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Finite element models were, in the first time, developed to simulate the pre-stressing behaviour of
Glulam beams with insertion of compressed wood blocks, which were further used to simulate the struc-
tural behaviour of the pre-stressed beams subjected to subsequent destructive bending. Here, both the
Glulam and compressed wood were modelled as orthotropic elasto-viscoplastic materials. The
moisture-dependent, including spring back, swelling of the compressed wood block and the creep of
the Glulam were considered in the modelling. The models developed were validated against the corre-
sponding experimental results, with reasonably good correlation in terms of the free swelling, the pre-
camber, initial stress state of the Glulam beams reinforced and load-deflection relationships. With
validated models, further studies were then undertaken to investigate effects of the thickness, depth
and spacing of compressed wood blocks on the precamber, initial bending stiffness and ultimate load car-
rying capacity of the beams pre-stressed. The results indicate that there are significant enhancements on
the precamber (up to 1/288 of the deflection/span ratio), the initial bending stiffness (up to 23.8%) and
the ultimate load carrying capacity (up to 10.4%).
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Reasonable amount of work has been carried out on numerical
modelling of mechano-sorptive process in wood and strengthened
Glulam beams in the past 3 decades. Research on modelling of
moisture movement in wood was undertaken by Koponen et al.
[1] to model elastic and shrinkage properties of cell wood struc-
tures. Ormarsson et al. [2] developed modelling of the long-term
strength and shape stability of timber columns subjected to the
moisture variation. Dubois et al. [3] investigated the creep proper-
ties of wood under variable climate and moisture changes. Vidal-
Sallé and Chassagne [4] developed a constitutive equation for
orthotropic nonlinear visco-elastic behaviour using a generalized
Maxwell model applied to wood material. Mirianon et al. [5] stud-
ied the long-term response of wood under variable load and
humidity conditions by using the finite element code Abaqus.
The response of wood related to mechanical loading, moisture con-
tent changes and time was modelled by using a rheological model
of wood, implemented through a user-defined subroutine UMAT.
The model was used to simulate the mechano-sorptive properties
of wood with good correlation to experimental results obtained
from the literature. Dubois et al. [6] simulated the linear viscoelas-
tic, mechano-sorptive behaviour and its effect during change of
moisture content on timber.

Martensson [7] developed a model to evaluate behaviour of
structural timber under variable humidity conditions. The simu-
lated results show that there is a significant influence of the
humidity induced strain on the shrinkage and swelling response.
Fortino et al. [8] carried out a 3D finite element analysis on mois-
ture induced stresses for time-dependent problems in timber
structures. The constitutive model and the equations to describe
the moisture flow across the structure were developed by using a
user subroutine in the finite element code Abaqus. The numerical
modelling results fit relatively well to the measurements of the
stress along both the longitudinal and the radial directions.

Guan et al. [9] developed the finite element models to simulate
the structural behaviour of Glulam beams pre-stressed with
pultruded GRP tendon. The results showed that the model was
capable of simulating the pre-stressing procedure adopted for the
Glulam and also indicated a precamber at mid-span of the beam
due to transfer of the pre-stressing force. More recently, Kliger
et al. [10] presented a study on wood-based beams prestressed
with FRP laminates. They demonstrated that applying
pre-stressing in FRP materials prior to bonding to tension side of
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flexural members is the best way to enhance load bearing capacity
through a pre-cambering effect. Kim and Harries [11] made a mod-
elling approach to predict the behaviour of beams strengthened
with CFRP composite. The strengthened beams showed improved
load-carrying capacity and energy absorption when compared to
their unstrengthened counterparts. Valipour and Crews [12] evalu-
ated the efficiency of FE modelling to estimate the load carrying
capacity of timber beams flexurally strengthened with externally
bonded FRP strips and near surface mounted FRP bars. The model
developed demonstrated a good agreement with the test results
on the mid-span deflection, and strains at 15 mm from the top
and bottom. Modelling of densified wood was undertaken by Guan
et al. [13] on structural characteristics of the beam-column con-
nections using compressed wood (CW) dowels and plates. There
was reasonably good correlation between the test results and the
simulations in terms of moment-rotation relationship. The numer-
ical models also produced information on the contact normal force,
the contact shear force and the contact area of various interaction
pairs. Anshari et al. [14] developed a preliminary finite element
modelling of the upward deflection of Glulam beams reinforced
by compressed wood, which was further developed to simulate
the initial stress and precamber of Glulam beams pre-stressed [15].

In order to make use of the moisture-dependent and spring
back swelling nature of compressed wood, a new approach to
strengthen a Glulam beam has been investigated. By inserting
the CW blocks with the desired initial moisture content into the
top part of a Glulam beam, a precamber and the related initial
stresses are built up in the beam, due to the swelling of the CW
blocks. However, the way to reinforce the Glulam beam needs to
be optimised in terms of the effective size (thickness, depth), loca-
tion and number of the CW blocks inserted. To undertake such
study purely by experimental tests will be time consuming and
expensive. The better way forward is to develop numerical models
and to apply the validated models to optimise the pre-stressed
beams.

This paper presents finite element modelling of Glulam beams
pre-stressed by compressed wood. The developed orthotropic
elasto-viscoplastic model was employed to simulate the
moisture-dependent and spring back swelling of compressed wood
blocks after they were inserted in the Glulam beam, which gener-
ates a precamber. The subsequent destructive flexural tests of the
reinforced beams were also modelled. All numerical outputs were
validated against the corresponding experimental measurements.
Using the validated model, the influence of the thickness, depth
and spacing of CW blocks on the structural response of the rein-
forced systems was further studied. The output could be used to
optimize the structural performance of Glulam beams reinforced
by compressed wood, in terms of precamber, initial bending stiff-
ness and load carrying capacity.

2. Experimental work

The pre-stressing technology developed by Anshari et al. [16] is
to make use of moisture-dependent swelling and spring back nat-
ure of compressed wood. Since there is the largest swelling in the
radial direction of compressed wood, the CW block was placed in
the way in which its radial direction is coincident with the longitu-
dinal direction of the beam to be strengthened. The CW blocks
were conditioned to have moisture content (MC) of 6% prior to
the insertion. The beams pre-stressed would be placed in an ambi-
ent condition with MC of 12%. After completed insertion of the CW
blocks, beams were subjected to measurements of the precamber
and strains at selected positions on the beam. The precamber of
the beams with insertion of compressed wood blocks was taken
manually by using a steel I-beam, long clamp, and also
automatically by a transducer placed at mid-span underneath the
beam [16]. In addition, the time-dependent free swelling of the
conditioned compressed wood blocks was measured [17], which
was also used to validate the corresponding FE models. After the
precamber is stabilised, i.e. there is no further increasing, four-
point bending destructive tests were undertaken on seven struc-
tural Glulam beams. The related load-deflection relationships were
recorded.

3. Finite element modelling

Both the Glulam and compressed wood were modelled as visco-
orthotropic linear elastic materials in tension and as orthotropic
elasto-viscoplastic materials in compression in the embedding
areas. Firstly, the insertion processes were modelled. Then the
moisture-dependent (including spring back) swelling of the com-
pressed wood blocks after they were inserted into the Glulam
beams was simulated by implementing a swelling law obtained
from experimental measurements. This simulation included the
building-up of precamber and the related stress state. Subsequent
destructive bending behaviour of the pre-stressed beams was
modelled in a quasi-static time-independent domain.

3.1. Constitutive model

The linear orthotropic constitutive equation can be expressed as
follows [18]:

feg ¼ ½Cel�frg ð1Þ
where {e} is strain tensor, {r} is stress tensor and [Cel] is orthotropic
elastic compliance matrix (6 � 6), i.e.

feg ¼ feLeReTcLRcLTcRTgT ð2Þ

frg ¼ frLrRrTsLRsLTsRTgT ð3Þ

½CEL� ¼

1=EL �vRL=ER �vTL=ET 0 0 0
�vLR=EL 1=ER �vTR=ET 0 0 0
�vLT=EL �vRT=ER 1=ET 0 0 0

0 0 0 1=GLR 0 0
0 0 0 0 1=GLT 0
0 0 0 0 0 1=GRT

2
666666664

3
777777775

ð4Þ
where EL, ER, ET are the Young’s modulii in the longitudinal (L),
radial (R) and tangential (T) directions of wood trunk; GLR, GLT, GRT

are the shear modulii in the L-R, L-T, R-T planes; and mij are the Pois-
son’s ratios (i, j = L, R, T).

The above values also have to satisfy the stability requirements
below.

EL; ER; ET ;GLR;GLT ;GRT > 0 ð5Þ

jtLRj < ðEL=ERÞ1=2 ð6Þ

jtLT j < ðEL=ETÞ1=2 ð7Þ

jtRT j < ðET=ERÞ1=2 ð8Þ

1� tLRtRL � tRTtTR � tLTtTL � 2tLRtRTtTL > 0 ð9Þ
According to the elasto-viscoplastic potential theory, at time tn

the constitutive equation can be express as follows [19].

fDrgn ¼ ½D�ðfDegn � f _evpgnDtnÞ ð10Þ
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or

fDegn ¼ ½Cel�fDrgn þ f _evpgnDtn ð11Þ
where Dtn is the time stepping length, and [D] and [Cel] are the elas-
tic matrix and compliance matrix, respectively. The viscoplastic
flow rate is:

f _evpgn ¼ chFi @Q
@frg ¼ 1

3
f _�eswgn þ f _�ecrgn

@�r
@frg ð12Þ

where c is the fluidity parameter, F and Q are the yield and potential
function respectively, _�esw is the effective swelling strain rate, _�ecr is
the effective creep strain rate, �r is the effective stress or the devia-
toric stress potential.

3.2. Material properties

Material properties of the Glulam and compressed wood
used in the modelling were obtained from experimental
results of Japanese cedar through shear and compression tests.
Orthotropic elastic material properties of the Glulam and
compressed wood with 70% compression ratio are listed in Table 1
[17,20].

Strain rate was obtained from measurements of the swelling
strain of the compressed Japanese cedar with the initial MC of
6%. The ultimate swelling strain (moisture-dependent swelling
and spring back) recorded on the compressed wood in radial and
tangential directions with compressive ratio (CR) = 70% was about
17% and 1.5% respectively. Swelling strains in the radial and tan-
gential directions may be expressed by the equations as follows
[17].

eRsw ¼ 0:001694ð1� e�0:0772tÞ ð13Þ

eTsw ¼ 11:54� 10�6ð1� e�0:072tÞ ð14Þ
Compressed wood, with the moisture content set to below the

ambient, will swell differently in the radial and tangential direc-
tions after absorbing moisture from air and during spring back.
Therefore, it is sensible to consider anisotropic swelling in the
modelling. In the case of the CW block as a reinforcing material
inserted on the top region of the beam, the maximum swelling of
the CW block will be obtained when the equilibriummoisture con-
tent to the ambient is reached and further spring back is restrained
by the surrounding Glulam. Once this condition is satisfied after a
certain time, stress relaxation is likely taking place, which is a
time-dependent decrease of stress under the condition of a con-
stant deformation.

On the other hand, on the Glulamwhich restrains the expansion
of CW block when there is no more deformation (excluding fluctu-
ations) under a specific pressure (stress), then creep is likely to
occur. Therefore, the user-defined creep law was implemented into
ABAQUS to simulate the non-linear swelling/expansion of com-
pressed wood and creep of the Glulam.
Table 1
Material properties used in the FE models.

Material Modulus of elasticity (MPa)

Japanese cedar EL ER
8017 753

Compressed wood* 32858 3111

Poisson’s ratio
tLR tLT

Japanese cedar 0.54 0.48
Compressed wood* 0.33 0.41

* Compression ratio: 70%.
In this study, the creep law was derived from swelling strain in
Eq. (13) as stated below in Eq. (15). This law was applied to
describe the creep behaviour of compressed wood [15]

_ecCW ¼ e�0:065r� �� A 1� e�BðtþDtÞ� �
—A 1� e�Bt

� �� � ð15Þ
where A = 0.1694; B = 8.936 � 10�7; t = time (in second), and for
creep law which was applicable for the Glulam part can be formu-
lated as follows:

_ecGl ¼ e�0:1r� �� 0:0159 1� e�BðtþDtÞ� �� 0:0159 1� e�Bt
� �� � ð16Þ

Regarding the anisotropic swelling behaviour of compressed
wood, the swelling rate in each material orientation can be
expressed as

_eswii ¼ rii
1
3
_esw; i ¼ L;R; T ð17Þ

where _eswii is swelling strain rate (s�1) in i direction, _esw is volumetric
swelling strain rate (s�1) and rii are the ratios of swelling in i direc-
tion. In this study, they were calculated as rLL = 0; rRR = 1.67;
rTT = 0.15.

3.3. Finite element simulation

In the modelling of the Glulam beams, user-defined subroutines
of creep law and swelling law were implemented into the Abaqus
main programme. The swelling of compressed wood was modelled
by implementing the measured swelling strain rate into the swel-
ling model in Abaqus. Subroutines of the swelling law and creep
law were developed in Fortran codes, which were used to describe
time-dependent deformations of CW blocks and Glulam beams
respectively.

Fig. 1 shows the interaction between a CW block and a Glulam
beam. Similar to the test, there was a gap set on each side of the
block in the tangential direction to allow moisture flow through
these gaps to make moisture-dependant swelling of the com-
pressed wood block more efficiently in the experiment. In addition,
1 mm gap was also made between the bottom of a CW block and a
hole on the Glulam for the same purpose. The surface to surface
contact was employed to model the interaction between the CW
and the Glulam, with the former and the latter being defined as
the master surface and slave surface respectively. As the delamina-
tion was not observed during the test, the laminates in the Glulam
beam were tied.

3.3.1. Modelling the pre-stressing of Glulam beams
3-D finite element models were developed to simulate the pre-

camber and the pre-stressing state of the Glulam beams reinforced.
The model of the Glulam beam is 3800 mm in length, 200 mm in
depth, 120 mm in width and 3600 mm in span length complied
with requirements for a structural member specified in BS EN
408:2003, as shown in Fig. 2. Dimensions of the compressed wood
block were 65 � 65 � 45 mm3 coinciding with the L, T, and R direc-
tions, respectively. This horizontally laminated beam consists of
ET GLR GLt GRT

275 972 784 31
5061 878 5717 1590

tRL tTL tRT tLTR
NA 0.05 0.58 0.42
0.40 0.30 0.03 0.06
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Glulam

Interface 

Interface 

Fig. 1. The gap between CW block and Glulam.
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eight laminates with the thickness of 25 mm each. There were two
beams not only reinforced by compressed wood blocks, but also by
a compressed wood lamina with a thickness of 25 mm at the bot-
tom extreme layer to investigate the influence of the bottom CW
lamina attached, as shown in Fig. 2. Similar to the experimental
setting up, the CW block was placed in a way in which its radial
direction was coincident with the longitudinal direction of the
beam to be strengthened.

The mesh density in the region around the compressed wood
block was much higher than other regions, which was determined
by mesh sensitivity studies with the balanced accuracy and CPU
time. Also the mesh on the CW lamina was slightly finer than that
of the adjacent upper Glulam lamina. This beam was reinforced by
five CW blocks and a CW lamina was meshed by 82,568 solid ele-
ments with reduced integration and hourglass control (C3D8R).

3.3.2. Modelling destructive tests of the pre-stressed Glulam beams
The final stage of the FE analysis was to simulate the destructive

flexural tests of Glulam beams, following modelling of the pre-
stressing process until there was hardly any increase on precam-
ber. The beam was assumed to be simply supported at a span of
3600 mm, similar to that in the test. In the model, the mean failure
deflection obtained from tests was applied to simulate the struc-
tural behaviour of Glulam beams. There were four types of beams
reinforced with 3, 5 and 7 CW blocks (45 mm thick), respectively,
either with or without CW lamina attached to the bottom extreme
R

T L

Pre-cut hole

CW

100

3600

120

Simply-
supported

Fig. 2. The beam reinforced by five 45 mm thick CW blocks
fibre, and also there were three control beams without
reinforcement.

4. Results and discussion

4.1. Free and constrained swelling

4.1.1. Free expansion in R and T directions
Fig. 3 shows the predicted final free expansion in the radial

direction after 60 days, which indicates a 7.2 mm expansion dis-
placement in comparison to the initial dimension of 45 mm in
the radial direction, i.e. a swelling strain of 16%. The progressive
swelling strains in the R direction obtained from the FE model
are compared with the corresponding test results, which gives rea-
sonably good correlation. The slightly lower predictions of the
swelling strains may be due to the small constraint offered by
low stiffness (1 N/m) springs that connected the compressed wood
block and the fixed base plate in the model, which were used to
avoid numerical singularity. The final swelling state of the CW
block is also displayed (Fig. 3a).

Similarly, the free expansion of a CW block in the tangential
direction after 60 days reached 0.37 mm (0.175 + 0.193), from the
initial thickness of 25 mm in the T direction, as shown in Fig. 4a.
The growth of the swelling strains in the T direction during 60-
day test period is shown in Fig. 4b. It is evident that the predicted
swelling deformations are in a good agreement with the
measurements.

4.1.2. Constrained swelling
In order to investigate how an overlap dimension between a CW

block and a hole in the Glulam beam along its longitudinal direc-
tion affect the local strain due to the swelling of the CW block,
insertion processes were simulated by using 30 mm thick CW
blocks with various oversized dimensions in their R direction. A
contour plot of the simulated strains around a CW block is shown
in Fig. 5. Clearly, due the overlap large localised initial tensile and
compressive strains (so stresses) were generated in areas on the
Glulam adjacent to both the gaps and in the interface between
the CW block and the Glulam, respectively. Also, with increasing
the oversize, the strains generated were increased. There are
clearly separated areas corresponding to the tensile and compres-
sive strains, with the size varied in relation to the overlap. Table 2
CW Block 45×65×65

L

T
R

100

 lamina

200

Simply-
supported

with a CW lamina on the bottom (all dimensions: mm).
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Fig. 3. (a) Free expansion in the radial direction (U1) of the CW block; (b) Comparison of the measured and the simulated swelling strains of the CW in the radial direction.
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Fig. 4. (a) Free expansion in the tangential direction (U3) of the CW block; (b) Comparison of the measured and the predicted swelling strains of the CW block in the
tangential direction.
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R

Fig. 5. Distribution of the longitudinal strains (mm/mm) after the insertion of a CW
block with an overlap of 0.5 mm at both left and right sides of the block.

Table 2
Summary of the generated strains with different oversized CW blocks.

No Total oversize (mm) Strain (microstrain)

1 0.25 850
2 0.5 1700
3 0.75 2500
4 1 3300
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summarizes the predicted strains which were generated by
insertion of CW blocks with an oversize of 0.25, 0.5, 0.75 and
1 mm, respectively. In general, the generated strains increase
with increasing oversize of the CW block as expected. The
maximum strain on the top extreme fibre at mid-span is 3300
micro-strain corresponding to the oversize of 1 mm, which is quite
significant.

4.2. Pre-stressing of Glulam beams

Fig. 6 shows the simulated upward deflection, i.e. precamber,
for a beam reinforced by seven CW blocks with a thickness of
45 mm and one CW lamina. The precamber at mid-span was
8.4 mm (equal to 1/429 of deflection/span ratio) due to the swel-
ling of CW blocks after they were inserted into the top region of
the beam for 60 days.



Fig. 6. Modelling of precamber for a beam reinforced by seven 45 mm thick CW blocks and one CW lamina.
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Fig. 7 shows the comparisons of the predicted and the experi-
mental precamber for three beams pre-stressed with different
numbers of CW blocks. Reasonably good correlation was obtained.
In general, the predicted precamber was slightly lower than those
obtained from the tests, except for the beam reinforced by three
CW blocks without lamina. The FE simulations shown in Fig. 7 also
indicate that the beam reinforced with the same amount of CW
blocks, but also by a CW lamina, produced the lower precamber
than the beam without CW lamina. Similar results were obtained
in the experimental results. Thus, although an extra CW lamina
on the bottom extreme fibre might avoid premature failure of
splitting there in the destructive bending test, it also cancelled
out some precamber. By increasing the number of CW blocks from
five to seven, the predicted precamber increased by 16.7%, which is
correlated to the measurements. With the extra CW lamina rein-
forcement at the extreme bottom fibre but the same amount of
CW blocks, the precamber would decrease by 6.5%. The highest
precamber predicted was 8.4 mm for the beam reinforced by seven
45 mm thick CW blocks and one layer CW lamina, which was
slightly lower than the measured one of 8.6 mm.

4.3. Modelling results of destructive tests of the Glulam beams

Fig. 8 shows the comparisons of load-deflection relationships
from the FE simulations and the experimental measurements. In
general, the predicted flexural stiffnesses were slightly lower than
those of the experimental ones, except for the unreinforced beam.
In terms of the maximum load, the differences between the simu-
lations and the measurements were 7.7%, 0.8%, and 3% for beams
reinforced by five 45 mm thick CW blocks and a CW lamina, by five
45 mm thick CW blocks without CW lamina, as well as by three
45 mm thick CW blocks without CW lamina, respectively. All mod-
elling results show the similar trend, with the curves demonstrat-
ing overall linear features until a certain load level, which was
varied from beam to beam from 40 and 45 kN.

5. Study on the influence of compressed wood block
configurations

Using validated models, studies were undertaken to investigate
the effects of the thickness, depth and spacing of compressed wood
blocks on the precamber, initial bending stiffness and ultimate load
carrying capacity of the beams pre-stressed. Table 3 shows the
variables considered in the study, which also indicates the ratio
of the total volume of CW as a reinforcing material to the total vol-
ume of the Glulam beam, varying between 0.8% and 2.7%.

In the computer models, there were two steps corresponding to
simulations of the swelling deformations of the CW blocks and the
subsequent bending tests of the Glulam beams strengthened. The
‘VISCO’ analysis and the ‘GENERAL ANALYSIS’ were used to simu-
late the precamber of the beam with embedded CW blocks and
the subsequent quasi-static bending behaviour of the pre-
stressed Glulam beams.



Table 3
Summary of various CW geometric parameters studied.

No. Space(a) mm Thickness (t) mm Width (b) mm Depth (d) mm Number of CW blocks Fraction volume of CW (%)

1 600 30 40 50 75 65 5 0.80 1.07 1.34
2 600 30 40 50 75 80 5 0.99 1.32 1.64
3 600 30 40 50 75 95 5 1.17 1.56 1.95
4 450 30 40 50 75 65 7 1.12 1.50 1.87
5 450 30 40 50 75 80 7 1.38 1.84 2.30
6 450 30 40 50 75 95 7 1.64 2.19 2.73
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5.1. CW block thickness, depth and spacing against the precamber

There were three thicknesses of the CW block studied in the
beam model, i.e. 30, 40 and 50 mm. According to experimental
measurements and numerical modelling results, the thickness
exceeding 50 mm is likely to cause local splitting damage on the
top lateral edges of Glulam outside the CW block due to a large
local expansion of the block. For the various thicknesses of CW
blocks studied, their width was kept at 75 mm. Similar to the test
set up, the 1 mm gap was kept on the lateral edges of the each
block in the numerical model.

There were also three depths of the CW block considered in the
parametric studies, while keep its thickness as 40 mm. Here, a
1 mm gap was again set up between the bottom of the CW block
and the Glulam, as did with the test set up. The depths of the
CW blocks investigated are 65, 80 and 95 mm. The reason for
selecting the maximum depth as 95 mm is that this depth is
approaching half of the beam depth (200 mm). A depth exceeding
it is likely to cancel out some of the precamber generated in the
Glulam beam due to the swelling of CW blocks located in the lower
half of the beam depth.

The space between two CW blocks along the beam span was set
as 450 mm and 600 mm respectively, corresponding to 5 and 7 CW
blocks. The reason to choose seven blocks as the upper bound of
the reinforcement is that the effective space between CW blocks
is about 450 mm for the largest CW block, i.e. 75 � 50 � 95 (in
mm). Based on the trial FE modelling, a space below 450 mm will
likely lead an excessive expansion of the CW block and cause local
damage on the Glulam.

From the parametric studies of the swelling of the inserted CW
blocks, the precamber values at midspan of all beams modelled
were obtained. The maximum value of the precamber shown in
Fig. 9 is 12.5 mm, when the beam was reinforced by seven CW
blocks with thickness of 40 mm and depth of 95 mm. Fig. 9 illus-
trates a precamber corresponding to the CW volume fraction to
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Fig. 9. The precamber against the CW volume fraction of all beams studied.
the Glulam volume. Clearly, the highest precamber was obtained
when the largest CW volume is embedded in the Glulam beam.
However, the increase of the CW volume fraction does not follow
a linear relationship, so does the increase of the precamber,
although both show a general upward trend. From Fig. 9, it can
be noted that the effective reinforcement may be realised when
the precamber bar is above the line of the CW volume fraction.
As an example, effective reinforcements seem to be the beam rein-
forced by five CW blocks with thicknesses of 30 mm and 40 mm in
a depth of 65 mm. On the other hand, the less effective reinforce-
ment occurs when pre-camber below the line of the CW volume
fraction, i.e. 5CWB_T50_D95 and 7CWB_T50_D95, where T and D
represent the thickness and depth of CW block respectively. How-
ever, the CW volume fraction is relatively small. Even the highest
fraction is just 2.7%, which corresponds to a pre-camber/span ratio
of 1/288.

Figs. 10a and 10b show the bending stress distributions of the
beams reinforced by CW blocks with different thickness, space
and depth. It can be seen that the thicker the CW block, the higher
the stress generated at a larger area of the Glulam beam along the
edge of the CW at the top extreme fibre. Fig. 10b, corresponding to
the CW thickness of 50 mm, indicates 11.6% higher bending stres-
ses than those of the beam reinforced with the CW block thickness
of 30 mm (Figs. 10 (a)), i.e. 36.2 MPa. Although the maximum
bending stress values are high, they only appear at small regions
on the top extreme fibre. This is unlikely to cause local damage
there, which was evidenced in the experimental work.

Fig. 11 displays bending strain distributions of the beam rein-
forced by seven CW blocks with a thickness of 30 mm for a given
depth of 65 mm. It can be seen that there are spots of high strain
at the top extreme fibre around the four corners of the CW block.
With increasing CW block thickness and depth, the tensile bending
strains generated are increased, as expected. The study also shows
that by increasing the CW thickness from 30 mm to 40 mm and
50 mm but with the related depth of 95 mm and 80 mm, the cor-
responding tensile strains (0.01203 and 0.01309) are increased
by 28 and 39% respectively, at the top extreme fibre. This indicates
that the increase of the CW block depth to the half-way through
the beam depth is not effective. Similarly, at the bottom extreme
fibre, the compressive bending strains are increased by 12 and
16%, when the CW thickness is increased in the same way as the
above.

There were 19 beams modelled in the parametric studies,
including one beam without CW reinforcement for control pur-
poses. In the model validation, the beam same as the one shown
in Fig. 11 was simply supported with a downward deflection of
80 mm applied at mid-span. Its maximum bending stresses at
the top and bottom extreme fibres are 34.6 and 36.4 MPa, respec-
tively. The lower stress on the top extreme fibre is due to the resis-
tance to the further compression contributed by the CW blocks.

Relationships between the CW block thickness and the precam-
ber of the beam strengthened are shown in Fig. 12, for a given CW
block depth of 65 mm. It can be seen that the larger CW block
thickness produces the higher precamber, so does the smaller
spacing between CW blocks. Clearly, for a given CW block depth,



(a) Seven CW blocks with a thickness of 30 mm and a depth of 65 mm, 

(b) Five CW blocks with a thickness of 50 mm and a depth of 80 mm.

Symmetry section

(MPa)

Symmetry section

(MPa)

Fig. 10. Bending stress distributions for beams reinforced with CW blocks in different thicknesses and depths.
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the improvement of precamber follows a linear relationship with
the increasing of CW block thickness. With increasing the thick-
ness by 66.7%, the precamber is increased by 36.8% and 48.0% cor-
responding to a CW block spacing of 600 mm and 450 mm
respectively. The smaller spacing means a larger CW volume frac-
tion, which contributes a higher precamber in the strengthened
Glulam beam.

Fig. 13 illustrates relationships between the precamber and the
CW block thickness with CW block spacing, for a given CW block
depth of 80 mm. The precamber is increased with the increase of
CW block thickness, as expected. By decreasing the CW block spac-
ing from 600 mm to 450 mm, the precamber of the beams rein-
forced by 30, 40 and 50 mm thick of CW blocks is increased by
34.9, 30.7 and 31.5%, respectively. These results indicate that the
smaller block spacing and the deeper block (up to 2/5 of the beam
depth) are more effective to enhance the precamber than increas-
ing the block thickness.
Relationships between the CW block thickness and the precam-
ber generated for a given CW block depth of 95 mm are presented
in Fig. 14. By increasing the CW block depth up to 46% (i.e. from
65 mm to 95 mm), it enhances the precamber by 36.0, 36.5 and
28.3% for the beams reinforced by 30, 40 and 50 mm thick CW
blocks respectively, for a CW block spacing of 450 mm (Figs. 8
and 10). Similarly, with the same increase on the CW block depth
but for a spacing of 600 mm, improvements on the precamber are
8.5, 28.3 and 13.3%. For both the CW block spacing, the enhance-
ment on the precamber is not significant by increasing the CW
block depth from 80 mm to 95 mm (Figs. 13 and 14). This means
that the block depth of 80 mm is likely close to the optimum one.

5.2. CW block thickness, depth and spacing against the ultimate load

Fig. 15 shows relationships between the ultimate load and the
CW block thickness, and the CW block spacing, in relation to the
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Fig. 11. Bending strain distribution due to the CW swelling for the beam reinforced seven CW block with thickness and depth of 30 mm and 65 mm.
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CW volume fraction with different depths of the CW block. It can
be seen that the increase on CW block thickness leads to an
enhanced ultimate load in general, especially true to the cases in
relation to the 5-block reinforcement with the smallest block
depth and the 7-block reinforcement with the largest block depth.
The smallest block thickness is certainly corresponding to the low-
est ultimate load for all reinforcing groups. However, this is not
always true for the largest block thickness investigated. In fact,
the average ultimate load for the beams reinforced by 40 mm thick
CW blocks but with different depths reaches 63.9 kN, which is
10.4% and 8.1% higher than those averages of the beams reinforced
by 30 mm and 50 mm thick blocks with different depths respec-
tively, i.e. 57.9 and 62.6 kN. However, if referred to CW block
depth, the average ultimate loads are 59.4, 60.9 and 63.9 kN for
beams reinforced by CW blocks with depths of 65, 80 and 95 mm
respectively. The average ultimate load for the beams reinforced
by seven CW blocks is slightly higher than that of the beams by five
CW blocks, i.e. 62.2 kN in comparison to 60.7 kN. In terms of the
improvement contributed by CW volume fraction, with increasing
this fraction by 1.07, 1.31 and 1.56%, the corresponding ultimate
loads are enhanced by 8.2, 7.4 and 9.3% respectively, with respect
to CW block depths of 65, 80 and 95 mm.

As a consequence of precamber, the initial bending stiffness
would be increased. There are three groups of the parametric study
models with different CW reinforcing arrangements and one con-
trol beam without any reinforcement. Fig. 16 shows the load-
deflection relationships of all beams reinforced by CW blocks with
the same thickness of 30 mm. In general, all curves show a similar
trend, with an initial linear feature until a certain load level, fol-
lowed by mild non-linear behaviour. All beams reinforced by CW
blocks indicate a significant enhancement on the initial bending
stiffness, which is varied from 12.1% (771 N/mm) to 32.7%
(913 N/mm) in comparison to that of the control beam model, i.e.
688 N/mm. The average initial bending stiffness of this beam group
reinforced is 793 N/mm, which is 15.3% higher than the control
beam.

Fig. 17 illustrates the enhancement on the initial bending stiff-
ness of the beams reinforced by five or seven CW blocks with the
same thickness of 40 mm but various depths. From the load-
deflection relationships all curves exhibit linear behaviour until
the transition point of changing slope, followed by a slight soften-
ing until the end. The average initial bending stiffness is 828 N/mm
or 20.4% higher than that of the control beam, which is also 4.4%
higher than that of the beams reinforced by 30 mm thick CW
blocks (Fig 16), i.e. 793 N/mm.
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Fig. 16. Load-deflection curves of beams reinforced by CW blocks with thickness of
30 mm, but different depth and spacing.
In the case of the beams reinforced by CW blocks with the same
thickness of 50 mm but different depth and spacing, the average
initial bending stiffness of these six beams modelled is 852 N/
mm or 23.8% higher than that of the control beam.

6. Conclusions

3D finite element models were, for the first time, developed to
simulate precamber of Glulam beams pre-stressed using com-
pressed wood (CW) blocks with various configurations. The pre-
condition with a lower moisture content than the ambient one
was set as an initial condition in the CW blocks. Here, the moisture
dependent and spring back swelling of the CW block restrained by
the surrounding Glulam was then modelled using elasto-
viscoplasticity, with time-dependent swelling laws describing the
swelling in the three principal directions, i.e. radial, tangential
and longitudinal. The user-defined creep laws were also imple-
mented into ABAQUS to simulate the non-linear swelling of the
compressed wood and creep of the Glulam. Furthermore, destruc-
tive tests of the pre-stressed Glulam beams with different reinforc-
ing arrangements were simulated. The predicted initial strain
states (therefore stress states), the precamber and the subsequent
destructive bending behaviour of the pre-stressed Glulam beams
were validated against the corresponding experimental results
with reasonably good correlation. This includes the beams rein-
forced by three (no CW lamina), five and seven (one CW lamina)
45 mm thick CW blocks. The highest precamber predicted was
8.4 mm for the beam reinforced by seven 45 mm thick CW blocks
and one CW lamina, which was slightly lower than the measured
one of 8.6 mm.

Using validated models, further studies were undertaken to
investigate the effects of the thickness, depth and spacing of com-
pressed wood blocks on precamber, initial bending stiffness and
ultimate load carrying capacity of the beams pre-stressed. It was
found that the enhancement on the initial bending stiffness of
the pre-stressed beams is significant with an average of 20%. How-
ever, such enhancement on the ultimate bending capacity is lim-
ited (10%). Moreover, for the thicknesses of the CW block
investigated with an insertion depth of 40% of the beam depth,
the precamber was increased by >30% when reduce the CW spac-
ing by 25%. It was also found that even with the CW fraction being
just 2.7%, the corresponding enhancement on precamber/span
ratio can reach 1/288 for the beam studied.

It is worth pointing out that the current study is based
on the short-term experimental data and numerical modelling,
which shows quite promising results for this simple and novel
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prestressing technique. Although the 70% compression ratio on
compressed wood will likely offer sustainable spring back to main-
tain the prestressing status of the strengthened beam irrespective
seasonal temperature and moisture changes, it may be necessary
to monitor the structural performance through its service time,
at least in the first 10 years, to ensure the validity of the technique.
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