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ABSTRACT

Post-tensioned (PT) timber technology - also called Pres-Lam technology - can provide increased
strength/stiffness for mass timber seismic load resisting systems while also providing energy dissipation and
re-centering capabilities. Initial experimental tests and practical implementation on PT timber structures in the
past 15 years primarily utilized laminated veneer lumber (LVL), with some glulam and cross-laminated timber
(CLT) prototypes and real-case applications, and their analytical prediction models were extended and adapted
from precast concrete to account for unique characteristics of engineered timber. More recently, CLT has
emerged into a more dominant global mass timber product. This paper presents a large-scale experimental
study on 8.6m tall PT CLT single and double wall systems. The PT double walls utilized screwed connections
at the in-plane joint and U-shaped flexural plates at the foundation to provide coupling effect and energy
dissipation. With screwed connections, the PT double wall partial composite action of approximately 70% was
achieved and the system stiffness was almost two times that of two PT single walls without partial composite
action but of equivalent length. Analytical prediction models, accounting for the peculiar controlled rocking
mechanism, originally developed for PT LVL systems were adopted for PT CLT wall systems, which were

found to have increased compressive toe strain variability due to the increased material inhomogeneity of CLT

* corresponding Author



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

with non-edge glued lamella. The timber compressive strains and unique ‘end effect’ bearing phenomenon
was investigated for the first time with Particle Tracking Technology (PTT). Extensions to the existing PT
double wall analytical prediction model were proposed and validated to capture the unique kinematic rocking
mechanism where wall uplift occurs due to the strong and stiff screwed in-plane connection between individual

walls.

Keywords: Timber wall structures; Post-tensioning systems; Cross-laminated timber; Re-centering systems;

Particle tracking technology; Screwed connections.

1 INTRODUCTION

Mass timber construction in cross-laminated timber (CLT) is increasing in popularity due in part to its
sustainable and biophilic effects [1,2]. CLT has been researched as a lateral load resisting system (LLRS) in
platform construction where CLT shear walls are most commonly connected to floor panels above and below
with standard connectors [3,4]. These standard connectors were adopted from light timber frame (LTF)
construction and often have capacities of 100 kN or less if ductile performance under seismic loading is
required [5,6]. LTF [7] or post-and-beam timber structures [8,9] are commonly employed for timber residential
buildings which mainly use mechanical fasteners to connect timber members. LTF shear walls as lateral load
resisting systems (LLRS) often use plywood or Oriented Strand Board sheathing with nailed panel-frame

connections [10].

While LTF structures are commonly employed in Australasia for residential homes, CLT structures are well
suited for multi-storey residential buildings with regular floor plans and an abundance of walls to use as LLRS.
CLT LLRS could have limited strength and stiffness due to their performance being governed by small
connectors [11]. For taller buildings or those with a limited amount of walls, high performance connections
could meet increased strength and stiffness requirements [12,13], and also re-centering capabilities [14].

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

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

Post-tensioned (PT) timber technology, also called Pres-Lam (Prestressed Laminated Timber), has been
developed and tested at the University of Canterbury since 2005 [17]. The moment capacity at the wall base
or beam-column joint is provided by the clamping action of the vertical unbonded post-tensioning tendons
and/or in combination with special ductile energy dissipating devices which can either be internal and epoxied
or external and replaceable [18]. To date, there are — to the best of the authors’ knowledge - 13 Pres-Lam
buildings constructed around the world and a state-of-the-art in research and implementation of this low-
damage technology has been reported by Granello et al. [19]. Initial Pres-Lam development at the University
of Canterbury focussed on laminated veneer lumber (LVL) due to its superior strength and stiffness properties
when stressed parallel to grain in comparison to other mass timber products such as CLT. Nonetheless, CLT

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

Extensive experimental testing has been performed on PT LVL single wall (SW) and hybrid single wall
systems comprising special replaceable and ductile energy dissipating devices [17,18,21]. In order to provide
increased energy dissipation, coupled double wall (DW) systems have been tested with U-shaped Flexural

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

More recently, the Pres-Lam wall system has been tested using CLT [25-27], glulam [28-30] as well as
systems with mixed materials, such as concrete-timber and steel-timber [31,32]. Under the multi-year Natural
Hazards Engineering Research Infrastructure (NHERI) research project [33], PT CLT SW and DW systems
have been tested under quasi-static and dynamic loading [26,34]. Further testing has also verified the
performance of PT CLT SW and DW systems with and without axial or UFP dissipating elements [35,36]. In
the previous PT DW testing, the in-plane joint has been utilized for its relative movement to dissipate energy.
However, if strong and stiff connections with self-tapping screws (STS) are utilized, increased system strength

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

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

that the spatial insertion angle of the STS to the timber grain and loading direction significantly affects the
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performance. When installed at 90° to the loading direction, STS behave in dowel action with relatively lower
strength and stiffness but relatively larger displacement and energy dissipation capability. When STS are
installed inclined to the loading direction, they behave primarily in withdrawal action having relatively higher
strength and stiffness, but lower displacement and energy dissipation capacity. By implementing mixed angle
STS connections, high strength, stiffness and energy dissipative connections can be achieved [39-41]. For PT
DW systems, STS installed at 90° with plywood at the in-plane joint could provide increased system strength

and stiffness while also providing energy dissipation.

The behaviour of PT timber wall systems can be evaluated with the iterative moment-rotation analysis initially
proposed by Pampanin et al. [42] for precast concrete, extended by Palermo [43] to capture the elastic range
(called the Modified Monolithic Beam Analogy (MMBA)) and adopted by Newcombe et al. [44] for timber.
In the MMBA procedure, some distinct characteristics of timber need to be considered, namely, the timber
‘end effect’ and timber compressive toe strain profile. Material testing of LVL identified a suitable strain limit
and a stiffness reduction factor to account for the ‘end effect’, which accounts for the local end crushing of the
timber fibres thus reducing the elastic modulus and axial stiffness of the timber section [45]. Further, in PT
LVL SW testing, the compressive toe strain profile was investigated with a discrete number of Linear Variable
Displacement Transducers (LVDTS) and strain gauges. The triangular and linear strain profile was deemed
suitable for a low-damage design approach [46]. Due to the distinct material differences between LVL and
CLT, the stiffness reduction factor and assumption of a linear stress/strain profile within the timber elastic
range should be verified for CLT. Further, in order to better capture and monitor the compressive toe
displacement and strain fields during the experimental tests on PT CLT walls, Particle Tracking Technology
(PTT) [47] was implemented at the wall base. The MMBA analytical prediction model will be discussed in
more detail in Section 5. The lateral behaviour of PT timber wall systems has also been characterized by

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

Currently, analytical prediction models for PT DW systems consider the kinematic rocking mode when both
walls are in contact with the foundation, and assume a constant coupling force distribution (with elastoplastic
or similar behaviour) along the in-plane joint [23,24,48]. This model was able to adequately capture the

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

4
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allowing for the two walls to develop a rocking motion at their base and a relative displacement at the yielding
coupling devices. Gavric et al. [49] presented experimental testing and analytical prediction models for
conventional CLT shear walls with commercial connectors and STS at the in-plane joint. The research reported
that if a relatively large number of STS were installed, the wall acted as a combined single-coupled wall (SCW)
with a single base rocking interface and kinematic mechanism. The model assumed a simplified trilinear load-
displacement curve for all connections which makes it susceptible to sudden load-drops when the STS

connection stiffness changes.

The combined single-coupled wall (SCW) kinematic rocking mode could also occur in PT DW systems
depending on the relative strength and stiffness of the in-plane joint and the PT and dissipative elements.
Because the STS force-displacement response is highly nonlinear with gradually changing stiffness, either the
elastoplastic or the trilinear model for PT DW systems under the SCW kinematic mode might not be
appropriate. The nonlinear curve fitting connection model presented by Foschi [50] could more accurately
capture the PT DW system behaviour. Nonlinear curve fitting models are commonly implemented to capture

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

The primary objective of this experimental and analytical study is to assess the structural performance of PT
single and double CLT shear wall systems coupled with STS at the in-plane joint and to provide comparison
to a PT CLT shear wall with supplemental UFP dissipating devices. With increased in-plane joint strength and
stiffness, partial composite action in the wall will increase and affect the kinematic rocking mode. Through
Particle Tracking Technology the compressive toe behaviour of the PT CLT wall systems will be investigated
to inform analytical prediction models. The secondary objectives are to extend the existing iterative MMBA
analytical model for PT CLT wall systems as the model was originally developed for PT LVL walls. Finally,
a proposed analytical model for PT DW systems primarily connected with STS will be validated with the

experimental testing results.
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2 TEST SPECIMEN DETAILING

The three phase PT CLT wall testing programme had a total of 17 tests under quasi-static cyclic loading,
consisting of four PT Single Wall (SW) tests (Phase 1), five PT Double Wall (DW) tests (Phase Il), and eight
PT and conventional core-wall testing (Phase Il1l). The PT SW and DW specimens were tested with uni-
directional testing protocol and the PT core-wall specimens were tested with either uni-directional and/or bi-
directional testing protocol. This paper reports the experimental testing of Phase | and Il and an overview of
the key specimen detailing is provided. Further specimen detailing in Phase 111 PT core-wall testing can be
found in Brown et al. [52]. A full description three Phase CLT shear wall testing programme can be found in

Brown [53].

2.1 Wall Section Detailing

The CLT wall specimens were four-storeys high with a 2:3 scale factor. This scale factor was chosen due to
lab restraints for the maximum CLT wall height, which then reduced the length of each wall in a similar
manner. However, the CLT layup chosen (CLT wall thickness) was a readily available product size from the
New Zealand CLT supplier. The walls were 8.6 m high and the individual walls were 1.912 m in length. The
CLT panels were five-ply and 175 mm thick (45/20/45/20/45), with visually graded SG8 grade Douglas-Fir
laminations as specified in NZS3603 - Timber Structures Standard [54]. The (unbonded) post-tensioning bars
were located within 100 mm x 45 mm ducts in the middle layer of the CLT wall panels. The spacing of the
post-tensioning bars was symmetrical about the in-plane joint for the DW specimens. Figure 1 shows the DW
specimen cross section view with the coupling Wall 1 and Wall 2. During SW testing, only Wall 1 was present.
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Figure 1: Double wall cross section view
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2.2 Connection Detailing

2.2.1 Screwed Connections

As shown in Figure 1, the in-plane joint employed ¢8x80 mm partially threaded (PTH) STS installed at 90° to
the CLT panel with 17 mm thick plywood as per NZS 3603 [54]. All STS were installed without predrilling
following the minimum spacing (a:=10d) as per Eurocode 5 [55] and the STS supplier European Technical
Approval (ETA) [56]. The number of STS installed were 64, 220, and 64 for tests DW-2, DW-3 and DW-4
respectively as specified in Table 1 and the characteristic connection strength per STS was 3.3 kN as per
Eurocode 5 [55]. 64 STS were used in Test DW-2 in order to provide similar re-centring ratio g as Test DW-
4 with UFPs and 220 STS were used in Test DW-4 based on preliminary calculations in order to achieve the

combined single-coupled wall kinematic mode which will be described in Section 5.2.
2.2.2 Post-tensioning Bar and Anchorage

Figure 2 shows the post-tensioning bar location and anchorage detailing at the top of the CLT wall and the
bottom with the steel foundation. A 500 mm long x 50 mm thick steel anchorage plate was used to spread the
load from a pair of ¢p26.5 mm high strength bars [57] at the top of the CLT wall. The Modulus of Elasticity
and yield strength of the post-tensioning bars were 170 GPa and 835 MPa respectively. Side plates were welded
to the 50 mm steel anchorage plate to provide confinement and restrict potential bulging effect of CLT under
high axial loads. The shear keys at the wall base also provided confinement to the compression toe which is

described further in Section 3.
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Figure 2: Post-tensioning anchorage detailing at the wall base and top connections

2.2.3 UFP Detailing

Pairs of mild steel U-shaped flexural plates (UFPs) [22,58] were located at the corners of each wall base as
shown in Figure 3a. The mild steel Modulus of Elasticity and yield strength were 200 GPa and 300 MPa
respectively. Figure 3b shows how each UFP pair was connected to the CLT wall. Each UFP was connected
by 2-M16 bolts to a 12 mm thick steel plate, which was then connected to the face of the CLT wall with 8-
¢11x250 mm fully threaded STS [59] installed inclined at 45°. Each inclined STS connection was designed
to remain elastic with an overstrength factor of 1.8 considering only STS under tension and neglecting friction
and STS under compression. The UFPs were then connected to a short steel parallel flange channel (PFC) with
2-M16 bolts. The base of the PFC was then anchored to the foundation with 2-M20 bolts. 2- 12 mm Grade
4.6 threaded rods [60] were installed to connect the PFC and the steel plate to eliminate the induced force
couple because the UFPs were placed only on one side of the CLT wall as similarly detailed on the Lucas

House building due to architectural restrictions [61].
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Figure 3: UFP placement and connection detailing

3 TESTING PROGRAMME AND METHODOLOGY

The testing programme for the PT SW and PT DW testing is provided in Table 1. In the PT SW testing, the
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,
and SW-4 respectively. The DW testing considered variations in terms of a) in-plane joint connection details;
b) use of UFP dissipaters at the wall base; and c) re-centring ratio 8, defined as 8 = My, /M, Where My, is
the base moment contribution due to PT bars and M,,, is the total base moment capacity. In the DW testing,
the initial post-tensioning force was limited to 5 % yield force of the PT bar to avoid potential yielding due to
wall uplifting. Test DW-1 did not use STS or UFPs such that the frictional effect between the individual walls
at the in-plane joint could be quantified. This also provided a baseline and lower bound DW performance.

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

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

Test SW-1 SW-2 SW-3 SW-4
Initial PT / bar kN 0 (0%?) 25 (5%?) 50 (10%*) 75 (15%?)
Test DW-1 DW-2 DW-3 DW-4 DW-5
Initial PT / bar kKN 25 (5%?) 25 (5%*) 25 (5%*) 25 (5%?) 25 (5%%)
8x80 PTH 8x80 PTH 8x80 PTH
In-plane Joint Type - -
(17mm Ply.) (17mm Ply.) (17mm Ply.)
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205

206

Qty. - 64 (90°) 220 (90°) 64 (90°) -

UFPs - No No No Yes Yes

Re-centering Ratio
- 0.9 0.67 0.55 0.56 0.72
(B = Mpt/Mrot)

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

The experimental test setup for the PT SW and the PT DW tests are shown in Figure 4. One 700 kN actuator
with 4-M30 Grade 8.8 threaded rods was used to apply the lateral loads via a steel loading beam and bearing
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
for each wall. At the base of the wall, in-plane and out-of-plane translational restraints were provided by shear
keys. The shear keys were equal angle 125 mm x 125 mm x 12 mm [62] with welds on the bottom leg only so
that the top leg could yield and bend to accommaodate the wall rocking as reported by Moroder et al. [27]. Such
shear key details were also used for the Carterton Events Centre building [63]. The shear keys were bolted to
the steel foundation beam with Grade 8.8 M20 bolts [62]. Each wall specimen had a capacity protected
horizontal castellated joint at 5.5m wall height to transfer shear load through castellated joints and to resist
overturning moments with steel straps connected to the wall above and below with STS (painted blue and
shown in Figure 4). The horizontal joint was not a focus for Phase | (Single Wall) and Phase 11 (Double Wall)
testing and further information can be found in Brown et al. [52] which reported Phase Ill (Core-wall)

experimental results.

10
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Figure 4: Single Wall (SW) and Double Wall (DW) Test Set-Ups

The displacement controlled uni-directional loading protocol followed the ACI ITG-5.1-07 special protocol
for PT precast structural walls [64]. The amplitude of each cycle group was 1.25 times that of the previous
cycle group, and the first cycle group was 0.1 % drift as shown in Figure 5. Each cycle group had three identical
cycles. The peak drifts were chosen during each test upon evaluation of the actual CLT compression strains

and visible damage at the wall base.
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Figure 5: Loading protocol
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3.1 Key Design Parameters and Instrumentation

The global responses of the walls were measured with linear variable differential transducers (LVDTS), load
cells, and inclinometers. Specifically, Particle Tracking Technology (PTT) was implemented to measure the

compressive toe strains at the wall base.

3.1.1 General Instrumentation

Figure 6 shows the key general instrumentation. LVDTSs and inclinometers were placed on the specimen at 2m
inter-storey heights to measure the wall joint relative slips, in-plane and out-of-plane deformations, and wall
rotations. At the wall base, seven LVDTs measured the neutral axis depth (i.e., length of the compression zone)
at the wall base and three LVDTs were placed on each UFP connection plate to measure vertical and horizontal
movement. The actuators had 1000 kN load cells to monitor the applied load, and 500 kN load cells monitored
the PT bar forces. As the PT bars were placed in pairs, the results of each bar were combined. LVDTs also
tracked the movement of the steel foundation.

/ POST-TENSIONING BAR TYP.

______ LS TR
/ —AwaLL 172
WALL 1 WALL 2 i
t/ REFERENCE
K LINE \\L
’é,w\ ’(érTN\ A %
M I 1 P 1
15 L L | A

=

[}

N
~—AWALL UPLIFT TO TRACK NEUTRAL AXIS \__STEEL FOUNDATION

Instrumentation Legend:
PT-S1, PT-S2, PT-N1, PT-N2 - Post-tensioning bars force (kN)
$,W: Rotation of wall (rad)
A: General relative displacement as indicated by arrows (mm) —-——

Figure 6: Key instrumentation

3.1.2 Particle Tracking Technology (PTT)

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

guantitative field measuring technique originally developed to track individual particles in fluid flows [47].
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More recently, Ottenhaus et al. [65] have shown . the versatility of PTT with CLT testing in dowel embedment
tests, large scale CLT connection tests and small scale material tests to capture displacement and strain fields.
Figure 7 shows the PTT setup and an image view of one camera tracking movement of the particles. The
yellow painted shear keys interfered with the PTT data collection of the extreme fibre of the CLT compressive
toe; however, the displacement and strain fields were captured above and beside the shear key which was
deemed adequate. Six Fujifilm X-T2 cameras with XF 18-55 lens were positioned at the wall base on stiff
supports. The resolution of the images was 6000x4000 pixels, and the PTT resolution ranged from 0.145
mm/pix to 0.197 mm/pix. Artificial lighting was provided to ensure a consistent light intensity throughout each
image frame. 8 mm diameter blue or red circle stickers attached to the CLT wall surface were used as particles,
and they were placed randomly on the timber surface for easier particle identification in post-processing. As
the particles were placed on the timber face, all the measured displacement and strains represented the surface
response. An image was captured at each displacement step of the loading protocol such that each image could

easily be correlated with the associated experimental data file.

wall2 |

e
. Part;cles»'

Shear Key Interfering with PTT

(a) Double wall PTT set-up (b) Single camera view

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

Streams [47] was used in image post processing and it has an extensive toolkit of processes to perform image
filtering, particle identification, PTT analysis, and ultimately produce displacement and strain fields. Within
Streams, the pixels that comprise the particles are differentiated from the rest of the image frame by a variation
in light intensity on either a grey or RGB scale. Streams generated a material displacement field on a

rectangular grid corresponding to X, y, and t (the time of each image). Displacements were transformed into a
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material-based frame of reference such that displacements and strains were computed relative to the wall before
testing began. Further details on PTT and implementation in the testing can be found in Brown et al. [66] and

Ottenhaus et al. [65].

4 EXPERIMENTAL RESULTS AND DISCUSSION

The key experimental results are provided in Table 2. The results are provided at serviceability limit state
(SLS, defined as 0.33 % inter-storey drift ratio) and a peak drift level. AS/NZS 1170.0 Appendix C [67]
specifies SLS of 0.33 % for plaster/gypsum walls which are commonly used in NZ timber buildings. The peak
drift level during the SW testing was limited to avoid plastic deformation greater than a few millimetres to the
compressive toe, and for the DW testing, peak drift was limited to 1.2 % to avoid significant plastic
deformation for the following Phase 1l core-wall testing [68]. While a peak drift of 1.2 % may be less than
typical design building drifts, it was deemed sufficient to capture the major DW response which included the
non-linear elastic behaviour due to gap opening at the wall base. The partial composite action (CA) in the DW
can be defined by comparing the test results with a theoretical uncoupled and fully composite systems in a

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

Frests — Foys
%CA5= 5% 2

1)

F100%,6 — Fou,s

where, for a given wall drift (&), Foe, s = the theoretical force for an uncoupled (non-composite) section;
Fi009,5 = the theoretical force for a fully composite section; and Fr: s = the measured force. Figure 8 shows
the different rocking mechanisms such as a fully composite section, where there is no relative slip between
two CLT walls, and a partial composite action where there is varying levels of relative displacement between
the two walls. The theoretical calculations are based on a PT rocking wall boundary condition following the
MMBA in accordance with the Pres-Lam design guide [70]. The MMBA procedure will be further described
in Section 5. The total energy dissipation, E;,, was calculated as the area enclosed within the hysteresis loops
for the entire loading protocol. The components of E;, included friction between the CLT wall panels, yielding
and embedment deformation of the screwed connections, and yielding of the UFPs which will be discussed

further in Section 4.2.
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4.1 Global Wall Response

For PT DW testing, Table 2 shows that the composite action decreased at the peak drift level when compared
to the SLS. This was due to the gradual strength and stiffness degradation of the STS in-plane joint. The highest
composite action of 70 % and 38 % at SLS and peak drift respectively was observed in Test DW-3. The low
composite action in Test DW-1 indicated the friction contribution which had been noted previously by Moroder
et al. [27]. The secant stiffness values at given drift levels include all possible slips and translational sliding
due to the tolerances between the CLT wall panels. The SLS stiffness of 1.6 kN/mm achieved in Test DW-1
represents a lower bound for this PT DW system. The significant stiffness change in Tests DW-2, DW-3 and
DW-4 indicated the impact of connection detailing on the system behaviour. In Test DW-3, the SLS stiffness
was 3.7 KN/mm, more than two times of that achieved in Test DW-1, and almost four times of that achieved
in Test SW-2 with the same initial post-tensioning. The yield percentage of the extreme PT bar,vpr, is also
reported in Table 2 and in Test DW-3, 40 % was reached at peak drift. The timber yield strain percentage, v,

defined by the constitutive relation E, = f. /e, Where Ej is the timber Elastic modulus, £ is the compressive
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stress, and e is the compressive strain was determined by PTT.. This was unique when compared to past
experimental testing by Sarti et al. [21], where timber strains were back calculated assuming a triangular
distribution, or not quantitatively reported other than the test observations [26,35]. The compressive toe

performance with PTT will be discussed in Section 4.3.

Table 2: Wall testing experimental results summary

Serviceability Limit State Peak Drift
CA F k Vpr VT Drift CA F k Vpr VT Ep
Test (%) (kN) (kKN/mm) (%) (%) (%) (%) (kN) (kN/mm) (%) (%) (KN-mm)
SW-1 - 16 0.6 7 26 1.2 - 53 0.6 30 66 -
SwW-2 - 29 11 14 29 0.93 - 57 0.7 31 69 -
SW-3 - 32 1.2 17 37 0.93 - 63 0.8 33 64 -
sSw-4 - 38 1.4 23 32 0.75 - 64 11 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 15 3% 37 22,090

Note: CA is composite action; vy is the yield percentage of the extreme post-tensioning bar; v is the yield strain percentage of the
extreme timber fibre value, determined by PTT and assuming Eo = 9,700 MPa and fc = 37 MPa as per as per component testing in

Section 6.1.1; Ep = total energy dissipation during full loading protocol

Figure 9 shows the plots for base shear versus drift, moment versus wall base rocking interface rotation
(connection rotation), and neutral axis depth versus connection rotation for the four PT SW tests. A typical
non-linear elastic behaviour due to the gap opening at the wall base was observed. Increased initial post-
tensioning forces delayed the onset of gap opening, and then the post gap opening wall stiffness was similar

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

and L is the wall length (1.912 m)) was approximately 0.15 and slightly increased with increased initial post-
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tensioning forces. The minimum c/ L ratio was also not exactly symmetrical due to the slightly non-
symmetrical placement of the PT bars as shown in Figure 1. Further, additional force occurred on the positive
“push” wall drift direction due to out-of-plane wall twist. This wall twist occurred primarily because there was
only one pin-pin connection of the out-of-plane rams and also because the in-plane loading actuator could
rotate due to its pin-pin connection (with spherical bearings) under compression. Because of this, all analytical

comparisons in Section 6 are made to the negative “pull” wall drift cycles.
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Figure 9: SW test series summary: (a) base shear — drift; (b) moment — rotation; and (c) neutral axis depth —

connection rotation

Figure 10 shows the key plots for Tests DW-2, DW-3, and DW-4. The base shear vs wall drift curves are
compared with the theoretical fully composite (F;gg9,s) and non-composite (Foo, s) PT walls. At low drift
levels, Test DW-3 closely matched the theoretical fully composite curve. This was primarily due to the STS
in-plane joint having high initial stiffness. However, with gradual stiffness degradation of the STS joint the
DW systems gradually tended away from the theoretical upper bound. All post-tensioning forces are reported
as a pair as described in Section 3. In Test DW-3, the increase in PT1-N forces during positive drift cycles

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

The neutral axis behaviour during each test was similar for Wall 1 and Wall 2 due to the symmetrical behaviour
of the test setup. During Test DW-3, the neutral axis behaviour was significantly different as a negative neutral

axis was reported which indicated one wall uplift. This unique behaviour has not been observed in past PT
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DW testing that used the in-plane joint slip to provide increased energy dissipation during the rocking motion
[23,24,26,35]. At a base connection rotation of approximately 0.006 rad, the wall touched the ground, and a
positive neutral axis was reported. The neutral axis depth ratio (c/ L) was approximately 0.25 in Test DW-3,
which was larger than Tests DW-2 and DW-4 where the c/L ratio was closer to 0.15 at peak drift. Residual
drift was negligible in all tests except DW-3 where it was 0.1 %. The relative connection slip at the in-plane
joint varied in each test due to the different strength and stiffness of the STS connection details and UFP
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-

3, and DW-4, respectively.

18



343

344

345

Base Shear (kN)

Neutral Axis Depth (mm)

Relative Connection Slip (mm)

Post-tensioning Force (kN)

Positive Drift
Wall 1 Wall 2

-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%
250 .
200 ‘£
150 ’
100 4 2
50

0
-50
-100 - ’
-150 y
-200 -
-250 .

PT2-N
PT1-N

PT2-S
PT1-S

IS
u o
o o

o
o

o
o

[ ol = B~ I ¥
[¥4) w
o o

o
o

un
(=3

s

0

-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%

WALL 1 WALL 2
2000 T T -

Wall 1

wall 2

...... Fox,s ==== F100%5

Drift (%)

-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%

o

\

= /!

2

PTl—‘S-L PTL-N, ~./PTZ-'SJ;PTZ-N

— —

R

e WS s

-1.5% -1.0% -0.5% 0.0%
Drift (%)

0.5% 1.0% 1.5%

WALL 1

WALL 2

T 1
Wall 1 Wall 2

|

1500

1000

500

0 |

-500

-0.015 -0.005 0.005 0.015

Wall1 ___ Wall2

f
]
1

-0.015 -0.005 0.005

Connection Rotation (rad)
Walll____ Wall2

r—mrom——m

S=7

0.015

AT

[
o
I A
|
T
1
1
7

-25
-1.5% -1.0% -0.5% 0.0% 0.5%

1.0% 1.5%

(a)

-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%
Drift (%)

(b)

Positive Drift
Wall 1 Wall 2
-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%
ra
f"
/|
(s
r
/
7/
PT2-N PT2-S —
PT1-N PT1-S E3
4 S
o
an
i)
30 E
2
&
120 e
73
' ]
10 =
o
]
0 =
-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%
WALL 1 WALL 2
Wall 1 Wall 2 1.0
[ m=n= I |- fry
083
1 0.6 f‘;
/ / 04 o
N 2
Iy e el 02 3%
| ] | | I 0.0 g
3
| | | || ]
z
-0.015 -0.005 0.005 0.015

Wall1 ___. Wall2

1]
I

| ==
i ™
| Pl
! !
" !
1 I Ly
R " Sp—— _JI

B 12
/, WLl 1 ALLZ-
-1.5% -1.0% -0.5% 0.0% 0.5% 1.0% 1.5%

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

The UFPs and their connection detailing, STS connection at the in-plane joint, and compressive toe
performance were evaluated. The 12 mm thick steel UFP connection plate (see Figure 3) had +0.6 mm in the
+1.2 % cycle and -1.1 mm in the -1.2 % drift cycles while the UFPs had greater than 10 mm vertical
displacement due to gap opening at the wall base. Residual displacement of the steel UFP connection plate
was -0.3 mm which indicated that embedment deformation occurred in the inclined STS connection. Further,
it was found that the UFPs were also able to undergo twisting and out-of-plane movement without fracture due
to their placement in front of the walls instead of the wall ends. More details on UFP connection performance
can be found in Brown et al. [68]. The STS connections performed differently when compared to other mild
steel dissipaters generally employed for hybrid PT walls. The STS connections still provided stable global
behaviour given the tested wall drifts but pinching of the hysteresis curves was observed which could reduce
total energy dissipation. The pinching behaviour occurs physically due to the presence of gaps between the
fastener and wood caused from plastic timber embedment deformation [10]. This phenomenon has also been
reported by Igbal et al. [71]. The performance difference between STS and mild steel could be observed by
comparing the results between Test DW-2 (STS implemented) and Test DW-5 (UFPs implemented). While
the B ratio was comparable, Test DW-2 with STS dissipated 75 % more energy. This was primarily due to the
fact that the UFPs required a relatively large imposed displacement prior to yielding due to lower stiffness;
their rolling motion was not perfectly vertical; and small slips existed in their connections to the CLT panels
and steel parallel flanged channel (PFC). It was found that an approximately 12 mm imposed displacement
was required for the UFPs to reach their yielding plateau, determined by the UFP component testing results
(see Section 6.1.2). This corresponded to approximately 0.8 % wall drift. In contrast, the STS connections
reached yielding at approximately 5 mm connection displacement [72] and significant energy dissipation could
occur at even lower imposed displacements. This 5mm in-plane joint displacement corresponded to
approximately 0.25 % wall drift. It should be noted this comparison is limited to the wall drifts of 1.2 % when
the STS joint displacement reached 15 mm. Work by Hossain [72] showed that peak load of this type of STS
connection occurs at approximately 19 mm displacement (see Figure 19). Therefore, the displacement and

energy dissipation capacity of a PT DW system with STS would be limited and significant strength and
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stiffness degradation would occur beyond 19 mm connection displacement. In contrast Baird et al. [58], for
example, have shown that UFPs have stable performance at significantly larger deformations. The in-plane
relative joint slip increased slightly with the increased wall height due to elastic deformation of the walls.
However, the in-plane joint slip difference was less than 2 mm over the wall height. At 1.2 % wall drift, the

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

4.3 Compressive Toe Performance

PTT was utilized to determine the strain field within each compressive toe region over the lower 260 mm wall
height, along the entire compressive toe length. Figure 11 gives a summary of experimental testing strain
results for Test SW-2 in comparison with the MMBA assumption at different drift levels. At each drift cycle,
the scatter and the mean of timber strain are compared with the MMBA predictions (shown with grey lines)
which assumed a triangular distribution, a timber elastic modulus as per Error! Reference source not found.,
and kgap = 0.7 as per the Pres-Lam Design Guide [70]. The experimental neutral axis depth at each drift cycle

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

Further, at each drift cycle, and at each compressive toe, the peak average compressive strain was compared
with the peak timber strain determined by the MMBA. A strain amplification factor ¢, defined as the ratio
between the experimental strain and the MMBA analytical strain was determined. Table 3 summarizes the
results of all SW tests for both the positive and negative drift cycles, and significant differences were observed.
It was also found that a higher concentration of knots existed on the negative drift cycle side compared to the
positive drift side of the wall base. This could cause generally different compressive strains between positive
and negative cycles at the same drift. The average strain amplification factor ¢, was found to be 1.3, based on
a total of 37 analytical to experimental comparisons over the four tests. It should be noted that the ¢, factor of
1.3 was determined based on a limited number of experimental tests. Future work is needed to investigate
different wall configurations, drift demands, timber species and engineered timber products. Nonetheless, the
variability in compressive strains over the 260 mm wall base height highlighted the inherent variability of

timber and which could be higher when using non-edge glued visually graded dimensional lumber as lamella
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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

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

black).

Table 3: Summary of timber strain amplification factors

Test Negative Drift Positive Drift Average
SW-1 2.0 1.9 2.1
SW-2 21 1.0 1.4
SW-3 14 1.5 1.4
SW-4 1.7 0.7 0.9
Average 1.8 1.1 1.3
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Figure 11: Test SW-2 compressive toe strain comparison to MMBA
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5 ANALYTICAL MODELLING OF POST-TENSIONED SINGLE AND DOUBLE WALLS

The response of PT rocking timber walls can differentiated in two phases: before and after wall base gap
opening. Before gap opening, the response can be modelled as a fixed base cantilever wall. With increasing
initial post-tensioning force, the required overturning moment to initiate gap opening, called the decompression

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

Z
Maee =7— () Trro+N) @
eff

where Z = section modulus of the CLT wall cross-section which only considers the longitudinal CLT timber
lamella; A.fr = effective cross-sectional area of the CLT walls which only considers the longitudinal CLT

timber lamella; }; Tpr , = total initial post-tensioning force; and N = axial force from gravity loading.

Once M, is reached, gap opening and a wall base connection rotation, 6;, will occur. The total displacement,

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

67 =8, + 8y + 6 (3)

where &, = rocking deformation as discussed in Section 5.1 and 5.2; &, = elastic bending deformation as

discussed in Section 5.3; &, = elastic shear deformation as discussed in Section 5.3.

5.1 Post-Tensioned Single Wall Rocking Deformation Theory

The rocking deformation, §,., is determined for a given wall base connection rotation, 8;, as shown in Figure

12 as:

6, = 6chant 4)

where Heant is the cantilever wall height.
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Figure 12: PT Single Wall Sectional Analysis

For an imposed wall base connection rotation, 6;, the tendon elongation is determined by geometry due to gap

opening with consideration for axial wall shortening as:

QX Tprj— 2 Tpro)lub,i
EoAcss

(®)

Aprij=0j(dpr; — c1j) —

where Apy; i = elongation of the i-th post-tensioning bar for the j-th rotation increment; dpr ;= edge distance
of the i-th post-tensioning bar (See Figure 12); ¢, ; = neutral axis depth for the j-th rotation increment; X Tpr
= sum of post-tensioning bar force for the j-th rotation increment; ,,;, ; = unbonded length of the i-th post-

tensioning bar; E, = timber elastic modulus. Tpr; ; can then be evaluated as:

Aprij

Tprij =Tprio + 5 EprApr; (6)

ub,i

where Ep = post-tensioning steel bar elastic modulus; Apy; = cross-section area of the i-th post-tensioning
bar. For UFP devices placed at the wall base, the imposed displacement is found in a similar manner as the PT

bars:

Ayrp,ij= 0j(dyrpi — €1,) )

where Aygp; j = elongation of the i-th UFP element for the j-th rotation increment; and d;rp; = edge distance
of the i-th UFP element (see Figure 12); and c;; = neutral axis depth for the j-th rotation increment.

Experimental tests by Skinner et al. [73] and then by Baird et al. [58] have shown the force-displacement
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behaviour of UFP devices can be modelled by a Ramberg-Osgood function [74] as shown in Figure 14b. Then,
the timber compressive force, Cr ; (see Figure 12), is evaluated according to a member strain compatibility
condition outlined with the MMBA [44] procedure which assumes that the displacement of a rocking element
is analogous to a monolithic element. Herein, it is suggested that the strain amplification factor, ¢, = 1.3, is

included when considering the non-edge glued CLT.

Cri= 0.5E,nborrc; 36; | Maec b ©
g conYefft1; Heagne  Econlefs

where E,,, = timber connection modulus = kg, E,; besr = sum of CLT longitudinal board widths; I.¢ s =
second moment of inertia which considers b,sy. kgq;, Within E,,,, accounts for the reduction in axial stiffness,
thus reducing E,, due to the ‘end effect’ as discussed by Newcombe et al. [44] for LVL and presented in
Section 6.1.1 for the CLT tested herein. Finally, the force equilibrium as per Eg. 9 is assessed and if not

satisfied, the neutral axis depth ¢, ; is iterated until the equilibrium is achieved.

Crij— Z Tprij— Z Fyppij=0 (9)

Then, the base connection moment for a wall base connection rotation, 6;, can be evaluated as:

Cii Cii
M onnj = Z Tpr,j (dPT,i -4/ 3) + Z Fyrp,ij (dUFP,i - Y/ 3) (10)

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

total wall deformation as per Eq. 3.

5.2 Post-Tensioned Double Wall Rocking Deformation Theory

As shown in Figure 8, the PT DW rocking deformation can be separated into three different kinematic modes:
coupled double wall (CDW) behaviour, combined single-coupled wall (SCW) behaviour, and theoretical single
wall behaviour. These kinematic modes were originally suggested for CLT shear walls by Gavric et al. [49].
In a PT DW system, the in-plane joint provides the coupling force. Depending on the relative strength and

stiffness of the in-plane joint to the PT bars and the dissipative elements, a certain kinematic behaviour will
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occur. Thus, after evaluating the dissipative device forces, an additional step which evaluates the coupling
force at the in-plane joint must be added. With the STS in-plane joint, this coupling force changes nonlinearly

depending on the relative joint slip. For each given wall base connection rotation, 6;, the relative joint slip,

d, ; must be evaluated as well.

5.2.1 Coupled Double Wall (CDW) Theory

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

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

coupled double wall behaviour mode

In order to evaluate the coupling force at the in-plane joint, the relative displacement, d; ;, between the wall

panels at the base is required and is approximated as:

dZ,j = 0] . (LZ - Cz,j) + 0] . Clri (11)

where c¢; ; = neutral axis length for wall i for the j-th rotation increment; and L, = length of Wall 2. Considering
elastic deformations of the wall panels, the relative displacement will increase along the height of the in-plane
joint. However, based on the test results presented in Section 4 and the fact that the rocking deformation is
significantly greater than the elastic deformation, it is thus assumed d, ; is uniform along the entire in-plane
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joint in the analytical model. The compressive displacement in Wall 1 (6; - ¢4,;) is approximated and it will be

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

Fgrs2j = Ngrsaksrs2jdaj = Kgrspjda (12)

where ngrs, = the number of STS pairs along the in-plane joint; kgrs , ; = the stiffness of a STS pair for a
given displacement, d, ;; Ksrs,, j = the total stiffness of the in-plane joint for a given displacement, d, ;. The
load-displacement behaviour of laterally loaded STS, similar to any dowel-type fastener in timber, is highly
non-linear. In order to accurately capture the nonlinear behaviour, numerous past research [10,51] has used an
exponential function. In this research, the model originally proposed by Foschi [50,75] to capture the envelope

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

K, |d,;
Fsrsz;=sgn(dy;)(F, +11K,|dy;|)(1 — exp (— OL 2”')), |dzj| < |dzu (13)
[

Fsrsz,; = sgn(da)(Forsu + 12K, )(daj — sgn(dzj)day), [dan| < |dzj| < |day|  (14)

FSTS,Z,j =0, |d2,j| > |d2,f| (15)

where Fgrg, ; = connector force as per Foschi model; sgn(dzlj) = signum function to extract the sign of the
displacement, d; ;; d,,, = displacement at maximum force; d, ; = final displacement. Figure 14 shows the
cyclic load-displacement models of a dowel-type fastener (STS) by Foschi [50,75] and a UFP by means of the
Ramberg-Osgood function [58,74]. While past research [23,26,34,35] and built examples such as the NMIT
Arts and Media Building [76] have utilized UFPs, dowel-type fasteners can also provide and energy dissipation

through yielding of the fastener and plastic timber embedment deformation [10,71].
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Figure 14: (a) Nail-slip model proposed by Foschi [50] with figure from Folz & Filiatrault [51], (b) UFP force

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

Gavric et al. [49] and Igbal et al. [24] proposed simplified trilinear and bilinear load-displacement curve fitting
models respectively to account for the coupling force between CLT panels with dowel-type fasteners. In
Section 6.3, Test DW-2 will be compared to the analytical model using the simplified bilinear elastoplastic

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

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

Cr1j+ Fprpj+ Fsrszj+ Fypp2j— Z Tprij— Fyrp1j=0 (16)

Cryo,j = Frro,j = Fstrs2,j — Furp3j — Z Tprij+ Fyrpaj =0 (17)

The neutral axis depth, ¢; ; and ¢ ;, is then iterated until force equilibrium is achieved. Note, the friction term
is generally neglected [77,78] in analysing CLT structures. In this study it is considered as it was required to
predict the experimental response under quasi-static loading where friction was present. The friction co-
efficient was calibrated based on Test DW-1 and kept constant for the remaining double wall tests. Once
equilibrium is achieved the base connection moment can be determined for Wall 1 and Wall 2 with reference

to Figure 13 as:
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Myqj= Z Tpr,ij (dPT,i - cu/g) +Fpraj (Cl'j/g) + Fsrs2 (CI'j/g) + z Fyrp,ij (dUFP,i - Cl'i/3) (18)

My, z2,; = Z Terij (d”” - Cz'j/B) + Fpr (dfr.z - Cz'j/3) + Fsrs,2,j (dsrs,z - Cz'j/3)

+Z Fyrp,ij (dUFP»i - Cz’j/3)

(19)

The friction and STS coupling forces can be assumed to be acting along the in-plane joint line. In reality, the
STS will be placed with a minimum edge distance (3d = 24mm) from the panel edge but this small difference

was neglected for simplification. The total base connection moment, M.,y j, is then:

Mconn,j = Mw,l,j + Mw,Z,j (20)
Then, the elastic bending and shear deformations are determined as per Section 5.3 and Eq. 3.
5.2.2 Combined Single-Coupled Wall (SCW) Theory

In the SCW kinematic behaviour, the coupling force and stiffness is large enough such that Wall 1 is not in
contact with the ground, as shown Figure 15. However, there is a relative slip, d, ;, between Wall 1 and Wall

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

/\Mcnnn,j

'V JkSTs,z,ﬂ durp,1 "V
der,1
Forsa, IIfsrs,2, dpr.2
durp,2
dsrs, fr,2
duFe3 —
B dr7,3 ! ( -

i dpT,4 { durp,4
=2,] - G2y =
> -

‘ L1 * " 'l' G Jr 1

Forp15 Y l Furp2.i Fures, l FUF“'J?\

. Torai
Tora jTPT'Z'] Tor3,3 P74

CT,Z,J'

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

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

deformation of each post-tensioning and dissipative element:

Z kPT,i,j[(dPT,i - CZ,j)ej - dZ,j] + Z kUFP,i,j[(dUFP,i - CZ,j)ej - dZ,j] + z Terow1 = Ksrszjdzj+ Fpraj (21)

where kpr; ; = stiffness of the ‘i-th’ PT bar for the °j’-th rotation increment; kypp; j = stiffness of the ‘i-th’
UFP element for the ‘j’-th rotation increment. With reference to Figure 15, vertical force equilibrium of the

two wall system can be determined as:

Craj— Z Tprij — Fyrpaj— Furp2j— Furp3j+ Furpaj =0 (22)

The post-tensioning bar and dissipater forces can be determined as per Section 5.1 considering the relative
wall slip, d ;. By rearranging Equation 21, an expression for the relative slip between two walls can be

determined for a given wall base connection rotation, 6;, and Wall 2 neutral axis depth, cz,.

_: 0;{> kPT,i,j[(dPT,i - Cz,j)] +2 kUFP,i,j—l[(dUFP,i - Cz,j)]} —Fpr2j+ X Tprom (23)
2 (Ksrs2j-1 + X kprij + X kyrpp,ij-1)

Again, the friction component Fy, , ; can be neglected in design but is included here for comparison to the
quasi-static experimental testing results. Equation 23 shows that as Kgrs , ; decreases the relative connection

slip, d2, increases. The base connection moment, M., ;, can be evaluated as:

Cyi Cyi
M onnj = Z Tpr,j (dPT,i -3 3) + Z Fyrp,ij (dUFP,i -/ 3) (24)

The SCW kinematic behaviour continues until Wall 1 toe touches the foundation, which is when
d,; = 0 (L, — c3j). Once this occurs, the kinematic behaviour changes to CDW as described previously

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

5.3 Elastic Deformations of Walls

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

for a fixed base cantilever beam as:
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F;H?
6bj — j*¥ cant (25)
T 3Elespy

where F; = the horiztonal force at the top of the wall for a given wall base rotation ‘j’; and Eyl.ff, = the

effective flexural stiffness of the CLT panel by considering the longitudinal layer only [79]. For coupled walls
with composite action, the ‘gamma method’ in Eurocode 5 [55] was used to calculate the effective flexural

stiffness.

There are different methods in literature for calculating the in-plane shear deformation, &5 ;, of a CLT panel
[80]. In this instance, the shear stiffness method proposed by Schickhofer et al. [81] was used which determines

an effective shear modulus, G5, and the gross shear area, A as:

GoA
1+6[0.32(22)-077| (b2

where t;,, = average thickness of the CLT lamella; a = the average width of the CLT lamella. Then, the shear
deformation for a given wall base rotation ‘j’ is determined as:

_ Fchant

65.j - GeffA (27)

6 ANALYTICAL-EXPERIMENTAL COMPARISONS

6.1 Material Properties and Input Parameters

The analytical models described in Section 5 require the timber modulus of elasticity parallel to grain, E,,
timber ‘end-effect’ factor, kg45,, UFP and post-tensioning bar properties, and the STS connection properties.
These properties can be determined from design codes, supplier information, and the Pres-Lam design guide
[70] or through material property testing. In order to verify the proposed analytical models, material property

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

Compression testing as per EN 408 [82] was employed to assess the CLT properties. Figure 16 shows the test
setup for the CLT5 and CLT3 specimens which implemented Particle Tracking Technology. The cross-section
dimensions for the compression tests were 100 mm x 175 mm x 600 mm high for CLT5 (5-layer) specimens
and 70 mm x 60 mm x 360 mm for CLT3 (3-layer) specimens. Past work by Newcombe et al. [44] with LVL
showed that the axial stiffness of a timber section is not constant throughout the specimen length due to the
‘end-effect’. To account for the ‘end effect’ of timber under crushing loads, a reduced stiffness should be used
following the adjustment factor, kgqp,. For LVL kgqp, = 0.7 was recommended for design [70]. Figure 16¢
shows the CLT5 stress-strain curve when the ‘end effect’ is considered (shown in grey) and when a gauge
length is used (shown in black). The number of replicates for each CLT layup was five and the mean values

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

was 0.83 and for the CLT3 specimens, the kg, factor was 0.71.

= Gauge length as per EN 408
s ENd effect considered

A“T

A

v

Stress (MPa)
- N N
o

w

0 I iae
0.0000 0.0025 0.0050 0.0075 0.0100

Strain

(c)

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

results

Table 4: CLT Compression Testing Results

Layer thickness Eo_gna E, kgap fe
MPa MPa MPa
45mm 8,028 (4%) 9,707 (13%) 0.83 37 (9%)
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20mm 9,489 (4%)

SG8 NZS 3603 [54] -

13,435 (6%)

8,000

0.71 54 (7%)

0.7 18

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

6.1.2 Testing of UFPs

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

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

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

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

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

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

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

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

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

kN and kutp = 5.5 KN/mm for a pair of UFPs as shown in Figure 17b.
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-20 l,’ /
40

/Y 4

Test 1
Test 2

Pair of UFPs

v

-80

------- Test 3 - Used UFPs
—ill— Elastoplastic Fitting

(a) (b)

Displacement (mm)

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 S50 60 70 &0

Figure 17: UFP component testing: (a) test setup; and (b) UFP component testing force-displacement curves
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6.1.3 Testing of Post-Tensioning Bars

The post-tensioning bars were tested to verify their material properties. The tensile tests were performed on
three replicates of machined coupons using a 1000 kN Avery test machine and followed the loading protocol
as per BS EN ISO 6892-1 [84]. Figure 18 provides details of the machined specimen, test set-up and
experimental results. The specimens were processed following BS EN ISO 6892-1 [84] to determine the 0.1
% and 0.2 % proof stresses. The elastic modulus, E»;, was determined by fitting a line to the linear portion of
the stress-strain curve. The specimens were not tested to tensile failure in order to avoid damage to the test
equipment. Once a load drop was observed at the onset of necking, the specimen was unloaded and its
behaviour was recorded. The results showed mean E,; = 184 GPa, 8 % greater than the provided Ep; = 170

GPa [57].

Jj_—— 1000kN Avery Tensile Test Machine

Machined Test Specimen

5

Stress (MPa)

0.00 0.02 0.04 0.06 0.08
Strain

(b) (c)

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

6.1.4 STS In-Plane Joint

STS component connection tests were not performed in this study as sufficent test data by Hossain [72] was
available. Figure 19 shows the connection load-slip curves by Hossain [72], the comparison between the
experimental curve, the fitted exponential curve following the Foschi model [50], and the fitted curve by the
simplified elastoplastic method as assumed by Igbal et al. [24]. Table 5 lists the curve fitting parameters
required to fit the envelope curve OAI shown in Figure 19b. The elastoplastic curve fitting parameters were

Fsts = 4.8 KN/STS and ksrs = 0.6 kN/mm for a pair of STS UFPs as shown in Figure 19b.
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Figure 19: (a) STS component testing by Hossain [72], (b) nonlinear curve fitting model by Foschi [50], (c)

curve fitting results

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

Initial Force Stiffness reduction Displacementat  Displacement at final Max.
Stiffness  Intercept parameters max. force displacement force
(KN/mm) (kN) (mm) (mm) (kN)

K, Fy r r dyu dy s Fsrsau
0.8 3.81 0.08 -0.022 19.41 48.47 5.05

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

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

6.2 Single Wall Testing Comparison

Figure 20 compares experimental Test SW-2 to the analytical model using the different input parameters of
the wall components. Due to the out-of-plane twisting of the specimen on the positive ‘push’ cycle as discussed
in Section 4, the comparison was only made to the negative ‘pull’ drift cycles. When the readily available
material properties were used, including timber graded SG8, post-tensioning bar properties as per ETA [57],
and kgqp = 0.7 as per Pres-Lam design guide [70], the moment-rotation behaviour was predicted within 15%.

These readily available material values were obtained from the NZS 3603 — Timber Structures Standard [54]
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and NZS 3404 — Steel Structures Standard [60], product brochures and design guides. When the material
component testing data were used, i.e., E, = 9700 MPa, kg4, = 0.83, and Ep;- = 184 GPa as per Section 6.1,
the analytical prediction error of the moment rotation was within 10 %. Finally, when the material component
properties and the strain amplification factor ¢,were applied, the analytical prediction error of the moment
rotation was within 5 %. Further, the neutral axis prediction was closer to the experimental results, which then
corresponded to a well-predicted post-tensioning bar behaviour and better prediction of the peak timber strain.
The neutral axis was still slightly over predicted; however, it was acknowledged that there could be errors in
how the neutral axis is determined based on data processing of experimental results with LVVDTs. Work by
Kovacs [85] showed that there is error associated with linearly interpolating the results between a discrete
number of LVDTSs. This is in part due to the fact that there is a curvature formed at the wall base and the fact
that there is a slope change in the displacement when part of a wall shifts from uplifting to contacting the

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

-+ Analytical Model Using Readily Available Material Properties
Experimental Result Analytical Model Using Component Testing Material Properties
—— Analytical Model Using Component Testing Material Properties
and Strain Amplification Factor

60 : 500
40 -
- £ 250
= 20 2
g =3
e 0 £ 0
w ]
% -20 , / £
a /)/ s -250

40

-60 -500 . |

-1.0%  -05%  00%  05%  1.0% 0010 -0.005 0000 0.005 0.010
(a) Drift (%) (b) Connection Rotation (rad)
PT1-S, _PT1-N .
2 e Wall Plan View
o
- {
300 == 20000 10
Z 4~ PTL-N PT1S —y s £ / -
< 20 ¢ /i £ 15000 [ o83
£ 200 - £ £ / I | o6%
< X £ 10000 —— - / 5
2150 \ / a AN f / 048
[= M h = oo NS - . _ Ra]
2 100 N A g 00 ; Sy 023
3":3 50 \ / £ o0 1 ! ! w 00 £
8 T N ] 2
g 0 Z 5000 =
-1.0%  -0.5% 0.0% 05%  1.0% 0010 -0.005 0000 0.005 0.010
Drift (%) Connection Rotation (rad)
(c) (d)

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

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

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

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

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

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

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

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

comparison to the experimental quasi-static testing results.

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

Experimental Analytical
Loading
o 8y 81 8y + O &y 81 8y + O
Direction
Test (%) (%) (%) (%) (%) (%)
DW-1 Positive 82 3 15 80 0 20
Negative - - - 80 0 20
DW-2 Positive 7 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
DwW-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: §;,=wall drift due to base sliding.
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Figure 21 compares Test DW-2 to the coupled double wall (CDW) analytical model using both the elastoplastic
and the nonlinear curve fitting model for the in-plane STS joint. At low wall drifts (less than 0.25 %), the
system strength and stiffness were slightly under predicted which could in part be due to the increased friction
at the onset of rocking motion as described by Moroder et al. [27]. However, at increased drifts there is good
agreement. Figure 21b shows that under the CDW kinematic mode, the simplified elastoplastic curve fitting

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

Figure 22 compares Test DW-3 to the analytical model. During the testing, wall uplift defined within the
single-coupled wall (SCW) kinematic behaviour was observed until the 0.93 % drift cycle when the SCW
mode changed to the CDW mode. The red solid line curve is the SCW kinematic behaviour and the red dashed
curve represents the CDW kinematic behaviour. The CDW behaviour was triggered when Wall 1 toe touched
the foundation, as shown in Figure 22f. The non-linear curve fitting model by Foschi [50] was able to capture
the gradually degrading stiffness of the in-plane joint with increased connection slip. In the PT DW systems
with high composite action, the simplified elastoplastic curve fitting approach for the STS connection however
seemed not appropriate. The analytical model captured the force-drift and moment-rotation curve within 10%
error at each drift level (see Figure 22a-b). Further, the “negative” neutral axis, which signified wall uplift,
was captured reasonably well with the model (see Figure 22d). The connection slip was slightly underestimated
in the model (Figure 22e) and the increased experimental relative slip could be due to the large number of
loading cycles that were performed at lower drifts whereas the STS component data from Hossain et al. [72]
implemented a different loading protocol. Wall 1 toe uplift was captured well (with slightly lower uplift values)
as shown in Figure 22f. When the analytical toe uplift prediction intersected 0 at 0.004 rad, Wall 1 was in
contact with the ground. This was also reflected by the neutral axis curve in Figure 22d. The ‘gamma factor’
as per Eurocode 5 [55] used to calculate the effective flexural stiffness was found to be 10 % at SLS drift and

then less than 2 % at peak drift due to the gradually degrading stiffness of the in-plane joint.
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662  Figure 21: Test DW-2 comparison to analytical model using both nonlinear and elasto-plastic curve fitting for

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

7 CONCLUSIONS AND RECOMMENDATIONS

This paper presented the experimental testing and the developed analytical models to assess the lateral cyclic
behaviour of unbonded post-tensioned (PT) CLT Single Wall (SW) and Double Wall (DW) systems. The large-
scale experimental test results showcased that PT CLT DW systems coupled with self-tapping screws (STS)

could provide one effective solution to provide increased shear wall strength and stiffness while also providing
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stable performance and energy dissipation. Further, the proposed analytical prediction models were able to
well predict the system level envelope curve responses of the CLT SW and DW systems with two different

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

With screwed connections, the PT double wall partial composite action of approximately 70% was
achieved (Test DW-3) and the system stiffness was almost two times that of two PT single walls
without partial composite action but equal wall length.

The assumption of a triangular stress / strain distribution in the compressive toe at the wall base, which
was originally validated with LVL, was experimentally verified as suitable by Particle Tracking
Technology (PTT) when CLT is within the elastic range. Further work should investigate the strain
behaviour beyond timber yielding with PTT to investigate if the triangular distribution is still valid.
The Modified Monolithic Beam Analogy (MMBA) was verified for the post-tensioned (PT) CLT SW
and DW systems. The test results showed the MMBA could under-predict the peak strain response in
the compressive toe for the tested CLT walls due to the increased material variability and complexity
when compared to LVL in past PT wall studies. A strain amplification factor (¢,) of 1.3 was
determined for PT CLT wall systems. Future work is needed to investigate different wall
configurations, drift demands, timber species and engineered timber products. The ¢, is thus
preliminarily recommended for CLT that is non-edge glued and the lamella are visual stress graded.
At the system level, the PT CLT SW moment-rotation behaviour was predicted with reasonable
accuracy (within 15 % prediction error) when readily available material properties (i.e., from Building
Codes, and supplier documentation) and the existing MMBA method were applied (without ¢, ).
However, current analytical prediction methods for post-tensioned CLT walls may lead to an
underestimation of the peak timber strain, thus leading to a slight overdesign of the reinforcement and
reduction of the actual drift and strain level in the timber. Yet, should the target drift be reached at a
higher intensity level, the predictive relationship between drift and local strain might lead to an
underestimation of the local timber compression damage. The MMBA prediction error was reduced

to 5 % when the component material properties and ¢, were applied.
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e Extensions were made to the existing MMBA analytical model to well capture the envelope curve of
PT Double Wall CLT systems coupled with Self-tapping Screws (STS) at the in-plane joint. The
nonlinear curve fitting function proposed by Foschi [50] was employed to capture the entire load-
displacement behaviour of the in-plane STS joint and unique wall uplift kinematic rocking mechanism
(i.e., one wall base rocking interface). While the proposed method provided increased predictive
accuracy than the elastoplastic curve fitting method by Igbal et al. [24], future work should develop
simplified methods for practitioners. The analytical model was limited to capturing the PT DW CLT
system envelope curve and future work should implement hysteresis curve fitting models in order to

model energy dissipation.

e It should be noted that a limited number of PT CLT shear wall experimental tests were performed with
limited variation in some key design parameters such as initial PT force, STS in-plane joint details,
and number of UFP elements. The tests were also performed on the same CLT wall specimens. Future
work should also experimentally investigate PT CLT shear wall tests with different STS in-plane joint
details such as half-lap joints with mixed angle STS combinations and then optimize the proposed PT

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

CDW  Coupled double wall.
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CLT
CLTS5
DW
ETA
LLRS
LVL
LVDT
MMBA
PT
PTH
PTT
RGB
scw
STS
SLS
swW

UFP

befr

Aeff,wi

Cross-Laminated Timber.

Five-layer CLT.

Double wall.

European technical approval.

Lateral load resisting system.

Laminated veneer lumber.

Linear variable displacement transducer.

Modified monolithic beam analogy.

Post-tensioned.

Partially threaded.

Particle tracking technology.

Red green blue.

Single-coupled wall.

Self-tapping screw.

Serviceability limit state.

Single wall.

U-shaped flexural plate.

Average width of the CLT lamella

Sum of the longitudinal board thickness.

Effective cross-sectional area of the applicable CLT wall.
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Ci,j

Cr,ij
dpr,
dsts fr,2

dyrp,i

Eo—End

Eolesry

fe

Cross-section area of the i-th post-tensioning bar.
UFP width.

Wall ‘i’ neutral axis length for 6; imposed base rotation angle.

Timber compression force for the i-th Wall for 6; imposed base rotation angle.

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

Edge distance of the STS and friction force.

Edge distance of the i-th UFP element.

Final displacement of STS for Foschi model.

Relative in-plane joint displacement for 6; imposed base rotation angle.
Displacement of STS at maximum force for the Foschi model..
Average radius of the UFP.

Timber connection elastic modulus.

Total energy dissipation.

Modulus of elasticity parallel to the timber grain.

Modulus of elasticity considering end effect of timber fibers.
The effective flexural stiffness considering the ‘gamma method’.
Post-tensioning bar modulus of elasticity.

Mild steel modulus of elasticity.

Force for 6; imposed base rotation angle.

Compression strength parallel to grain.
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lub,i

Mconn,j

Friction force at the in-plane joint for 6; imposed base rotation angle.
In-plane joint STS force for 6; imposed base rotation angle.

Ultimate STS force parameter for the Foschi model.

Yield force of UFP ‘i’ for 6; imposed base rotation angle.

Yield strength.

Foschi model parameter for force.

Modulus of shear rigidity.

Effective shear modulus.

Wall height.

Second moment of inertia which considers b .

Stiffness.

Factor which accounts for the ratio between E,_g,,; and E;.

Stiffness of the ‘i-th” PT bar for 6; imposed base rotation angle.

The stiffness of a single self-tapping screw fastener for a given displacement, d;.
The total stiffness of the in-plane joint for a given displacement, dz;.
Stiffness of the “i-th” UFP element for 6; imposed base rotation angle.
Foschi model parameter for initial stiffness.

Wall “i' length.

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

Total base connection moment for 6; imposed base rotation angle.
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Mw,i

NsTs,2

L£]

L4)

Tpr,ij

Tpr0,i

Apr,i

Ayrp,ij

Decompression moment.

Base connection moment due to the post-tensioning bars.

Base connection moment due to the dissipative elements.

Total base connection moment.

Base connection moment of the i-th wall for 6; imposed base rotation angle.
The number of STS pairs along the in-plane joint.

Axial force from gravity loading.

Foschi model parameter for ascending branch

Foschi model parameter for descending branch stiffness.

Average thickness of the CLT lamella.

Post-tensioning force in the i-th bar for 6; imposed base rotation angle.
Initial post-tensioning force in the i-th bar.

UFP thickness.

Elastic section modulus.

Elongation of the i-th post-tensioning bar for 6; imposed base rotation angle.
Elongation of the i-th UFP element for 6; imposed base rotation angle.
Wall drift.

Rocking deformation component.

Bending deformation component.

Shear deformation component.
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¢dec

be

Fi009%,5

FTest,(S

%CAs

Total deformation.

Re-centring ratio.

Timber strain.

Diameter.

Decompression curvature.

Timber strain amplification factor.

Friction co-efficient for wood-wood surfaces.

Yield percentage of the extreme PT bar.

Yield strain percentage of the extreme timber fibre value.

Displacement at maximum force as per Foschi model.

Final displacement as per Foschi model.

Wall base connection rotation.

B

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

Sum of the initial post-tensioning bar force for the applicable wall,i.

The theoretical force for an uncoupled (non-composite) section.

The theoretical force for a fully composite section.

The measured force.

The percentage composite action for a given drift level.
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