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Abstract
This article describes a theoretical method of linking fastener corrosion in wood connections to potential reduction in

lateral shear strength. It builds upon published quantitative data of corrosion rates of metals in contact with treated wood for
several different wood preservatives. These corrosion rates are then combined with yield theory equations to calculate a loss
in lateral capacity as a function of time. The calculations are straightforward and can be performed in a spreadsheet or simple
computer program. They can accommodate time-dependent and moisture-dependent corrosion rates. The latter of these
capabilities can easily be recognized as important, inasmuch as corrosion rates of fasteners are recognized as being dependent
on moisture content of the wood in which they are embedded. The calculation method is dependent on corrosion rate, and the
method is therefore limited by the lack of agreement in corrosion rates presented in the literature. Within these limitations,
the article examines how different corrosion rates and changes in corrosion rates affect the mechanical properties and service
life of nailed wood joints.

Since the voluntary withdrawal of chromated copper
arsenate (CCA) as a wood preservative for residential
construction in January 2004, the corrosion of metals in
contact with preservative-treated wood has been a research
emphasis. In addition to numerous articles on the mecha-
nism of corrosion in treated wood (e.g., Kear et al. 2009;
Zelinka et al. 2010; Zelinka and Stone 2010, 2011), a
standard has also been developed to measure the corrosion
rates of metals embedded in treated wood (ASTM
International 2011). The emphasis of corrosion research
has been on quantifying the metal corrosion rate in units of
depth of metal wastage per unit of time. The previous work
represents a significant improvement in the understanding of
how metals in wood corrode. However, because metals in
wood are used to fasten two wooden members together, the
loss in joint strength with time is just as important as the
amount of metal that has corroded. Nguyen et al. (2011)
have highlighted the importance of incorporating corrosion
into a reliability-based timber engineering design code and
proposed a preliminary model to do so based upon time of
wetness for untreated and CCA-treated wood.

This article extends previous work on the degradation of
wood–metal connections by examining how metal corrosion
leads to a loss of structural capacity of a laterally loaded
nailed joint. The reduction in lateral capacity is calculated
from yield theory equations given in the ‘‘National Design
Specification (NDS) for Wood Construction’’ (American
Wood Council 2012). Specific examples are shown
comparing the reduction in lateral capacity as a function

of time for corrosion rates measured for untreated, alkaline
copper quaternary (ACQ)–treated, and CCA-treated wood.

Method for Calculating the Loss
of Lateral Capacity

Yield theory equations

Single-fastener connection performance is dependent
on joint geometry, fastener diameter, dowel bending-yield
strength, dowel bearing strength, and direction of load to
the grain. Yield expressions relating these parameters
were developed by Johansen (1949) using a static analysis
that assumes the wood and the metal dowel fastener are
both perfectly plastic. After nearly a decade of develop-
ment, the yield model became the standard for dowel
connection design in the 1991 NDS and is applicable to
all types of dowel fasteners—nails, lag screws, and bolts
(McLain and Thangjitham 1983, Aune and Patton-
Mallory 1986, Soltis et al. 1986, Soltis and Wilkinson
1987, McLain 1992, Wilkinson 1993). The yield theory
model selects the worst case of yield modes based on
different possibilities of wood bearing and nail bending.
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Mode I is a wood-bearing failure in either the main or
side member, Mode II is a rotation of the fastener in the
joint without bending, and Modes III and IV are a
combination of wood-bearing failure and one or more
plastic hinge yield formations in the fastener. In addition
to yield modes, we have included the transverse shear of
the fastener as a possible failure mode. For a two-member
nailed joint, the lateral design load Z(N) of a joint is
determined by the minimum of the following yield
expressions because a Mode II failure is not expected
for smaller diameter fasteners such as nails:

Z ¼ min
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and where D is the dowel diameter (mm), F is the dowel
bearing stress of the main (Fem) or side (Fes) member
(MPa), Fyb is the bending-yield stress of the nail (MPa),
lp is the length of penetration into the main member, and
Ts is the thickness of the side member. For a shear
failure, the yield shear stress is determined from Fyb

because pure shear occurs on 458 planes, and Fyb is
representative of the material tensile yield stress for a
fully plastic section.

In the following examples illustrating the effect of
corrosion on the lateral fastener strength, several assump-
tions were made. The first assumption is that the corrosion
only reduces the section modulus of the nail, not Fyb or the
elastic modulus of the fastener. Practically, this assumption
is implemented also assuming uniform corrosion over the
entire nail and using the corrosion rate as a constant
reduction in diameter with time. The other assumptions deal
with the dowel bearing strength. It is assumed that the
corrosion by-products do not affect Fe and that at failure, the
wood moisture content is greater than 19 percent; in this
regime, the NDS treats dowel bearing strength as indepen-
dent of moisture content (Rammer 2001). This is reasonable
because it is likely that the moisture content is greater than
19 percent if corrosion is occurring (Baker 1988, Short and
Dennis 1997).

For a given joint geometry, wood species, and fastener
bending-yield stress, the equations depend only on the
fastener diameter, which is a function of the corrosion rate.
Corrosion rates for metals in wood will be reviewed in the
following section. These corrosion rates will then be used
throughout the article to examine the relative lateral
capacity of nailed joints in many different scenarios.

Corrosion rates of metals in contact with
treated wood

Since the voluntary withdrawal of CCA for use in
residential construction, many experiments have measured
the corrosion of metals in ACQ- and CCA-treated wood
(Freeman and McIntyre 2008, Zelinka et al. 2008, Kear et al.
2009, Zelinka and Rammer 2009). However, there is little
agreement between these measurements; the measured
corrosion rates from these tests have a wide range of values,
for example, from 2 to 113 lm y�1 and from 1 to 26 lm y�1

for hot-dip galvanized steel in ACQ- and CCA-treated wood,
respectively. These wide differences in measured corrosion
rates most likely result from experimental differences in
temperature, relative humidity, and wood moisture content.
The emphasis of this article is on the framework for analyzing
how the relative lateral capacity depends upon corrosion rate;
therefore, only a few representative corrosion rates will be
used in the ensuing analysis. The representative condition
chosen for further analysis is 278C, 100 percent relative
humidity (RH), which Baechler (1949) chose to simulate
outdoor exposures. The condition is chosen because data exist
under these conditions for hot-dip galvanized steel in
untreated and CCA-treated and ACQ-treated wood, and it is
one of the most tested environments for wood–metal corrosion
(Baechler 1949, Baker 1992, Kear et al. 2009, Zelinka and
Rammer 2009, Zelinka et al. 2010).

The corrosion rate for CCA-treated wood comes from a
study conducted by Baker (1992), which reported the percent
weight loss for ‘‘CCA-I’’ and ‘‘CCA-II,’’ which were
essentially equivalent to modern CCA-A and CCA-B. Zelinka
and Rammer (2009) later converted the percent weight loss to
a true corrosion rate. Baker’s study involved 11 different types
of metal fasteners embedded in CCA-treated and ammoniacal
copper arsenate (ACA)–treated wood at 278C and 97 to 100
percent RH for periods of 1, 3, and 14 years. Baker found a
linear relationship between percent weight loss and time,
which implies a constant corrosion rate assuming a constant
surface area. The corrosion rate for CCA-I, which was found
constant between 1 and 14 years, is used in the remainder of
this article (Table 1).

The untreated and ACQ-treated wood corrosion rates
come from 1-year exposure tests at 278C and 100 percent
RH (Zelinka and Rammer 2009, Zelinka et al. 2010). These
corrosion rates are assumed to be constant with time, as was
observed by Baker in CCA-I–treated wood. This assumption
and its implications are further examined in the section
‘‘Examination of a time-dependent corrosion rate.’’

The corrosion rates, treatments, and original source for
the data are summarized in Table 1 and will be referred to
throughout the article.

Effect of Corrosion on the Lateral
Joint Strength

To illustrate how the yield theory equations can be used to
calculate the reduction in lateral joint strength, we examine
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the corrosion of an 8d common nail (length, 63 mm; D¼ 3.4
mm) in treated southern pine (Pinus spp; Fyb¼ 620 MPa, Fem

¼Fes¼38 MPa). We first illustrate how these equations can be
used to predict the loss in lateral strength with time for all
yield theory modes. We then focus on Mode IV yielding and
show the percentage of the original capacity as a function of
time. If an arbitrary failure criterion (e.g., 50% of original
capacity) were defined, the time to failure could be determined
with these data. To illustrate the flexibility and robustness of
this methodology, three additional cases are examined. In the
first case, a coated fastener is examined. The final two cases
examine what happens when the corrosion rate varies with
time and moisture content.

Examination of all failure modes

Figure 1 presents the reduction in capacity of the lateral
strength of a single shear nailed joint for corrosion rates of
10 lm y�1 (Fig. 1a) and 60 lm y�1 (Fig. 1b). These
corrosion rates are roughly equivalent to those measured in
exposure tests for hot-dip zinc galvanized fasteners in CCA-
and ACQ-treated wood, respectively (Table 1). Each line on
the graph represents a 10 percent reduction in capacity, and
the second order discontinuities are a result of a change in
failure mode. For a narrow side member, which exhibits
Mode I behavior, the reduction is directly related to the

reduction of nail diameter due to corrosion. As the side
member thickness increases, the reduced diameter will
affect both the bearing and nail bending performance. For
large enough side member thicknesses, the joints will fail in
Mode IV, which is independent of the wood thicknesses.
Transverse fastener shear is never the controlling failure
mechanism. Importantly, joints governed by Mode IV have
the fastest reduction in capacity with time. Because most of
the work on corrosion in wood has examined decking nails,
and the most common decking material in the United States
is ‘‘5/4 radial deck board’’ (25 mm thick), it can be expected
that decking nails will most likely exhibit a Mode IV
yielding in service. Not only does a Mode IV failure
represent the most probable failure mode in decking
applications but it also represents the quickest time to
complete strength loss. Therefore, only Mode IV failures
will be considered in the next four cases.

Examination of Mode IV yield mode

For Mode IV failures, which are expected in decking
applications, the reduction in lateral capacity depends only
upon the corrosion rate and the initial diameter of the
fastener. Figure 2 illustrates the reduction in lateral capacity
for an 8d nail in a Mode IV failure with several different
corrosion rates. The 5-lm y�1 corrosion rate corresponds to

Table 1.—Corrosion rates used in this study and pertinent details from the original study.a

Corrosion

rate (lm y�1) Reference Treatment Experimental details

5 Zelinka et al. (2010) Untreated 1-y exposure in a desiccator maintained at 278C, 100% RH

10 Baker (1992), Zelinka and

Rammer (2009)

9.6 kg/m3 CCA-Ib 1, 3, and 14 y in an enclosure at 278C with a humidifier to

maintain 97%–100% RH

60 Zelinka and Rammer (2009) 4 kg/m3 ACQ-Dc 1-y exposure in a desiccator maintained at 278C, 100% RH

a All tests were performed on hot-dip galvanized steel fasteners. RH¼ relative humidity.
b CCA¼ chromated copper arsenate. CCA-I was a formulation of CCA listed in an outdated classification system. CCA-I was essentially equivalent to

CCA-A (‘‘salt’’ formulation of CCA). CCA-A imparted greater conductivity to wood treated with it than does CCA-C (Richards 1990). CCA-C is the

only CCA formulation currently listed in American Wood-Preservers’ Association standards. CCA-C has retained Environmental Protection Agency

listing as a restricted use preservative (Lebow 2010).
c ACQ ¼ alkaline copper quaternary.

Figure 1.—Percent reduction of capacity as a function of time for an 8d common (3.4-mm) fastener embedded in wood with an
assumed corrosion rate of (a) 10 lm y�1 or (b) 60 lm y�1, which corresponds to corrosion rates measured for hot-dip galvanized
steel at 27 8C, 100 percent relative humidity for chromated copper arsenate– and alkaline copper quaternary–treated wood,
respectively. Each contour represents a 10 percent loss in capacity.
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galvanized steel in untreated wood, and the 10 and 60 lm
y�1 corrosion rates have been described previously (Table
1). For Mode IV failures, the yield strength is inversely
related to the square of the diameter, which results in the
lateral capacity decreasing rapidly with increasing corrosion
rate. By arranging the terms, it is possible to express the
time to a given percentage of the original capacity as a
function of the corrosion rate, r, and the original diameter,
d0. For instance, the time to 50 percent of the original
capacity, t50, can be given by

t50 ¼
d0ð2�

ffiffiffi

2
p
Þ

4r
ð3Þ

This expression is shown graphically for an 8d fastener in
the inset of Figure 2.

Examination of a galvanized fastener

For galvanized and other metal-coated fasteners, corro-
sion rate in the initial stages, when the coating is continuous
and completely intact, is equivalent to the corrosion rate of
the coating metal by itself. Once the coating has completely
corroded away, corrosion proceeds at the rate of the base
metal. The measured corrosion rates (Table 1) are high
enough that a typical hot-dip galvanized fastener (with a
coating on the order of 100 lm) would last only a few years
before the base metal was completely exposed. Therefore, it
is instructive to examine how the above calculations change
for coated fasteners, where the corrosion rate experiences a
change when the coating has disappeared, that is,

r ¼ rcoat 0 , t , tcrit

rbase t.tcrit

�

ð4Þ

where tcrit is the time at which the galvanized coating has
completely corroded away, given by

tcrit ¼
Tcoat

rcoat

ð5Þ

where Tcoat is the thickness of the coating. Although

Equation 4 is generally valid, literature values on the ratio of
corrosion rates of galvanized steel to plain steel corrosion
rates in treated wood vary greatly. Kear et al. (2009) and
Zelinka et al. (2010) both measured the corrosion of metals
embedded in wood for 1 year in an environmental chamber
at 100 percent RH. Surprisingly, Kear et al. observed that
the corrosion rate of galvanized steel was less than that of
plain steel, whereas Zelinka observed that the corrosion rate
of galvanized steel was greater than that of plain steel.

Given this uncertainty in relative corrosion rates, it is
possible that the corrosion rate of a galvanized fastener
could increase or decrease once the coating has completely
corroded. In either case, the relative lateral capacity as a
function of time will depend upon the corrosion rates of
both the coating and base metal. The total loss in capacity
can be determined by Equations 4 and 1. Figure 3 illustrates
the importance of accounting for the corrosion rate of the
coating for an 8d nail exhibiting a Mode IV failure, where
the galvanized coating is 100-lm thick and has a corrosion
rate of 10 lm y�1 (CCA-I; Table 1). Along with the
‘‘baseline case’’ where the entire thickness of the fastener
has the same corrosion rate, two different scenarios are
plotted. In the first case, the ratio of the steel corrosion rate
to the galvanized corrosion rate is assumed to be 2.5, as
found by Kear et al. (2009); in the second, it is assumed to
be 0.5, as found by Zelinka et al. (2010). It is clear from
Figure 3 that the corrosion rate of the base metal plays an
important role in the reduction in capacity of the structure
with time because the coating can be completely corroded
so quickly.

Examination of a time-dependent
corrosion rate

The above analysis assumes that the corrosion rate is
constant with time, which is consistent with observations by
Baker (1992) for galvanized fasteners embedded in treated
wood for times ranging between 1 and 14 years. This is
consistent with literature observations of the corrosion rate
of galvanized steel exposed to atmospheric corrosion;

Figure 2.—Reduction in capacity of an 8d decking nail
exhibiting a Mode IV failure. (Inset) The number of years until
a 50 percent reduction in capacity is reached as a function of
corrosion rate.

Figure 3.—Relative capacity as a function of time for an 8d
common galvanized fastener corroding at 10 lm y�1 and
exhibiting a Mode IV failure. Different lines represent different
relative steel:galvanized steel corrosion rate ratios.
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Legault and Pearson (1978) reviewed the corrosion kinetics
of galvanized steel and found that in most industrial and
marine environments, galvanized steel exhibited a constant
corrosion rate because the corrosion products dissolve in
low-pH water/rainwater. Because it is well known that wood
is acidic, it is not surprising that galvanized steel exhibits a
constant corrosion rate in wood. However, for most other
metals, and for galvanized steel exposed to less acidic
conditions, the corrosion rate usually decreases with time
(Zhang 2003).

Empirically, it has been observed that the corrosion
kinetics for atmospheric corrosion can be described by

DW ¼ Ktn ð6Þ
where DW is the change in weight, K is a constant (the 1-y
corrosion rate), t is the time in years, and n is an exponent
that controls the kinetics and describes the resistance for ion
transport to the metal surface through the corrosion product
once it has formed. The limiting case, n ¼ 1, observed by
Baker (1992), corresponds with a constant corrosion rate
with time and physically represents a case where the
corrosion products do not remain on the surface, or they
remain but do not decrease the rate of corrosion. In theory, n
¼ 0.5 should represent the lower bound, where the reaction
is limited by the diffusion of ions to the metal surface.
However, values of n as low as 0.36 have been observed in
carbon steels exposed to atmospheric conditions (Legault
and Preban 1975).

Although the data suggest that metals in wood exhibit a
constant corrosion rate with time (i.e., n ¼ 1), only one
article examined this behavior (Baker 1992). It is possible
that the corrosion rate is not constant but rather changes
with time. If the commonly accepted atmospheric
corrosion kinetic model holds for wood, the n ¼ 1 case
represents a worst-case scenario.1 By combining Equation
6 with the yield theory equations (Eq. 1), it is possible to
examine how a decreasing corrosion rate would affect the
relative lateral capacity of nailed joints. Figure 4
examines the same case as Figure 2 with a time-
dependent corrosion rate (i.e., the 60-lm y�1 curve in
Fig. 2 is equivalent to the n ¼ 1 case in Fig. 4). The
values of n were selected to be representative of those
observed for different classes of materials as observed by
Legault and Preban (1975), and the corrosion rate as a
function of time is shown as an inset. Any change in n
represents not only a decrease in the corrosion rate but
also a deceleration with time and therefore has a large
effect on the relative capacity with time.

Examination of a moisture-dependent
corrosion rate

The wood moisture content is the most important
environmental variable to the corrosion of metals embedded
in wood. Below 15 to 18 percent moisture content,
embedded metals do not corrode (Baker 1988, Short and
Dennis 1997). Above this threshold, the corrosion rate
increases with increasing moisture content before eventually
reaching a plateau (Short and Dennis 1997, Kear et al.

2009). Because of this sensitivity, most laboratory corrosion
rate measurements have been under conditions where the
wood moisture content is either constant or well character-
ized (e.g., American Wood-Preservers’ Association 2007).
However, in actuality, wood exposed to the environment
can experience large fluctuations in moisture content (Gaby
and Duff 1978, Miller and Boxall 1987, Cui and Zahora
2000). Because of these large fluctuations in moisture
content, and the resulting fluctuations in corrosion rate, a
steady-state approximation of the corrosion rate can be
misleading.

Recently, Zelinka et al. (2011) developed a combined
hygrothermal/corrosion model to predict the cumulative
corrosion at various points along the length of an embedded
fastener as a function of time. The process consists of two
steps: the first step is to calculate the wood moisture content
profile from hourly climatic data using a hygrothermal
model. The second step is to use the moisture content
calculated from the hygrothermal model to calculate the
metal corrosion rate, which is assumed to be constant over
the hour. The hourly amounts of corrosion are summed,
resulting in a final output of the depth of the corrosion attack
(in micrometers) along the entire length of the fastener. The
hygrothermal model uses an existing, validated two-
dimensional finite element code to solve the coupled heat
and mass transport equations using hourly climatic data as
an input (Janssen et al. 2007). It predicts moisture content
and temperature at various depths within the wood. In the
subsequent calculation of corrosion rate, two simplifying
assumptions are made: that corrosion ceases at temperatures
below freezing, regardless of moisture content, and that at
temperatures above freezing, corrosion rate is solely
dependent on moisture content.

The moisture dependence of the corrosion rate was
incorporated by fitting the empirical polarization resistance
data of Short and Dennis (1997) with

R ¼ A

1þ eBðC�wÞ ð7Þ

Figure 4.—Relative capacity as a function of time for a Mode IV
failure where the corrosion rate decreases with time according
to Equation 6. The inset shows how the corrosion rate changes
with time for values of n.

1 It is possible but physically unlikely that the corrosion of metals in
wood increases with time. In this case, Equation 6 would no longer
be applicable and a different kinetic model would need to be
developed.
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where A represents the maximum corrosion rate (lm y�1), B
represents the steepness of the transition from 0 to A, C
represents the moisture content at which R ¼ A/2, and
changing C changes the corrosion threshold moisture
content. The parameters B (0.83) and C (24) are taken from
a fit of the published data of Short and Dennis (1997). The
parameter A, which is physically the asymptotic corrosion
limit, is taken as 52.3 lm y�1 from recent electrochemical
measurements of hot-dip galvanized steel in an extract of
ACQ-treated southern pine (Zelinka et al. 2008).

The result of these simulations is the corrosion profile—
the depth of corrosion penetration into the nail shank as a
function of position along the length of the nail and of time.
Results from a 1-year simulation for a specific reference
year2 in Baltimore, Maryland, are included in Figure 5. As
Figure 5 shows, the maximum amount of corrosion occurs
0.18 cm below the surface, and the corrosion profile changes
throughout the year. This is consistent with empirical
observations of corroded fasteners (Kubler 1992). The
combined hygrothermal/corrosion model illustrates how
fluctuations in moisture content affect the corrosion of
embedded fasteners, and the model can be extended using
Equation 1 to predict the loss in capacity as a function of
time.

To illustrate the importance of moisture fluctuations on
the corrosion and the resulting loss in lateral capacity,
Figure 6 was created based upon the 1-year simulation for
Baltimore (Fig. 5). The analysis uses the same assumptions
as Figure 2, but the corrosion rate is calculated from
Equation 5. Although the moisture content (and therefore
the corrosion rate) depends upon the depth below the
surface (Fig. 5), the analysis assumes a worst-case scenario
and uses the moisture content at 0.18 cm. Two scenarios are
presented in the figure—the first assumes a constant
corrosion rate based upon the yearly mean moisture content

(33%), and the second uses a different corrosion rate for
every hourly output of the simulation. The two analyses give
quite different results. This is most likely a result of the
highly nonlinear shape of Equation 5, which is nearly a
Heaviside function. Because the yearly average moisture
content was greater than C, the assumed corrosion rate was
higher than the average of the hourly corrosion rate data.
Although the average annual moisture content overestimat-
ed the amount of predicted corrosion, it should give a
conservative bound for design in most cases.

Summary and Conclusions

Although the corrosion rates of metals embedded in
treated wood are small in absolute terms, this work has
shown that fastener corrosion can have a large effect on the
lateral strength of nailed joints in outdoor structures.
Although the major aim of the article was to present a
methodology for practicing engineers to make informed
design decisions for specific wood–metal combinations,
several interesting conclusions can be drawn from the
scenarios examined in this article:

� In most decking applications, a Mode IV yielding of the
fastener is expected. In this case the lateral capacity is
proportional to the square of the fastener diameter,
resulting in the most rapid time to failure (Fig. 1). If
‘‘failure’’ is defined as an arbitrary percentage of the
original capacity, the time to failure is proportional to the
reciprocal of the corrosion rate (Fig. 2).
� For galvanized fasteners, the measured corrosion rates

suggest that the coating will be completely corroded
within a few years. If the base metal has a different
corrosion rate than the coating, this results in a large
change in the reduction of capacity as a function of time
(Fig. 3).
� Only a few measurements have examined the corrosion

rate of zinc in treated wood as a function of time. The
results from the most comprehensive study (Baker 1992)
are consistent with a constant, time-invariant, corrosion
rate. If the corrosion rate decreased with time, this would

Figure 5.—Output (corrosion profile as a function of time) from

the hygrothermal model, based upon climatic data from

Baltimore for calendar year 1989.

Figure 6.—Relative capacity as a function of time (same
parameters as Fig. 2) for two cases, based on the yearly
average moisture content, or based on the instantaneous
moisture content from a hygrothermal simulation.

2 The reference year was 1989. This year was chosen on the basis of
being the 10th percentile year in terms of number of hours of
precipitation from 1960 to 1990. For further discussion of the
choice of references years see Zelinka et al. (2011).
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drastically increase the service life of fasteners (Fig. 4). If
the kinetics are indeed consistent with Equation 6, a
constant corrosion rate assumption gives a conservative
service life estimation.
� Hygrothermal simulations and a moisture-dependent

corrosion rate model give practicing engineers tools to
make more accurate predictions of the corrosion rate of
fasteners in a given structure. Using an average yearly
moisture content gives a conservative bound on the
residual capacity (Fig. 6).
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