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Abstract. Salt damage in wood can be recognized by its stringy appearance and is frequently observed in wood 
used in maritime structures and buildings built near the ocean. Whereas salt-damaged wood is common, little is 
known about the mechanism by which salt water alters the wood structure. There is no information on the effects 
of salt damage on the mechanical properties of wood. In this study, a laboratory method for creating salt damage 
in other porous materials was applied to wood. Wood pillars were placed in a reservoir of 5 M NaCl and exposed 
to a 40% RH environment. Capillary action pulled the salt water to the upper part of the pillars which were dry. 
Large deposits of effloresced salts were observed. The changes in mechanical properties caused by salt were 
measured by the high-energy multiple impact (HEMI) test. Salt damage caused a reduction in the resistance to 
impact milling (RIM) of 6.5%, and it was concluded that salt damage causes only minor effects on the strength of 
wood. The tests were not conclusive as to the exact mechanism of salt damage in treated wood. However, 
diffusion of mineral ions through the cell wall was found to be a key step in the salt damage mechanism. 
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INTRODUCTION 

Salt damage is a phenomenon that can negatively 
impact porous building materials, including wood. 
The effects of salt damage have been widely 
documented in mortars, masonry, and other ce-
mentitious materials (Price and Brimblecombe 
1994; Charola 2000; Flatt 2002; Scherer 2004, 
Derluyn et al 2014a, 2014b). In these materials, 
salt damage causes spalling of the outer layers of 
the material and can be easily identified by white 
salt residues deposited on the surface of the ma-
terial (efflorescence). Salt-damaged wood has a 
“fuzzy” surface from defibrillated tracheids and is 
sometimes misidentified as fungal decay (Kirker 
et al 2011). 

There has been a significant amount of research 
examining the mechanisms of salt damage in 
nonbiological porous materials. In these materials, 
the salt damage is caused by a mechanical in-
teraction from salt crystallization in the pores 
(Scherer 2004). The study of the behavior of fluids 
in porous media (poromechanics) can be used to 
describe the conditions under which salt damage 
will occur. In brief, water with dissolved salt 
is absorbed by the material and held within 
the material pores. As the material dries, the salt 
concentration increases until it reaches saturation. 
In large pores, crystals can nucleate and grow 
within the pore without causing damage (Flatt 
2002). However, in small pores, the solution be-
comes supersaturated. Eventually, there is a point 
at which the energy required to form a crystal and 
expand the pore is less than the energy to further 
saturate the solution. At this point, crystals will 

nucleate in small pores beneath the surface (sub-
florescence) which causes internal stresses and 
eventually spalling. Although this mechanism is 
accepted for porous materials in general, it has not 
been universally accepted in wood. 

Salt damage in wood has received only minor 
attention in the literature (Parameswaran 1981; 
Johnson et al 1992; Jones et al 2011; Kirker et al 
2011; Ortiz et al 2014). Most salt-damaged wood 
occurs in marine pilings above the waterline. 
However, salt-damaged wood has also been 
observed in attic spaces near the coast, wooden 
decks on which deicing salts were used, and in 
wooden ships where salt was used to pack the 
hold. In all cases, the salt-damaged wood is easy 
to identify (Fig 1). Macroscopically, the wood has 
a rough, stringy appearance (Fig 1[a]). Micro-
scopically (Fig 1[b]), the tracheids are separated 
and salt crystals can be found with a scanning 
electron microscope. 

Several different theories have been proposed 
to explain salt damage in wood. A mechanical 
damage mechanism was proposed by Johnson 
et al (1992) who observed cuboidal sodium 
chloride crystals in salt-damaged wood. This 
mechanism is essentially the same as those 
proposed by Scherer and others for salt damage in 
masonry materials. By contrast, Parameswaran 
(1981) and, later, Ortiz et al (2014) proposed that 
salt damage is a result of chemical changes to the 
cell wall. This mechanism was based on obser-
vations of a wood storage facility used to house 
potash. Potash was characterized as potassium 
chloride with a pH of 6.94. Parameswaran noted 

Figure 1. Examples of salt-damaged wood at macroscale (a) and microscale (b). 
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that fewer sugars and lignin were found in the 
salt-damaged wood. The degradation of these 
wood components is similar to what is observed 
in alkaline pulping of cellulosic materials and 
decay caused by white-rot fungi. Because of this, 
Parameswaran attributed the damage in the wood 
to alkaline pulping, where the alkaline environ-
ment came from the potash. 

It is interesting to note that in wood, salt damage 
preferentially damages the middle lamella rather 
than the secondary cell wall. Physically, it could 
be that the pore structure and connectivity of the 
middle lamella is better suited for the nucleation 
and growth of salt crystals. Chemically, calcium 
plays an important role in the structure of the 
middle lamella, serving as a crosslinking agent 
for pectin, hemicelluloses, and lignin (Terashima 
et al 1993). When other salts infiltrate the middle 
lamella, it is possible that the positively charged 
cations could disrupt these bonds or displace the 
calcium ions. Further work is needed to under-
stand if salt damage in wood is a purely physi-
cal damage mechanism (as it is in other porous 
materials) or if there are chemical breakdown 
mechanisms as well. 

Previous research on salt damage in wood has 
only examined the physical changes that occur 
during salt damage, and no mechanical properties 
of salt-damaged wood are available. Although 
salt damage in wood was traditionally believed to 
be a cosmetic (nonstructural) concern, recently, a 
structural failure of salt-damaged wood has been 
observed on the ship Eureka located at the San 
Francisco Maritime National Historical Park 
(Kirker et al 2016; Zelinka and Kirker 2018). The 
bilge of the Eureka was packed with salt to 
prevent fungal decay; one of the joists in the bilge 
exhibited a crushing failure where it met a support 
(Fig 2). Although anecdotal, this observation of a 
structural failure highlights the importance of 
understanding the effects of salt damage on the 
mechanical properties so that the correct strength 
values for salt-damaged wood can be assigned in 
condition assessments. 

Here, we present a controlled laboratory exper-
imental methodology for examining salt damage 

in wood by modifying the method of Scherer 
(Scherer 2004). We illustrate how this method 
can be used to examine the salt damage under 
repeatable conditions and present results on how 
salt damage affects the strength by examining its 
resistance to impact milling (RIM). We then 
discuss how this method can be used to refine 
models of salt damage in wood and highlight 
further research needs. 

METHODS AND MATERIALS 

Materials 

Southern pine (Pinus spp.) sapwood was exam-
ined in this study. The specimens were 25 25 
300 mm (longitudinal). The grain orientation 
varied between samples, and in no case was the 
sample cut with true radial or tangential faces; in 
most cases, the grain angle was approximately 
45° to the sample faces. Before exposure, the 
samples were conditioned in a laboratory at 50% 
RH and an approximate starting MC of 9% (Glass 
and Zelinka 2010). 

Exposure method. The salt damage was af-
fected through the method of Scherer with 
modifications shown in Fig 3 (Scherer 2004). The 
wood was partially submerged in a 5 M NaCl 
solution. Although much higher than the salinity 
of seawater, this concentration was used to match 
previous research on salt-damaged materials 
which examine nearly saturated solutions as the 
concentration near the material surface is often 

Figure 2. Crushing failure on a salt-damaged joist in the 
bilge of the Eureka. 
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Figure 3. Photographs of the experimental methods used to control the salt exposure. (a) The apparatus including the 
enclosure to maintain the RH; (b) a close-up view of the wood samples in the salt solution. 

close to saturation (Lewin 1982; Scherer 2004). 
Slightly above the waterline, the wood was sealed 
to the trough containing the solution with gas-
keting. By sealing the solution, it was possible to 
control the RH above the waterline. The RH was 
controlled by placing the entire apparatus inside 
of an aquarium with a large saturated salt solution 
of CaCl2 to fix the RH at 40% (Greenspan 1977); 
the experiments were performed at room tem-
perature 21°C � 5°C. Time-lapse photographs 
were taken throughout the experiment to monitor 
the progression of the salt damage. To see how 
salt damage progressed with time, two different 
durations of experiments were run: 4 and 12 wk 
(n ¼ 10 for each condition). 

Physical changes. The sample mass was taken 
1) before the exposure, 2) on removal from the test 
apparatus, 3) after the effloresced salt was removed, 
4) after oven drying postexposure, and 5) after 
reconditioning in the same temperature and hu-
midity conditions to which the original sample 
was conditioned. In addition to these measure-
ments, the height of the absorbed water was also 
measured. Two replicates were cut length-wise 
through the middle and photographed. The col-
oration of the wood was used as an indication of 
the height of the absorbed water. 

Mechanical changes. The changes in the 
mechanical properties were examined using the 
high-energy multiple-impact (HEMI) method 
developed by Brischke et al (2006) and Rapp et al 
(2006). The HEMI method was developed for 

measuring changes in structural integrity on sam-
ples affected by fungal decay. The HEMI test 
uses very little material, and the results are in-
dependent of the orientation and density of growth 
rings within the sample (Rapp et al 2006). Be-
cause of these advantages, the HEMI method was 
selected so that the structural integrity of the salt-
damaged specimens could be examined as a func-
tion of their proximity to the waterline. 

The HEMI method was performed by grinding 10 
rectangular prisms, each of which had dimensions 
5 10 17 mm. Four replicates were tested for 
each experimental combination so that there were 
40 (ie 4 10) prism for each condition. Prisms 
were cut from three distinct 75-mm regions along 
the vertical position of the salt-exposed samples: 
“bottom,” “middle,” and “top.” These 75-mm 
regions were cut along the grain in 10-mm seg-
ments, resulting in 25 25 10 mm segments. 
These segments were then sliced in 5-mm in-
crements along a 25-mm face, resulting after 
accounting for the saw kerf in four 5-mm-thick 
prisms: two of which were fully exposed to the 
environment and two of which were from the 
center of the sample. These two groups were kept 
separated and examined as separate groups to see 
if the structural integrity was different on the 
exposed surfaces as opposed to the inside of the 
sample. Finally, the remaining 25-mm side was 
reduced to 17 mm to create prisms that were 5 
10 17 mm. The HEMI method was performed 
on prisms that had 0, 4, and 12 wk of exposure to 
the salt chamber. 
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To measure the RIM, 10 prisms (1 replicate) were 
placed in the bowl (140 mm in diameter) of a 
heavy vibratory impact ball mill (Herzog HSM 
100-H; Herzog Osnabr¨Maschinenfabrik, uck, 
Germany), together with one steel ball of 35 mm 
diameter for crushing the specimens. Three balls 
of 12 mm diameter and three of 6 mm diameter 
were added to avoid small fragments from being 
trapped in the corner and ensure impact with 
smaller wood fragments. The bowl was shaken 
for 60 s at a rotary frequency of 23.3 s 1 and a 
stroke of 12 mm. The fragments of the 10 prisms 
were fractionated on a slit sieve according to ISO 
5223 with a slit width of 1 mm using an orbital 
shaker at an amplitude of 25 mm and a rotary 
frequency of 200 min 1 for 2 min (Anon 1992). 
The following values were calculated: 

m10I ¼ 100 ½% ; (1) 
mall 

where I is the degree of integrity (%); m10 is the 
oven-dry mass (g) of the 10 biggest fragments; 
and mall is the oven-dry mass of all fragments (g). 

mfragments < 1mmF ¼ 100 ½% ; (2) 
mall 

where F is the fine percentage; mfragments<1mm is 
the oven-dry mass of fragments smaller than 
1 mm (g); and mall is the oven-dry mass of all 
fragments (g). 

(3) 
� � �RIM ¼ 

ðI 3 FÞþ 300 
400 

½% ; 

where RIM is the resistance to impact milling 
(%); I is the degree of integrity (%); and F is the 
fine percentage (%). 

RESULTS AND DISCUSSION 

Figure 4 is a time-lapse composite image of the 
samples exposed for 12 wk. Efflorescence ap-
pears directly above the gasket, and this amount 
of effloresced salt increases with time. Once the 
crystals formed on top of the gasket, the crystals 
were able to draw NaCl from the reservoir below 
through capillary action along the surface of the 
wood. This “short-circuiting” happened in all 
cases, although several different sealing tech-
niques were used. No changes were visible at the 
top of the wood specimen. In some cases, cracks 
can be observed in the wood. The largest cracks 
occurred slightly above the large salt deposits. 

Figure 4. Time-lapse photographs of the 12-wk test. Clockwise from top left: 0, 4, 8, and 12 wk of exposure. 
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The height of the water rise within the samples 
can be observed in Fig 5, which is a photograph 
of longitudinal cross sections of the samples 
taken immediately after removal from the 4-wk 
salt exposure. Two cross sections are shown: one 
sample was cut along a primarily tangential plane 
and the other was cut along a radial plane. The 
height of the water rise can be observed by the 
dark coloration in the wood, and the highest level 
of the water rise is marked with an arrow in the 
image. The water rise is highest in the latewood. 
This is not surprising as it has been shown that 
liquid water transport is more favorable in the 
latewood with smaller lumina dimensions than 
earlywood (Zillig et al 2006; Zillig 2009). The 
height of the water rise on the measured samples 
varied between 100 and 125 mm. This height 
corresponded with the height of the effloresced 
salt deposits on the outside of the samples. 

The sample masses increased in both the 4 and 
12-wk tests. To obtain the posttest mass, efflo-
resced salt was mechanically removed and 
samples were reconditioned in a room at 50% RH 
after the exposure to minimize any mass differ-
ences caused by MC. The average posttest masses 
of the 4-wk samples was 104 g ( 10 g, standard 
error) and 101 g ( 6 g) for the 12-wk samples 
compared with the starting masses of 96 ( 10 g). 

The percent mass change of each sample was also 
calculated. The samples exposed for 4 wk had an 
average mass gain of 8.5% 0.4%, and the 
samples exposed for 12 wk had an average mass 
gain of 9.2% 0.4%. 

The results of the HEMI method can be seen in 
Fig 6 which plots the RIM as a function of ex-
posure time. Measurements taken from the inner 
core were compared with the prisms cut from the 
exterior of the sample, and the results were 
compared using a student’s t-test. Results were 
found to be insignificant at the 5% level (t-values 
ranged from 0.11 to 0.84). Therefore, these re-
sults were combined into a single measurement of 
the RIM at each spatial position. Not surprisingly, 
the measurements taken from the bottom of the 
specimen showed the largest decrease in the 
structural integrity. In this case, the RIM de-
creased from 79.8% to 74.5%, or a decrease in 
properties of 6.5%, and this decrease happened 
within the first 4 wk of exposure. By contrast, the 
RIM values measured in the middle of the sample 
show a degradation in properties throughout the 
exposure time, decreasing from 79.8% to 77.4% 
at 4 wk to 75.2% at 12 wk. The measurements 
taken at the top of the sample show a slight 
decrease from 79.8% to 78.4% and 78.2% at 4 
and 12 wk, respectively. 

Figure 5. Photograph of cross sections cut immediately 
after the 4-wk test. The coloration was used to determine the 
height of the water rise (highlighted with arrows). Scale bar ¼ 
50 mm. 

Figure 6. Change in the resistance to impact milling as a 
function of exposure time in the salt chamber. 
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From these experiments, it appears that salt damage 
causes small but measurable permanent changes 
to the structural integrity of the wood. In service, 
salt damage can be easily observed by the “stringy” 
texture of the wood surface. However, to date, it 
was unclear whether salt damage could cause 
structural damage to the wood. The data show 
that salt damage causes a 6.5% reduction in the 
RIM. To put this reduction into context, a 6% loss 
in RIM is similar to the effects caused by 15% 
mass loss by a white-rot fungi or 2% to 4% mass 
loss by a brown-rot fungi (Brischke et al 2006). A 
6% reduction in RIM is also observed for mild heat 
treatments ( 3% mass loss) and 90kGy of gamma 
radiation (Rapp et al 2006; Despot et al 2007). 

This reduction in structural integrity did not change 
between the 4- and 12-wk exposures for the 
samples immersed in salt water, and it is possible 
that the salt damage had progressed to its end 
value at 4 wk. In light of these observations, it 
appears safe to conclude that salt damage causes a 
less than 10% decrease in structural integrity for 
wood that has not defibrillated. As a result, salt 
damage is unlikely to be the sole cause of a 
structural failure as engineering design requires 
large factors of safety. 

One interesting observation in these experiments 
was that there was no salt efflorescence on the top 
surface of the sample. When this apparatus was 
used to measure the salt damage on stone and 
masonry materials, salt damage occurred both on 
the top of the sample and the sides of the sample 
(Scherer 2004). However, in these experiments, 
salt damage and crystallization were localized to 
the region immediately above the waterline. 

It is likely that these patterns of salt damage are 
related to the porous nature of these materials. 
IUPAC (citation) defines three pore systems: 
macropores (radius greater than 50 mm), meso-
pores (radius between 2 and 50 mm), and mi-
cropores whose radii are less than 2 mm (Rouquerol 
et al 1994). Commercial softwoods are primar-
ily a mesoporous material comprising mainly 
tracheids—long, narrow, empty tube-like cells 
whose diameter is between 5 and 40 mm and 
whose lumen volumes range from nearly the entire 

cell width in the earlywood to several microm-
eters in the latewood (Panshin and de Zeeuw 
1980; Zillig 2009). Whether micropores exist 
in the cell wall is highly contested (Hill and 
Papadopoulos 2001). Given that wood primar-
ily consists of large mesopores, it may not be 
surprising that the salt solution did not travel to 
the top of the wood specimens because the height 
of the capillary rise is inversely proportional to 
the radius of the pore system. 

Not only does the tracheid pore system affect the 
capillary rise in this experiment but it also affects 
the proclivity of wood to exhibit damaged caused 
by salt. Flatt has shown that in materials with a 
bimodal pore size distribution, salt will tend to 
crystalize in the larger pore systems (Flatt 2002). 
In these systems, the salt crystallization will cause 
less damage to the material as these larger pores 
can accommodate the crystal and will not cause 
cracking or other disruption of the sound mate-
rial. Because wood contains such a large volume 
of mesopores, wood may be, therefore, less sus-
ceptible to salt damage than other porous building 
materials. Furthermore, the large network of cell 
lumina may explain why although salt damage 
causes cosmetic damage to wood (Fig 1), it only 
causes small changes to the mechanical integrity 
of the wood. 

Although the results from these controlled ex-
periments give more insight into the extent of the 
mechanical property degradation caused by salt 
damage, more research is needed to understand 
the mechanism of salt damage in wood. Other 
researchers have shown that the middle lamellae 
of the cell walls are preferentially degraded by 
salt damage (Ortiz et al 2014). This suggests that 
salt must migrate through the cell wall from the 
cell lumen in part of the salt damage mechanism, 
and therefore, that intracell wall diffusion must 
play an important role in salt damage. Intracell 
wall diffusion is an active area of research as it is 
involved in many other wood decay mechanisms, 
such as fungal decay and fastener corrosion 
(Jakes et al 2013; Plaza et al 2016; Zelinka 2018; 
Jakes 2019). Although it is clear that salt damage 
must involve the diffusion of the salt to the mid-
dle lamella, the actual mechanism by which salt 
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weakens this structure is unclear. It could be that 
micropores are formed when the middle lamella 
is fully hydrated, which results in high crystal-
lization pressures and cracking when the crys-
tal nucleates. However, it is also possible that 
the salt chemically modifies or attacks the mid-
dle lamella. In either mechanism, developing a 
treatment or modification that inhibits diffusion 
through the cell wall should prevent salt damage 
in wood. 

CONCLUSIONS 

A method for producing salt-damaged wood 
under controlled laboratory conditions was pre-
sented. From the results of tests at 4 and 12 wk, 
the following conclusions can be drawn: 

The salt water migrated less than 150 mm ver-
tically from the surface of the water, much less 
than that observed for similar tests on stone and 
masonry materials under similar experimental 
conditions. Salt damage was confined to the  
lower half of the specimen. This was attributed to 
the mesoporous nature of the cell lumina. 
Salt damage caused only small changes in the 
mechanical properties of wood as examined by 
the RIM. In the worst case, a 6.5% reduction in 
RIM was observed. It appears that a 10% 
reduction in structural integrity may be an 
upper bound on the extent of salt damage for 
wood that appears otherwise intact. 
The mechanism for salt damage in wood must 
include intracell wall diffusion as one of the 
steps for reaction. As liquid water transport is 
primarily through lumina, crystallization in the 
lumina will not cause damage. 
The current work could not differentiate whether 
salt damage in wood is caused by a chemical 
attack of the middle lamella, a nucleation of salt 
crystals in the same anatomical feature, or for 
both reasons. However, the method presented 
herein could be used to produce salt-damaged 
wood for future experiments that target differ-
entiating these mechanisms. 
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