of reinforced concrete structures
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by identifying corrosion risk [24]. This technique has also been adapted to
characterise non-destructively the distribution of metallic fibres in concrete
[25]. For on-site applications, ERT has been performed in a reinforced con-
crete wharf using embedded multi-electrode sensors to determine the corre-
lation between the evolution of the compressive strength and the electrical
resistivity [26]. In the past few decades, electrical imaging has been also
integrated into wood applications. Most of works focuses on the determina-
tion of electrical resistivity of living trees by placing electrodes around the
tree trunk [27, 28]. Such applications have shown interesting results helping
forestry managers to detect certain diseases pre-symptomatically [29, 30].
However, after the passage of a wooden element through drying until con-
struction, ERT is still under-explored area when MC is in the hygroscopic
range, i.e. 0% < MC < Fiber Saturation Point (FSP) about 25 to 30% for
most species). In this context, our study presents a novel approach based
on the adaptation of ERT. This resistivity-based method has been used to
identify a longitudinal MC gradient throughout a Douglas-fir sample, which
can have a major influence on crack behavior of a wood element This species
is widely planted in France, and its use in construction is a part of the Neo
Terra regional road-map dedicated to the energy and ecological transition of
the Nouvelle — Aquitaine region [31].

Fig. 1 presents a thorough overview of our proposed approach by consid-
ering both the numerical and experimental strategies. As first part of this
study, the measuring tool has been adapted to wood material characterized
by high resistivity ranges [32]. Electrical resistance measurements take into
account the injected current [4p5 (between two electrodes A and B) and the
difference in potential Vi, y (between two electrodes M and N). Measurements
have been sorted according to both wood properties and resistivity-meter per-
formance (Qr). In order to determine numerical resistance R,,m, this work
proposed to perform a finite element modeling (FEM) and to simulate the
current injection by using thermal-electrical analogy. To evaluate resistivity
values (pesp) all along the sample, numerical inversion was necessary to en-
sure the transition from geophysical conditions to wood material conditions.
The results of numerical and experimental resistances were sequentially cou-
pled to fed numerical inversion based on Levenberg-Marquardt algorithm.
In addition, as the material wets, a finite difference method (FDM) is used
to simulate wood moisture diffusion process. The diffusion parameters were
optimized by using Simplex algorithm. Finally, the results of electrical resis-
tivity and moisture content were mixed to identify the transition relationship.

4
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Figure 1: Overview of the mixed experimental-numerical approach

2. Experimental protocol

2.1. Sample preparation and conditioning

Measurements were performed on a Douglas-fir (Pseudotsuga menziesii)
sample and the dimensions were 320 x 95 x 95 mm?®. The sample was pro-
duced according to the fiber directions (L : Longitudinal, R : Radial and T :
Tangential). An overview of the sample preparation is presented in Fig. 2.

The choice of the geometry is a compromise allowing to install 21 elec-
trodes based on non-insulated needle-shaped probes (1 mm radius). Elec-
trodes were numbered from 1 to 21 and were lined up along the longitudinal
direction in the upper face (LT) and parallel to the fiber orientation. They
were set at a depth of 10 mm with a 15 mm distance between them. The
sample was initially conditioned at a relative humidity RH = 40%, and then
2 layers of parafilm were set up on 5 of the 6 faces in order to perform a
unidirectional longitudinal diffusion. The homogeneity of moisture content
distribution as well as the electrical resistivity over the cross section, has
been assumed. This diffusion process allows the evaluation of a unidirec-
tional moisture gradient. The one-dimensional moisture transfer reproduces
the reality of wooden structures when the ends of the beams are subjected to
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21 electrodes
(needle-shaped probes)

Parafilm

Douglas-fir sample —
Figure 2: Preparation of Douglas-fir sample

uniaxial diffusion. The sample was then placed in a desiccator over saturated
potassium-chloride-based salt solution (37.2 g/1 of (K-Cl) to achieve a RH of
86%. The average ambient temperature of the room in which the desiccator
has been installed was approximately about 20 °C. The room temperature
was not controlled, thus, variations of + 2 °C were observed throughout the
experiment. However, we assume that these small variations will not put
into question the application of the proposed method [33]. The specimen
was stored for an extended conditioning period (over 3 years) and weights
data have been collected during this period. After oven drying, the sample
was weighed to determine its anhydrous mass. The average gravimetric MC
is then calculated at each step according to Eq. (2), where m,, is the mass
of the wet specimen and mg the specimen’s oven-dry mass.

My — Mo

M Clran(%) = 100 (2)

mo
The initial MC was estimated at w;,; = 10.6%. The evolution of the average
MC vs. conditioning period is shown in Fig. 3. It is important to note that
the recording of electrical resistivity measurements was considered since 217
days from the humidification process initiation — i.e. by taking into account
the reliability of measurements, no significant data were observed before, and
high deviations were noted due to the operational limits related to the dry

wood. Thus, electrical measurements were conducted from the 217" days
and then at 245, 287, 313, 352, 398, 457, 537 and 1092 days.
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Figure 3: Evolution of average moisture content, where filled squares denote that electrical
resistivity measurement is effective (after 217 days)

2.2. Principle and material adaptation for resistance measurements

The resistivity-meter used in this study is a Syscal Junior Switch 48 from
Iris Instruments. The principle of this Megohmmeter is based on the use of
the quadrupole electrode configuration. By applying a high DC voltage,
an electrical current of intensity [4p is transmitted between two injection
electrodes (A and B) and the resulting difference in potential Vj;n between
the other two electrodes (M and N) is measured, as shown in Fig. 4.

Current injection Potential measurement

’ i Equipotential lines
Current flow lines Pseudosection

plot point

Figure 4: The principle of apparent resistivity measuring used in geophysics: current
injection and voltage measuring (example of Dipole-Dipole configuration)
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In geophysics, the resistivity-based method defines the apparent electrical
resistivity p as a function of two inversely proportional parameters R and k
(Eq. 3), which represent respectively the electrical resistance (in Ohms) and
the geometric coefficient (in meters) corresponding to each configuration and
depending on the distance between electrodes (a). The electrical resistance
represents the medium’s nature and the geometric coefficient represents the
electrode device used.

(3)

Depending on the positions of electrodes A, B, M and N, several con-
figurations can be defined. FEach configuration is different in terms of the
measurement noise sensitivity, the resolution quality and the investigation
depth. A primary parametric study has shown that Dipole-Dipole configura-
tion represents a good measurement repeatability and an efficient current in-
jection [33]. Besides, this configuration has been chosen in this study thanks
to its low electromagnetic coupling due to the distance separation between
the current and potential lines [23].

The standard deviation coefficient () allows us to estimate the resistance
measurement error, so the measurement’s quality. In fact, it represents the
dispersion around the mean value of resistance R during S measures. The
number of measures S is fixed by the operator and depends on the updated
value of (). In our case, 3 measurements are made at least. If () is greater
than 5%, 6 measurements will be made, as described in Eqgs. (4 - 5 - 6).

pGMU:kR:k‘wm
Iap

S
QU =3 \| 5 (R~ Ry ()
where,
_ 1
RZEZSRi (5)

1=1

(3 Q<%
S_{6ifQ>5% (©)

Fig. 5 presents a thorough overview of the experimental protocol. The
material adaptation to wood applications has been processed in four main
steps :
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Figure 5: Experimental protocol and programmable multiplexing electrode switcher

In geophysics configuration, the maximum applied potential can reach
+ 400V corresponding to a maximum injected intensity of 1.25 A. The
range of the measurable potential V), is chosen by the user. Since
wood is characterized by a very high electrical resistance, this param-
eter was set up to its maximum value ;

Specific cables and miniaturized electrodes were manufactured ;

Since the resistivity-meter had originally been developed for geophys-
ical applications, a current divider module was integrated providing
a usable voltage measurement. The current injection and resolution
ranges were modified from 1.25 A to 50 mA and from 10 pA to 0.4 pA,
respectively ;

A parametric study showed that long duration of voltage application
allows to reach the equilibrium of the voltage Vy/n and to avoid the
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polarization of the electrode-wood contact surface [34]. A maximum
injection duration of 2 seconds was then set up.

The programming of measurement sequences and multiplexing pattern
were developed by using Electre II software. The recorded measurements
were stored in the built-in memory and then transferred by means of a se-
rial link (Prosys software) to an external computing station for the data
processing and interpretation steps (Res2DInv software in geophysics). The
conditioning desiccator was modified to insert the resistivity-meter cables,
thus, measurements were performed by keeping the sample inside. Electrical
resistance data were obtained using the 21-channel cable. In order to obtain
a resistivity mapping, the use of an internal multiplexing system allows to
control the used electrodes by modifying the distance between injection and
measuring electrodes. Multiplexing was carried out using three levels of in-
vestigation depths n = {1,2,3}. For each level, a horizontal scan has been
performed by taking into account a = 15 mm as a reference distance be-
tween electrodes. By considering the 3 investigation depths, 51 experimental
measurement points are possible. Fig. 6 shows the example of the electrical
resistance measurements obtained after 1092 days. The measurements have

1.E+06

S 1E+05 "".0.°0000'°.00 oLevell

E [ ]

z AAAAAAAAAAAAAAAAA AlLevel 2

=

'>_' ne® nnfag "t mLevel 3
[ | [ ]

o 1E+04 . -

1.E+03

0 4 8 12 16 20 24 28 32
Approximative position (cm)

Figure 6: Measurements of electrical resistances at 3 investigations levels (after 1092 days)

shown the capacity of the multiplexed electrical method to dissociate three
resistance levels in accordance with the investigation depths.

10
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3. Numerical approaches

The aims of the numerical part of this work are : (i) to solve the differen-
tial equations related to moisture diffusion, and (ii) to develop an inversion
strategy based on finite element model (FEM) not restricted to conventional
geophysics assumptions, i.e. two-point injection into a semi-infinite medium.

3.1. Moisture diffusion process

The moisture diffusion is defined through the nonlinear Fick’s second law,
as described in Eq. (7). This equation is valid for a transient wetting process
where D (in m?/s) is the diffusion parameter that depends on the moisture
content.

2

W p.oY )

ot 0x?
According to isothermal conditions, the mass transfer process integrates a
relationship based on non-linearity between moisture content level and or-
thotropic diffusion tensor. For a uniaxial representation characterized by
x coordinates, the spatial-temporal differential equation can be written as
follows [35] :

ow 0 Daw

ot _&c( w@:c) (®)
To take into account the exchanges between water vapor molecules and
bound water molecules in wood cells, it is commonly considered to employ
a virtual exchange layer defined by an instantaneous equilibrium between
external fibers and water vapor in the neighboring climatic environment.
This equilibrium is usually driven by sorption hysteresis and defined by the
virtual moisture content value, called w, and obtained at constant conditions
of temperature and RH [36, 37]. Solving Fick’s equation requires also to
integrate the surface moisture content. Thus, by taking into account the
boundary conditions on the surface €2, the diffusion equation can be expressed
as follows :

ow

D,—
ox

= S(we(t) —wa(t)) (9)

where S and wgq represent the hydrous surface exchange coefficient and the
moisture content values at the surface (2, respectively.

11



O©CO~NOOOTA~AWNPE

For a unidirectional and nonlinear isothermal diffusion process, an ex-
ponential form is used to represent the impact of moisture content on the
diffusion coefficient in wood materiel [38] :

D,, = Dyexp(k w) (10)

where Dy is the anhydrous diffusion coefficient in (m?/s), and k is a constant
representing the non-linearity of the phenomenon (positive in the radial and
tangential directions, and negative in the longitudinal direction).

The differential equation representing the diffusion in the current part of
the sample, can be written in the following form :

ow ow\?® 0w
M _p gw) 2w 1

Finite difference method is considered as a suitable method for uniaxial mois-
ture diffusion problems [7]. Numerical method based on FDM has been de-
veloped using Microsoft Visual Basic to solve differential equations.

3.2. Spatial-temporal MC' profiles

The next step has been proposed to define the spatial-temporal moisture
distribution throughout the sample. Let’s consider the sample conditioned at
initial moisture content w;,;. From time £ = 0, an ambient virtual moisture
content w, is imposed on the non sealed face, as shown in Fig. 7.

An uni-directional diffusion transfer is assumed according to the thickness
of the sample and following the main directions of the wood, i.e. the moisture
flow is then oriented along the z axis. The sample is discretized into slices of
equal thickness, perpendicular to the z axis, and each point corresponds to a
specific mean value of moisture content of each slice. The time discretization
is based on an explicit Euler scheme [39, 40] considering the time step 7. Let’s
denote w! the moisture content at time ¢ and at position i. The temporal
integration allows to deduce the evolution of moisture content at position @

as follows:
2

witT = (1- =)w! +

i Y k(why, + wff1>2 + 4 (wiyy +wi_y)] (12)

L [
4M
where :

B Az?
Dy 7 exp(k wt)

M (13)

12
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On the surface, if the limiting conditions are of Newton’s type, the vapor
concentration is established by convective transfer modeled by an exchange
law as Eq. (9). The surface moisture content is then written as follows :

2 2 2
t+r _ 2 1 _ t =
Wy = Wy + <1 [y %)wn—k e (14)
where :
Az
N=57 (15)

The surface exchange coefficient of the sealed face is considered to be
zero. From Eq. (14), the moisture content becomes:

2 2
wtr = 2t 4 (1 _ M)wz (16)

As shown in Fig. 7, by knowing moisture content value at time ¢, the mois-
ture content to the edge at time ¢ + 7 can be predicted. When the sample’s
moisture content profile is known at time ¢ = 0, we then can calculate the
moisture content for each point at next time ¢ + 7. For a given time, the
moisture content of each slide is updated step by step. Finally, an itera-
tive time process allows to update the temporal field of moisture content.
This approach has been validated by several comparison tests with spatial
moisture content profiles available in the bibliography, and also with spatial
measurements of moisture contents made by the gammadensimetry method
7].

| Spatial discretization Temporal discretization

i Time
Sealed side HT =86 %
T=20+2°C

t+7 o o o_>‘

S o Ml Mol Ll At et LG
w. i

Sealed side
sTw
e
-
37
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B) | °

|
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|
+/
S
]
N
=
AR
/
>

Sealed side Surface Q

Figure 7: Spatial and temporal discretizations of the sample

13



O©CO~NOOOTA~AWNPE

3.3. Diffusion parameters optimization

As a reminder, the initial moisture content w;,;(%) of the sample has
been determined by weighing for ambient RH. The diffusion parameters that
need to be determined in this study, are summarized as follows : the vir-
tual moisture content w, (%), the anhydrous diffusion coefficient Dy(m?/s),
the surface exchange coefficient S(m/s) and the non-linearity constant k.
In the aim of achieving an optimal solution taking into account these pa-
rameters, an inversion algorithm based on the simplex method is used in
order to minimize the difference between the average moisture contents : the
experimental one obtained by weighing and the numerical one obtained by
the FDM. This optimization is based on a Nelder-Mead Simplex algorithm
aiming to minimize the least squares-based difference between the sample’s
average MC measured during the experimental test w.,, and the calculated
MC Wy using FDM. The objective function is denoted f et can be written
as in Eq. (17), where N is the total number of measurements and ¢; denotes
the i measurement time.

N

=5 A 22 (@) = @y () (17)

i=1

From a numerical standpoint, with respect to the sample length called L,
the average moisture content ., is calculated according to Eq. (17) where
Wyum 18 calculated using FDM and defined at each point.

Wy (1) :/mem(:c,t)dv (18)

The simplex method [41] consists of minimizing the objective function
using only function values and without calculating the derivative. Taking
into account the four unknowns (Dy, S, k and w,), this method consid-
ers a geometric polyhedron, called simplex, composed of 5 nodes, with each
node representing a unique solution. Based on a hierarchy of errors for each
solution, this algorithm reduces the geometric surface until convergence is
reached. The vertices of this polyhedron will undergo geometric transfor-
mations in moving towards a global minimum [42]. The simplex algorithm
iterations correspond to simple algebraic operations on the polygon vertices
for elementary geometric transformations (m, for reflection, m.. and m,. for
external or internal contraction respectively, m, for expansion and m, for

14
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Model definition

A simplex shape defined by M+1 vertices
mo = (my, m,, ..., my,,)

‘ Model update

Internal or external

contraction Reflection Expansion Shrinkage

s

3
Y

.
.

° my m,

m! = m® + Am°

Figure 8: Flowchart of the Simplex Algorithm

shrinkage) [43], as shown in Fig. 8. Each iteration transformation solely
depends on a series of comparisons between objective function values cor-
responding to the calculated points and values of the polygon vertices to
replace the worst vertex (maximum) by the new fixed point. The polygon
is thus reflected, extended or reduced depending on the function shape until
its optimum corresponds to a complete reduction of the simplex yielding the
optimal solution.

3.4. Resistivity-based numerical inversion

In order to determine the resistivity values associated with the resistance
measurements, the aim of this study is to develop an inversion strategy based
on a numerical model that is not restricted to the standard geophysics as-
sumptions (point injection in a semi-infinite medium). That’s why, the actual
sample dimensions and the geometry of electrodes should be taken into ac-
count. The finite element software C'ast3m has been employed to develop
the numerical model [44]. As a first simplified approach, the assumption of
an isotropic model has been employed. This assumption has yielded good

15
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results for small dimension samples in a laboratory scale [33]. As shown in
Fig. 9, the strategy is based on 3 main steps :

lcm

Numerical model
(finite element method)

L=

Mesh of half electrode

Refined mesh

v

Current injection and
multiplexing

A 4

Numerical Inversion
(Levenberg Marquardt algorithm)

Figure 9: Numerical model, multiplexing and inversion

Numerical direct model. Only half-samples have been discretized due to the
symmetry of the experimental configuration. As a first step, electrodes used
for both current injection and potential measurement, have been modeled as
semi-cylinders (Imm radius and 10 mm length) characterized by a high elec-
trical conductivity of 1E3 Q~'m~!. The discretization of the sample volume
has been developed according to the sample’s geometry and by preserving
electrodes installation areas. A refined mesh has been adapted for an accu-
rate forward calculation. In order to increase the current injection resolution,
the discretization was further refined around the electrodes and the mesh size
has been gradually increased until the sample size has been reached. Finally,
electrodes have been placed and connected to the sample.

Current injection and multiplering. Taking into account the multiplexing
procedures defined in the experimental protocol, the simulation of the mea-
surements combines current injection and potential calculus. The current

16
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injection has been established according to the ohm’s law resolution (Eq. 19)
where J is the current density (A.m™2), o is the electrical conductivity (S/m)
and V is the measured voltage (V).

T = —o grad (V) (19)

The material response to current injection is analogous to heat transfer pro-
cess described by the Fourier’s law (Eq. 20), where ¢ is the heat flux density
(W.m™2), X is the thermal conductivity (W.m~1.K~!) and T is the temper-
ature (K).

B ==\ grad (T) (20)

The current injection has been generated by delivering a current density (1A
intensity) from the electrode surface to the electrode-wood contact surface.
In accordance with the linear Ohm’s law, the resistance value remains inde-
pendent of potential or injected current.

Numerical inversion. The inverse resolution of the direct model serves to
deduce the resistivity properties of the studied medium by use of an op-
timization algorithm that minimizes the differences between measured and
calculated resistance values. In order to determine the distribution of resis-
tivity in the longitudinal profile of the sample, the assumption of constant
resistivity in the transverse direction has been employed. That’s why, an in-
version mesh has been defined by discretizing the sample into 10 elements of
variable widths (py, . .., p10) where each element is assigned to a homogeneous
resistivity value. The inversion mesh was coarser in the edges represented
by p1 (the dry side) and pjp (the wet side). Between the edges, the area is
divided into 8 equal width slices of 2.25 cm. This type of discretization has
been employed to recover at least one measurement in the wet side, and to
improve the reliability of measurements in the dry side. The coarse-meshed
resistivity field is then projected into the refined mesh to calculate the elec-
trical resistance.

The numerical inversion strategy relies on the identification of M elec-
trical conductivity m; with ¢ = {1,..., M}. The investigated medium is
discretized by a grid with a constant conductivity in each cell, as represented
by a vector m = (my, ma, ..., mys) used to deduce resistivity such as :

1 1 1
Myresistivity = (_a R ) (21>
my Mg mm
17
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The measured resistances are considered as a data vector d = (dy, da, ..., dyy),
with N depending on the multiplexing. The direct problem is then defined
as a function f(m), whose result is a vector compound of calculated resis-
tances from the direct model. The resolution of an inverse problem calls
for optimizing model parameters in order to minimize the difference between
measured and calculated data, yielding to the following objective function:

F = (Ad— JAm)T.(Ad — JAm) (22)

Ad=d— f(mp) (23)

where Ad represents the difference between measured and calculated data.
The inversion results converge on the correction of the initial model mg by
a perturbation Am. The NxM coefficients of the Jacobian matrix represent
the measurement sensitivity at one point to a variation in model parameters
and are calculated by approximating the derivative:

film; +Amy) — fi(m;)
Amj

Ji,j - (24)

This inversion model relies on the Levenberg-Marquadt algorithm [45], i.e.
according to the following expression:

Am = (JT T+ W) I Ad (25)

where W,, is an MxM identity matrix. This model includes a damping
factor A that allows for convergence to a realistic solution, which is used dy-
namically: the first iteration is performed with a high enough value (1E16)
compared to the high terms of the Jacobian matrix. For later iterations, the
perturbation Am is calculated with either a decrease «(0.2) or an increase
B(10) of the damping factor with respect the objective function evolution.
The matrix inversion is directly conducted using a Gaussian elimination with
partial pivoting. The stop criterion f,,, set at 1E-3, is based on the parame-
ters variation between two successive iterations:

M1 — My

< fm (26)

my;
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4. Results and discussions

4.1. Identification of diffusion parameters

Based on the approaches described in Sect. 3.1 and 3.3, simulations based
on diffusion modeling were conducted to determine numerically the evolution
of average moisture content in the sample. The diffusion parameters are
presented in Table 1.

Table 1: Diffusion parameters

Parameters Results

Do(m?/s)  3.02E-09
k -5.23
S(m/s) 5.63E-07
Wini (%) 10.6
we (%) 17.4

As shown in Fig. 10, results shows a good superposition between aver-
age moisture contents obtained by weighing and the evolution of numerical
average moisture content based on FDM. In fact, the determination of the
anhydrous mass by weighing allows to estimate initial MC and the equilib-
rium MC is adjusted by the presence of experimental data near equilibrium.
Numerical simulations were also performed by taking into account the dif-
fusion coefficients corresponding to the initial and the final (until moisture
content equilibrium) hydric states denoted D, , and D,, respectively. Re-
sults confirm that the mass transfer process depends on the degree of moisture
content of the material and the relationship between D and MC is illustrated
in Fig. 11.

The moisture dependence shows the variation of D from 1.73E-9 to 1.22E-
9 m?/s within the range of moisture content increasing from 10.6 to 17.4 %.
Results show a coherence as regards the to various works carried out to
identify the diffusion coefficient of different wood species in the longitudi-
nal direction for example : 1.8E-9 for Pinus sylvestris [46] and 1.04E-9 for
Abies [47]. Otherwise, the above results confirm the non-linearity of diffusion
process in the longitudinal direction with a negative coefficient k # 0. The
process is characterized by a low surface exchange coefficient S symbolizing
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Figure 10: Comparison between moisture contents determined by gravimetric and FDM
methods
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Figure 11: Evolution of diffusion coefficient

the superficial resistance for moisture transfer being equivalent to a wood’s
thickness of 2 to 3 mm.

Based on the optimized diffusion parameters, the spatial-temporal mois-
ture content profiles are developed throughout the sample (Fig. 12). The
distribution of the moisture content throughout the sample shows a clear
gradient from the dry side to the wet side. Results show a moisture content
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Figure 12: Numerical results of temporal spatial profiles of moisture content

range from 12.97 % to 17.34 %. The gradient decreases over the duration of
wetting process. After 1092 days, the calculated MC values shows a relatively
small variation which suggests overall coherence as regards the homogene-
ity of the moisture content distribution in the sample. The question rises
how long does it takes to get a uniform distribution throughout the sample.
The electrical resistivity measurements were set up in an effort to answer
this question. Electrical and MC profiles will be then mixed to establish a
transition relationship between resistivity and MC.

4.2. Identification of electrical properties

By taking into account 3 investigations levels, the identification is based
on the comparison of the electrical resistivity profiles obtained throughout
the experiment with the identified numerical MC spatial profiles. As shown
in Fig. 13, the numerical model satisfactorily aligns with measurements by
yielding a low error especially at the end of the humidification process when
the electric current is easily injected.

The numerical inversion results, presented in Fig. 14, confirm that the
resistivity gradient evolves from the dry side to the wet side of the sam-
ple in the longitudinal direction. The range of electric resistivity goes from
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Figure 13: Experimental and numerical results of electrical resistances profiles for 3 inves-
tigations levels (after 1092 days)
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The distribution of the resistivity throughout the sample shows a clear
gradient from the dry to the wet side. These results are consistent with MC
simulations by showing a homogeneous resistivity after 1092 days.

4.3. Determination of transition relationship parameters

Results presented in Sect. 4.1 and Sect. 4.2 will be mixed here to identify
the transition relationship between resistivity and moisture content. In fact,
at constant temperature, the transition law, linking the resistivity profiles to
the corresponding moisture content profiles, is determined by linear regres-
sion in order to evaluate the parameters F and F, as described in Eq. (1).
This identification is based on two methods as shown in Figs. 15 and 16.

Global identification. This approach is based on the use of all spatio-temporal
data of resistivities and moisture contents where the linear regression results
present a slope F' = —4.94 for a MC range from 13 to 17.3%. This represents
the variation coefficient of resistivity vs. moisture content.

13
3,13E+05 Qm
Iiraintiivic L HUNUUIUIU UIPRUIUN SNUIUIPIP AUIPIPRUN NUNPII
] A
1 y = -4,94% + 2,12
E :
248
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T all
| *, " 3,66E+04 Om
10 ;12,97 % ;17,34 %
-2.05 -2 -1.95 -1.9 -1.85 -1.8 -1.75 -1.7
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w in kg/kg

Figure 15: Global identification of transition law parameters

The negative value of F' confirms that resistivity decreases with an in-
crease in moisture content. This global trend confirms also that below the
PSF, the presence of moisture is mainly located in cell walls in the form of
bound water. This trend is different in the case of free water present in the
cell cavities [48].
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Weighted identification. In order to balance the weight of the resistivity mea-
surements, the data are weighted according to a moisture content step of
0.5%. This approach conducts then to identify F' = —6.25. This result
is consistent with the studies applying electrical resistance measurements
on softwoods species where Stamm [49] found F' = —5.99 for Pinuse-elliottii
(5<MC<32%) and Yamamoto [48] found F' = —6.12 for Araucaria-hunsteinii
(6<MC<25%). These comparisons confirm the hypothesis given by several
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Figure 16: Weighted identification of transition law parameters

studies assuming that the parameter F' is quasi-constant among wood species
[50, 51]. Furthermore, no significant effect of the change of the dimensional
scale is observed comparing to the results of a parametric study performed
on small Douglas-fir samples (50 x 50 x 50 mm?) where F' = —6.01 [34].

5. Conclusions

As mentioned in the bibliographic state-of-the-art, the durability of wood
material is often affected by the influence of climatic conditions i.e. the ser-
vice classes assigned to wood structures. In this paper, an original experimental-
numerical approach has been proposed to investigate moisture adsorption
process within the range of moisture content from 13 to 17.4 % for a Douglas-
fir sample. The developed method is based on multiplexed electrical resis-
tivity measurements and the following conclusions can be drawn:

- A useful guideline is provided for monitoring electrical resistivity gra-
dient in the longitudinal direction. In order to simulate the electrical
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injection, a finite element model has been developed and coupled to a
robust data inversion method.

- An exponential-based model has been used to characterize the mois-
ture diffusion process in wood. Results have shown a good agreement
between experimental data and simulations based on difference finite
method leading to a realistic moisture gradient.

- The relationship between electrical resistivity and moisture content was
defined at a constant temperature by using an empirical model.

The question rises how long does it takes to get a uniform distribution
over the cross section in radial and tangential direction and how big is the
influence of the gradient on the stress-strain-behavior. In addition, further
improvements have to be considered for in-situ investigations:

- Taking into account the effect of temperature (direct radiation), wind
and rain.

- Improving experimental acquisition in dry climatic conditions which
create problems of current injection and high electrical resistivities due
to low moisture content (<13%).

- Evaluating the effect of orthotropy by placing electrodes in the tangen-
tial and the radial directions of fibers.
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