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Abstract Several researchers have studied the magnitude and

The design demands of timber construction used inSeverity of these pretreatment drying practices.
transportation structures, such as bridges, require_ . .
extended durability and reliability. As such, Drying of green wood decreases warp in service by
preservative-treated timber, rather than naturally durable’®moving much of the moisture and reduces

timber, is most often required by code. Design tran.s.portatlon costs by re_ducmg total Welg_ht. I_n

demands also require minimal strength loss duringaddltlon, strength ger]e;rally increases as wood is dried
treatment or during the service life of the structure. ffom the green condition to moisture contents below
This report critiques the literature on treatment effects the fiber saturation point. Yet, strength can also be
and recommends treating procedures for controlling Negatively affected by the temperatures used in the
reductions in strength properties. Particular emphasis isd"Ying process and by the introduction of other

given to the effects of pretreatment drying, incising, materials, such as chemical preservatives or fire
treatment processing factors, and post-treatment drying€tardants.

practices. )
The strength and stiffness of wood decreases when

heated and increases when cooled. This temperature
effect is immediate and, for the most part, recoverable
for short heating durations. If wood is exposed to
elevated temperatures for an extended time, strength is
permanently reduced because of degradation of the
wood substance with a corresponding loss in woody
material and weight. The magnitude of any permanent
ffects depends upon moisture content, heating

edium, temperature, exposure period, and, to a lesser
extent, species and specimen size.

Keywords:  Mechanical  properties, preservative
treatment, creosote,waterborne preservatives, air
drying, kiln drying, timber, lumber, incising.

Introduction

Wood in the standing tree has high moisture content,
usually in excess of 75 percent. Green wood must be
seasoned (i.e., dried) before it can be adequately treate
with preservative. With dimension lumber, smaller
timber, and Southern Pine poles, pretreatment drying
is often achieved using standard air- or kiln-drying The treatment of wood with waterborne preservatives
techniques commonly used in the lumber industry. results in a product with high moisture content
With the largest timbers, refractory poles, and/or piles, usually well in excess of the fiber saturation point,
pretreatment drying is often performed within the Accorgingly, post-treatment drying is sometimes
treating cylinder immediately prior to treatment. undertaken to increase the market value of the treated
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material by improving dimensional stability, assuring Air Drying

preservative fixation, and reducing shipping weight. Air drying and its analogs, such as controlled

Several researchers have shown that the severity of thair-drying and tunnel drying, have been the primary

post-treatment drying process is a significant methods used to dry large timbers and other large

co-contributor, along with the preservative chemical, to commodities prior to treatment. As such, air drying

adversely affecting the mechanical properties of therepresents the standard to which most accelerated

treated and dried material. conditioning methods are compared. Air drying,
if properly done with respect to snickering and stacking,

This report critiques the literature on treatment effectsis usually assumed to have no detrimental effects on

and recommends treating procedures for controllingwood properties.

reductions in strength properties. Particular emphasis is

given to the effects of pretreatment kiln drying and Kiln Drying

incising, treatment processingand post-treatment Kiln drying is the most common method for

drying practices. pretreatment drying of softwood dimension lumber, but
it is used to a lesser extent with large commodities
Seasoning Practices in such as posts, poles, pilings, and timbers. The

. negative effects of kiln drying are generally observed
WOOd'Treat'ng Industry ) i when the drying temperature exceeds the boiling point
In the lumber industry, standawdtying practices and ot water, commonly known as high-temperature drying.
the effects of these practicesn the mechanical e strength  reductions  associated  with
properties of wood are welldocumented (Forest pigh.temperature drying presumably arise from the
Products Laboratory 1987, Koch 1985, Rietz and Pagenyrolysis of the amorphous carbohydrates by acetic
1971, Simpson 1991). These reviews of the researchycig |iberated from acetyl groups in the wood (Hillis
have shown that the negative effects of the initial kiln 1975), resulting in depolymerization, which has been
drying process on strength are negligible at 71°C correlated to strength loss (Ifju 1964). Elevated
(160°F) or below. At higher temperatures, however, the temperature and moisture content have been shown to
effects of the initial kiln drying processes, especially at gccelerate the production of acid (Hillis 1975) and
or above the boiling point of water, can be significant. jncrease the rate of strength loss (Thompson 1969).

In addition to the standard air- and kiln-drying koch (1985) summarized much of the work on
practices used by the timber industry, several otherhjgh-temperature drying of dimension lumber.
drying methods are practiced by the treating industry. High-temperature drying has only a minimal effect on
Most notable are two artificial drying methods mechanical properties; modulus of rupture (MOR)
performed within the pressure-treating cylinder: aries from +5 to —10 percent and modulus of elasticity
Boultonizing and steam conditioning. In Boul- (MOE) from +2 to -3 percent in the Southern Pines
tonizing, green wood is boiled in oil under vacuum. In (koch 1971, 1976, Yao and Taylor 1979). High-

steam conditioning, green wood is steamed for severakemperature drying has a more severe effect on other
hours, followed by a vacuum. In each case, moisture iSsoftwoods, notably Douglas Fir,Hem—Fir, and

evaporated from the green wood by either increasing theSpruce-Pine-Fir; MOR varies from —9 to —21 percent
kinetic energy or reducing the vapor pressure within the 304 MOE from +3 to —4 percent (Cech and Huffman
retort. These techniques are generally used to partially1974, Comstock 1976, Gerhards 1979, Kozlik 1968,
dry large members prior to treating with oil-type gajamon 1963, 1969). The limited data available on the
preservatives and were thoroughly described by Henryetfact of high-temperature drying on the strength

(1973) and MacLean (1952). Much of the general datagf hardwoods indicate similar minimal reductions in

on the effects of these accelerated drying methods wergnechanical properties—MOR from +1 to —10 percent
summarized by MacLean (1951, 1952, 1953) and 3o MOE from +4 to —4 percent (Gerhards 1983,
Thompson (1980, 1982). Treatment standards were| agen 1956, MacKay 1976). However, it should be
modified to preclude strength losses in treated timbernderstood that most studies on the effects of kiln

resulting from excessive thermal treatment. The grying were conducted at a dry-bulb temperature
American Wood Preservers’ Association (AWPA < 116°C (_<240°F). Few, if any, recent studies have

1995) Standards have strict limitations for ”eatme”ti_nvestigated initial kiln-drying temperatures from

processing for both temperature and duration 11g°c to 149°C (240°F to 300°F), which are

of temperature. Third-party sanctioned adherence togymetimes used to kiln-dry lumber commerciall
AWPA Standards will negate any need for design y y-

adjustments for strength loss resulting from in-cylinder qipar Drying Methods

seasoning. Several new drying techniques have recently been
applied to wood. These methods include steam drying
at or above atmospheric pressure, dehumidification
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drying, solar drying, and vacuum drying. Of these stiffness or strength. However, when evaluating the
methods, the first and last may have application in theeffects of a treatment on strength. it is important to note
treating industry. Southern Pine nominal 2 by 6 the moisture content at time of test. Luxford and
(standard 38 by 190 mm) lumber was dried in MacLean (1951) noted that several early investigators
superheated steam at atmospheric pressure in less timested matched lots of untreated green timbers and
than that required for high-temperature drying with compared them to retort-conditioned and treated
equivalent results in terms of moisture contents andtimbers. The treated, but conditioned, material often
variation (Taylor 1985); no data on mechanical had an average moisture content of about 22 percent,
properties were presented. A subsequent study withwith surface moisture content of 17 percent. Thus, it is
Southern Pine landscape timbers showed no differencdeasible that these differences in moisture content could
in the treatability of timbers dried using a conventional erroneously account for the early findings of virtually
(82°C (180°F)), high-temperature (118°C (245°F)), or no difference between semi-dry treated timber and green
superheated (118°C (245°F)) steam schedule (Barnesintreated timber. More recent work involving
and Taylor 1985). Again, no data on mechanical comparably conditioned materials investigated the
properties were presented. effects of creosote treatment on softwood timbers at
terrestrial retentions (<192 kg/mi( < 12 Ib/ff))
Pressure steam drying of wood has been reported in #Luxford and MacLean 1951), softwood piles at very
number of articles (McGinnis and Rosen 1984, Oswaldhigh marine retentions (320 kg/(20 lb/ff)) (Eaton
and others 1984, Phelps and Cutter 1985, Roserand others 1978, Resch and Parker 198ad
1980, 1981, 1985, Rosen and others 1983). In thishardwood laminated veneer lumber {92 kg/m( < 12
process, wood is dried in superheated steam abovep/ft’)) (Kimmel and others 1994). As a result of these
atmospheric pressureOswald and others (1984) studies, it is now recognized that the effects of treating
studied the effects of pressure steam drying on thehardwoods, softwoods, solid-sawn lumber, and
strength of yellow poplar dried at 116°C to 149°C |aminated veneer lumber with oil-type preservative
(240°F to 300°F) for 1 to 30 h. Control samples were treatments generally results in small, but measurable,
kiln dried using the continually rising temperature losses in stiffness or average strength of about 5 to 10
schedule T11-D4 (Simpson 1991) with a maximum percent.
dry bulb temperature of 82°C (180°F). No significant
differences in bending properties, compression parallelAny loss in strength from treatment with oil-type
to grain, or hardness were noted; toughness waspreservatives can be greatly exaggerated if certain
slightly decreased. allowable in-retort seasoning parameters are exceeded
(for Boultonizing, steam conditioning, etc.) and/or if
Vacuum/radio frequency drying is a technique in which excessive temperatures or pressures are employed
green wood is exposed to radio frequency energy whileduring the actual treating process. The impact
being held under vacuum. Radio frequency drying wasof thermal exposure during oil-type preservative
found to have no deleterious effects upon mechanicaltreatments was extensively studied (Hunt 1915,
properties (Harris and Taras 1985, Lee and HarrisMacLean 1927, 1951, 1952, 1953). As a result, specific

1984). limitations were implemented in AWPA Standards to
minimize these effects (Barnes and Winandy 1986). As
Oil-Type Preservative Treatment long as the processing limitations in AWPA Standards

Oil-type preservative treatments are generally are strictly adhered to, there should be no adverse effect
recognized as imparting superior dimensional stability of oil-type preservative treatment on mechanical
and weatherability to treated wood products when properties and, thus, no need to adjust design stresses.
compared to waterborne preservative treatments because

of the nonpolar nature and natural water-repellencyWaterborne Preservative Treatment

of oilbome systems (Barnes and Winandy 1986). Waterborne-preservative-treated wood represents a
Oil-type preservative treatments are also generallymajor segment of the forest products industry. In North
recognized as having less effect on mechanical America, the primary waterborne preservatives are
properties than do waterborne treatments because theghromated copper arsenate (CCA), ammoniacal copper
do not react with the wood cell wall material. The systems, and amine copper systems.

effects of oil-type preservative treatments, such as

creosote and creosote-coal tar mixtures, on mechanicalThe metallic oxides, commonly used in waterborne
properties were extensively studied in the early partpreservative formulations, physically react with the cell
of the 20th century (Gregory 1915, Harkom and otherswall components by undergoing hydrolytic reduction
1930, 1931, Hatt 1906, Thunell 1941, Wilson 1930). upon contact with wood sugars. This process, known
These studies generally concluded that the effectsas fixation, oxidizes the wood cell wall components
of treating softwood timbers with oil-type preservative and may reduce wood strength. The CCA waterborne
treatments generally resulted in no appreciable loss inpreservative formulations most commonly used today
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are sufficiently acidic to cause cell wall hydrolysis, and, Kiln redrying does have some advantages over air
as with any chemical reaction, the addition of heatredrying when the environmental aspects of using
exacerbates the potential for further strength reduction. preservative-treated wood are critical, such as uses

__associated with sensitive streams or biotic
Overall, the post-treatment strength of treated wood iSommunities. Controlled kiln redrying significantly

affected by many factors. For treated products, Specifiyecreases the amount and rate of preservative leaching
questions of when and how much strength is affectedinig the soil when the treated wood is placed in service
are relative to initial material quality and its processing (Boone and others 1995).

history. The magnitude of treatment effects is related to

the composition of the treatment chemicals and theGrade and Size of Timber

temperature, temperature duration, a}nd temper""t”reﬁlthough little is known about timber-sized material,
moisture content history of the treating process andthe higher grades of dimension lumber appear to be
kiln drying after treatment. reduced in strength more than the lower grades. Barnes
and Mitchell (1984) found that MOE and work to
proportional limit were not affected. Average bending
strength of the No. 1land Better lumber was
significantly reduced by 8 percent when the lumber was
t edried at 88°C (190°F) and by 12 percent at 116°C
240°F) when compared to untreated controls. Fifth
percentile values were reduced more than the mean—
14 percent when the lumber was redried at 88°C
g190°F) and 19 percent at 116°C (240°F).

Currently, few modifications are required to allowable
stress design values if material is treated with
waterborne preservative within the processing limits
of AWPA Standards (AWPA 1995). However, recent
research showed that treated materials exposed

impact loads do not experience the same increase i
strength as does untreated material (Winandy 1995c).
In response, the engineering design community
recently adopted a standard design procedure thal

ibi icati f the | - i .
prohibits the application of the load-duration For lower grades (e.g., No. 2) of Southern Pine

adjustment (Cfactor) of 2.0 to CCA-treated material =

; lumber, CCA treatment was found to significantly
X im loads (10 s) (AF&PA). ' . .
exposed to impact loads (10 s) ( ) reduce average bending strength (Winandy 1989,
With the exception of this case, strength loss in Winandy and Boone 1988). However, unlike the
waterborne-preservative-treated material is minimized"€Sults of earlier studies, few differences were found
or controlled because several AWPA Standards forP€tween untreated controls and CCA-treated groups in

treating lumber have instituted post-treatment redryingthe lower tails of the ben_ding strength distributions.
temperature limits to control strength effects. This 1he authors noted that higher redrying temperatures
section will review the technical literature on reduced strength over a broader range of the bending

waterborne preservative treatment-redrying effects andStrength distribution than did lower redrying

thereby document the reasoning behind the AWPA temperatures. The highgr grades of treated lumber
post-treatment redrying temperature limits. appeared to be reduced in strength more than the lower

grade material. The authors concluded that the effect
The overall effects of waterborne preservative treatmentof CCA treatment and redrying on bending strength is
appear to be directly related to several key pretreatmentfelated to both the grade and the quality level within

treatment, and post-treatment processing factors: that grade. Larger sizes are reduced in strength less than
. smaller sizes. This is probably related to the
* redrying temperature surface-to-volume ratio of each treated product. Recent
* grade and size of timber _ technical reviews have shown that at comparable
* type of preservative and/or chemical retentions, large timbers, poles, and piles are generally
* preservative retention reduced in strength less than is dimension lumber,
* initial kiln-drying temperature which, in turn, is reduced in strength less than are
small specimens (Barnes and Winandy 1986; Winandy
Redrying Temperature 1995a).

Redrying temperature appears to be the single most

decisive processing factor that affects strength. Air preservative Chemical

drying after treatment and kiln drying at #1°C  Tpe relative impact of various waterborne preservative
(< 160°F) have bfaen shown to haye little practlcal-effect systems is directly related to the system’s chemistry
on allowable design stresses (Winandy 1989, Winandyang the severity of its fixation/precipitation reaction.
and Boone 1988). Above that level, the higher the Amine— and ammoniacal-copper preservative systems
redrying temperature the greater the negative effect oy ere once considered to have less effect on strength
mgchamcal properties (Barnes and MltcheII.1984, than do acidic copper systems like CCA, but recent
Winandy and Boone 1988). However, the magnitude of,gies with ammoniacal—copper systems have shown
the effects of post-treatment kiln-drying also depends on strength loss comparable to that associated with CCA

the initial kiln-drying temperature and the grade, size, (Barnes and others 1993, Winandy and Lebow 1996).
and species of the treated wood.
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The relative impact of various CCA formulations temperatures were limited to 91°C (196°F), then
appears to be related to chromium content (Bendtserallowable design stresses for bending and tensile

and others 1983). Thus, waterborne preservatives are strength apparently would not require adjustment.

now generally classified by their effects on strength asAccordingly, in 1991, the AWPA lowered the redrying

follows: temperature limit for waterborne-preservative-treated
material from 88°C (190°F) to 71°C (160°F) in the

AWPA Standards to preclude the need to adjust
allowable design stresses.

(least effect) (most effect)
amine Cu < ammoniacal Cu = CCA-C < CCA-A

Preservative Retention __Further, a systematic investigation of post-treatment
For the most frequently used waterborne preservatlvestrength effects resulting from pretreatment high-
retentions—0.25 to 0.60 Ibi{#.0 to 9.6 kg/M)— temperature kiln-drying in the current commercial

there appears to be little relative difference in their effect temperature range of 116°C to 149°C (240°F to 300°F)
on strength when the lumber is redried at comparableyng their interaction with waterborne preservative

temperatures (Winandy 1995a). However, the higheryeatment effects has not been done. This is a
retention required for marine use (2.5 40 kg/ni)) significant gap in our knowledge base.

does significantly reduce impact strength (Bendtsen and

others 1983). This is why the newest design standardﬁ .
for wood construction (AF&PA 1996) will limit neising

allowable design stresses for preservative-treated woodi€gardless ofwhether waterborne- oroil-type
when the wood is exposed to impact loads (duration Pre€Servative treatments are used, incising is required by
<1s). AWPA Standards when treating difficult-to-treat

species. Incising is a pretreatment mechanical process
in which steel knives are used to make longitudinal
incisions into the four sawn faces of lumber or timber.
he incisions range in depth from 5 mm (0.2 in.) (for
imension lumber) to 25 mm (1 in.) for large timbers.
Incising is also required for treating difficult-to-treat
round materials, such as poles and piles. Poles may be
incised to a depth of 64 mm (2.5 in.), or even through-
Sored in some cases. Although incising dramatically
improves preservative penetration and distribution, it
also reduces strength (Kass 1974, Lam and Morris
1991, Perrin 1978). However, it is generally agreed
that this strength loss is beneficial in the long run
because the increase in treatability provides a
substantial increase in service life when compared to
that of unincised, but treated, refractory material. For
example, incised nominal 2 by 4 (standard 38 by
89 mm) lumber may be reduced in strength by 10 to
20 percent when compared to unincised and treated
lumber of this size. However, if the two pieces of wood
are placed in a decay-prone environment, the incised
gproduct will substantially outperform the unincised
product. The strength of large timbers tends to be less
affected by incising (Perrin 1978). The limited
technical literature supports a 10- to 20-percent
: , ._reduction in allowable design stresses for nominal
greater reductions in strength throughout the entire 5 i, (standard 38-mm- ) thick lumber and a O- to

bending and tensile strength distributions than did 14 nercent reduction for thicker material (Kass 1974
initial kiln drying at 91°C (196°F) when those_two sets Lan? and Morris 1991, Perrin 1978). Additional,
of lumber were subsequently treated with CCA ., 0rative research on incised dimension lumber is

preservative and redried (Barnes and others 1990, anty ynderway at the Forest Products Laborator
Winandy and others 1992). Because most Southern . y underway y

Pine lumber is initially kiln dried at high temperatures, 20 Oregon State University.
the implications of these results are significant. If initial .
kiln-drying temperature and redrying temperatures were Recommenc_latlons . .
unlimited, a sizable reduction in allowable design N summary, 0|I7type preservative treatments have little
values would be required. However, if initial kiln- €ffect on design stresses, if thermal-processing
drylng were ||m|ted to 116°C (240°F) and redrylng |Im|ta’[|0nS in AWPA Trea’[ll’lg Standal’ds are S'[I‘ICl'|y

Recent work also showed that CCA-treated lumber
mechanically tested at €5 percent moisture content
experienced a greater loss in strength and experience
this loss over a greater range of the strength
distribution than CCA-treated lumber tested at higher
moisture content (Winandy 1995b). Although no
action has yet been adopted by the standards- or cod
writing communities, this result may have serious
design implications for the use of CCA-treated
materials in arid environments where wood moisture
content might be low for long periods of the year.

Initial Kiln-Drying Temperature

While initial kiln drying of Southern Pine lumber at
high temperatures of 100°C to 116°C (212°F to 240"F)
for short durations apparently has little effect on its
structural properties (Koch 1976, Yao and Taylor
1979), high temperature drying does result in more
degradation of the cell wall than does drying at
lower-temperature kiln schedules. Subsequent treatin
and redrying of material initially dried at high
temperatures cause additional hydrolytic degradation.

Initial kiln drying at 113°C (235°F) resulted in slightly
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followed. Waterborne preservative treatments generallyBendtsen, B.A.; Gjovik, L.R.; Verrill, S. 1983. The
reduce the mechanical properties of wood more than damechanical properties of salt-treated longleaf pine. Res.
oil-type preservative treatments because waterbornePap. FPL-434. Madison, WI: U.S. Department
preservative chemicals physically react with the wood of Agriculture, Forest Service, Forest Products
cell wall material. This effect is exaggerated when Laboratory.

wood treated with waterborne preservative is processed

at high temperatures either before, during, or after Boone, R.S.; Winandy, J.E.; Fuller, J.J. 1995, Effects
treatment (e.g., initial kiln-drying, in-treatment drying, of redrying schedule on preservative fixation and
post-treatment redrying). Similar to the history strength of CCA-treated lumber. Forest Products
of creosote treatments in the early 1950s, these factdournal. 45(9): 65-73.

about waterborne preservative treatments were recently

used to justify temperature limitations in AWPA Cech, M.Y.; Huffman, D.R. 1974. High-temperature
Treating Standards for pretreatment, treatment, anddrying for mixed spruce, jack pine, and balsam fir.
post-treatment processing to avoid large reductions inPub. 1337. Ottawa, Ontario: Canadian Forest Service,
strength. As a result, allowable stress design values d@&astern Forest Products Laboratory. 15 p.

not need to bemodified for waterborne-

preservative-treated material because current AWPAComstock, G.L. 1976. Comparison of mechanical
Standards limit treating and redrying temperatures. properties of Douglas-fir and Southern Pine lumber
Only two exceptions exist: for incised material and dried by CRT, high temperature, and conventional

treated material exposed to impact loads.
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