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1. Introduction

Although it was found that most of the research foci were on reinforcement of timber
connections and flexural members, columns and shear walls play a crucial role in the
prevention of structural collapse. Recent trends to build taller timber structures, a demand for
structures with larger span, and re-use of existing structures for different purposes have made
reinforcement of timber columns and shear walls increasingly important. In addition, repair
of damaged timber columns and shear walls so as to prevent further damage to the structures
and elongate the life span of existing structures is also important. This paper provides an
overview of techniques available to repair and strengthen timber columns and shear walls in

both research and practice.

2. The need to reinforce/repair timber columns and walls

A column is a member in a structure that takes vertical load and sometimes bending moment
transferred from a beam via connections. It is crucial to the stability of a structure. A timber
shear wall is an important structural element that provides lateral stability to the structure and
resists horizontal forces, such as earthquake and wind. They provide substantial in-plane
stiffness and only limited out-of-plane stiffness. The reasons to reinforce timber shear walls

are: (a) to enhance stiffness and strength; (b) to improve ductility; and (c) to increase energy

1



10

11

12

13

14

15

16

17

dissipation capacity. Note that in this paper only shear walls made of timber will be discussed.
For example, in some half-timber framed structures, stones, bricks (Figure 1) and wattle and

daub (Figure 2) are often used as in-fill elements and therefore are outside the scope of this

paper.

Figure 1 Half-timber frame with brick  Figure 2 Half-timber frame with wattle and
infill daub infill

There are a number of situations where a column and a shear wall in a building need to be
repaired or reinforced. These include biodeterioration, mechanical failure, cracks, and the

need for higher strength.

2.1 Biodeterioration

Columns, when touching the ground without any measure to isolate them from damp, are
prone to elevated moisture content levels which will lead to bio-deterioration due to insects
(such as termites) and fungal attacks. This is a common form of decay that can be found
where the column touches the ground (Figure 3). Although it is advisable when designing a
timber column to select the timber carefully as the most common form of deterioration is

from attack of the sapwood by insects while the heartwood remains untouched [1], the rise of
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moisture content in a column will lead to fungal defects and attract termites to attack the
member. The termite prefers a dark and wet environment so often attacks the internal part
which leaves the outside unseen, as shown in Figure 4. This failure mode in a column not
only reduces the mechanical properties of timber but also reduces the effective section area.
When a round column is attacked by termites and the effective section reduced by 50% from
inside, the critical strength for buckling reduces by 25% and compression strength by 50%.
This means that the failure mode of the column can change due to termite attack; furthermore
the risk of termite attack to column members is higher due to the fact that it is difficult to
observe visually. Another common form of biodeterioration, in particular to timber marine
piles, is due to marine organisms. Fungi and marine borers cause significant damage to

timber piles and lead to a decay in strength [2].

Figure 3 Bio-deterioration in a column  Figure 4 Timber strut attacked by termites
that has contact with the ground

2.2 Mechanical failure

Compared with beam members, creep is less onerous in a column member. A column
normally takes only vertical load; in some circumstances it will take combined compression
and bending. The former will lead to buckling or crushing failure of the column, whilst the

latter will result in partial yielding or split along the grain, as shown in Figure 5. Slender
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compression members are susceptible to buckling. When a compression member has (a)
insufficient section size; (b) vertical cracks so the effective section is reduced; or (c) low
material strength, it is prone to buckle. The buckling of a compression member is a failure
that often occurs without warning. Crushing failure in a structure is less likely to happen,
particularly in an engineered structure. However, as discussed previously, when a column is
under high compression stress combined with termite attack from inside, there is a possibility
that the column will fail by crushing due to insufficient section. It is therefore important to
consider whether compression members within a structure are highly stressed, and if any

action needs to be taken to ensure the prevention of the column from buckling and crushing.

2.3 Cracks and rupture

Cracks occurring in timber members often result from the differences between the drying
speed in interior layers and outer ones. The drying stresses will build up if the outer layers are
dried to a level that is much lower than the fibre saturation point while the interior is still
saturated [3]. Rupture in timber occurs and, in consequence, cracks occur if the drying stress

exceeds the strength perpendicular to the grain, as shown in Figure 6.

e S

Figure 5 A column damaged due to an

earthquake Figure 6 Vertical cracks occur in a column
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2.4 Need for higher strength

Recently there has been a trend all over the world to strive for higher timber constructions.
Two mid-rise timber apartments were completed in London, UK prior to 2011. Another 10-
storey timber apartment was completed in 2012 in Melbourne, Australia. These residential
buildings are all built by using cross laminated timber (CLT), an engineered timber product
with several layers of dimension lumber oriented perpendicular to one another and then glued
to form structural panels. The CLT panels provide high strength and have enabled engineers
to design taller timber buildings by using a shear wall system. Further tall timber buildings
are at the planning stage and therefore it seems likely we will see more and more tall timber
buildings in the future. To achieve taller timber buildings we need timber products with
higher strength, in particular those which will be used in the lower parts of the building.
Rehabilitation projects are another situation where we will need higher strength in columns
and shear walls within a structure. When an existing building is redesigned for another
purpose, such as an office, larger span is needed and this increases the stress level in timber
columns and walls. We also need timber columns and shear walls to have higher strength in

order to resist the self-weight built up when buildings are higher.

3. Repair and reinforcement of timber columns

3.1 Prosthesisation

When dealing with historic buildings, engineers and architects need to balance authenticity of
the structures after renovation/repair with assurance of the strength of the structure to carry
the load needed. To minimise the amount of timber being replaced, prosthesisation has
become common practice when the timber members are bio-deteriorated due to termites or

insects. It is a method that replaces only the decayed or failed part with a new portion.
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Timber used for prosthesisation, in particular for the conservation of historic buildings, must
be carefully selected so that the nature of the new timber will match that of the old. The
moisture content of the timber being used should be close to that of the existing members so
that moisture movement can be avoided. Figure 7 shows an example of a column being
prosthesised after it was partially damaged. When a new prosthesis is adopted to replace the
damaged portion in a timber member, two methods exist to connect the old and new members:
(a) local and traditional carpentry as shown in Figure 8; and (b) glued-in members for the
connection. For both cases, modern adhesives are often used to ensure the continuity of the
new column. Although prosthesisation is common practice nowadays in historic building

conservation in many countries [4], there is a lack of research work on this method.

A A N Wy
Figure 7 A new timber component was Figure 8 Partial replacement repair in
used to partially replace a rotten column Daibei Temple (1550), China /4]

with traditional carpentry
3.2 Screw reinforcement
Screws have been widely used recently to reinforce timber members; they can be used to
enhance mechanical properties of cracked timber columns. When a column has cracks, the
strength is reduced due to the potential of local buckling of the unsupported cracked portion,
and this can be resolved by using screws to reconnect them together. Song et al. carried out a

series of tests to study the effect of self-tapping screws to repair timber columns with vertical



1 cracks and compared that with timber columns repaired by Fibre Reinforced Polymer (FRP)
2 pads [5]. The vertical cracks were simulated by making slots in the column with a width of 6
3 mm and a length of 1500 mm. Vertical load was applied to the columns with pin connections
4 at both ends. The conditions for the specimens are shown in Table I and the specimen design
5  shown in Figure 9. The failure modes of each specimen are shown in Figure 10. It was
6  observed from the tests that the maximum loading capacity of Specimen 2 (cracked and
7  unrepaired) was more than 30% lower than that of the intact column (Specimen 1), and this
8  shows that the vertical crack will weaken the column. The experimental results also showed
9 that self-tapping screws will improve the strength of the cracked specimen to a level close to
10  the intact ones. The additional work of filling the crack in a column does not affect the
11 strength of the cracked column. The strength of the cracked column repaired by FRP pad

12 showed similar results to those repaired by self-tapping screws.

13
14
N 6 - 200
2 i % m
o § ) o a. Intact
]
; T b. Cracked
o
I:] & ¢. Screwed
| . ‘ d. FRPed
200
15 a. Intact b. Cracked c. Screwed d. FRPed

16  Figure 9 Specimen design of repairing cracked timber column by using screws and FRP pads
17 [5]
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Table 1 Specifications of column and experimental results by Song et al (data source: [5]).

No. Dimensions (mm)  Slotted Filled Retrofit Diameter/width!  Spacing Ultimate
(mm) (mm) strength (kN)
1 200 x 200 x 1800 N - - - - 846.38
2 200 x 200 x 1800 Y N - - - 570.94
3 200 x 200 x 1800 Y N STS 6 250 736.34
4 200 x 200 x 1800 Y N STS 6 250 895.03
5 200 x 200 x 1800 Y N STS 6 250 675.21
6 200 x 200 x 1800 Y Y STS 6 250 811.52
7 200 x 200 x 1800 Y Y FRP 100 200 835.20

Note: ! diameter for screws and width for FRP sheets

Figure 10 Failure mode of columns reinforced by different strategies tested by Song et al. [5]

This study shows self-tapping screws to be a good repair measure; in particular because it is
reversible, i.e. the self-tapping screws can be removed in the future once more efficient ways
of repairing timber columns have been developed. More work needs to be done on
investigating factors, such as the dimensions of the cracks, the spacing of the screws and the

performance under dynamic loading, before this method can be widely implemented.

3.3 Steel member reinforcement
In the early stages of reinforcement and repair of timber structures, the focus was mainly on
using metallic reinforcement, such as steel bars and plates. The idea of using steel members

to reinforce a timber column is to: (a) facilitate a timber column to carry or transfer load



[e o]

10

11

12

13

14

15

(Figure 11); and (b) to prevent crack to split. The common forms of steel reinforcement
include: (a) steel plate with nails or screws; (b) punched metal plates; and (c) steel glued-in
rods. However, the focus was mainly on beam elements and connections; efforts being
devoted to the reinforcement of columns were relatively scarce. Tanaka et al. compared the

effect of a column reinforced by steel plate with that of one reinforced by carbon fibre sheets

[6].

Figure 11 Steel members are used to connect two columns to transfer load

Buckling tests were carried out, and the parameters considered include (a) slenderness ratio
of column, (b) boundary conditions for steel plates in the reinforced column, and (c)

reinforcement methods (steel plates and carbon fibre sheets). The sections of the specimens
of the experiments are shown in Figure 12 and the reinforcement arrangements are depicted

in Figure 13.

Steel plate Lag screw Carbon fiber sheet

63x6 mm /L=5 0 mm, 9¢ 105x105 mm

" I Gias | ittt Buckling axis

L -

F---@---4  femmeaeaaa 14 El £ ] SN
T
I f f
(a) Cross section of columm () Cross section of column (a) Column reinforced (b} Column reinforced
reinforced with steel plates reinforced with carbon fiber sheets with steel plates with carbon fiber sheets

Figure 12 Section of the columns reinforced by Figure 13 Different reinforcement
steel plates and carbon fibre sheets [6] arrangements [6]
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The experimental outcomes showed that steel plates reinforced timber columns have load-
carrying capacities at least 2.5 times higher than that of unreinforced timber columns, whilst
columns reinforced by carbon fibre sheets exhibit 1.3 times higher load-carrying capacities

than unreinforced.

3.4 Composite material reinforcement

Repair and reinforcement of damaged timber members by composite material, such as FRP
and GFRP, has been developed over more than 2 decades. Composite material has a
remarkable strength-to-weight ratio and leads to light weight strategies when repairing or
reinforcing these damaged members. Substantial amounts of effort have been devoted to
investigating increasing the strength properties of intact timber members after the application
of FRP or GFRP bonded externally [7-11]. Zhang et al. carried out a series of tests on
repairing cracked columns by using FRP wrapping and developed finite element models to
simulate the behaviour for parametric studies [12]. The factors considered include (a) the
column dimensions, (b) the crack dimensions, (¢) whether the crack was filled, (d) FRP
properties and (e) FRP spacing. A total of 17 specimens were tested and six different failure
modes were observed. Figure 14 shows the specimens tested and factors considered. The
experimental results showed that different combinations of factors, in particular the FRP
spacing, will result in different failure modes. It was evidenced in the series of tests that the
load-carrying capacity of a column decreases with increase in the length and width of the
cracks and the influence of the crack width is more significant. It was also observed that
reducing the FRP spacing will increase the recovery of load-carrying capacity of cracked

timber columns.

10
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Figure 14 The specimens and different factors considered in the series of tests carried out by
Zhangetal. [12]

Oprisan et al. shows different methods of using FRP composite to strengthen a timber column.
They include: (a) FRP fabric with different fibre orientations; (b) FRP strips to provide
confinement; (c¢) FRP strips to share the load; and (d) using embedded FRP rods and fabric to
provide confinement [13].

A series of tests was carried out by Taheri et al. to investigate the buckling response of
glulam columns reinforced with FRP sheets with different lengths and end fixity [14]. The
reinforcement levels included non-reinforcement (control), fully reinforced, and partially
reinforced (the FRP sheet was one-third of the length of the column and attached in the
middle of the column). The boundary conditions of the column were pinned-pinned and
fixed-fixed ends. It was found that columns which were fully reinforced had a higher strength
compared with the other conditions. The experimenters concluded that using FRP for
partially reinforcing a glulam column is more effective for the pinned-pinned case as the
strength of the column reached almost half of the increase in strength of those fully
reinforced, yet only used one third of reinforcing material. Most FRP composites use organic
matrices in manufacturing FRP plates, but since the 90s there has been significant progress

in manufacturing FRP with inorganic matrices that are non-toxic, have good fire resistance,

11
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and are not affected by UV radiation [15]. A series of tests to investigate the confinement of
circular timber columns using inorganic CFRP was carried out by Najm et al. [16]. They
tested 40 column specimens in axial compression, two different wrapping methods for the
CFRP; spirals and full wrapping. The specimens and the carbon reinforcement used in the
tests are shown in Figure 15.

The reinforced column specimens exhibited higher strength and stiffness than the
unreinforced specimens. It was also observed that specimens that were fully wrapped had
higher strength and stiffness compared with those that were partially reinforced (spiral
reinforcement). With respect to strength increase and fibre content, it was observed that the
average load-carrying capacity of the column increased with the decrease of the spacing of
CFRP, i.e. increase of the amount of CFRP. The same phenomenon can be found for the axial
stiffness of the column specimens. In other words, the more CFRP used, the better the

mechanical properties the columns will have, as can be seen in Figure 16.

100 - : e ; 100

Y T OO S SR SN SO SRR I
: Increase in Elastic Mcodulua/i’rI

bl Y

60 60

48k tows 3k fabnc

- 40

Increase in Elastic Modulus (%)
Increase in Maximum Load (%)

-50 mm spiral 4

4 20

f S -
0 5 10 15 20 25 30

48k tows full wrap 48Kk two spirals

Carbon Fiber Content (grams)
Figure 15 Column specimens and carbon  Figure 16 Ultimate strength and elastic
reinforcement used by Najm et al. [16] modulus of columns versus fibre content

[16]
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3.5 Post-tensioned strengthening

Post-tensioned strengthening is a relatively new development in the seismic field. It can
provide the column with self-centre capacity after a column has undergone large deformation.
An extensive experimental campaign was carried out on beam-to-column, column-to-
foundation and wall-to-foundation subassemblies for the implementation of LVL hybrid
solutions [17, 18]. The design was to use external energy dissipaters together with post-
tensioned effect to provide re-centring and energy dissipation capacity of a timber column.

Figure 17 and Figure 18 show the specimens and experimental setup, respectively.

Unbounded 150 kN Load Cells
p«m-1|c|;||:-'lumd [ | Resction Frame
cables

e A LA

COLUMN SECTION

e
450 _*

e S0KN Losd Cell

Transducer

1,600

[hssipaters

i~
I Steel Foundation
Column to Foundation
. g Py Py FITTIITS
Figure 17 Column to foundation =0
specimen with post-tensioned Figure 18 Experimental setup for post-tensioned
reinforcement and external strengthening of LVL column [17]

energy dissipater [18]

The hysteretic loop (Figure 19) shows a flag-shape, and it was observed that 4.5% of the
storey drift was achieved in the tests; there was no degradation of stiffness and no structural
damage after the tests. The residual deformation was still negligible as the post-tensioned

mechanism helps the column to re-centre when unloading.

13
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Figure 19 Hysteretic loop of a post-tensioned strengthening LVL column [17]

3.6 Enlargement of column cross section

Enlargement of the cross section of a column will help to reduce stress within the column so
as to reduce the potential for buckling and material yield in compression. In some structures,
such as those found in Japanese temples, large section columns will contribute to resisting
lateral load by providing restoring forces [19]. Suda, Tasiro and Suzuki [20] proposed to
enlarge the column base of existing structures (Figure 20) to increase the restoring force,
which helps the column to return back its original position from its movement, so as to

enhance the aseismic behaviour of traditional temples.

Figure 20 Enlargement of column base proposed by Suda, Tasiro and Suzuki [20]

Shaking table tests were carried out to investigate the effectiveness of the proposed
reinforcement method. The reinforced column shows higher restoring force at the same
deformation. A column with diameter of 300mm was used, and the column base was

increased to 400 and 500mm as reinforcement. It showed, respectively, 200 and 300%

14
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increase in restoring force when the structure has 7% inter-storey drift. This gives the whole

structure better lateral force resistance.

4. Reinforcement of timber shear walls

This section solely discusses the strategy to reinforce timber shear walls; it is worth noting
that repair and strengthening of timber shear walls are often achieved through an intervention
on the joints and beams. There are several solutions to strengthen timber shear walls [21],
such as:

¢ to reinforce shear walls with diagonal elements

e to reinforce the beams using wood-based materials

e to use additional sheathings

e to post-tension the walls using prestressing wire.
The first solution is the simplest method and is popular. The effectiveness of this method
relies heavily on the stiffness of the fasteners connecting the boards to the frame. The second
method is to attach steel diagonal elements to timber frames so as to share the force with the
timber shear walls. The first two solutions are relatively straightforward and can be designed
by calculation, therefore only limited research efforts have been devoted to these two
methods.
The remaining solutions ensure that the reinforced timber shear walls will have higher
ductility and strength. These methods have attracted more attention in research and are

discussed below.

4.1 Composite material reinforcement as diagonal element
A series of research programmes have been carried out on reinforcing timber shear walls

using FRP strips by experiments and numerical analyses [22, 23].A total of nine specimens

15
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were tested in three groups and the CFRP strips were glued on the fibre-plaster board (FPB)
attached to the timber frames [22]. Figure 21 shows the specimen for the tests. The first group
(G1) used two CFRP diagonal strips with width of 300 mm glued on to the FPB and also onto
the timber frame; whereas the second group (G2) used 600 mm wide CFRP diagonal strips
with the other conditions being the same as the first group. The third group (G3) has two 300
mm width CFRP strips glued on the FPB but not attached to the timber frame. The
experimental results revealed that the third group had the highest elastic resistance (force
forming the first crack) although it was found to increase in all the CFRP strengthened test
samples. The results from this series of tests showed that the three reinforcement methods do
not increase the stiffness but increase the strength. An analytical model has been further
developed to approximate the behaviour of timber shear walls reinforced by CFRP strips with

satisfactory agreement [23].

4.2 Reinforcement by using wood-based materials

Timber framed structures are a common type of structure in many countries. It has been
observed that the soft-storey in a timber framed structure can protect superstructure by
exhibiting plastic deformation of the soft-storey [24]. Lam, Prion and He carried out tests on

light-weight timber shear walls with oversized board, and found substantial increase in both
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stiffness and lateral load carrying capacity in shear walls built with oversize panels under
monotonic loading[25]. One common way to reinforce existing timber shear walls is to add a
layer of plywood or other wood-based panel [26]. The additional sheathing will facilitate
taking lateral loads imposed on the existing walls. This is particularly useful to reinforce
light-frame structures with soft-storey buildings. However, this is expensive and not
applicable to some structures with large openings [27].

Chang, Hsu and Komatsu proposed a new solution to reinforce traditional planked timber
shear walls (Figure 22) after an earthquake by inserting hardwood strips into grooves in
beams that accommodate these timber planks [28]. Two different species of hardwood were
used, Teak (Tectona grandis) and Padauk (Pterocarpus spp.). The results revealed that the
timber shear walls reinforced by Padauk and Teak show a 100% and 60% increase in strength,
respectively, compared with unreinforced and intact timber shear walls. The reinforced

timber shear walls also exhibit better energy dissipation under cyclic loading.

sy

~— Beam

Column

Wooden Plank

Hardwood strip
(20x20 mm)

Groove
(20%40 mm)

Figure 22 Schematic drawing of the reinforcement strategy [28]

4.3 Post-tensioned strengthening
Strengthening of timber shear walls by using the post-tensioned technique provides a very
unique opportunity to achieve better aseismic behaviour for timber walls. In the experimental

campaign described in Section 3.5 [17, 18], two different types of post-tensioned timber shear

17
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walls were tested, i.e. the single (Figure 23) and coupled timber walls (Figure 24). In the
coupled wall specimens, a U-Shaped Flexural Plate (UFP) was developed and adopted to
connect two smaller units of shear walls. The hysteretic loop of the coupled walls system
shows a promising result as the system combines good energy dissipation capacity and
recentering effect as shown in Figure 25.

Energy dissipater
|

—— —— 1

.--"‘-! |

Prestress tendon 6

""'n-.____
-~

Prestress wire

7 7

Figure 23 Schematic illustration of post-  Figure 24 Schematic illustration of coupled post-
tensioned timber shear wall tensioned timber shear walls

This technique shows good future potential for seismic-prone areas. However, to achieve a
more robust system more research should be done to help engineers to deal with long-term
creep in shear walls caused by post-tensioned and stress relaxation.

Coupled Wall With UFP dissipaters

-3 . - 0 1 2 3
Drift (%)

Figure 25 Hysteretic loop of coupled walls [17]
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5. Discussion

The previous sections provide an overview of different methods to repair and reinforce

damaged and undamaged timber columns and shear walls, tabulated in Table 2 and Table 3.

Table 2 Summary for repair and reinforcement of timber columns

o Screw Steel Composite Post-
Prosthesisation , . .
reinforcement  member material tensioned
Increase 3 .
Cracked strength? NA X NA X NA
members Inprease NA X NA X NA
stiffness?2
Increase
n
%’) g Bio-decay __strength X NA NA X NA
= E members Inprease X NA NA X NA
stiffness
Increase
25 6
Intact strength NA ' 0 0 0
members Inprease NA 2 0 0 0
stiffness
Increase
0
3 é members strength " . 0 0 0
zZ 2 Increase
< stiffness NA ? 0 0 0
References 4, 29] 5] 6] [7'9’115'14’ (17, 18]
Remark:

1 Strength increase compared with before intervention

2 Stiffness increase compared with before intervention

3 NA Not applicable

4 X: Applicable and will not increase properties (such as stiffness and strength)
5?: Needs further research

6 0: Applicable and will increase properties (such as stiffness and strength)

19
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Table 3 Summary for repair and reinforcement of timber shear walls

Prosthesisation Compog lte Timber member  Post-tensioned
material
Increase 5 . .
damaged strength? X NA 0 NA
members Increase
§’ é stiffness?2 X NA 0 NA
2 1% Increase
wa Intact strength NA 0 0 NA
members Increase
stiffness NA X 0 NA
Increase
3 é members strength . ° ° °
=z 2 Increase
3 stiffness NA X 0 0
References [21-23] [28] [17,18]
Remark:

1 Strength increase compared with before intervention

2 Stiffness increase compared with before intervention

3 X: Applicable and will not increase properties (such as stiffness and strength)
4 NA: Not applicable

50: Applicable and will increase properties (such as stiffness and strength)

5.1 Reversibility

When dealing with architectural heritage, techniques used to repair or reinforce a structural
member should be reversible whenever possible. The literature has shown there to be a lack
of research into reversible repair techniques for these valuable cultural heritage buildings.
Using composite materials, such as FRP and CFRP, with timber tends to be an irreversible
technique due to the adhesive used. The screw repair technique proposed by Song et al. is
reversible [5], but more research should be carried out to investigate other parameters such as

spacing between screws, types of self-tapping screws, the effect of the size of cracks, etc.

5.2 Long term behaviour of reinforced structural members
Timber is a mechano-absorptive material and therefore creep needs to be considered when
long-term loadings are imposed; it is particularly onerous when the moisture content of the

timber members constantly varies between high and low levels. Post-tensioned reinforcing

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

techniques tend to introduce high levels of stress into structural members and therefore the
long term behaviour of timber columns and shear walls reinforced by this technique should
be investigated. The post-tensioned system reviewed in this paper [17, 18] introduces a
compressive stress on the timber column perpendicular to the grain, where beams are
connected to the column. This in turn will lead to creep in the material. How this creep will
affect the reinforcement will need to be addressed in the future. Another important issue to be
considered is ageing and weathering of composite material used in reinforcement and
strengthening. Avent tested epoxy reinforced timber connections and pointed out that the dry
condition shear strength of epoxy repaired Southern pine was reduced by one-third when

the repaired member was exposed to natural weathering conditions [30].

5.3 Fire performance

Timber has low thermal conductivity; it is measured at approximately 0.8 (measured in
J/h/m?/mm/°C) compared with 12.6 for concrete and 312 for steel [31]. Most epoxies begin to
soften at 90°-120°C and the strength rapidly decreases. Therefore it is good practice to inject
epoxy into timber to repair the interior regions and the timber will protect and slow down the
strength reduction of the epoxy. In the event of fire, the composite material and epoxy are
exposed to fire in those composite material reinforcement methods described previously ([5],
[7], [8], [9], [22]). This will lead to the reinforcement and strengthening measurements
becoming ineffective. Furthermore, when selecting the composite material and adhesives for
reinforcement and repair, one should ensure that no toxic emissions occur during the fire.
The strength of steel is halved when exposed to a temperature of 600°C and therefore a
similar situation can be found in steel reinforcement of timber members [5, 6]. Hence it is
important to develop appropriate reinforcement and strengthening methods for timber

members in the event of fire.
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5.4 Effectiveness of prosthesisation

There is no evidence as to how effective the prosthesisation technique is, although this is a
widely accepted practice within architectural heritage conservation programmes. Research
efforts should be invested in experiments as well as in developing design guidelines for this
practice, such as the buckling response of timber columns where the lower part of the portion

is replaced by new timber with traditional carpentry.

6. Summary

An extensive overview has been carried out in this paper on different repair and
reinforcement techniques that should be implemented on timber columns and shear walls
under various circumstances. The existing research has shown that reinforcement of columns
by screws and composite materials such as FRP are effective although there is a need to
investigate the long term performance of these measures. Compared with timber columns,
less research has been carried out to explore strategies to reinforce and repair timber shear
walls. However, reinforcement and repair of timber shear walls by employing composite
materials or hardwood appear to be effective, as has been demonstrated by some authors.
This paper also discusses and analyses the need for future research on the repair and

reinforcement of these structural elements.
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