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The impact of cold temperatures on the shear strength of Scots pine 
(Pinus sylvestris) joints glued with seven commercially available 
adhesives was studied in this work. The cold temperatures investigated 
were: 20, −20, −30, −40, and −50 °C. Generally, within the temperature 
test range, the shear strength of Scots pine solid wood and wood joints 
were more resistant to the effect of temperature than those of Norway 
spruce. As the temperature decreased, only some of the joints’ shear 
strength significantly decreased. In most cases, PUR adhesive yielded the 
strongest shear strength and MUF adhesive yielded the weakest shear 
strength. MF adhesive responded to temperature changes in a similar 
manner to that of PUR and PVAc adhesives. The shear strengths of wood 
joints with PRF and EPI adhesives were more sensitive to temperature 
change. For dynamic tests of shear strength, the values for 12-h and 6-
day tests under temperature cycles (−20 and 0 °C) were compared. The 
values for 6-day tests were lower than those for 12-h tests. Therefore, the 
duration of the samples subjected to the same temperature had a 
significant impact on shear strength. Our results indicate that PUR 
adhesive is the most stable; whereas the stability of MUF and PRF 
adhesives decreased significantly. 
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INTRODUCTION 
 

The use of engineered wood products has increased in the building industry 

worldwide. Engineered wood applications (such as glued-laminated timber (glulam), 

laminated veneer lumber (LVL), and cross-laminated timber (CLT)) in bridges are also 

common in Europe and North America. Concerns have arisen about the adhesive qualities 

and bondline integrity of these engineered wood products, which require that the adhesive 

joints in the engineered wood products are as strong and durable as the wood itself. This 

issue is important in regions such as Scandinavia, Greenland, the Alps, Canada, Alaska, 

Russia, Mongolia, northern China, and northern Japan. Wooden constructions in these 

areas are frequently exposed to low temperatures for a large portion of each year. As a 

result, the strength properties of the engineered wood products (for example glued 

laminated timber and cross laminated timber) may be temporarily or permanently affected 

by both low temperatures and significant temperature changes. However, thermal effects 
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are usually not considered in the design and estimation of the service lifetime of wooden 

constructions. 

The influence of cold temperature on wood’s mechanical properties has been 

studied since the 1960s. It is known that as wood is cooled to below-normal temperatures, 

its mechanical properties tend to increase (Kollmann and Cote 1968; Geissen 1976; 

Gerhards 1982; USDA 2010; Jiang et al. 2014; Niemz et al. 2014). These studies found 

that wood’s modulus of elasticity, compression, and bending strength were significantly 

increased with decreasing temperature. However, the shear strength of wood has rarely 

been studied at low temperatures; only Yu and Östman (1983) have investigated the tensile 

strength properties of particle boards between −15 and 45 °C. 

For engineered wood, there are concerns not only about the wood itself, but also 

adhesives and the joints between the adhesives and wood, specially their behaviours after 

many years. Egner and Kolb (1966) investigated on the ageing of glues for supporting 

structural wooden elements. After that in 1990s, Deppe and Schmidt (1994) made the 

additional tests for the ageing behavior of filled glueline products. Raknes (1997) reported 

the durability if structural wood adhesives after 30 years ageing. More recently, Radovic 

and Rothkopf (2003) demonstrated the suitability of 1-compoment PUR adhesives for 

wood construction, taking into account 10 years of experience.  

Wood and adhesives have different properties. Therefore, the interaction between 

wood and adhesive were studied, especially when the bonded wood products were exposed 

to high temperatures. For example, the performance of bondlines at elevated temperatures 

has been reported (Frangi et al. 2004; Falkner and Teutsch 2006; Clauss et al. 2011). With 

increased temperature, the shear strength of solid wood and glued wood joints decreased 

(Clauss et al. 2011). There were significant differences in the thermal stability and failure 

behaviour between different adhesive systems. However, not much information is available 

on the strength of bondlines at low temperatures, especially under extremely cold 

conditions, and only some studies have been conducted on timber bridges in cold climates 

(Kainz and Ritter 1998; Wacker 2003, 2009). Therefore, understanding the effect of 

temperature on strength properties is very important if the engineered wood products are 

used for construction applications in which they are subjected to low temperatures and 

significant temperature changes. 

The objective of the study was to determine the effect of low temperatures (20 to 

−50 °C) on the shear properties of Scots pine wood and glued joints. Seven commercially 

available adhesives were tested at the selected temperatures according to the test protocol 

provided in EN 302-1 (2011). 

 
 
MATERIALS AND METHODS 
 

Bondline experiments were carried out on Scots pine (Pinus sylvestris) and Norway 

spruce (Picea abies) (Wang et al. 2015). These are the two most popular species for 

engineered wood in Scandinavia. The results of the bondline shear tests of the bonded Scots 

pine specimens were compared with the strength of solid wood in shear parallel to grain. 

To test the bondline integrity of Scots pine under cold conditions, the same seven different 

commercially available adhesives from different producers were chosen as those used in 

the previous study on Norway spruce (Wang et al. 2015). Of the adhesives tested, poly-

condensation adhesives such as PRF, MF, and MUF have been certified according to EN 

301 (2013) and EN 302 (2011) standards for application in engineered wood products. In 
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addition, PUR has also been certified in EN 15425 (2008). In this study, the shear strength 

of solid wood and glued wood joints were tested at different temperatures according to EN 

302-1 (2011). 

Data were analyzed using the statistical software package IBM SPSS Statistics, 

Version 20 (IBM Corporation, New York, USA). An analysis of variance (ANOVA) was 

carried out using a 5% level of significance. When significant differences were found, 

Duncan’s multiple-range test was performed to reveal any differences caused by the 

different adhesives at different temperatures. Significant differences are designated by 

different letters in the tables below. 

 

Materials  

Scots pine (Pinus sylvestris) samples with an average oven-dried density of (473 ± 

31) kg/m3 and a moisture content (MC) of (12 ± 1%) were used. The growth ring angle 

(angle between growth rings and glued surface of the specimen) of the wood was between 

30 and 90°. 

The same adhesives were used in this experiment as in the previous study (Wang 

et al. 2015): 

 One-component polyurethane adhesive (PUR) 

 Poly(vinyl acetate) adhesive (PVAc) 

 Emulsion-polymer-isocyanate adhesive (EPI) 

 Melamine-formaldehyde adhesive (MF)  

 Melamine-urea-formaldehyde adhesives (MUF1 and MUF2)  

 Phenol-resorcinol-formaldehyde adhesive (PRF) 

For pine testing samples (as shown in Table 1), the same pressure and pressing time 

were used, and the same adhesive amount (one-side application with a spread per side of 

200 g/m2) was applied according to the adhesive suppliers’ and engineered wood products 

companies’ recommendations as for spruce tests (Wang et al. 2015). 

 

Table 1. Adhesives and Optimal Gluing Process Information According to the 
Manufacturer (Wang et al. 2015) 
 

Adhesive Adhesive: 
Hardener 

Ratio 

EN301/302 
EN 15425 

certification 

Wood 
Moisture 
Content 

(%) 

Bonding 
Pressure 

(MPa) 

Pressing 
time 

(Minutes) 

Temp. 
(oC) 

PUR --  8 0.3 30 20 

PVAc -- -- 7-10 0.3 30 20 

EPI 100:15 -- 8-15 0.3 30 20 

MF 100:100  12 0.3 70 20 

MUF1 100:20  12 0.3 15 90 

PRF 100:15  12 0.5 60 40 

MUF2 100:100  12 0.5 120 20 

  
Methods 

The production of specimens for pine was prepared using the same methods as 

described in the previous paper (Wang et al. 2015). The bonded samples were also cut into 

specimens with dimensions of 150 mm x 20 mm x 10 mm, according to EN 302-1 (2011) 

(Fig. 1). To obtain a reference value for the strength of the glued specimens, non-glued 
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solid wood specimens with the same dimensions were tested. These specimens were 

prepared according to the requirements of EN 302-1 (2011). 

 

 
 
Fig. 1. Schematic of a tested sample (adapted from EN 302-1 (2011) (Fig. 2(a)) 
 

To investigate the influence of temperature on shear strength, 15 specimens of each 

test set were tempered in a special climate chamber (Vötsch industrietechnik vcv7120-5) 

(at the Department of Civil Engineering at Technical University of Denmark) for 12 h at 

20, −20, −30, −40, and −50 °C, respectively. There was one more batch of 15 samples 

tested for six cycles of temperature changes (0 and –20 °C). That means the 15 samples 

were kept in the climate chamber for 12 h at −20 °C, then the chamber temperature was 

subsequently changed to 0 °C for another 12 h, and this was continuously repeated for six 

cycles (days). After that, the test subjects were tested at −20 °C. The tests were executed 

on the same universal testing machine in the climate chamber at the designed temperature 

as for Norway spruce (Fig. 2). The tests were performed in a position-controlled model 

with a feed speed of 2 mm/min. 

 

 
 
Fig. 2. Climate chamber, shear test machine, and test specimens 

 

SEM analyses of bondlines were carried out on small sample blocks (ca. 3 mm × 3 

mm × 7 mm) using a JSM-5200 (JEOL, Japan) electron microscope operated at an 

accelerating voltage of 15 kV. Section blocks were prepared on a sliding microtome 

(Reichert, Austria) and sputter-coated with gold (DESK II Denton Vacuum, USA) prior to 

SEM examination. 
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RESULTS AND DISCUSSION 
 

Impact of Temperature on Shear Strength for Each Type of Adhesive 
Presented in Tables 2 and Fig. 3 are the shear strength of Scots pine bondlines and 

control samples at different temperatures. Scots pine did not show a clear trend of 

decreasing shear strength as temperature decreased, compared with Norway spruce (Wang 

et al. 2015). A detailed discussion follows. 

 

Table 2. Shear Strengths (MPa) of Scots Pine Wood Joints at Different 
Temperatures 

Temp./Adhesive PUR PVAc EPI MF MUF1 PRF MUF2 Solid 
Wood 

20 °C 12.1 
(1.5)1 

A2 

10.2 
(1.5) 
A, B 

10.8 
(2.0) 

A 

10.5 
(2.0) 

A 

9.8 
(1.4) 

A 

10.7 
(0.9) 

A 

9.7 
(1.5) 

A 

12.0 
(2.0) 

A 

−20 °C 11.7 
(3.0) 

A 

11.1 
(1.6) 

A 

8.4 
(4.6) 
A, B 

11.0 
(2.1) 

A 

10.5 
(1.4) 

A 

10.3 
(2.6) 

A 

9.9 
(2.4) 

A 

12.1 
(1.5) 

A 

−30 °C 12.0 
(2.7) 

A 

10.4 
(1.9) 
A, B 

8.9 
(3.2) 
A, B 

11.0 
(2.6) 

A 

10.1 
(1.7) 

A 

8.8 
(3.1) 
A, B 

9.7 
(1.8) 

A 

12.3 
(1.6) 

A 

−40 °C 11.2 
(1.8) 

A 

10.6 
(1.7) 
A, B 

7.4 
(2.2) 

B 

11.3 
(1.7) 

A 

10.0 
(1.5) 

A 

9.0 
(3.3) 
A, B 

8.1 
(3.9) 

A 

11.4 
(1.6) 

A 

−50 °C 11.4 
(2.2) 

A 

9.5 
(1.6) 

B 

7.6 
(2.2) 

B 

10.2 
(2.4) 

A 

9.2 
(1.8) 

A 

7.5 
(2.5) 

B 

8.3 
(1.9) 

A 

11.4 
(2.0) 

A 

Total shear 
strength change 

(%)3 

5.8 6.9 29.6 2.9 6.1 29.9 14.4 4.8 

1 Values in parentheses are sample standard deviations. 
2Values with the same capital letter in each column are not statistically different at the 0.05 
significance level. 
3 Total shear strength change (%) = (Shear Strength 20 °C − Shear Strength −50 °C)/Shear Strength 

20 °C*100. 
 

Solid wood specimens 

As the temperature decreased from 20 to −50 °C, the shear strength of tested solid 

Scots pine wood specimens decreased from 12.0 to 11.4 MPa. It dropped only 4.8%, 

indicating that temperature changes had no statistically different at the 0.05 significance 

level impact on wood shear strength. The shear strength was always higher than 10 MPa at 

20 to −50 °C, meeting the standard requirement EN 301 (2013), even though that standard 

was made of beech wood with a density of 700 ± 50 kg/m3. 

Compared with Norway spruce (Wang et al. 2015), when subjected to different 

temperatures, Scots pine did not show a clear trend of decreasing shear strength as 

temperature decreased. Further research is needed to determine the reason for this. 

 

PUR 

Similarly to solid wood, as the temperature decreased from 20 to −50 °C, the shear 

strength of tested PUR bondlines with Scots pine wood joints decreased from 12.1 to 11.4 

MPa (only 5.8%), showing that the temperature change had no significant impact on shear 
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strength. The shear strength was always higher than 10 MPa at 20 to –50 °C, meeting the 

standard requirement of EN 301 (2013). 

 

PVAc 

As temperature decreased from 20 to −50 °C, the shear strength of PVAc resin-

bonded Scots pine wood joints decreased from 10.2 to 9.5 MPa, a drop of 6.9%. The shear 

strength was significantly different at −50 °C. The shear strength of all PVAc resin-bonded 

wood joints were lower than that of solid wood and PUR resin bonds at all temperatures 

tested. 

Compared with the shear strength of PVAc-bonded Norway spruce joints (Wang et 

al. 2015), the shear strength of Scots pine joints was stronger, and only at −50 °C was lower 

than 10 MPa. While the shear strength of PVAc-bonded Norway spruce joints were all 

lower than 10 MPa even at 20 °C. This indicated a large difference between these two 

species of wood. It may demonstrate that more species are needed to test in the future work 

to better investigate the effect of temperature change. 

 

EPI 

For Scots pine samples, the shear strength of tested EPI resin-bonded wood joints 

decreased significantly when the temperature decreased from 20 to −20 °C (10.8 to 8.4 

MPa), indicating that shear strength developed by EPI resin was sensitive to temperature 

changes. As the temperature decreased from 20 to −50 °C, the shear strength of EPI resin-

bonded Scots pine wood joints decreased from 10.8 to 7.6 MPa, a decrease of 29.6%. 

The shear strength of EPI resin-bonded wood joints was lower than that of solid 

wood and PUR resin bonds at any lower temperature tested. Statistically, the shear 

strengths tested were categorized into two temperature zones with no overlap: 1) 20 °C; 

and 2) −20 to −50 °C. Within Zone 2, as temperature decreased from −20 to −50 °C, the 

shear strength did not decrease significantly. 

 

MF 

The shear strength of MF adhesive-bonded Scots pine wood joints was not 

significantly different (2.9%) when the temperature decreased from 20 to −50 °C. 

Compared with solid wood and PUR adhesive bonds, the shear strength of MF adhesive-

bonded wood joints was lower at all temperatures tested, but always higher than 10 MPa 

from 20 to −50 °C, meeting the standard requirement (EN 301 2013), indicating a relatively 

good bondline quality developed by the MF adhesive compared with those of the PUR and 

PVAc adhesives. 

 

MUF (MUF1 and MUF2) 

The shear strength of MUF1 adhesive-bonded wood joints showed no significant 

decrease from 20 to −50 °C, and the average shear strength decreased by only 6.1%. The 

data showed that as the temperature dropped from 20 to −20 °C, the shear strength 

increased slightly (from 9.8 MPa to 10.5 MPa). Further decreasing temperature seems to 

not affect shear strength. Generally, MUF1 resulted in a lower shear strength than solid 

wood at the temperature range tested. 

As the temperature decreased from 20 to −50 °C, the shear strength of MUF2 

adhesive-bonded wood joints decreased from 9.7 to 8.3 MPa. These values were the lowest 

of all tested adhesive types and the shear strength was always lower than 10 MPa at 20 to 
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−50 °C, which did not meet the standard requirement (EN 301 2013). The total decrease in 

shear strength was 14.4%. 

 

PRF 

Conventional PRF adhesive is historically the most established adhesive for cold 

setting bondline applications. The data in Table 2 indicate that the shear strength of PRF 

adhesive-bonded Scots pine did not meet the EN 301 (2013) requirement when the 

temperature was lower than −30 °C. As the temperature decreased from 20 to −50 °C, the 

shear strength of PRF adhesive-bonded wood joints decreased from 10.7 to 7.5 MPa, a 

drop of 30%, indicating that temperature changes had a significant impact on shear 

strength. The shear strength of PRF adhesive-bonded wood joints was significantly lower 

at −50 °C, and had the lowest value among all adhesives (only 7.5 MPa). Statistically, shear 

strengths were categorized into two temperature sectors with no overlap: 1) 20 to −20 °C; 

and 2) −30 to −50 °C. In Sector 1 at 20 °C to −20 °C, the shear strength rose above 10 

MPa, meeting the standard requirement (EN 301 2013). However, in Sector 2 at −30 to 

−50 °C, the shear strengths were lower than 10 MPa (8.8 to 7.5 MPa), and did not meet the 

standard requirement (EN 301 2013), indicating that as temperature dropped below −30 

°C, the shear strength of the PRF adhesive bonded with Scots pine joints decreased 

significantly. This shows that the bondline integrity was quite sensible during temperature 

changes. 

Figure 3 shows the shear strength of the bondline with adhesives at different 

temperatures. Again, as the temperature changed from −50 to 20 °C, the shear strength of 

the bondline with PRF and EPI had the greatest variation. Actually, from 20 to –30 °C, the 

shear strength of the bondline did not change significantly, and that of some of them even 

increased. However, at −40 °C and lower, it decreased significantly. 

 

 
 

Fig. 3. Bondline shear strength of Scots pine wood joints bonded with specified adhesives at 
different temperatures 

 
The difference in shear strength of different adhesive bonded Scots pine may 

originate from the adhesives structure differences. For example: PRF adhesive is mainly 

constructed with benzene rings, whereas MUF adhesive is composed of urea component 

and melamine ring. It is assumed that these structures will react different at different 

temperature, but the reactions to wood for the different adhesives is quite speculative, and 
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we cannot to draw any conclusions on this, because of the limitations of this work and test 

/ analysis methods we used. 

Besides, the shear strength difference at different temperatures may be due to the 

difference in the elastic property of different adhesives. Though we do not have data, as 

Gindl-Altmutter et al. (2012) mentioned stiffness of adhesive affected wood bonds shear 

strength, low temperature affect the elastic properties of an adhesive, resulting in stress 

distribution in bondline difficulty thus reduce the shear strength. 

 
Scanning Electron Microscope (SEM) Analyses of Bondlines 

Figure 4 shows SEM images of bondlines for the wood bonds with seven types of 

adhesives at −30 °C. The distances were measured, including the distance the adhesive 

penetrated into the wood. The images on the left side of Fig. 4 are bondlines of Norway 

spruce (Wang et al. 2015). The images on the right side of Fig. 4 are bondlines of Scots 

pine. PUR showed the best adhesive penetrations of the three lumens; the average bondline 

width was 178 m for Norway spruce and 134 m for Scots pine; both are much thicker 

than the designed bondline thickness of 100 m. They both showed a smoother bondline 

surface than the other types of adhesives. The other bondline width was followed by MUF2 

bonds (118 m for Scots pine and 101 m for Norway spruce), MUF1 bonds (101 for Scots 

pine and 83 m for Norway spruce), EPI bonds (95 m for Scots pine and 113 m for 

Norway spruce), MF (90 m for Scots pine and 98 m for Norway spruce), and PRF (88 

m for Scots pine and 65 m for Norway spruce). The thinnest bondline widths were 

formed by PVAc bonds: 85 m for Scots pine, and 91 m for Norway spruce. 

 

  
(1) Glue 1- PUR 

 

     
(2) Glue 2- PVAc 

 

     
(3) Glue 3- EPI 

50 µm 50 µm 

50 µm 50 µm 

50 µm 50 µm 
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(4) Glue 4- MF 

 

     
(5) Glue 5- MUF1 
 

     
(6) Glue 6- PRF 
 

     
(7) Glue 7- MUF2 
    

Fig. 4. SEM images of bondlines for wood bonds with seven types of adhesives (left: Norway 
spruce; right: Scots pine) 

 

Dynamic Tests of Shear Strength 
Table 3 and Fig. 5 show the values for the 12-hour tests and 6-day cycling tests. 

Both were performed at −20 °C. There was a clear change in the shear strength of the two 

types of tests. For 6-day tests, the values for the various types of adhesives were lower than 

those for 12-hour tests. Therefore, the duration of the samples subjected to the same 

temperature had an obvious impact.  

Figure 5 also shows that PUR was the most stable adhesive both for 12-hour or 6-

day tests when temperature changes. The shear strength of the bondline with PUR adhesive 

was almost the same (11.7 to 11.6 MPa). However, the shear strength with MUF and PRF, 

and even the wood itself, changed significantly. 

50 µm 50 µm 

50 µm 

50 µm 

50 µm 

50 µm 

50 µm 50 µm 
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Table 3. Shear Strengths (MPa) of Scots Pine Wood Joints after Different 
Durations (12 hours and 6 days) at −20 °C 

Time/Adhesive PUR PVAc EPI MF MUF1 PRF MUF2 Solid 
Wood 

12 hours 11.7 11.1 8.4 11.0 10.5 10.3 9.9 12.1 

6 days 11.6 9.9 7.7 10.1 8.2 7.3 7.1 9.8 

Total shear 
strength change 

(%)1 

0.9 10.8 8.3 8.2 21.9 29.1 28.3 19.0 

1Total shear strength change (%) = (Shear Strength 12 hours − Shear Strength 6 days)/Shear Strength 

12 hours*100. 
 
 

 
 

Fig. 5. Difference between shear strength after 12 hours and 6 days 

 

 
CONCLUSIONS 
 

1. The shear strengths of Scots pine wood and PUR, PVAc, EPI, MF, MUF1, PRF, and 

MUF2 adhesive-bonded wood joints at temperatures of 20, −20, −30, −40, and −50 °C 

were studied. Generally, within the temperature test range, the shear strength of Scots 

pine solid wood and wood joints resisted the effects of temperature better than that of 

Norway spruce. PUR adhesive resulted in the strongest shear strength at most 

temperatures tested. MUF adhesive resulted in the weakest. MF adhesive responded to 

temperature changes in a similar manner to that of PUR and PVAc adhesives. The shear 

strengths of wood joints with PRF and EPI adhesives were more sensitive to 

temperature change. 

2. For dynamic tests of shear strength, the values for 12-h and 6-day tests under cycles of 

temperature (−20 and 0 °C) were compared. For 6-day tests, the values for the various 

types of adhesives were lower than those for 12-h. Therefore, duration significantly 

influenced the shear strength of samples subjected to the same temperature. PUR is the 
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most stable adhesive; the stability of MUF and PRF decreased significantly under 

extreme temperatures. 

3. The data created through the experiment did, for the most part, meet the shear strength 

requirements of EN 301 (2013) and EN 302 (2011), unlike Norway spruce (Wang et 

al. 2015). This suggests that the influence of low temperatures on the diminished shear 

strength of bondlines for the load-carrying capacity of glulam should be studied further 

with different species. 

4. The shear strength difference at different temperatures may be due to the difference in 

the elastic property of different adhesives. Stiffness of adhesive affected wood bonds 

shear strength, low temperature affect the elastic properties of an adhesive, resulting 

reduce the shear strength should be more investigated in the near future. 
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