Edinburgh Research Explorer

An analytical model for the loading capacity of splice-retrofitted
slender timber columns

Citation for published version:
Li, H, Qiu, H & Lu, Y 2020, 'An analytical model for the loading capacity of splice-retrofitted slender timber
columns', Engineering Structures, vol. 225, 111274. https://doi.org/10.1016/).engstruct.2020.111274

Digital Object Identifier (DOI):
10.1016/j.engstruct.2020.111274

Link:
Link to publication record in Edinburgh Research Explorer

Document Version_:
Peer reviewed version

Published In:
Engineering Structures

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN (75 ACCESS

Download date: 23. Feb. 2022


https://doi.org/10.1016/j.engstruct.2020.111274
https://doi.org/10.1016/j.engstruct.2020.111274
https://www.research.ed.ac.uk/en/publications/cd174969-9c25-47e4-9f2a-f8c831a39dc5

10
11
12
13
14
15
16
17
18
19
20
21
22

An analytical model for the loading capacity of splice-retrofitted slender

timber columns

Hongmin LPY, Hongxing Qid, Yong Lf
aDepartment of Timber Structures, College of Matercience and Engineering, Nanjing Forestry

University, 159 Longpan Road, Nanjing, 210037,China

bKey Laboratory of Concrete and Prestressed Con8tetietures of Ministry of Education, Southeast

University, Nanjing 210096, China

¢Institute for Infrastructure and Environment, SdhafcEngineering, University of Edinburgh, Edinbbrg
EH9 3JL, UK

Abstract: Retrofitting timber columns in traditidrtamber structures with a steel jacketed splice
joint has advantages of aesthetic appearance amthrsimechanic performance to the intact
columns as compared to conventional simple splidtenens. The axial compression behavior of
such retrofitted splice columns has been studigerxentally in detail. However, there is still a
lack of a calculation model for their axial comwigs strength and general guideline for their
design. The objective of this study is to estabiistmeoretical calculation model for this type of
retrofitted splice columns. Firstly, a theoretioaddel for the axial compressive strength of splice
columns retrofitted with a steel jacket is proposedsidering the contact stresses at a splice joint
and the relevant stability theory. Secondly, thekling modes of splice columns and the actual
stress distributions at the splice joints (i.e. ¢tbenpressive stresses at the steel-timber and timbe
timber interfaces) are thoroughly investigated.alyn the theoretical model is validated by the
experimental data and finite element analysis tesuith different splice parameters. Comparisons

show that the theoretical calculations in termthefbearing capacity and stability coefficient &gre
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well with the experimental results. The proposexbthtical model is also shown to be suitable for
predicting the axial compressive strength of aofiéted splice column with the location of the
splice from the column end ranging from 1/5 to df2he column length. The relative errors in the
theoretical bearing capacities with respect tdittiee element results are found to be less than th
using the stability coefficient. From the analygsults, the length of the splice and the totajtlen

of the steel jacket are recommended to be in thgeraf 0.5~1.5 and 2~4.5 times of the column
diameter, respectively. This proposed theoreticad@hcan be applied in the retrofitting design of
timber columns in historical timber structures, &r@n also be applied in the development of new
large-space timber structures where splice columeg be incorporated.

Keywords: Splice column, Steel jacket, Stable bearing capaakial compression

1. Introduction

Decaying and aging are common in timber elemerttssiorical timber structures. Considering the
conservation of the original material and strudtaggpearance, it is preferable to replace only the
severely decayed part with a new segment througpliee joint. The flexural performances of
different types of splice joints in retrofittingriber beams, such as a lapped scarf joint, dowel-typ
timber connections, glued-in rods timber connecta®rif-tapping screws, and long treaded rods
have been investigated by many researchers [1Hi8}ever, there have been limited studies on
the axial compressive performance of the splicéginans.

Some existing studies concerning the compressibavier of spliced columns have mainly
focused on spliced short columns through experiaténtestigations [14, 15]. However, slender
timber columns are common in ancient timber stmgstuand such slender columns are usually
under both axial load and bending. Thus, the faibfra splice column depends very much on the
stable bearing capacity. For intact timber columnsger bending and compression, analytical

methods are available for the calculation of trelbearing capacity. Buchanan [16] proposed a
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strength model with bending and axial load inteéaactor intact timber members. Huang et al. [17]
proposed an analytical model to evaluate the l@adsing capacity of slender engineered
bamboo/wood columns subjected to biaxial bendibcampression. Song and Lam [18] proposed
a numerical analysis model based on the columredé@h curve method and verified by the
material test and biaxial eccentric compressiondéimber beam-columns. However, there is a
lack of theoretical calculation models and desigidglines for retrofitting the timber columns, and
no information is available with regard to the effef the length and position of the splices.

In this paper, an analytical model for the axiainpoession capacity of the splice-retrofitted
columns using a steel jacket is developed. This tyfpsplice joint reinforced by a steel jacket has
been proposed in recent studies and the axial @ssipe performance of columns retrofitted with
this type of splice has been investigated experiatigri19, 20]. The steel jacket is used to enhance
the wood joint through confinement and frictionveeen the wood joint and the steel jacket, thus
increasing the moment transfer capacity of thetjditowever, there has not been a simplified
theoretical model which may be used in the desiglyais of the load bearing capacity of timber
columns retrofitted with this type of splice joifm. the present paper, an analytical model for the
axial compression capacity of the splice-retrafittmlumns using the steel jacket is proposed,
based on the results from the experiment and #iglisy theory. Furthermore, a finite element
simulation study is performed to examine the infleee of the main parameters on the behavior of
the splice joint.

2. Experimental programme

The axial compressive performance of the splicarnak retrofitted with the steel jacket has been
analysed in detail in the earlier experimental gtid®, 20]. Herein the key design parameters for
the splice joint, material properties, and the nexiperimental conclusions of the retrofitted splice

columns are briefly introduced. The informationlwgitovide a basis for the development of the

theoretical calculation model and the numericalysis
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2.1. Design of test specimens

The detailed configurations of the column specimaesillustrated in Fig 1. The traditional half-
cut joint was adopted for the splice and the jaiat located at the mid-height of the columins.
andL; are the length of the steel jacket and the spdiogth, respectively.e= (Ls-L:) /2 is the length

of the steel jacket extending from the splice fadd® length and the nominal diameter of the
columns were 1800mm and 100mm, respectively. A witd5 column specimens were tested,
including two groups and six test column seriesnely a) intact columns as the reference for
jointed columns (referred to as group RKR) jointed columns reinforced by steel jacket (nefd

to as group SC), and this group was further diviga 5 series, with SC1 and SC3 focusing on
the influence oLe and SC2, SC4, and SC5 focusing on the influende. dhe details of the 15

tested columns are summarised in Table 1.

900

1800

N

1 800

>
Cross section

Cross section at .
at mid-span

mid-span

@) ) (b

Fig. 1. Test timber columns: (a) Intact columns (R@®) Splice columns (SC)
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Table 1 Details of the 15 specimens

Column Column Number of L Le
group series specimens (mm) (mm)
RC RC 5 — —
SC1 2 130 50
SC2 2 130 100
SC SC3 2 130 150
SC4 2 50 100
SC5 2 200 100

2.2. Material properties and test method

The mechanical properties of the timber materials dach specimen were experimentally
determined [21-23] and the results are listed bld2, in whichf., E, fn, fo,r andf g denotes
respectively the compressive strength along thedwgrain, compressive modulus of elasticity
along the wood grain, bending strength, overall passive strength in the radial direction and
local compressive strength in the radial directiime average bending strength is 86.5 MPa and it
has the least coefficient of variation (COV). Thame interactions among parameters, e.g. the
average value and coefficient of variation of thiorof the E td¢ is 315.8 and 8.0%, respectively.
The average value and coefficient of variation tué tatio of thefy, to fc is 2.77 and 13.8%,
respectively.

The modulus of elasticity and tensile strengthhef $teel jackets were found to be 208 GPa
and 340.2 MPa, respectively [24]. Since the innaméter of the steel jacket was the same as the
diameter of the column in the design, no interfa@ssure was considered in the steel jacket.

Table 2 Material properties of column specimens

Column f/MPa E/MPa fn/MPa for/MPa f' ./ MPa
RC-1 27.1 9110 - - -
RC-2 32.3 9650 83 2.66 3.49
RC-3 38.8 11288 93 3.00 3.11
RC-4 30.1 9824 93 1.68 3.15
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RC-5
SC1-1
SC1-2
SC2-1
SC2-2
SC3-1
SC3-2
SC4-1
SC4-2
SC5-1
SC5-2
Mean

Cov. (%)

33.2 10335 89 2.59 -
29.1 9229 76 2.18 3.19
32.9 11844 78 2.77 4.36
28.5 8573 71 2.35 4.04
40.2 10911 91 3.76 -
31.3 10928 97 2.05 4.49
26.9 8711 97 - 3.96
33.7 9396 88 3.2 -
27.6 8121 94 2.06 3.36
26.2 8867 73 1.20 -
31.0 10539 88 - -
31.3 9821.7 86.5 2.46 3.68
12.8% 10.9% 9.8% 27.0% 13.8%

The column specimens were tested under axial casiore which was applied using a MTS

testing machine. The columns were connected ateatho a spherical hinge (pinned end), which

was then attached to a support base at the bottwitthe loading head at the top. The lateral

deflection was measured from a combination of tenzwontal displacement transducers installed

at the mid-span and arranged at & &fgle to each other, as shown in Fig. 2.

-
Spherical
2l
@ inge
o Displacement
K meter
Hose clamp

Fig. 2 Experimental set-up (Unit: mm)

2.3. Discussion of the test results



114  Specimens in Group RC exhibited small lateral a¢ifte in the mid-span before the peak loads
115 were reached. Beyond the peak loads, the laterfé&ction increased abruptly, showing a
116 characteristic of instability failure (Fig. 3a). @ hesults from Group SC showed a decreased lateral
117 displacement at the peak load with increased sphtension lengthe. (Fig. 1), and this indicated
118 that the stiffness of the spliced columns increassd increasedlt is noted that specimen SC1-1
119 had apparent initial bending. The initial bendiad to a large lateral deflection before the ultinat
120 load was reached and a final eccentric compredaitre. For specimen CS3-2, the two splice
121 parts wrapped in the steel jacket did not come d¢otttact with each other at the beginning of the

122 test, and this meant the actual length of CS3-2shkaster than other specimens.

123

124 (@) (b)

125 Fig. 3. Failuremodes: (a) RC, (b) SC

126 The ultimate axial load capacity of specimens iouprSC reached more than 50% of that of

127 the reference Group RC (Table 3). The ultimatelds&d capacity of the columns within Group
128 SC increased ds. increased (SC1~SC3). On the other hand, no dlead twas observed in the

129 relation between the ultimate axial load capadaiiy the main splice length(SC2, SC4, and SC5).

130 Table 3 Ultimate load of columns (kN)

Colurr RC1 RC2 RC3 RC4 RCS5 SCiH1 SCi2 SCi-2
Ultimate loac 17€ 186.C 239.¢ 203« 203z 69.1 13C 113.¢

Colurr SC2-2 SC3-1 SC3-2 SC4-1 SC4-2 SC5-1  SC5-2
Ultimateloac  203.¢ 164.¢ 177.. 138.2 90.1 1012 130.¢

131
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Fig. 4 summarizes the principal bending directiohshe specimens in Group SC, namely,
type | and type Il, which are perpendicular to $spéce face, and type IIl, which is parallel to the
splice face. The actual bending direction at thikuiria of an individual specimen was inclined

towards type lll, i.e., either dominated by thisda®r had a significant bending component in this

direction.
Convex Concave
side side
3
' 1-1
Type 1 Convex side
= = - —
% 1 1
% Concave Convex
o side side
) Concave side
o
11 11
Type IT Type III

Fig. 4. Type of buckling sections for splice columns

3. Theoretical analysis

3.1. Mechanism of splice joint

As demonstrated from the test results, a certaimuaof extrusion took place between the timber
joint and steel jacket bearing the axial load armel momentR x lateral deflection) at the mid-

height of the retrofitted specimens. The extrusiwainly located in the upper edge of the steel
jacket at the concave side and the steel jacketmighspan of the column in the convex side of
lateral deformation. There was compressive (normsiadss pointing to the column axis on the

cylindrical arc surface in the concave side anddibmvex side. Furthermore, friction should be
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considered when the contact surfaces betweemtihetijoint and steel jacket experienced a sliding.
The direction of the friction was opposite to thgpending sliding direction. Thus, an additional
bending moment of the spliced joint was providedhsy timber tendon of the joint and the steel
jacket through extrusion and friction. The extrasamd friction increased with the lateral deflestio
After the timber on the concave side yielded, tterkl deflection rapidly increased, leading to a
marked decrease in the axial load.

3.2. Basic assumptions

A theoretical model to calculate the bending capaifithe spliced column with the steel jacket is
proposed herein. In accordance with the experirheakservations, the following basic
assumptions are adopted:

(1) The main direction of the deflection of theisplcolumn is assumed to be parallel to the
splice face (type-Ill). This is consistent with timain experimental observations and will be further
discussed in the finite element simulation sectier.

(2) The constitutive relations of wood under consgren in both longitudinal and transverse
directions follow a simplified bi-linear model.

(3) For each side of the splice joint, a continusai$tenon is involved in carrying the bending
moment and compression force.

(4) The extrusion stress is linearly related toakieusion deformation, and the resultant force

of extrusion stress is located at the centroidhefrtormal stress block.

3.3. Calculation model of bending capacity

3.3.1. Moment equilibrium

As observed from the experiment, the failure ofgpkced columns mostly happened at the splice
section of the joint. This failure section is talenthe free body to calculate the bearing capacity

The simplified stress diagram for this free bodghswn in Fig. 5. The steel jacket at the convex
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and concave sides of lateral deflection is undesile and compressive force in the longitudinal
direction, respectively, as shown in Fig. 5b. koictcaused by the extrusion force is located at the
inner surface of the steel jacket. The overall dodiagram is shown in Fig. 5¢, whergis the
maximum contact stress between the splice colurdritenedge of the steel jacket on the concave
side; F is the component along the lateral deflectionddiom of the contact force at the timber
column at theconvex side (horizontally to the left in the schematic diagram); fa is the friction
generated by the extrusion of the steel jackdteatbncave side and is perpendicular to the upper
splicing surface; ot is the maximum contact stresstbé timber column at convex side; f; is the
friction generated by the extrusion of the steekga at the concave side and is perpendiculargto th
upper splicing section; M is the bending moment at the middle section ofctiiamn with initial
bending (caused by initial defects) under the pea#t N= peak loadP); M. is the bending moment
at the middle section of the column induced bywleden tenon at upper splice section, hisd

the length of the spliced column.

1 I 1
&~ Half tenon in
I— 1C —I upper-half

S 3 Steel jaket  timber column

(@)

10
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Contact stress from
the tenon of the Force in

lower-half column steel jacket

[ N2 # vty
- A |
M I Upper
I edge of
I the steel
Extrusion force ! jacket
oo B! /

2

on the inner
surface of steel

jacket | N
fa TN “i; Ft
Friction on the _d C J\lg
inner surface .
Nl | 0'1

of steel jacket — V1
L
2y \Wn

(b) (€)
Fig. 5. Free body diagrams under peak load: (a) Diagratheofoint and 1-1 sectioiib) Diagram

of forces in steel jackefc) Overall diagram of forces in upper-half timieefumn from 1-1 section

The condition of moment equilibrium on the cer@eof the splice surface along the lateral
deformation direction can be expressed as follows:
M=M+Ms 1)
Ms=MsaxMsitMsart-Msit 2
whereMs denotes the resistance of moment provided by the steel jacket; Msa andMs; denote the
moment generated by the contact presdtwar(dF:) at the concave and convex sides of the steel
jacket, respectively; Msarand Mg denote the moment generated by the frictiaragd f) at the

concave and convex sides of steel jacket, resmdgtiv

3.3.2. Axial compressive capacity

The moment at the middle section of the column witliial bending (caused by initial

imperfections) under the peak lodd, can be expressézb]:
11
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M= (y+vo)N 3)
wherey denotes lateral deflection caused\byv, denotes the initial bending (caused by the initial

defects). The lateral deflection, y, of the inteafumn [25] is as follows:

(4)

whereE, denotes the compressive modulus of elasticity albagiood grain; | denotes the section
moment of inertia of the intact column; N denotes the elastic critical force of the intagiumn
calculated by the Euler’s formula.

The trend of the lateral deflection of the splicetlmn was observed to be similar to that of
the intact column in the test. Therefore, it isimssd that the lateral deflection of the splicedioot
in the mid-span fits Eq. (4). Eq. (3) can be reteritby substituting Eq. (4):

v, N
=TT N (5)
1-(N/N,)
For the splice columns under the combined axialpzessive load and bending moment, the
compressive stress and bending stress can beataltilyo.=N/A, andon= (M-Mg)/W. According

to the superposition principle, the splice joineded to meet the following requirement:

N M-M 10 (6)
Af. W,

whereA, denotes the semi-circular cross-sectional arédzedplice joint, i.e. 0.5 times of the whole
cylindrical section; f. andf, denote the compressive strength along the woadd grad bending
strength, respectively; W, denotes the flexural section modulus of the sdroislar tenon. The
calculation of theM, depends on the direction of the mid-span deflactnich as\V,=7D%64 in
type Il of buckling sections for spliced columiiiscan be calculated using the parallel shift axis
formula of the rotating shaft for the type | angayl if needed.

The elastic critical force of the intact columrc@culated by Euler’s formula as follows:

12
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wherelodenotes the nominal slenderness ratio of the sptitenns and the calculation is the
same as the intact column.
Using Egs. (1)-(7), it is possible to calculate #x@&l compressive strength of the splice

column as follows:

:M5+bem+(wama+vo) Ncr+\/( M5+ Wb fm+(V\{)fma-VB Nr)r2_4 \an(aw;fﬁ'- le N (8)
W f.a

N

wherea=1/Axf..

3.3.3. Stability coefficient

The stability coefficienty can be calculated as=N/(Af)=c/f. andN/N¢=0/ocr. Using Egs. (5) and

(6), it is possible to get an equation including #tability coefficient as follows:

Bl 14— VoA f WMF 1.0=C ©)
V%fm(1—¢j) b 'm

cr

AV

b

Define g, = as the equivalent relative bending of the splmamng25] whereW/A is

the core distance of the equivalent section. Tlative slenderness ratio is set as, :/]i - | )

fe ac

r

wherej, :n\/fE . Then Eq. (9) can be rewritten as follows

M 1 fe& M 1
| I —— || 1+ 0 | P —— +H1|—— =C 10
¢ |:( mebJ Arelz( fm j:|¢ ( meb ]Arel2 ( )

The solution of Eq. (10) can be written as

13
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[1+ fMVi/ J+/112[1+f‘]i£°] [1+ fMVi/} +/112 [1+ff°j
240 ¢= m" b rel m m" b 2rel m 12[1_’_ Ms
|

2 A f. W,

re m" b

] (11)

241  where g, =M.
W,

242 The form of this formula is similar to the protogypegarding the stability formula of the intact

243  column in the American code NDS-1997 [26] and Eeeopcode Eurocode 5-2000 [27]. In the

244  proposed formula, the moment resistanegl—%) of the steel jacket to the joint is considered.

m"'b
245  Since the flexural section modulus of the semitdactenon is 0.5 times of the intact column, the
246 value of the equivalent relative bending of thecgul columns increases and needs to be calculated

247  correspondingly.
248 4. Finite element analysis

249 The distribution of the contact stress betweerstiel jacket and the splice joint is necessaryeto b
250 determined before calculating tMa in the theoretical analysis model (Eq. (2)). lis tstudy, the
251 stress distribution of the splice joint will be &red through numerical simulation. First, thetni
252  element (FE) models of the splice columns are cocisd in ABAQUS. The experimental data of
253 the material property and the specimens are thed tasverify the numerical model. The verified
254  numerical model is subsequently used to analyzéotiokling modes of the splice columns, the

255  stress distribution of splice joints, and the effefcsplice parameters on axial compressive strengt
256 4.1. Finite element model

257 4.1.1. Constitutive model of wood

258 The 8-node hexahedral linear-reduced integral er@3D8 with high accurate displacement
14
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calculation and high distortion tolerance is useditmulate the specimens [28]. It is well known
that it is hard to accurately capture the mechéariehavior of the wood due to their complex
constitutive relation under different loading cdiaiis, such as the tensile brittle failure,
compressive plastic property, and the differentsitenand compressive strength in the same
orientation. Here, the properties of the wood agéndd by a combination of two methods to
describe their mechanical behavior, namely Enginge&2onstants with Hill plasticity criterion and
a user-defined material subroutine (VUMAT) in ABAGUn the former method, the Hill plasticity
criterion is adopted to simulate the plastic staighe wood [29, 30]. The local column coordinates
are established to define the material propertigheocolumns (Fig. 6). In the latter method, the
Yamada-Sun yield criterion is used to consideritiberaction of multiple stress variables and the
material failure mode. In the failure mode, the ptew tensile and compressive anisotropy of wood
is simplified as the three-fold model (Fig. 7) [32]. The local rectangular coordinate is establish
to define the material properties of the column taenand the longitudinal direction of the column
is along the wood grain. In Fig. 7,,X: and Z denoted the tensile strength of the wood in
longitudinal, transverse radial and transverse eatigl directions, respectively..XY. and Z
denote the compressive strength of the wood initodigal, transverse radial and transverse
tangential directions, respectively. The damagéabée in three directions is defined to indicate
the degree of damage. The element is consideridled if the value of the damage variable goes
beyond the threshold [31, 32].

The two afore-mentioned material description meshoehch have advantages and
disadvantages. The advantages of the first mettedsafollows: 1) the plastic deformation of the
wood under compression can be described; 2) the element will not fail under highly concentrated
stress. The disadvantages are: 1) the tensilegéiramd compressive strength are the same in the
same direction; 2) the brittle fracture in tension cannot be realistically represented. The advantages

of VUMAT are: 1) the orthotropic strain-stress telaship can be well simulated in the elastic

15
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phase; 2) using the elastic strain energy, the tensile damage in three directions can be simulated
effectively; 3) the compressive failure in grain can be simulated with the damage factor. The
disadvantages are: 1) the model calculation isgtorbe terminated when the elements fail under
concentrated stress; 2) the strengthening effect of the compression strength in the transverse
direction is not considered.

Considering the characteristics of the two mateféscription methods, the VUMAT is used only
in the timber splice joint. The method with Engirieg Constants with Hill plasticity criterion is
mainly used in the main column, especially the péttt local extrusion from the edge of the steel
jacket. The material properties in the model aterd@ined according to the test data. The material
properties of the model are listed in Table 4. Jiwdd points and plasticity strength coefficients

are listed in Table 5.

Y 74
L(3): longitudinal 2 kx
= ¢ Longitudinal
§ P tension
R(1 ‘.d' | Radial and
(1): radia YorZ | ‘/tangential tension
T(2): >
tangential | Y, or Strain
= Radial and tangential Z
g compression
§ =k - X,
\{/ Longitudinal

compression

Fig. 6. System of principal axes in FHg. 7. Simplified constitutive model of wood in VUMAT

Table 4 Material property of the wood and steel jacket

Orientation Wood Steel
_ E: 736.4 210000
Elastic modulus
E> 519.63 210000
(MPa)
Es 9700 210000
V12 0.683 0.3
Poisson's ratio V13 0.038 0.3
V23 0.034 0.3

16
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G 237.84 —
Shear modulus

Gi3 1272.8 —
(MPa)
Gzs 617 —
Density (g/cm) p 0.385 7.8

Table 5 Yield points and plasticity strength coefficieassumed for analysis

0

Yield points o1 622 633 G12 613 G23 o
(MPa) 3.2 3.2 29 447 895 895 29
Plasticity Ru1 Rz Rss Riz Ris Ros
strength
coefficients 0.11 0.11 10 027 053 053

4.1.2. Contact model

The interaction between the components of theesglidumns is modeled as “hard contact” in the
normal direction. The “static-kinetic exponentialcdy” is used to model the relation between the
tangential (friction) force and the relative sligiim the tangential direction [33]. The values of
parameters in this friction model are listed inl€ab[22, 34]. For the friction, the differencetire
coefficient of friction in the longitudinal and traverse directions is not considered, and an agerag

value in the two directions is used.

4.1.3. Boundary condition and solution

To model the hinged supports at the ends of thenwo|] two reference points tied to the upper and
lower end faces of the column are defined to mtigehinge condition. The reference point at the
base of the column is restrained in all three tedimnal directions. The top reference point is
restrained in two horizontal directions and loadpglied by the vertical displacement.

The ABAQUS/Explicit solution module is used for gitatatic analysis. Generally, a static loading
may be achieved by a sufficiently long loading diora However, a long loading duration in

Explicit analysis is computationally costly. To ¢t computational cost with the Explicit
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approach, the mass scaling technique was employed which helps increase the time step in the
Explicit calculation [35]. Furthermore, a energy criterion (kinetic energy of the model not
exceeding 5-10% of the internal energy) was used to ensure a reliable and stable solution.

The meshed model of the spliced column is shown in Fig.8.

Table 6 Static and dynamic friction coefficient

Interaction Us Uk d.
Wood-wood  0.332 0.262 3
Steel-wood  0.237 0.201 3

&,

Fig. 8. The meshed model of the splice column

4.2. Validation of the finite element model
The finite element model described in section 4.1 is verified firstly by simulating the stress-strain
behavior of the small wood samples and comparing the results with the data from the literature [36].
The whole FE model is then verified by simulating the experimental intact and spliced columns.
Following the work of [36], Khelifa et al. have conducted an experimental test on the
longitudinal compressive behavior of small specimens. More details of the test are available in [36].
The numerical analysis of the small wood samples is conducted in this study. The associated results
are compared with test data measured from Khelifa et al. [36]. The test and numerical results of
strain versus stress are depicted in Fig. 9. The numerical results match well within the experimental

results for the longitudinal compressive behavior.
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0 s 1 s 1 s 1 s
0.000 0.003 0.006 0.009 0.012

Strain(e)
Fig. 9. The comparison of stress-strain of wood in simomat

Fig. 10 shows comparisons between the simulatidnfze test results for column specimens
RC and SC3-2. For the intact column RC, the axdahgression capacity of the column obtained
from the FE simulation is smaller than that frora &xperiment with a relative error of about 20%.
The numerical lateral stiffness agrees well with thst results. For the splice column (Fig. 10b),
the FE simulated results agree well with the testits, both in terms of the axial compression
capacity and the load-lateral displacement beha@werall, the FE model is capable of capturing
the response of the columns robustly and the ntatebe used to analyze the influence of the key

parameters, includinige andL;, on stiffness and strength of the spliced columns.

250 . 200
~ = e
2 =< 150 P ]
@ S -~
O o
S * 100 d 1
o £ v
c . © /
5 —=— Experimental RC-1 8 50+ . A
< 50 --=- Numerical RC-1 | ..‘/ —=— Experimental
— o +— Numerical
0 - 0 ‘
0 3 6 0 3 6
Lateral deflection of mid-span (mm) Lateral deflection of mid-span (mm)
(@) RC-1 (b) SC3-2

Fig. 10. Comparisons between the simulation and testteesutolumn specimens

A convergence analysis of the finite element mdud been conducted to determine an
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appropriate mesh resolution. Five different medth gizes have been examined using column SC2-
2 as a sample specimen, with a total number ofeiésrin the FE model being 0.4@.0%, 1.56X

10%, 2.42< 10%, 3.58X 10¢%, and 4.4 1%, respectively. Fig.11 shows the variation of thmputed
loading capacity of the column with the reductidritee mesh grid size. It can be seen that when
the number of elements is larger than %42, the mesh dimension has negligible influence on
the loading capacity. Taking into account of thenpatational cost, the model with 2.420*

elements is considered to be appropriate and isftire used in this study. Within this mesh, the
nominal element size for the steel jacket is apijprately 4mm and that for the timber column is

approximately 10mm.

170——M@M ——————————
glso- . -
>
S 150¢ .
©
& ’

O 140- 1
(@)
£
8 130 / ]
— [ |
120 N 1 N 1 N 1 N 1 N
0 1 2 3 4 5

Number of elements in FE models (%10

Fig. 11. Conver gence of finite element solution

4.3. Buckling and modal analysis

In the finite element analysis for the axial capaof the spliced columns, a linear buckling mode
is employed to represent the influence of initraperfections [37, 38]. Thus, a prior eigenvalue
buckling analysis is needed, the result is theromea in proportion as the initial imperfection for
the main analysis. Column SC2-1 is taken here agample. The first three eigenmodes are shown
in Fig. 12. Modes 1 and 2 are in correspondenck tliie bending modes Ill and | mentioned in

Section 2.3, respectively. This tends to confirat the main lateral bending direction of the splice
20
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columns is the bending IllI, followed by Type |. the subsequent simulation, the first two
eigenmodes are considered to represent the imgierfaaf the splice columns.

When Mode 1 is considered as initial imperfectite, lateral buckling section of the spliced
columns exhibits type Ill. On the other hand, wittode 2 imperfection, the lateral buckling
direction of the spliced columns is inclined towatglpe | with a significant presence of type ll.
This is consistent with the observations from theegiment in that the lateral deformation of the
spliced columns always had a significant compoiretite direction of type IIl. Hence, to simplify
the model for the analysis of the effects of otharameters, Mode 1 is used as the initial
imperfection in the subsequent simulations. Besidased on trial comparisons between FE and

the experimental results, a nominal deflection.8%0@ of the column length is adopted as the initial

imperfection.
U, U2 U Ut U, Magnitude

+1.000e+00 +1.000e+00 +;?2ge+0010
+9.167e-01 49.1678-01 +B‘333§-01
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+7.500e-01 - 47.500e-01 LT Teiere

46.667e-01 A - +6.667e-01
+5.833e-01 b it +5.8332-01
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+0,000+00 10.5008.400 7 +0,0002.400
z z z

J—p yStep: column buckle L. xStep: column buckle X o-L- Y Step: column buckle
Mode 1: EigenValue = 1,91297E+05 Mode 2: EigenValue = 1.91346E+05 Mode 3: EigenValue = 5,62171E+05
Primary Var: U, U2 Primary Var: U, U1 Primary Var: U, Magnitude
@ (b) (©)

Fig. 12. The first three orders of eigenmodes of SC2-1M@ajle 1 (b) Mode 2 (c) Mode 3

4.4. Analysis of contact pressure on the steelgack

The analysis in Section 4.3 shows that for theceplicolumns the buckling Mode 1 and Mode 2
corresponds to the bending section modes of ty@ant | (see Section 2.4), respectively. It can be

understood that when the steel jacket extensiagthehe) is small, the buckling Mode 2 will tend
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to develop due to the weakening of the sectiohetdp and bottom of the splice. Otherwise Mode
1 will be the dominant buckling mode. This also liepthat the interaction between the steel jacket
beyond the splice joint has an important effectrenfailure mode of the splice column.

Fig. 13 shows the contact pressure distributiothefsplices columns. A stress concentration
can be observed at the concave side contactingghper edge of the steel jacket. The contact
pressure on the concave side of the splice coluraduglly reduces from the upper edge of the
steel jacket when the. is less than 100 mm. The contact pressure ofpfimescolumn at the upper
edge of the steel jacket is maximum while it is imimm at the splicing seam. Whegin increased
to 150mm, the contact pressure of the splice colatithe upper edge of the steel jacket is reduced
and the pressure in the splicing seam is increddecontact pressure distribution in the convex
side is contrary to the distribution in the concaide.

To further understand the contact stress distobutietween the steel jacket and the timber
splice joint, three paths are selected to analyeenbde pressure. Path 1 (Fig. 14a) is the contact
path between the concave side of the spliced colmdrnthe upper edge of the steel jacket. Path 2
(Fig. 14b) is the vertical contact path on the ewecside of the spliced column from the splicing
seam to the upper edge of the steel jacket. P@tly314c) is the vertical contact path in the canv
side of the splice column from the splicing searthtupper edge of the steel jacket.

The contact pressure of the nodes in each pathoisrsin Fig.15. The change of contact
pressure in Path 1 indicates that the contactsstezhices along the arc from the mid-point to the
ends, similar to a sinusoidal distribution (Figa)l5The contact pressure in Path 2 indicateshieat t
contact pressure increases from the point witlsdce ofl(¢/3) mm to the upper edge of the steel
jacket (Fig. 15b). The maximum pressure is on tiieioof 5 MPa at the upper edge of the steel
jacket due to the stress concentration. Hencewthad in the upper edge has vyielded in the
transverse direction. The stress at the begini@hgl) mm of the Path 2 is about 0.5 times of the

stress at the upper edge of the steel jacket. dhact pressure in Path 3 indicates that the cbntac

22



408 pressure in the convex side increases with thehesfd.. whenL. increases from 30mm to 100mm
409 (Fig. 15c¢). Fig. 13a shows that the maximum valie contact pressure is linearly related 4o
410 Based on the regression analysis, the contactypeessapproximatelyL¢/32) MPa.

411 The length of the contact pressure distributioahbisut [-20) mm showed in Fig. 16b. The
412 pressure in the first 2/3rds of the distributiondth approaches the maximum pressure. Then, the
413 pressure in the last 1/3rd of the distribution tangdecreases to zero gradually. During the increase
414  of the length of the steel jacket from 100mm torh&g the contact pressure is along the entire
415 length of the Path 3. The pressure in the firsL2i8 even and approaches 0.5 times of the
416 compressive strength in the radial direction. Thesgure in the last 1/3 decreases to zero

417  gradually.
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424 Fig. 14. Contact pressure path 1-3: (a) Patkb) Path 2(c) Path 3
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Considerind_c andL; as parameters (Fig. 17 (a)), the bearing capmtiigates that increasing
Le generally enhances the capacity whewaries in the range of 80mm~150mm. However, the
excessive length of the steel jacket can be harmfiile behavior of the spliced columns since the
large difference of stiffness between the steddghand the joint usually causes stress concemtrati
in the joint. From the apparent increase of thiénstss and bearing capacity witle>50mm, the
recommended range bfis 0.5~1.5 times of the column diameter. Therefareeasonable length
of the steel jacket may be set to 2~4.5 times efdblumn diameter. Fig. 17(b) illustrates the
interaction effect between; andL; on the bearing capacity. A similar trending wiig.FL7(a) can

be observed that both andL; have a positive impact on the bearing capacity.

[
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y
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Fig. 17. Influence ofparameters on the bearing capacity of a splicenwoi(g) L; andLe;

(b) Ls andLe

4.5. Moment resistance induced by the steel jacket

Based on the theoretical and numerical analydigeabody diagram of forces for the upper-half
of the timber column is shown in Fig. 18. In Fi®aloca1, andea2 denote the maximum contact

pressure at the beginning¢3) and the lastLE/3) of Path 2, respectively. The distribution along
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the inner face of the steel jacket in the circueriéial direction is simplified in Fig.14c and the
contact pressure on the concave side can be eggrass.s=(caSind), whered is the angle as
shown in Fig. 18csa1 andoaz are local compressive strength in the radial divacand according
to the numerical analysis they may be assumed&atiries of the local compressive strength,
respectively, i.eca=f' cr = 20a2. ot Was the maximum contact pressure in the convex gidhe
splice column of the Path 3. Based on the numergsallts, ¢/32) MPa is adopted as the value of
ot whenLeis in the range of 30 mm to 100 mm. Wheiis in the range of 100 mm to 150 mm (Fig.
18b), 0t is taken equal to 0.5 times of the compressivangth in the radial direction, i.e=f.r/2.

Fa1 andFa2 are the components of the contact force on theasanside induced by the steel
jacket (horizontal to the right in the diagramiyis the component along the direction of the ldtera
deflection of the spliced columns of the contactéoon the convex side induced by the steel jacket
(horizontal to the left in the diagranf); andfa. are the vertical friction on the concave side oatl
by the steel jackety andfi; are the vertical friction on the concave side gwtliby the steel jacket.
M is the bending moment in the middle section ofdblemn with initial bending (caused by initial
defects) under the peak load= peak load?); M, is the bending moment at the middle section of
the column carried by the wooden tenon at the uppkging section. The circumferential contact
pressure distribution along the inner side of teelgacket is simplified in Fig.18c and the comtac

pressure with random degree in convex side caxfpressed asgy=(o:Sind).
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Fig. 18. Free body diagraph of upper-half splice comureapeak load: (a) Elevation view

(30<Le<100} (b) Elevation view (106<L<150}) (c) Top view

Based on the finite element analysis resulisf’ . =202 andoai=(caSing), the effect on the
splice column generated by contact pressurg(@nd friction {;) in the concave side can be

calculated as follows

Y

e

2 (sin0)2 rc|67+52 (%)} (f°; )(sing)’ rc|67=58 foaldr (12)

0

n f n f .
Mo =| 2 [(22) (sing)rdd || 20, + =2 |+ 2Eeyf €2y (sing) rag [ 22 t] =22 ¢ L
35 2 3° 32 |2 35 2 32 216°

(13)
F, =2?LEI( °"R)(sin6?)2 rd¢9=% floLy (14)
Mo=r 2t X )
M, =M +M az:z—i’é foLor (16)
.+ fazzﬂ%l(%,usine)'d 9] +{£2 (L;)I (f°: usind)d 9] fcR JHu a7

5§ .
) %Ru sing )r sirg)rd 9]:%@&-52" (18)
0

(gt sy

wherer denotes the radius of thglice column; f'¢ g denotes the local compressive strength in the

N
W |o

radial direction.
ForLe ranging from 30mm to 100mra=(Ls/32)MPa anaw=(osind). The effect on the joint

of the spliced columns generated by steel jacké#ieatoncave side can be calculated as folows
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384Le(e ¥ 1

Substituting Egs. (12)~(22) into Eqg. (2), the moimesistance induced by the steel jacket for

the splicing column can be expressed as:

M, = L (L~ 20)r+ ng_e

L - 20 +—f r 23
== 1728 L ~20)u PN 7 (23)

384

ForLe ranging from 100mm to 150mm=fr/2 andow=(o:Sing). Thus,

1L %, : _m
Fy :§§£( R)(sma)zrcle_zlfml_er (24)
F. = de [~ (sing) rd@ =1, Ls (25)
0
2L, L1 2L.1)_ 1%
My = Fu[? +§—3] + th( 3 2] -Zch,RLjr (26)

1L F . . . 2
M_. =| == (== usind)(r sin@)rd 8 | +| —=
o (25 s snojas + 2

xf,
| sz sird [r sird)rd 9] Sde ik @)
0

Substituting Eqgs. (12)~(18) and Egs. (24)~(27) Bdp (2), the moment resistance induced by

the steel jacket for the splice column could bewdated as:

19 T, .
M, =-——f L2 —f r+ +—f Lr? 28
s 216 c¢,R e 216 F!‘ cl?' ,U 24 cl,'R e:u ( )
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When the length of steel jacket ranges from 0 m@0tonm, a conservative calculation may
be carried out by assuming no steel jacket effettteatop (or bottom) section of the spliced joint,
and hence the moment resistance is governed kyetiding resistance of the half column section

in the weaker direction (perpendicular to the spface).

5. Validation of the theor etical model

The applicability of the theoretical model is validd by comparing with the experimental and
numerical results considering various parametarsh @sL., tree species, column length, and

diameter of the splice columns.

5.1. Experimental bearing capacity

The buckling section mode Il corresponding tolthiekling Mode 1 is assumed in the calculations.
A comparison of the bearing capacities obtainedgia)) the proposed bearing capacity formula,
b) the stability coefficient method, c) FE analysiad d) the experiment, are shown in Fig. 19.
SC1-1 does appear to be unsafe and SC3-2 is ovserative. But it should be noted that
specimen SC1-1 had apparent initial bending ireperiment (Section 2.3), and this led to a larger
lateral deflection before the ultimate load andacentric compression failure. Therefore, the test
loading capacity of the SC1-1 was smaller tharei#d capacity if there was not the initial bending,
and the comparison with the result from the théombtnodel would be better if the real bending
capacity of the specimen was obtained more acdyr&ter specimen SC3-2, the two splice parts
wrapped in the steel jacket did not contact eabbradt the beginning of the test. This means that
the actual length of the SC3-2 was shorter thaarapecimens, and this explains at least in part
as why the test loading capacity of the SC3-2 vigisdn than the result from the theoretical mode.
Except for SC1-1 and CS3-2, the calculated resoltgpared favourably with experimental results,

with both the bearing capacity formula and the iitglroefficient method achieving an average
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error at about 15%. When the bearing capacity ftarand the stability coefficient method were
used to calculate the bearing capacity, the averglgéve error between the calculated and the

finite element results are 7.7% and 11.9%, respyti

5.2. Influence of 4on the bearing capacity

The bearing capacity calculated from the bearirgaciy formula and the stability coefficient is
compared with the bearing capacity from the FE &tian consideringd.. as the parameteP(P.o)

is defined to describe the ratio of the ultimatadiog of the splice columns to that of the intact
column. Fig. 20 shows the relation betwégand PJ/Pyo) in the FE simulation and the theoretical
results. The relative error between the resultsutaled from the bearing capacity formula and by
the FE simulation is less than 11% whenltheanged from 30mm to 100mm. The relative error
between the results from the stability coefficiemthod and the FE simulation is less than 12%.
When thel. ranges from 100mm to 150mm, the relative erroeslass than 10% and 21%,
respectively, from using the bearing capacity fdarand the stability coefficient as compared with

the FE results.

300} |1 Numerical results . 1.2
I Test results

250 | Results of the bearing capacity formul
[ Results of the stability coefficient formula
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04t ™ Numerical results |
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—— Results of the stability coefficient formﬁlla
O 02 L L L
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Specimens L(mm)

Fig.19. Comparison of test and theoretical results Fig. 20. Relations oL vs Py/Pyo

5.3. Influence of tree species on the bearing ciyac

Korean pine, Betula and Douglas fir are choserhadree species of the splice colurf2®s 23,
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31, 39], and the splice parameters and dimensionset the same as test specimen SC2. The
comparisons show that the relative errors in theutated bearing capacity using the bearing
capacity formula and using the stability coeffitcieme less than 13% and 6%, respectively, as

compared with the FE simulation results.

5.4. Influence of length of spliced columns onlibaring capacity

The bearing capacity of the spliced columns hatliregsame splice parameters as SC2 but with a
varying column length are calculated by the thécaétformulas in comparison with the FE
simulation results. The representative column lesgif 1400mm, 2200mm, and 2600mm, are
considered. The initial bending imperfection of r@olumn is set in proportion to the column
length. The relative errors using the bearing ciypéarmula and the stability coefficient are less

than 21% and 11%, respectively, as compared teEhsimulation results.

6. Application considerations

6.1. The splice position

The proposed bearing capacity calculation formala een developed on the assumption that the
splice takes place at the middle of the column. atkeal position of the splice joint at different
positions along the height of the column will affélce bearing capacity. To investigate such an
effect, three different splice heights (i.e.[1/6/4, and 1/3) from the bottom of the column are
examined using finite element simulation. The rissate shown in Fig. 21. The column with the
splice at 1/bheight actually failed at mid-span similar to théact columns. The failure of the
columns with the splice at 1/dnd 1/83 height happened at the splice joints. Their bgazapacities

are between that of the intact column and thahefdpliced column with the splice joint at mid-
span but are closer to the latter. Therefore fop#fication, it is recommended that the capacity o

the intact column be used for a spliced column withsplice height within 1/3rom the column
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568 bottom, whereas for columns with the splice atithigiht ranging from 1/%0 1/21, the calculation

569 model of the spliced column with the splice joihtrad-span is used to be conservative.
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570 Joint position I
571 Fig.21. Joint position vs loading force

572 6.2. Spliced columns with different timber matisria

573 In actual applications, the columns being splidesféted may contain different materials (or
574  material properties) on the two sides of the splinesuch cases, it is suggested that the weaker
575 material property of the two parts be used in apglyhe proposed analytical formula to calculate

576 the bearing capacity of the spliced column.

577 7. Conclusions

578 In this paper, an analytical model has been prapémethe calculation of the axial compressive
579 strength and the stability coefficient for splicemlumns retrofitted with the steel jacket. To assis
580 in the formulation of the analytical model, a dietdifinite element model is developed, which is
581 then used to analyze the bending and buckling mofithe spliced columns and the contact stress
582 within the splice joint. The theoretical model han verified by comparing with the experimental
583 data and the FE simulation results with varyinggteparameters, including the jacket extension
584 lengthLe, tree species, and column length. The followingobesions may be drawn:

585 (1) The proposed analytical model is capable aflipteng the bearing capacity of the spliced
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columns retrofitted with the steel jacket with gaamturacy.

(2) A reasonable splice length can ensure a religbhnection of the splice joint while
avoiding negative effects due to incompatible 3#iffs with the column section. For the spliced
columns covered in this study, the length of thiecedLe) and the total length of the steel jacket
(Ls) are recommended to be in the range of 0.5~1.52a4d5 times of the column diameter,
respectively.

(3) For columns with a spliced joint enhanced bgteel jacket, buckling mode 1 in the
direction parallel to the splice face is generalldominant mode of bending and failure, which
corresponds to buckling section mode Ill. Bucklingde 2, which corresponds to buckling section
type | (perpendicular to the splice face), coulddme important with a short jacket extension
length.

(4) For columns with a splice position not at thiel4span, it is recommended that the same
bearing capacity calculation formula as the midasglice case be applied if the splice position is
between 1/5 and 1/2 of the column length from tbkeiron end. It is also reasonable to use the
weaker material properties between the two splarésgn the calculation of the bearing capacity

of a spliced column.
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