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Abstract: Retrofitting timber columns in traditional timber structures with a steel jacketed splice 10 

joint has advantages of aesthetic appearance and similar mechanic performance to the intact 11 

columns as compared to conventional simple splice columns. The axial compression behavior of 12 

such retrofitted splice columns has been studied experimentally in detail. However, there is still a 13 

lack of a calculation model for their axial compressive strength and general guideline for their 14 

design. The objective of this study is to establish a theoretical calculation model for this type of 15 

retrofitted splice columns. Firstly, a theoretical model for the axial compressive strength of splice 16 

columns retrofitted with a steel jacket is proposed considering the contact stresses at a splice joint 17 

and the relevant stability theory. Secondly, the buckling modes of splice columns and the actual 18 

stress distributions at the splice joints (i.e. the compressive stresses at the steel-timber and timber-19 

timber interfaces) are thoroughly investigated. Finally, the theoretical model is validated by the 20 

experimental data and finite element analysis results with different splice parameters. Comparisons 21 

show that the theoretical calculations in terms of the bearing capacity and stability coefficient agree 22 
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well with the experimental results. The proposed theoretical model is also shown to be suitable for 23 

predicting the axial compressive strength of a retrofitted splice column with the location of the 24 

splice from the column end ranging from 1/5 to 1/2 of the column length. The relative errors in the 25 

theoretical bearing capacities with respect to the finite element results are found to be less than that 26 

using the stability coefficient. From the analysis results, the length of the splice and the total length 27 

of the steel jacket are recommended to be in the range of 0.5~1.5 and 2~4.5 times of the column 28 

diameter, respectively. This proposed theoretical model can be applied in the retrofitting design of 29 

timber columns in historical timber structures, and it can also be applied in the development of new 30 

large-space timber structures where splice columns may be incorporated. 31 

Keywords: Splice column, Steel jacket, Stable bearing capacity, axial compression  32 

1. Introduction 33 

Decaying and aging are common in timber elements in historical timber structures. Considering the 34 

conservation of the original material and structural appearance, it is preferable to replace only the 35 

severely decayed part with a new segment through a splice joint. The flexural performances of 36 

different types of splice joints in retrofitting timber beams, such as a lapped scarf joint, dowel-type 37 

timber connections, glued-in rods timber connection, self-tapping screws, and long treaded rods 38 

have been investigated by many researchers [1-13]. However, there have been limited studies on 39 

the axial compressive performance of the spliced columns.  40 

Some existing studies concerning the compression behavior of spliced columns have mainly 41 

focused on spliced short columns through experimental investigations [14, 15]. However, slender 42 

timber columns are common in ancient timber structures, and such slender columns are usually 43 

under both axial load and bending. Thus, the failure of a splice column depends very much on the 44 

stable bearing capacity. For intact timber columns under bending and compression, analytical 45 

methods are available for the calculation of the load bearing capacity. Buchanan [16] proposed a 46 
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strength model with bending and axial load interaction for intact timber members. Huang et al. [17] 47 

proposed an analytical model to evaluate the load-carrying capacity of slender engineered 48 

bamboo/wood columns subjected to biaxial bending and compression. Song and Lam [18] proposed 49 

a numerical analysis model based on the column deflection curve method and verified by the 50 

material test and biaxial eccentric compression test of timber beam-columns. However, there is a 51 

lack of theoretical calculation models and design guidelines for retrofitting the timber columns, and 52 

no information is available with regard to the effect of the length and position of the splices.  53 

In this paper, an analytical model for the axial compression capacity of the splice-retrofitted 54 

columns using a steel jacket is developed. This type of splice joint reinforced by a steel jacket has 55 

been proposed in recent studies and the axial compressive performance of columns retrofitted with 56 

this type of splice has been investigated experimentally [19, 20]. The steel jacket is used to enhance 57 

the wood joint through confinement and friction between the wood joint and the steel jacket, thus 58 

increasing the moment transfer capacity of the joint. However, there has not been a simplified 59 

theoretical model which may be used in the design analysis of the load bearing capacity of timber 60 

columns retrofitted with this type of splice joint. In the present paper, an analytical model for the 61 

axial compression capacity of the splice-retrofitted columns using the steel jacket is proposed, 62 

based on the results from the experiment and the stability theory. Furthermore, a finite element 63 

simulation study is performed to examine the influence of the main parameters on the behavior of 64 

the splice joint.  65 

2. Experimental programme  66 

The axial compressive performance of the splice columns retrofitted with the steel jacket has been 67 

analysed in detail in the earlier experimental study [19, 20]. Herein the key design parameters for 68 

the splice joint, material properties, and the main experimental conclusions of the retrofitted spliced 69 

columns are briefly introduced. The information will provide a basis for the development of the 70 

theoretical calculation model and the numerical analysis.  71 
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2.1. Design of test specimens  72 

The detailed configurations of the column specimens are illustrated in Fig 1. The traditional half-73 

cut joint was adopted for the splice and the joint was located at the mid-height of the columns. Ls 74 

and Lt are the length of the steel jacket and the splice length, respectively. Le = (Ls-Lt) /2 is the length 75 

of the steel jacket extending from the splice faces. The length and the nominal diameter of the 76 

columns were 1800mm and 100mm, respectively. A total of 15 column specimens were tested, 77 

including two groups and six test column series, namely a) intact columns as the reference for 78 

jointed columns (referred to as group RC); b) jointed columns reinforced by steel jacket (referred 79 

to as group SC), and this group was further divided into 5 series, with SC1 and SC3 focusing on 80 

the influence of Le and SC2, SC4, and SC5 focusing on the influence of Lt. The details of the 15 81 

tested columns are summarised in Table 1.  82 

                83 

 (a)                                             (b)  84 

Fig. 1. Test timber columns: (a) Intact columns (RC); (b) Splice columns (SC) 85 

 86 

 87 

 88 

 89 

 90 
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Table 1 Details of the 15 specimens 91 

Column 

group 

Column 

series 

Number of 

specimens 

Lt 

(mm) 

Le 

(mm) 

RC RC 5 — — 

SC 

SC1 2 130 50 

SC2 2 130 100 

SC3 2 130 150 

SC4 2 50 100 

SC5 2 200 100 

2.2. Material properties and test method 92 

The mechanical properties of the timber materials for each specimen were experimentally 93 

determined [21-23] and the results are listed in Table 2, in which fc, E, fm, fc,R and f’ c,R denotes 94 

respectively the compressive strength along the wood grain, compressive modulus of elasticity 95 

along the wood grain, bending strength, overall compressive strength in the radial direction and 96 

local compressive strength in the radial direction. The average bending strength is 86.5 MPa and it 97 

has the least coefficient of variation (COV). There are interactions among parameters, e.g. the 98 

average value and coefficient of variation of the ratio of the E to fc is 315.8 and 8.0%, respectively. 99 

The average value and coefficient of variation of the ratio of the fm to fc is 2.77 and 13.8%, 100 

respectively. 101 

The modulus of elasticity and tensile strength of the steel jackets were found to be 208 GPa 102 

and 340.2 MPa, respectively [24]. Since the inner diameter of the steel jacket was the same as the 103 

diameter of the column in the design, no interface pressure was considered in the steel jacket.  104 

Table 2 Material properties of column specimens 105 

Column fc/MPa E/MPa fm/MPa fc,R/MPa f’ c,R/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 33.2 10335 89 2.59 - 

SC1-1 29.1 9229 76 2.18 3.19 

SC1-2 32.9 11844 78 2.77 4.36 

SC2-1 28.5 8573 71 2.35 4.04 

SC2-2 40.2 10911 91 3.76 - 

SC3-1 31.3 10928 97 2.05 4.49 

SC3-2 26.9 8711 97 - 3.96 

SC4-1 33.7 9396 88 3.2 - 

SC4-2 27.6 8121 94 2.06 3.36 

SC5-1 26.2 8867 73 1.20 - 

SC5-2 31.0 10539 88 - - 

Mean 31.3 9821.7 86.5 2.46 3.68 

Cov. (%) 12.8% 10.9% 9.8% 27.0% 13.8% 

The column specimens were tested under axial compression which was applied using a MTS 106 

testing machine. The columns were connected at each end to a spherical hinge (pinned end), which 107 

was then attached to a support base at the bottom and the loading head at the top. The lateral 108 

deflection was measured from a combination of two horizontal displacement transducers installed 109 

at the mid-span and arranged at a 90° angle to each other, as shown in Fig. 2. 110 

Spherical 

hinge

Displacement

meter

Hose clamp

MST testing 

machine

 111 

Fig. 2 Experimental set-up (Unit: mm) 112 

2.3. Discussion of the test results  113 
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Specimens in Group RC exhibited small lateral deflection in the mid-span before the peak loads 114 

were reached. Beyond the peak loads, the lateral deflection increased abruptly, showing a 115 

characteristic of instability failure (Fig. 3a). The results from Group SC showed a decreased lateral 116 

displacement at the peak load with increased splice extension length Le (Fig. 1), and this indicated 117 

that the stiffness of the spliced columns increased as Le increased. It is noted that specimen SC1-1 118 

had apparent initial bending. The initial bending led to a large lateral deflection before the ultimate 119 

load was reached and a final eccentric compression failure. For specimen CS3-2, the two splice 120 

parts wrapped in the steel jacket did not come into contact with each other at the beginning of the 121 

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

     123 

(a)              (b) 124 

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

The ultimate axial load capacity of specimens in Group SC reached more than 50% of that of 126 

the reference Group RC (Table 3). The ultimate axial load capacity of the columns within Group 127 

SC increased as Le increased (SC1~SC3). On the other hand, no clear trend was observed in the 128 

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

Table 3 Ultimate load of columns (kN) 130 

Colum RC-1 RC-2 RC-3 RC-4 RC-5 SC1-1 SC1-2 SC1-2 
Ultimate load 178 186.3 239.9 203.4 203.2 69.1 130 113.8 

Colum SC2-2 SC3-1 SC3-2 SC4-1 SC4-2 SC5-1 SC5-2  
Ultimate load 203.9 164.9 177.3 138.2 90.1 101.2 130.8  

 131 
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Fig. 4 summarizes the principal bending directions of the specimens in Group SC, namely, 132 

type I and type II, which are perpendicular to the splice face, and type III, which is parallel to the 133 

splice face. The actual bending direction at the failure of an individual specimen was inclined 134 

towards type III, i.e., either dominated by this mode or had a significant bending component in this 135 

direction.  136 

 137 

Fig. 4. Type of buckling sections for splice columns 138 

3. Theoretical analysis  139 

3.1. Mechanism of splice joint 140 

As demonstrated from the test results, a certain amount of extrusion took place between the timber 141 

joint and steel jacket bearing the axial load and the moment (P × lateral deflection) at the mid-142 

height of the retrofitted specimens. The extrusion mainly located in the upper edge of the steel 143 

jacket at the concave side and the steel jacket near mid-span of the column in the convex side of 144 

lateral deformation. There was compressive (normal) stress pointing to the column axis on the 145 

cylindrical arc surface in the concave side and the convex side. Furthermore, friction should be 146 
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considered when the contact surfaces between the timber joint and steel jacket experienced a sliding. 147 

The direction of the friction was opposite to the impending sliding direction. Thus, an additional 148 

bending moment of the spliced joint was provided by the timber tendon of the joint and the steel 149 

jacket through extrusion and friction. The extrusion and friction increased with the lateral deflection. 150 

After the timber on the concave side yielded, the lateral deflection rapidly increased, leading to a 151 

marked decrease in the axial load.  152 

3.2. Basic assumptions 153 

A theoretical model to calculate the bending capacity of the spliced column with the steel jacket is 154 

proposed herein. In accordance with the experimental observations, the following basic 155 

assumptions are adopted:  156 

(1) The main direction of the deflection of the splice column is assumed to be parallel to the 157 

splice face (type-III). This is consistent with the main experimental observations and will be further 158 

discussed in the finite element simulation section later.  159 

(2) The constitutive relations of wood under compression in both longitudinal and transverse 160 

directions follow a simplified bi-linear model. 161 

(3) For each side of the splice joint, a continuous half tenon is involved in carrying the bending 162 

moment and compression force. 163 

(4) The extrusion stress is linearly related to the extrusion deformation, and the resultant force 164 

of extrusion stress is located at the centroid of the normal stress block. 165 

3.3. Calculation model of bending capacity 166 

3.3.1. Moment equilibrium 167 

As observed from the experiment, the failure of the spliced columns mostly happened at the splice 168 

section of the joint. This failure section is taken as the free body to calculate the bearing capacity. 169 

The simplified stress diagram for this free body is shown in Fig. 5. The steel jacket at the convex 170 
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and concave sides of lateral deflection is under tensile and compressive force in the longitudinal 171 

direction, respectively, as shown in Fig. 5b. Friction caused by the extrusion force is located at the 172 

inner surface of the steel jacket. The overall force diagram is shown in Fig. 5c, where σa is the 173 

maximum contact stress between the splice column and the edge of the steel jacket on the concave 174 

side; Ft is the component along the lateral deflection direction of the contact force at the timber 175 

column at the convex side (horizontally to the left in the schematic diagram); fa is the friction 176 

generated by the extrusion of the steel jacket at the concave side and is perpendicular to the upper 177 

splicing surface; σt is the maximum contact stress of the timber column at convex side; ft is the 178 

friction generated by the extrusion of the steel jacket at the concave side and is perpendicular to the 179 

upper splicing section; M is the bending moment at the middle section of the column with initial 180 

bending (caused by initial defects) under the peak load (N= peak load P); M1 is the bending moment 181 

at the middle section of the column induced by the wooden tenon at upper splice section, and l is 182 

the length of the spliced column. 183 

 184 

(a) 185 
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  186 

     (b)                               (c) 187 

Fig. 5. Free body diagrams under peak load: (a) Diagram of the joint and 1-1 section; (b) Diagram 188 

of forces in steel jacket; (c) Overall diagram of forces in upper-half timber column from 1-1 section 189 

 190 

The condition of moment equilibrium on the center O of the splice surface along the lateral 191 

deformation direction can be expressed as follows: 192 

M=M1+Ms                                      (1) 193 

Ms=Msa-Mst+Msaf+Mstf                               (2) 194 

where Ms denotes the resistance of moment provided by the steel jacket; Msa and Mst denote the 195 

moment generated by the contact pressure (Fa and Ft) at the concave and convex sides of the steel 196 

jacket, respectively; Msaf and Mstf denote the moment generated by the friction (fa and ft) at the 197 

concave and convex sides of steel jacket, respectively. 198 

3.3.2. Axial compressive capacity 199 

The moment at the middle section of the column with initial bending (caused by initial 200 

imperfections) under the peak load, M, can be expressed [25]: 201 
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M=(y+v0)N                                      (3) 202 

where y denotes lateral deflection caused by M; v0 denotes the initial bending (caused by the initial 203 

defects). The lateral deflection, y, of the intact column [25] is as follows: 204 

2 2 2

cr cr cr

5 5π 5π

48 48 48l

Ml M M M
y

E I N N N
= = = ⋅ ≈                            (4)  205 

where El denotes the compressive modulus of elasticity along the wood grain; I denotes the section 206 

moment of inertia of the intact column; Ncr denotes the elastic critical force of the intact column 207 

calculated by the Euler’s formula.   208 

The trend of the lateral deflection of the spliced column was observed to be similar to that of 209 

the intact column in the test. Therefore, it is assumed that the lateral deflection of the spliced column 210 

in the mid-span fits Eq. (4). Eq. (3) can be rewritten by substituting Eq. (4): 211 

0

cr1 ( / )

v N
M

N N
=

−
                                   (5) 212 

For the splice columns under the combined axial compressive load and bending moment, the 213 

compressive stress and bending stress can be calculated by σc=N/Ab and σm= (M-Ms)/W. According 214 

to the superposition principle, the splice joint needed to meet the following requirement: 215 

s

b c b m

1.0
M MN

A f W f

−
+ ≤                                  (6) 216 

where Ab denotes the semi-circular cross-sectional area of the splice joint, i.e. 0.5 times of the whole 217 

cylindrical section; fc and fm denote the compressive strength along the wood grain and bending 218 

strength, respectively; Wb denotes the flexural section modulus of the semi-circular tenon. The 219 

calculation of the Wb depends on the direction of the mid-span deflection, such as Wb=πD3/64 in 220 

type III of buckling sections for spliced columns. It can be calculated using the parallel shift axis 221 

formula of the rotating shaft for the type I and type II if needed. 222 

The elastic critical force of the intact column is calculated by Euler’s formula as follows: 223 
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2

cr 2
0

π lE A
N

λ
=                                     (7) 224 

where λ0 denotes the nominal slenderness ratio of the splice columns and the calculation is the 225 

same as the intact column. 226 

Using Eqs. (1)-(7), it is possible to calculate the axial compressive strength of the splice 227 

column as follows: 228 

2
s b m b m 0 cr s b m b m 0 cr b m b m s cr

b m

( ) ( ( ) ) 4 ( )

2

M W f W f a N M W f W f a N W f a W f M N
N

W f a

ν ν+ + + + + + + − +
=   (8) 229 

where a=1/Abfc. 230 

3.3.3. Stability coefficient 231 

The stability coefficient φ can be calculated as φ=N/(Afc)=σ/fc and N/Ncr=σ/σcr. Using Eqs. (5) and 232 

(6), it is possible to get an equation including the stability coefficient as follows: 233 

c 0 b s

c b m
b m

cr

1 - -1.0=0
(1 )

f v A M
f W fW f

ϕ
ϕ

σ

 
 
 +
 − 
 

                       (9) 234 

Define b 0
0

b

A v

W
ε =  as the equivalent relative bending of the splice columns [25] where W/A is 235 

the core distance of the equivalent section. The relative slenderness ratio is set as
 c

c
rel

crf

fλλ
λ σ

= = ，236 

where
c

c

E
πf f

λ = . Then Eq. (9) can be rewritten as follows： 237 

2 s c 0 s
2 2

m b rel m m b rel

1 1
- 1 + 1 - +1 =0

M f M

f W f f W

εϕ ϕ
λ λ

     
+ +     

      
               (10) 238 

The solution of Eq. (10) can be written as： 239 
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2

s c 0 s c 0
2 2

m b rel m m b rel m s
2

rel m b

1 1
1 + 1 1 + 1

1
= - - 1

2 2

M f M f

f W f f W f M

f W

ε ε
λ λ

ϕ
λ

       
+ + + +       

         +     
  

    (11) 240 

where b 0
0

b

A v

W
ε = .  241 

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

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

proposed formula, the moment resistance (s

m b

M

f W
) of the steel jacket to the joint is considered. 244 

Since the flexural section modulus of the semi-circular tenon is 0.5 times of the intact column, the 245 

value of the equivalent relative bending of the spliced columns increases and needs to be calculated 246 

correspondingly.  247 

4. Finite element analysis  248 

The distribution of the contact stress between the steel jacket and the splice joint is necessary to be 249 

determined before calculating the Ms in the theoretical analysis model (Eq. (2)). In this study, the 250 

stress distribution of the splice joint will be analyzed through numerical simulation. First, the finite 251 

element (FE) models of the splice columns are constructed in ABAQUS. The experimental data of 252 

the material property and the specimens are then used to verify the numerical model. The verified 253 

numerical model is subsequently used to analyze the buckling modes of the splice columns, the 254 

stress distribution of splice joints, and the effect of splice parameters on axial compressive strength. 255 

4.1. Finite element model 256 

4.1.1. Constitutive model of wood 257 

The 8-node hexahedral linear-reduced integral element C3D8 with high accurate displacement 258 
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calculation and high distortion tolerance is used to simulate the specimens [28]. It is well known 259 

that it is hard to accurately capture the mechanical behavior of the wood due to their complex 260 

constitutive relation under different loading conditions, such as the tensile brittle failure, 261 

compressive plastic property, and the different tensile and compressive strength in the same 262 

orientation. Here, the properties of the wood are defined by a combination of two methods to 263 

describe their mechanical behavior, namely Engineering Constants with Hill plasticity criterion and 264 

a user-defined material subroutine (VUMAT) in ABAQUS. In the former method, the Hill plasticity 265 

criterion is adopted to simulate the plastic stage of the wood [29, 30]. The local column coordinates 266 

are established to define the material properties of the columns (Fig. 6). In the latter method, the 267 

Yamada-Sun yield criterion is used to consider the interaction of multiple stress variables and the 268 

material failure mode. In the failure mode, the complex tensile and compressive anisotropy of wood 269 

is simplified as the three-fold model (Fig. 7) [31, 32]. The local rectangular coordinate is established 270 

to define the material properties of the column member and the longitudinal direction of the column 271 

is along the wood grain. In Fig. 7, Xt, Yt, and Zt denoted the tensile strength of the wood in 272 

longitudinal, transverse radial and transverse tangential directions, respectively. Xc, Yc and Zc 273 

denote the compressive strength of the wood in longitudinal, transverse radial and transverse 274 

tangential directions, respectively. The damage variable in three directions is defined to indicate 275 

the degree of damage. The element is considered as failed if the value of the damage variable goes 276 

beyond the threshold [31, 32]. 277 

The two afore-mentioned material description methods each have advantages and 278 

disadvantages. The advantages of the first method are as follows: 1) the plastic deformation of the 279 

wood under compression can be described; 2) the element will not fail under highly concentrated 280 

stress. The disadvantages are: 1) the tensile strength and compressive strength are the same in the 281 

same direction; 2) the brittle fracture in tension cannot be realistically represented. The advantages 282 

of VUMAT are: 1) the orthotropic strain-stress relationship can be well simulated in the elastic 283 
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phase; 2) using the elastic strain energy, the tensile damage in three directions can be simulated 284 

effectively; 3) the compressive failure in grain can be simulated with the damage factor. The 285 

disadvantages are: 1) the model calculation is prone to be terminated when the elements fail under 286 

concentrated stress; 2) the strengthening effect of the compression strength in the transverse 287 

direction is not considered.  288 

Considering the characteristics of the two material description methods, the VUMAT is used only 289 

in the timber splice joint. The method with Engineering Constants with Hill plasticity criterion is 290 

mainly used in the main column, especially the part with local extrusion from the edge of the steel 291 

jacket. The material properties in the model are determined according to the test data. The material 292 

properties of the model are listed in Table 4. The yield points and plasticity strength coefficients 293 

are listed in Table 5. 294 
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 295 

Fig. 6. System of principal axes in FE Fig. 7. Simplified constitutive model of wood in VUMAT 296 

Table 4 Material property of the wood and steel jacket 297 

 Orientation Wood Steel 

Elastic modulus 

(MPa) 

E1 736.4 210000 

E2 519.63 210000 

E3 9700 210000 

Poisson's ratio 

ν12 0.683 0.3 

ν13 0.038 0.3 

ν23 0.034 0.3 
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Shear modulus 

(MPa) 

G12 237.84 — 

G13 1272.8 — 

G23 617 — 

Density (g/cm3) ρ 0.385 7.8 

 298 

Table 5 Yield points and plasticity strength coefficients assumed for analysis 299 

Yield points 

(MPa) 

σ11 σ22 σ33 σ12 σ13 σ23 σ0 

3.2 3.2 29 4.47 8.95 8.95 29 

Plasticity 

strength 

coefficients 

R11 R22 R33 R12 R13 R23  

0.11 0.11 1.0 0.27 0.53 0.53  

4.1.2. Contact model 300 

The interaction between the components of the splice columns is modeled as “hard contact” in the 301 

normal direction. The “static-kinetic exponential decay” is used to model the relation between the 302 

tangential (friction) force and the relative sliding in the tangential direction [33]. The values of 303 

parameters in this friction model are listed in Table 6 [22, 34]. For the friction, the difference in the 304 

coefficient of friction in the longitudinal and transverse directions is not considered, and an average 305 

value in the two directions is used.  306 

4.1.3. Boundary condition and solution 307 

To model the hinged supports at the ends of the column, two reference points tied to the upper and 308 

lower end faces of the column are defined to model the hinge condition. The reference point at the 309 

base of the column is restrained in all three translational directions. The top reference point is 310 

restrained in two horizontal directions and load is applied by the vertical displacement.  311 

The ABAQUS/Explicit solution module is used for quasi-static analysis. Generally, a static loading 312 

may be achieved by a sufficiently long loading duration. However, a long loading duration in 313 

Explicit analysis is computationally costly. To control computational cost with the Explicit 314 
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approach, the mass scaling technique was employed which helps increase the time step in the 315 

Explicit calculation [35]. Furthermore, a energy criterion (kinetic energy of the model not 316 

exceeding 5-10% of the internal energy) was used to ensure a reliable and stable solution.  317 

The meshed model of the spliced column is shown in Fig.8. 318 

Table 6 Static and dynamic friction coefficient 319 

Interaction μs μk dc 

Wood-wood 0.332 0.262 3 

Steel-wood 0.237 0.201 3 
 320 

 321 

Fig. 8. The meshed model of the splice column 322 

4.2. Validation of the finite element model 323 

The finite element model described in section 4.1 is verified firstly by simulating the stress-strain 324 

behavior of the small wood samples and comparing the results with the data from the literature [36]. 325 

The whole FE model is then verified by simulating the experimental intact and spliced columns. 326 

Following the work of [36], Khelifa et al. have conducted an experimental test on the 327 

longitudinal compressive behavior of small specimens. More details of the test are available in [36]. 328 

The numerical analysis of the small wood samples is conducted in this study. The associated results 329 

are compared with test data measured from Khelifa et al. [36]. The test and numerical results of 330 

strain versus stress are depicted in Fig. 9. The numerical results match well within the experimental 331 

results for the longitudinal compressive behavior.  332 
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Fig. 9. The comparison of stress-strain of wood in simulation 334 

Fig. 10 shows comparisons between the simulation and the test results for column specimens 335 

RC and SC3-2. For the intact column RC, the axial compression capacity of the column obtained 336 

from the FE simulation is smaller than that from the experiment with a relative error of about 20%. 337 

The numerical lateral stiffness agrees well with the test results. For the splice column (Fig. 10b), 338 

the FE simulated results agree well with the test results, both in terms of the axial compression 339 

capacity and the load-lateral displacement behavior. Overall, the FE model is capable of capturing 340 

the response of the columns robustly and the model can be used to analyze the influence of the key 341 

parameters, including Le and Lt, on stiffness and strength of the spliced columns. 342 
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(a) RC-1                              (b) SC3-2 344 

Fig. 10. Comparisons between the simulation and test results in column specimens 345 

A convergence analysis of the finite element model has been conducted to determine an 346 
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appropriate mesh resolution. Five different mesh grid sizes have been examined using column SC2-347 

2 as a sample specimen, with a total number of elements in the FE model being 0.46×104, 1.56×348 

104, 2.42×104, 3.58×104, and 4.42×104, respectively. Fig.11 shows the variation of the computed 349 

loading capacity of the column with the reduction of the mesh grid size. It can be seen that when 350 

the number of elements is larger than 2.42×104, the mesh dimension has negligible influence on 351 

the loading capacity. Taking into account of the computational cost, the model with 2.42×104 352 

elements is considered to be appropriate and is therefore used in this study. Within this mesh, the 353 

nominal element size for the steel jacket is approximately 4mm and that for the timber column is 354 

approximately 10mm. 355 
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Fig. 11. Convergence of finite element solution  357 

4.3. Buckling and modal analysis 358 

In the finite element analysis for the axial capacity of the spliced columns, a linear buckling mode 359 

is employed to represent the influence of initial imperfections [37, 38]. Thus, a prior eigenvalue 360 

buckling analysis is needed, the result is then imported in proportion as the initial imperfection for 361 

the main analysis. Column SC2-1 is taken here as an example. The first three eigenmodes are shown 362 

in Fig. 12. Modes 1 and 2 are in correspondence with the bending modes III and I mentioned in 363 

Section 2.3, respectively. This tends to confirm that the main lateral bending direction of the splice 364 
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columns is the bending III, followed by Type I. In the subsequent simulation, the first two 365 

eigenmodes are considered to represent the imperfection of the splice columns. 366 

When Mode 1 is considered as initial imperfection, the lateral buckling section of the spliced 367 

columns exhibits type III. On the other hand, with Mode 2 imperfection, the lateral buckling 368 

direction of the spliced columns is inclined towards type I with a significant presence of type III. 369 

This is consistent with the observations from the experiment in that the lateral deformation of the 370 

spliced columns always had a significant component in the direction of type III. Hence, to simplify 371 

the model for the analysis of the effects of other parameters, Mode 1 is used as the initial 372 

imperfection in the subsequent simulations. Besides, based on trial comparisons between FE and 373 

the experimental results, a nominal deflection of 0.3‰ of the column length is adopted as the initial 374 

imperfection. 375 

      376 

(a)                     (b)                       (c)  377 

Fig. 12. The first three orders of eigenmodes of SC2-1: (a) Mode 1; (b) Mode 2; (c) Mode 3 378 

4.4. Analysis of contact pressure on the steel jacket 379 

The analysis in Section 4.3 shows that for the spliced columns the buckling Mode 1 and Mode 2 380 

corresponds to the bending section modes of type III and I (see Section 2.4), respectively. It can be 381 

understood that when the steel jacket extension length (Le) is small, the buckling Mode 2 will tend 382 



22 

 

to develop due to the weakening of the section at the top and bottom of the splice. Otherwise Mode 383 

1 will be the dominant buckling mode. This also implies that the interaction between the steel jacket 384 

beyond the splice joint has an important effect on the failure mode of the splice column. 385 

Fig. 13 shows the contact pressure distribution of the splices columns. A stress concentration 386 

can be observed at the concave side contacting the upper edge of the steel jacket. The contact 387 

pressure on the concave side of the splice column gradually reduces from the upper edge of the 388 

steel jacket when the Le is less than 100 mm. The contact pressure of the splice column at the upper 389 

edge of the steel jacket is maximum while it is minimum at the splicing seam. When Le in increased 390 

to 150mm, the contact pressure of the splice column at the upper edge of the steel jacket is reduced 391 

and the pressure in the splicing seam is increased. The contact pressure distribution in the convex 392 

side is contrary to the distribution in the concave side.  393 

To further understand the contact stress distribution between the steel jacket and the timber 394 

splice joint, three paths are selected to analyze the node pressure. Path 1 (Fig. 14a) is the contact 395 

path between the concave side of the spliced column and the upper edge of the steel jacket. Path 2 396 

(Fig. 14b) is the vertical contact path on the concave side of the spliced column from the splicing 397 

seam to the upper edge of the steel jacket. Path 3 (Fig. 14c) is the vertical contact path in the convex 398 

side of the splice column from the splicing seam to the upper edge of the steel jacket.  399 

The contact pressure of the nodes in each path is shown in Fig.15. The change of contact 400 

pressure in Path 1 indicates that the contact stress reduces along the arc from the mid-point to the 401 

ends, similar to a sinusoidal distribution (Fig. 15a). The contact pressure in Path 2 indicates that the 402 

contact pressure increases from the point with a distance of (Le/3) mm to the upper edge of the steel 403 

jacket (Fig. 15b). The maximum pressure is on the order of 5 MPa at the upper edge of the steel 404 

jacket due to the stress concentration. Hence, the wood in the upper edge has yielded in the 405 

transverse direction. The stress at the beginning (2Le/3) mm of the Path 2 is about 0.5 times of the 406 

stress at the upper edge of the steel jacket. The contact pressure in Path 3 indicates that the contact 407 
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pressure in the convex side increases with the length of Le when Le increases from 30mm to 100mm 408 

(Fig. 15c). Fig. 13a shows that the maximum value of the contact pressure is linearly related to Le. 409 

Based on the regression analysis, the contact pressure is approximately (Le/32) MPa. 410 

 The length of the contact pressure distribution is about (Le-20) mm showed in Fig. 16b. The 411 

pressure in the first 2/3rds of the distribution length approaches the maximum pressure. Then, the 412 

pressure in the last 1/3rd of the distribution length decreases to zero gradually. During the increase 413 

of the length of the steel jacket from 100mm to 150mm, the contact pressure is along the entire 414 

length of the Path 3. The pressure in the first 2/3Le is even and approaches 0.5 times of the 415 

compressive strength in the radial direction. The pressure in the last 1/3Le decreases to zero 416 

gradually.  417 

    418 

(a)                  (b)                 (c)                (d)  419 

Fig. 13. Contact pressure distribution of the splice joint under the peak loading (Lt=130mm): (a) 420 

Le=0mm; (b) Le=50mm; (c) Le=100mm; (d) Le=150mm 421 

               422 
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  (a)                         (b)                          (c)  423 

Fig. 14. Contact pressure path 1-3: (a) Path 1; (b) Path 2; (c) Path 3 424 
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(a)                                   (b)  426 
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(c)  428 

Fig. 15. Contact pressure in the path 1-3 under the peak loading (Lt=130mm, Le=30~150mm): (a) 429 

Path 1; (b) Path 2; (c) Path 3 430 
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(a)                                   (b) 432 

Fig. 16. Trends of the contact pressure distribution in Path 3: (a) Maximum contact pressure; (b) 433 

Length of the contact pressure distribution 434 

Considering Le and Lt as parameters (Fig. 17 (a)), the bearing capacity indicates that increasing 435 

Le generally enhances the capacity when Le varies in the range of 80mm~150mm. However, the 436 

excessive length of the steel jacket can be harmful to the behavior of the spliced columns since the 437 

large difference of stiffness between the steel jacket and the joint usually causes stress concentration 438 

in the joint. From the apparent increase of the stiffness and bearing capacity with Le≥50mm, the 439 

recommended range of Le is 0.5~1.5 times of the column diameter. Therefore, a reasonable length 440 

of the steel jacket may be set to 2~4.5 times of the column diameter. Fig. 17(b) illustrates the 441 

interaction effect between Ls and Lt on the bearing capacity. A similar trending with Fig. 17(a) can 442 

be observed that both Ls and Lt have a positive impact on the bearing capacity.  443 
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(a)                                   (b) 445 

Fig. 17. Influence of parameters on the bearing capacity of a splice column: (a) Lt and Le; 446 

(b) Ls and Le 447 

4.5. Moment resistance induced by the steel jacket 448 

Based on the theoretical and numerical analysis, a free body diagram of forces for the upper-half 449 

of the timber column is shown in Fig. 18. In Fig. 18a, σa1, and σa2 denote the maximum contact 450 

pressure at the beginning (2Le/3) and the last (Le/3) of Path 2, respectively. The distribution along 451 
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the inner face of the steel jacket in the circumferential direction is simplified in Fig.14c and the 452 

contact pressure on the concave side can be expressed as σaiθ=(σaisinθ), where θ is the angle as 453 

shown in Fig. 18c. σa1 and σa2 are local compressive strength in the radial direction and according 454 

to the numerical analysis they may be assumed as 0.5 times of the local compressive strength, 455 

respectively, i.e. σa1=f’ c,R = 2σa2. σt was the maximum contact pressure in the convex side of the 456 

splice column of the Path 3. Based on the numerical results, (Le/32) MPa is adopted as the value of 457 

σt when Le is in the range of 30 mm to 100 mm. When Le is in the range of 100 mm to 150 mm (Fig. 458 

18b), σt is taken equal to 0.5 times of the compressive strength in the radial direction, i.e. σt=fc,R/2.  459 

Fa1 and Fa2 are the components of the contact force on the concave side induced by the steel 460 

jacket (horizontal to the right in the diagram). Ft is the component along the direction of the lateral 461 

deflection of the spliced columns of the contact force on the convex side induced by the steel jacket 462 

(horizontal to the left in the diagram). fa1 and fa2 are the vertical friction on the concave side induced 463 

by the steel jacket. ft1 and ft2 are the vertical friction on the concave side induced by the steel jacket. 464 

M is the bending moment in the middle section of the column with initial bending (caused by initial 465 

defects) under the peak load (N= peak load P); M1 is the bending moment at the middle section of 466 

the column carried by the wooden tenon at the upper splicing section. The circumferential contact 467 

pressure distribution along the inner side of the steel jacket is simplified in Fig.18c and the contact 468 

pressure with random degree in convex side can be expressed as σtθ=(σtsinθ). 469 
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(a)                         (b)                       (c)  471 

Fig. 18. Free body diagraph of upper-half splice comun under peak load: (a) Elevation view 472 

(30≤Le≤100); (b) Elevation view (100＜Le≤150); (c) Top view 473 

Based on the finite element analysis results, σa1=f’ c,R=2σa2 and σaiθ=(σaisinθ), the effect on the 474 

splice column generated by contact pressure(σaiθ) and friction (fa) in the concave side can be 475 

calculated as follows： 476 
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where r denotes the radius of the splice column; f’c,R denotes the local compressive strength in the 485 

radial direction. 486 

For Le ranging from 30mm to 100mm, σt=(Le/32)MPa and σtθ=(σtsinθ). The effect on the joint 487 

of the spliced columns generated by steel jacket at the concave side can be calculated as follows： 488 
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  (22) 492 

Substituting Eqs. (12)~(22) into Eq. (2), the moment resistance induced by the steel jacket for 493 

the splicing column can be expressed as: 494 

2 ' 2 ' 2
s e e c,R e e e c,R e

5π 35π 5π 7π
- ( 20) + + ( 20) +
1728 216 384 24
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For Le ranging from 100mm to 150mm, σt=fc,R/2 and σtθ=(σtsinθ). Thus, 496 
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      (27) 500 

Substituting Eqs. (12)~(18) and Eqs. (24)~(27) into Eq. (2), the moment resistance induced by 501 

the steel jacket for the splice column could be calculated as: 502 
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s c,R e c,R e c,R e c,R e

19π 35π 5π 7π
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216 216 24 24
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When the length of steel jacket ranges from 0 mm to 30 mm, a conservative calculation may 504 

be carried out by assuming no steel jacket effect at the top (or bottom) section of the spliced joint, 505 

and hence the moment resistance is governed by the bending resistance of the half column section 506 

in the weaker direction (perpendicular to the splice face).  507 

5. Validation of the theoretical model 508 

The applicability of the theoretical model is validated by comparing with the experimental and 509 

numerical results considering various parameters, such as Le, tree species, column length, and 510 

diameter of the splice columns. 511 

5.1. Experimental bearing capacity 512 

The buckling section mode III corresponding to the buckling Mode 1 is assumed in the calculations. 513 

A comparison of the bearing capacities obtained using a) the proposed bearing capacity formula, 514 

b) the stability coefficient method, c) FE analysis, and d) the experiment, are shown in Fig. 19. 515 

SC1-1 does appear to be unsafe and SC3-2 is over conservative. But it should be noted that 516 

specimen SC1-1 had apparent initial bending in the experiment (Section 2.3), and this led to a larger 517 

lateral deflection before the ultimate load and an eccentric compression failure. Therefore, the test 518 

loading capacity of the SC1-1 was smaller than its real capacity if there was not the initial bending, 519 

and the comparison with the result from the theoretical model would be better if the real bending 520 

capacity of the specimen was obtained more accurately. For specimen SC3-2, the two splice parts 521 

wrapped in the steel jacket did not contact each other at the beginning of the test. This means that 522 

the actual length of the SC3-2 was shorter than other specimens, and this explains at least in part 523 

as why the test loading capacity of the SC3-2 was higher than the result from the theoretical mode. 524 

Except for SC1-1 and CS3-2, the calculated results compared favourably with experimental results, 525 

with both the bearing capacity formula and the stability coefficient method achieving an average 526 
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error at about 15%. When the bearing capacity formula and the stability coefficient method were 527 

used to calculate the bearing capacity, the average relative error between the calculated and the 528 

finite element results are 7.7% and 11.9%, respectively. 529 

5.2. Influence of Le on the bearing capacity  530 

The bearing capacity calculated from the bearing capacity formula and the stability coefficient is 531 

compared with the bearing capacity from the FE simulation considering Le as the parameter. (Pu/Pu0) 532 

is defined to describe the ratio of the ultimate loading of the splice columns to that of the intact 533 

column. Fig. 20 shows the relation between Le and (Pu/Pu0) in the FE simulation and the theoretical 534 

results. The relative error between the results calculated from the bearing capacity formula and by 535 

the FE simulation is less than 11% when the Le ranged from 30mm to 100mm. The relative error 536 

between the results from the stability coefficient method and the FE simulation is less than 12%. 537 

When the Le ranges from 100mm to 150mm, the relative errors are less than 10% and 21%, 538 

respectively, from using the bearing capacity formula and the stability coefficient as compared with 539 

the FE results. 540 
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Fig.19. Comparison of test and theoretical results     Fig. 20. Relations of Le vs Pu/Pu0 542 

5.3. Influence of tree species on the bearing capacity 543 

Korean pine, Betula and Douglas fir are chosen as the tree species of the splice columns [22, 23, 544 
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31, 39], and the splice parameters and dimensions are set the same as test specimen SC2. The 545 

comparisons show that the relative errors in the calculated bearing capacity using the bearing 546 

capacity formula and using the stability coefficient are less than 13% and 6%, respectively, as 547 

compared with the FE simulation results.  548 

5.4. Influence of length of spliced columns on the bearing capacity 549 

The bearing capacity of the spliced columns having the same splice parameters as SC2 but with a 550 

varying column length are calculated by the theoretical formulas in comparison with the FE 551 

simulation results. The representative column lengths of 1400mm, 2200mm, and 2600mm, are 552 

considered. The initial bending imperfection of each column is set in proportion to the column 553 

length. The relative errors using the bearing capacity formula and the stability coefficient are less 554 

than 21% and 11%, respectively, as compared to the FE simulation results. 555 

6. Application considerations 556 

6.1. The splice position 557 

The proposed bearing capacity calculation formula has been developed on the assumption that the 558 

splice takes place at the middle of the column. The actual position of the splice joint at different 559 

positions along the height of the column will affect the bearing capacity. To investigate such an 560 

effect, three different splice heights (i.e. 1/5l, 1/4l, and 1/3l) from the bottom of the column are 561 

examined using finite element simulation. The results are shown in Fig. 21. The column with the 562 

splice at 1/5l height actually failed at mid-span similar to the intact columns. The failure of the 563 

columns with the splice at 1/4l and 1/3l height happened at the splice joints. Their bearing capacities 564 

are between that of the intact column and that of the spliced column with the splice joint at mid-565 

span but are closer to the latter. Therefore for simplification, it is recommended that the capacity of 566 

the intact column be used for a spliced column with the splice height within 1/5l from the column 567 
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bottom, whereas for columns with the splice at the height ranging from 1/5l to 1/2l, the calculation 568 

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

6.2. Spliced columns with different timber materials 572 

In actual applications, the columns being splice-retrofitted may contain different materials (or 573 

material properties) on the two sides of the splice. In such cases, it is suggested that the weaker 574 

material property of the two parts be used in applying the proposed analytical formula to calculate 575 

the bearing capacity of the spliced column.  576 

7. Conclusions  577 

In this paper, an analytical model has been proposed for the calculation of the axial compressive 578 

strength and the stability coefficient for spliced columns retrofitted with the steel jacket. To assist 579 

in the formulation of the analytical model, a detailed finite element model is developed, which is 580 

then used to analyze the bending and buckling modes of the spliced columns and the contact stress 581 

within the splice joint. The theoretical model has been verified by comparing with the experimental 582 

data and the FE simulation results with varying design parameters, including the jacket extension 583 

length Le, tree species, and column length. The following conclusions may be drawn: 584 

(1) The proposed analytical model is capable of predicting the bearing capacity of the spliced 585 
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columns retrofitted with the steel jacket with good accuracy.  586 

(2) A reasonable splice length can ensure a reliable connection of the splice joint while 587 

avoiding negative effects due to incompatible stiffness with the column section. For the spliced 588 

columns covered in this study, the length of the splice (Le) and the total length of the steel jacket 589 

(Ls) are recommended to be in the range of 0.5~1.5 and 2~4.5 times of the column diameter, 590 

respectively. 591 

(3) For columns with a spliced joint enhanced by a steel jacket, buckling mode 1 in the 592 

direction parallel to the splice face is generally a dominant mode of bending and failure, which 593 

corresponds to buckling section mode III. Buckling mode 2, which corresponds to buckling section 594 

type I (perpendicular to the splice face), could become important with a short jacket extension 595 

length. 596 

(4) For columns with a splice position not at the mid-span, it is recommended that the same 597 

bearing capacity calculation formula as the mid-span splice case be applied if the splice position is 598 

between 1/5 and 1/2 of the column length from the column end. It is also reasonable to use the 599 

weaker material properties between the two splice parts in the calculation of the bearing capacity 600 

of a spliced column.  601 
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