Momohara et al. J Wood Sci (2021) 67:63
https://doi.org/10.1186/510086-021-01996-2

| Journal of Wood Science

ORIGINAL ARTICLE Open Access

M ofe q
Comparison of durability of treated wood =
using stake tests and survival analysis

updates
lkuo Momohara' ®, Haruko Sakai? and Yuji Kubo?

Abstract

The stake test is widely used to evaluate the efficacy of wood preservatives. This test monitors the deterioration level
observed in treated stakes partially inserted into the ground. The results are conventionally expressed as the relation-
ship between deterioration levels and exposure periods. The preservative efficacy is compared among the stake
groups treated with different retention levels based on the test results; however, there is no scientific basis for the
comparison. We applied survival analysis to the conventional stake test to include a scientific basis to the test. Stakes
impregnated with different types and retention levels of preservatives were subjected to deterioration at two test
sites for approximately 30 years. The deterioration levels were monitored according to the conventional procedure
and survival analysis was applied to the monitored data. Kaplan—Meier plots of the survival probabilities against the
exposure periods indicated that there is a significant difference between the durability of the stakes treated with
alkylammonium chloride (AAC-1) at K2 and K3 retention levels, whereas no significant difference was observed
between those at K3 and K4 retention levels. Contrastingly, emulsified copper naphthenate (NCU-E) was found to be
a reliable preservative, and the stakes impregnated with NCU-E showed a significant increase in durability in accord-
ance with preservative retention. Alkaline copper quaternary (ACQ-1) also appeared to be a reliable preservative; how-
ever, the increase in stake durability after ACQ-1 treatment differed between the test sites. These results were verified

using the modified Gehan-Breslow-Wilcoxon test with Holm's p adjusting method.
Keywords: Stake test, Field test, Survival analysis, Wood preservative

Introduction

Wood is a material that mitigates climate change [1-3];
hence, many trials have been conducted to prolong its
durability by increasing the service life of wooden materi-
als. Although chemical or thermal modification processes
have been recently adopted [4, 5], preservative impreg-
nation by a vacuum-pressure process has been the most
common method for increasing the durability of wooden
materials [6-9].

Preservatives used for this process have been devel-
oped over several decades. For example, 30 years ago,
chromated copper arsenate (CCA) was widely used for
sill members in Japanese houses. However, 20 years
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ago, CCA was completely replaced with safer preserva-
tives, such as alkylammonium chloride (AAC-1), emul-
sified copper naphthenate (NCU-E), emulsified zinc
naphthenate (NZN-E), and alkaline copper quaternary
(ACQ-1) [10]. During the development of safe preserv-
atives, the relationship between the durability of the
treated wood and retention of impregnated preserva-
tives was investigated. Our previous paper showed that
the apparent mean service lives of the stakes impreg-
nated with AAC-1 appeared to increase with increasing
preservative retention at a low retention range, whereas
they appeared saturated at a high retention range [11].
In contrast to this pattern, the stakes impregnated
with ACQ-1 showed a trend that increased retention
resulted in an increase in durability throughout the
retention range [12]. These studies showed an asso-
ciation between durability and preservative retention;
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however, the difference in durability at different reten-
tion levels was not estimated effectively.

The reason for improper estimation was considered to
be the lack of scientific rigor in the conventional stake
test. Therefore, we improved the conventional stake test
by including survival analysis and demonstrated that a
combination of the conventional stake test and survival
analysis could successfully determine the difference in
durability of untreated wood with scientific rigor [13].
Here, we present the application of survival analysis to
the stake test data and discuss the effect of preservative
retention on the durability of treated stakes.

Material and methods

Preparation of untreated stakes

Stakes of Japanese cedar (Cryptomeria japonica) sap-
wood were prepared from green logs separately by
the Nara Forest Research Center and Koshii Preserv-
ing. The dimensions of the stakes prepared by the Nara
Center were 3 x 3 x 60 cm (L), whereas those prepared
by Koshii Preserving were 3 x 3 x 35 cm (L). Western
hemlock (Tsuga heterophylla) sapwood stakes were pre-
pared by the Koshii Preserving, similar to the Koshii
cedar stakes. The bottom end of the Koshii stakes was
sharpened in the shape of a quadrangular pyramid,
whereas no such processing was applied to the Nara
stakes.

Preparation of treated stakes

The stakes were impregnated with wood preservatives
that satisfied the quality specifications of JIS K1570:2013
[14]. The preservatives used were AAC-1, NCU-E, NZN-
E, ACQ-1, and emulsified zinc versaticate (VZN-E)
(Table 1). The preservatives were impregnated accord-
ing to the JIS A 9002:2012 process [15] at the Nara Forest
Research Center or Koshii Preserving. The treated stakes
were dried naturally under roofs until they were exposed
to wood-attacking organisms at stake test sites. Esti-
mated retention was calculated from the concentrations
of preservatives in a working solution and amounts of the
working solution impregnated into the stakes to deter-
mine the performance classification of the stakes accord-
ing to the Japanese Agricultural Standards (JAS) for sawn
lumber [16]. The stake conditions and test sites are listed
in Table 1. As an exception, the stake groups indicated
with two asterisks in Table 1 were ranked in a higher per-
formance class because these stake groups were designed
to estimate the minimal performance of treated stakes
impregnated with the preservatives according to the
JAS criteria for the sawn lumber. A part of the untreated
stakes was kept without impregnation as the control.
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Exposure to wood-attacking organisms

Stake tests were performed at the Nara or Ibaraki test
sites (Table 2). The weather properties of the sites were
similar, whereas the soil types of the sites were different,
as mentioned in our previous paper [13]. The treated and
untreated stakes were inserted into the ground at both
test sites (Table 1). The insertion depth of all stakes was
set to 30 cm, even though the overall stake lengths were
60 cm (the Nara site) and 35 cm (the Ibaraki site). Stake
deterioration levels were evaluated annually according to
the JIS K 1571:2010 criteria at the ground level [17]. The
data obtained from the exposure for one to three decades
were used for further analyses.

Data analysis by the conventional method

Data analysis and service life determination were per-
formed according to JIS K 1571:2010 [17]. When parts
of the stakes were lost, the calculation was performed
excluding the data of missing stakes.

Data analysis according to survival analysis

The service life of each stake was designated as the year
when the deterioration level of the individual stake
reached 2.5 [13], which was calculated according to

Eq. (1):

2.5—-DL1

YSL=Y14+ ———,
* DL2 - DL1

1)
where YSL is the service life of a stake, Y1 is the last year
in which the deterioration level of the stake was below
2.5, DL1 is the deterioration level of the stake observed
at Y1, and DL2 is the deterioration level of the stake
observed one year after Y1 [13].

Individual service life data were collected and used for
survival analyses. Survival analysis was performed using
R software (ver. 4.0.4) with the “survival” and “survminer”
packages [18]. Significant differences were determined
using the Peto & Peto modification of the Gehan—Bres-
low—Wilcoxon test with Holm’s p adjustment method
[19] (» < 0.05).

Results and discussion

Results of conventional stake tests

The characteristics of the stake groups and service lives
of the stakes are listed in Table 1. The results of the field
test for most of the stake groups have been reported in
our previous papers [11, 12, 20, 21].

Before discussing the results of the stake test, it is
necessary to highlight the following two points. First,
this study included preliminary data, and the estimated
retention of some stake groups, such as AAC-1, whose
estimated retention was 4.3 kg/m?3, was set just below
the JAS requirement. In this study, the performance
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Table 1 Characteristics of stake group and their apparent service lives
Preservative Estimated retention Performance Abbreviation of Site name Wood species Service life
(kg/m3) classification stakes
AAC-1 4.0 K2 AAC-K2 Nara Japanese cedar 85
6.1 K3 AAC-K3 85
34 K2 AAC-K2 4.5
58 K3 AAC-K3 6
AAC-1? 43 K3P AACK3 7
88 K4® AAC-K4 9
13.2 K4 AAC-K4 10
159 K4 AAC-K4 9
252 K4 AAC-K4 9
27.2 K4 AAC-K4 9
AAC-1 54 K3 AAC-K3 12
NCU-E 0.5 K2 NCU-K2 12
1.0 K3 NCU-K3 17
15 K4 NCU-K4 20
NZN-E 1.0 K2 NZN-K2 6
15 K2 NZN-K2 7.5
VZN-E 12 K2P VZN-K2 7
25 K3 VZN-K3 9
34 K3 VZN-K3 9
ACQ-1 2.8 K3 ACQ-2.8 15
38 K3 ACQ-3.8 19
4.5 K3 ACQ-4.5 22
1.28 K20 ACQ-cK2 Ibaraki 14
192 K2 ACQ-cK2 20
257 K3P ACQ-cK3 >29
3.85 K3 ACQ-cK3 >29
513 K4° ACQ-cK4 >29
128 K2P ACQ-hK2 Western hemlock 155
1.92 K2 ACQ-hK2 16.5
257 K3P ACQ-hK3 265
3.85 K3 ACQ-hK3 >29
513 K42 ACQ-hK4 >29

2 Preservative contained termiticides

b Preservative retention of stakes was just below the value required by the JAS 1083 [16]

Table 2 Characteristics of the two test sites

Name of test site Location Soil type
Latitude Longitude

Ibaraki 36°2/08.2" 140°6'01.0" Andosol

Nara 34°28/29.8" 135°48'54.2" Gleysol

classification of these stake groups was ranked in the next
higher class because these stake groups were prepared
to estimate the minimal performance of treated wood
for each JAS criterion. The stakes with two asterisks in
Table 1 are the stakes that were ranked in a higher class

of the JAS criterion. Second, AAC-1 stakes with a single
asterisk (Table 1) were impregnated with AAC-1 contain-
ing 1% phoxim or 1% chlorpyrifos in their working solu-
tion. However, service lives appeared similar to those of
the other AAC-1. As we concluded that termiticide did
not influence the service lives of the stakes, further analy-
sis was performed assuming that all stake groups impreg-
nated with AAC-1 were of the same quality despite the
contamination of phoxim or chlorpyrifos.

As shown in Table 1, the results of the conventional test
indicate that the service lives of the stakes impregnated
with AAC-1 varied from 4.5 to 12 years. The relation-
ship between the estimated retention and service life is
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unclear. NZN-E and VZN-E also showed a similar ten-
dency, with no clear relationship between the estimated
retention and service life. Contrary to these preserva-
tives, the stakes impregnated with ACQ-1 or NCU-E
appeared to be affected by the estimated retention level.
The estimated ACQ-1 retention increased from 2.8 to
4.5 kg/m? at the Nara site; the service life increased from
15 to 22 years. The same effect was observed in the stakes
impregnated with NCU-E. Regarding the influence of
wood species, the Japanese cedar stakes appeared to
perform better than the western hemlock stakes when
treated with ACQ-1 at a level higher than the K3 criteria
of JAS.

Results of survival analysis

As discussed in our previous paper [13], the service life
determined by the conventional method is simple and
useful; however, mathematical ambiguity remains in the
calculation process. Because there is a misuse of the ordi-
nal scale as a proportional scale, it is mathematically inac-
curate to calculate the mean of the deterioration levels
collected by annual observation using the ordinal scale.
Therefore, it is also incorrect to discuss the differences
in durability from the apparent mean values calculated
by the conventional procedure. To overcome this inac-
curacy, we developed a conventional stake test method
with the addition of survival analysis and demonstrated
that the novel method is useful for comparing durability
among groups of untreated stakes [13]. Survival analysis
has another advantage in that it can handle missing data.
Some stakes were accidently lost during the long expo-
sure period. In other cases, some stakes were collected,
for example, to check for retention midway through the
test. In such cases, survival analysis can treat the lost data
as censored data and draw a survival curve with math-
ematical robustness [22].

Here, we apply a novel method to the conventional
stake test data of the stakes treated with different pre-
servative retention levels and discuss the significant dif-
ferences among durability of the stakes treated with
different preservatives and retention levels.

The Kaplan—Meier method was applied to compare
the durability of stakes treated with wood preservatives,
for which the selection of the event was important. The
event was defined as the time at which the stake deterio-
ration level was 2.5 [13].

Comparison of AAC-1 stakes of different performance
classification

The Kaplan—Meier curves for the stakes impregnated
with AAC-1 are shown in Fig. 1. The Y-axis indicates the
survival probability, which is the ratio of stakes that did
not reach the deterioration level of 2.5. The difference
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Fig. 1 Kaplan-Meier curves for stakes impregnated with AAC-1 at
different performance classifications. Information on the stakes is
shown inTable 1. AAC-1 alkylammonium chloride

Table 3 Adjusted p value between each stake group treated

with AAC-1

Abbreviation AAC-K2 AAC-K3
AAC-K3 0.015 -
AAC-K4 0.000 0.072

in the lines indicates the difference in the performance
classification shown in Table 1. Among stakes impreg-
nated with AAC-K2, a deterioration level of 2.5 was first
reached after a 3.5-year exposure, and half of the stakes
reached a deterioration level of 2.5 in 7 years. In the case
of AAC-K3 and AAC-K4, deterioration of the first stake
appeared after 3.5 and 6.3 years of exposure, respectively,
and it took 8.5 and 10 years, respectively, for half of the
stakes to reach the deterioration level of 2.5. Tick marks
on the K2 and K3 data after the 11-year exposure indi-
cate that some stakes were lost or removed before they
reached the deterioration level of 2.5.

Multiple comparisons revealed a significant difference
between the durability of AAC-K2 and AAC-K3 and that
between AAC-K2 and AAC-K4 (Table 3). Contrastingly,
no significant differences were observed between AAC-
K3 and AAC-K4. The fact that some AAC-K4 contained
high retention values, suggests that no significant dif-
ference can be observed between commercial AAC-K3
and AAC-K4 lumbers because lumber manufacturers
impregnate wood preservatives at retention levels just
above the minimum value required for each performance
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Fig. 2 Kaplan—-Meier curves for stakes impregnated with NCU-E at
different performance classifications. Information on the stakes is
shown in Table 1. NCU-E emulsified copper naphthenate

Table 4 Adjusted p value between each stake group treated
with NCU-E

Abbreviation NCU-K2 NCU-K3

NCU-K3
NCU-K4

0.001 -
0.000 0.001
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class. The AAC-K4 lumber appears unsuitable for use in
severe ground contact conditions.

Comparison of emulsified preservatives

NCU-E, NZN-E, and VZN-E consist of oil-soluble pre-
servatives, surfactants, and water. To investigate per-
formance of NCU-E at different retention levels, the
Kaplan—Meier curves for the stakes containing NCU-E
at K2—-K4 performance classes were plotted (Fig. 2). The
graph indicates that the increase in retention increased
the service lives because the first stake that reached the
deterioration level of 2.5 appeared in ascending order of
the performance classification. Additionally, the exposure
year when half the stakes reached the deterioration level
of 2.5 increased with the increase in performance clas-
sifications. Multiple comparisons performed to confirm
these observations revealed that there is a significant dif-
ference among the service lives of the stakes treated with
NCU-E at different performance classifications (Table 4).
The survival probability of NCU-E stakes, especially that
of the K3 and K4 performance classes, decreased drasti-
cally in the late stages of the Kaplan—Meier curves. The
downward trend observed in NCU-K3 and NCU-K4 was
not similar to that observed in the stakes treated with
AAC-1 (Fig. 1).

Figure 3 shows the effects of copper and zinc on the
service life of the stake. The survival probability of NCU-
K3 is displayed by a higher line than that of VZN-K3
after 5 years of exposure, which indicates that NCU-K3
is more durable than VZN-K3, although both stakes were
considered as having the same performance classification.
Additionally, NCU-K2 was more durable than VZN-K2
or NZN-K2. The difference in durability between NCU-E
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Fig. 3 Kaplan—Meier curves for stakes impregnated with emulsified preservative. Left: stakes impregnated with preservatives at K3 performance
classification. Right: stakes impregnated with preservatives at K2 performance classification. Information on the stakes in each performance
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Table 5 Adjusted p value between each stake group treated
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Table 6 Adjusted p value between each stake group treated

with emulsified preservatives with ACQ-1

Abbreviation NCU-K3 NCU-K2 NZN-K2 Abbreviation ACQ-2.8 ACQ-3.8
VZN-K3 0.004 - - ACQ-3.8 0.002 -
NZN-K2 - 0.000 - ACQ-4.5 0.000 0.038
VZN-K2 - 0.000 0.724

and the other emulsified preservatives was shown by
multiple comparisons (Table 5). These results reveal that
NCU-E is the most reliable preservative among the three
emulsified formulations used for ground contact condi-
tions which is in good agreement with those reported by
Woodward et al. [23] who found that copper naphthenate
provided greater protection than zinc naphthenate with
similar retention levels in a stake test in Mississippi.

Comparison of ACQ-1-impregnated stakes at different
retention levels

The effect of ACQ-1 retention on stake durability is
shown in Fig. 4. The test was performed at the Nara site
and the performance classification of all stakes was set to
K3 and the retention levels of these stakes varied from
2.8 to 4.5 kg/m®. As shown in the figure, an increase in
ACQ-1 retention appeared to increase stake durabil-
ity, which was confirmed by multiple comparison analy-
sis (Table 6). Contrary to AAC-1-impregnated stakes
(Fig. 1; Table 3), stakes impregnated with ACQ-1 showed
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Fig. 4 Kaplan—-Meier curves for stakes impregnated with ACQ-1 at
different retention at the Nara site. Information on the stakes in each
performance classification is shown in Table 1. ACQ-T alkaline copper

quaternary

a significant increase in durability with an increase in
ACQ-1 retention.

Comparison of ACQ-1-impregnated stakes of different
species with different retention levels

To check whether ACQ-1 retention level correlates with
the durability of the stakes impregnated with ACQ-1,
a similar test was performed at the Ibaraki site. Fig-
ure 5 shows the survival probabilities of Japanese cedar
and Western hemlock stakes impregnated with ACQ-
1. It is worth mentioning that the length of stakes used
at this site was different from that of the stakes used at
the Nara site. The stakes at the Ibaraki site were 35 cm
long, whereas those at the Nara site were 60 cm long. As
a result, the retention at the ground level must have been
higher at the Ibaraki site than at the Nara site. The soil
at the Nara site was damp compared to that of the Iba-
raki site because the soil types at the Nara and Ibaraki
sites are Gleysol and Andosol, respectively. These factors
probably affected the difference in the deterioration rates
at the two test sites [13, 24].

As shown in the figure, the results obtained from the
Ibaraki site are unclear because the exposure period is
too short to estimate stake durability, especially at the
high ACQ-1 retention level. The test for significance also
suggests that no significant differences were observed
for stake durability at high ACQ-1 retention (Table 7). A
further exposure period is necessary for the precise esti-
mation of the durability of stakes treated with ACQ-1 of
performance classes K3 and K4. Contrastingly, the stakes
of performance class K2 showed significantly lower dura-
bility than stakes in the K3 and K4 performance classes.

The efficacy of ACQ-1 impregnation for different spe-
cies was also comparable (Fig. 5). The Kaplan—Meier
plots of the Japanese cedar stakes and the Western hem-
lock stakes impregnated with ACQ-1 at three retention
levels showed similar curves. The p values of the Peto
& Peto modification of the Gehan—Breslow—Wilcoxon
test for K2, K3, and K4 stakes were 0.69, 0.89, and 0.26,
respectively, which suggests that there is no significant
difference between the durability of the two species
impregnated with ACQ-1. In other words, ACQ-1 adds
similar durability to both the Japanese cedar and the
Western hemlock stakes.
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Fig. 5 Kaplan—Meier curves for stakes impregnated with ACQ-1 at the Ibaraki site. Left: Japanese cedar stakes. Right: western hemlock stakes.
Information on the stakes in each performance classification is shown in Table 1. ACQ-T alkaline copper quaternary

Table 7 Adjusted p value between stakes treated with ACQ-1 in
different performance classifications

Abbreviation ACQ-cK2 ACQ-cK3 Abbreviation ACQ-hK2 ACQ-hk3

ACQ-cK3 0000 - ACQ-hK3 0.000 -
ACQ-ck4 0003 0441 ACQ-hK4 0.000 0.087
Conclusion

1) We applied a survival analysis to the conventional
stake test to compare the efficacy of preservatives.
2) The Kaplan—Meier curve was useful to estimate the
efficacy of the preservative at different retention lev-
els.
The durability of treated stakes at different retentions
could be compared using the modified Gehan—Bres-
low—Wilcoxon test with Holm’s p adjusting method
with scientific robustness.
4) The test for significance revealed that:
+  The durability of stakes impregnated with AAC-1
increased with the increase in AAC-1 retention from
K2 to K3; however, the difference was not significant
from K3 to K4.
+  NCU-E was a more reliable preservative than
the other emulsified preservatives containing zinc.
The durability of stakes impregnated with NCU-E
increased in accordance with the increase in NCU-E
retention.
+ ACQ-1 retention level significantly affected the
durability of the ACQ-1-impregnated stakes at the
Nara test site. This correlation was partly observed at
the Ibaraki site. A further exposure period is neces-

3

=

sary to compare the durability of the stakes impreg-
nated with ACQ-1 at the K3 and K4 classes at the
Ibaraki site.

+  Our present data suggest that ACQ-1 has similar
efficacies in both Japanese cedar and Western hem-
lock.
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