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ABSTRACT 8 

Post-tensioned (PT) timber technology - also called Pres-Lam technology - can provide increased 9 

strength/stiffness for mass timber seismic load resisting systems while also providing energy dissipation and 10 

re-centering capabilities. Initial experimental tests and practical implementation on PT timber structures in the 11 

past 15 years primarily utilized laminated veneer lumber (LVL), with some glulam and cross-laminated timber 12 

(CLT) prototypes and real-case applications, and their analytical prediction models were extended and adapted 13 

from precast concrete to account for unique characteristics of engineered timber. More recently, CLT has 14 

emerged into a more dominant global mass timber product. This paper presents a large-scale experimental 15 

study on 8.6m tall PT CLT single and double wall systems. The PT double walls utilized screwed connections 16 

at the in-plane joint and U-shaped flexural plates at the foundation to provide coupling effect and energy 17 

dissipation. With screwed connections, the PT double wall partial composite action of approximately 70% was 18 

achieved and the system stiffness was almost two times that of two PT single walls without partial composite 19 

action but of equivalent length. Analytical prediction models, accounting for the peculiar controlled rocking 20 

mechanism, originally developed for PT LVL systems were adopted for PT CLT wall systems, which were 21 

found to have increased compressive toe strain variability due to the increased material inhomogeneity of CLT 22 
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with non-edge glued lamella. The timber compressive strains and unique ‘end effect’ bearing phenomenon 23 

was investigated for the first time with Particle Tracking Technology (PTT). Extensions to the existing PT 24 

double wall analytical prediction model were proposed and validated to capture the unique kinematic rocking 25 

mechanism where wall uplift occurs due to the strong and stiff screwed in-plane connection between individual 26 

walls.  27 
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1 INTRODUCTION 32 

Mass timber construction in cross-laminated timber (CLT) is increasing in popularity due in part to its 33 

sustainable and biophilic effects [1,2]. CLT has been researched as a lateral load resisting system (LLRS) in 34 

platform construction where CLT shear walls are most commonly connected to floor panels above and below 35 

with standard connectors [3,4]. These standard connectors were adopted from light timber frame (LTF) 36 

construction and often have capacities of 100 kN or less if ductile performance under seismic loading is 37 

required [5,6]. LTF [7] or post-and-beam timber structures [8,9] are commonly employed for timber residential 38 

buildings which mainly use mechanical fasteners to connect timber members. LTF shear walls as lateral load 39 

resisting systems (LLRS) often use plywood or Oriented Strand Board sheathing with nailed panel-frame 40 

connections [10]. 41 

While LTF structures are commonly employed in Australasia for residential homes, CLT structures are well 42 

suited for multi-storey residential buildings with regular floor plans and an abundance of walls to use as LLRS. 43 

CLT LLRS could have limited strength and stiffness due to their performance being governed by small 44 

connectors [11]. For taller buildings or those with a limited amount of walls, high performance connections 45 

could meet increased strength and stiffness requirements [12,13], and also re-centering capabilities [14]. 46 

Another option could be to use vertical post-tensioning to replace standard commercial connectors which could 47 
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maximize the stiffness achievable in a timber structure, minimize damage, and have strong re-centering 48 

capability, thus leading to a lower level of residual/permanent deformations/drifts [15,16]. 49 

Post-tensioned (PT) timber technology, also called Pres-Lam (Prestressed Laminated Timber), has been 50 

developed and tested at the University of Canterbury  since 2005 [17]. The moment capacity at the wall base 51 

or beam-column joint is provided by the clamping action of the vertical unbonded post-tensioning tendons 52 

and/or in combination with special ductile energy dissipating devices which can either be internal and epoxied 53 

or external and replaceable [18]. To date, there are – to the best of the authors’ knowledge - 13 Pres-Lam 54 

buildings constructed around the world and a state-of-the-art in research and implementation of this low-55 

damage technology has been reported by Granello et al. [19]. Initial Pres-Lam development at the University 56 

of Canterbury focussed on laminated veneer lumber (LVL) due to its superior strength and stiffness properties 57 

when stressed parallel to grain in comparison to other mass timber products such as CLT. Nonetheless, CLT 58 

is a global product and more commonly implemented as a shear wall with exponential growth forecasted [20].  59 

Extensive experimental testing has been performed on PT LVL single wall (SW) and hybrid single wall 60 

systems comprising special replaceable and ductile energy dissipating devices [17,18,21]. In order to provide 61 

increased energy dissipation, coupled double wall (DW) systems have been tested with U-shaped Flexural 62 

Plates (UFPs) [22] and nailed plywood in-plane joints to provide energy dissipation [23,24]. 63 

More recently, the Pres-Lam wall system has been tested using CLT [25–27], glulam [28–30] as well as 64 

systems with mixed materials, such as concrete-timber and steel-timber [31,32]. Under the multi-year Natural 65 

Hazards Engineering Research Infrastructure (NHERI) research project [33], PT CLT SW and DW systems 66 

have been tested under quasi-static and dynamic loading [26,34]. Further testing has also verified the 67 

performance of PT CLT SW and DW systems with and without axial or UFP dissipating elements [35,36]. In 68 

the previous PT DW testing, the in-plane joint has been utilized for its relative movement to dissipate energy. 69 

However, if strong and stiff connections with self-tapping screws (STS) are utilized, increased system strength 70 

and stiffness could be achieved with partial composite action of the wall panels. 71 

STS are the most popular fasteners used in mass timber construction [37]. Work by Loss et al. [38] showed 72 

that the spatial insertion angle of the STS to the timber grain and loading direction significantly affects the 73 
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performance. When installed at 90° to the loading direction, STS behave in dowel action with relatively lower 74 

strength and stiffness but relatively larger displacement and energy dissipation capability. When STS are 75 

installed inclined to the loading direction, they behave primarily in withdrawal action having relatively higher 76 

strength and stiffness, but lower displacement and energy dissipation capacity. By implementing mixed angle 77 

STS connections, high strength, stiffness and energy dissipative connections can be achieved [39–41]. For PT 78 

DW systems, STS installed at 90° with plywood at the in-plane joint could provide increased system strength 79 

and stiffness while also providing energy dissipation. 80 

The behaviour of PT timber wall systems can be evaluated with the iterative moment-rotation analysis initially 81 

proposed by Pampanin et al. [42] for precast concrete, extended by Palermo [43] to capture the elastic range 82 

(called the Modified Monolithic Beam Analogy (MMBA)) and adopted by Newcombe et al. [44] for timber. 83 

In the MMBA procedure, some distinct characteristics of timber need to be considered, namely, the timber 84 

‘end effect’ and timber compressive toe strain profile. Material testing of LVL identified a suitable strain limit 85 

and a stiffness reduction factor to account for the ‘end effect’, which accounts for the local end crushing of the 86 

timber fibres thus reducing the elastic modulus and axial stiffness of the timber section [45]. Further, in PT 87 

LVL SW testing, the compressive toe strain profile was investigated with a discrete number of Linear Variable 88 

Displacement Transducers (LVDTs) and strain gauges. The triangular and linear strain profile was deemed 89 

suitable for a low-damage design approach [46]. Due to the distinct material differences between LVL and 90 

CLT, the stiffness reduction factor and assumption of a linear stress/strain profile within the timber elastic 91 

range should be verified for CLT. Further, in order to better capture and monitor the compressive toe 92 

displacement and strain fields during the experimental tests on PT CLT walls, Particle Tracking Technology 93 

(PTT) [47] was implemented at the wall base. The MMBA analytical prediction model will be discussed in 94 

more detail in Section 5. The lateral behaviour of PT timber wall systems has also been characterized by 95 

defining a series of limit states with assumed stress strain profiles [48].  96 

Currently, analytical prediction models for PT DW systems consider the kinematic rocking mode when both 97 

walls are in contact with the foundation, and assume a constant coupling force distribution (with elastoplastic 98 

or similar behaviour) along the in-plane joint [23,24,48]. This model was able to adequately capture the 99 

moment-rotation response when a relatively low coupling force due to nail or UFP yielding occurred [23,24] 100 



5 

 

allowing for the two walls to develop a rocking motion at their base and a relative displacement at the yielding 101 

coupling devices. Gavric et al. [49] presented experimental testing and analytical prediction models for 102 

conventional CLT shear walls with commercial connectors and STS at the in-plane joint. The research reported 103 

that if a relatively large number of STS were installed, the wall acted as a combined single-coupled wall (SCW) 104 

with a single base rocking interface and kinematic mechanism. The model assumed a simplified trilinear load-105 

displacement curve for all connections which makes it susceptible to sudden load-drops when the STS 106 

connection stiffness changes. 107 

The combined single-coupled wall (SCW) kinematic rocking mode could also occur in PT DW systems 108 

depending on the relative strength and stiffness of the in-plane joint and the PT and dissipative elements. 109 

Because the STS force-displacement response is highly nonlinear with gradually changing stiffness, either the 110 

elastoplastic or the trilinear model for PT DW systems under the SCW kinematic mode might not be 111 

appropriate. The nonlinear curve fitting connection model presented by Foschi [50] could more accurately 112 

capture the PT DW system behaviour. Nonlinear curve fitting models are commonly implemented to capture 113 

the nail slip response in LTF construction types [10,51]. 114 

The primary objective of this experimental and analytical study is to assess the structural performance of PT 115 

single and double CLT shear wall systems coupled with STS at the in-plane joint and to provide comparison 116 

to a PT CLT shear wall with supplemental UFP dissipating devices. With increased in-plane joint strength and 117 

stiffness, partial composite action in the wall will increase and affect the kinematic rocking mode. Through 118 

Particle Tracking Technology the compressive toe behaviour of the PT CLT wall systems will be investigated 119 

to inform analytical prediction models. The secondary objectives are to extend the existing iterative MMBA 120 

analytical model for PT CLT wall systems as the model was originally developed for PT LVL walls. Finally, 121 

a proposed analytical model for PT DW systems primarily connected with STS will be validated with the 122 

experimental testing results. 123 

 124 
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2 TEST SPECIMEN DETAILING 125 

The three phase PT CLT wall testing programme had a total of 17 tests under quasi-static cyclic loading, 126 

consisting of four PT Single Wall (SW) tests (Phase I), five PT Double Wall (DW) tests (Phase II), and eight 127 

PT and conventional core-wall testing (Phase III). The PT SW and DW specimens were tested with uni-128 

directional testing protocol and the PT core-wall specimens were tested with either uni-directional and/or bi-129 

directional testing protocol. This paper reports the experimental testing of Phase I and II and an overview of 130 

the key specimen detailing is provided. Further specimen detailing in Phase III PT core-wall testing can be 131 

found in Brown et al. [52]. A full description three Phase CLT shear wall testing programme can be found in 132 

Brown [53]. 133 

2.1 Wall Section Detailing 134 

The CLT wall specimens were four-storeys high with a 2:3 scale factor. This scale factor was chosen due to 135 

lab restraints for the maximum CLT wall height, which then reduced the length of each wall in a similar 136 

manner. However, the CLT layup chosen (CLT wall thickness) was a readily available product size from the 137 

New Zealand CLT supplier. The walls were 8.6 m high and the individual walls were 1.912 m in length. The 138 

CLT panels were five-ply and 175 mm thick (45/20/45/20/45), with visually graded SG8 grade Douglas-Fir 139 

laminations as specified in NZS3603 - Timber Structures Standard [54]. The (unbonded) post-tensioning bars 140 

were located within 100 mm x 45 mm ducts in the middle layer of the CLT wall panels. The spacing of the 141 

post-tensioning bars was symmetrical about the in-plane joint for the DW specimens. Figure 1 shows the DW 142 

specimen cross section view with the coupling Wall 1 and Wall 2. During SW testing, only Wall 1 was present. 143 

 144 

Figure 1: Double wall cross section view 145 
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2.2 Connection Detailing 146 

2.2.1 Screwed Connections 147 

As shown in Figure 1, the in-plane joint employed 𝜙8x80 mm partially threaded (PTH) STS installed at 90° to 148 

the CLT panel with 17 mm thick plywood as per NZS 3603 [54]. All STS were installed without predrilling 149 

following the minimum spacing (a1=10d) as per Eurocode 5 [55] and the STS supplier European Technical 150 

Approval (ETA) [56]. The number of STS installed were 64, 220, and 64 for tests DW-2, DW-3 and DW-4 151 

respectively as specified in Table 1 and the characteristic connection strength per STS was 3.3 kN as per 152 

Eurocode 5 [55]. 64 STS were used in Test DW-2 in order to provide similar re-centring ratio 𝛽 as Test DW-153 

4 with UFPs and 220 STS were used in Test DW-4 based on preliminary calculations in order to achieve the 154 

combined single-coupled wall kinematic mode which will be described in Section 5.2. 155 

2.2.2 Post-tensioning Bar and Anchorage  156 

Figure 2 shows the post-tensioning bar location and anchorage detailing at the top of the CLT wall and the 157 

bottom with the steel foundation. A 500 mm long x 50 mm thick steel anchorage plate was used to spread the 158 

load from a pair of 𝜙26.5 mm high strength bars [57] at the top of the CLT wall. The Modulus of Elasticity 159 

and yield strength of the post-tensioning bars were 170 GPa and 835 MPa respectively. Side plates were welded 160 

to the 50 mm steel anchorage plate to provide confinement and restrict potential bulging effect of CLT under 161 

high axial loads. The shear keys at the wall base also provided confinement to the compression toe which is 162 

described further in Section 3. 163 
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 164 

Figure 2: Post-tensioning anchorage detailing at the wall base and top connections 165 

 166 

2.2.3 UFP Detailing 167 

Pairs of mild steel U-shaped flexural plates (UFPs) [22,58] were located at the corners of each wall base as 168 

shown in Figure 3a. The mild steel Modulus of Elasticity and yield strength were 200 GPa and 300 MPa 169 

respectively. Figure 3b shows how each UFP pair was connected to the CLT wall. Each UFP was connected 170 

by 2-M16 bolts to a 12 mm thick steel plate, which was then connected to the face of the CLT wall with 8-171 

 𝜙11x250 mm fully threaded STS [59] installed inclined at 45°. Each inclined STS connection was designed 172 

to remain elastic with an overstrength factor of 1.8 considering only STS under tension and neglecting friction 173 

and STS under compression. The UFPs were then connected to a short steel parallel flange channel (PFC) with 174 

2-M16 bolts. The base of the PFC was then anchored to the foundation with 2-M20 bolts. 2- 𝜙12 mm Grade 175 

4.6 threaded rods [60] were installed to connect the PFC and the steel plate to eliminate the induced force 176 

couple because the UFPs were placed only on one side of the CLT wall as similarly detailed on the Lucas 177 

House building due to architectural restrictions [61]. 178 
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 179 

Figure 3: UFP placement and connection detailing 180 

3 TESTING PROGRAMME AND METHODOLOGY 181 

The testing programme for the PT SW and PT DW testing is provided in Table 1. In the PT SW testing, the 182 

initial post-tensioning bar force was varied. It was 0, 25, 50 and 75 kN/bar for the tests SW-1, SW-2, SW-3, 183 

and SW-4 respectively. The DW testing considered variations in terms of a) in-plane joint connection details; 184 

b) use of UFP dissipaters at the wall base; and c) re-centring ratio 𝛽, defined as 𝛽 = 𝑀𝑝𝑡 𝑀𝑡𝑜𝑡⁄  where 𝑀𝑝𝑡 is 185 

the base moment contribution due to PT bars and 𝑀𝑡𝑜𝑡 is the total base moment capacity. In the DW testing, 186 

the initial post-tensioning force was limited to 5 % yield force of the PT bar to avoid potential yielding due to 187 

wall uplifting. Test DW-1 did not use STS or UFPs such that the frictional effect between the individual walls 188 

at the in-plane joint could be quantified. This also provided a baseline and lower bound DW performance. 189 

Tests DW-2 – DW-5 implemented STS at the in-plane joint, UFPs at the wall base, or both.  190 

Table 1: PT Single Wall (Phase I) and PT Double Wall (Phase II) testing programmes 191 

Test  SW-1 SW-2 SW-3 SW-4  

Initial PT / bar kN 0 (0%1) 25 (5%1) 50 (10%1) 75 (15%1)  

Test  DW-1 DW-2 DW-3 DW-4 DW-5 

Initial PT / bar kN 25 (5%1) 25 (5%1) 25 (5%1) 25 (5%1) 25 (5%1) 

In-plane Joint Type - 

8x80 PTH  

(17mm Ply.) 

8x80 PTH  

(17mm Ply.) 

8x80 PTH 

(17mm Ply.) 

- 
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 Qty. - 64 (90°) 220 (90°) 64 (90°) - 

UFPs - No No No Yes Yes 

Re-centering Ratio 

(β = Mpt/Mtot) 
- 0.9 0.67 0.55 0.56 0.72 

Note: 1 yield percentage of the post-tensioning bar; Qty. = quantity; PTH = partially threaded 192 

 193 

The experimental test setup for the PT SW and the PT DW tests are shown in Figure 4. One 700 kN actuator 194 

with 4-M30 Grade 8.8 threaded rods was used to apply the lateral loads via a steel loading beam and bearing 195 

head at a wall height of 8.2 m. Two actuators provided out-of-plane restraints at 3.8 m and 7.4 m wall height 196 

for each wall. At the base of the wall, in-plane and out-of-plane translational restraints were provided by shear 197 

keys. The shear keys were equal angle 125 mm x 125 mm x 12 mm [62] with welds on the bottom leg only so 198 

that the top leg could yield and bend to accommodate the wall rocking as reported by Moroder et al. [27]. Such 199 

shear key details were also used for the Carterton Events Centre building [63]. The shear keys were bolted to 200 

the steel foundation beam with Grade 8.8 M20 bolts [62]. Each wall specimen had a capacity protected 201 

horizontal castellated joint at 5.5m wall height to transfer shear load through castellated joints and to resist 202 

overturning moments with steel straps connected to the wall above and below with STS (painted blue and 203 

shown in Figure 4). The horizontal joint was not a focus for Phase I (Single Wall) and Phase II (Double Wall) 204 

testing and further information can be found in Brown et al. [52] which reported Phase III (Core-wall) 205 

experimental results.  206 
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 207 

Figure 4: Single Wall (SW) and Double Wall (DW) Test Set-Ups 208 

 209 

The displacement controlled uni-directional loading protocol followed the ACI ITG-5.1-07 special protocol 210 

for PT precast structural walls [64]. The amplitude of each cycle group was 1.25 times that of the previous 211 

cycle group, and the first cycle group was 0.1 % drift as shown in Figure 5. Each cycle group had three identical 212 

cycles. The peak drifts were chosen during each test upon evaluation of the actual CLT compression strains 213 

and visible damage at the wall base.  214 

 215 

Figure 5: Loading protocol 216 
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 217 

3.1 Key Design Parameters and Instrumentation 218 

The global responses of the walls were measured with linear variable differential transducers (LVDTs), load 219 

cells, and inclinometers. Specifically, Particle Tracking Technology (PTT) was implemented to measure the 220 

compressive toe strains at the wall base. 221 

3.1.1 General Instrumentation 222 

Figure 6 shows the key general instrumentation. LVDTs and inclinometers were placed on the specimen at 2m 223 

inter-storey heights to measure the wall joint relative slips, in-plane and out-of-plane deformations, and wall 224 

rotations. At the wall base, seven LVDTs measured the neutral axis depth (i.e., length of the compression zone) 225 

at the wall base and three LVDTs were placed on each UFP connection plate to measure vertical and horizontal 226 

movement. The actuators had 1000 kN load cells to monitor the applied load, and 500 kN load cells monitored 227 

the PT bar forces. As the PT bars were placed in pairs, the results of each bar were combined. LVDTs also 228 

tracked the movement of the steel foundation. 229 

 230 

Figure 6: Key instrumentation 231 

 232 

3.1.2 Particle Tracking Technology (PTT) 233 

PTT was implemented at the base of each wall to track the base rocking interface. PTT is a contact-free 234 

quantitative field measuring technique originally developed to track individual particles in fluid flows [47]. 235 



13 

 

More recently, Ottenhaus et al. [65] have shown .  the versatility of PTT with CLT testing in dowel embedment 236 

tests, large scale CLT connection tests and small scale material tests to capture displacement and strain fields. 237 

Figure 7 shows the PTT setup and an image view of one camera tracking movement of the particles. The 238 

yellow painted shear keys interfered with the PTT data collection of the extreme fibre of the CLT compressive 239 

toe; however, the displacement and strain fields were captured above and beside the shear key which was 240 

deemed adequate. Six Fujifilm X-T2 cameras with XF 18-55 lens were positioned at the wall base on stiff 241 

supports. The resolution of the images was 6000x4000 pixels, and the PTT resolution ranged from 0.145 242 

mm/pix to 0.197 mm/pix. Artificial lighting was provided to ensure a consistent light intensity throughout each 243 

image frame. 8 mm diameter blue or red circle stickers attached to the CLT wall surface were used as particles, 244 

and they were placed randomly on the timber surface for easier particle identification in post-processing. As 245 

the particles were placed on the timber face, all the measured displacement and strains represented the surface 246 

response. An image was captured at each displacement step of the loading protocol such that each image could 247 

easily be correlated with the associated experimental data file. 248 

 249 

Figure 7: (a) PTT set-up and (b), single camera view 250 

Streams [47] was used in image post processing and it has an extensive toolkit of processes to perform image 251 

filtering, particle identification, PTT analysis, and ultimately produce displacement and strain fields. Within 252 

Streams, the pixels that comprise the particles are differentiated from the rest of the image frame by a variation 253 

in light intensity on either a grey or RGB scale. Streams generated a material displacement field on a 254 

rectangular grid corresponding to x, y, and t (the time of each image). Displacements were transformed into a 255 
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material-based frame of reference such that displacements and strains were computed relative to the wall before 256 

testing began. Further details on PTT and implementation in the testing can be found in Brown et al. [66] and 257 

Ottenhaus et al. [65]. 258 

4 EXPERIMENTAL RESULTS AND DISCUSSION 259 

The key experimental results are provided in Table 2. The results are provided at serviceability limit state 260 

(SLS, defined as 0.33 % inter-storey drift ratio) and a peak drift  level. AS/NZS 1170.0 Appendix C [67] 261 

specifies SLS of 0.33 % for plaster/gypsum walls which are commonly used in NZ timber buildings. The peak 262 

drift  level during the SW testing was limited to avoid plastic deformation greater than a few millimetres to the 263 

compressive toe, and for the DW testing, peak drift was limited to 1.2 % to avoid significant plastic 264 

deformation for the following Phase III core-wall testing [68]. While a peak drift of 1.2 % may be less than 265 

typical design building drifts, it was deemed sufficient to capture the major DW response which included the 266 

non-linear elastic behaviour due to gap opening at the wall base. The partial composite action (CA) in the DW 267 

can be defined by comparing the test results with a theoretical uncoupled and fully composite systems in a 268 

similar manner to that for composite beams [69] as: 269 

 %𝑪𝑨𝜹 =
𝑭𝑻𝒆𝒔𝒕,𝜹 −  𝑭𝟎%,𝜹

𝑭𝟏𝟎𝟎%,𝜹 −  𝑭𝟎%,𝜹
 (1) 

where, for a given wall drift (𝛿), 𝐹0%,𝛿  = the theoretical force for an uncoupled (non-composite) section; 270 

𝐹100%,𝛿 = the theoretical force for a fully composite section; and 𝐹𝑇𝑒𝑠𝑡,𝛿  = the measured force. Figure 8 shows 271 

the different rocking mechanisms such as a fully composite section, where there is no relative slip between 272 

two CLT walls, and a partial composite action where there is varying levels of relative displacement between 273 

the two walls. The theoretical calculations are based on a PT rocking wall boundary condition following the 274 

MMBA in accordance with the Pres-Lam design guide [70]. The MMBA procedure will be further described 275 

in Section 5. The total energy dissipation, 𝐸𝐷, was calculated as the area enclosed within the hysteresis loops 276 

for the entire loading protocol. The components of 𝐸𝐷 included friction between the CLT wall panels, yielding 277 

and embedment deformation of the screwed connections, and yielding of the UFPs which will be discussed 278 

further in Section 4.2. 279 
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 280 

Figure 8: Types of Double Wall Kinematics: (a) coupled  double wall behaviour (partial composite action), 281 

(b) combined single-coupled wall behaviour (partial composite action), (c) theoretical single wall behaviour 282 

(100% composite action) 283 

 284 

 285 

4.1 Global Wall Response 286 

For PT DW testing, Table 2 shows that the composite action decreased at the peak drift level when compared 287 

to the SLS. This was due to the gradual strength and stiffness degradation of the STS in-plane joint. The highest 288 

composite action of 70 % and 38 % at SLS and peak drift respectively was observed in Test DW-3. The low 289 

composite action in Test DW-1 indicated the friction contribution which had been noted previously by Moroder 290 

et al. [27]. The secant stiffness values at given drift levels include all possible slips and translational sliding 291 

due to the tolerances between the CLT wall panels. The SLS stiffness of 1.6 kN/mm achieved in Test DW-1 292 

represents a lower bound for this PT DW system. The significant stiffness change in Tests DW-2, DW-3 and 293 

DW-4 indicated the impact of connection detailing on the system behaviour. In Test DW-3, the SLS stiffness 294 

was 3.7 kN/mm, more than two times of that achieved in Test DW-1, and almost four times of that achieved 295 

in Test SW-2 with the same initial post-tensioning. The yield percentage of the extreme PT bar,𝜈𝑃𝑇, is also 296 

reported in Table 2 and in Test DW-3, 40 % was reached at peak drift. The timber yield strain percentage, 𝜈𝑇, 297 

defined by the constitutive relation 𝐸0 = 𝑓𝑐 𝜀𝑇⁄ , where 𝐸0 is the timber Elastic modulus, 𝑓𝑐 is the compressive 298 
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stress, and 𝜀𝑇 is the compressive strain was determined by PTT.. This was unique when compared to past 299 

experimental testing by Sarti et al. [21], where timber strains were back calculated assuming a triangular 300 

distribution, or not quantitatively reported other than the test observations [26,35]. The compressive toe 301 

performance with PTT will be discussed in Section 4.3.  302 

Table 2: Wall testing experimental results summary 303 

 Serviceability Limit State  Peak Drift 

 CA F k 𝜈𝑃𝑇 𝜈𝑇  Drift CA F k 𝜈𝑃𝑇 𝜈𝑇 ED 

Test (%) (kN) (kN/mm) (%) (%)   (%) (%) (kN) (kN/mm) (%) (%) (kN-mm) 

SW-1 - 16 0.6 7 26  1.2 - 53 0.6 30 66 - 

SW-2 - 29 1.1 14 29  0.93 - 57 0.7 31 69 - 

SW-3 - 32 1.2 17 37  0.93 - 63 0.8 33 64 - 

SW-4 - 38 1.4 23 32  0.75 - 64 1.1 34 64 - 

DW-1 11 45 1.6 13 22  1.2 9 124 1.3 36 66 17,040 

DW-2 34 66 2.4 13 25  1.2 19 155 1.6 37 79 38,680 

DW-3 70 100 3.7 17 21  1.2 38 217 2.3 40 61 65,300 

DW-4 39 71 2.6 13 6  1.2 23 169 1.8 36 70 41,420 

DW-5 16 49 1.8 12 10  1.2 15 144 1.5 35 37 22,090 

Note: CA is composite action; 𝜈𝑃𝑇 is the yield percentage of the extreme post-tensioning bar; 𝜈𝑇 is the yield strain percentage of the 304 

extreme timber fibre value, determined by PTT and assuming E0 = 9,700 MPa and fc  = 37 MPa as per as per component testing in 305 

Section 6.1.1; ED = total energy dissipation during full loading protocol 306 

 307 

Figure 9 shows the plots for base shear versus drift, moment versus wall base rocking interface rotation 308 

(connection rotation), and neutral axis depth versus connection rotation for the four PT SW tests. A typical 309 

non-linear elastic behaviour due to the gap opening at the wall base was observed. Increased initial post-310 

tensioning forces delayed the onset of gap opening, and then the post gap opening wall stiffness was similar 311 

for all the tests as expected. The neutral axis depth ratio (c/L), where c is the length of the compression zone 312 

and L  is the wall length (1.912 m)) was approximately 0.15 and slightly increased with increased initial post-313 



17 

 

tensioning forces. The minimum c/ L ratio was also not exactly symmetrical due to the slightly non-314 

symmetrical placement of the PT bars as shown in Figure 1. Further, additional force occurred on the positive 315 

“push” wall drift direction due to out-of-plane wall twist. This wall twist occurred primarily because there was 316 

only one pin-pin connection of the out-of-plane rams and also because the in-plane loading actuator could 317 

rotate due to its pin-pin connection (with spherical bearings) under compression. Because of this, all analytical 318 

comparisons in Section 6 are made to the negative “pull” wall drift cycles. 319 

 320 

Figure 9: SW test series summary: (a) base shear – drift; (b) moment – rotation; and (c) neutral axis depth – 321 

connection rotation 322 

 323 

Figure 10 shows the key plots for Tests DW-2, DW-3, and DW-4. The base shear vs wall drift curves are 324 

compared with the theoretical fully composite (𝐹100%,𝛿) and non-composite (𝐹0%,𝛿) PT walls. At low drift 325 

levels, Test DW-3 closely matched the theoretical fully composite curve. This was primarily due to the STS 326 

in-plane joint having high initial stiffness. However, with gradual stiffness degradation of the STS joint the 327 

DW systems gradually tended away from the theoretical upper bound. All post-tensioning forces are reported 328 

as a pair as described in Section 3. In Test DW-3, the increase in PT1-N forces during positive drift cycles 329 

indicated tendon elongation due to wall uplift which will be discussed in detail. 330 

 331 

The neutral axis behaviour during each test was similar for Wall 1 and Wall 2 due to the symmetrical behaviour 332 

of the test setup. During Test DW-3, the neutral axis behaviour was significantly different as a negative neutral 333 

axis was reported which indicated one wall uplift. This unique behaviour has not been observed in past PT 334 
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DW testing that used the in-plane joint slip to provide increased energy dissipation during the rocking motion 335 

[23,24,26,35]. At a base connection rotation of approximately 0.006 rad, the wall touched the ground, and a 336 

positive neutral axis was reported. The neutral axis depth ratio (c/ L) was approximately 0.25 in Test DW-3, 337 

which was larger than Tests DW-2 and DW-4 where the c/L ratio was closer to 0.15 at peak drift. Residual 338 

drift was negligible in all tests except DW-3 where it was 0.1 %. The relative connection slip at the in-plane 339 

joint varied in each test due to the different strength and stiffness of the STS connection details and UFP 340 

devices. At 1.2 % wall drift, the connection slips were 17.1 mm, 15.1 mm, and 16.1 mm for Tests DW-2, DW-341 

3, and DW-4, respectively. 342 
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 343 

Figure 10: DW testing Key Plots: (a) Test DW-2, (b) Test DW-3, (c) Test DW-4 344 

 345 
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4.2 Connection Response 346 

The UFPs and their connection detailing, STS connection at the in-plane joint, and compressive toe 347 

performance were evaluated. The 12 mm thick steel UFP connection plate (see Figure 3) had +0.6 mm in the 348 

+1.2 % cycle and -1.1 mm in the -1.2 % drift cycles while the UFPs had greater than 10 mm vertical 349 

displacement due to gap opening at the wall base. Residual displacement of the steel UFP connection plate 350 

was -0.3 mm which indicated that embedment deformation occurred in the inclined STS connection. Further, 351 

it was found that the UFPs were also able to undergo twisting and out-of-plane movement without fracture due 352 

to their placement in front of the walls instead of the wall ends. More details on UFP connection performance 353 

can be found in Brown et al. [68]. The STS connections performed differently when compared to other mild 354 

steel dissipaters generally employed for hybrid PT walls. The STS connections still provided stable global 355 

behaviour given the tested wall drifts but pinching of the hysteresis curves was observed which could reduce 356 

total energy dissipation. The pinching behaviour occurs physically due to the presence of gaps between the 357 

fastener and wood caused from plastic timber embedment deformation [10]. This phenomenon has also been 358 

reported by Iqbal et al. [71]. The performance difference between STS and mild steel could be observed by 359 

comparing the results between Test DW-2 (STS implemented) and Test DW-5 (UFPs implemented). While 360 

the 𝛽 ratio was comparable, Test DW-2 with STS dissipated 75 % more energy. This was primarily due to the 361 

fact that the UFPs required a relatively large imposed displacement prior to yielding due to lower stiffness; 362 

their rolling motion was not perfectly vertical; and small slips existed in their connections to the CLT panels 363 

and steel parallel flanged channel (PFC). It was found that an approximately 12 mm imposed displacement 364 

was required for the UFPs to reach their yielding plateau, determined by the UFP component testing results 365 

(see Section 6.1.2). This corresponded to approximately 0.8 % wall drift. In contrast, the STS connections 366 

reached yielding at approximately 5 mm connection displacement [72] and significant energy dissipation could 367 

occur at even lower imposed displacements. This 5mm in-plane joint displacement corresponded to 368 

approximately 0.25 % wall drift. It should be noted this comparison is limited to the wall drifts of 1.2 % when 369 

the STS joint displacement reached 15 mm. Work by Hossain [72] showed that peak load of this type of STS 370 

connection occurs at approximately 19 mm displacement (see Figure 19). Therefore, the displacement and 371 

energy dissipation capacity of a PT DW system with STS would be limited and significant strength and 372 
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stiffness degradation would occur beyond 19 mm connection displacement. In contrast Baird et al. [58], for 373 

example, have shown that UFPs have stable performance at significantly larger deformations. The in-plane 374 

relative joint slip increased slightly with the increased wall height due to elastic deformation of the walls. 375 

However, the in-plane joint slip difference was less than 2 mm over the wall height. At 1.2 % wall drift, the 376 

relative slip was 15.1 mm and 16.2 mm at 0.4 m and 4 m wall height respectively. 377 

 378 

4.3 Compressive Toe Performance  379 

PTT was utilized to determine the strain field within each compressive toe region over the lower 260 mm wall 380 

height, along the entire compressive toe length. Figure 11 gives a summary of experimental testing strain 381 

results for Test SW-2 in comparison with the MMBA assumption at different drift levels. At each drift cycle, 382 

the scatter and the mean of timber strain are compared with the MMBA predictions (shown with grey lines) 383 

which assumed a triangular distribution, a timber elastic modulus as per Error! Reference source not found., 384 

and kgap = 0.7 as per the Pres-Lam Design Guide [70]. The experimental neutral axis depth at each drift cycle 385 

is also shown on each graph with a solid red vertical line. 386 

Further, at each drift cycle, and at each compressive toe, the peak average compressive strain was compared 387 

with the peak timber strain determined by the MMBA. A strain amplification factor 𝜙𝑡 defined as the ratio 388 

between the experimental strain and the MMBA analytical strain was determined. Table 3 summarizes the 389 

results of all SW tests for both the positive and negative drift cycles, and significant differences were observed. 390 

It was also found that a higher concentration of knots existed on the negative drift cycle side compared to the 391 

positive drift side of the wall base. This could cause generally different compressive strains between positive 392 

and negative cycles at the same drift. The average strain amplification factor 𝜙𝑡 was found to be 1.3, based on 393 

a total of 37 analytical to experimental comparisons over the four tests. It should be noted that the 𝜙𝑡 factor of 394 

1.3 was determined based on a limited number of experimental tests. Future work is needed to investigate 395 

different wall configurations, drift demands, timber species and engineered timber products. Nonetheless, the 396 

variability in compressive strains over the 260 mm wall base height highlighted the inherent variability of 397 

timber and which could be higher when using non-edge glued visually graded dimensional lumber as lamella 398 
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for the CLT. Based on the PTT results from Tests SW-1 to Test SW-4 (SW-2 shown in Figure 11), it seemed 399 

that a linear strain distribution was appropriate, based on the mean experimental strains presented (shown in 400 

black). 401 

Table 3: Summary of timber strain amplification factors 402 

Test Negative Drift Positive Drift Average 

SW-1 2.0 1.9 2.1 

SW-2 2.1 1.0 1.4 

SW-3 1.4 1.5 1.4 

SW-4 1.7 0.7 0.9 

Average 1.8 1.1 1.3 

 403 
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 404 

Figure 11: Test SW-2 compressive toe strain comparison to MMBA 405 
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5 ANALYTICAL MODELLING OF POST-TENSIONED SINGLE AND DOUBLE WALLS 406 

The response of PT rocking timber walls can differentiated in two phases: before and after wall base gap 407 

opening. Before gap opening, the response can be modelled as a fixed base cantilever wall. With increasing 408 

initial post-tensioning force, the required overturning moment to initiate gap opening, called the decompression 409 

moment, will increase. The decompression moment, 𝑀𝑑𝑒𝑐, to initiate gap opening is determined as: 410 

  𝑴𝒅𝒆𝒄 =
𝒁

𝑨𝒆𝒇𝒇
(∑ 𝑻𝑷𝑻,𝒐 + 𝑵) (2) 

where Z = section modulus of the CLT wall cross-section which only considers the longitudinal CLT timber 411 

lamella; 𝐴𝑒𝑓𝑓 = effective cross-sectional area of the CLT walls which only considers the longitudinal CLT 412 

timber lamella; ∑ 𝑇𝑃𝑇,𝑜 = total initial post-tensioning force; and 𝑁 = axial force from gravity loading. 413 

Once 𝑀𝑑𝑒𝑐 is reached, gap opening and a wall base connection rotation, 𝜃𝑗, will occur. The total displacement, 414 

𝛿𝑇, after gap opening at the top of a wall can be determined as: 415 

 𝜹𝑻 = 𝜹𝒓 + 𝜹𝒃 + 𝜹𝒔 (3) 

where 𝜹𝒓 = rocking deformation as discussed in Section 5.1 and 5.2; 𝛿𝑏  = elastic bending deformation as 416 

discussed in Section 5.3; 𝛿𝑠 = elastic shear deformation as discussed in Section 5.3. 417 

5.1 Post-Tensioned Single Wall Rocking Deformation Theory 418 

The rocking deformation, 𝛿𝑟, is determined for a given wall base connection rotation, 𝜃𝑗, as shown in Figure 419 

12 as: 420 

 𝜹𝒓 = 𝜽𝒋𝑯𝒄𝒂𝒏𝒕 (4) 

where Hcant is the cantilever wall height. 421 
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 422 

Figure 12: PT Single Wall Sectional Analysis 423 

For an imposed wall base connection rotation, 𝜃𝑗, the tendon elongation is determined by geometry due to gap 424 

opening with consideration for axial wall shortening as: 425 

 ∆𝑷𝑻,𝒊,𝒋= 𝜽𝒋(𝒅𝑷𝑻,𝒊 − 𝒄𝟏,𝒋) −
(∑ 𝑻𝑷𝑻,𝒋 − ∑ 𝑻𝑷𝑻,𝒐)𝒍𝒖𝒃,𝒊

𝑬𝒐𝑨𝒆𝒇𝒇
 (5) 

where ∆𝑃𝑇,𝑖,𝑗 = elongation of the i-th post-tensioning bar for the j-th rotation increment; 𝑑𝑃𝑇,𝑖= edge distance 426 

of the i-th post-tensioning bar (See Figure 12); 𝑐1,𝑗 = neutral axis depth for the j-th rotation increment; ∑ 𝑇𝑃𝑇,𝑗 427 

= sum of post-tensioning bar force for the j-th rotation increment; 𝑙𝑢𝑏,𝑖 = unbonded length of the i-th post-428 

tensioning bar; 𝐸𝑜 = timber elastic modulus. 𝑇𝑃𝑇,𝑖,𝑗 can then be evaluated as: 429 

 𝑻𝑷𝑻,𝒊,𝒋 = 𝑻𝑷𝑻,𝒊,𝟎 +
∆𝑷𝑻,𝒊,𝒋

𝒍𝒖𝒃,𝒊
𝑬𝑷𝑻𝑨𝑷𝑻,𝒊 (6) 

where 𝐸𝑃𝑇 = post-tensioning steel bar elastic modulus; 𝐴𝑃𝑇,𝑖 = cross-section area of the i-th post-tensioning 430 

bar. For UFP devices placed at the wall base, the imposed displacement is found in a similar manner as the PT 431 

bars: 432 

 ∆𝑼𝑭𝑷,𝒊,𝒋= 𝜽𝒋(𝒅𝑼𝑭𝑷,𝒊 − 𝒄𝟏,𝒋) (7) 

where ∆𝑈𝐹𝑃,𝑖,𝑗 = elongation of the i-th UFP element for the j-th rotation increment; and 𝑑𝑈𝐹𝑃,𝑖 = edge distance 433 

of the i-th UFP element (see Figure 12); and 𝑐1,𝑗  = neutral axis depth for the j-th rotation increment. 434 

Experimental tests by Skinner et al. [73] and then by Baird et al. [58] have shown the force-displacement 435 
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behaviour of UFP devices can be modelled by a Ramberg-Osgood function [74] as shown in Figure 14b. Then, 436 

the timber compressive force, 𝐶𝑇,𝑗 (see Figure 12), is evaluated according to a member strain compatibility 437 

condition outlined with the MMBA [44] procedure which assumes that the displacement of a rocking element 438 

is analogous to a monolithic element. Herein, it is suggested that the strain amplification factor, 𝜙𝑡 = 1.3, is 439 

included when considering the non-edge glued CLT. 440 

 𝑪𝑻,𝒋 =  𝟎. 𝟓𝑬𝒄𝒐𝒏𝒃𝒆𝒇𝒇𝒄𝟏,𝒋
𝟐 (

𝟑𝜽𝒋

𝑯𝒄𝒂𝒏𝒕
+

𝑴𝒅𝒆𝒄

𝑬𝒄𝒐𝒏𝑰𝒆𝒇𝒇
) 𝝓𝒕 (8) 

where 𝐸𝑐𝑜𝑛 = timber connection modulus = 𝑘𝑔𝑎𝑝𝐸𝑜; 𝑏𝑒𝑓𝑓 = sum of CLT longitudinal board widths; 𝐼𝑒𝑓𝑓 = 441 

second moment of inertia which considers 𝑏𝑒𝑓𝑓. 𝑘𝑔𝑎𝑝 within 𝐸𝑐𝑜𝑛 accounts for the reduction in axial stiffness, 442 

thus reducing 𝐸𝑜, due to the ‘end effect’ as discussed by Newcombe et al. [44] for LVL and presented in 443 

Section 6.1.1 for the CLT tested herein. Finally, the force equilibrium as per Eq. 9 is assessed and if not 444 

satisfied, the neutral axis depth 𝑐1,𝑗 is iterated until the equilibrium is achieved. 445 

 𝑪𝑻,𝒊,𝒋 − ∑ 𝑻𝑷𝑻,𝒊,𝒋 − ∑ 𝑭𝑼𝑭𝑷,𝒊,𝒋 = 𝟎 (9) 

Then, the base connection moment for a wall base connection rotation, 𝜃𝑗, can be evaluated as: 446 

 𝑴𝒄𝒐𝒏𝒏,𝒋 =  ∑ 𝑻𝑷𝑻,𝒊,𝒋 (𝒅𝑷𝑻,𝒊 −
𝒄𝟏,𝒋

𝟑⁄ ) + ∑ 𝑭𝑼𝑭𝑷,𝒊,𝒋 (𝒅𝑼𝑭𝑷,𝒊 −
𝒄𝟏,𝒋

𝟑⁄ ) (10) 

Then, the elastic bending and shear deformations are determined as per Section 5.3 in order to determine the 447 

total wall deformation as per Eq. 3. 448 

5.2 Post-Tensioned Double Wall Rocking Deformation Theory 449 

As shown in Figure 8, the PT DW rocking deformation can be separated into three different kinematic modes: 450 

coupled double wall (CDW) behaviour, combined single-coupled wall (SCW) behaviour, and theoretical single 451 

wall behaviour. These kinematic modes were originally suggested for CLT shear walls by Gavric et al. [49]. 452 

In a PT DW system, the in-plane joint provides the coupling force. Depending on the relative strength and 453 

stiffness of the in-plane joint to the PT bars and the dissipative elements, a certain kinematic behaviour will 454 
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occur. Thus, after evaluating the dissipative device forces, an additional step which evaluates the coupling 455 

force at the in-plane joint must be added. With the STS in-plane joint, this coupling force changes nonlinearly 456 

depending on the relative joint slip. For each given wall base connection rotation, 𝜃𝑗, the relative joint slip, 457 

𝑑2,𝑗 must be evaluated as well. 458 

 459 

5.2.1 Coupled Double Wall (CDW) Theory 460 

In the CDW kinematic behaviour, both Wall 1 and Wall 2 are in contact with the foundation, as shown in 461 

Figure 13. 462 

 463 

Figure 13: Section analysis of post-tensioned double wall with UFPs and STS connectors under kinematic 464 

coupled double wall behaviour mode 465 

In order to evaluate the coupling force at the in-plane joint, the relative displacement, 𝑑2,𝑗, between the wall 466 

panels at the base is required and is approximated as: 467 

 468 

  𝒅𝟐,𝒋 = 𝜽𝒋 ∙ (𝑳𝟐 − 𝒄𝟐,𝒋) + 𝜽𝒋 ∙ 𝒄𝟏,𝒋 (11) 

where 𝑐𝑖,𝑗 = neutral axis length for wall i for the j-th rotation increment; and 𝐿2 = length of Wall 2. Considering 469 

elastic deformations of the wall panels, the relative displacement will increase along the height of the in-plane 470 

joint. However, based on the test results presented in Section 4 and the fact that the rocking deformation is 471 

significantly greater than the elastic deformation, it is thus assumed 𝑑2,𝑗 is uniform along the entire in-plane 472 
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joint in the analytical model. The compressive displacement in Wall 1 (𝜃𝑗 ∙ 𝑐1,𝑗) is approximated and it will be 473 

compared to experimental results. The coupling force provided by the STS joint, 𝐹𝑆𝑇𝑆,2,𝑗  can be determined as: 474 

 𝑭𝑺𝑻𝑺,𝟐,𝒋 = 𝒏𝑺𝑻𝑺,𝟐𝒌𝑺𝑻𝑺,𝟐,𝒋𝒅𝟐,𝒋 =  𝑲𝑺𝑻𝑺,𝟐,𝒋𝒅𝟐,𝒋 (12) 

where 𝑛𝑆𝑇𝑆,2 = the number of STS pairs along the in-plane joint; 𝑘𝑆𝑇𝑆,2,𝑗 = the stiffness of a STS pair for a 475 

given displacement, 𝑑2,𝑗; 𝐾𝑆𝑇𝑆,2,𝑗 = the total stiffness of the in-plane joint for a given displacement, 𝑑2,𝑗. The 476 

load-displacement behaviour of laterally loaded STS, similar to any dowel-type fastener in timber, is highly 477 

non-linear. In order to accurately capture the nonlinear behaviour, numerous past research [10,51] has used an 478 

exponential function. In this research, the model originally proposed by Foschi [50,75] to capture the envelope 479 

curve (OAI in Figure 14a) was implemented as shown in Equations 13 - 15. 480 

 𝑭𝑺𝑻𝑺,𝟐,𝒋 = 𝒔𝒈𝒏(𝒅𝟐,𝒋)(𝑭𝒐 + 𝒓𝟏𝑲𝒐|𝒅𝟐,𝒋|)(𝟏 − 𝒆𝒙𝒑 (−
𝑲𝒐|𝒅𝟐,𝒋|

𝑭𝒐
)), |𝒅𝟐,𝒋| ≤ |𝒅𝟐,𝒖| (13) 

 𝐹𝑆𝑇𝑆,2,𝑗 = 𝑠𝑔𝑛(𝒅𝟐,𝒋)(𝐹𝑆𝑇𝑆,2,𝑢 + 𝑟2𝐾𝑜)(𝒅𝟐,𝒋 − 𝑠𝑔𝑛(𝒅𝟐,𝒋)𝑑2,𝑢), |𝑑2,𝑢| < |𝒅𝟐,𝒋| ≤ |𝑑2,𝑓| (14) 

 𝐹𝑆𝑇𝑆,2,𝑗 = 0, |𝑑𝟐,𝒋| > |𝑑2,𝑓| (15) 

where 𝐹𝑆𝑇𝑆,2,𝑗 = connector force as per Foschi model; 𝑠𝑔𝑛(𝑑2,𝑗) = signum function to extract the sign of the 481 

displacement, d2,𝑗; d2,𝑢 = displacement at maximum force; d2,𝑓 = final displacement. Figure 14 shows the 482 

cyclic load-displacement models of a dowel-type fastener (STS) by Foschi [50,75] and a UFP by means of the 483 

Ramberg-Osgood function [58,74]. While past research [23,26,34,35] and built examples such as the NMIT 484 

Arts and Media Building [76] have utilized UFPs, dowel-type fasteners can also provide and energy dissipation 485 

through yielding of the fastener and plastic timber embedment deformation [10,71].  486 
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 487 

Figure 14: (a) Nail-slip model proposed by Foschi [50] with figure from Folz & Filiatrault [51], (b) UFP force 488 

displacement model by means of the Ramberg-Osgood function [74]  489 

Gavric et al. [49] and Iqbal et al. [24] proposed simplified trilinear and bilinear load-displacement curve fitting 490 

models respectively to account for the coupling force between CLT panels with dowel-type fasteners. In 491 

Section 6.3, Test DW-2 will be compared to the analytical model using the simplified bilinear elastoplastic 492 

curve fitting model as proposed by Iqbal et al. [24]. 493 

With reference to Figure 13, the equilibrium for Wall 1 and Wall 2 is determined as: 494 

 𝑪𝑻,𝟏,𝒋 + 𝑭𝒇𝒓,𝟐,𝒋 + 𝑭𝑺𝑻𝑺,𝟐,𝒋 + 𝑭𝑼𝑭𝑷,𝟐,𝒋 − ∑ 𝑻𝑷𝑻,𝒊,𝒋 − 𝑭𝑼𝑭𝑷,𝟏,𝒋 = 𝟎 (16) 

 𝐶𝑇,2,𝑗 − 𝐹𝑓𝑟,2,𝑗 − 𝐹𝑆𝑇𝑆,2,𝑗 − 𝐹𝑈𝐹𝑃,3,𝑗 − ∑ 𝑇𝑃𝑇,𝑖,𝑗 + 𝐹𝑈𝐹𝑃,4,𝑗 = 0 (17) 

The neutral axis depth, 𝑐1,𝑗 and 𝑐2,𝑗, is then iterated until force equilibrium is achieved. Note, the friction term 495 

is generally neglected [77,78] in analysing CLT structures. In this study it is considered as it was required to 496 

predict the experimental response under quasi-static loading where friction was present. The friction co-497 

efficient was calibrated based on Test DW-1 and kept constant for the remaining double wall tests. Once 498 

equilibrium is achieved the base connection moment can be determined for Wall 1 and Wall 2 with reference 499 

to Figure 13 as: 500 
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 𝑴𝒘,𝟏,𝒋 =  ∑ 𝑻𝑷𝑻,𝒊,𝒋 (𝒅𝑷𝑻,𝒊 −
𝒄𝟏,𝒋

𝟑⁄ ) + 𝑭𝒇𝒓,𝟐,𝒋 (
𝒄𝟏,𝒋

𝟑⁄ ) + 𝑭𝑺𝑻𝑺,𝟐,𝒋 (
𝒄𝟏,𝒋

𝟑⁄ ) + ∑ 𝑭𝑼𝑭𝑷,𝒊,𝒋 (𝒅𝑼𝑭𝑷,𝒊 −
𝒄𝟏,𝒋

𝟑⁄ ) (18) 

 

𝑀𝑤,2,𝑗 =  ∑ 𝑇𝑃𝑇,𝑖,𝑗 (𝑑𝑃𝑇,𝑖 −
𝑐2,𝑗

3⁄ ) + 𝐹𝑓𝑟,2,𝑗 (𝑑𝑓𝑟,2 −
𝑐2,𝑗

3⁄ ) + 𝐹𝑆𝑇𝑆,2,𝑗 (𝑑𝑆𝑇𝑆,2 −
𝑐2,𝑗

3⁄ ) 

           + ∑ 𝐹𝑈𝐹𝑃,𝑖,𝑗 (𝑑𝑈𝐹𝑃,𝑖 −
𝑐2,𝑗

3⁄ ) 

(19) 

 501 

The friction and STS coupling forces can be assumed to be acting along the in-plane joint line. In reality, the 502 

STS will be placed with a minimum edge distance (3d = 24mm) from the panel edge but this small difference 503 

was neglected for simplification. The total base connection moment, 𝑀𝑐𝑜𝑛𝑛,𝑗, is then: 504 

 𝑴𝒄𝒐𝒏𝒏,𝒋 =  𝑴𝒘,𝟏,𝒋 +  𝑴𝒘,𝟐,𝒋 (20) 

Then, the elastic bending and shear deformations are determined as per Section 5.3 and Eq. 3. 505 

5.2.2 Combined Single-Coupled Wall (SCW) Theory 506 

In the SCW kinematic behaviour, the coupling force and stiffness is large enough such that Wall 1 is not in 507 

contact with the ground, as shown Figure 15. However, there is a relative slip, 𝑑2,𝑗, between Wall 1 and Wall 508 

2 which is less than the uplift of Wall 2 at the in-plane joint. 509 

 510 

Figure 15: Section analysis of post-tensioned double wall with UFPs and STS connectors under kinematic 511 

combined single-coupled wall behaviour mode 512 
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In order to determine 𝑑2,𝑗, the vertical force equilibrium of Wall 1 is determined considering the stiffness and 513 

deformation of each post-tensioning and dissipative element: 514 

 ∑ 𝒌𝑷𝑻,𝒊,𝒋[(𝒅𝑷𝑻,𝒊 − 𝒄𝟐,𝒋)𝜽𝒋 − 𝒅𝟐,𝒋] + ∑ 𝒌𝑼𝑭𝑷,𝒊,𝒋[(𝒅𝑼𝑭𝑷,𝒊 − 𝒄𝟐,𝒋)𝜽𝒋 − 𝒅𝟐,𝒋] + ∑ 𝑻𝑷𝑻,𝟎,𝒘𝟏 =  𝑲𝑺𝑻𝑺,𝟐,𝒋𝒅𝟐,𝒋 +  𝑭𝒇𝒓,𝟐,𝒋 (21) 

where 𝑘𝑃𝑇,𝑖,𝑗 = stiffness of the ‘i-th’ PT bar for the ‘j’-th rotation increment; 𝑘𝑈𝐹𝑃,𝑖,𝑗 = stiffness of the ‘i-th’ 515 

UFP element for the ‘j’-th rotation increment. With reference to Figure 15, vertical force equilibrium of the 516 

two wall system can be determined as: 517 

 𝑪𝑻,𝟐,𝒋 − ∑ 𝑻𝑷𝑻,𝒊,𝒋 − 𝑭𝑼𝑭𝑷,𝟏,𝒋 − 𝑭𝑼𝑭𝑷,𝟐,𝒋 − 𝑭𝑼𝑭𝑷,𝟑,𝒋 + 𝑭𝑼𝑭𝑷,𝟒,𝒋 = 𝟎 (22) 

The post-tensioning bar and dissipater forces can be determined as per Section 5.1 considering the relative 518 

wall slip, 𝑑2,𝑗 . By rearranging Equation 21, an expression for the relative slip between two walls can be 519 

determined for a given wall base connection rotation, 𝜃𝑗, and Wall 2 neutral axis depth, c2,j. 520 

 𝒅𝟐,𝒋 =
𝜽𝒋{∑ 𝒌𝑷𝑻,𝒊,𝒋[(𝒅𝑷𝑻,𝒊 − 𝒄𝟐,𝒋)] + ∑ 𝒌𝑼𝑭𝑷,𝒊,𝒋−𝟏[(𝒅𝑼𝑭𝑷,𝒊 − 𝒄𝟐,𝒋)]} − 𝑭𝒇𝒓,𝟐,𝒋 + ∑ 𝑻𝑷𝑻,𝟎,𝒘𝟏

(𝑲𝑺𝑻𝑺,𝟐,𝒋−𝟏 + ∑ 𝒌𝑷𝑻,𝒊,𝒋 + ∑ 𝒌𝑼𝑭𝑷,𝒊,𝒋−𝟏)
 (23) 

Again, the friction component 𝐹𝑓𝑟,2,𝑗 can be neglected in design but is included here for comparison to the 521 

quasi-static experimental testing results. Equation 23 shows that as 𝐾𝑆𝑇𝑆,2,𝑗 decreases the relative connection 522 

slip, d2,j, increases. The base connection moment, 𝑀𝑐𝑜𝑛𝑛,𝑗, can be evaluated as: 523 

 𝑴𝒄𝒐𝒏𝒏,𝒋 =  ∑ 𝑻𝑷𝑻,𝒊,𝒋 (𝒅𝑷𝑻,𝒊 −
𝒄𝟐,𝒋

𝟑⁄ ) + ∑ 𝑭𝑼𝑭𝑷,𝒊,𝒋 (𝒅𝑼𝑭𝑷,𝒊 −
𝒄𝟐,𝒋

𝟑⁄ ) (24) 

The SCW kinematic behaviour continues until Wall 1 toe touches the foundation, which is when 524 

 𝑑2,𝑗 =  𝜃𝑗 ∙ (𝐿2 − 𝑐2,𝑗). Once this occurs, the kinematic behaviour changes to CDW as described previously 525 

in Section 5.2.1. Then, the elastic bending and shear deformations can be determined as per Sections 5.3. 526 

5.3 Elastic Deformations of Walls 527 

The bending deformation, 𝛿𝑏, at the top of the wall is calculated using the elastic bending deflection formula 528 

for a fixed base cantilever beam as: 529 
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 𝜹𝒃,𝒋 =
𝑭𝒋𝑯𝒄𝒂𝒏𝒕

𝟑

𝟑𝑬𝒐𝑰𝒆𝒇𝒇,𝜸

 (25) 

where 𝐹𝑗 = the horiztonal force at the top of the wall for a given wall base rotation ‘j’; and 𝐸𝑜𝐼𝑒𝑓𝑓,𝛾 = the 530 

effective flexural stiffness of the CLT panel by considering the longitudinal layer only [79]. For coupled walls 531 

with composite action, the ‘gamma method’ in Eurocode 5 [55] was used to calculate the effective flexural 532 

stiffness. 533 

There are different methods in literature for calculating the in-plane shear deformation, 𝛿𝑠,𝑗, of a CLT panel 534 

[80]. In this instance, the shear stiffness method proposed by Schickhofer et al. [81] was used which determines 535 

an effective shear modulus, 𝐺𝑒𝑓𝑓, and the gross shear area, 𝐴 as: 536 

 𝑮𝒆𝒇𝒇𝑨 =
𝑮𝟎𝑨

𝟏 + 𝟔 [𝟎. 𝟑𝟐(
𝒕𝒃
𝒂

)−𝟎.𝟕𝟕] (
𝒕𝒃
𝒂

)𝟐
 (26) 

where 𝑡𝑏 = average thickness of the CLT lamella; 𝑎 = the average width of the CLT lamella. Then, the shear 537 

deformation for a given wall base rotation ‘j’ is determined as: 538 

 𝜹𝒔,𝒋 =
𝑭𝒋𝑯𝒄𝒂𝒏𝒕

𝑮𝒆𝒇𝒇𝑨
 (27) 

6 ANALYTICAL-EXPERIMENTAL COMPARISONS  539 

6.1 Material Properties and Input Parameters 540 

The analytical models described in Section 5 require the timber modulus of elasticity parallel to grain, 𝐸0, 541 

timber ‘end-effect’ factor, 𝑘𝑔𝑎𝑝, UFP and post-tensioning bar properties, and the STS connection properties. 542 

These properties can be determined from design codes, supplier information, and the Pres-Lam design guide 543 

[70] or through material property testing. In order to verify the proposed analytical models, material property 544 

testing were undertaken. 545 
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6.1.1 CLT Compression Tests for End-Effect Calibration 546 

Compression testing as per EN 408 [82] was employed to assess the CLT properties. Figure 16 shows the test 547 

setup for the CLT5 and CLT3 specimens which implemented Particle Tracking Technology. The cross-section 548 

dimensions for the compression tests were 100 mm x 175 mm x 600 mm high for CLT5 (5-layer) specimens 549 

and 70 mm x 60 mm x 360 mm for CLT3 (3-layer) specimens. Past work by Newcombe et al. [44] with LVL 550 

showed that the axial stiffness of a timber section is not constant throughout the specimen length due to the 551 

‘end-effect’. To account for the ‘end effect’ of timber under crushing loads, a reduced stiffness should be used 552 

following the adjustment factor, 𝑘𝑔𝑎𝑝. For LVL 𝑘𝑔𝑎𝑝 = 0.7 was recommended for design [70]. Figure 16c 553 

shows the CLT5 stress-strain curve when the ‘end effect’ is considered (shown in grey) and when a gauge 554 

length is used (shown in black). The number of replicates for each CLT layup was five and the mean values 555 

are reported with coefficient of variation in parenthesis in Table 4. For the CLT5 specimen, the 𝑘𝑔𝑎𝑝 factor 556 

was 0.83 and for the CLT3 specimens, the 𝑘𝑔𝑎𝑝 factor was 0.71. 557 

 558 

Figure 16: CLT compression testing: (a) CLT5 test set-up, (b) CLT3 test set-up, and (c) CLT5 experimental 559 

results 560 

Table 4: CLT Compression Testing Results 561 

Layer thickness 𝐸0−𝐸𝑛𝑑 𝐸𝑜 𝑘𝑔𝑎𝑝 𝑓𝑐 

 MPa MPa  MPa 

45mm 8,028 (4%) 9,707 (13%) 0.83 37 (9%) 
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20mm 9,489 (4%) 13,435 (6%) 0.71 54 (7%) 

SG8 NZS 3603 [54] - 8,000 0.71 18 

Note:1 𝑘𝑔𝑎𝑝 = 0.7 is as per Post-Tesnioned Timber Buildings Design Guide (Pampanin et al., 2013) 562 

 563 

6.1.2 Testing of UFPs 564 

The UFPs were tested separately to evaluate their cyclic performance. They were fabricated from 12 mm thick 565 

Grade 300E [83] steel plates and bent to the specified dimensions. The UFPs had a 60 mm inner radius, and a 566 

width of 130 mm. The test set-up and the force-displacement curves are shown in Figure 17. The maximum 567 

force for the UFP pair was much larger than the analytical plastic capacity of 46 kN based on the steel yield 568 

strength of 300 MPa. However, this is within the overstrength of 145 % - 215 % found by Kelly et al. [22] 569 

compared with the yield strength obtained from direct tension tests and further explained in Baird et al. [58]. 570 

Figure 17b shows no significant difference between Tests 1 and 2 with the unused UFP pairs and Test 3 which 571 

tested used UFPs from location UFP1 of Figure 3 on the PT DW specimen. Overall, the performance of the 572 

UFPs between the three tests was very consistent. The elastoplastic curve fitting parameters were FUFP = 71 573 

kN and kufp = 5.5 kN/mm for a pair of UFPs as shown in Figure 17b. 574 

 575 

Figure 17: UFP component testing: (a) test setup; and (b) UFP component testing force-displacement curves 576 

 577 
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6.1.3 Testing of Post-Tensioning Bars 578 

The post-tensioning bars were tested to verify their material properties. The tensile tests were performed on 579 

three replicates of machined coupons using a 1000 kN Avery test machine and followed the loading protocol 580 

as per BS EN ISO 6892-1 [84]. Figure 18 provides details of the machined specimen, test set-up and 581 

experimental results. The specimens were processed following BS EN ISO 6892-1 [84] to determine the 0.1 582 

% and 0.2 % proof stresses. The elastic modulus, 𝐸𝑃𝑇, was determined by fitting a line to the linear portion of 583 

the stress-strain curve. The specimens were not tested to tensile failure in order to avoid damage to the test 584 

equipment. Once a load drop was observed at the onset of necking, the specimen was unloaded and its 585 

behaviour was recorded. The results showed mean 𝐸𝑃𝑇 = 184 GPa, 8 % greater than the provided 𝐸𝑃𝑇 = 170 586 

GPa [57]. 587 

 588 

Figure 18: Post-tensioning bar machined specimen, test setup, and results 589 

6.1.4 STS In-Plane Joint  590 

STS component connection tests were not performed in this study as sufficent test data by Hossain [72] was 591 

available. Figure 19 shows the connection load-slip curves by Hossain [72], the comparison between the 592 

experimental curve, the fitted exponential curve following the Foschi model [50], and the fitted curve by the 593 

simplified elastoplastic method as assumed by Iqbal et al. [24]. Table 5 lists the curve fitting parameters 594 

required to fit the envelope curve OAI shown in Figure 19b. The elastoplastic curve fitting parameters were 595 

FSTS = 4.8 kN/STS and kSTS = 0.6 kN/mm for a pair of STS UFPs as shown in Figure 19b. 596 



36 

 

 597 

Figure 19: (a) STS component testing by Hossain [72], (b) nonlinear curve fitting model by  Foschi [50], (c) 598 

curve fitting results 599 

Table 5: Input parameters for non-linear curve fitting model 600 

Initial 

Stiffness 

Force 

Intercept  

Stiffness reduction 

parameters 

Displacement at 

max. force  

Displacement at final 

displacement  

Max. 

force  

(kN/mm) (kN)   (mm) (mm) (kN) 

𝐾0 𝐹0 r1 r2 𝑑2,𝑢 d2,𝑓 F𝑆𝑇𝑆,2,𝑢 

0.8 3.81 0.08 -0.022 19.41 48.47 5.05 

 601 

The number of STS pairs installed in Test DW-2, DW-3, and DW-4 was 32, 110, and 32 respectively which 602 

then amplified the curve fitting shown in Figure 19c for a single STS pair as per Equation 12. 603 

 604 

6.2 Single Wall Testing Comparison 605 

Figure 20 compares experimental Test SW-2 to the analytical model using the different input parameters of 606 

the wall components. Due to the out-of-plane twisting of the specimen on the positive ‘push’ cycle as discussed 607 

in Section 4, the comparison was only made to the negative ‘pull’ drift cycles. When the readily available 608 

material properties were used, including timber graded SG8, post-tensioning bar properties as per ETA [57], 609 

and 𝑘𝑔𝑎𝑝 = 0 .7 as per Pres-Lam design guide [70], the moment-rotation behaviour was predicted within 15%. 610 

These readily available material values were obtained from the NZS 3603 – Timber Structures Standard [54] 611 
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and NZS 3404 – Steel Structures Standard [60], product brochures and design guides. When the material 612 

component testing data were used, i.e., 𝐸𝑜 = 9700 MPa, 𝑘𝑔𝑎𝑝 = 0.83, and 𝐸𝑃𝑇 = 184 GPa as per Section 6.1, 613 

the analytical prediction error of the moment rotation was within 10 %. Finally, when the material component 614 

properties and the strain amplification factor 𝜙𝑡were applied, the analytical prediction error of the moment 615 

rotation was within 5 %. Further, the neutral axis prediction was closer to the experimental results, which then 616 

corresponded to a well-predicted post-tensioning bar behaviour and better prediction of the peak timber strain. 617 

The neutral axis was still slightly over predicted; however, it was acknowledged that there could be errors in 618 

how the neutral axis is determined based on data processing of experimental results with LVDTs. Work by 619 

Kovacs [85] showed that there is error associated with linearly interpolating the results between a discrete 620 

number of LVDTs. This is in part due to the fact that there is a curvature formed at the wall base and the fact 621 

that there is a slope change in the displacement when part of a wall shifts from uplifting to contacting the 622 

ground. Refer to Brown et al. [66] for further discussion on the compression toe performance. 623 

 624 

Figure 20: SW-2 Comparison to analytical model with different input material properties  625 
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6.3 Double Wall Testing Comparison 626 

A summary of experimental-analytical comparisons of Wall 2 kinematics is presented in Table 6 as a 627 

percentage of total deformation. On average, the wall kinematics was predicted within 10 % error for all the 628 

tests with different levels of coupling. The material component testing data presented in Section 6.1 and 𝜙𝑡 629 

were used in all experimental-analytical comparisons. With Test DW-1, the coefficient of friction was found 630 

to be 𝜓 = 0.30 which was within the range found by past research [86]. The frictional force between Wall 1 631 

and Wall 2 was calculated by 𝐹𝑓𝑟 = 𝜓𝐹, where F was the ram force. Note, the friction term is generally 632 

neglected [77,78] in deflection calculation and modelling of CLT structures but this was presented for 633 

comparison to the experimental quasi-static testing results. 634 

 635 

Table 6: Post-tensioned double wall, Wall 2 experimental-analytical kinematics comparison 636 

  Experimental  Analytical 

 

Loading 

Direction 

𝛿𝑟 𝛿𝑠𝑙 𝛿𝑏 + 𝛿𝑠 𝛿𝑟 𝛿𝑠𝑙 𝛿𝑏 + 𝛿𝑠 

Test  (%) (%) (%) (%) (%) (%) 

DW-1 Positive 82 3 15 80 0 20 

 Negative - - - 80 0 20 

DW-2 Positive 77 2 21 72 0 28 

 Negative 86 2 12 78 0 22 

DW-3 Positive 70 5 25 61 0 39 

 Negative 81 5 14 75 0 25 

DW-4 Positive 74 1 25 67 0 33 

 Negative 85 2 15 75 0 25 

DW-5 Positive 77 1 22 76 0 24 

 Negative 86 1 13 77 0 23 

Note: 𝛿𝑠𝑙=wall drift due to base sliding. 637 
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Figure 21 compares Test DW-2 to the coupled double wall (CDW) analytical model using both the elastoplastic 638 

and the nonlinear curve fitting model for the in-plane STS joint. At low wall drifts (less than 0.25 %), the 639 

system strength and stiffness were slightly under predicted which could in part be due to the increased friction 640 

at the onset of rocking motion as described by Moroder et al. [27]. However, at increased drifts there is good 641 

agreement. Figure 21b shows that under the CDW kinematic mode, the simplified elastoplastic curve fitting 642 

approach implemented by Iqbal et al. [24] was sufficient to capture the moment-rotation response.  643 

Figure 22 compares Test DW-3 to the analytical model. During the testing, wall uplift defined within the 644 

single-coupled wall (SCW) kinematic behaviour was observed until the 0.93 % drift cycle when the SCW 645 

mode changed to the CDW mode. The red solid line curve is the SCW kinematic behaviour and the red dashed 646 

curve represents the CDW kinematic behaviour. The CDW behaviour was triggered when Wall 1 toe touched 647 

the foundation, as shown in Figure 22f. The non-linear curve fitting model by Foschi [50] was able to capture 648 

the gradually degrading stiffness of the in-plane joint with increased connection slip. In the PT DW systems 649 

with high composite action, the simplified elastoplastic curve fitting approach for the STS connection however 650 

seemed not appropriate. The analytical model captured the force-drift and moment-rotation curve within 10% 651 

error at each drift level (see Figure 22a-b). Further, the “negative” neutral axis, which signified wall uplift, 652 

was captured reasonably well with the model (see Figure 22d). The connection slip was slightly underestimated 653 

in the model (Figure 22e) and the increased experimental relative slip could be due to the large number of 654 

loading cycles that were performed at lower drifts whereas the STS component data from Hossain et al. [72] 655 

implemented a different loading protocol. Wall 1 toe uplift was captured well (with slightly lower uplift values) 656 

as shown in Figure 22f. When the analytical toe uplift prediction intersected 0 at 0.004 rad, Wall 1 was in 657 

contact with the ground. This was also reflected by the neutral axis curve in Figure 22d. The ‘gamma factor’ 658 

as per Eurocode 5 [55] used to calculate the effective flexural stiffness was found to be 10 % at SLS drift and 659 

then less than 2 % at peak drift due to the gradually degrading stiffness of the in-plane joint. 660 
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 661 

Figure 21: Test DW-2 comparison to analytical model using both nonlinear and elasto-plastic curve fitting for 662 

STS in-plane joint 663 
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 664 

Figure 22: Test DW-3 comparison to analytical model using nonlinear curve fitting for STS in-plane joint 665 

 666 

7 CONCLUSIONS AND RECOMMENDATIONS 667 

This paper presented the experimental testing and the developed analytical models to assess the lateral cyclic 668 

behaviour of unbonded post-tensioned (PT) CLT Single Wall (SW) and Double Wall (DW) systems. The large-669 

scale experimental test results showcased that PT CLT DW systems coupled with self-tapping screws (STS) 670 

could provide one effective solution to provide increased shear wall strength and stiffness while also providing 671 
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stable performance and energy dissipation. Further, the proposed analytical prediction models were able to 672 

well predict the system level envelope curve responses of the CLT SW and DW systems with two different 673 

kinematic rocking modes. The key findings and recommendations are summarized as follows: 674 

• With screwed connections, the PT double wall partial composite action of approximately 70% was 675 

achieved (Test DW-3) and the system stiffness was almost two times that of two PT single walls 676 

without partial composite action but equal wall length. 677 

• The assumption of a triangular stress / strain distribution in the compressive toe at the wall base, which 678 

was originally validated with LVL, was experimentally verified as suitable by Particle Tracking 679 

Technology (PTT) when CLT is within the elastic range. Further work should investigate the strain 680 

behaviour beyond timber yielding with PTT to investigate if the triangular distribution is still valid. 681 

• The Modified Monolithic Beam Analogy (MMBA) was verified for the post-tensioned (PT) CLT SW 682 

and DW systems. The test results showed the MMBA could under-predict the peak strain response in 683 

the compressive toe for the tested CLT walls due to the increased material variability and complexity 684 

when compared to LVL in past PT wall studies. A strain amplification factor (𝜙𝑡 ) of 1.3 was 685 

determined for PT CLT wall systems. Future work is needed to investigate different wall 686 

configurations, drift demands, timber species and engineered timber products. The 𝜙𝑡  is thus 687 

preliminarily recommended for CLT that is non-edge glued and the lamella are visual stress graded. 688 

• At the system level, the PT CLT SW moment-rotation behaviour was predicted with reasonable 689 

accuracy (within 15 % prediction error) when readily available material properties (i.e., from Building 690 

Codes, and supplier documentation) and the existing MMBA method were applied (without 𝜙𝑡 ). 691 

However, current analytical prediction methods for post-tensioned CLT walls may lead to an 692 

underestimation of the peak timber strain, thus leading to a slight overdesign of the reinforcement and 693 

reduction of the actual drift and strain level in the timber. Yet, should the target drift be reached at a 694 

higher intensity level, the predictive relationship between drift and local strain might lead to an 695 

underestimation of the local timber compression damage. The MMBA prediction error was reduced 696 

to 5 % when the component material properties and 𝜙𝑡 were applied. 697 
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• Extensions were made to the existing MMBA analytical model to well capture the envelope curve of 698 

PT Double Wall CLT systems coupled with Self-tapping Screws (STS) at the in-plane joint. The 699 

nonlinear curve fitting function proposed by Foschi [50] was employed to capture the entire load-700 

displacement behaviour of the in-plane STS joint and unique wall uplift kinematic rocking mechanism 701 

(i.e., one wall base rocking interface). While the proposed method provided increased predictive 702 

accuracy than the elastoplastic curve fitting method by Iqbal et al. [24], future work should develop 703 

simplified methods for practitioners. The analytical model was limited to capturing the PT DW CLT 704 

system envelope curve and future work should implement hysteresis curve fitting models in order to 705 

model energy dissipation. 706 

• It should be noted that a limited number of PT CLT shear wall experimental tests were performed with 707 

limited variation in some key design parameters such as initial PT force, STS in-plane joint details, 708 

and number of UFP elements. The tests were also performed on the same CLT wall specimens. Future 709 

work should also experimentally investigate PT CLT shear wall tests with different STS in-plane joint 710 

details such as half-lap joints with mixed angle STS combinations and then optimize the proposed PT 711 

CLT wall systems through a parametric/sensitivity analysis. 712 
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9 LIST OF ABBREVIATIONS AND SYMBOLS 720 

 721 

CDW Coupled double wall. 
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CLT Cross-Laminated Timber. 

CLT5 Five-layer CLT. 

DW Double wall. 

ETA European technical approval. 

LLRS Lateral load resisting system. 

LVL Laminated veneer lumber. 

LVDT Linear variable displacement transducer. 

MMBA Modified monolithic beam analogy. 

PT Post-tensioned. 

PTH Partially threaded. 

PTT Particle tracking technology. 

RGB Red green blue. 

SCW Single-coupled wall. 

STS Self-tapping screw. 

SLS Serviceability limit state. 

SW Single wall. 

UFP U-shaped flexural plate. 

 722 

𝒂 Average width of the CLT lamella 

𝑏𝑒𝑓𝑓 Sum of the longitudinal board thickness. 

𝐴𝑒𝑓𝑓,𝑤𝑖 Effective cross-sectional area of the applicable CLT wall. 
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𝐴𝑃𝑇,𝑖 Cross-section area of the i-th post-tensioning bar. 

𝑏𝑢 UFP width. 

𝑐𝑖,𝑗 Wall ‘i' neutral axis length for 𝜃𝑗 imposed base rotation angle. 

CT,i,j Timber compression force for the i-th Wall for 𝜃𝑗 imposed base rotation angle. 

𝑑𝑃𝑇,𝑖 Edge distance of the i-th post-tensioning bar. 

𝑑𝑆𝑇𝑆,𝑓𝑟,2 Edge distance of the STS and friction force. 

𝑑𝑈𝐹𝑃,𝑖 Edge distance of the i-th UFP element. 

𝑑2,𝑓 Final displacement of STS for Foschi model. 

𝑑2,𝑗 Relative in-plane joint displacement for 𝜃𝑗 imposed base rotation angle. 

𝑑2,𝑢 Displacement of STS at maximum force for the Foschi model.. 

𝐷𝑢 Average radius of the UFP. 

𝐸𝑐𝑜𝑛 Timber connection elastic modulus. 

ED Total energy dissipation. 

𝐸0 Modulus of elasticity parallel to the timber grain. 

𝐸𝑜−𝐸𝑛𝑑 Modulus of elasticity considering end effect of timber fibers. 

𝐸0𝐼𝑒𝑓𝑓,𝛾 The effective flexural stiffness considering the ‘gamma method’. 

𝐸𝑃𝑇 Post-tensioning bar modulus of elasticity. 

𝐸𝑠 Mild steel modulus of elasticity. 

𝐹𝑗 Force for 𝜃𝑗 imposed base rotation angle. 

𝑓𝑐 Compression strength parallel to grain. 
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Ffr,2,j Friction force at the in-plane joint for 𝜃𝑗 imposed base rotation angle. 

FSTS,2,j In-plane joint STS force for 𝜃𝑗 imposed base rotation angle. 

FSTS,2,u Ultimate STS force parameter for the Foschi model. 

FUFP,i,j Yield force of UFP ‘i' for 𝜃𝑗 imposed base rotation angle. 

𝐹𝑦 Yield strength. 

𝐹0 Foschi model parameter for force. 

𝐺0 Modulus of shear rigidity. 

𝐺𝑒𝑓𝑓 Effective shear modulus. 

𝐻𝑐𝑎𝑛𝑡 Wall height. 

𝐼𝑒𝑓𝑓 Second moment of inertia which considers 𝑏𝑒𝑓𝑓. 

k Stiffness. 

𝑘𝑔𝑎𝑝 Factor which accounts for the ratio between 𝐸𝑜−𝐸𝑛𝑑 and 𝐸0. 

𝑘𝑃𝑇,𝑖,𝑗 Stiffness of the ‘i-th’ PT bar for 𝜃𝑗 imposed base rotation angle. 

𝑘𝑆𝑇𝑆,2,𝑗 The stiffness of a single self-tapping screw fastener for a given displacement, d2,j. 

𝐾𝑆𝑇𝑆,2,𝑗 The total stiffness of the in-plane joint for a given displacement, d2,j. 

𝑘𝑈𝐹𝑃,𝑖,𝑗 Stiffness of the ‘i-th’ UFP element for 𝜃𝑗 imposed base rotation angle. 

𝐾0 Foschi model parameter for initial stiffness. 

𝐿𝑖 Wall ‘i' length. 

𝑙𝑢𝑏,𝑖 Unbonded length of the i-th post-tensioning bar. 

M𝑐𝑜𝑛𝑛,j Total base connection moment for 𝜃𝑗 imposed base rotation angle. 
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𝑀𝑑𝑒𝑐 Decompression moment. 

𝑀𝑝𝑡 Base connection moment due to the post-tensioning bars. 

𝑀𝑠 Base connection moment due to the dissipative elements. 

𝑀𝑇 Total base connection moment. 

Mw,i,j Base connection moment of the i-th wall for 𝜃𝑗 imposed base rotation angle. 

𝑛𝑆𝑇𝑆,2 The number of STS pairs along the in-plane joint. 

𝑁 Axial force from gravity loading. 

𝑟1 Foschi model parameter for ascending branch 

𝑟2 Foschi model parameter for descending branch stiffness. 

tb Average thickness of the CLT lamella. 

𝑇𝑃𝑇,𝑖,𝑗 Post-tensioning force in the i-th bar for 𝜃𝑗 imposed base rotation angle. 

𝑇𝑃𝑇,0,𝑖 Initial post-tensioning force in the i-th bar. 

𝑡𝑢 UFP thickness. 

𝑍 Elastic section modulus. 

∆𝑃𝑇,𝑖,𝑗 Elongation of the i-th post-tensioning bar for 𝜃𝑗 imposed base rotation angle. 

∆𝑈𝐹𝑃,𝑖,𝑗 Elongation of the i-th UFP element for 𝜃𝑗 imposed base rotation angle. 

𝛿 Wall drift. 

𝛿𝑟  Rocking deformation component. 

𝛿𝑏 Bending deformation component. 

𝛿𝑠 Shear deformation component. 
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𝛿𝑇  Total deformation. 

𝛽 Re-centring ratio. 

εt Timber strain. 

𝜙 Diameter. 

𝜙𝑑𝑒𝑐 Decompression curvature. 

𝜙𝑡 Timber strain amplification factor. 

𝜓 Friction co-efficient for wood-wood surfaces. 

𝜈𝑃𝑇  Yield percentage of the extreme PT bar. 

𝜈𝑇 Yield strain percentage of the extreme timber fibre value. 

ω𝑢 Displacement at maximum force as per Foschi model. 

ω𝑓 Final displacement as per Foschi model. 

𝜃𝑗 Wall base connection rotation. 

∑ 𝑇𝑃𝑇,𝑤𝑖,𝑗 Sum of post-tensioning bar force for the applicable wall, ‘i', and wall base rotation ‘j’. 

∑ 𝑇𝑃𝑇,𝑜,𝑤𝑖,𝑗 Sum of the initial post-tensioning bar force for the applicable wall,i. 

𝐹0%,𝛿 The theoretical force for an uncoupled (non-composite) section. 

𝐹100%,𝛿 The theoretical force for a fully composite section. 

𝐹𝑇𝑒𝑠𝑡,𝛿 The measured force. 

%𝐶𝐴𝛿 The percentage composite action for a given drift level. 

 723 
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