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Currently, the bending properties of glulam made from fast-growing 
poplar barely meet the requirements for application. In this study, the 
bending properties of glulam made from preservative alkaline copper 
quaternary (ACQ)-treated and phenol-formaldehyde resin reinforced 
poplar in different laminate configurations were full-scale tested via a 
four-point bending method. Theoretical models including stiffness model 
and rigidity model under different loading modes were founded based on 
the mechanical analysis of composite materials to predict the Young’s 
modulus of bending and bending strength. The Young’s modulus and 
bending strength of modified fast-growing poplar glulam was greatly 
enhanced compared with untreated ones, which can meet the standard 
requirements for symmetrical mixed-grade composition glulam grade 
E85-F255. The Young’s modulus was predicted with the rigidity model 
with high accuracy. The relative error was below 12%. The modified 
stiffness model with correction factors for normal stress and interlayer 
tension shearing stress can also accurately predict the failure mode and 
bending strength. 
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INTRODUCTION 
 

Glulam is widely used as an important component in modern timber structures as 

beams, columns, and other supporting members. It is laminated with wood laminae in the 

grain parallel direction and bonded together with adhesive in thickness, width, and 

length. Because the glulam is as cost-effective as a wood resource, freely designed, safe, 

and dimensionally stable, it is one of the most economical approaches for utilization of 

small-size wood pieces. 

Poplar is one of the most important fast-growing species in China. It is 

widespread, well-adapted for various climates, and has a short growth cycle of almost 10 

years. However, poplar wood is loose in structure, soft, rots easily, and has low strength, 

such that it can hardly meet the requirements of structural components (Herawati et al. 

2010). Many research studies on wood reinforcement have been carried out to overcome 

the low-strength shortage of fast-growing poplar wood for glulam members. Mirzaei et 

al. (2017) found that the moisture induced stress of glulam beams made from 

hydrothermally treated poplar was reduced and the bending strength was increased. 

Besides, the wood cell lumen, as well as cell walls can be strengthened after fiber 

reinforced polymer (FRP) treatment, which efficiently improves the strength of modified 
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glulam (Yang and Liu 2007; Cheng and Hu 2011; Osmannezhad et al. 2014). Wood as a 

kind of biomass material easily decays, rots, or degrades, which may largely shorten the 

life cycle of timber structures. It is important to carry out some durability treatments to 

ensure the safety for designed service life. Herzog et al. (2004) and Yang et al. (2012) 

have studied the influence of preservative treatments on wood mechanical properties. The 

results show that the excess ethanolamine in preservatives can partly depolymerize the 

lignin and decrease the MOE (Herzog et al. 2004; Gaspar et al. 2009; Yang et al. 2012). 

However, due to the variability of wooden materials, the mechanical properties of glulam 

made from modified wood can hardly be evaluated accurately. 

Glulam made from fast-growing modified poplar is a laminated structure, and its 

mechanical strength varies with lamina types and configuration. Falk and Colling (1995) 

have investigated the influence of different configuration plans to optimize the laminae 

configuration. The glulam shows better bending properties when the higher-grade 

laminae are positioned in the member where the service load is expected to create higher 

stress. Conversely, lower-grade laminations are positioned in the areas where the stress is 

expected to be lower (Falk and Colling 1995). Yang used a strain gauge method to 

explore the strain and stress of laminae during bending and determined the effect of 

laminate configuration on the MOE of glulam (Yang et al. 2007). However, the research 

was based on the experimental data of single laminae strength. The bonding strength 

between layers can also affect the bending properties of glulam. 

In order to determine the mechanical properties of glulam and apply them in the 

structure, it is common practice to prepare numerous destructive full-scale experiments. 

However, such an approach can be both ineffective and wasteful. It is indispensable to 

build a model for modified fast-growing poplar glulam strength and figure out the 

strength of any configuration. In this research, the bending properties of glulam were 

theoretically investigated based on the mechanical analysis of composite materials. Full-

scale tests were carried out on the glulam made from reinforced or preservative modified 

poplar wood to verify the model. 

 

 

EXPERIMENTAL 
 
Wood Members 

The experimental groups were named as follows. A is the control group, untreated 

fast-growing poplar (Populus tomentosa Carr.) with a density of 0.38 g/cm3 and moisture 

content of 12%. B is the preservative ACQ modified fast-growing poplar. C is the phenol 

formaldehyde resin (PF) reinforced fast-growing poplar. D represents the preservative 

ACQ together with PF modified fast-growing poplar. 

The bending strength, Young’s modulus, compressive, and tensile strength, along 

the grain of the wood member specimen were tested according to GB/T 1936.1 (2009), 

GB/T 1936.2 (2009), GB/T 1935 (2009), and GB/T 1938 (2009). Five parallel 

experiments were conducted for each type of sample to get the average mechanical 

properties. 
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Two of same wood members and two different members were glued together with 

single-component polyurethane resin and the bonding strength were tested according to 

GB/T 26899 (2011). The single spreading ratio was 200 g/m2. Each group contained 

three samples to get the average bonding strength. 

 

Manufacture of Glulam 
Different kinds of wood elements were assigned to assemble the 5-ply glulam. 

The pre-laminations were initially trimmed by a finger-joint machine at both ends. Then 

they were matched and mounted by using the single-component polyurethane resin under 

a pressure of 0.5 MPa for 24 h and then planed to 20 mm thick. The actual thickness of 

each lamina is illustrated in Table 1. The single-component polyurethane resin was 

utilized as an adhesive at the single spread ratio of 200 g/m2. The strips were quickly 

assembled together after glue spreading. Then they were clamped tightly at room 

temperature for 24 h until curing. The glulam dimensions were 1.95 m in length, 45 mm 

in width, and approximately 20 mm in thickness. The laminate configuration and 

thickness for each layer are shown in Table 1. 

 

Table 1. Laminate Configuration of Glulam Beams 

No. 
Length 
L(m) 

Width 
b(mm) 

Thickness of Each Lamina (mm) 

0 1.95 45 
A A A A A 

20.2 20.2 20.2 20.2 20.2 

1 1.95 45 
B B A B B 

20.3 20.3 20.3 20.3 20.3 

2 1.95 45 
C B A B C 

20.2 20.2 20.2 20.2 20.2 

3 1.95 45 
D B A B D 

23 20 26 20 23 

4 1.95 45 
D C A C D 

20.2 20.2 20.2 20.2 20.2 

5 1.95 45 
D B B B D 

20.5 20.5 25 20.5 20.5 

 

Bending Tests of Glulam 

As shown in Fig. 1, the bending strength and Young’s modulus of glulam were 

tested with four-point bending method. The tests were carried out in accordance with 

GB/T 26899-2011, Structural glued laminated timber Bending test A, on the mechanical 

testing machine (WDW-200E, Jinan TimeShiJin Instruments Co. Ltd, Jinan, China). The 

load was applied at a speed rate of 14.7 MPa/min. Each glulam group contains 3 parallel 

samples. The Young’s modulus E (MOE) was calculated by Eq. 1, 
 

3 3 3

3 3 3

23 23 23

108 108 108

P L P L L
E k

bh bh bh 


     


                                        (1) 

where P is loading strength on the glulam beam, ω is the deflection at middle point, L is 

the span of the beam, b is the width, h is the height of the beam, and k = (P/) 

represents the linear gradient of loading-deflection curve. The bending strength MOR σb 
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of glulam can be calculated by Eq. 2. 
 

 
2bh

PL
b                                                                                                          (2) 

 
 

 
 

Fig. 1. Four-point bending test of glulam 

 

 

THEORETICAL MODELS 
 
Stiffness Model 

According to the mechanics of the composite material constitutive principle, the 

glulam can be equivalent to synthetic laminated structures and with no coupling effect 

between layers. The stiffness of glulam was represented by Young’s modulus in practice. 

As the bending member in the structure, the Young’s modulus in the direction of x-axis 

was analyzed in this study.  

Figure 2 illustrates the mechanical analysis of glulam subjected to bending. The 

adhesive layer between wood laminae can be ignored because it can be so thin. The 

mechanical properties of glulam in vertical directions is content with parallel models. As 

the lateral shearing stress on each layer and transverse plane are different when bending, 

the strain of each layer is complex to describe. In this way, the Young’s modulus of 

composite beams in the direction of x-axis can be obtained from Eq. 3 (Zhang et al. 

1992), 

     
y

L

EI
E

I
                         (3) 

where Iy is the inertia moment to neutral axis y at the cross section, and EI  is the flexural 

stiffness to neutral axis y at the cross section, which can also be represented by Eq. 4, 

where n is number of layers, k represents the kth layer, z is the distance to the neutral axis 

y. 
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Fig. 2. Mechanical analysis of glulam 

As for symmetrical laminated structure and unsymmetrical laminated structure, 

EI  is calculated by Eq. 5, 
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where I
(k) 

y  is the inertia moment of the kth layer on the neutral axis y, b is the width of the 

layer, tk is the distance of the kth layer bottom plane to the upper plane of glulam, d11 is 

the flexural coefficient of symmetrical structure, Ex
(k) is the Young’s modulus of the kth 

layer in x direction, and Δ represents the distance of the neutral axis y to glulam upper 

plane, which can be calculated by Eq. 6: 
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Rigidity Model 
The glulam mainly supports the bending moment in the thickness direction in the 

timber structure. It can be derived from stress and experience analysis that the two main 

failure modes are normal stress failure in which the layer strips are snapped or crushed 

under normal stress, and shearing failure between layers, which means that the glue line 

is damaged under the shearing load. In this study, these two failure modes are discussed 

respectively. 
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As for normal stress failure, the normal stress of every layer at a cross section is 

analyzed separately. The normal stress of a single layer σx can be represented by Eq. 7, 

 
 k

x
x

ME z

EI
                                                                                                      (7) 

where M is the bending moment at cross section. To keep the glulam from failure, the 

normal stress of any layer should meet the demand as follows, 

    x i                                                                                                        (8) 

where [σi] is allowable stress of a single layer. When σx>0, [σi] is allowable tension stress. 

When σx<0, [σi] is allowable compression stress. 

As for the shearing failure between layers, the shearing stress of every glue line is 

analyzed separately. The shearing stress of a single layer τk can be obtained by Eq. 9, 
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                                                                                             (9) 

where Si is the static moment of the ith layer area that from zk to zn on neutral axis y, and τk 

is the shearing stress between the kth layer and the (k+1)th layer. 

To keep the glulam from failure, the shearing stress between each two layers 

should meet that: 

 k iq                                                                                                              (10)  

where qi is the bonding strength between layers. 

It can be derived from Eqs. 7 and 8 that the bending moment M induced by 

normal stress should meet Eq. 11, and the shearing stress Q that caused shearing stress 

between layers should meet Eq. 12. 
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Loading Mode 
The bending strength of glulam is the combination of Eqs. 11 and 12. As shown 

in Table 2, the maximum bending moment Mmax, the maximum shearing stress Qmax and 

their corresponding relationship can be defined when the loading mode on glulam is 

definite. (Chen and Yang 2006). In this way, the maximum bending moment for glulam 

can be derived from Eqs. 11, 12, and Table 2. 
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Table 2. The Bending Moment and Shearing Stress of Glulam vs. Loading Mode 
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The MOR of the rectangular cross section beam is shown in Eq. 14: 

    
2

6
b

M M

W bh
                                                                                               (14) 

The rigidity model of glulam can be derived as follows. 
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RESULTS AND DISCUSSION 
 
Mechanical Properties of Wood Members 

The mechanical properties of different wood members and bonding strength 

between each two members are shown in Tables 3 and 4. The mechanical properties of 

fast-growing poplar wood were improved slightly after preservative treatment, which is 

in opposition with the previous research conclusions (Yang et al. 2012). This may result 

from short modification time and different preservative solvents. The bending properties 

of PF reinforced poplar wood were larger than those of the untreated group.  

 

Table 3. Mechanical Properties of Wood Members* 

Sample 
Bending Strength 

(MPa) 
Young’s Modulus 

(MPa) 
Compressive Strength 

(MPa) 
Tensile Strength 

(MPa) 

A 71.12(5.6) 5493.35(14.4) 55.34(18.0) 100.81(10.7) 

B 82.35(21.5) 8159.15(20.9) 84.42(19.2) 110.82(23.6) 

C 105.61(12.8) 9428.15(11.9) 103.21(29.3) 138.12(24.2) 

D 108.34(15.0) 9360.48(18.5) 106.55(36.0) 133.67(38.1) 

* Values in parentheses are coefficients of variation in percent. 

(15) 
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Table 4. Bonding Strength of Single-Component Poly-Urethane Resin Adhesive 
Samples (MPa) 

 A B C D 

A 11.92(19.8) 12.57(16.9) 13.73(24.8) 11.38(15.1) 

B  12.63(28.1) 11.56(10.9) 15.90(39.5) 

C   11.91(76.1) 12.30(24.8) 

D    14.93(39.7) 

 

 

The preservative modification had little impact on the PF reinforced wood, while 

there was no obvious relationship between the bonding strength of untreated groups and 

that of modified groups. 

 

Model Validation 
The glulam bending average test results and model calculated results of MOE and 

MOR are illustrated in Table 5. The MOE and MOR of glulam made from untreated fast-

growing poplar wood can hardly meet the Japanese standard JAS 1152 (2007) Glued 

laminated timber for symmetrical mixed-grade composition glulam. However, the 

mechanical properties were greatly enhanced after preservative treatments and 

reinforcement modification. Taking the size of common glulam beams that the size effect 

should be noticed on the test results. According to Zhou’s research, the size impact on 

MOE is not significant (Zhou et al. 2016). While the bending strength of the timber as 

well as glulam follows the Weibull distribution, which is also called the weakest link 

theory (Weibull 1939). This theory suggests that the strength of the component is 

determined by the weakest zone. 

 

Table 5. Test and Calculation Results of MOE and MOR 

No. h(mm) Pmax (kN) 

MOE(MPa) MOR(MPa) 

Actual value 
Prediction 
value 

Relative 
error(%) 

Actual value 
Prediction 
value 

Relative 
error(%) 

0 101 11.1(10.2) 5245.15(34.1) 5493.35 4.73 43.53(26.7)● 55.34● 27.14 

1 101 16.7(21.0) 8449.03(29.4) 8138.32 3.68 65.48(23.1)● 84.20● 28.58 

2 101 19(8.9) 8917.82(16.7) 9132.82 2.41 74.50(19.1)● 99.98● 34.2 

3 112 21.5(26.7) 9121.24(30.8) 9081.37 0.44 68.56(45.5)▲ 103.37● 50.78 

4* 101 16(26.0) 7961.48(48.6) 7028.23 11.72 62.74(14.8)● 110.24● 75.71 

5 107 15.8(30.4) 9428.73(58.2) 9078.67 3.71 55.20(20.4)▲ 103.34● 87.21 

* In sample 4#, the wood failure between layer strips C and D was below 60% and the PF resin 
was not cured completed. MOE of strip C 7973.83MPa and strip D 6793.02MPa were used in 
the calculation. 

● normal stress failure, ▲ shearing failure between layers 
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With the size getting larger, more defects and it is more probably to get failure. 

Bohannan (1966) thought that the bending strength was not affected by the width of 

specimen but span-to-depth ratio, which is often constant in structural component. So the 

bending strength of the glulam beam with span 2600 mm can be transformed with Eq. 16, 

1 2

2 1

=

hlk

L

L





 
 
 

                                                       (16) 

where 1 and L1 are the bending strength and span of the test specimen, 2 and L2 are the 

bending strength and span of the common-size glulam beam, and khl is the composite size 

effect coefficient of length and height. According to Zhou’s size effect coefficient 

research results of khl = 0.275, the calculated bending strength of glulam beam with span 

2600 mm for configuration 5 is 51.0 MPa, which meet the JAS standard strength grade 

for E85-F255. Hence the modified glulam beams are qualified for utilization. 

Table 5 shows that the glulam MOE test values approximately agreed with the 

prediction values, and the relative errors were below 12%. In other words, the stiffness 

properties of glulam can be simulated using theoretical models and the mechanical 

strength of wood members. The MOE of glulam is supposed to decline when produced 

from small wood members. In this way, the test values were supposed to be smaller than 

prediction values. However, there was no certain relationship between actual values and 

prediction values. It is probably because wood is asymmetrical in structure, and the 

variability was enhanced after impregnating modification. As a result, the scale effect 

was concealed. And the deviations between the test results and prediction values were 

relatively small. In this way, the glulam stiffness model was accurate in prediction. 

However, the predictive shearing strength values between layers were higher than actual 

values. The model can hardly predict the shearing failure between layers and the 

deviation was relatively high. This is probably because of the offset of bonding test 

results.  

 

Model Adjustment 
As shown in Fig. 3(a), the bonding strength between layers was tested in a 

compression shear method. It can be derived from mechanical analysis for block 1 that 

the upward supporting force balanced the downward compression force P in the vertical 

direction. However, the supporting force R cannot entirely apply to the glue line and it 

was on a different vertical plane with compression force P. Thus, there was a moment 

induced from R and P. In order to balance the moment, there must have been a 

compression stress N to the left direction on the glue line of block 1. Meanwhile, there 

was friction F between clamps and the bottom of block 1 to balance the leftward 

compression stress N. The moment induced from friction F and compression stress N was 

equal to the moments induced from upward supporting force R and downward 

compression force P. Figure 3(b) shows the bonding strength test in tension mode. As the 

sample was not limited by clamps and the tension shearing stress of the test sample was 

not on the same plane when applying tension loading P on both sides, there were two 

equal moments M on both blocks that induced both shearing stress and normal stress. The 

normal stress performed as compression loading in the middle of the shearing area, and it 

performed as increasing tension loading at both ends of the shearing area. 
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（a）compression shear                                   (b)  tension shear 

 

Fig. 3. Test methods of two different shear strength 

 

Therefore, the strength in the shearing area was not only shearing stress but also 

considerable normal stress in the shearing area when testing in compression shear 

methods. The normal stress was also concentrated and with the same magnitude as the 

shearing stress. The normal stress was manifested as a compression stress that prevented 

the damage of adhesive wood elements when the loading was in compressing directions. 

However, when the loading was in tension direction, the normal stress performed as 

tension stress that promoted the observed failure. 

However, there was not only shearing stress but also normal stress between layers 

in glulam bending according to the three-dimensional stress analysis theory. The normal 

stress at the tension layer near the ends performed as tension stress that promoted the 

failure between layers. The normal stress at the compression layer near the ends 

performed as compression stress that prevented the damage. In other words, the weakest 

interlayer sections were located in the tension layer of the ends. As shown in Fig. 4, the 

interlayer failure mode in the tests was also consistent with the prediction. 

 

 

 
 

Fig. 4. Shearing failure between layers in glulam 
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In short, the interlayer shearing failure of glulam was a result from tension and 

shearing effects. This failure mode was much closer to the bonding test in tension 

shearing methods. The bonding strength between layers were tested in compression and 

tension shearing methods and the results are shown in Table 6. 

 

Table 6. Bonding Strength under Tension Shear Method (MPa) 

 A B C D 

A 3.32(10.9) 3.56(34.1) 3.36(8.4) 3.21(17.9) 

B  2.55(21.8) 2.53(14.6) 2.59(20.6) 

C   2.79(11.3) 3.04(13.1) 

D    3.41(30.7) 

 

A comparison between Tables 4 and 6 shows that the tension shear strength was 

about 1/3 of the compression shear strength. The interlayer normal stress had great 

influence on the shearing strength between layers. In order to get more accurate 

simulation results, the tension shear strengths were re-assigned in the model, and the 

normal stress and interlayer shearing strength were modified with coefficients. In the 

modified model, the normal stress was multiplied by correction factor k1 for the deviation 

of layer strips and negative effects of defections, k1=0.8. The interlayer shearing stress 

was multiplied by correction factor k2 to represent the strength loss from poor adhesives, 

as the glue layer can soften the strength decline from strip defection to some extent, 

k2=0.9. The results are shown in Table 6. 

Table 7 shows that the modified model was able to predict the failure mode and 

bending strength within a small error range after re-assignment with tension shear stress 

and correction factors. The model prediction coincides the actual failure mode except for 

glulam #4, which was probably because the resin between the layers did not completely 

solidify which resulted in the decrease of the shearing strength.  

 

Table 7. MOR Results Calculated with Modified Model 

No. h(mm) Pmax (kN) 
Actual 
value 

Re-assignment with 
tension shear strength 

Model modified with 
coefficients 

Prediction 
value 

Relative 
error(%) 

Prediction 
value 

Relative 
error(%) 

0 101 11.1(10.2) 43.53(26.7)● 55.34● 27.14 44.27● 1.71 

1 101 16.7(21.0) 65.48(23.1)● 84.20● 28.58 67.36● 2.87 

2 101 19(8.9) 74.50(19.1)● 88.86● 19.27 79.98● 7.35 

3 112 21.5(26.7) 68.56(45.5)▲ 81.01▲ 18.16 73.32▲ 6.94 

4 101 16(26.0) 62.74(14.8)● 82.82▲ 32.01 79.91▲ 27.37 

5 107 15.8(30.4) 55.20(20.4)▲ 61.39▲ 11.21 55.25▲ 0.09 
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It must be noted that the evaluation of the normal stress correction factor k1 and 

interlayer shearing stress correction factor k2 were significant in glulam strength 

prediction. As the strength loss of normal stress and interlayer shearing stress varies in 

different situations, they should be evaluated according to the sample actual conditions. 

 

 

CONCLUSIONS 
 

1. The Young’s modulus and bending strength of modified fast-growing poplar wood 

members and glulam were greatly enhanced compared with those of untreated groups. 

While the bonding strength before and after modification changed little. The 

reinforced modification can strengthen the glulam, and the mechanical properties met 

the JAS standard requirement for symmetrical mixed-grade composition glulam grade 

E85-F255. 

2. The Young’s modulus of glulam can be predicted by the rigidity model with high 

accuracy. The relative error was below 12%, while the deviation between glulam 

stiffness model prediction values and test results was higher because the interlayer 

shearing strength tested in compression shearing method is largely affected by normal 

stress. It can be derived from stress analysis and experiments that the tension shear 

strength is about 1/3 of the compression shear strength. 

3. The modified model was able to accurately predict the failure mode and bending 

strength with correction factors for normal stress and interlayer tension shearing 

stress. The deviation was also diminished to an allowable range. It can be used to 

guide the optimization design of glulam mix-grade laminate configurations. 
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