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This paper  examines  the accuracy  of  a recently  developed  hygrothermal-corrosion  model  which  predicts
the  corrosion  of  fasteners  embedded  in  wood  by comparing  the results  of the  model  to a one  year  field
test.  Steel  and  galvanized  steel  fasteners  were  embedded  into  untreated  and  preservative  treated  wood
and  exposed  outdoors  while  weather  data  were  collected.  Qualitatively,  the distribution  of  corrosion
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products  along  the  length  of the fastener  were  in agreement  with  the  simulation  results.  Quantitatively,
the  combined  hygrothermal-corrosion  model  predicted  20%  less  corrosion  than  measured  in the  exposure
test  for  galvanized  steel  fasteners  due  to a lower  simulated  moisture  content.
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. Introduction

Metal fasteners, such as nails, screws, and bolts are an essential
art of wood construction. Corrosion is rarely a design consider-
tion and in most cases, carbon steel or galvanized fasteners are
sed with little or no corrosion problems. However, in preserva-
ive or fire retardant treated wood, corrosion can be a concern. A
004 change in the regulation of waterborne wood preservatives
ighlighted the need for corrosion research. Prior to the regulation
hange, the most common wood preservative was chromated cop-
er arsenate (CCA). Newer wood preservatives introduced to the
arket after the regulation change, such as alkaline copper quater-

ary (ACQ) were more corrosive, and in some case rapid failures
ere observed in service [1]. Further research has found that the

orrosion rate in ACQ treated wood is 2–6 times greater than in
ood treated with CCA [2–12]. This increase in corrosion rate has
ecreased the expected service life of a common decking nail by
ore than 90% [13].
The corrosion of metals in treated wood involves the reduction
f cupric ions from the wood preservative, depends upon wood
oisture content, and exhibits constant kinetics with time. It is

hermodynamically favorable for cupric ions in the wood preser-

∗ Corresponding author. Fax: +1 608 231 9592.
E-mail address: szelinka@fs.fed.us (S.L. Zelinka).

ttp://dx.doi.org/10.1016/j.corsci.2015.10.007
010-938X/Published by Elsevier Ltd.
vative to be reduced to copper metal in the presence of steel or zinc
galvanized fasteners. Not surprisingly, research has shown that the
corrosion rate depends upon cupric ion concentration [3,14]. The
corrosion rate also depends upon wood moisture content exhibit-
ing a sharp transition from zero at around 15% wood moisture
content to a plateau at a maximum corrosion rate at roughly 30%
moisture content [15,16]. Additionally, different wood species may
exhibit different corrosion rates because they contain different
amounts of acetic acid and tannins which are known to affect the
corrosion rate [17–29]. Unlike atmospheric corrosion, where the
corrosion kinetics slow down with time because of passivation
[30,31], corrosion of metals embedded in wood exhibits a con-
stant corrosion rate with time [32]. Therefore, the corrosion rate
depends only on the wood moisture content, wood species, wood
preservative, and fastener material but not the previous history.
It follows that hygrothermal models used to predict the moisture
content from environmental conditions can be further used to pre-
dict the amount of corrosion of embedded metals with some slight
modifications.

Zelinka et al. used a combined hygrothermal corrosion model
to predict the corrosion of embedded metals in seven different US
climates [33]. The combined model has also been used to exam-

ine differences in standardized corrosion test methods [34]. The
combined model utilized an existing, validated, two-dimensional
finite element hygrothermal model to calculate moisture content
of wood in response to environmental loadings [35]. Wood mate-

dx.doi.org/10.1016/j.corsci.2015.10.007
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2015.10.007&domain=pdf
mailto:szelinka@fs.fed.us
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Fig. 1. Photograph of the untreated (left) and treated (right) specimens at the begin-
ning of the 1-year exposure test. The “R” and “L” arrows denote the radial and
S.L. Zelinka et al. / Corrosi

ial properties came from the measurements of Zillig on Norway
pruce [36]. At each time step, the instantaneous corrosion rate, R
as calculated from the moisture content, M,  through the empirical

 = A

1 + eB(C−M)
(1)

here A, B, and C are fitting parameters [33]. Because of the shape
f the equation, parameter A also corresponds with the asymptotic
orrosion limit and was taken from electrochemical measurements
f galvanized steel in water extracts of ACQ treated wood [37].
arameters B and C were taken from a curve fit of polarization
esistance measurements at different moisture contents collected
y Short and Denis [15,16].

The original model provided insight into the relative amount
f fastener corrosion that would be expected across different US
limate zones, however it was unclear how accurate the pre-
ictions of the combined hygrothermal-corrosion model were.
he model used hygrothermal properties of Norway spruce (Picea
bies), which has very slow moisture transport, where the cor-
osion data was taken on southern pine (Pinus spp.), which has
uch different moisture storage and transport properties. Also, the

mpirical corrosion model used data from two different types of
ests: the shape of the corrosion rate as a function of wood moisture
ontent curve was taken from the measurements of Dennis et al.
15,16] but the asymptotic maximum corrosion rate was taken from

easurements taken in a water extract of treated wood [37]. Fur-
hermore, while the hygrothermal finite element model has been
alidated, it was unclear how the combined model compared to
ctual corrosion tests.

In this paper, we present a further refined hygrothermal-
orrosion model, and compare simulation results to the results of

 field test where fasteners were embedded in wood and placed
utside for a year. The refined model represents a culmination of
everal recent works examining the relationship between wood
oisture content and the corrosion rate [38] as well as refined
easurements of the moisture storage and transport properties

f southern pine [39]. The comparison presented herein illustrates
he potential usefulness of the combined model for predicting cor-
osion in wooden building components.

. Methods and materials

The experimental work consisted of conducting an outdoor
orrosion field test developed to compare and validate the com-
ined hygrothermal-corrosion model. Throughout the field test,
eather data were collected directly adjacent to the corrosion spec-

mens and these data were used as boundary conditions in the
imulations. An explanation of the experimental field test will be
resented first, followed by the details of the simulation.

.1. Field test

The wood specimens used in the field tests were cut from a
ingle large beam from the southern pine species group. Although
he exact species could not be determined, it was harvested from

 plantation where over 90% of the trees were slash pine (Pinus
lliottii). Southern pine was chosen as over 70% of the southern
ine harvested is treated with waterborne preservatives [40]. Spec-

mens were cut along the anatomical directions of the wood to
0 mm (tangential) by 90 mm (radial), approximately the size of

 nominal US “2 × 4”. The length of the boards of 610 mm (longitu-
inal), to match the geometry of the ASTM G198test specimen [41].

he end-grain was sealed with paraffin wax so that transport along
he longitudinal direction could be ignored. Nails were driven into
he 38 mm by 610 mm face, which was the tangential surface (see
ig. 1). This face was exposed outdoors pointing up, parallel to the
longitudinal directions, respectively; the tangential direction is perpendicular to
the  radial direction on the front face. The tangential surface is on the top of the
board and cannot be seen in these images.

ground, and therefore the primary direction of moisture transport
was in the radial direction.

Three of six wood specimens were treated with alkaline cop-
per quaternary type D (ACQ-D) as specified in AWPA standard
P5 [42]; the other half were tested in the untreated condition.
ACQ-D consists of 66.7% copper oxide and 33.3% didecyldimethy-
lammonium carbonate dissolved in ethanolamine. The treatment
was performed by submerging the wood in the treatment solu-
tion pulling a vacuum for 30 min, followed by applying pressure
(1034 kPa) for 60 min. The solution concentration was  0.7% to reach
the target retention of 4 kg m−3. This retention level corresponds
with applications outdoors but not in contact with the ground as
specified in AWPA U-1 [43].

Plain carbon steel fasteners and hot-dip galvanized steel nails
were tested. To minimize other differences between the fasteners
and focus solely on the effect of galvanization, the fasteners were
produced in the same production run from a manufacturer of hot-
dip galvanized fasteners, and the carbon steel fasteners were pulled
from the production line immediately prior to galvanization. The
fasteners were approximately 3.4 mm  in diameter and 64 mm in
length (nominal “8d” size). The thickness of the hot dip galvanized
coating ranged from 10 to 24 �m deep.

Fasteners were driven into wood, with a spacing of 38 mm from
the end and 33 mm between fasteners according to the geometry
specified in ASTM G198, which resulted in 16 nails per board. The
boards were then placed on posts that were 1.2 m above ground at
the Forest Products Laboratory experimental testing site, in south-
ern Wisconsin (USA) (43◦02′42′′N, 89◦33′09′′W).  The posts were
located about 2 m away from a building housing the data acquisi-
tion system, and specimens were on the south side of the building.

Weather data was recorded so that the simulation could use
these directly as inputs. Wind speed, wind direction, temperature,
relative humidity and precipitation were measured at the test site.
Solar radiation was obtained from the nearby ISIS Network MSN
station [44]. Cloud cover was calculated from data obtained from
the KMSN (local airport) cloud conditions. Temperature and rela-
tive humidity were measured with a Vaisala HMP233. The mast of
the wind sensor was 7.6 m high and located 15 m from the near-
est obstruction. Precipitation was  measured with a rain gauge that
was surrounded by a wind shield at the base of the mast of the wind

sensor. The rain gauge was not heated, which resulted in snow not
being included in the precipitation measurements until it melted.
While this method may  underestimate the amount of precipitation,
it is unclear whether snow covered wood absorbs moisture when
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he temperature is below freezing, and furthermore, the combined
ygrothermal-corrosion model enforces a no-corrosion condition
hen the wood temperature is below freezing, so the manner in
hich the rain gauge records snowmelt mimics how the model

omputes corrosion.
In addition to weather data, moisture content of the wood was

easured 70 mm below the surface with an electrical resistance
echnique at two locations per board for six total measurements
ach for treated and untreated specimens. Wires were embed-
ed into the wood with a conductive epoxy. The leads were
onnected to a Delmhorst Kil-Mo-Trol Plus K-1100 automated
oisture content measurement system. Readings were corrected

or temperature and species using a calibration curve developed
specially for the experiment that used conductive epoxy embed-
ed electrodes in untreated and ACQ-treated southern pine.

Immediately prior to testing, the fasteners were cleaned, dried,
nd weighed. The fasteners were cleaned in an ultrasonic bath with

 soap solution for 5 min, rinsed under flowing reverse osmosis (RO)
ater, and placed in an ultrasonic bath filled with RO water for an

dditional 5 min, after which they were rinsed with acetone and
ried under flowing air. After weighing the fasteners, they were
riven into the wood, which had been preconditioned for several
onths at 22 ◦C and 60% RH, with a resulting moisture content of

2.5%. The specimens were then placed out-doors within a couple
f hours of the fasteners being driven into the wood. The test was
tarted on July 31st, 2012 and continued for 8760 h.

After testing, the fasteners were removed from the wood by
awing notches into the wood and breaking the wood around the
astener; this allowed the fastener to be removed from the wood
ithout damaging the corrosion products with methods devel-

ped by Zelinka [45]. The fasteners were then photographed and
he loosely-adherent corrosion products were brushed off and col-
ected for X-ray diffraction (XRD) analysis. The remaining corrosion
roducts were removed by chemically cleaning them in a bath
omprised of 50 vol% EvapoRust (Orison, Abeleine, TX) and 50 vol%
ater in an ultrasonic cleaner for 60 min, dried and weighed. To

orrect for loss of the base metal by the cleaning procedure, uncor-
oded replicates were also cleaned with this procedure and it was
ound that they lost 2.8 mg.  This was accounted for when calcu-
ating the mass loss caused by corrosion through the following
ormula

m = mi − mf − mc (2)

here m is the mass and the subscripts i and f stands for initial,
nd final, respectively, and subscript c stands for the mass change
aused by cleaning (taken as −2.8 mg). The change in mass was
hen used to calculate the average corrosion rate (R, in �m year−1)
hrough

 = k
�m

(3)

�at

here � is the metal density (7.87 g cm−3 for steel, 7.13 g cm−3 for
alvanized steel), tis the time of the experiment (8760 h), k is a
onstant needed for unit analysis, and a is the surface area (cm2)

able 1
alues of A, B, and C used in the empirical Eq. (1) used to calculate the corrosion rate as a
t  al. [38].

A (�m/year) 

Steel Treated pine 25.2 

Untreated pine 0.7a

Galvanized
steel

Treated pine 54.6 

Untreated pine 4.4a

a The asymptotic maximum corrosion rates for untreated wood were taken from meas
2]. A better prediction can be obtained by using a value of 19.7 for steel and 14.6 for galv

b These parameters were not measured for untreated wood, but instead the values for 
nce 102 (2016) 178–185

of the fastener which was  determined optically by the method of
Rammer and Zelinka [46,47].

An attempt was made to characterize the corrosion products
using powder X-ray diffraction (XRD). Corrosion products were
removed, collected and XRD patterns were collected using an Inel
(Artenay, France) CPS 120 wide angle diffractometer with a Cu K�
source. However, there were not enough corrosion products to get
a useable signal. Instead the chemical composition of the corrosion
products were analysed with energy dispersive X-ray spectroscopy.

Cross sections of corroded fasteners were examined with scan-
ning electron microscopy to characterize the depth of the corrosion
attack. Two locations on the fasteners were examined; 5 mm  below
the fastener surface and 60 mm below the fastener surface. These
locations were chosen as the simulations predicted a high amount
of corrosion at 5 mm and relatively little corrosion at 60 mm.

2.2. Simulations

The results of the field test were compared against the results of
a computer simulation which utilized the combined hygrothermal-
corrosion model developed by Zelinka et al. [33]. The method used
a finite element model with adaptive time stepping to calculate
the wood moisture content at each node from hourly weather data
and an empirical corrosion post-processor, which calculated the
instantaneous corrosion rate at each hourly time step.

Simulations represented the field corrosion test where a nail
was driven into the 40 mm face of a 40 by 90 mm wide piece of
wood. To simulate the field exposure, a full set of boundary con-
ditions was  applied to the top surface with the nail head (i.e. rain,
temperature, relative humidity, solar radiation, wind). Only tem-
perature and relative humidity boundary conditions were applied
to the other faces of the wood.

The simulations utilized a 2D computational domain. Since the
ends of the wood beams were covered with an impermeable coat-
ing during the field tests, the beam was  treated as semi-infinite and
therefore the third dimension could be ignored in the simulation.
A majority of the moisture movement was  1 dimensional (from a
front of liquid water on the top of the board caused by rainfall);
however, the drying was 2-dimensional and comparisons between
1D and 2D simulations showed up to a 20% difference. For the 2D
simulations, a symmetry plane was  used to reduce the mesh to a
physical size of 20 by 90 mm.  The mesh was non-uniform with a
higher density of nodes near the surface exposed to the rain and
was constructed with 2301 elements and 2400 nodes.

The simulations utilized wood material properties collected on
the same parent material as the corrosion test specimens by Zelinka
et al. [39] to calculate the wood moisture content from the weather
data. The relationship between the wood moisture content and the
corrosion rate used the empirical relationship in Eq. (1) applied
with a temperature criterion. If the temperature at the wood-metal

interface was less than or equal to 0 ◦C, it was assumed that no cor-
rosion occurred during the hourly time step because of the lack of
liquid water. Otherwise, Eq. (1) was  applied to determine the corro-
sion rate for the time step, and an incremental amount of corrosion

 function of moisture content based upon a best fit to the corrosion data of Zelinka

B (g/g) C (g/g)

40.8 0.239
40.8b 0.239b

19.9 0.256
19.9b 0.256b

urements of fasteners embedded in wood and exposed to a 100% RH environment
anized steel (see Section 4).
treated wood were used for untreated wood.
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Fig. 3. Average gravimetric corrosion rates from the field test (grey) and predicted

the steel fastener, Fe, O, C, and Cu could be detected. The copper
in the surface of the corrosion products represents reduced copper
from the wood preservative. In previous, laboratory, experiments,
ig. 2. Cumulative amount of measured precipitation during the 1 year exposure
est and used in the simulation.

as calculated each hour and added to the cumulative amount of
orrosion. The parameters A, B, and C were determined by running
aboratory corrosion tests at several different fixed relative humidi-
ies for 1 year. The laboratory tests used the same nails and treated
outhern pine as the field tests and the results were presented pre-
iously [38]. For the untreated specimens, data were only available
rom a different study on southern pine where measurements were
aken at 100% relative humidity [2]. The corrosion rate measured
nder these conditions was assigned to parameter A (the asymp-
otic maximum corrosion rate), and the parameters B and C were
aken to be the same as those found in treated wood. The parame-
ers used in the empirical corrosion models for steel and galvanized
teel in treated and untreated wood are given in Table 1.

. Results

.1. Field test

The mean of the hourly temperature measurements was  7.4 ◦C
ver the year-long test. Of the 8760 hourly measurements, there
ere 6034 h where the temperature was above 0 ◦C. There was

.97 m of precipitation (measured as liquid), and precipitation was
ecorded during 594 of the hourly measurements (Fig. 2).

The average corrosion rates, determined gravimetrically, are
hown in Fig. 3. Similar to previous laboratory tests the hot-dip
alvanized fasteners exhibited a higher corrosion rate than steel
asteners [38,48,49] in ACQ-treated wood.

The severity of the corrosion attack was also measured by exam-
ning the amount of the fastener that exhibited visible corrosion
roducts (Fig. 4). The corrosion was unevenly distributed along
he length of fasteners because the top of the block of wood was
xposed to rain, so the nail head had more rust than the nail tip,
hich had no visible corrosion products. The amount of visible cor-

osion products were recorded by measuring the fasteners along
heir length from the head until the last visible corrosion product,
nd we refer to this as the corrosion length. The corrosion length
as measured from calibrated images using ImageJ, a freely avail-

ble software developed by the US National Institutes of Health
50]. The average corrosion length for the steel and galvanized fas-
eners was 32 and 35 mm,  respectively, in the treated wood. For the

ntreated wood, the steel fasteners had an average corrosion length
f 25 mm;  the corrosion length could not easily be determined for
he galvanized fasteners (Fig. 4d).
from the computer simulation (white) for steel and galvanized steel in untreated
and ACQ-treated wood. Error bars represent the standard error.

Cross sectional scanning electron microscopy images (backscat-
ter) are presented in Fig. 5. The images from the backscattered
electrons provided more contrast between the steel fastener, gal-
vanized coating, and the corrosion products than the secondary
electron images. Fig. 5a and 5b shows the galvanized cross sec-
tion at 60 mm and 5 mm below the wood surface, respectively. The
thickness of the corrosion products at 60 mm ranges between 5
and 10 �m,  and the galvanized coating thickness ranges between
45 and 60 �m.  In the corrosion zone, the corrosion products were
30 �m thick and the galvanized coating thickness was  between 20
and 25 �m.  Figs. 5c and 5d shows the steel fastener cross sections
at 60 mm and 5 mm below the wood surface. At 60 mm,  corrosion
products were less than 1 �m thick, and were between 45 and
50 �m thick at 5 mm below the wood surface.

Energy dispersive X-ray spectroscopy spectra are presented in
Fig. 6 along with the electron micrographs of the surface. For the
galvanized fastener (top), only Zn, O, and C could be detected. For
Fig. 4. Images of the fasteners after being removed from the 1-year field exposure
test. (a) steel fastener in treated wood, (b) steel fastener in untreated wood, (c)
galvanized fastener in treated wood, (d) galvanized fastener in untreated wood.
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Fig. 5. Backscattered electron images of (A) galvanized fastener 60 mm below the surface of the wood (B) galvanized fastener 5 mm below the surface of the wood (C) steel
fastener 60 mm below the surface of the wood (D) steel fastener 5 mm below the surface of the wood.

Fig. 6. Energy dispersive X-ray spectra with the corresponding scanning electron microscope image showing where the spectra were collected. Top: galvanized steel fastener.
Bottom: steel fastener.
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Fig. 7. Average measured moisture content of the ACQ-treated wood 70 mm below
the  surface compared with that predicted from the hygrothermal simulation.
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ig. 8. Average measured moisture content of the untreated wood 70 mm below
he surface compared with that predicted from the hygrothermal simulation.

opper had only been detected on fasteners placed in wood that
ad been saturated with liquid water, and not on fasteners placed

n a humid environment [38].

.2. Simulations

The simulated wood moisture content at 70 mm below the
urface of the wood is shown in Figs. 7 and 8 for the treated
nd untreated wood, respectively. Themeasured moisture content
verlaid. For the treated wood, the simulated moisture content
oves in the same direction as the measured moisture content and

s mostly within the variation of the measured moisture contents
rom November, when the moisture content readings started until
pril. Starting in April, the measured moisture contents have larger
uctuations than the simulated data and in general, the simulated
oisture content is less than the measured moisture content during

his time period.
The combined hygrothermal-corrosion model output the
mount of corrosion (in �m)  as a function of position below the
ood surface (Fig. 9). The shape of the curves in Fig. 9 shows a
aximum corrosion attack about 10 mm below the surface. The
aximum at 10 mm below the surface is a result of liquid water
Fig. 9. The thickness of corrosion attack (depth of corrosion penetration) as a func-
tion of the fastener position below the wood surface.

movement through the wood during rain events. The top surface
saturates during a rain event, and a wet zone advances into the
wood. When the rain event is over, the wood dries predominantly
from the top surface, resulting in the area just below the surface
remaining the wettest for the longest period of time and having
the most corrosion attack.

From the data in Fig. 9 the average corrosion rate could be cal-
culated by a trapezoidal integration of the curve and dividing by
the length of the fastener. The simulated average corrosion rates
during the one year test were 14.4 and 5.7 �m year−1 for the galva-
nized steel and carbon steel fasteners embedded in treated wood.
For the untreated wood, the average corrosion rates were 1.07 and
0.14 �m year−1, respectively. These data are included in Fig. 4 for
a comparison.

Qualitatively, the shape of the curves in (Fig. 9) is similar to
the behavior exhibited by the fasteners embedded in wood where
the visual corrosion products are near the head of the fastener
and the fastener tip appears relatively unaffected by the corrosion.
The simulations show a large decrease in the amount of corrosion
approximately 30–40 mm below the wood surface, which is similar
to the amount of fastener that showed visible corrosion products
(Fig. 4). However, it is difficult to quantitatively compare the depth
of the corrosion attack visible in Fig. 4 to the simulations in Fig. 9
since the simulations do not reach zero corrosion. It is possible that
there was some very slight corrosion attack on the bottoms of the
fasteners that it did not result in a visible patina.

4. Discussion

The purpose of this paper was  to examine how well a recently
developed combined hygrothermal-corrosion model could predict
the amount of corrosion exhibited by fasteners in a field exposure
test. Steel and hot-dip galvanized steel fasteners were embedded
in untreated and ACQ-treated wood and exposed for one year. The
corrosion model had been developed for steel and galvanized steel
in ACQ-treated wood; similar parameters were used for untreated
wood to see if the combined model could be used for untreated
wood (Table 1). Not surprisingly, the model predicted the corrosion
of fasteners in treated wood much more accurately then it did in

the untreated wood. Comparisons between the model and the field
test can be made both in the total average amount of corrosion and
the distribution of the corrosion with respect to the wood surface.
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The simulations slightly underestimated the total yearly amount
f corrosion for the steel and galvanized steel fasteners in ACQ-
reated wood. The simulations predicted an average corrosion rate
f 5.7 �m year−1 for the steel fastener and 14.4 �m year−1 for the
alvanized fastener compared to the measured 9.1 and 17.9 �m
ear−1, respectively. Interestingly the absolute difference between
he simulated and measured corrosion rates are nearly identical for
he steel and galvanized steel at 3.4 and 3.5 �m year−1, respectively.

The most probable explanation for the difference between the
imulated and measured corrosion rates is that the simulation
nder-predicted the wood moisture content from April until the
nd of the field test on July 31st (Fig. 7). The simulations only took
nto account for rain striking the top surface of the board, and ignore

ind-driven rain striking the sides of the board, and also ignore
otential runoff from the surface onto the sides of the board. It is

ikely that the differences between the measured and simulated
oisture content are related to the model’s assumption that there

s no rain deposition on the sides of the board.
Given these discrepancies in the moisture content, the simu-

ations appear to do an adequate job of predicting the amount of
orrosion that embedded steel and galvanized steel fasteners may
xhibit in treated wood. However, the simulations greatly under-
stimated the amount of corrosion that occurred in the untreated
eld test by predicting essentially no corrosion for the steel fastener
nd only 1 �m year−1 for the galvanized steel fastener. Assuming
he combined model can be adapted to untreated wood, there are
wo possible explanations for this discrepancy. The first is that the
imulations were predicting too low of a moisture content, and the
econd is that the corrosion post-processor did not have the correct
elationship between the wood moisture content. Fig. 6 shows that
he model was able to predict the correct wood moisture content,
hich suggests that it is likely that the corrosion post-processor
as not able to predict the amount of corrosion for untreated wood.

The corrosion post-processor used the same functional depen-
ence of the corrosion on the wood moisture content for both the
reated and untreated wood. The only difference in the models was
arameter “A” which represents the asymptotic maximum mois-
ure content, which for the untreated wood was taken from a study
here fasteners were embedded in wood and equilibrated at 100%

elative humidity. It is clear that the values of “A” used in the model
or untreated wood were too low; the steel fastener in the exposure
est exhibited a higher corrosion rate than the value of A used in
he model. Since A represents the maximum amount of corrosion
xpected when the wood remains saturated all of the time, clearly
he results of the field test should not be greater than A.

In previous work measuring the moisture content dependence
n treated wood, measurements were also attempted in untreated

ood; however, these measurements were not successful. The
solution” resistance of untreated wood at low moisture contents
s too high (on the order of 108 � m)  to take electrochemical mea-
urements [51]. Gravimetric corrosion rate measurements are also
ifficult; the corrosion rates measured in wood in equilibrium with
00% relative humidity were barely measureable at less than 1 �m
er year, so the dependence at even lower moisture contents is
nlikely to yield reliable results. Realistically, the model could only
e improved by developing an accurate prediction for the maxi-
um  corrosion rate (parameter A) and using the shape of the curve

ound for treated wood.
Given these difficulties in independently obtaining data that can

e used to determine the model parameters for untreated wood, it
ay be useful to use the field test to determine a value of parame-

er A that can be used for practical modeling purposes. To do this,

e took the untreated moisture content as a function of time as
etermined from the model and repeatedly ran it through the post
rocessor with different values of parameter A and compared the
verage corrosion rate to the amount of corrosion measured in the
nce 102 (2016) 178–185

field test. The best agreement between the model and the field tests
occurred when parameter A was set to 19.7 �m year−1 for steel fas-
teners and 14.6 �m year−1 for the galvanized fastener. While more
data would be beneficial in refining the model for untreated wood,
these values for parameter A should give reasonable predictions
for simulations predicting the amount of corrosion that could be
expected in untreated wood.

5. Conclusions

Here we  conducted a one year field exposure test of steel
and galvanized fasteners embedded in untreated and ACQ-treated
wood and compared the results to a combined hygrothermal-
corrosion model developed for predicting when fastener corrosion
might cause problems in building applications. The following con-
clusions could be drawn:

1. The simulated moisture content was correlated with the mea-
sured moisture content. However, the simulation did not have as
high of moisture contents as the measured moisture contents.

2. Qualitatively, the simulated amount of corrosion along the
length of the fastener matched the patterns of the visible corrosion
products.

3. For the treated wood, the combined hygrothermal-corrosion
model slightly underestimated the amount of corrosion for steel
and galvanized steel fasteners. However, the model correctly cap-
tured the relative differences between the amount of corrosion in
the steel and galvanized steel fasteners. The underestimation in the
predicted corrosion is most likely related to the underprediction of
the moisture content during the high wetting periods.

4. When literature values were used in the model, the model was
unable to reliably predict the corrosion of fasteners in untreated
wood. This was attributed to quality of the data used to construct
the corrosion post-processor. Because there were relatively few
data available, the field data was used to determine appropriate
parameters for the corrosion post processor for untreated wood.
The model agrees with the field test when parameter A is set to
19.7 �m year−1 for steel fasteners and 14.6 �m year−1 for untreated
fasteners.
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