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Abstract

ABSTRACT
As an engineered wood product, glued laminated timber (Glulam) is produced to
minimise several natural weaknesses such as knots and non-uniform strength in
order to enhance its stiffness and load carrying capacity. Many reinforcement
methods have been tested, with promising results in increasing the strength and
stiffness of beam. Recently, with increasing concern on environmental
protection there is a growing trend in construction to use as many natural
materials as possible. Therefore, conventional types of reinforcement using
metals and/or synthetic materials do not fit well with this trend.
A new approach to strengthen Glulam beams using pure natural materials has
been established through this research. Glulam beams were strengthened by
inserting compressed wood (CW) blocks into the pre-cut rectangular holes on
the top of the beams. This practice was to make use of moisture-dependent
swelling nature of the compressed wood. As a result, a pre-camber was produced
in the mid-span of the beam reinforced. Significant initial tensile and
compressive stresses were generated at both the top and the bottom extreme
fibres of the beam, respectively.
Material tests have been done to investigate material properties of compressed
Japanese cedar with different compression ratios. Structural tests were
undertaken for short and long Glulam beams strengthened by CW blocks after
gained the pre-camber. 3-D finite element models have also been developed by
using commercial code ABAQUS to simulate the pre-stressing behaviour of
Glulam beams reinforced using compressed wood blocks. The finite element
models were used to simulate the structural behaviour of the pre-stressed beams
subjected to subsequent destructive bending tests. All computer models
developed were validated against corresponding experimental results of the free
moisture-dependent swelling, pre-stressing processes and the destructive tests
for both the short and long beams. Reasonably good correlation was obtained in
terms of the free swelling, the pre-camber, initial stress state of the Glulam
beams reinforced and load-deflection relationships. Using validated computer
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models, parametric studies were further carried out to provide design
information for such a reinforcing technique.
The results have indicated that the reinforcing techniques using compressed
wood blocks are very effective means to enhance the initial stiffness, bending
strength and load carrying capacity of Glulam beams. The technology is ready to
be applied in practice.
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Chapter 1

CHAPTER I: INTRODUCTION
1.1

Overview

Reinforcement of structural wood products has been studied for many decades.
In the earlier stages of the research, the focus was mainly on using metallic
reinforcement, including steel bars, pre-stressed stranded cables and bonded
steel and aluminium plates.
Recently, research on glued laminated timber (Glulam) beams reinforced with
fibre-reinforced polymers (FRP) has been increased significantly, due to its light
weight, high stiffness and the strength of the FRP materials. Back to the early
1990s, Thanasis and Nikola (1991) established a method of external prestressing by using FRP sheet on the tension sides of timber beam as illustrated in
Figure 1.1.

Figure 1.1: Post-reinforcing with pre-tensioned FRP sheets: (a) FRP prestressing; (b) Curing of adhesive; (c) FRP ends released, Thanasis and Nikola
(1991).
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For the past two decades, many strengthening techniques have been studied to
enhance the flexural behaviour of timber or Glulam beams by using FRP. As
shown in Figure 1.2, the method (a) is used to reinforce beam at its bottom
extreme fibre in order to obtain the maximum enhancement of bending strength.
The method (b) is chosen due to concerning risk of damage or aesthetic aspect as
the reinforcement is not exposed. The method (c) is suitable for thin sheet of
reinforcement and is favourable in the situation of partially deteriorated and
cracked timber for restoring the beam (Buell and Hamid Saadatmanesh (2005)).
In the methods (d) and (e), pultruded rods are inserted in the routed slots filled
with adhesive in the timber beam.

Figure 1.2: Methods for installing flexural fibre reinforcement in timber beams
(Johnsson et al. (2007).
Comparisons of the expected characteristic strength among timber, unreinforced
Glulam and reinforced Glulam are presented in Figure 1.3, where the reinforced
Glulam is expected to be more beneficial in terms of strength, bending stiffness,
load carrying capacity and cost. Figure 1.3 also describe that reinforced Glulam
have higher characteristic strength because of small variation of their properties
and higher design value (f) that can withstand higher load.
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Strength (f)

Figure 1.3: Strength (f) against no. of specimen (n) of (1) Reinforced Glulam,
(2) Glulam, and (3) Timber. Andre (2006).
The type of reinforcement mentioned above covers almost the whole bottom
surface of the beam. However, applications of strengthening the beam using
CFRP, GFRP and other materials have not been widely used due to various
limitations. Problems that the existing strengthening techniques are facing
compatibility, de-bonding, stress relaxation and complex procedures.
Recently, structural trials of compressed wood have taken place. Such examples
are compressed wooden fasteners in moment transmitting joint systems, and
connector elements in wooden shear walls, as shown in Figure 1.4.
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CW
CW

a) Beam-column joint-dowel fastener,

b) Connector elements in shear wall,

Jung et al. (2008).

Hassel et al. (2008).
CW

c) Beam-column joint connector with
bolt, Kitamori et al. (2010a).
Figure 1.4: Examples of practical uses of compressed wood in timber structure.
In this thesis a new approach to enhance the load carrying capacity or bending
capacity of Glulam beam is developed, which uses very small amounts of
compressed wood to pre-stress the beam. Compressed wood (CW) is made of a
lower grade wood, which is densified in the radial direction under specific
pressure and temperature conditions. As a result, it becomes a wood product
with much higher density and strength. In this study, Glulam beams were
strengthened by inserting compressed wood blocks into the pre-cut rectangular
holes on the top of the Glulam beams. Since there is the largest swelling in the
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radial direction of compressed wood, 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 technology developed is to make use of the moisture-dependent swelling
nature of the compressed wood. By inserting the CW blocks with the desired
initial moisture content on the top part of a Glulam beam, a pre-camber
deflection and the related initial stresses are built up due to the swelling.

a)

Pure Glulam

b)

L
CW block

L

Pre-camber beam

c)

L

Figure 1.5: Mechanism of pre-stressing Glulam beams by using compressed
wood block.
Figure 1.5 illustrates the mechanism of the pre-stressing process of Glulam beam
by using CW blocks. If the CW blocks absorb moisture from ambient it would
expand in R direction. By expansion of the CW block it is likely to generate precamber at the mid span of the beam (see Fig 1.5c) and also generate initial
compressive stress and tensile stress at the bottom and the top extreme fibre of
the beam, respectively. Once the CW blocks reach the equilibrium moisture
content with ambient the maximum pre-camber and initial stress will be
achieved. As a result, the up-lift deflection would also produce the initial tensile
and compressive stresses at the top and bottom extreme fibres of the beam
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before service loading is applied. An example of the structural use of prestressed Glulam beam by using compressed wood in this study can be seen in
Figure 1.6 below.

CW

Glulam

Figure 1.6: Pre-stress Glulam beam with CW blocks
The major advantages of the above reinforcing technique are: (1) it is very cost
effective, (2) it uses timber to strengthen timber beams so that it is purely green,
(3) very small amounts of compressed wood are needed, (4) it is an easy and
simple practice, and (5) it will have significant impact on timber construction
(domestic houses and large span commercial structures), material savings,
sustainability and environmental protection.
In order to maximise the structural behaviour of the strengthened beam, the
arrangement of local reinforcement needs to be optimised to obtain the effective
size, location and number of the CW blocks. To undertake such parametric
studies purely by experimental tests will be time consuming and expensive. The
better way forward is to develop numerical models and to use the validated
models to optimise the pre-stressed beams.
The use of compressed wood made of a low grade wood through densification to
make a reinforcing material has been proved to be effective. As only a small
amount of compressed wood is needed and no bonding between the compressed
wood and the beam is necessary, the techniques developed are economical and
environmental friendly.
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1.2 Research objectives
The main aim of this study can be expressed as follows:
a) To examine the innovative technique to strengthen glulam beam by using
compressed wood to be inserted into pre-cut holes on the top extreme fibre
at selected locations.
b) To obtain all relevant material properties and structural behaviour
experimentally, and to develop comprehensive finite element models for
simulating the insertion procedure, building up pre-camber and the
subsequent destructive tests.
c) To simulate structural behaviour and further to optimize the performance
of the locally reinforced structural glue-laminated (Glulam) timber beams
in terms of flexural stiffness and strength as well as load carrying capacity.
d) To undertake parametric studies in terms of thickness, depth and space of
compressed wood as reinforcement using validated models to optimise the
structural performance of pre-stressed beams.

1.3 Thesis outline
In general, there are two main parts in this project, i.e. experimental work and
numerical modelling. The former consists of a series of material and structural
tests to obtain the necessary material properties of compressed wood and
Glulam, and the structural behaviour of the Glulam beams reinforced by CW
blocks. The latter is related to developing finite element models to predict
structural performance of the reinforced beams and to use validated models to
optimise their load carrying capacity, strength and stiffness. In addition, there is
a simple analytical approach developed to predict pre-camber deflections of the
reinforced beams.
This thesis contains six chapters, in which chapter one gives introduction and
summary of all chapters, and chapter two presents the previous research on
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reinforcing techniques used for timber beams, densified wood, mechano-sorptive
properties of wood and the related numerical modelling work.
Chapter three covers the two main parts of experimental work i.e. material
property tests and structural tests. The former describes sample preparation of
compressed wood, conditioning, setting up equipment, moisture-dependent
swelling tests, and mechanical property tests. The latter covers two types of
beams tested, i.e. the short and the long Glulam beams which were produced in a
laboratory and a manufacturing plant respectively. Both beams were pre-stressed
by insertion of compressed wood blocks in pre-cut rectangular holes, which
were made in the laboratory following procedures similar to those used for
preparation of material testing samples. After the insertion, all beams were
measured with increasing pre-camber and local strains along with time, with
short beams stored in a conditioning room while recording data. The long beams
were measured in ambient condition within the laboratory. Destructive tests
were undertaken only after there was no more increasing of the pre-camber
deflection for all beams.
Chapter four presents all experimental results obtained from the previous chapter
and the related analysis. There are four parts of the results presented here, i.e.
moisture dependent swelling tests, mechanical property tests, pre-camber and
initial stress state tests, and destructive bending tests. The final two types of test
results will cover both types of beam i.e. short and long Glulam beams. Chapter
four also includes discussion corresponding to all test results.
Chapter five covers development of numerical modelling of the pre-stressing
processes and the subsequent destructive tests for both short and long beams.
Glulam and compressed wood were simulated as orthotropic elastic materials in
tension, but allowing plastic deformations after yield in compression. Here, a
user-defined swelling law and a user-defined creep law were developed for
compressed wood and Glulam respectively, which were implemented in the
commercial code Abaqus for modelling growth of pre-camber after the insertion
of compressed wood. All numerical models were validated against the
corresponding experimental results. This chapter also presents an analytical
18
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approach to predict pre-camber of Glulam beams, which was compared with the
experimental measurements.
Chapter six presents parametric studies of the pre-stressed Glulam beam systems
using validated numerical models developed in Chapter five. Optimisation was
carried out to cover parameters such as geometry, location and number of
compressed wood blocks, as well as beam depth in order maximise stiffness and
load carrying capacity of the beam pre-stressed.
Finally, Chapter seven draws conclusions and gives recommendations for future
work.
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CHAPTER II: LITERATURE REVIEW
2.1

Introduction

There are extensive publications on the topic of structural timber reinforcement
using various materials such as steel bars, strand cables, bonded steel and
aluminium plates, as well as fibre (aramid, carbon and glass) reinforced
composites. In this chapter the main focus was on reviewing the types of
reinforcement applied to Glulam beams, mechanical properties of densified
wood, mechano-sorptive properties of wood, creep, and stress relaxation of
wood and numerical modelling of reinforced Glulam beams.
2.2

Glulam beams and their reinforcement

2.2.1 History and basic concept
Glued laminated timber (Glulam) was first used in 1893 to construct an
auditorium in Basel, Switzerland, Moody and Hernandez (1997). Patented as the
"Hetzer System”, it used adhesives that by today's standards are not waterproof.
As a consequence, its applications were limited to dry-use conditions. One of the
early examples of Glulam arches designed and built using engineering principles
was a building erected in 1934 at the Forest Products Laboratory, in Madison,
Wisconsin, USA. Arches for this building, and for many of the nation’s early
buildings framed with glued laminated timber, were produced by a company in
Peshtigo, Wisconsin, which was founded by a German immigrant who
transferred the technology to the United States. Several more companies were
established in the late 1930s, and using the same technology, fabricated gluedlaminated timber for gymnasiums, churches, halls, factories and barns.
Structural Glulam can be defined as a material glued up from suitably selected
and prepared pieces of wood either in a straight or curved form with the grain of
all pieces essentially parallel to the longitudinal axis of the member, Moody and
Hernandez (1997). Abbott and Whale (1987) gave an overview on glued
laminated timber and indicated that it is commonly referred to as 'Glulam'. The
20
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term can be applied to glued laminated timber structural members, and to the
components and structures fabricated from them. In Glulam, the members
consist of lengths of timber of small cross-section, called laminations. These are
bonded together under pressure using structural adhesives. The grain of the
laminations runs parallel to the longitudinal axis, distinguishing Glulam from
forms of plywood, for example. Glulam beams can be horizontally or vertically
laminated. It also illustrates the fact that curved members can be more easily
produced by the horizontal method. Because of this, and also due to the fact that
horizontal laminating disperses defects more efficiently, allowing higher design
stresses, the horizontal method is far more common. Structural Glulam in the
UK is manufactured following the requirements of BS 4169:1970.
Andre (2006) reported that the glued laminated timber or Glulam has been used
in Europe since the end of the 19th century. Glulam timber is made of wood
laminates glued together to form a specific piece of wood for a specific load.
The interest to use this technology is to decrease product variability and make it
less affected by natural growth characteristics like knots. Besides, the Glulam
technology offers almost unlimited possibilities of shape and design for
construction, and is widely used for load bearing structures in houses,
warehouses, pedestrian bridges, etc. Its application on highly loaded structures
are still limited due to its lower bending strength and stiffness, high costs,
durability and maintenance drawbacks compared to concrete and steel structures.
However, wood as a natural material will become a more competitive building
material in the future due to its environmentally friendly and aesthetic
characteristics, also more advanced reinforcing techniques.
2.2.2 Methods for flexural reinforcement
One of the methods to increase the load carrying capacity or bending capacity of
Glulam beams is to reinforce them locally or globally. Reinforced Glulam beams
cost less because the use of reinforcement will reduce the need of a top grade
laminate on the extreme tension face (i.e. a lower grade material can be used);
moreover the volume of wood is reduced. Also, reinforced Glulam beams have
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lower product variability, they are not affected by natural growth characteristics,
and the manufacture of reinforcement is consistent and controlled.
Many attempts have been made to reinforce wood or Glulam timber beam by
using fibre reinforced plastics. Nikolaos and Thanasis (1992) studied the effect
of reinforcing fir wood with carbon/epoxy fibre-reinforced plastics (CFRP). The
study revealed that even very small area fractions of fibre-composite
reinforcement resulted in a significant improvement of the member’s mechanical
behaviour. Triantafillou and Deskovic (1992) also studied the effect of prestressed CFRP reinforcement bonded to European beech lumber. The method
used in this study involved external bonding of pre-tensioned FRP sheets on the
tension face of beams through the use of epoxy adhesives as illustrated in Figure
2.1. Dagher et al. (1996) investigated effect of FRP reinforcement on low grade
Eastern Hemlock Glulams. The results showed that adding 1 to 3 % FRP
reinforcement to a beam could enhance its strength (up to 56 %) and stiffness
(up to 37 %). Hernandez et al. (1997) analysed the strength and stiffness of
reinforced Yellow-poplar glued-laminated beams. The results indicated that
adding 3 % of glass fibre reinforced polymers (GFRP) by volume could increase
bending stiffness by as much as 18% and bending strength by as much as 26 %.

Figure 2.1: Wood beam pre-stressed with epoxy-bonded fibre-reinforced plastic
sheet (Triantafillou and Deskovic (1992).
Tingley (1995) filed a patent on the method of manufacturing glue-laminated
wood structural members with synthetic fibre reinforcement. The purpose is to
provide such a method that allows efficient application of synthetic
reinforcement to wood structural members and that is used to prevent waste of
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synthetic reinforcement. Also, Tingley (1996) filed a patent on the synthetic
fibre reinforcement for glue-laminated timber members which was a
continuation part of the previous patent. By introducing this method, the
structural performance of glue-laminated timber members would be improved.
Then, in the 2000s, Blaβ and Romani (1998-2000; Romani and Blaβ (2001)
studied reinforcement of Glulam beams with FRP and made a design model for
this reinforcement. Gentile et al. (2002) carried out research on strengthening
Douglas fir timber beams with GFRP bars. For reinforcement ratios between
0.27 and 0.82 %, the enhancement on flexural strength was between 18 and 46
%, compared with the control specimen without reinforcement. Fiorelli and Dias
(2003) discussed the strength and stiffness of pinewood reinforced with carbon
and glass fibre. The results showed a good agreement between experimental
results and the analytical approach. Issa and Kmeid (2005) undertook research
on Glulam beams reinforced with two types of reinforcement: steel plate and
carbon fibre reinforced polymer. The reinforcement has changed the mode of
failure from brittle to ductile and has increased the load carrying capacity of the
beams. Borri et al. (2005) discussed the use of FRP materials to strengthen the
existing wood elements under bending loads. High tensile carbon unidirectional
reinforcing fibres embedded in an epoxy resin matrix were used to strengthen
the wood, resulting in an increase in flexural stiffness and load carrying
capacity. Schober and Rautenstrauch (2007) introduced study on post
strengthening of timber structures with CFRP, which gave promising results to
enhance flexural stiffness and strength.
Fiorelli and Alves Dias (2006a) discussed theoretical model and experiment
analysis of Glulam beams reinforced with FRP. Fibreglass reinforced beams
were evaluated experimentally to validate the proposed theoretical model which
indicated good correlation between two approaches. Fiorelli and Dias (2006b)
further discussed the mechanical properties of fibreglass-reinforced Glulam
beams, and also developed a theoretical model. The proposed theoretical model
shows a good agreement between the experimental results and the theoretical
calculations for the beams tested. Brady and Harte (2008) developed an
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analytical model to predict stiffness and flexural strength of the pre-stressed FRP
reinforced Glulams. The theoretical results indicated that the performance of
low-strength timber can be significantly enhanced by pre-stressing with FRP
composites. Naghipour et al. (2011) also developed a theoretical model on
flexural performance of hybrid wood plastic composite (WPC)-FRP beams. The
results obtained from the analytical model were compared with the experimental
results where a satisfactory agreement wa s achieved.
2.2.3 Cross laminated timber
Cross-laminated timber (CLT) plates represent a new surface-type structural
element which has increasingly received attention and shown importance in
modern European engineering timber structures for the past decade
(Moosbrugger et al. (2006). Guggenberger and Moosbrugger (2006) examined
mechanics of cross laminated timber plates under uniaxial bending through an
analysis of the transfer bending behaviour considering the specific internal
structure of the CLT. Mestek et al. (2008) discussed the calculation and design
methods for CLT elements. Steiger et al. (2008) evaluated the elastic material
properties of cross laminated timber using non-destructive tests. Vessby et al.
(2009) undertook an experimental study of cross-laminated timber wall panels
with five layers (19mm thick of each layer), as shown in Figure 2.2. The
experimental tests performed showed the cross-laminated timber elements to
possess a high degree of strength and stiffness. Stürzenbecher et al. (2010a;
Stürzenbecher et al. (2010b) discussed a plate theory, which is capable of
reflecting the laminate-specific mechanical behaviour of CLT and delivering
accurate deformation and stress components for the structural design of CLT at
reasonable computational costs. Popovski et al. (2010) undertook tests for CLT
panel walls with various configuration and connection details. The results
showed that the CLT walls could have an adequate seismic performance when
nails or screws are used with the steel brackets.
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Figure 2.2: The five-layer cross-laminated timber wall elements tested.
2.2.4 FRP and steel rod reinforcement
Brunner and Schnueriger (2005) studied timber beams strengthened by attaching
pre-stresses carbon FRP laminates with a gradient anchoring device. The tests
demonstrated that the methods could be successfully used to strengthen Glulam
beams with pre-stressed artificial fibres of high strength and no delamination
occurred. Francesco Micelli et al. (2005) undertook research on flexural
reinforcement of Glulam timber beams and joints with carbon fibre-reinforced
polymer rods. Experimental results were compared with the numerical analysis,
which showed a good agreement in regard to the load and deflection values.
Also, experimental results of the reinforced beams indicated a significant
increase in stiffness and ultimate strength. Johnsson et al. (2007) investigated the
possibility of strengthening Glulam beams by the use of pultruded rectangular
carbon fibre rods, in order to establish the anchoring length for this system, as
illustrated in Figure 2.3. In summary this reinforcement method could increase
load carrying capacity in average by 49-63 % in terms of short-term loading.
Corradi and Borri (2007) investigated Fir and Chestnut timber beams reinforced
with GFRP pultruded element. The results showed that the reinforcement could
enhance strength, stiffness, and ductility significantly when compared to the unreinforced wood beam tested. Yang and Liu (2007) studied flexural behaviour of
FRP reinforced Glulam. The results indicated that the poplar Glulam beam
reinforced with FRP could enhance the ultimate load by 18-63 %, and bending
stiffness by 32-88 %. Taheri et al. (2009) evaluated buckling response of gluelaminated column reinforced with fibre-reinforced plastic sheets.
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(a)

(b)

(c)
Figure 2.3. (a) Test set-up for bending tests; (b) Cross section of reinforced beam
specimens; (c) Moment vs midpoint deflection of the beams tested (Johnsson et
al. (2007)
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Recently, Raftery and Harte (2011) undertook research on low-grade Glulam
timber beams reinforced with FRP plates which were made from recyclable
materials. The configurations of Glulam beams reinforcement are illustrated in
Figure 2.4. There are enhancements in stiffness, ultimate moment capacity and
ductility of the reinforced beams compared with the unreinforced beam. Borri
and Corradi (2011) studied strengthening of timber beams with high strength
steel cords. Mechanical tests on the strengthened wood showed that external
bonding of steel fibres reinforced polymers (SRP) produce high increases in
flexural stiffness and capacity. Also, De Luca and Marano (2012) investigated
mechanical behaviour of pre-stressed Glulam timber reinforced with steel bars,
as shown in Figure 2.5. For the beams reinforced with 0.82 % ratio of steel to
wood, the stiffness, the ultimate load and the ductility increased by 37.9, 40.2
and 79.1 % respectively. Alam et al. (2012a) studied the effects of geometry,
material properties and reinforcement location on the flexural properties of
laminated veneer lumber (LVL) by using glue in rod and plate reinforcement. It
showed significant enhancement on stiffness and strength of LVL.

Figure 2.4: Beam configuration: (a) unreinforced depth (h)=190; (b) reinforced
h=190, FRP exposed; (c) unreinforced h=215; (d) reinforced h=215,(in mm)
FRP unexposed (Raftery and Harte (2011)
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Figure 2.5. Details of the cross section types: unreinforced beams, simply
strengthened beams with upper and lower steel bar, 10 mm in diameter, and
strengthened beams with an upper steel bar, and a lower pre-stressed bar, 10 mm
in diameter each, De Luca and Marano (2012).
2.3

Densified wood/compressed wood and its properties

2.3.1 Initial study of densified/compressed wood
Wood densification by thermal transverse compression has attracted many
researchers as a process to improve the strength and surface properties of lowdensity wood species, such as surface hardness and abrasion resistance. Inoue et
al. (1993a) and Inoue et al. (1993b) investigated the effect of steam or heat on
fixation of a compression timber set and the effect of these treatments on
hardness, mechanical properties and colour of compressed and uncompressed
wood specimens. Compressed wood steamed for 1 min at 200oC or 8 min at
180oC showed no recovery of the set, and also large increases in hardness.
Dwianto et al. (1998) studied densified Sugi wood (Cryptomeria japonica
D.Don) with the heat fixation. With densification level of 50 % from the original
thickness (CR), the retentions of the modulus of elasticity (MOE) and the
modulus of rupture (MOR) for compressed Sugi by heating at the optimum
condition were 89 and 81 % respectively. Wang and Cooper (2005) investigated
the effect of thermally compressed fir and spruce on vertical density profiles
(VDPs). The VDP would influence the mechanical and physical properties of
compressed wood allowing it to be engineered for its intended end use.
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Kamke and Sizemore (2005) filed a patent on the equipment and method for
viscoelastic thermal compression of wood. Wood with inadequate mechanical
properties could be modified by various combinations of compressive, thermal
and chemical treatments. It could be densified by impregnating its void volume
with polymers, molten natural resins, waxes, sulphur, and even molten metals,
with subsequent cooling to solidify the impregnant. On the other hand, wood
could be compressed in the transverse direction under conditions that did not
cause damage to the cell wall (Kollman et al. (1975). The compression of solid
wood was done in Germany in 1930 under the trade name of Lignostone.
Laminated compressed wood was made under the trade name Lignofol. Similar
materials, Jicwood and Jablo, had been in production in England for some years
,Rowel and Konkol (1987). Kamke (2006) studied densified Pinus radiata for
structural composites. It was shown that the viscoelastic thermal compression
(VTC) wood composites have a higher strength and stiffness compared with
other wood-base composites which were on the market. Also, Kamke and Rathi
(2011) introduced a device that is capable of producing VTC wood. Using this
device, wood density may be modified from the initial density of the virgin
wood of 500 kg/m3 up to approximately 1400 kg/m3.
Adlam (2005) investigated densification of softwood with compression ratios
(CRs) of 13 and 22 % respectively, as shown in Figure 2.6. The results showed
that the mean MOE were similar among the timber samples densified by 13 and
by 22 % and kiln dried control samples. Evaluation of results also indicates that
timber samples tested facewise produce lower average results than the samples
tested edgewise. The mean MOR results of timber samples tested facewise
indicate that the timber densified by 13 % is slightly stronger than the kiln dried
control samples, whereas the timber densified by 22 % level is slightly weaker
than the kiln dried control samples. The hardness results show that there is a
mean improvement of 23 and 31 % over the kiln dried control samples for the
timber samples densified by the 13 and 22 % levels respectively.
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(a)

(b)
Figure 2.6: Densified wood with compression ratio: (a) 13 % and (b) 22 %;
(Adlam, 2005)
2.3.2 Methods for wood densification
Kutnar et al. (2008) studied the viscoelastic thermal compression of low-density
hybrid poplar (Populus deltoids x Populus trichocarpa) from fast growing trees
in order to produce specimens with three different degrees of densification (the
ratio of increased density to the initial density) i.e. 63, 98, and 132 %. The MOR
and MOE were examined. The results showed that the bending properties of
VTC wood (MOR and MOE) were significantly increased due to the increased
density, as indicated in Table 2.1. Kutnar et al. (2009) also studied morphology
and density profile of VTC for the species above, which showed the varied
degree of densification as a consequence of different temperature and moisture
gradients formed before and during wood compression. Further research was
undertaken on compression of hybrid poplar wood under saturated steam and the
influence of temperature and steam environment on set recovery of compressive
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deformation of these wood species (Kutnar and Kamke (2011; Kutnar and
Kamke (2012).
Table 2.1: Typical improvement of bending properties with increasing degree of
densification, Kutnar et al. (2008).
Specimen

Density at MC=0%

MOR

MOE

[gcm-3]

[MPa]

[GPa]

Control 0%

0.331

76

8.7

VTC 63%

0.552

101

12.0

VTC 98%

0.676

126

16.0

VTC 132%

0.792

154

19.9

Navi and Girardet (2000) developed the method for densifying wood following
the thermo-hydro-mechanical (THM) principle, which resulted in a product
called THM densified wood. Typical densified wood which was produced by
this process can be seen in Figure 2.7 for Spruce species. Tests on THM
densified wood showed significant improvement in mechanical properties, more
stable and less hygroscopic features. Navi et al. (2004) investigated combination
of densification and THM processing of wood. The results showed that
combination of densification and a thermo-hydro-mechanical treatment could
transform wood into a new material with improved mechanical properties,
decreased sensitivity to moisture, increased durability and minimize shapememory effects. Also, Heger et al. (2004) investigated mechanical and durability
performance of THM densified wood. It has been shown that THM treatment is
an efficient process for permanent fixation of the compression set.
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(a)

(b)

Figure 2.7: (a) Before densification (density 0.43); (b) After TMH treatment
(density 1.29). Annual ring at 90o to the direction of densification, CR=68 %
(Navi and Girardet (2000).
Welzbacher and Rapp (2007) studied Norway spruce (Picea abies Karst.) that
was thermo-mechanically densified in laboratory scale at 140, 160, 180 and 200
0

C for 0.5, 1, 2 and 4 hours respectively and subsequently modified by a

laboratory oil-heat treatment (OHT) process at 180, 200 and 220 0C for 2 and 4
hours. Typical densified spruce with and without OHT can be seen in Figure 2.8.

Figure 2.8: Single-layer exposure of specimens for natural weathering. OHT =
oil-heat treated (Welzbacher and Rapp (2007).
The results showed that the compression-set recovery of densified and oil-heat
treated spruce was almost completely eliminated by an OHT at temperatures
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above 200 0C, as demonstrated in laboratory tests and after 30 months natural
weathering. The combination of thermo-mechanical densification and oil-heat
treatment could increase the durability and dimensional stability. The results
indicated that the oven-dry density (ODD), MC and maximum swelling in R
direction were increased significantly, as shown in Table 2.2.
Table 2.2: Typical density, moisture content, maximum radial swelling, and
Compression-set recovery (Crecovery), Welzbacher and Rapp (2007).
ODD

MC

Swelling

Crecovery

[g/cm3]

[%]

[%]

[%]

Non-densified

0.41 (0.05)

45.6 (9.4)

3.8 (1.1)

0

Non-densified, OHT

0.36 (0.04)

35.5 (11.2)

2.7 (0.6)

0

Densified

0.89 (0.08)

40.9 (5.5)

100.6 (7.9)

61.6 (8.4)

Densified, OHT

0.59 (0.09)

27.2 (5.9)

103 (3.1)

0.1 (0.8)

Material

Notes: value in the bracket represent standard deviation
2.3.3 Mechanical properties and structural use of compressed wood
Yoshihara and Tsunematsu (2007a) examined the bending and shear properties
of compressed wood. They conducted bending test series of compressed Sitka
Spruce (Picea Sitchensis Carr.) with various compression ratios. The results
showed that Young’s modulus increased with increasing compression ratio when
it was determined by the load–strain relationship. Modulus of Elasticity in the
longitudinal direction of CW with CR of 33, 50, 60 and 67 % increased to 25,
26, 28, and 30 GPa respectively, in comparison to normal Sitka spruce with
EL=13 GPa, as shown in Fig 2.9. Yoshihara and Tsunematsu (2007b) studied the
elastic properties of compressed Sitka spruce with respect to its cross section.
The results showed that Young's modulus in the radial direction (ER) decreased
with increasing the compression ratio, whereas that in the tangential direction
(ET) showed the converse tendency, Poisson's ratio (νRT) decreased with
increasing the compression ratio.
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Tangential

Radial

Figure 2.9: Typical improvement of Young’s modulus respect to various
compression ratio (CR), Yoshihara and Tsunematsu (2007a).
Kubojima et al. (2004) investigated the bending properties of compressed
Japanese cedar (Cryptomeria japonica D.Don). The specimens were compressed
in the radial direction under 180°C for 5 hours. The related compression ratios
were 33 % and 67 %, respectively. Young's modulus was measured by flexural
vibration tests and static bending tests. As a result, the Young's modulus
obtained by loading in the radial (R) and tangential (T) directions approached a
value without shear influence as the length-to-depth ratio and the span-to-depth
ratio increased. The value of Young’s to shear modulus ratio increased as the
compression ratio increased and was larger under vibration in the compressed in
R-direction rather than in the T-direction.
Hassel et al. (2008) studied the performance of a wooden block shear wall, in
which compressed wood was utilized as a connecting element in the place of the
traditional metal connector. The elastic mechanical properties of the connector
(diamond key) made of compressed Japanese cedar were obtained based on the
single cube method, and the model of Guitard (1987) was also applied for the
Glulam timber made of red pine (MC=12% and density of 460 kgm-3). After
absorbing moisture, the compressed connectors recovered partly its radial
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dimension and filled the gaps with adjacent block. The mechanisms of
processing this wooden block shear wall can be seen in Figure 2.10.

Figure 2.10: Dimension recovery of the DK. (Left) DK before absorbing
moisture. (Right) DK after absorbing moisture, the gap disappeared.(Hassel et
al. (2008).
Jung et al. (2008) applied compressed wood (CW) which was made of Japanese
cedar, as a substitute for high density hardwood, to make shear dowels. CW with
its annual ring perpendicular to the loading direction (0o) had a unique double
shear performance characteristic, and showed good properties as a dowel
material in terms of its enhanced strength and rich ductility. When the density of
the base member (connector plate) increased, its stiffness, yield load and
maximum load exhibited proportional improvement with different inclinations.
Typical increase in density of compressed Japanese cedar by increasing
compression ratio can be seen in Figure 2.11. Jung et al. (2009a; Jung et al.
(2010) also investigated pull out properties and rotational performance of a
compressed wooden fastener in the beam-column and column-sill joint systems.
The results indicated that good structural performance of joints was obtained by
using the CW plates to resist a large moment and the CW dowels to resist high
shear forces.

35

Chapter 2

Figure 2.11: Relationship between density and compression ratio of compressed
Japanese cedar,Jung et al. (2010).
Kitamori et al. (2009) applied compressed wood as mechanical fasteners in
friction joints of a timber building. The joints developed were found to have a
satisfactory high initial stiffness, load carrying capacity and ductility, where the
compressed wooden wedges were used together with the conventional bolt-andbearing-plate joint. Kitamori et al. (2010) also studied the mechanical properties
of compressed Sugi subjected to various compression ratios. The results showed
that elastic shear modulus and strength on the LT plane increased almost
proportionally to density, but no significant improvement of those on the LR
plane. Young’s modulus is increased with increasing compression ratio mainly
in the longitudinal direction.
Rautkari et al. (2009) evaluated the properties and set-recovery of surface
densified Norway spruce and European beech under condition of fluctuating
humidity. Further studies by Rautkari et al. (2010) with the VTC (visco thermal
compression) method to evaluate wood surface densification. The results
showed that the improvement in mechanical properties and the thickness of the
high density layer had a great influence on hardness. Rautkari et al. (2011)
evaluated density profile relation to hardness of VTC wood composites using X-
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ray densitometry and modified Brinell hardness method. The results showed
that thicker laminate had a great positive influence on Brinell hardness.
Jung et al. (2009b) studied improvement of glued in rod (GIR) in joint system
using CW dowels, where the result showed high tensile strength and good
bonding performance. Tanaka et al. (2010) investigated strengthened properties
of compressed Sugi as connecting elements in joints. The results showed that
with increasing the density, it would increase the shear strength mainly on the
LT and LR planes. Also the bending strength and Young’s modulus were
improved by increasing densification ratio or density. Rassam et al. (2011)
evaluated mechanical performance and dimensional stability of nano-silver
impregnated densified spruce wood. The results indicated that the study could
produce a novel material with improved dimensional stability and mechanical
properties, especially spring-back and impact load resistance. Fang et al. (2012)
studied densification of wood veneers combined with oil heat treatment. The
results showed that the application of OHT efficiently improved dimensional
stability and reduced compression set-recovery.
2.4

Mechano-sorptive properties, creep and stress relaxation of wood

Many investigations were undertaken in regard to mechano-sorptive properties
of wood. Hoffmeyer and Davidson (1989) evaluated the mechano-sorptive of
wood subjected to moderate and high compression or bending stress parallel to
the grain to the formation of slip plane in the cell wall. The dramatic change of
micro-fibrils orientation in slip plane zones would cause an increase of the
longitudinal shrinkage or swelling orientation and a decrease of MOE. Vermaas
(1989) studied mechano-sorptive behaviour of wood and its use for moisture
contentdetermination. Mårtensson and Thelandersson (1990) discussed the
effects of moisture and mechanical loading on wooden materials. In general,
mechano-sorptive effect is greater in compression than in tension, especially
when measurements are taken under constant stress (creep) conditions. Also,
Mårtensson (1994) examined the mechano-sorptive effects on wood subjected to
a simultaneous mechanical and moisture loading. The results of the simulations
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show that there is a significant influence of strain on shrinkage and swelling
response.
Toratti and Svensson (2000) carried out a study concerning long term
deformation and stress in wood perpendicular to the grain when subjected to
variations of humidity. The results show that dried wood loaded perpendicular to
grain in room temperature conditions gives high magnitudes of mechanosorptive strain, about five times the elastic strain, when subjected to a single RH
cycle. Bengtsson (2000) examined the influence of various moisture conditions
to elastic properties of Norway spruce wood. It was concluded in this study that
the variations in equilibrium MC did not seem to influence the difference in E
values between individual specimens. Bengtsson (2001) evaluated mechanosorptive bending creep of timber which was influenced by material parameters
such as annual ring width, slope of grain, knots, compression wood, density and
MOE. Vasic and Tschegg (2006) studied the influence of humidity cycling on
fracture properties of wood. The results showed that the humidity would
influence fracture toughness, total fracture energy and the specific fracture
energy. They also performed numerical modelling of the moisture transfer which
showed numerical predictions correlate well with the experimental data. Sjödin
and Serrano (2008) examined the influence of moisture variations on the loading
capacity of steel-timber dowel joints. It was concluded that the drying of joint
resulted in a decrease of the mean loading-bearing capacity by 10-15 %.
Zhou et al. (2000a) investigated the effect of stress level on bending creep
behaviour of Japanese cedar subjected to cyclic moisture changes. The effect of
moisture content (MC) change on elastic compliance and mechano-sorptive
(MS) was examined. The results indicated that the total compliance
demonstrated different behaviour under various stress levels over the history of
cyclic moisture change which appeared to be greater under the higher stress.
Zhou et al. (2000b) investigated the bending creep behaviour of hot-pressed
wood under a cyclic moisture condition. Swelling along the thickness increased
with moisture cycle, which led to an increase in the dimensions of hot-pressed
specimens by the end of cyclic moisture sorption. Ishimaru et al. (2001) studied
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change in the mechanical properties of hinoki (Chamaecyparis obutsa) during a
period of moisture conditioning. In general, the elasticity and strength of wood
moisture-conditioned by the adsorption process are increased significantly
during the later stage of conditioning, even if with little changes in the MC of
wood. Aratake et al. (2011) investigated bending creep of Glulam using Sugi
lamina with extremely low Young’s modulus for inner layer. The creep test
results indicated that the long-term performance (about 4 years) of Sugi was
within the safety limit in the Japanese standard for structural design.
Blomberg et al. (2005) studied effects of semi-isostatic densification of wood on
the variation in strength properties with density, which was compared between
the semi-isostatically densified and the non-densified wood. The testing results
showed that the strength properties were increased with density; however the
strength perpendicular to the grain became lower than expected from the density
of non-densified wood. Blomberg (2006) reported mechanical and physical
properties of semi-isostatically densified wood. The swelling pressure increases
with densification, mostly in the radial direction where the swelling coefficient
is highest, i.e. the direction where the wood could be most compressed at
densification as shown in Figure 2.12

Figure 2.12: Mean normal swelling pressure (Pn) and swelling coefficient (α) for
native and densified pine and birch. Pn and α for densified wood are separated
into two components; cell-wall bulking and cell-shape recovery, Blomberg,
(2006).
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Creep is a continued deformation under constant stress while stress relaxation is
the reduction in stress with time under a prescribed strain. Recovery occurs
when the strain decreases as the stress is removed as illustrated in Figure 2.13,
Tissaoui (1996).

Figure 2.13: Different stress regimes (a) creep, (b) stress relaxation, (c) creep
recovery.
Gowda et al. (1996) studied the long term effect of creep on different materials
under natural environmental conditions. In case of Glulam, the creep after 4
years is found to be 60 % of elastic deformation both in heated or non-heated
environments. In 4 years the rate of creep seemed to be slowing down, but did
not stop totally. Tissaoui (1996) investigated the effect of long-term creep on the
integrity of modern wood structures. The finite element analysis was conducted
on selected wood species to determine the effect of creep on serviceability and
stability. By using the power law creep equation, serviceability and instability
problems could be predicted.
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Creep and stress relaxation on densified Sugi under high temperature steam was
undertaken by Dwianto et al. (1998) and Dwianto et al. (2000). In the stressstrain relationship measured above 140 oC, the stress was reduced as presteaming time increased when compared at the same strain. The recovery of
compressive deformation was decreased with steaming time and reached almost
0 in 10 min at 200oC. Creep compliance curve without steam and with pre-steam
at temperature up to 200 oC in the radial compression were measured for 30
minutes. It was concluded that two kinds of structural changes could be detected
well by creep measurement.
Iida et al. (2002a) and Iida et al. (2002b) studied stress relaxation of wood
during elevating and lowering processes of temperature and the set after
relaxation. They concluded that the greater relaxation during the process of
temperature elevation would affect to a decrease in elasticity and increase in
fluidity with temperature elevation. Koponen and Virta (2004) investigated
stress relaxation and failure behaviour of wood under swelling and shrinkage
loads in transverse directions. In shrinkage tests propagated in the radial
direction, when MC of drying wood was less than 8 % there was no cracking,
however MC of 8-9 % caused 25-70 % of the specimens to crack. The maximum
swelling stress (about 1MPa) obtained during 24 hours immersion was the
highest in the tangential direction.
2.5

Numerical modelling of mechano-sorptive process in woods and
strengthened Glulam beams

Research on modelling of moisture movement in wood was carried out by
Koponen et al. (1991) to model elastic and shrinkage properties cellular wall
wood structures. Ormarsson et al. (2000) developed modelling of long term
strength and shape stability of timber columns subjected to the moisture
variation. Dubois et al. (2005) investigated the creep properties of wood under
variable climate and moisture changes. Mirianon et al. (2008) studied the longterm response of wood under variable load and humidity conditions by using the
finite element software ABAQUS. The response of wood related to mechanical
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loading, moisture content 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. As an example,
the tensile strains at selected point of a timber block under constant 0.5MPa
compressive stress in the tangential direction can be seen in Figure 2.14.
Recently, Dubois et al. (2012) simulated the linear viscoelastic, mechanosorptive behaviour and its effect during change of moisture content on timber.

Figure 2.14: Tensile strains results from numerical model and tests, Svensson
and Toratti (2002; Mirianon et al. (2008).
Nairn (2006) developed the material point method (MPM) as a potential tool for
numerical modelling of wood, which is capable of modelling many details of
wood anatomy including densified wood in radial direction. Figure 2.15 shows
the result of radial compression at 10 m/s using elastic-plastic cell-wall
properties of σy=100MPa, 500 MPa, or 2500 MPa, as linear elastic cell-wall
properties. The stress at which plastic collapse occurred was approximately
proportional to yield stress.

Srpčič et al. (2009) established an adequate

mathematical model for describing mechanical behaviour of Glulam beams
exposed to changing climatic condition. The comparison between numerical and
experimental results indicates that it is sensible to obtain a reasonable
mathematical model for moisture diffusion as well as for mechanical behaviour.
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Figure 2.15. MPM simulation for radial compression of lob-lolly pine using
elastic-plastic cell properties with various yield stress, Nairn (2006).
Hanhijärvi (2000) undertook research work on computational methods to predict
the long-term performance of timber beam in variable climates. The method was
implemented into a non-linear FE programme, which combined the moisture
transport and structural analysis based on non-linear model of the longitudinal
creep in wood. The results showed that the creep model was capable of
simulating the experimentally observed properties of the mechano-sorptive
effect. Vidal-Sallé and Chassagne (2007) developed a constitutive equation for
orthotropic nonlinear visco elastic behaviour using a generalized Maxwell model
applied to wood material. Oudjene and Khelifa (2009) studied the elasto-plastic
law for wood behaviour under compressive loading. A constitutive model to
simulate uniaxial compressive loading on timber member was developed by
using the commercial code ABAQUS. The results showed a good agreement
with the experimental results and demonstrated a clearly effect of densification
on the plastic behaviour as shown in Figure 2.16.
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Figure 2.16 : Comparison between numerical and experimental load versus
displacement curves loading perpendicular to grain (90o)
Martensson (1994) developed a model to evaluate behaviour of structural timber
under varying humidity conditions. The results of simulations show that there is
a significant influence of strain on the shrinkage and swelling response. Fortino
et al. (2009) carried out a 3D moisture stress finite element analysis for timedependent 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 experimental curves for both the
longitudinal and the radial directions. Fortino and Toratti (2010) developed a
numerical method to evaluate moisture induced stresses in wood, which is
specialized for the analysis of timber connections under natural environmental
conditions. The example studied was a 2-dowel type joint in steel and Glulam
subjected to change of natural indoor RH, which showed that the stresses
perpendicular to the grain exceeded the characteristic values for Glulam beams
indicated by Eurocode 5.

Lorenzo et al. (2010) developed a numerical tool to

evaluate the moisture induced stress in timber and to analyse cracking of Glulam
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structures. The results gave a good agreement in terms of moisture content and
stress compared with experimental data available in the literature.
Modelling of densified wood was undertook by Guan et al. (2010) on structural
characteristic beam-column connections using CW dowels and plate. There is
reasonably good correlation between the test results and the simulations in terms
of moment-rotation relationship. The numerical models also produced
information on total contact force, the shear contact force and the contact area of
various interaction pairs. Alam et al. (2012b) developed a numerical model to
analyse effects of reinforcement geometry on strength and stiffness in adhesively
bonded steel-timber flexural beams. The predictions were correlated with the
corresponding experimental results reasonably well, with less than 9% error.
With increasing fraction volume of the bonded steel, it would increase yield
strength of reinforced beams.
.Guan et al. (2005) developed the finite element models of Glulam beams prestressed 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 pre-camber at mid span of beam due to transfer of the prestressing force, as shown in Figure 2.17. Kim and Harries (2010) made a
modelling approach to predict the behaviour of beams strengthened with CFRP
composite. The strengthened beams show improved load-carrying capacity and
energy absorption when compared to their unstrengthened counterparts. Also,
Valipour and Crews (2011) evaluated 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
developed model demonstrated a good agreement on the mid span deflection,
strains at 15 mm from the top and bottom, with the test results. Comparisons of
the relationships of the measured and simulated load - mid span deflection as
well as the previous work, Kim and Harries (2010) are shown in Figure 2.18.
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1700 mm

1700 mm

Figure 2.17. Typical pre-camber Glulam beam pre-stressed with GRP, Guan
(2005)

Figure 2.18: Load versus mid span deflection of specimens (a) DF-1 (b) DF-2
for Kim and Harries (2010) tests.

46

Chapter 2

2.6

Summary

Four groups of references have been reviewed regarding the current study on
‘structural behaviour of Glulam timber beams reinforced by compressed wood’.
The first part of the literature review covers the history and basic concept of
Glulam, various methods used for flexural reinforcement, overview of cross
laminated timber and experimental and analytical studies on Glulam reinforced
by FRP and steel rod to enhance the bending capacity, stiffness and load
carrying capacity.
The second part covers densified/compressed wood and its properties which
presented initial studies on compressed wood, methods to produce high strength
and more stable compressed wood, as well as mechanical properties and
structural uses of compressed wood. The third one is the review of the mechanosorptive properties of wood, creep and stress relaxation of wood.
Finally, the fourth part is related to numerical modelling of compressed wood as
structural part, mechano-sorptive properties of wood and the strengthened
Glulam by using FRP, GRP or steel rods.
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CHAPTER III: EXPERIMENTAL PROCEDURES
3.1.

Material testing

3.1.1. Introduction
All experimental work presented in this study was undertaken in Laboratory of
Structural Function, Research Institute for Sustainable Humanosphere (RISH),
Kyoto University, Japan, in a period of 9 months. Japanese cedar was used to
prepare for compressed wood specimens for moisture-dependent swelling and
mechanical property tests. The initial density of Japanese cedar is about 300-420
kg/m3 in an air-dry condition.
A series of samples of compressed wood (CW) were produced for tests covering
moisture dependent swelling, mechanical property and pre-stressing of Glulam
beams. The work included cutting samples to the dimension and quantity
required, conditioning them in an environmental chamber with different RH to
the prescribed moisture content (MC), manufacturing of the basic CW plates
with the compressive ratio (CR) required, gluing and clamping CW plates for
mechanical property testing samples and CW blocks, and reconditioning them to
keep prescribed MC before testing or insertion.
The measurements of moisture swelling of the specimens were carried out in the
L, R and T directions using a digital calliper for specimen with CRs of 33, 50, 67
%, in with more frequent measurements at the early stage of the testing and less
frequent ones at the later stage. Measurements of the moisture-dependent
swelling were also carried out for CW blocks with CR of 70 % in the radial and
tangential directions, which is the maximum compression ratio obtainable
without damaging the wood cell for the species in the pressing conditions
studied.
Mechanical property tests were carried out to obtain shear moduli, moduli of
elasticity and Poisson’s ratios of the normal wood and compressed wood with
various compression ratios. Such properties are essential input data for
numerical modelling of the pre-stressed timber structures using compressed
wood. All samples for mechanical property tests were conditioned in a chamber
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with RH=60% and target MC=12%, however those for pre-stressing of Glulam
beams were conditioned with different target MC.
3.1.2. Manufacturing process of compressed wood
The defect free specimens with required dimensions were stored in conditioning
chambers with different Relative Humidity (RH) to obtain the target moisture
content. After conditioning processes, the wood plates were densified by using a
pressing machine. Here, a standard pressing machine (produced by Kobayashi
Industrial Machinery Company, Osaka, Japan) with the maximum pressure force
of 2000 kN was used. The pressing machine, as shown in Figure 3.1, consists of
two

main

parts,

pressing

apparatus

on

the

left

hand

side

and

pressure/temperature control on the right hand side. The pressing processes were
carried out without applying steam and fixation.

Figure 3.1: Pressing machine with capacity of 2000 kN
In general, densification processes are performed in three stages:
a.

Pre-heating.

Before compressing specimen the steel plates of the

compression machine are heated to a desired temperature of 130 0C. This
process last about an hour.
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b.

Pressing. The specimen is pressed by the upper plate until it reaches a
specified thickness, i.e. 15 mm or 20 mm. The pressing pressure needs to
be held for 30 minutes before the cooling stage.

c.

Cooling. Steel plate was cooled by water circulation system with
maintained pressure and target thickness on the specimen to reduce its
temperature down to the room temperature. It takes 1 to 1.5 hours to
complete this process.

Steel strip

Steel plate
Before compression

After compression

Figure 3.2: Typical CW plate before and after compression.
Figure 3.2 shows typical manufacturing processes of compressed wood, where
on the left softwood plates with the original thickness in the R direction is
displayed and on the right the target thickness is obtained following the
proposed compression ratio limited to the thickness of the strip steel plate.
The process with great concern was the pressing since it is directly related to the
quality of compressed wood produced. In early time of pressing, the pressure
force applied had to be gradually increased to prevent fracture on cell wall of
wood. If the readings of the applied force become stable, one may increase the
load incrementally to the next level until the target thickness of compressed
wood is achieved. To simplify the pressing processes the wood plates may be
compressed at the same time if the virgin plates have different initial thicknesses
but require the same proposed final thickness. However, the amount of wood
plates which can be compressed at the same time is limited by the maximum
capacity of pressing machine, i.e. 2000 kN in this case. Therefore it took several
days to compress all specimens with various compression ratios.
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After the manufacturing process, all compressed wood specimens were required
to be re-conditioned to maintain the prescribed target moisture contents. During
the processes the specimens were placed in chambers with the relative humidity
set up to obtain the target MCs of 6, 8 and 16 % before the final compression
process to make specimens for moisture dependent swelling tests. Specimens to
be used in mechanical property tests were stored in a conditioning room with RH
set to 60 % as a normal ambient condition.
3.1.3. Sample preparation and conditioning for material tests
3.1.3.1. Moisture dependent swelling specimen
Defect free wood plates with dimensions of 60 (L)×20 (T)×30,40,60 (R) mm and
60 (L)×20 (T), 20 (R) mm were cut from air-dried Japanese Cedar for making
compressed wood with three variations of CR of 33, 50, and 67 % respectively
and specimens for control purpose with the thickness of 20 mm in the radial
direction. Specimens were also made to cover various initial target moisture
contents, i.e. 6, 8 and 16 %. The summary of all specimens is summarized in
Table 3.1.
Table 3.1. Summary of compressed wood specimen and normal wood

No

Compression
Ratio (CR)

Initial size
(mm)

Target size
(mm)

Target moisture
content (MC)

L

R

T

L

R

T

6%

8%

16%

Total

1

0%

60

20

20

60

20

20

6

6

6

18

2

33%

60

30

20

60

20

20

6

6

6

18

3

50%

60

40

20

60

20

20

6

6

6

18

4

67%

60

60

20

60

20

20

6

6

6

18

There are total 72 specimens with three variations of compression ratio and three
variations of target MC. Half of the specimens were used to determine their final
moisture contents corresponding to different compression ratios, in which 3
samples were tested for each CR. In case of CR of 70 % the initial size of
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specimens were 65(L)×42(R)×25(T) in mm and 65(L)×15(R)×30(T) in mm to
measure moisture dependent swelling in R and T direction respectively with the
only initial target MC of 6 %.
The general procedures in preparation of compressed wood are:
a.

Measuring weight of each specimen to determine its initial density, moisture
content by using weighing instrument (A&D Model GX-2000) with the
maximum capacity of 2100 grams.

b.

Placing all specimens in conditioning chambers with different RHs to obtain
the target moisture content. The specimen with a target MC of 6 % should
be placed in a conditioned chamber with 35 % RH, specimen with target
MC of 8 % in a room with 40 % RH and specimens with a target MC of 16
% in a chamber with 85 % RH.

c.

Terminating the conditioning processes when the weight of the specimen
has no significant change which indicates that the specimen satisfies the
target moisture content. To maintain the moisture content the specimens
have to be remained in conditioning boxes until the processing to
manufacture compressed wood.

3.1.3.2. Specimens for mechanical property tests
The plates were produced to make specimens for mechanical property tests with
a target size of 40 (L)×40 (R)×40 (T) in mm. To obtain compressed wood with a
thickness of 40 mm in the radial direction, it would need to laminate three plates
of compressed wood with thickness of 20 mm as the inner part and two plates
with thickness of 10 mm as the outer parts, as shown in Figure 3.3.
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10

40

R
T

20

R

10

T
L

a. 3D View

b. RT plane view

Figure 3.3: Typical size of specimen for mechanical property tests.
In order investigate the influence of compression ratio on the moisturedependent swelling strain, as indicated before there were three variations of the
compression ratio adopted and a normal wood without lamination. During the
conditioning processes all specimens were placed in a chamber with relative
humidity of 60 % for one week to achieve a normal condition before start the
manufacturing processes of compressed wood. The summary of specimens for
mechanical property tests can be seen in Table 3.2.
There are two types of tests to be undertaken to obtain mechanical properties of
compressed wood with various compression ratios. Firstly, shear tests to
determine shear modulii of the CW in three main planes, i.e. LT, LR and RT.
Secondly, compressive tests to determine Young’s modulii of the CW in L, R
and T directions and Poisson’s ratios in the three main planes of the CW
specimens. As shown in Table 3.2, there were total 32 cube specimens with size
of 40×40×40 (in mm) which consisted of 8 specimens for each of three
compression ratios and 8 specimens for the normal wood. To obtain this size it
was necessary to laminate three parts of compressed wood by using epoxy
adhesive and to apply a clamp pressure of 1 MPa.
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Table 3.2: Summary of specimens for mechanical property tests

No Compression
ratio (CR)

1
2

3

4

0%
33%

50%

67%

Initial size
before
compressed in
mm

Target size after
compressed in
mm

No. of samples

L

R

T

L

R

T

Shear
test

Comp
test

40

40

40

40

40

40

4

4

40

15

40

40

10

40

40

30

40

40

20

40

4

4

40

15

40

40

10

40

40

20

40

40

10

40

40

40

40

40

20

40

4

4

40

20

40

40

10

40

40

30

40

40

10

40

40

60

40

40

20

40

4

4

40

30

40

40

10

40

3.1.4. Test setup and testing procedures
3.1.4.1. Moisture-dependent swelling testing
a.

Measurements for specimens with CRs of 0, 33, 50, 67 %

After the conditioning process, specimens were taken out from the
environmental chamber and placed into an ambient environmental condition.
The on-going measurements of the moisture-dependent swelling were carried
out to obtain dimensional changes of specimens in the L, R, T directions while
compressed wood absorbing moisture from air. The duration of the swelling
tests was two weeks when there was no significant dimension changes recorded.
All measurements were carried out manually in the L, R, T directions using a
digital calliper (with brand name Mitutoyo Calliper). The calliper was connected
to a personal computer by using a cable, as shown in Figure 3.4. Hence,
measurements were recorded automatically in a spread sheet file. Each specimen
was measured twice at its two ends in the R and T directions and once in the L
direction to compromise a very small change in the dimension. The frequency of
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the measurement was once every 8 hours in the first day, once every 12 hours in
the second day, and once a day thereafter until 15 days. After each measurement
the specimens would be replaced in a conditioning room with 60 % RH and 12
% MC to maintain the ideal ambient condition to eliminate data variation caused
by the fluctuated ambient condition. The measurements of dimension changes
were recorded for further calculations of moisture-dependent swelling strains of
all specimens.

Figure 3.4 : Measurement device.
b. Measurements for specimens with CRs of 70%
In these tests measurements of the moisture-dependent swelling were carried out
only for CW blocks with CR of 70 % in the radial and tangential directions. The
initial dimensions of specimens were 65×42×25 (in mm) and 65×15×30 (in mm)
respectively, along the L, R, T directions.
Automatic measurements of moisture-dependent swelling were set up, as shown
in Figure 3.5. Two measuring points (one in the middle and one at the end) for
each specimen were selected to record swelling along the radial direction, whilst
one measuring point at the middle was for taking swelling reading in the
tangential direction. All specimens were placed in a conditioning chamber
subjected to a constant temperature of 20oC but the cyclic relative humidity (one
cycle in 6 days: 3 days at 40 % RH and 3 days at 80 % RH). There were total of
9 displacement transducers (CDP-25) used to measure swelling displacements,
which were connected to a PC through a data logger. The testing durations were
100 days for the radial swelling and 50 days for the tangential swelling.
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R-swelling

T-swelling

Figure 3.5: Moisture-dependent swelling tests.
3.1.5

Mechanical property testing

All samples for mechanical property tests were conditioned in chamber with
RH=60% and target MC=12%.
3.1.5.1

Shear tests

Shear tests were performed to determine shear modulii in all planes of
compressed wood and normal wood by using the Single Cube Apparatus (SCA).
Hassel et al. (2009) developed the SCA method to determine shear property of
softwood. A 50kN-capacity load cell was used to apply a compressive load to
specimens through the SCA with an Instron 1125 Universal Testing Machine at
a cross-head speed of 0.5 mm/min. To measure strains in three directions, triaxial strain gauge of the type FRA-10-11 was bonded at back side of the
specimen coincided with the main axis plane and 450 from the main axis as
shown in Figure 3.6a. The working mechanism of the SCA is illustrated in
Figure 3.6b. The upper cross-head of the testing machine applies a compressive
load to the moveable part of apparatus (A). Through grips (B) the load is
transmitted to the specimen as a pair of shear force, with two small cylinders
giving the necessary alignment (C). The angle between the loading direction and
the specimen edge direction is 310. The load (F) component in the cosine 310
direction is the shear force acting on the specimen. Six planes are possible to be
tested: RT, TR, LT, TL, LR and RL where the first letter represents the shear
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direction and the second letter represents the perpendicular direction to the load
in the observed plane.
F

a)

b)

Figure 3.6: a) Setting up shear test RT-samples with the SCA method.
b) Drawing of the SCA
There were a total of 48 shear tests carried out to determine shear modulii in
three main planes i.e. LT, LR, and RT. The shear tests were undertaken under
elastic state, therefore every cube specimen can be tested three times
correspondent to the three main planes. There were 6 cables which were
connected to data logger to record strains in main axis L, R or T directions and
inclined 450 directions with respect to the main axis. There were also two
transducers CDP-25 used to establish the relationship between the load and the
displacement during shear testing. The loading from Instron Universal Testing
Machine was recorded in a personal computer by using the Static Measurement
Software.
3.1.5.2 Compressive tests
Compressive tests were undertaken to determine modulus of elasticity in the
longitudinal (EL), the radial (ER) and the tangential (ET) directions and Poisson’s
ratios in all planes. Similar to those used in shear tests the specimen dimensions
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were 40×40×40 mm. Before testing all specimens were marked in each plane
with main axis (L, R, or T) and diagonal axis as reference lines to attach strain
gauge as shown in Figure 3.7. Strain gauge type FRA-10-11 and PFL-10-11
(produced by Tokyo Sokky Kenkyujo Co.Ltd, Japan) were attached at the centre
point of the specimen by using Cyanoacrylate adhesive. Strain gauges were
placed in two main axes i.e. L and T, if the specimen was tested to determine E L
and Poisson’s ratios in LT or TL planes.

Figure 3.7: Cube specimens with strain gauges attached
To prevent the compressed wood specimens from swelling during the above
process they were placed in a special box which protects them from absorbing
moisture.
Instron 1125 Universal Testing Machine (the maximum capacity=50kN) was
used to conduct compressive tests, with a cross-head speed set to 0.5 mm/min.
Two transducers CDP-25 were also assembled to record the displacement during
test. Strain gauges described above were connected to a data logger to have a
real-time monitoring of measurements. The testing set up is illustrated in Figure
3.8. All data from readings of two strain gauges, two transducers and load cell
were recorded in CSV file for further process and analysis.
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Figure 3.8: Setting up compressive test.
3.2

Structural testing

3.2.1 Introduction
Beams with two reinforcing arrangements, each corresponding to the CW blocks
subjected to initial MC conditions, i.e. 6 %, were made with pre-camber and
then tested to failure. Three beams without the insertion of the CW blocks were
also tested for comparison purposes. It would investigate how the moisture
dependent swelling of the compressed wood, which was inserted in a pre-cut
hole on the top of beam, could enhance the structural performance of a
reinforced Glulam beam.
There were two sizes of Glulam beam manufactured for the initial pre-camber
measurements and subsequent structural tests, i.e. 15 short (1.2 m) and 7 long
(3.6 m) Glulam beams tested. The short beams were reinforced by three CW
blocks with three thicknesses of 15, 30 and 45 mm respectively and one CW
block of 30mm thick. There were also three beams without any CW block
reinforcement for control purposes. The long Glulam beams were reinforced by
3, 5, 7 CW blocks respectively, all with the same thickness of 45 mm. In
addition, there were two beams which were reinforced at the bottom extreme
fibre with one lamina made of compressed wood. There were also three beams
without any reinforcement for control purpose. The details of geometry and
condition are described in Tables 3.3 and 3.4 and Figures 3.17 and 3.24.
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Measurements of pre-camber deflections and initial strains for the above two
types of Glulam beams were undertaken in a conditioning chamber in which the
RH was set to be fluctuated between 40 % and 80 % but with a constant
temperature of 20 0C. Durations for the tests were 60 days for the short Glulam
beams and 45 days for the long beams. After the pre-camber measurements, both
pre-stressed short and long Glulam beams were tested under four-point bending
up to failure.
3.2.2 Short Glulam beams
3.2.2.1 Manufacturing compressed wood blocks
Compressed wood is made of lower grade timber through densification
processes, which requires wood free of knots and no other defects to ensure that
it can be compressed in the radial direction uniformly. The level of densification
which is also known as compression ratio (CR) can be represented as follows:
(3.1)
where t0 and t1 are the thickness of the wood plate in the radial direction before
and after the compression treatment, respectively. In this research programme,
the compression ratio was set to 70 %. In order to obtain the possible maximum
swelling of compressed wood, wood with low moisture content needs to be
conditioned. Here the initial moisture content of 6 % was chosen. To achieve
this target MC, the specimens were conditioned in a chamber with RH=35 %
until weight of the specimen became constant. As mentioned before, there were
three variations in thickness of CW block along the radial direction, i.e. 15, 30
and 45 mm. All samples were weighed before and after compression processes
to obtain the information on density enhancement.
After conditioning to the target MC of 6 %, the softwood plates were densified
by using pressing machine. In this study, a standard pressing machine (produced
by Kobayashi Industrial Machinery Company, Osaka, Japan) with the maximum
pressure force of 2000kN was used (Figure 3.1).
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The typical shape of softwood was densified in the radial direction through the
above process, as shown in Figure 3.9, which indicates that the initial thickness
of t0=50 mm was reduced to the final thickness of t1=15 mm corresponding to
the compression ratio of 70%.

t0=50mm

t1=15mm

Figure 3.9: Typical thickness of softwood and compressed wood before and
after the compressing process, respectively
The next process was to store the CW plates in a conditioned room to maintain
the target moisture content. It would take about one week to condition the
specimens. Then CW plates would be laminated to obtain the desired
thicknesses of 30 and 45 mm by laminating 2 and 3 compressed wood plates
with thickness of 15 mm, respectively. The epoxy resin was used to laminate
compressed wood plate. The clamp pressure of 1 MPa was applied by using
Mori Testing Machine, as shown in Figure 3.10.

Figure 3.10: Clamping compressed wood plate.
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The dimensions of the CW blocks for the reinforcement are 35×65×15 (30, 45)
in mm coincided with the L, T, and R directions of wood respectively. Typical
CW block specimens with 3 thicknesses are shown in Figure 3.11.
t=45mm

R
T

t=15mm

t=30mm

Figure 3.11: CW blocks for beam reinforcement.
The density of the compressed wood is 1163 kg/m3 in average which was
increased from 394 kg/m3 of the softwood. Material properties of CW with
CR=70 % were greatly enhanced, e.g. the Young’s modulii in the L and R
directions increase significantly to 32.86 GPa and 31.11 GPa respectively in
comparison to the normal Japanese cedar with EL=8.02 GPa and ER=0.75 GPa.
3.2.2.2 Manufacturing Glulam beams
The raw material used to manufacture short Glulam beams was Japanese cedar
log which was available in Laboratory of Structural Function, Kyoto University,
Japan. The proposed dimensions of the Glulam beam, which would be prestressed by CW blocks, were 105×105×1500 in mm. The size of lumber used to
make the proposed Glulam beams was 40×120×1600 in mm.
a.

Seasoning, plane and cutting

Initial process to manufacture Glulam was to recondition the Japanese cedar
lumbers as they had high moisture content due to storing them in an outdoor
condition. This process lasted about one week to make those lumbers reach the
desirable moisture content for producing Glulam (i.e. MC≤16 %). During this
process a moisture content meter was used to measure the actual moisture
content to monitor the lumber until it reached the target MC. A fan was also
used to accelerate drying process, as shown in Figure 3.12.
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Figure 3.12: Seasoning process and MC Meter.
The next process was to plane and cut the lumber into the designed size with a
thickness of 35 mm and length of 1500 mm. Figure 3.13 shows a portable planer
machine to plane lumber until obtaining the proposed thickness. A circular
sawing machine was used to cut lumber to a specified size by giving a tolerance
length for the final trimming.

a. Planer machine

b. Sawing machine

Figure 3.13: A planer machine and a circular sawing machine.
b. Grading
The third process was to grade all lumbers by using the Fast Fourier Transform
(FFT) Analyzer CF-1200 (produced by Ono Sokki, Japan) and hammer to obtain
the dynamic Young’s modulus of each lumber. The graded lumbers were then
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arranged in a way that the inner lamina of the Glulam beam would be weaker
than the outer lamina.
FFT Analyzer

Hammer
Receiver
MC meter

Figure 3.14: Grading process with the FFT Analyzer.
Figure 3.14 shows the grading process by using a MC meter, weigh instrument,
hammer and FFT Analyzer. Firstly, measure volume of each lamina and weigh it
to obtain its density. Secondly, obtain the instant MC by measuring 3 points in
each lumber using a MC meter. Finally, strike hammer at one end of a lamina
and recording resonant frequency in FFT Analyzer (Figure 3.14) from receiver
which was in contact at other end of a lamina.
Dynamic Young’s modulus as a grading index could be obtained by using the
following equation.
(3.2)
where l is length (mm) of lamina , f is resonant frequency(1/sec), d is density
(gr/mm3).
Based on the grading data from the FFT Analyzer and Equation (3.2), the
averaged Dynamic Young’s Modulus of lamina Glulam was 8.440 GPa. The
final grades of Glulam were varied between 7.96 and 9.81 GPa.
c.

Manufacturing Glulam beams

The final stage to make the Glulam beam was to bond the graded lamina using
adhesive while applying a pressing pressure. The adhesive used to laminate
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Glulam was Resorcinol, which was mixed with powder (catalyst TD-473,
produced by Kangnam Chemical, Co.Ltd, South Korea). A standard pressing
machine (produced by Kobayashi Industrial Machinery Company, Osaka, Japan)
with the capacity of 2000 kN was used to apply a clamping pressure to Glulam
specimen. Clamping pressure of 1 MPa was applied in this process where the
pressing time duration was about 24 hours before complete all processes of
manufacturing the Glulam beams. Figure 3.15 shows the clamping pressure
process of 18 Glulam beams simultaneously by using the pressing machine.
upper plate

lower plate

Figure 3.15: Glulam beams subjected to a clamping pressure.
3.2.2.3 Pre-cutting hole
In this research, Glulam beams need to be strengthened by inserting compressed
wood blocks into the pre-cut rectangular holes on the top part of the Glulam
beams. The size of hole was based on the size of the CW block to be inserted,
but giving 1 mm clearance on each side of the block in the tangential direction
and 1 mm on the bottom of the block in its longitudinal (depth) direction to
allow it absorb moisture from air efficiently. However, the dimension of the hole
along the longitudinal direction of beam was 1 mm smaller than the thickness of
the CW block to make sure expansion of the CW block along its radial direction
to have immediate effect after the insertion. A square drilling machine (produced
by Makita Corporation, Japan) was used, which could drill wood precisely in
depth and width to produce rectangular holes as shown in Figure 3.16. This
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machine was used to make pre-cut holes for both the short Glulam beams and
the long Glulam beams.

R
L
T

Figure 3.16: A drilling machine and pre-cut holes with various thicknesses.
Figure 3.16 shows four beam samples on which three rectangular holes were
produced with the sizes of 15, 30 and 45 mm in length, 65 mm in width and 37
mm in depth, corresponding to the longitudinal, tangential and radial directions
of the beam.
Table 3.3 lists 15 Glulam beams produced for this research, including 3 control
beams without insertion of any CW blocks. The table also shows 30 CW blocks
produced, consisting of 9 CW blocks with t=15 mm, 12 CW blocks with t=30
mm, and 9 CW blocks with t=45 mm.
Table 3.3: Summary of Glulam beams with and without CW reinforcement.
Specimen
Name

CW Size (in mm)
L

R

T

No. of CW
block

SB-0CW

0

0

0

0

3

-

SB-1CW30

35

30

63

1

3

0.40%

SB-3CW15

35

15

63

3

3

0.60%

SB-3CW30

35

30

63

3

3

1.20%

SB-3CW45

35

45

63

3

3

1.80%
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Figure 3.17 shows the plan and side views of reinforcement of Glulam beams
with insertion of CW blocks with three thicknesses. The depth of CW block is
one third of beam depth (h), i.e. 35mm.

R

T

L=35mm

Figure 3.17: Geometry and configuration of Glulam beams with CW
reinforcements.
3.2.2.4 Pre-stressing processes
Pre-stressing technology developed is to make use of moisture-dependent
swelling nature of compressed wood. Since there is the largest swelling in the
radial direction of compressed wood, the CW block was placed in a way in
which its radial direction is coincident with the longitudinal direction of the
beam to be strengthened. The CW blocks were conditioned to have MC of 6 %
prior to the insertion. The beams pre-stressed would be placed in an ambient
condition with MC of 12%.
Universal testing machine (Instron 1125 with capacity 50 kN) was used to assist
inserting CW blocks into pre-cut holes with crosshead movement set at 5
mm/min, as shown in Figure 3.18. Two transducers (CDP-25) were used to
monitor the vertical displacement and control the insertion processes.

As

mentioned in section 3.2.2.3 that there were 1 mm clearance between the each
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edge of CW and Glulam to accelerate absorbing moisture from air, as shown in
Figure 3.19.

Figure 3.18: Insertion of the compressed wood block.

45 mm

gaps 1 mm

63 mm

Figure 3.19: Typical clearance after insertion process.
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3.2.2.5 Measuring the pre-camber and initial stress state of the pre-stressed
beams
After completing insertion of the CW blocks, the beams were subjected to
measurements of the pre-camber deflection and strains at selected positions on
the beam. The displacement transducer CDP-25 and strain gauge PFL-10-11
(Tokyo Sokky Kenkyujo Co. Ltd.) were used. Seven strain gauges were attached
to the beam along its depth at the mid span (4 strain gauges) and 130 mm away
from the mid-span (3 strain gauges) as shown in Figure 3.20. One transducer was
set underneath the mid span at the selected beams as shown in Figure 3.21.
CW block

260

130

130

2

20

3
4

52.5

Bottom view

1500

Figure 3.20: Locations of strain gauges

Figure 3.21: Deflection measurement set up.
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There were also 3 beams without insertion of the CW block for control purpose.
All beams were placed in a conditioning chamber where the Relative Humidity
was fluctuated between 40 and 80 % but the temperature was kept at 20 0C. The
Glulam beams were leaned vertically to the wall and pinned at their top ends in
the chamber, as shown in Figure 3.22. Readings of transducers and strain gauges
were recorded by a Personal Computer through a data logger. The measurements
would be terminated when readings from displacement transducers and strain
gauges were well into a stable phase, i.e. the compressed wood blocks had
reached the maximum swelling after absorbing moisture and further swelling
was constrained by the surrounded Glulam. The time interval set to record
measurements was 30 minutes for about 8 weeks.

Figure 3.22: Measurements of the pre-camber deflections and initial strains.
3.2.2.6 Destructive bending tests
Four-point bending tests were undertaken for 15 Glulam beams with test
arrangement as shown in Figure 3.23. All strains gauges used to measure strains
related to the pre-camber deformations were also used during the destructive
test.

One CDP-50 transducer and five CDP-25 transducers were set-up to

measure the ultimate deflection and curvature of the beam, respectively. The
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Universal Testing System (UTS) Instron 2250 was used to carry out the tests,
with the maximum capacity of 100 kN and the crosshead speed set to 2 mm/min.
Three transducers were set underneath the beam (Fig.3.23) to measure the
curvature within elastic region. Elastic region was assumed from the beginning
of loading until 40 % of the maximum loading (0.4F). These transducers would
be removed after loading reached 0.4F to avoid damage. Two CDP-25
transducers set at the top extreme fibre above each support of the beam were
used to determine the deflections there due to the global rotation within the
elastic range of the test. Only the CDP-50 transducer was placed at the top midspan to measure deflection until the ultimate failure.
a=425
350

CDP-25

CDP-25

CW

h

b

Loading
point

150

support

l1=300
l=1200

Figure 3.23: Set up of four-point bending tests.

71

CDP-25

150

support

Chapter 3

3.2.3 Long Glulam beams
3.2.3.1

Preparation of glued laminated beams

Long Glulam beams were produced from a Glulam factory (MEIKEN Co. Ltd.,
Bofu city, Yamaguchi) in Japan, which were made of Japanese cedar with
specifications as follows. The dimensions of the long Glulam were 3800 mm
long, 200 mm deep and 120 mm wide. The beam size satisfies the requirement
from Eurocode 5, BS EN 408:2003 where the ratio between the span (3600mm)
and the depth (200mm) equals to 18.
The grade of Glulam beam, based on Japanese Industrial Standard (JIS),
JASE65f225, represents the minimum modulus of elasticity as 6.5 GPa and
bending strength of 22.5 MPa. According to the data from the factory the
modulus of elasticity of Glulam beams without CW lamina were varied between
7.21 and 7.83 GPa. For Glulam beams with CW lamina at the bottom layer, the
MOE was between 7.64 and 8.08 GPa.
Table 3.4: Glulam beam specimens and types of reinforcement.
No. Beam specimen
1
2
3
4
5

LB_0CWB_0CWL
LB_3CWB_0CWL
LB_5CWB_0CWL
LB_5CWB_1CWL
LB_7CWB_1CWL
Total

No. of CW on No. of CW No. of
the top
lamina specimen
0
3
5
5
7
20

0
0
0
1
1
2

3
1
1
1
1
7

Grade
JASE65f225
JASE65f225
JASE65f225
JASE65f225
JASE65f225

There were a total 7 beams in which two of them were reinforced at their bottom
surfaces with a lamina made of compressed Japanese cedar as tabulated in Table
3.4. Also, there were three beams without any reinforcement for control purpose.
CW laminas as reinforcement for two Glulam beams were prepared in
Laboratory of Structural Function, Kyoto University.
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Figure 3.24: Long Glulam beams with 3, 5 and 7 pre-cutting holes arrangement.
Figure 3.24 shows the geometry and configuration of rectangular hole for
insertion of 3, 5 and 7 CW blocks where space between rectangular holes equal
to 900, 600, and 450 in mm respectively. Dimensions of the hole would be
complied with the gap at the bottom and the edge of CW block to be inserted,
with clearance about 1mm.
3.2.3.2 Manufacturing compressed wood lamina and blocks
Compressed wood lamina was made of Japanese cedar with the initial
dimensions of 1200×60×150 (in mm) to produce CW size of 1200×30×120 (in
mm) coincident with the L, R, T directions. The material for CW lamina was
not conditioned in an environmental chamber as the treatment to CW blocks,
since the purpose of the CW lamina is mainly to strengthen the tension zone of
Glulam beams other than generating pre-camber as the CW block does. The
compression ratio of CW lamina was 50 %. The manufacturing process was the
same as those for the CW block, which consisted of heating, pressing and
cooling. The preheating temperature was 180 oC to ensure dimension stability of
compressed wood.
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(a)
(b)
Figure 3.25: The thickness of CW lamina; (a) before compression, (b) after
compression process.
Figure 3.25 shows the arrangement of the densification process where the initial
thickness of the softwood was 60 mm and the final thickness after the
compression was 30 mm corresponding to the CR of 50 %. The maximum
length of lamina which could be compressed in this machine was 1200 mm.
Therefore, in order to strengthen a 3.8 m long Glulam beam, it was necessary to
make at least three finger joints in the longitudinal direction. After completing
the densification processes, all CW lamina were sent to a Glulam manufacturer
to make finger joint connections and to attach them on the bottom extreme fibre
of the Glulam beam. The density of CW lamina in average was 760 kg/m3,
which was increased by 86.3 % from the initial density of 408 kg/m3.
3.2.3.3 Pre-stressing processes
Pre-stressing technology developed for the short beam was applied for the long
beam. Similar gaps were again left between the CW block and the pre-cut
rectangular hole. Also, the dimension of the hole along the longitudinal direction
of beam was 1 mm smaller than the thickness of the CW block to make sure
expansion of the CW block along its radial direction to take immediate effect
after the insertion. Fig. 3.26 shows beams with pre-drilled holes and a square
drilling machine.
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Figure 3.26: A square drilling machine and holes on the top of Glulam beam
Strain gauges (PFL-10-11, Tokyo Sokky Kenkyujo Co.Ltd.) were also attached
through the beam depth at mid span and at the middle location between the
central CW block and the one adjacent to it. There are 10 strain gauges attached
to each beam, i.e. 5 at the mid span and 5 slightly away from the mid-span, as
shown in Figure 3.27. Figure 3.28 shows some beams with CW blocks inserted
and strain gauges attached.

Figure 3.27: Strain gauge location through beam depth.
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Figure 3.28: Glulam beams with CW blocks inserted and strain gauges attached
Universal testing machine (Instron 1125 with capacity 50 kN) was used to insert
CW blocks into pre-cut holes with crosshead movement set at 5mm/min, as
shown in Figure 3.29. Two transducers CDP50 were connected to data logger
and PC to record the vertical displacement of the CW block during the insertion
process.

Figure 3.29: Insertion process of CW block into a long beam.
The CW block was inserted gradually and the insertion was terminated when the
loading pad was in full contact with the top surface of beam or there was no
further increase on displacement as shown in Figure 3.30. This figure also
indicated the maximum displacement was equal to the depth of CW in L
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direction, i.e. 65 mm, and the insertion force was about 12 kN to completely
insert the CW block. There is also a sudden surge of the load when the loading
head touches the surface of the Glulam beam, which suggests the completion of
insertion.
25

Load (kN)

20

15

10

5

0
0

10

20

30

40

50

60

70

Displacement (mm)

Figure 3.30: Relationship between the load and the insertion displacement.
3.2.3.4 Measuring the pre-camber and initial stress state of the pre-stressed
beam
Similar to the treatment for short Glulam beams, the long Glulam beams were
placed in a conditioning room where RH was fluctuated between 40 and 80 %
every 6 days and a constant temperature of 20 0C was set. Figure 3.31 shows the
beam specimens which were placed horizontally along the longitudinal direction
and separated by two LVL blocks with a vinyl sheet underneath.
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Figure 3.31: Beams stored in an environmental chamber.
The beams were subjected to strain measurements at the selected positions. A
total 46 strain gauges were attached to five beams, in which 10 strain gauges
were used for each of four beams strengthened and six gauges for the beam
without reinforcement. All strain readings were recorded by a Personal
Computer through a data logger. The measurements were terminated when
readings from strain gauges were stabilised, i.e. the compressed wood blocks
had reached the maximum swelling after absorbing moisture from air. The time
interval set to record measurements was 30 minutes for a period of six and a half
weeks.
Measurements of the pre-camber deflections were taken manually by using steel
I-beam, large clamp, and also automatically by a transducer CDP-25 set at the
mid-span underneath the beam. Figure 3.32 shows the setting up of pre-camber
deflection measurement. Firstly, provide a very stiff and straight steel I-beam as
reference plane to measure deflection. Secondly, place the top fibre of Glulam
beam at the top of steel beam by clamping it tightly at one end of the beam.
Next, measure pre-camber based on displacement reading from attached
transducers at mid span of the beam which are connected to data logger and PC.
As assumption the actual pre-camber (f) is equal to the measured deflection (d)
as shown in Figure 3.32. To validate the result, the same procedure was repeated
by changing the clamped end.
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Pre-camber

f
d

Steel I-beam

Transducers
CDP-25

Clamping

Figure 3.32: Set-up for measuring the pre-camber deflection.
3.2.3.5 Destructive bending tests
Four-point bending tests were undertaken for 7 long Glulam beams including
three beams without any reinforcement for control purpose. The Universal
Testing System (UTS) Instron was used to carry out the tests, with the maximum
capacity of 1000 kN and the crosshead speed set to 2 mm/min.

The

arrangements of the destructive bending test are shown in Figure 3.33. Two
transducers (DTP-05) were placed at mid span and CDP-50 at each support to
measure the relative displacement of the support to determine the final deflection
of beam. There were also two transducers (CDP-10) and one CDP-25 at two side
of mid span and the top surface of mid span to measure curvature of the beam.
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Top view
1200

1200
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Figure 3.33: Set-up of the four-point bending test
3.3

Summary

3.3.1 Material Testing
For moisture-dependent swelling tests, compressed wood with three CRs of 33,
50 and 67 % was prepared. Defect free wood plates with dimensions of 60
(L)×20 (T)×30,40,60 (R) in mm and 60 (L)×20 (T)×20 (R) in mm were cut from
air-dried Japanese cedar including the control specimens with CR of 0 %.
Specimens were also made to cover various initial target moisture contents, i.e.
6, 8 and 16 %. There were a total 72 specimens.
For mechanic property tests, the plates were produced to make specimens for
mechanical property tests with a target size of 40 (L)×40 (R)×40 (T) in mm. To
obtain compressed wood with a thickness of 40 mm in the radial direction, it
would need to laminate three plates of compressed wood with thickness of 20
mm as the inner part and two plates with thickness of 10 mm as the outer parts.
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Epoxy adhesive was used to bond the laminates and a clamp pressure of 1 MPa
was applied
Two types of test were undertaken to obtain mechanical properties of
compressed wood with various compression ratios, i.e. shear tests to determine
shear modulii of the CW in LT, LR and RT planes and compressive tests to
determine Young’s modulii in L, R and T directions and Poisson’s ratios in six
mutual main planes. There were a total 40 cube specimens, which consisted of 8
specimens for each of four compression ratios and 8 specimens for the normal
wood.
3.3.2 Structural Testing
The structural tests covered two types of beam, i.e. short and long Glulam beams
which were produced in the laboratory and manufacturing factory respectively.
The manufacturing processes of the short Glulam included preparation lumber,
i.e. seasoning, plane and cutting, grading. It followed with arrangements of
Glulam, gluing and clamping about 24 hours to ensure proper penetration of
adhesive into laminates. The next process was to prepare Glulam beams for
insertion of CW blocks and pre-camber tests. This stage included creating
rectangular holes, attaching strain gauges at selected locations, connecting cables
for readings of strain gauges and transducers, as well as insertion of CW blocks
by using UTM. Long Glulam beams were manufactured by a Glulam factory
using Japanese cedar. In the laboratory, only CW laminas were produced to be
attached to the bottom extreme fibre for of two beams. The preparation
processes for insertion of CW blocks and pre-camber tests were exactly the same
as those for the short beams.
All beams were stored in a conditioned room with fluctuating RH between 40
and 80 %, but a constant temperature of 20 oC. The pre-camber measurements
were terminated when reading from displacement transducers and strain gauges
reached a stable condition. The subsequent destructive bending tests were
carried out to determine bending stiffnesses, load carrying capacities and failure
modes of pre-stressed Glulam beams as well as the control beams without any
reinforcement.
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CHAPTER IV: EXPERIMENTAL RESULTS AND
DISCUSSION
4.1 Introduction
There are two main parts in this chapter to present results and discussion of
material property tests and structural tests. The former covers measurements of
density and moisture content of specimens with the prescribed moisture content
(MC) of 6, 8 and 16 %; moisture dependent swelling of compressed wood
specimens with compression ratios (CR) of 33, 50, 67 and 70 % in the radial and
tangential directions and the corresponding elastic properties, i.e. Young’s
modulii, shear modulii and Poisson ratio. The latter covers measurements of precamber, initial stress state and ultimate load carrying capacity for both the short
and long beams strengthened by compressed wood.
4.2 Material Testing
4.2.1 Density and moisture content
Densities were obtained by weighing each sample before and after the
densification process divided by its volume. Measurements of moisture content
were carried out by storing the specimen in an oven set up with a constant
temperature of 105 0C until there was no significant change in weight. Moisture
content was determined by calculating the decreased weight of specimen divided
by initial weight in percentage. Durations to reach the oven-dry conditions were
between 3 and 4 weeks.
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Figure 4.1: Density of moisture dependent swelling specimens corresponding to
compression ratio.
Figure 4.1 shows the relationship between the density of compressed wood with
various initial MCs and the compression ratios. There was no significant
influence of the initial MC on the density. The density increases with the
increase of the compression ratio, as expected. The average improvement on
density with increasing CR were 26, 73 and 172 % corresponding to CRs of 33,
50 and 67 % respectively, in comparison to the control specimen.
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Figure 4.2: Moisture content of specimen
Figure 4.2 shows the actual moisture content corresponding to the compression
ratio. In general, the actual moisture was less than the target moisture content
due to manufacturing process of compressed wood in high temperature which
led to some moisture evaporated. The MC of 6 % and 8 % initially set ended up
with a slight up-trend in moisture content with increasing of the compression
ratio. However, compressed wood with CRs of 50 % and 67 % reached actual
MCs of 5.2 % and 5.4 % for target MC of 6 % respectively, and reached the
MCs of 7.38 % and 7.41 % for target MC of 8 % respectively. On the contrary,
the specimen with target MC of 16 % tended to decrease slightly with increasing
compression ratio.
4.2.2 Moisture dependent swelling
4.2.2.1 Manually-recorded tests for CW with CRs of 0, 33, 50 and 67 %
Figures 4.3-4.5 show the average swelling strains of compressed wood
specimens with nominal initial MCs of 6, 8 and 16 % but each corresponding to
three compression ratios in the radial direction. It is clear that the CW specimen
with the highest compression ratio corresponds to the highest swelling strain,
however the highest initial MC to the lowest one. For CW with CR of 67 %, the
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maximum swelling strains corresponding to the initial MCs of 6, 8 and 16 %
were 11.8, 7.1 and 4.7 % respectively. The swelling strains measured for all
compressed wood specimens increased sharply in the first day and followed by
mild increases thereafter until 11 days when the CW specimens appeared to be
reaching a balanced moisture content with the ambient condition. Once the
equilibrating moisture content condition was reached, the swelling strains were
likely into a fluctuated state following the fluctuation of the ambient moisture
content. From these figures, the time period for CW specimens to absorb the
maximum moisture from air was about 11 days. However, the rates of absorbing
moisture for CW specimens with a target MC of 6 % but different compression
ratios were quite different (Fig. 4.3), which were 0.43, 0.67 and 0.80 % per day
corresponding to CRs of 33, 50 and 67 %. Such the rates for CWs with a target
MC of 8 % but various CRs were noticeably lower, i.e. about 0.35, 0.4 and 0.43
% per day respectively (Fig. 4.4). The maximum swelling strains measured
during the testing period are shown in Table 4.1. Understandably, the maximum
strain measured was obtained in the CW specimen with the lowest MC of 6 %
but the highest CR of 67 %, i.e. 11.8 %.
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Figure 4.3: Radial swelling strain at different CRs with a target MC= 6 %
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Figure 4.4: Radial swelling at different CR with target MC= 8 %
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Figure 4.5: Radial swelling at different CR with target MC= 16 %
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Table 4.1: Ultimate radial and tangential swelling strain at different CR and
target MC

No.

1

2

3

4

CR
(%)

0

33

50

67

MC

Ultimate R
swelling strain

Ultimate T
swelling strain

%

%

%

6

0.96

1.63

8

0.99

1.86

16

0.93

1.69

6

7.13

1.35

8

5.58

1.62

16

3.19

1.81

6

10.0

1.64

8

6.8

1.24

16

3.9

1.48

6

11.8

1.64

8

7.0

1.63

16

4.72

1.33

Figures 4.6-4.8 show the average swelling strains of compressed wood
specimens with three CRs and initial MCs in the tangential direction. Clearly,
with increasing compression ratio the corresponding swelling strains in the T
direction for all specimens were decreased in all initial conditions of moisture
content. The reason for such phenomena was that the compression process in the
R direction would force wood cells to expand in the T direction. Increasing
compression ratio resulted in the maximum expansion in the T direction.
Therefore the specimen with the highest CR of 67 % would swell the least in
comparison to those with lower CRs of 33 % and 50 %. The relatively high
swelling strains recorded were 1.86 % and 1.81 % for specimens with CR=33 %
and the initial MCs of 6 % (Fig. 4.6) and 8 % (Fig. 4.7) respectively. The time
periods to reach the maximum swelling strain were varied between 4 and 7 days.
As an example, the specimen with initial MC=6 % and CR=33 % took one week
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to reach the maximum swelling strain. However, the swelling strains in the T
direction were significantly smaller than those in the R direction, as expected.
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Figure 4.6: Tangential swelling strains related to a target MC of 6 %
2.0

Swelling strain (%)

1.6
1.2

CR 0%

0.8

CR 33%
CR 50%

0.4

CR 67%

0.0
0

3

6

9

12

15

Time (day)

Figure 4.7: Tangential swelling strains related to a target MC of 8 %
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Figure 4.8: Tangential swelling strains related to a target MC of 16 %

4.2.2.2 Automatically-recorded tests for CW with CR= 70 %
Figure 4.9 shows the average strains generated by moisture-dependent swelling
of compressed wood with a CR of 70% in the radial direction until 60 days of
measurement in the conditioning room chamber with cyclic RH at 40% and 80%
with a constant temperature of 20oC. The swelling strain increased sharply until
35 days and followed by insignificant increase until the end of the testing. The
ultimate swelling strain recorded on the compressed wood with CR=70 % was
about 17 %. Swelling strain in radial direction may be expressed by an equation
as follows.
)

(4.1)
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Figure 4.9: Swelling strain in the radial direction
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Figure 4.10: Swelling strain in the tangential direction
Figure 4.10 shows the mean values of the swelling strain of CW along the
tangential direction until 60 days of measurement. Again the swelling strain
increased sharply in the first 30 days and followed by a mild increase until the
end of the testing. The ultimate tangential swelling strain of the compressed
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wood with CR=70 % was about 1.5 %. The best fit curve of the swelling strain is
expressed as:
)

(4.2)

Figures 4.9 and 4.10 also indicated that the actual swelling strains fluctuated
following the cyclic relative humidity (RH) from 40 to 80 % every 6 days.
However, the swelling strains were on a sharp up-trend in early stage of
measurement, despite of the RH fluctuations.
4.2.3 Mechanical property tests
4.2.3.1 Shear test
The procedures to determine shear modulii from the SCA method (Hassel et al.,
2009) can be described as follows
(a) Calculate shear stress (τ)
(4.3)
(4.4)
(4.5)
(b) Calculate shear strain (γ)
(4.6)
(4.7)
(4.8)
(c) Determine shear modulus (G) by plotting relationship between the shear
stress and the shear strain. The value of shear modulus can be formulated as
follows.
(4.9)
(4.10)
(4.11)
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where the first letter represents the loading direction and the second letter
represents the perpendicular direction to the load direction. For example, GLT is
the modulus corresponding to the load in the longitudinal direction and shearing
perpendicular to the tangential direction.
Figures 4.11- 4.14 show the typical relationship between the shear stress defined
by equations (4.3-4.5) and the shear strain by equations (4.6-4.8). Shear modulus
is defined as the ratio of shear stress to shear strain in the linear range of the
stress-strain relationship. The shear modulus values of the selected samples (CR
= 0 %) normal Japanese cedar (Sugi) in the LR, LT and RT planes are 844 MPa,
714 MPa and 21 MPa respectively. Figures 4.11-4.14 describe relationship
between the shear stress and the shear strain of the CW subjected to various
compression ratios of CR=33, 50 and 67 %. The elastic range was selected
slightly away from the origin point as can be seen in Figure 4.13 to determine
shear modulii on LR and TR plane of the CW with CR=50 %. In the LR plane
chart the incremental shear stress started from 3 MPa to 6 MPa, which were
correspondent to shear strains of 0.012 and 0.028. The shear modulus resulted is
175 MPa. Similarly, in Figure 4.14 the shear modulus G LT=1215 MPa was
obtained for the CW with CR=67 % based on the incremental shear stress from
2 MPa to 8 MPa and the corresponding incremental shear strains from 0.0019 to
0.0065.
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Figure 4.11: Shear stress – strain relationship that is used to determine shear
modulus in the LR and LT plane of normal Sugi.
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Figure 4.12: Shear stress – strain relationship that is used to determine shear
modulus in LT and RT plane of the CW with CR=33 %
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Figure 4.13: Shear stress – strain relationship that is used to determine shear
modulus in LT and RT plane of the CW with CR=50 %
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Figure 4.14: Shear stress – strain relationship that is used to determine shear
modulus in LR and LT plane of the CW with CR=67 %.
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Table 4.2: Results of the average shear modulus respect to its compression
ratio.
LR

LT

RT

MPa

MPa

MPa

0

972

784

31

2

33

300

669

122

3

50

178

787

170

4

67

208

1208

256

No

CR (%)

1

Table 4.2 shows the relationship between the shear modulus and the
compression ratio of compressed wood samples tested with CRs of 33, 50 and
67 % compared with uncompressed wood (CR = 0 %). The value of GRT
increases with increase on the CR, whereas that of GLR decreases until CR=50 %
then increases slightly. However, GLT decreases initially and then is in the uptrend to the final CR=67 %.
4.2.3.2 Compressive tests
General procedures to calculate Young’s modulus and Poisson’s ratio can be
described as follows.
(a) Make a table which consists of the applied load, strains along two main
axes, i.e. the longitudinal and the radial or the tangential directions.
(b) Calculate compressive stress
(4.12)
(4.13)
(4.14)
where F=load applied (N); A=compression area (mm2); σ= stress (MPa)
(c) Convert micro strain recorded to the real strain. The longitudinal, radial,
and tangential strains can be expressed as εL εR and εT respectively.
(d) Determine Young’s modulus based on the incremental relationship
between the compressive stress (Δσ) and strain (Δε) within the linear
elastic region, i.e.
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(4.15)
(4.16)
(4.17)
(e) Calculate Poisson’s ratios based on the εL, εR, εT within the linear elastic
region, i.e.
;

(4.18)

;

(4.19)

;

(4.20)

The raw data processed cover the applied load, the vertical displacement, and
strains in the longitudinal (L) and the tangential (T) directions or L and R
(radial) directions. Those raw data can then be used to calculate modulus of
elasticity in three principal directions and Poisson’s ratios on the planes parallel
and perpendicular to the loading direction.
10.0

y = 8,337.7x + 0.2

Stress (Mpa)

8.0
6.0
4.0

ELR

2.0
0.0
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

Strain

Figure 4.15: Relationship between the compressive stress and the strain on the
LR plane of normal Sugi CW with the MC of 12 %.
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0.0000
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0.0006

0.0008

0.0010

εL

Figure 4.16: Relationship between the longitudinal and the radial strains for
normal Sugi.
Figure 4.15 shows a typical stress-strain relationship obtained from a
compressive test in which the load was applied in the L direction while strain
gauges were bonded on the LR plane. By using Equation 4.15, it is clear that the
Young’s modulus in L direction was 8.34 GPa. Figure 4.16 displays the
relationship for determining Poisson’s ratios in the LR plane. The Poisson’s ratio
was calculated as 0.43 from the curve using Eq. (4.18).
Table 4.3: Moduli of elasticity in the R, L, T directions with various CRs
CR

EL

ER

ET

(%)

MPa

MPa

MPa

1

0

8017

753

275

2

33

19864

338

1592

3

50

27028

354

2267

4

67

28415

523

2347

5

70

32858

3111

5061

No.
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Table 4.3 shows the CR-dependent modulus of elasticity of compressed wood
with MC of 12 % in the R, L, T directions based on the compressive tests. The
value of EL increases significantly with the increase of compression ratio. The
highest value of modulus of elasticity is approaching to 33 GPa in the L
direction for the CW with CR=70 % and MC=12 %. The value of ET increases
significantly by increasing compression ratio and the maximum value is 3000
MPa at CR=70 %. However, the values of ER of the compressed wood
corresponding to CRs of 33, 50 and 67 % are lower than that of the nondensified wood, with an exception case for the CW with CR=70 %. This is due
to some fracture of wood cells during the densification process. Normally, the
fractures along the fibre direction are distributed around mid-thickness of the
radial plane,Yoshihara and Tsunematsu (2007a). The most significant
improvement in elastic properties of compressed wood compared with normal
wood was modulus of elasticity in the longitudinal direction.
Table 4.4: Poisson’s ratios of compressed wood with the initial MC=12 %.
No.

CR (%)

νLR

νLT

νRL

νRT

νTL

νTR

1

0

0.54

0.477

NA

0.58

0.05

0.42

2

33

0.49

0.69

0.05

0.3

0.04

0.46

3

50

0.22

0.51

0.03

0.3

0.04

0.7

4

67

0.28

0.16

0.01

0.15

0.05

0.13

5

70

0.33

0.41

0.40

0.3

0.03

0.06

Table 4.4 shows the ratios between the transversal strain and the axial strain on
various planes, which is commonly known as ‘Poisson’s ratio’. The first letter of
the subscript refers to direction of the applied load and the second letter to the
direction of lateral deformation. In general, the value of Poisson’s ratios
decreases with the increase of compression ratio in comparison with normal Sugi
until CR=67 %, except for the value of νRT which slightly increases by
increasing compression ratio from CR 33 % and 50 % to CR=67%. However,
the values of Poisson’s ratio increase from CR 67 % to 70 % except that in RT
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and TR plane is decreased. The high values of Poisson’s ratio occur at CW 50 %
on TR plane and CR 33 % on LT plane, i.e. 0.7 and 0.69 respectively. The
decrease of Poisson’s ratio may be caused by partial fracture of wood cells
during the densification process.
4.3 Pre-camber deflection and pre-stressing state
4.3.1

Short beams

Figure 4.17 shows the pre-camber upward deflections of pre-stressed Glulam
beams building-up for 60 days after inserting the CW blocks.

For Glulam

beams reinforced by one 30 mm thick CW block or by three 15 mm CW blocks,
although there were significant increases of the pre-camber deflection in the first
20 days the increasing rates

slowed down greatly after that. In fact, the

deflection-time curves were then almost horizontal, i.e. with very small slopes.
The ultimate upward deflections measured for both beams were about 1.5 mm.
This indicated that such reinforcements might not be effective due to the small
moisture-dependent swelling from a relatively small volume of the CW blocks.
However, for beams reinforced by three 30 or 45 mm thick CW blocks, there
were sharp increases on the pre-camber deflections in the first 20 days followed
by steady increases of the mid-span pre-camber deflection until the end of
measuring period of 60 days. The measured upward deflections were 2.8 mm
and 3 mm for the former and the latter beams, respectively.
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Figure 4.17: Pre-camber deflections at the mid span of beams reinforced by
various CW blocks.
The best fit curves of the measured pre-camber deflections of beams reinforced
by different arrangements of CW blocks is also shown in Fig. 4.17, which
represent the averaged values of the up and down deflection measurements
caused by fluctuated relative humidity in the chamber. The regression equations
for the pre-camber deflections shown in Fig. 4.17 are expressed as follows
(4.21)
where y=deflection(mm) and t=time(day).
Table 4.5: Recapitulation of constants refer to Equation (4.21) – (4.23)
Beam
specimen

A1

B1

A2

B2

A3

B3

C

1CW30

1.4988 0.7996 838.5

0.8947 384.9184 0.8766 407.7772

3CW15

1.3444 0.9041 811.7

0.8974 373.7123 0.8960 385.7415

3CW30

2.7170 0.8858 1593.9 0.9044 569.5756 0.9082 594.1667

3CW45

2.9664 0.8924 1563

0.9109 581.4355 0.8968 610.3031
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Table 4.5 summarized the coefficient of each regression equation for pre-camber
and initial strain state subject to variation of reinforcement where (A1,B1),
(A2,B2), and (A3,B3,C) represent the best fit line equations for pre-camber
deflection at mid span, initial tensile strain at the top extreme fibre and initial
compressive strain at bottom extreme fibre respectively.
The best fit curves of pre-camber deflections of beams, which were reinforced
by three CW blocks with different sizes, showed the same tendency, i.e. there
were sharp increases in the first 20 days of the measurements. On the other hand,
the beam was strengthened by only one CW block showed rapidly increase up to
the first 15 days of the measurement and followed by a constant deflection
thereafter.
Figure 4.18 shows the measurements of the top extreme fibre strains of the prestressed beams reinforced by three CW block with thickness of 45, 30, 15 in mm
and one CW block with thickness of 30 mm respectively, building up for 60
days. Tensile strains show significant increases in the first 20 days of
measurement and subsequent mild increases afterwards. The tensile strain of
beams reinforced three CW blocks with thickness 30 and 45 mm after the final
period of 60 days measurement was about twice of those of beams reinforced
both by three CW block with thickness of 15 mm and one CW with thickness of
30 mm. The maximum strains measured were 1800 and 1600 micro-strains for
beams strengthened with three 45 mm and three 30 mm CW blocks respectively.
Within the elastic range, this indicated that the initial tensile stresses of 15.3
MPa and 13.6 MPa were generated at the top extreme fibres of the beams prestressed, respectively. Regression equations of measured extreme fibre strains
are expressed as follows.
(4.22)
where

= tensile swelling strain and t = time(day).

The coefficient of A2 and B2 in Equation (4.22) refer to Table 4.5 to obtain the
final strain at the top extreme fibre.
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Figure 4.18: The measured tensile extreme fibre strains at top mid span
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Figure 4.19: The measured compressive strains at the bottom extreme fibre.
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The initial compressive strains were also generated at the bottom extreme fibres
of the beams reinforced due to pre-camber deflection, as shown in Figure 4.19.
Similarly, there were significant increases on the extreme fibre strains in the first
20 days, although the increasing rate in comparison to that on the top extreme
fibre was more than halved. This is due to the locations of compressed wood
blocks as they are placed in the top one-thirds of the beam depth. Hence, the
expansion of CW blocks induces the initial strain at the top extreme fibre much
greater than that on the bottom extreme fibre. The results showed the maximum
compressive strain of 700 micro-strains was obtained on the beam reinforced by
three 45 mm thick CW block, which gave an elastic stress of 6 MPa. The related
regression equations of the best fit lines of the measured bottom extreme fibre
strains are listed below.
(4. 23)
where

= compressive swelling strain, t=time (day)

and A3, B3 and C refer to Table 4.5.
Similarly, there were significant increases on the extreme fibre strains in the first
20 days and tend to constant thereafter where the maximum compressive strain
of 592.4 and 609.5 micro-strains was obtained on the beam reinforced by three
30 mm and 45 mm thick CW block respectively. From Figures 4.18 and 4.19, it
is clearly that tensile and compressive strains are produced on the top and the
bottom extreme fibres of the pre-stressed beams, respectively. This results in the
characteristics of bending strains through the beam depth.
Figure 4.20 shows the distributions of the bending strains through the beam
depth during building-up the pre-camber deflection and the initial stresses for the
Glulam beam strengthened by three 45 mm thick CW blocks. It could be seen
that there was shifting of the location of the neutral axis at the mid span during
this period. The neutral axis (NA) was shifted upward about 30 mm from 30
days to 45 days after insertion of the CW blocks. The location of the NA was
about half-way through the beam depth by the 45 days. However, the NA was
shifted downward about 20 mm from the 45 days to the 60 days since much
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higher tensile strains were developed on the top extreme fibre in comparison to
the those on the bottom extreme fibre due to the building-up swelling of the CW
blocks on the top region of the pre-stressed beam.
After 60 days measurement
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Figure 4.20: Stress/strain distributions through the beam depth.
The corresponding stress distribution could also be obtained from the strain
distribution by assuming elasticity applied. Taking modulus of elasticity of the
Glulam as 8500 MPa, the maximum tensile stress of 14 MPa and the
compressive one of -4.6 MPa were obtained on the top and the bottom extreme
fibres respectively after the 60 days of pre-stressing for the above beams. Figure
4.20 shows the stress distributions of the beams pre-stressed. The extreme fibre
stresses on the top of the beams were 7.6 and 14.0 MPa for the beams reinforced
by one 30mm thick CW block and by three 45mm thick CW blocks respectively,
i.e. an increase of 85 %. However, the extreme fibre stresses on the bottom of
the beams were much lower comparing to those on the top, varying from -2.8
MPa to -4.6 MPa. This was again due to the local swelling occurring on the top
region of the beams pre-stressed.
4.3.2 Long beams
As mentioned in the Section 3.2.3.1, pre-camber deflections were measured
manually after finishing strain measurements in a conditioned room. Table 4.6
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shows the measured pre-camber deflections of pre-stressed long Glulam beams
45 days after inserting the CW blocks. Clearly, Glulam beams reinforced by
three, five and seven 45mm thick CW blocks produced pre-camber significantly
at mid span. The highest pre-camber deflection occurred at the Glulam beam
reinforced by 7 CW blocks which reached the ultimate deflection of 8.6 mm.
The pre-camber deflection of the Glulam beam reinforced by 5 CW blocks
without CW lamina was higher than the similar Glulam beam but with CW
lamina. This was due to the high stiffness compressed wood lamina at the
bottom layer which reduced the pre-camber deflection at mid span generated by
the expansion of CW blocks on the top part of the beam.
Table 4.6: The measured pre-camber deflection after 45 days.

No.

Beam specimen

Pre-camber deflection
(mm)
1
2

Pre-camber avg
(mm)

1

LB-0CWB-0CWL

0

0

0

2

LB-3CWB-0CWL

4.36

4.60

4.48

3

LB-5CWB-0CWL

8.31

7.94

8.13

4

LB-5CWB-1CWL

7.35

7.57

7.46

5

LB-7CWB-1CWL

8.53

8.74

8.63

Figure 4.21 shows the measurements of the top extreme fibre strains of the prestressed beams building up for 45 days. Clearly, the measured strains were
gradually increased until the end of testing. The maximum extreme fibre strain
measured was 1150 micro-strain on the Glulam beam reinforced by 7 CW
blocks and a CW lamina, which was related to an extreme fibre stress of 8.6
MPa based on a modulus of elasticity of 7.48 GPa. For beams reinforced by
three 45 mm CW blocks and five 45 mm CW blocks without CW lamina, the
increases in the tensile strain were mild throughout the whole stage of testing.
The measured strains on the top extreme fibre were 481 and 556 micro-strain for
the former and the latter beams, respectively. Within the elastic range, these
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strains indicated that the initial tensile stresses of 3.8 and 4.3 MPa were
generated on the top extreme fibres of the beams pre-stressed, respectively.
Due to the limited time, all measurements were terminated after 45 days.
However, the trends of all curves were well established (Fig. 4.21). Therefore,
reliable extrapolation may be produced based on the best fit lines up to a certain
period not too far away from 45 days, i.e. 60 days as did on the short beams.
Equation (4.24) represents the regression lines.
(4.24)
Table 4.7: List of constants in best fit lines equation refer to Eq. (4.24)
Beam specimen

A4

B4

3CWB_0CWL

536.8189

0.9514

5CWB_0CWL

687.1129

0.9628

5CWB_1CWL

702.2825

0.9473

7CWB_1CWL

1272.6677

0.9541

1400
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400
200
0

0

10

20

7CWB_1CWL
3CWB_0CWL
5CWB_0CWL

30
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Figure 4.21: The measured and the predicted tensile extreme fibre strains at the
top mid span based on best fit curve.
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Figure 4.21 shows the initial tensile strains were generated at the top extreme
fibre of the long Glulam beam after 60 days prediction time. In general, there
were sharp increases in tensile strain in the first 30 days followed by steady
increases of the tensile strain until the end of the 2 months measuring period.
The ultimate tensile strains were measured at about 1200 micro-strains for
Glulam beam reinforced by 7 CW block and CW lamina. The oscillation curve
represents the relative humidity change between 40% RH and 80% RH in every
six days.
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Figure 4.22: The measured compressive strains at the bottom extreme fibre
The initial compressive strains were also generated at the bottom extreme fibre
due to the pre-camber deflections as shown in Figure 4.22. From this chart, it
can be seen that the measured strains on the Glulam beams reinforced by CW
blocks without CW lamina tend to have a very mild increase. Figure 4.22 also
indicates that the Glulam beam which was not reinforced by CW lamina shows
relatively constant strain reading other than those of reinforced by CW lamina.
This is due to the effects of swelling and shrinkage of CW lamina during
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measurements in a chamber with cyclic RH. The results showed the maximum
compressive strain of 130 was obtained on the beam reinforced by seven 45 mm
thick CW block and CW lamina, which gave an elastic stress of 2.2 MPa. The
best fit curve is unlikely to be produced because of a tiny increase and
fluctuating strain data.
4.4

Destructive bending tests

4.4.1 Short beams
There were a total of fifteen destructive bending tests carried out, including 3
beams without any reinforcement for control purposes. Figure 4.23 shows the
averaged load-deflection relationships. Generally, the curves demonstrated
overall linear features until loading reached 30 kN. However, there were
reductions of the slope in the later stages before the rupture, which were likely
caused by local compressive deformations in the CW–timber interface areas.
The charts clearly shows distinguished initial stiffness of beams with different
pre-stressing manners, the beams reinforced by three 30mm and 45mm thick
CW blocks have the initial stiffness improved by 19.2 and 21 6 % respectively
compared with beams without any CW block reinforcement. The stiffness of the
beam reinforced with three 15 mm CW blocks was increased by 9.1 %. It
clearly indicated that the reinforcement with three 30 mm and 45 mm CW
blocks were much more effective in increasing bending stiffness in comparison
to the beam reinforced by three 15mm thick CW blocks.
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Figure 4.23: Load-deflection relationships of Glulam beams reinforced
differently
In all the tests carried out, the tensile rupture failure occurred at the bottom midspan. A typical failure mode is shown in Figure 4.24. In general, initial damage
was generated at top extreme fibre together with the initial crack was initiated at
the bottom extreme fibre around the mid span. It was followed by a fast crack
growth due to brittle splitting at tension side. Noting that the ratio between the
span and the depth was much less than 18 as required in Eurocode 5, BS EN
408:2003, the failure mode tended to be shear-tension combined.
From measured parameters of the above tests, the local modulus of elasticity and
the modulus of rupture of the tested beams may be calculated using the
following equations (BS EN 408:2003), Anonymous (2006):
(4.25)
(4.26)
where :
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a = distance between the support and the point load (mm)
l1 = gauge length for the determination of modulus of elasticity (mm)
F2-F1 = incremental load in elastic range (N),
w2-w1 = incremental deflection corresponding to F2-F1 (mm)
I = moment of inertia (mm4)
b = width (mm)
h = height(mm)
Pmax = maximum load (N)
MoEl = local modulus of elasticity (MPa)
MOR = modulus of rupture (MPa)
Results of the destructive bending tests are summarised in Table 4.8. They
demonstrated that in comparison to the control beam the load carrying capacities
were increased by 14 and 19 % for Glulam beams reinforced by three 30 mm
and three 45 mm thick CW blocks, respectively.

Figure 4.24: Typical failure mode of a Glulam beam under destructive bending
test
The Modulus of elasticity in bending for the pre-stressed beam was obtained
from the relationship between the load and the curvature at pure bending region.
This modulus was calculated based on the load-curvature curve between 10-40
% of the ultimate load as example shown in Figure 4.25. The bending modulus
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for a beam reinforced by three 45 mm thick compressed wood blocks reached
the maximum value of 7366 MPa. In terms of increasing of bending strength or
modulus of rupture (MOR), beams reinforced with three 30 mm and 45 mm CW
blocks in average increased by 13 % (44 MPa) and 17 % (46 MPa) in compared
with that of the control beam without any CW block (39 MPa).
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Figure 4.25: Load-curvature relationship Glulam beam reinforced by three 45
mm thick of CW blocks.
Table 4.8: Summary of bending test results.
MoE[avg]

MOR[avg]

MPa

MPa

Improvement
of MOR
(%)

kN

Improvement
of Pmax
(%)

SB-0CW

6691

39

0

35.32

0

SB-1CW30

6301

43

10.03

38.85

9.99

SB-3CW15

6327

45

15.25

40.70

15.23

SB-3CW30

5912

44

13.97

40.41

14.41

SB-3CW45

6741

46

19.02

42.03

18.99

Specimen
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Based on the measured parameters from the above tests, local modulus of
elasticity and the modulus of rupture of the tested beams may be calculated
using equations (4.25) and (4.26), and the global modulus of elasticity in
bending can be obtained by using the following equation (BS EN 408:2003):
(4.27)
where:
l= span length (mm)
F2-F1=increment of load in elastic range (N),
w2-w1=increment deflection corresponding to F2-F1 (mm)
MoEg=global modulus of elasticity (MPa)
4.4.2 Long beams
There were a total of 7 long beams size of 120×200×3800 mm which were tested
in bending, including 3 beams without any reinforcement for control purposes.
Figure 4.26 shows the load-deflection relationships. Generally, the curves
demonstrate overall linear features initially until a certain loading level, which
was varied from curve to curve. However, there were slope reductions in the
later stage, which were again likely caused by local deformations in the CW–
timber interface regions. The chart clearly shows the distinguished initial
stiffness of beams with different pre-stressing arrangements compared with
beams without any reinforcement. The beam reinforced by seven 45 mm thick
CW blocks and a CW lamina at the bottom layer has the highest stiffness of 970
kN/m, which is a 37.1 % increase in comparison to the beam without any CW
reinforcement. The initial bending stiffness for beams reinforced by three 45mm
and five 45mm CW blocks but without CW lamina also increased by 8.6 and
16.8 % respectively, compared with the control beam. It clearly indicated that
the reinforcement with CW lamina contributed to an increase in bending
stiffness, as expected.
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Figure 4.26: Load-deflection relationships of Glulam beams reinforced.
differently
Results of the destructive bending tests are summarised in Table 4.9. They
demonstrated that in comparison to the control beam the load carrying capacity
was increased by 11.2 % for the Glulam beam reinforced by five 45 mm thick
CW blocks and a CW lamina. However, the Glulam beam reinforced by three
and five 45 mm CW blocks without CW lamina was increased slightly to 1.4
and 3.8 % respectively in comparison to that of the control beam without
insertion of any CW blocks. Bending test of Glulam beams reinforced by seven
45mm thick block and a CW lamina was terminated at load of 32 kN due to
premature failure caused by knots at the extreme tensile fibre. However, this
specimen still show the highest initial bending stiffness.
The local modulus of elasticity in bending for the pre-stressed beam was
obtained from the relationship between the load and the curvature at the pure
bending region. This modulus was calculated based on the load-curvature curve
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between 10-40 % of the ultimate load using equation (4.25) as shown in Figure
4.27. The local bending moduli for beams reinforced by five and seven 45mm
thick CW blocks and a CW lamina increased by 39 and 33 % respectively in
comparison to the control specimen. The bending strength or modulus of rupture
(MOR) for the beam reinforced with five 45mm CW blocks and a CW lamina
increased by 11.6 %, i.e. from 43 MPa to 48 MPa.
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Figure 4.27: Typical load-curvature curve relationships to determine local
modulus of elasticity in bending.
The global modulus of elasticity in bending for the pre-stressed beam was
obtained from the relationship between the load and the total deflection. This
modulus was calculated based on the load-deflection curve between 10-40 % of
the ultimate load using Equation (4.27). The results indicated that the global
bending modulus increased significantly by increasing the amount of CW blocks
with or without CW lamina. The maximum bending modulus was 10187 MPa
for the beam reinforced by five 45 mm thick CW block and a CW lamina.
However, the MOR for a beam reinforced by seven CW blocks and a CW
lamina was quite low, which indicated a premature failure as mentioned before.
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Table 4.9: Summary of bending test results.
Pmax

Stiffness

MoEL

MoEG

MOR

kN

N/mm

MPa

MPa

MPa

LB-0CWB-0CWL

57.76

707.7

7789

7186

43

LB-3CWB-0CWL

58.59

768.6

7645

7311

44

LB-5CWB-0CWL

58.67

826.6

6881

7978

45

LB-5CWB-1CWL

64.30

970.2

10833

10187

48

LB-7CWB-1CWL

32.67

1032.2

10356

9185

25

Specimen

In all the tests carried out, the tensile rupture failure occurred at the bottom midspan. A typical failure mode is shown in Figure 4.28. In general, the crack was
initiated at the bottom extreme fibre around the mid span and followed by a fast
crack growth due to brittle splitting. The beams reinforced by CW lamina with
finger joint connections almost failed at the joint. The finger joints on the lamina
were not reliable due to the thin nature of the connection and the extreme
loading conditions. As pointed out before, the Glulam beam reinforced by seven
45mm CW blocks and a CW lamina failed prematurely due to the existing knot
at the second layer from the bottom and failure of finger joint on the CW lamina.
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Figure 4.28: Typical failure mode of a long Glulam beam under destructive
bending test.
4.5

Summary

4.5.1 Moisture dependent swelling and material properties of CW
The results showed that the highest swelling was in the radial direction, which
was about 11 % after 15 days with a CR of 67 % and an initial MC of 6 %. In
the tangential direction, swelling tended to decrease with the increased CRs, i.e.
swelling strains of 1.86 %, 1.69 % and 1.35 % for CRs of 33 %, 50 % and 67 %,
respectively. In terms of density, with increasing the CR from 33 % to 50 % to
67 % the corresponding densities were increased by 25, 75 and 175 %
respectively compared with the initial density of normal wood of 322 kg/m3.
For CW with CR of 70 %, the ultimate swelling strain recorded on the radial and
tangential direction were about 17 % and 1.5 % respectively until 60 days of
measurement.
It was also found that Young’s modulii in the L and T directions increased
significantly with increasing of the CR, whereas tend to decrease in the R
direction with increased of the CR. In average, the Young’s modulii in the L
direction were increased approaching to 20, 27, 28 and 33 GPa for compressed
wood with CRs of 33, 50, 67, and 70 % respectively in comparison to the
uncompressed wood (EL=8 GPa). Poisson’s ratios tended to decrease with
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increasing compression ratio of CW from 33 % to 67 % on LT, RL, TL planes
and followed by a significant increase up to CR=70 %. On the plane of TR the
value of Poisson’s ration was slightly increased up to CR=50 % and followed by
significant decrease up to CR=70 %.
4.5.2 Pre-camber and initial strain states of short and long beams
For short beams, measurements of pre-camber deflection and initial strain
(stress) states were taken after all pre-stressed beams had been placed in a
conditioning chamber subjected to the fluctuated RH between 40 % and 80 %
and a constant temperature of 20 0C. After the measuring duration time for 60
days, the results showed the pre-stressing processes were very effective in
improving mechanical properties. The measured pre-camber deflections were
2.8 mm and 3 mm for beams reinforced by three 30 mm and three 45 mm thick
CW blocks, respectively. Also the maximum compressive stress of 6 MPa was
generated at the bottom extreme fibre for the beam reinforced by three 45 mm
thick CW blocks. As the results were within the elastic range, the initial tensile
stress obtained was up to 15.3 MPa at the top extreme fibre for the beam
reinforced by three 45 mm thick CW blocks
The measured pre-camber deflections of long Glulam beams pre-stressed after
inserting CW blocks for 45 days are significant. The highest pre-camber
deflection occurred in the beam reinforced by 7 CW blocks is 8.6 mm. There
was also initial tensile strain of 1150 micro-strain on the top extreme fibre
generated by the pre-camber for the above beam.

However, the initial

compressive strains measured on the bottom extreme fibre were only 481 and
556 micro-strain for the beams reinforced by three and five 45 mm thick CW
blocks respectively without CW lamina. The relatively low readings on the
extreme fibre strains are likely due to the maximum thickness (45 mm) of the
CW block used, which may reach its limit capacity for the long beam. The
optimised dimension of CW block will be studied based on numerical
modelling.
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4.5.3 Destructive bending test
4.5.3.1 Short beams
Destructive bending test results indicated that for short Glulam beams reinforced
by three 30 and 45 mm thick CW blocks corresponding to the reinforcement
volume of only 1.2 and 1.8 % of the total beam volume, there are increases of
19 and 22 % in bending stiffness and 14 and 19 % in load carrying capacity
respectively
In terms of failure mode, in general the tensile rupture failure occurred at the
bottom mid-span, where the initial crack was initiated at the bottom extreme
fibre over there and followed by a fast crack growth due to brittle splitting
4.5.3.2 Long beams
In comparison to the control beam the load carrying capacities were increased by
11.2 % for the beam reinforced by five 45 mm thick CW blocks and a lamina.
However, such capacity for beams reinforced by three and five 45mm CW
blocks without CW lamina were slightly increased by 1.4 and 3.8 %
respectively. The local bending modulus for beams reinforced by five and seven
45mm thick CW blocks and a lamina were also increased significantly, i.e. by 39
and 33 %. The maximum bending modulus of 10187 MPa was obtained for the
beam reinforced by five 45 mm thick CW block and a CW lamina. Perhaps, it is
not an effective and economic way to reinforce a Glulam beam with both CW
blocks on its top and a CW lamina on its bottom extreme fibre. Clearly, the
bottom lamina would cancel out some pre-camber deflection, so do the
corresponding initial extreme fibre strains (so stresses). Without the bottom CW
lamina, the strongest laminate should be arranged at the bottom layer of the
Glulam beam to improve load carrying capacity.
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The failure mode observed was that the crack was initiated at the bottom
extreme fibre around the mid span and followed by a fast crack growth due to
brittle splitting. The beams reinforced by CW lamina with finger joint
connections almost failed at the joint. The finger joints on the lamina were not
reliable due to the thin nature of the connection and the extreme loading
condition there.
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CHAPTER V. NUMERICAL MODELLING AND
ANALYTICAL APPROACH
5.1.

The Finite element modelling

5.1.1. Introduction
In order to make use of the moisture-dependent 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 pre-camber deflection and the related initial stresses are
built up in the beam, due to 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), location and number of the CW blocks inserted. To undertake
such parametric studies 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.
In the general approach of the modelling, timber is usually modelled as an
orthotropic linear elastic material in tension and an elasto-perfectly plastic
material in compression. Wood as an orthotropic material has three planes of
symmetry defined by the longitudinal direction along the fibres, the radial
direction parallel to the rays and the tangential direction to the growth rings, as
shown in Figure 5.1. The complex stress-strain relationship referred to three
planes of symmetry characterizes the mechanical properties. In addition, timedependent moisture swelling is defined through the strain rate as a function of
temperature, moisture flux, etc.
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Figure 5.1: Three main plane orientations of a wood structure.
In this research project, 3-D finite element models have been developed by using
the commercial code ABAQUS to simulate the pre-stressing behaviour of
reinforced Glulam beams using compressed wood blocks. Both Glulam timber
and compressed wood are modelled as orthotropic linear elastic materials in
tension and as elasto-plastic materials in compression in the embedding areas.
Contact conditions between the compressed wood block and the Glulam beam as
well as between the laminates needs to be modelled. Firstly, the insertion
processes are modelled. Then moisture-dependent swelling of the compressed
wood blocks after they are inserted into the Glulam beams is simulated by
implementing a swelling law obtained from experimental measurements. This
simulation covers the building-up of pre-camber and the related stress state.
Subsequent destructive bending behaviour of the pre-stressed beams is
modelled. The finite element modelling covers both short and long Glulam
beams.
5.1.2. The finite element theory
The Finite Element Method (FEM) is a computational technique used to obtain
approximate solutions of boundary value problems in engineering. Boundary
value problems are also sometimes known as field problems. The field is the
domain of interest and most often represents a physical structure (Hutton
(2004)). The field variables are the dependent variables of interest governed by
differential equations. The boundary conditions are the specified values of the
field variables on the boundaries of the field. The field variables may be ones
such as physical displacement, temperature, heat flux and moisture dependent
swelling.
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5.1.2.1

Stiffness matrix and Jacobian matrix for modelling of
timber.

The stiffness matrix in finite element analysis can be derived from the following
equation:
(5.1)
which can be simplified by
(5.2)
where {F}= force vector; [K]= stiffness matrix; and {U}= displacement vector.
If it is written in matrix form it can be expressed below:

(5.3)

Jacobian and inverse Jacobian matrix can be expressed as follow:

(5.4)

(5.5)

5.1.2.2

Virtual Work

The principle of virtual work states that at equilibrium the strain energy change
due to a small virtual displacement is equal to the work done by the forces in
moving through the virtual displacement, Haftka (2010). A virtual displacement
is a small imaginary change in configuration that is also an admissible
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displacement which can satisfy kinematic boundary conditions. Neither loads
nor stresses are altered by the virtual displacement.
The principle of virtual work can be expressed as follow:
(5.6)
Equation 5.6 represents the equilibrium between “the internal virtual work” on
the left hand side and “the external virtual work” on the right hand side. The
external virtual work consists of body forces vector and surface forces vector
due to displacement.
For a three-dimensional solid element used in modelling of a timber structure,
six components of stress and strain, are defined as ,Pepper and Heinrich (1992):

(5.7)

where u, v and w are the displacement fields in the L, R and T directions,
respectively.
5.1.2.3

Orthotropic elasticity

The linear orthotropic constitutive equation can be expressed as follows,
Anonymous (1998):
(5.8)
where {ε} is strain tensor, {σ} is stress tensor and
[Ce] is orthotropic elastic compliance matrix (6x6), i.e.
(5.9)
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(5.10)

(5.11)

where EL, ER, ET are the Young’s modulii in the L , R and T directions; GLR, GLT,
GRT are the shear modulii in the L-R, L-T, R-T planes; and νij are the Poisson’s
ratios (i,j = L, R, T).
The above values also have to satisfy the stability requirements:
(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
5.1.2.4

Elasto-viscoplasticity

According to the elasto-viscoplastic potential theory, at time tn the constitutive
equation can be express as follows, Owen and Liu (1993).
(5.17)
or
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(5.18)
where

is the time stepping length, and [D] and [S] are the elastic matrix and

compliance matrix, respectively. The viscoplastic flow rate is:
(5.19)
where

is the fluidity parameter, F and Q are the yield and potential function

respectively, and the function

is define as

(5.19a)
5.1.3. Finite element modelling scheme
5.1.3.1 Material properties
Material properties of 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 for Glulam are
tabulated in Table 5.1. Strain rate was obtained from measurements of timedependent swelling strains of compressed Japanese cedar with CR=70% and the
initial MC of 6%. It was calculated by differentiating the swelling strain with
respect to time in the R and T directions (swelling in the L direction was
neglected).
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Table 5.1: Recapitulation of material properties used in the FE models
Compression Elastic properties (in MPa)
ratio

EL

ER

ET

GLR

GLT

GRT

CR=0%

8017

753

275

972

784

31

CR=50%

27028

354

2267

231

787

159

CR=70%

32858

3111

5061

878

5717

1590

Compression Poisson’s ratio
ratio
υLR
υLT

υRT

εswL

CR=0%

0.3

0.04

0.58

-

-

-

CR=50%

0.10

0.51

0.15

-

3.4×10-8/s

3.0×10-9/s

CR=70%

0.15

0.41

0.10

0

Eq. (4.1)

Eq. (4.2)

Compression
ratio

Swelling strain rate
εswR

εswT

Plastic properties
Yield stress

Plastic

(MPa)

strain

CR=0%

30

0

CR=70%

35

0

CR=70%

40

0.02

5.1.3.2 Swelling law and creep law
Compressed wood, with the moisture content set to below the ambient one
(MC=12%), will swell differently in the radial and tangential directions after
absorbing moisture from air. Also the swelling is limited along the longitudinal
direction. 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 of the beam, the maximum swelling of the CW block will be obtained when
the equilibrium moisture content to the ambient is achieved and further swelling
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is restrained by the surrounding Glulam. Once this condition is reached and after
a certain time, stress relaxation is likely occurred which is a time dependent
decrease of stress under the condition of constant deformation.
On the other hand, on the Glulam which restrains the expansion of CW block
and when there is no more deformation (excluding fluctuations) under a specific
pressure (stress), then creep is likely to occur. Therefore, in ABAQUS the userdefined CREEP needs to be developed to simulate non-linear swelling of
compressed wood and creep of the Glulam.
Most time-dependent non-linear applications of the finite element method are
based on determining small increments of creep strain over small time steps.
These increments are added to the initial strain to give the final strains (so
stresses) in the material. The creep strains are calculated using the constitutive
equation of creep, such as the uniaxial Norton-Bailey law, Becker et al. (1994),
as follows.
(5.20)
where

is the creep strain, σ is the stress, t is the time and A and m are material

constants. The rate of creep strain is obtained by differentiating the Eq.(5.20)
with respect to time, which is referred to the time-hardening formulation of
equation of state Tissaoui (1996):
(5.21)
Solving Eq.(5.20) for time, there is
(5.22)
which, when introduced into the time hardening equation, produces the strainhardening formulation of the equation of state:
(5.23)
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Bushnell (1977) noted that based on experimental results, the strain hardening
formulation gives better results.
Volumetric swelling laws are usually complex and are most conveniently
implemented in the user-defined subroutine CREEP. User-defined subroutine
CREEP provides a very general capability for implementing viscoplastic models
such as creep and swelling models in which strain rate potential can be written
as a function of equivalent pressure stress, p, the von Mises or Hill’s equivalent
deviatoric stress, q; and any number of solution-dependent state variables.
In this study, the swelling law was derived from swelling strain in Eq. (4.1) as
stated below in Eq. (5.24). This law was applied to describe swelling behaviour
of compressed wood.
(5.24)
where A=0.1694; B=8.936×10-7; t=time (second), and for creep law which was
applicable for Glulam part can be formulated as follows:
(5.25)
Regarding the anisotropic swelling behaviour, the swelling rate in each material
orientation can be expressed as
(5.26)
where

is swelling strain rate (/sec) in i direction,

strain rate (/sec) and

is volumetric swelling

are the ratios of swelling in i direction.

In this study, they were calculated as

= 0;

=1.67;

=0.15.

5.1.3.3 Implementation of swelling law
There is no constitutive model specifically for dealing with moisture-dependent
swelling in wood available in ABAQUS. It is necessary to create user-defined
functions based on experimental data to simulate non-linear strain rate caused by
moisture changes in compressed wood and subsequent stress relaxation after the
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moisture-dependent swelling of the CW reaches an equilibrium condition.
Figure 5.2 shows a flow chart which describes the implementing procedures of
numerical modelling of the initial pre-camber and the related structural
behaviour of Glulam beams reinforced by compressed wood blocks.
In the Visco step there is a parameter CETOL which controls the time increment
and hence, the accuracy of the transient creep solution. Abaqus compares the
equivalent creep strain rate at the beginning and the end of an increment. The
difference should be less than CETOL divided by the time increment. Otherwise,
the increment is reattempted with a smaller time increment. The setting up of
CETOL is based on an acceptable error in stress which is converted to an error
in strain by dividing it by the elastic modulus. In the modelling a moderate
accuracy is required with corresponding CETOL selected as 0.01%. In general,
large values of CETOL allow use of large time increments, resulting in a less
accurate and less expensive analysis, Anonymous (1998).

5.1.3.4 Modelling scheme
In the modelling of both short and long glulam beams, user-defined subroutines
of creep law and swelling law were implemented into the Abaqus main
programme. The moisture-dependent swelling of compressed wood was
modelled by implementing the measured swelling strain rate into the swelling
model available in Abaqus. Subroutine 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
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Data Preparation

ABAQUS CAE/
STANDARD:
deflections, strains, stresses
are time-dependant

INPUT FILE:
geometry, boundary
conditions, material
properties, loading,
interaction, meshing

User-defined
SUBROUTINE
CREEP:
* Creep law
* Swelling law

ANALYSIS

OUTPUT FILE:
precamber deflection,
initial strains/stresses,
contact pressure

Validation againt
measurements

END

Figure 5.2: Flow chart of developing the finite element analysis of the prestressed Glulam beam.
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5.1.4. Modelling of free swelling and constrained swelling of compressed wood
5.1.4.1 Free expansion of CW with CR=70 %
Numerical models were developed to simulate free swelling of compressed
wood with CR = 70% along the radial and tangential directions. As shown in
Figure 5.3, the original CW size was 25×45×65 mm coincided with T, R, and L
directions, where the interaction between CW block and steel plate was
modelled by using springs with a very low stiffness. The boundary conditions
were applied, which allow CW swell in R and T directions represented by U 1
and U3 in the model. This model was only concerned with the swelling
deformations along the radial and tangential directions as there is only a very
small expansion in the longitudinal direction which is negligible.

transducer
R
R
T

L

CW
Steel plate

(a)

(b)

Figure 5.3: (a) model for free swelling of CW, (b) measuring expansion of CW.
For free swelling, a swelling law without stress influence was implemented in
the user-defined subroutine as formulated in Eq.5.27.
(5.27)
where A = 0.1694; B = 8.936×10-7; t = time (second)
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5.1.4.2. Constrained swelling
As discussed in Section 3.2.2.3, the CW blocks were inserted into pre-cut holes
in a Glulam beam by using an Universal Testing Machine. In order to ensure a
tight fit between the CW block and the Glulam in a pre-cut hole along the
longitudinal direction of the beam, the thickness of the CW block was set
approximately 0.5-1.5 mm bigger than the width of the hole. This overlap has to
be picked up in the modelling, as it affects the strain (and therefore the stress)
readings in the Glulam surrounding a CW block after the insertion. The insertion
of CW blocks was modelled using the displacement control in boundary
conditions which allows the CW block to move downward (U2) along the
insertion direction. As the result of the insertion, strains would be generated in
the area of Glulam around the hole, i.e. compressive strains at the contact areas
between the CW block and the Glulam, tensile strains on the Glulam beam
adjacent to the edge of the CW block along the L direction. Simulation of the
insertion process is illustrated in Figure 5.4.

L CW
R

T

Gap

R

Glulam

T

R
L

L

(a) before insertion

(b) after insertion

Figure 5.4: Typical insertion model and mesh generation.
5.1.5. Mesh sensitivity study
In order to investigate how mesh density affects the simulated results mesh
sensitivity studies were carried out. Element numbers used in various models are
shown in Table 5.2.
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Table 5.2: Variation of the element number for mesh sensitivity study.
3CW15
Comparison

result

simulated

3CW30

3CW45

No.of
Elements
(NoL)

u2
(mm)

ε11
(μs)

NoL

u2
(mm)

ε11
(μs)

NoL

u2
(mm)

ε11
(μs)

16093

1.55

276

20512

2.80

515

20020

3.09

534

19686

1.53

341

25074

2.80

602

24414

3.08

630

24899

1.52

378

35669

2.78

653

30581

3.07

693

32104

1.53

380

51204

2.77

656

42476

3.07

689

1.43

385

2.72

592

2.96

610

measured

Notes: μs= microstrain

In the mesh sensitivity studies, it was the upward deflection and the compressive
strain at the bottom extreme fibre used as reference values which were to be
checked. It can be seen from Table 5.2 that the higher density meshes correlate
well with the measured pre-camber deflection. The simulated strains with the
lower density meshes seem to be close to the measured compressive strains at
the bottom extreme fibre for beams reinforced with three 30 mm and 45 mm
thick CW blocks. However, for the beam reinforced with three 15 mm thick
CW blocks the modelled compressive strains agree well with the measured ones
in the case of the higher density meshes. Based on this result, the higher density
mesh would be used in the proposed model as the best approach to cover the
variety of above results.
5.1.6. Modelling the pre-stressing of short Glulam beams
3-D finite element models were developed to simulate the pre-camber deflection
and the pre-stressing state of the Glulam beams reinforced.
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CW block with size of 35(L)×63(T)×45(R) in mm
L

105
T

150

R

L
T

105
R
2@130

1200

support

Figure 5.5: Geometric and boundary conditions of a pre-stressed Glulam beam.
Fig. 5.5 shows the size of the Glulam beam with 1500 mm in length, 105 mm in
depth, 105 mm in width, and 1200 mm in span length. Dimensions of the
compressed wood block were 35×63×(15, 30, 45) in mm coinciding with L, T,
and R directions, respectively. To simplify the model, some parameters were
neglected, such as distortion in the grain, knots, temperature and density
variation. Although there are strain rates and strain ratios along the three
principal directions, the swelling strain in the L direction was neglected as it is
too small in comparison with those along other two directions.
To model moisture-dependent swelling with time the swelling strain rate
obtained from tests was implemented into the computer model in conjunction
with the ‘Visco’ option available in Abaqus to simulate time dependent swelling.
Both Glulam and compressed wood were modelled as elasto-viscoplastic
materials, the former without and the latter with strain hardening. Interaction
between the Glulam and the CW is modelled by defining both the tangential and
the normal contact behaviour. Regarding the interaction properties the rough
friction formulation for the tangential behaviour and the hard contact in
pressure-overclosure for the normal behaviour were adopted as there was no slip
between the CW block and the Glulam observed in the test.
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Gap 1 mm
CW

Glulam

Figure 5.6: Gap arrangement between CW block and Glulam
Figure 5.6 shows the interaction between CW block and Glulam. 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 compressed wood block more efficiently. In addition, 1 mm gap was also
made between the bottom of CW block and the hole 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 defined as the master surface
and slave surface respectively.

Glulam
CW Block

Figure 5.7: Mesh generation.
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8-node linear break (C3D8R) elements with reduced integration and hourglass
control were used in the model. Figure 5.7 shows the mesh generation for a
beam reinforced by three 30mm thick CW blocks. Finer meshes are generated in
the area around three CW blocks. The total number of elements and nodes in this
model are 25,074 and 34,774, respectively.
5.1.7. Modelling the pre-stressing of long Glulam beams
The same procedures as those applied to the short beam were followed to model
the long Glulam beams reinforced. The model of the long 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 Figure 5.8. Dimensions of the compressed wood block
were 65×65×45 mm coinciding with the L, T, and R directions, respectively.
This horizontally laminated beam consists of 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
bottom extreme layer, as shown in Figure 5.8. 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
same material properties as those of the short beam were used in the modelling
of the long beam.
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200
120

CW Block 45×65×65(in mm)

Pre-cut hole

L
100

R
T

R

T

3600

L

CW lamina
100

Figure 5.8: Long beam reinforced by five 45mm thick CW block with CW
lamina.
CW Block
Symmetry section

CW Block

CW lamina

Figure 5.9: Mesh generation of the long beam reinforced by five 45mm thick
CW blocks and a lamina on its bottom extreme fibre.
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Figure 5.9 shows the mesh generation of the Glulam beam, in which the mesh
density in the region around the compressed wood block was much higher than
other regions. Also the mesh on the CW lamina was slightly finer than that of
adjacent upper Glulam lamina. This beam reinforced by five CW blocks and a
CW lamina was meshed by 82,568 solid elements (C3D8R) with reduced
integration and hourglass control.
5.1.8. Modelling of destructive tests of short Glulam beams
The final stage of the FE analysis was to simulate the destructive bending tests
of Glulam beams, following modelling of the pre-stressing process until there
was hardly any increase of pre-camber deflection. The short beam was assumed
to be simply supported at a span of 1200 mm, similar to that in the test. In the
model, the mean failure deflection obtained from tests was applied to simulate
the structural behaviour of Glulam beams. There were four types of the
reinforced beams and a control beam without any reinforcement simulated. The
simply-supported boundary conditions were set, in which the left support was
pinned and the right support on a roller pin.
5.1.9. Modelling of destructive tests for long Glulam beams
The modelling procedures similar to those applied to the short beams were
implemented to model the long reinforced 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 fibre, and also
there were three control beams without reinforcement. Two of the beams
modelled are shown in Figures 5.10(a)-(b), in which both beams are simply
supported.
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900 mm

900 mm

900 mm

900 mm

(a)

6@600 mm

(b)
Figure 5.10: Modelling of long beams which are reinforced by: (a) three CW
blocks with 45 mm thickness; (b) five 45 mm thick CW blocks and a CW lamina
at bottom extreme fibre.
5.1.10. Results and discussion
5.1.10.1.

Free and constrained swelling

a. Free expansion in R and T directions
Figure 5.11 illustrates the predicted final free expansion in the radial direction
after 60 days, which indicates a 7.2 mm expansion displacement in comparison
to the initial dimension of 45 mm in the radial direction, i.e. a swelling strain of
16%. Figure 5.12 shows the progressive swelling strains in the R direction
obtained from the FE model, which are compared with the corresponding test
results. Clearly, the predicted swelling strains are correlated reasonably well to
the corresponding measurements, in which the predicted values were slightly
lower than the measured ones. This may be due to the small constraint offered
by low stiffness springs that connected the compressed wood block and the fixed
base plate in the model.
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5.11: Free expansion (in mm) in x direction (U1) coincided with the radial
direction of CW.

20

Swelling strain (%)

16

12
predicted strain
8

measured strain
best fit line

4

0
0

10

20

30
40
Time (day)

50

60

5.12: Comparison of measured and simulated swelling strains of CW in the
radial direction.
Similarly, the free expansion in the tangential direction after 60 days reached
0.37 mm, from the initial thickness of 25 mm in the T direction, as shown in
Figure 5.13. The swelling strains can be determined by dividing the predicted
swelling displacement with the initial thickness of the specimen. The swelling
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strains in the T direction during 60-day measurements are shown in Figure 5.14.
It is evident that the predicted swelling deformations are in a good agreement
with the measurements.

Figure 5.13: Free expansion (in mm) in z direction (U3) coincided with the
tangential direction of CW.
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Figure 5.14: Comparison of the measured and predicted swelling strains of CW
in the tangential direction.
b. Constrained swelling
In order to investigate how an overlap dimension between the CW block and the
hole in the Glulam beam along its longitudinal direction, insertion processes
were simulated by using 30 mm thick CW blocks with various oversizes in their
R direction. The simulated strain contour plots around a CW block are shown in
Figures 5.15-16. Clearly, due the overlap large localised initial tensile and
compressive strains (so stresses) were generated in areas on Glulam adjacent to
both the gaps and in the interface between the CW block and the Glulam,
respectively. Also, with increasing of the oversize, the strains generated were
increased. There are clearly separated areas corresponding to the tensile and
compressive strains, with the size varied in relation to the overlaps. Table 5.3
summarizes the predicted strains which were generated by insertion of CW
blocks with oversizes of 0.25, 0.5, 0.75 and 1 mm. In general, the generated
strains increase with increasing oversize of the CW block as expected. The
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maximum strain on the top extreme fibre at the mid-span is 3300 microstrain
corresponding to the oversize of 1 mm, which is quite significant.

T
L

Figure 5.15: Distribution of the longitudinal strains (mm/mm) after the insertion
of a CW block with an overlap of 0.375 mm at both left and right sides of the
block.

T
L

Figure 5.16: 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.
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Table 5.3: 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

5.1.10.2.
a.

Pre-stressing of short Glulam beams

The predicted pre-camber

Figures 5.17 show the simulated upward deflection, i.e. pre-camber, for a beam
reinforced by either one or three 30 mm thick CW blocks. The pre-camber
deflections at the mid-span were 1.5 and 2.8 mm respectively, which were
generated by moisture-dependent swelling of CW block(s) after they were
inserted into the top region of the beam for 60 days.

R
L

(a)
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(b)
Figure 5.17: Modelling of pre-camber (mm) for a beam reinforced by (a) one 30
mm thick CW block; (b) three 30mm thick CW blocks.
4
3.2

Precamber (mm)

3

2.7

2.9

3.0

measured

2
1.5

1.6

1.4

predicted
1.3

1

0
1CW30

3CW15

3CW30

3CW45

Figure 5.18: Comparison of the simulated and measured pre-camber deflections
for beams reinforced by one 30 mm thick CW block and three CW blocks with
thicknesses of 15, 30 and 45 mm, respectively.
Figure 5.18 summarizes the comparisons of the pre-camber between the
predicted values and the experimental measurements for the beams pre-stressed.
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Reasonably good correlation was obtained. The predicted pre-camber deflections
were slightly higher than the experimental results, except for the beam
reinforced by three 15 mm thick CW blocks. The differences between the final
pre-camber deflections obtained from the tests and the related simulations were
less than 7.5% for all reinforced beams.
b. The predicted strains
In order to validate finite element models from a different angle, the strains at
the top and the bottom extreme fibres were predicted, which were compared
with the measured strains corresponding to the locations of No. 1 and No. 4 as
shown in Figure 3.20.
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Figure 5.19: Comparisons of the predicted and measured tensile strains at the top
extreme fibre of the beams pre-stressed.
Figure 5.19 shows comparisons of the simulated and measured tensile strains
generated at the top extreme fibre of the beams after 60 days of pre-stressing.
Clearly, the predicted strains are in reasonably good agreement with the
measurements, especially for the beams reinforced by 3 CW blocks with
thickness 15, 30, and 45 mm. The predicted strains for the beam with a single
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CW block of 30mm thick was over estimated, however with a difference less
than 15%. The possible reason for the over-estimation might be attributed to the
slightly higher overlap than the experimental one set in the numerical modelling.
The maximum strain predicted was in the beam reinforced by three 45 mm thick
CW blocks, as expected, which was 1615 microstrain.
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Figure 5.20: Comparisons of the predicted and the measured compressive strains
at the bottom extreme fibre of the beams pre-stressed.
Figure 5.20 shows the comparison of the compressive strains built-up at the
bottom extreme fibre of the pre-stressed beams obtained from the experimental
measurements and numerical modelling. Clearly, reasonably good correlation
was obtained. The predicted strains for most of the beams reinforced are very
close to the measured ones. The general trend was well simulated. However,
the predicted strains for the beam reinforced by one 30 mm thick CW block
were underestimated in comparison to the corresponding measurements
(Fig.5.20). There were relatively large increases on the extreme fibre strain in
the first 30 days, which were also picked up by the FE simulations.
Figure 5.21 shows the predicted bending stress distribution on the beams prestressed by one 30 mm and three 30 and 45 mm thick CW blocks respectively.
Clearly, there are critical tension areas on the Glulam beam adjacent to the
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transverse edges of the CW block along the longitudinal direction. The
maximum tensile stress approached to 31.5, 32.7 and 33.9 MPa for the beams
with the above reinforcing arrangements. However, the high tensile stress region
is relatively small. Practically, the stress should be smaller due to stress
relaxation, which was not included in the modelling. Also, in all tests carried out
there was no tensile failure experienced in the high tensile stress areas. Local
compressive stresses also appeared on the top region of the Glulam beam around
the CW block along the longitudinal direction due to expansion of the CW
block. The regions influenced by compressive stresses are clearly larger than
those by tensile stresses. There were also interference regions of compressive
stress generated by swelling of compressed wood blocks (Figs. 5.22b and 5.22c).
This clearly indicates that the influence offered by compressed wood blocks was
not localised.
Figure 5.22d show the contour of stresses areas on the glulam between three CW
blocks where the highest compressive stress occurred at bottom extreme fibre
below CW block and gradually decreased away from this location. The precamber also produces compressive stresses on the bottom extreme fibre, where
the maximum compressive stress generated was about 5.4 MPa.

Tension

Compression

(a) one 30 mm thick CW block
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(b) three 30 mm thick CW blocks

(c) three 45 mm thick CW blocks
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high
compression

low
compression

tension

(d) bottom extreme fibre of three 45 mm thick of CW
Figure 5.21: Bending stress (MPa) distributions around the CW block for
reinforced beams .
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L

Figure 5.22: Strain distribution at the top extreme fibre for a beam reinforced by
three 30 mm thick CW blocks.
Figure 5.22 shows the predicted strain state at the top extreme fibre of a Glulam
beam pre-stressed by three 30 mm thick CW blocks. These predictions indicated
that the Glulam constrained the expansion of the CW blocks and made them
under compression. The compressive strain reached 0.5% at the areas in contact
with CW blocks, which gradually decreased away from the reinforcement (hole)
in the longitudinal direction. On the other hand, strains on the edges of Glulam
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beam outside of the CW blocks were in tension due to the pre-camber deflection
and expansion of CW blocks, which stretch the Glulam there. The maximum
tensile strain was about 0.92% in very small surface areas adjacent to the edge of
the CW blocks.
c.

Stress distribution through the beam depth at mid span

Element along the line below
105

Beam depth (mm)

90
75
60
45

1CW30

30

3CW30
3CW45

15
0

-10

0

10
20
Stress (MPa)

30

Figure 5.23: Bending stress (MPa) distribution along the beam depth at midspan
including compressed wood.
Figure 5.23 shows bending stress distribution at the midspan through the beam
depth (including compressed wood). There were small compressive stresses (1.2
MPa) inside the compressed wood block, followed by a sudden increasing of
tensile stresses on the Glulam underneath the CW block and peaked (28 MPa) at
the depth of 68 mm from the bottom for beam reinforced by three CW 45 mm
thick. The stress was then gradually reduced to across the zero stress at the depth
of 22 mm, and ended as a compressive stress of about 6 MPa at the bottom
extreme fibre. Such stress distribution was likely attributable to the combined
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influence of the swelling of compressed wood and constraining offered by
Glulam as well as the pre-camber deflection of the beam. The compressive
stresses developed on Glulam beams reinforced by three 30 mm and 45 mm
thick CW blocks were about 5.6 and 5.8 MPa respectively.
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Figure 5.24 : Bending stress distribution at the mid span through Glulam.
Figure 5.24 shows the bending stress distribution on Glulam beams at the
midspan through the beam depth outside the compressed wood block. The stress
distributions show that there are very high tensile stresses at the top extreme
fibre which gradually decreases to the bottom extreme fibre ended with low
compressive stresses. Clearly, the NA is shifted downward about 35 mm since
much higher tensile stresses were developed at the top extreme fibre in
comparison to those on the bottom extreme fibre, due to the building-up swelling
of the CW blocks on the top region of the pre-stressed beams as well as the precamber.
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d. Pressure and bending stress at the contact area between the Glulam
and the CW

35mm

contact area
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Figure 5.25: Contact pressure (MPa) distributions on the Glulam through the
CW block depth.
Figure 5.25 shows the pressures acting on the Glulam beam which is in contact
with compressed wood. The pressure on the top extreme fibre was gradually
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increased to the location about 6 mm above the bottom of the CW block and
then decreased to zero, due to the 1 mm gap between the CW block and the
Glulam. The distribution reflects characteristics of the combined effect of the
local swelling of compressed wood and the tension by bending on the top region
of the pre-stressed beam. The highest pressure generated was about 11.3 MPa
on the Glulam beam reinforced by three 45mm thick CW blocks.
5.1.10.3. Pre-stressing of long Glulam beam
a. Pre-camber
Figure 5.26 shows the simulated upward deflection, i.e. pre-camber, for a long
beam reinforced by three or seven CW blocks with a thickness of 45 mm and
one CW lamina. The pre-camber deflection at the midspan was 5.1 and 8.4 mm
respectively (equal to 1/169.01 and 1/428.57 of deflection/span ratio) due to
moisture-dependent swelling of CW blocks after they were inserted into the top
region of the beam for 60 days.

R
L

Symmetry section

Support

(a)

153

Chapter 5

R
Symmetry section

L

Support

(b)
Figure 5.26: Modelling of pre-camber for a beam reinforced by: (a) three 45 mm
thick CW blocks without CW lamina; (b) seven 45mm thick CW blocks and one
CW lamina.
Figure 5.27 shows the comparisons of the predicted and the experimental precamber deflections 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 Figure 5.27 also indicates that the beam reinforced with the same amount of
CW blocks but also reinforced by a CW lamina produced the lower pre-camber
than the beam without CW lamina. Similar results were obtained in the
experimental results. By increasing the number of CW blocks from five to
seven, the predicted pre-camber increased by 16.7 %, which is similar to the
experimental measurements. With the extra CW lamina reinforcement at the
extreme bottom fibre but the same amount of CW blocks, the pre-camber would
decrease by 6.5 %. The highest pre-camber 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.
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Figure 5.27: Comparisons of the predicted and measured pre-camber deflections
of beams reinforced by three (no CW lamina), five (with and without CW
lamina) and seven (one CW lamina) 45mm thick CW blocks.
5.1.10.4. Modelling results of destructive tests of the short Glulam beams
As described in Section 5.1.8, simulations of destructive bending tests were
carried out to obtain flexural stiffness, flexural strength and load carrying
capacity of the short Glulam beams. The simulated results of the three short
beams in different reinforcing arrangements are shown in Figure 5.28. In order
to have better comparisons, the corresponding experimental results are also
shown in the same figure.

155

Chapter 5

60

50

Load (kN)

40

30

3CW45_test
3CW45_FE
3CW30_test

20

3CW30_FE
3CW15_test

10

3CW15_FE
0CW (control)

0
0

5

10

15

20

25

30

35

40

45

Deflection (mm)

Figure 5.28: Load-deflection curves obtained from the experimental work and
FE modelling of the destructive bending of the short Glulam beams.
The simulations and the related test results shown in Figure 5.28 cover beams
reinforced by three 15, 30, 45 mm thick CW. Reasonably good correlation was
obtained. In general, the predicted maximum loads were slightly higher than the
test ones for beams reinforced by three CW blocks with thickness of 30 and 45
mm, i.e. 50.9/52.3 kN, 44.1/47.1 kN respectively, and slightly lower for beam
reinforced by three CW 15 mm thick. The difference between the predicted and
measured results in terms of ultimate loading were 2.3 %, 2.5 %, and 6.8 % for
beam reinforced by three CW blocks with thickness of 15, 30, 45 mm
respectively.
5.1.10.5. Modelling results of destructive tests of the long Glulam beams
Figure 5.29 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,
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except for the unreinforced beam. In terms of the maximum load, the differences
between the simulations and the measurements were 7.7 %, 0.8 %, and 3 % for
beams reinforced by five 45 mm thick CW blocks and a CW lamina, five 45 mm
thick CW blocks without CW lamina, as well as three 45 mm thick CW blocks
without CW lamina, respectively. All modelling results show a similar trend,
with the curves demonstrating overall linear features until a certain load level,
which was varied from beam to beam between 40 and 45 kN.
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Figure 5.29: Load-deflection curves from the destructive bending tests and the
corresponding FE simulations of the long Glulam beams.
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5.2 Analytical approach for the pre-stressed short Glulam beams
5.2.1

Introduction

In order to assist in design of Glulam beams reinforced by CW blocks it is also
necessary to develop an analytical approach to determine pre-camber deflection
of pre-stressed beams. The mechanisms of the pre-camber deflection generated
in the pre-stressed beam are shown in Fig 5.31. Although the swelling of
compressed wood block creates a localised stress field around it, the pre-camber
generated contributes an overall bending stress characteristic in the beam, i.e.
tension and compression deformations corresponding to the regions above and
below the neutral axis respectively. Assuming that moisture-dependent
expansion of the CW block creates an interactive linear pressure between the
Glulam beam and the CW block, this would generate a pair of eccentric forces
away from the neutral axis of the beam (see Fig. 5.30). As a result, a moment
couple of M0 is generated, which produces a pre-camber deflection of the
strengthened beam. For simplification, the position of the neutral axis is assumed
to be still half way through the beam depth. It is assumed that the distribution of
the swelling pressure is linearly increased from zero on the top of the beam to a
certain pressure p at the bottom of the CW block.
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Figure 5.30: Beam geometry and detail of distribution of pressure along the
depth of a CW block which is in contact with Glulam.
The pressure acting on the Glulam beam due to expansion of a CW block may
be expressed as, assuming isotropic elasticity applied
(5.28)
where EGlulam and ECW are moduli of Glulam and CW, and εGlulam and εCW are the
maximum strains on Glulam and CW, respectively. The resultant force
generated by the above pressure therefore is
(5.29)
which acts on both the CW block and the Glulam as shown in Fig. 5.34.
Assuming the resultant force F acting a distance ‘d’ away from the neutral axis
of the beam, subsequently a moment couple is created as follows
(5.30)
5.2.2

Linear distribution of moment along the beam span

Figure 5.32 shows sketches to represent a linear moment distribution along the
beam span, which are generated by expansion of one CW block on the mid span,
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a1 and a2 mm away from the left support, respectively. By integrating
Maucaulay’s equation, the pre-camber deflections corresponding to the M0
generated at various locations of the beam can be expressed in the following
equations. Here, for the simplification, the same moment couple M0 is assumed
to be generated, independent of the location of the CW block.
L/2
M0

L

x=0

(a) Linear moment distribution due to one CW block at the mid span,
L1

M0

L

x=0

(b) Linear moment distribution due to one CW block at L1 from the left support,
L2
M0

x=0

L

(c) Linear moment distribution due to one CW block at L2 from the left support,
Figure 5.31: Linear moment distributions assumed on the Glulam beam.
5.2.2.1 One CW block at midspan
Although the bending moment generated by CW block swelling is localised
initially with building-up the pre-camber the influence of the moment are spread
to the whole beam. Therefore, a linear distribution of the moment along the
beam span is assumed, as shown in Figure 5.31(a).
Following the assumption of the linear distribution, the bending moment
equation from left to midspan to support can be written as follows:
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By assuming linear behaviour, bending moment equation from left support can
be written as follow:
;

for 0≤x≤L/2

;

for L/2≤x≤L

For interval 0 ≤ x ≤ L/2 :
(5.31)
(5.32)
Boundary condition:
When x=L/2 at mid point and;

from Eqs. (5.31)

Then A =

(5.33)

and when y=0 (at support), x=0, from Equation 5.32, it can be written as

So, B =

(5.34)

Hence, the deflection equation becomes:
)

(5.35)

For interval; L/2≤x≤L

(5.36)
(5.37)
Boundary conditions:
When x=L/2 at mid span;

Then A =

(5.38)

161

Chapter 5

And when x=L (at support), y=0, from Equation 5.37 it can be written as

Thus, B =
Hence, the deflection equation becomes:
(5.39)
To summarize the equation that was obtained can be expressed as:

(5.40)
where ‘E’ is modulus of elasticity of Glulam and ‘I’ is second moment inertia of
the beam cross-section.
5.2.2.2 One CW block at L1 from left support
The same procedure as those applied to the one CW block at mid span is used to
derive equation. If M0 at ‘L1’ away from the left support, and x start from left
support as shown in Figure 5.31(b), bending moment can be formulated as:
For interval 0 ≤x≤ L1 :

(5.41)
(5.42)
Boundary conditions:
when x=L1 at CW point;

Then A =

(5.43)
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And when x=0 (at support), y=0, from Eq. 5.42, it can be written as

Thus, B =

(5.44)

Hence, the deflection equation becomes:
(5.45)
for interval L1 ≤ x ≤ L :

(5.46)
(5.47)
Boundary conditions:
when x=L1 at CW point;

Then A =

(5.48)

And when x=L (at support), y=0, from Eq.5.47 it can be written as

Thus, B =

(5.49)

(5.50)
5.2.2.3 One CW block at L2 from left support
The same procedures are used to derive an equation for CW location as shown in
Figure 5.31(c). If M0 at ‘L2’ away from the left support, and x start from left
support, bending moment can be formulated as follows.
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For interval 0 ≤ x ≤ L2
(5.51)
(5.52)
(5.53)

By applying boundary condition at the left support (x=0) and at the M0 location
(

, the deflection equation can be expressed as:
(5.54)

For interval L2 ≤ x ≤ L

(5.55)
(5.56)
By applying the boundary conditions at the left support and at the M0 location,
the deflection equation can be expressed as:

(5.57)
Due to the symmetrical positions of the CW blocks at the left and the right sides,
it is only necessary to determine the deflection at L1 mm from the right support
as that to the left support of the beam can be mirrored. Assuming the principle of
superposition applies, the total deflection at a specific location along a prestressed beam with the prescribed locations of CW blocks may be expressed as
(5.58)
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5.2.3 Parabolic distribution of moment along the beam span
Similar to the linear distribution of moment, an assumption of parabolic moment
distribution can also be made. The upward deflections due to one CW block at
the mid-span and one CW block at either L1 or L2 from the left support can be
determined based on the relationship between the pre-camber deflection and M0
sketched in Figure 5.32. The related pre-cambers can be calculated using Eqs.
(5.64) – (5.66).
M0

L

x=0

(a) Parabolic moment distribution due to one CW block at the mid span,
L1

M0

x=0

L

(b) Parabolic moment distribution due to one CW block at L1 from the left
support
L2

M0

x=0

L

(c) Parabolic moment distribution due to one CW block at L2 from the left
support
Figure 5.32: Parabolic moment distributions assumed on the Glulam beam.
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5.2.3.1 One CW block at midspan
By assuming parabolic moment influence along the beam refer to Figure 5.32(a),
can be derived as follow.
For interval 0 ≤ x ≤ L
(5.59)
By integrating twice, it is obtained:
(5.60)
(5.61)
Applying the boundary conditions:
On the left support, when x=0 ; y=0, by substitution into Eq.5.60, it was
obtained,

(5.62)

On the other hand, on the right support, when x=L ; y=0, it was obtained
(5.63)
So, the deflection equation in Eq. 5.61 becomes:
(5.64)
5.2.3.2 One CW block at L1 and L2 from left support
As mentioned above the final upward deflection of beam due to CW block at
either L1 or L2 from the left support can be determined by deriving an equation
based on Figure 3.32(b) and 3.32(c). With the same procedure as described in
Sections 5.2.2.2-3, the obtained deflection equation can be expressed as follows:
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(a) for M0 at ‘L1’ away from the left support,

(5.65)
(b) for M0 at ‘L2’ away from the left support

(5.66)
Assuming the superposition principle applies, the pre-camber deflection of a
beam reinforced by either one or three CW blocks can be determined by the
following equations.
(5.67)
If a beam is pre-stressed by five or seven CW blocks, the total pre-camber
deflection can also be determined following the above procedure.
5.2.4 Validation and discussion
Table 5.4 lists parameters used to calculate the predicted pre-camber deflections
in this analytical approach, which is related to the CW block with a thickness of
45 mm. The iterative approach through Eq. (5.28) was used to obtain an
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interactive strain on the Glulam in the Glulam-CW interface at the bottom of the
CW block to produce reasonable prediction of the pre-camber deflection. This
strain, shown in Table 5.4, was then used to work out the corresponding pressure
on the Glulam through Eq. (5.28), which gives a pressure of 10 MPa for the
45mm thick CW block. The interactive strains generated on the Glulam
corresponding to the thinner CW blocks were proportionally reduced following
the related measurements of the top extreme fibre strain (Fig. 4.18). Therefore,
the pressures generated on the Glulam corresponding to CW blocks of 30 and 15
mm thick are 9.8 and 5.2 MPa, respectively.
Table 5.4: List of parameters used in calculations
Parameter

Value

Unit

Elastic modulus in L direction (EL) of
Glulam

8017

MPa

1.25×10-3

mm/mm

10

MPa

10.13×106

mm4

Beam span (L)

1200

mm

Location of a CW block at the left side (L1)

340

mm

Location of a CW block at the right side (L2)

860

mm

Depth of the CW block (L direction) (e)

35

mm

Width of the CW block (T direction) (f)

63

mm

Longitudinal strain on Glulam (
Peak pressure (p)
Second moment inertia (I)

By substituting the parameters listed in Table 5.4 into all relevant Equations
above, the total deflections can be obtained at various locations (0, 340, 600, 860
and 1200 mm from the left support) along beam span. Here the total deflection at
each point was determined by superimposing the deflections from beams
reinforced by CW blocks at different locations. Recapitulation of total deflection
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at specified location above based on the assumptions of the linear and parabolic
moment distributions respectively are summarized in Tables 5.5 and 5.6.
Table 5.5: Total deflections at various locations with the linear moment
distribution assumption
Location

Deflection

Total deflection

(mm)

(mm)

(mm)

x
0

0

0

0

0

340

0.36

0.98

0.55

1.89

600

0.48

0.86

0.86

2.20

860

0.36

0.55

0.98

1.89

1200

0

0

0

0

Table 5.6: Total deflections at various locations with the parabolic moment
distribution assumption
Location

Deflection

Total deflection

(mm)

(mm)

(mm)

x
0

0

0

0

0

340

0.46

1.22

0.72

2.40

600

0.59

1.09

1.09

2.77

860

0.51

0.72

1.22

2.40

1200

0

0

0

0

From Table 5.6 with the parabolic moment distribution assumption, the total
deflection of 2.77 mm was predicted at mid span which is 20.6% higher than
that of 2.20 mm corresponding to the linear moment distribution assumption
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(Table 5.5). This value is slightly lower than the measured pre-camber of 2.96
mm for a Glulam beam reinforced with three 45mm thick CW blocks.

Figure 5.33: Comparisons of the measured and calculated pre-camber
deflections at mid span of the beams with different reinforcing arrangements.
Figure 5.33 shows the comparisons of the deflections from the analytical
predictions and the measurements. The results indicated the analytical
deflections related to the parabolic moment distribution correlate reasonably
well to the measurement ones, with less than 10% error.

However, the

theoretical predictions of the deflections corresponding to the linear moment
distribution show relatively large discrepancies, i.e. up to 20% lower than the
experimental measurement for the 45 mm thick CW reinforcement.

This

indicates that the linear moment distribution assumption may not be appropriate
to describe the pre-stressed beams.
5.2.

Summary

3-D finite element models have been developed to investigate the reasonable
size, number and location of CW blocks to be inserted in the Glulam beam
which could generate effective pre-camber. In the numerical models, timber and
compressed wood were modelled as orthotropic linear visco-elastic materials in

170

Chapter 5

tension, and as elasto-viscoplastic materials in compression in the embedding
areas. Both beams with dimensions of 105×105×1500 and 120×200×3800 (in
mm) reinforced in different manners were analysed through the numerical
modelling. The final models developed have been validated against the
corresponding experimental results in terms of the pre-camber deflection and the
initial strains (and therefore stresses).
The predicted extreme fibre strains (and therefore stresses) of all pre-stressed
short beams have showed good correlation with the experimental results. The FE
predictions also showed the highest pre-camber strain (and therefore stress)
occurred on the beam reinforced by three 45mm thick CW blocks for short
beam, and beams reinforced by seven 45 mm thick CW blocks and one layer
CW lamina for long beam, which was coincident with the measured results.
For the long beams, in terms of pre-camber deflection there is good correlation
between the simulations and the measurements for beams reinforced by three (no
CW lamina), five and seven (one CW lamina) 45 mm thick CW blocks. The
highest pre-camber 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.
Regarding the modelling of bending tests for the short beams, the predicted
maximum loads were slightly higher than the test ones for beams reinforced by
three CW blocks with thickness of 30 and 45 mm, i.e. 50.9/52.3 kN, 44.1/47.1
kN respectively, and slightly lower for beam reinforced by three CW 15 mm
thick. The difference between the predicted and the measured ultimate loadings
were 2.3, 2.5 and 6.8 % for beam reinforced by three CW blocks with thickness
of 15, 30, 45 mm respectively. For the long beams, all modelling results show a
similar trend, with the curves demonstrating overall linear features until a certain
load level, which was varied from beam to beam between 40 and 45 kN. In
terms of the maximum load, the differences between the simulations and the
measurements were 7.7, 0.8 and 3 % for beams reinforced by five 45 mm thick
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CW blocks and a CW lamina, five 45 mm thick CW blocks without CW lamina,
as well as three 45 mm thick CW blocks without CW lamina, respectively.
Based on the simple assumptions related to the parabolic moment distribution
assumption in analytical approach, the pre-camber deflection predicted at
midspan of the short beams with various reinforcing arrangements give a good
agreement with the measured pre-camber from experimental results.

172

Chapter 6

CHAPTER VI: PARAMETRIC STUDIES
6.1. Introduction
In order to optimize the structural performance of Glulam beams reinforced by
compressed wood, in terms of load carrying capacity, strength and stiffness,
parametric studies were carried out on thickness, depth and space of CW blocks.
To undertake such parametric studies purely by experimental tests will be time
consuming and expensive. The better way forward is to apply the validated
computer models to optimise the pre-stressed beams.
In this study, the dimensions of the beam models were 3800 mm in length, 120
mm in width and 200 mm in depth which comply with the requirements from
Eurocode 5, and BS EN 408:2003, where the ratio between the span (3600 mm)
and the depth (200 mm) equals to 18.

The variables of the reinforcing

configurations covered thickness, depth and spacing of CW blocks, however the
CW block width and beam dimensions were remained unchanged.
The thicknesses of CW blocks studied were 30, 40 and 50 mm, while the
number of CW blocks was 5 or 7 corresponding to the inter-spaces between the
blocks as 450 mm and 600 mm, respectively. The depths of the CW block were
set between ⅓ and ½ of the beam depth, i.e. 65, 80 and 95 mm. Based on the
above variation there would be 18 beam models to be studied to optimise the
load carrying capacity, strength and stiffness of Glulam beams strengthened.
6.2. Methodology
As mentioned in the introduction the model of the long beam was chosen to
carry out the parametric studies, with dimensions as illustrated in Figure 6.1. The
variation in thickness (t), space (a) between blocks and depth (d) of CW blocks
were implemented in the beam model, in accordance with a constant width of 75
mm.
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a
b

Top view
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t

Side view

100

L=3600 mm

100

120

Figure 6.1: Beam geometric conditions for parametric studies.
Table 6.1 shows the detailed variables in the parametric studies, which also
indicate the ratio of the total volume of CW as a reinforcing material to the total
volume of the Glulam beam, which varies between 0.8 % and 2.3 %.
Table 6.1: Summary of parametric variation.

No.

Space
(a)

Thickness width
(t)
(b)
in mm

1

600

30

75

2

600

40

3

600

4

depth
(d)

Fraction
volume of
CW (%)

65

number
of CW
blocks
5

75

65

5

1.07

50

75

65

5

1.34

600

30

75

80

5

0.99

5

600

40

75

80

5

1.32

6

600

50

75

80

5

1.64

7

600

30

75

95

5

1.17

8

600

40

75

95

5

1.56

9

600

50

75

95

5

1.95

10

450

30

75

65

7

1.12

11

450

40

75

65

7

1.50

12

450

50

75

65

7

1.87

13

450

30

75

80

7

1.38

14

450

40

75

80

7

1.84

15

450

50

75

80

7

2.30

16

450

30

75

95

7

1.64

17

450

40

75

95

7

2.19

18

450

50

75

95

7

2.73
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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 simulate the time-dependent swelling of CW blocks and the
bending behaviour. Figure 6.2 shows the mesh generation of a beam model
reinforced with 5 CW blocks with a thickness of 50 mm.
Symmetry section
Glulam
CW

Figure 6. 2: Mesh generation of a half span model of the Glulam beam
reinforced.
6.3. Optimisation of structural behaviour of Glulam beams reinforced by
compressed wood blocks
6.3.1. CW block thickness
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 induce local
splitting damage on the top lateral edges of Glulam outside the CW block due to
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a large local expansion of the block. Figure 6.3 shows the thicknesses of CW
blocks studied, where the width was kept at 75 mm. Similar to the test and
numerical model set up, the 1 mm gaps were kept on the lateral edges of the
each block.

75

CW

(a)

Glulam

(b)
50
1mm gaps

(c)
Figure 6.3: Different thicknesses of CW blocks considered in parametric studies,
(a) 30 mm, (b) 40 mm, (c) 50 mm.
6.3.2. CW block depth
There were also three depths of the CW block considered in the parametric
studies, while keeping its thickness as 40 mm. Here a 1 mm gap was set up
between the bottom of the CW block and the Glulam, similar to the test setup.
Figure 6.4 shows CW block depths investigated, i.e. 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 pre-camber generated in the Glulam beam due to
moisture-dependent swelling of CW blocks inserted.
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65

CW

80
95

CW

CW

Glulam
40

1 mm gap
L

Glulam
40

R

1 mm
gaps

Glulam
40

Figure 6.4: CW blocks with different depths but the same thickness of 40 mm.
6.3.3. CW block spacing
The space between two CW blocks along beam span was set as 450 mm and 600
mm respectively, corresponding with 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. 75x50x95 (in
mm). Based on the trial FE modelling, a space below 450 mm will likely lead to
an excessive expansion of the CW block causing local damage on the Glulam.
The configurations studied are depicted in Figure 6.5.
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Glulam

Symmetry section

600 mm

support

CW

600 mm

600 mm

(a)

600 mm

600 mm

600 mm

(b)

450 mm

450 mm

450 mm

450 mm

(c)
Figure 6.5: Arrangements of CW blocks along beam span; (a) 5 blocks with
thickness of 30 mm, (b) 5 blocks with thickness of 40 mm, (c) 7 blocks with
thickness of 50 mm.
6.4. Results and discussion
6.4.1. Pre-camber, stress/strain and bending performance
6.4.1.1. Pre-camber
Based on the parametric studies of the moisture-dependent swelling of the
inserted CW blocks, the pre-camber values at midspan of all beams models were
obtained. Typical pre-camber contour plots can be seen in Figures 6.6 (a)-(c).
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(mm)

Symmetry section

midspan

support

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

Symmetry section

midspan
support

(b) Five CW blocks with thickness of 40 mm and depth of 80 mm,
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(mm)

Symmetry section

midspan

support

(c) Seven CW blocks with thickness of 40 mm and depth of 95 mm.
Figure 6.6: Typical pre-camber results predicted for beams reinforced
The pre-camber values shown in Figures 6.6 (a), (b) and (c) are 6.58, 7.59 and
12.5 mm, respectively, are corresponding to three reinforcing arrangements.
Table 6.2 summarizes all parametric study results of pre-camber, where the
largest pre-camber of 12.50 mm occurs on the beam reinforced by seven CW
blocks with a thickness of 50 mm and depth of 95 mm. In general, the higher
CW volume fraction, the higher pre-camber is generated. Figure 6.7 illustrates
pre-camber corresponding to CW volume fraction to Glulam volume. Clearly,
the highest pre-camber 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 pre-camber, although
both show an general upward trend. From Fig. 6.7, it can be noted that the
effective reinforcement may be realised when the pre-camber bar is above the
line of CW volume fraction. As an example, effective reinforcements seem to be
the beam reinforced by five CW blocks with a thickness of 30 mm and a depth
of 65 mm, and the beam reinforced by five CW blocks with a thickness of 40
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mm and a depth of 65 mm. On the other hand, the less effective reinforcement
occurs when pre-camber below the line of 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. However, the CW volume fraction is
relatively small. Even the highest fraction is just 2.73%, which corresponds to a
pre-camber/span of 1/288.

16
12

2.0%
8
1.0%
4

pre-camber

Beam code
CW volume fraction

Figure 6.7: Bar chart of the pre-camber of all beams studied.
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7CWB_T50_D95

7CWB_T50_D80

7CWB_T40_D95

7CWB_T40_D80

7CWB_T50_D65

7CWB_T30_D95

5CWB_T50_D80

5CWB_T50_D95

5CWB_T40_D95

7CWB_T40_D65

7CWB_T30_D80

5CWB_T40_D80

5CWB_T50_D65

7CWB_T30_D65

5CWB_T40_D65

5CWB_T30_D95

5CWB_T30_D80

0
5CWB_T30_D65

0.0%

Pre-camber (mm)

CW volume fraction

3.0%
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Table 6. 2: Summary of pre-camber values from parametric studies.

No

Specimen

Pre-camber
(mm)

CW volume
fraction

1

5CWB_T30_D65

5.43

0.80%

2

5CWB_T30_D80

5.63

0.99%

3

7CWB_T30_D65

6.58

1.12%

4

5CWB_T30_D95

5.89

1.17%

5

7CWB_T30_D80

7.62

1.38%

6

7CWB_T30_D95

8.95

1.64%

7

5CWB_T40_D65

6.43

1.07%

8

5CWB_T40_D80

7.59

1.32%

9

7CWB_T40_D65

8.02

1.50%

10

5CWB_T40_D95

8.25

1.56%

11

7CWB_T40_D80

9.92

1.84%

12

7CWB_T40_D95

10.95

2.19%

13

5CWB_T50_D65

7.43

1.34%

14

5CWB_T50_D80

8.66

1.64%

15

7CWB_T50_D65

9.74

1.87%

16

5CWB_T50_D95

8.42

1.95%

17

7CWB_T50_D80

11.39

2.30%

18

7CWB_T50_D95

12.50

2.73%

6.4.1.2.

CW
thick
(mm)

30

40

50

Stresses and strains generated by moisture-dependent swelling

Figures 6.8(a)-(c) show the bending stress distributions of the beams reinforced
in the same way as shown in Fig. 6.6. It can be seen that the thicker the CW
block, the higher the stress generated at the areas of the Glulam beam along the
edge of the CW at the top extreme fibre. Figure 6.8(b) corresponding to the CW
thickness of 50 mm indicates 11.6 % and 6.3 % higher bending stresses than
those of beams reinforced with CW block thicknesses of 30 and 40 mm
respectively (Figs. 6.8 (a) and (c)), i.e. 36.2 and 37.8 MPa. Although the
maximum bending stress values are high, they only appear at small areas on the
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top extreme fibre. This is unlikely to cause local damage there, which was
evidenced in the experimental work described in Chapter 4.
Symmetry section

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

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

(c) Seven CW blocks with thickness of 40 mm and depth of 95 mm.
Figure 6.8: Typical bending stress distributions for beams reinforced with CW
blocks with different thickness and depth.
Figures 6.9(a)-(c) display bending strain distributions of the beams reinforced by
seven CW blocks with thickness of 30, 40 and 50 mm respectively. 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, the tensile
bending strains generated are increased, as expected. By increasing the CW
thickness from 30 mm to 40 and 50 mm, the corresponding tensile strains are
increased by 28 and 39 % respectively, at the top extreme fibre. 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.
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Symmetry section

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

(b) Seven CW blocks with thickness of 40 mm and depth of 95 mm
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Symmetry section

(c) Seven CW blocks with thickness of 50 mm and depth of 80 mm
Figure 6.9: Typical strain distribution due to CW swelling for beams reinforced
seven CW block with different thickness and depth.
6.4.1.3.

Bending performance

There were 19 beams modelled in the parametric studies, including one beam
without CW reinforcement for control purposes. As in the model validation, the
beam was simply supported and applied a downward deflection of 80 mm at
midspan. Figure 6.10 shows typical bending deformation for a beam reinforced
by seven CW blocks with a thickness of 30 mm and a depth of 65 mm. The
maximum bending stresses at the top and bottom extreme fibres are 34.6 and
36.4 MPa, respectively. The lower stress at the top extreme fibre is due to the
resistance to the further compression contributed by the CW blocks.
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(MPa)

Figure 6.10: Bending stress distribution of a beam reinforced by 7 CW blocks
with the size of 30x65x75 (in mm).
6.4.2. CW block thickness against pre-camber
Relationships between CW block thickness and pre-camber of the beam
strengthened are shown in Figure 6.11. It can be seen that the larger CW block
thickness produces the higher pre-camber, so does the smaller spacing between
CW blocks. Clearly, for a given CW block depth, the improvement of precamber follows a linear relationship with the increasing of CW block thickness.
With increasing the thickness by 66.7%, the pre-camber is increased by 36.8 %
and 48.0 % corresponding to CW block spacing of 600 mm and 450 mm
respectively. The smaller spacing means a larger CW volume fraction, which
contributes a higher pre-camber in the strengthened Glulam beam.

187

Chapter 6

60

12
50
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8.02
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30 6.58

6.43
5.43

20

4

0

Precamber (mm)

CW block thickness (mm)

50

0
600

600

600

450

450

450

Space between CW blocks (mm)
thickness

precamber

Figure 6.11: Variation of CW block thickness against the pre-camber of the
reinforced beam for a given CW block depth of 65 mm.
Figure 6.12 illustrates relationships between the pre-camber and the CW block
thickness with CW block spacing, for a given CW block depth of 80 mm. The
pre-camber is increased with the increase of CW block thickness, as expected.
By decreasing CW block spacing from 600 mm to 450 mm, the pre-camber of
the beams reinforced by 30, 40 and 50 mm thick of CW blocks is increased by
34.9, 30.7 and 31.5 %, respectively. From these results, it indicates that a small
block spacing is more effective to enhance the pre-camber than increasing the
block thickness.
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Figure 6.12: Variation of CW block thickness against the pre-camber of the
beams reinforced for a given CW block depth of 80 mm.
Relationships between the CW block thickness and the pre-camber generated for
a given CW block depth of 95 mm are presented in Figure 6.13. By increasing
the CW block depth by 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. 6.9 and
6.11). Similarly, with the same increase on the CW block depth but for a spacing
of 600 mm, improvements on the pre-camber are 8.5, 28.3 and 13.3 %
corresponding to the beams reinforced by 30, 40 and 50 mm thick CW blocks,
respectively. For both the CW block spacing, the enhancement on the precamber is not significant by increasing the CW block depth from 80 mm to 95
mm (Figs. 6.10 and 6.11). This means that the block depth of 80 mm is close to
the optimum one.
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Figure 6.13: Variation of the CW block thickness against the pre-camber of the
beams reinforced for a given CW depth of 95 mm.
6.4.3. CW block thickness, depth and spacing against the ultimate load
Figure 6.14 shows relationships between the ultimate load and the CW block
thickness, CW block spacing, in relation to the CW volume fraction with
different depths of 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 lowest ultimate load for all
reinforcing groups. However, this is not always true for the largest block
thickness. In fact, the average ultimate load for the beams reinforced by 40 mm
thick CW blocks but with different depths reaches 63.86 kN, which is 10.36 %
and 8.11 % higher than those averages of the beams reinforced by 30 mm and 50
mm thick blocks with different depths respectively, i.e. 57.86 and 62.56 kN.
However, if referred to CW block depth, the average ultimate loads are 59.43,
60.91 and 63.93 kN for beams reinforced by CW blocks with depths of 65, 80
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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. 62.17 kN in comparison to 60.68 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 8.20, 7.40 and
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9.27 % respectively, related to CW block depths of 65, 80 and 95 mm.

30

0

0.00

Block number/block depth (mm)
thickness

ult. load

CW volume frac.

Figure 6.14: Variation of the CW volume fraction against the ultimate load of
Glulam beams reinforced by CW blocks with different configurations.
6.4.4. Initial bending stiffness
As a consequence of pre-camber, the initial bending stiffness would be increased
significantly. There are three groups of the parametric study models with
different CW reinforcing arrangements and one control beam without any
reinforcement. Figure 6.15 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, followed by non-linear behaviour. All beams reinforced by CW blocks

191

Chapter 6

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 15.31% higher than the
control beam.
70
60

Load (kN)

50
40

control
7CWB_T30_D95

30

7CWB_T30_D80
5CWB_T30_D95

20

7CWB_T30_D65
5CWB_T30_D80

10

5CWB_T30_D65

0
0

20

40

60

80

100

Deflection (mm)

Figure 6.15: Load-deflection curves of beams reinforced by CW blocks with
thickness of 30 mm, but different depths and spacing.
Figure 6.16 illustrates the enhancement of the initial bending stiffness 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 first yield point, followed by a slight softening until
the end. The average initial bending stiffness is 828 N/mm or 20.35% higher
than that of the control beam, which is also 4.41 % higher than that of the beams
reinforced by 30 mm thick CW blocks (Fig 6.12), i.e. 793 N/mm.
The load-deflection relationships of the beams reinforced by CW blocks with the
same thickness of 50 mm but different depths and spacing are shown in Figure
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6.17. The average initial bending stiffness of these six beams modelled is 852
N/mm or 23.84 % higher than that of the control beam.
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Figure 6.16: Load-deflection curves of beams reinforced by CW blocks with
thickness of 40 mm, but different depths and spacing.
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Figure 6.17: Load-deflection curves of beams reinforced by CW blocks with
thickness of 50 mm, but different depths and spacing.
6.5. Summary
There are nineteen beams simulated in the parametric studies using validated FE
models. The parameters covered in the simulations include the thickness, depth
and spacing of CW blocks.

The results indicate that there are significant

enhancements on the pre-camber, initial bending stiffness and ultimate load of
Glulam beams reinforced by CW blocks.
a.

The average initial bending stiffnesses of the beams reinforced by CW
blocks with thicknesses of 30, 40 and 50 mm are 793, 828 and 852 N/mm
respectively or increased by 15.26 , 20.35 and 23.84 %, in comparison to
such the stiffness of the control beam model, i.e. 688 N/mm.

b.

By increasing the volume fraction of CW in the reinforcement, it would
enhance the pre-camber at midspan of the beams strengthened. The highest
pre-camber obtained is 12.5 mm (1/288 – deflection/span ratio) for a beam
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reinforced by seven CW blocks with a thickness and depth of 50 mm and 95
mm respectively.
c.

The average ultimate load of the beams reinforced by CW blocks with the
same thickness of 40 mm but with different depths reaches 63.86 kN, which
is 10.36 % and 8.11 % higher than those averages of the beams reinforced
by CW blocks with thicknesses of 30 mm and 50 mm respectively, i.e.
57.86 kN and 62.56 kN.
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CHAPTER 7: CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE WORK
7.1.

Conclusions

Several conclusions could be drawn in this study as follows:
a.

A new approach to strengthened Glulam beams has been established in this
research. The use of compressed wood made of a low grade wood through
densification as a reinforcing material has been proved to be effective. As
only a small amount of compressed wood is needed and no bonding
between the CW and the beam is necessary, the techniques developed are
economical and environmentally friendly.

b.

The predicted pre-camber and extreme fibre strains (and therefore stresses)
of all pre-stressed short beams have showed good correlation with the
experimental results. For the long beams, there is good correlation on precamber between the simulations and the measurements for beams reinforced
by three (no CW lamina), five and seven (one CW lamina) 45 mm thick CW
blocks.

c.

Destructive bending tests for all beams pre-stressed by the CW have also
indicated that there are significant enhancements on the initial bending
stiffness and the load carrying capacity. For the short Glulam beams
reinforced by three 30 mm and 45 mm thick CW blocks (corresponding to
the CW volume fractions of only 1.2% and 1.8%), there are increases of
19% and 22% on bending stiffness and 14% and 19% on load carrying
capacity respectively. For the long beams the enhancements of the bending
stiffness are 37.1% and 45.8% for the beam reinforced by five and seven
CW blocks and a CW lamina respectively. In terms of load carrying
capacity, a beam reinforced by five CW blocks and a CW lamina carries the
maximum load of 64.3 kN, which is an 11% increase in comparison to the
control beam. The beam reinforced by seven 45 mm thick CW blocks has
shown a significant enhancement on the initial bending stiffness. It should

196

Chapter 7

also show a further improvement on load carrying capacity if there was no
premature failure. The amount of CW used to strengthen the long beam can
be increased to enhance the pre-camber and the corresponding initial
extreme fibre stresses.
d.

3D non-linear finite element models have been developed to simulate the
pre-camber of Glulam beams locally reinforced by compressed wood
blocks. The models developed have also produced the initial tensile and
compressive stresses at the top and bottom extreme fibres with building-up
moisture-dependent swelling on the CW blocks. With the pre-camber and
the initial stress state that cancel out proportions of working deflection and
stresses, the modelling has also shown the enhancements on

bending

stiffness, hardening behaviour and load carrying capacity of the Glulam
beam reinforced.
e.

Regarding the modelling of destructive bending tests of the short beams, the
predicted maximum loads are slightly higher than the test ones for beams
reinforced by three CW blocks with thickness of 30 and 45 mm, and slightly
lower for beams reinforced by three 15 mm thick CW blocks. However, the
discrepancies are within 10%. For the long beams, all modelling results
show a similar trend, with the curves demonstrating overall linear features
until a certain load level, which is varied from beam to beam between 40 kN
and 45 kN. The features observed after the initial yield have been simulated
reasonably well.

f.

Based on the simple assumptions related to the parabolic moment
distribution in analytical approach, the pre-camber predicted at midspan of
the short beams with various reinforcing arrangements gives a good
agreement with the measured pre-camber. The assumptions related to the
linear moment distribution are not appropriate for analysing the pre-camber
of the beams reinforced in this way.

g.

Using validated models, parametric studies have been undertaken on
parameters covering the thickness, number and location of compressed
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wood blocks, as well as the depth of the opening (to accommodate the CW
blocks with different heights) on the Glulam beam. The numerical data
produced are useful to optimise the enhancements on pre-camber, initial
bending stiffness, hardening behaviour and load carrying capacity of
Glulam beams strengthened.
h.

The results have clearly indicated that the reinforcing techniques developed
using compressed wood blocks are very effective means to produce precamber, which enhances the initial bending stiffness, bending strength and
load carrying capacity of Glulam beams. The technology is ready to be
applied in practice.

7.2.

Recommendations for future work

There are some recommendations for future work which could not be covered in
this study:
a.

Further experimental work in regards to creep and stress relaxation of
compressed wood is needed to study long-term structural performance of
Glulam beams strengthened.

b.

Further numerical modelling needs to be undertaken by implementing stress
relaxation law into a user-defined subroutine to investigate the tensile stress
reduced on the top extreme fibre of the Glulam beam after the swelling of
compressed wood and constraining of Glulam reach a balance point.

c.

Further theoretical analysis needs to be carried out to predict strains (and
therefore stresses) more accurately in the key locations on the strengthened
beam.
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APPENDIX :
SUBROUTINE WRITTEN IN FORTRAN CODE
SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
C
INCLUDE 'ABA_PARAM.INC'
C
CHARACTER*80 CMNAME
C
DIMENSION
DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*),TIME(2),
1 COORDS(*),EC(2),ESW(2)
C
CALL FOR TWO MATERILAS, I.E. DVW AND GLULAM
IF (CMNAME.EQ.'MAT1')THEN
CALL
CREEP_MAT1(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
C
ELSE IF (CMNAME.EQ.'MAT2')THEN
CALL
CREEP_MAT2(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
END IF
C===============================================================
======================
C
MAT1=CWCEDAR and MAT2=CEDAR with duration=60 DAYS
C
SUBROUTINE
CREEP_MAT1(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
C
INCLUDE 'ABA_PARAM.INC'
C
DIMENSION
DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*),TIME(2),
1 COORDS(*),EC(2),ESW(2)
C===============================================================
======================
A=0.1694
B=8.9363D-7
C=-6.5D-2
C===============================================================
======================
C
DESWA(1)=EXP(C*QTILD)*(A*(1-EXP(-B*(TIME(1)+DTIME)))
*
-A*(1-EXP(-B*TIME(1))))
C
WRITE(*,"(2F7.0,2E15.4)")DTIME,TIME(1),DESWA(1),QTILD
RETURN
END
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C===============================================================
======================
C
SUBROUTINE
CREEP_MAT2(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
C
INCLUDE 'ABA_PARAM.INC'
C
C===============================================================
======================
D=-0.1
E=1.59D-2
B=8.9363D-7
C===============================================================
======================
DIMENSION
DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*),TIME(2),
1 COORDS(*),EC(2),ESW(2)
C
DECRA(1)=(E*(1-EXP(-B*(TIME(1)+DTIME)))
*
-E*(1-EXP(-B*TIME(1))))*(EXP(D*QTILD))
C
WRITE(*,"(2F7.0,2E15.4)")DTIME,TIME(1),DECRA(1),QTILD
RETURN
END
C===============================================================
======================
RETURN
END
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