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ABSTRACT
The paper presents the design and modelling of Cathedral Hill 2, a 15-storey timber building, planned for
construction in Canada. The building is a 59-metre tall office-use construction with an all-timber structure
where the lateral-load-resisting system consists of segmented Pres-Lam walls. The paper firstly presents
the design philosophy, and the motivations for the use of the Pres-Lam system, which was mainly driven by
serviceability limit-state wind loading. The final part of the paper shows the verification of the building’s
dynamic behaviour using non-linear time-history analysis, showing that, although the lateral-load design is
governed by serviceability limit-state wind deflections, earthquake demand must not be overlooked due to
higher-mode amplifications.
1 INTRODUCTION
Timber is at its renaissance as a structural material
and globally trending towards taller and more openplan buildings. The increasing demand of high-rise
timber buildings poses the main issue of creating

scaled buildings [3-7]. Experimental results proved
the excellent performance of the system, which was
able to localize the damage to sacrificial elements,
while leaving the structural elements in an elastic and
undamaged state.

strong connections to resist the lateral loads resulting

Following extensive research on this low-damage

from wind and seismic actions.

structural

Post-tensioned timber systems (Pres-Lam systems),
first developed in the 2000s [1] and extended from

system,

several

building

have

been

constructed in New Zealand using the Pres-Lam
system.

the PRESSS systems [2], represent a suitable and

The Nelson and Marlborough Institute of Technology

convenient way of connecting structural elements to

(Nelson, New Zealand) is a three-storey timber

create high-capacity moment-resisting connections.

building whose lateral-load resisting system consists

In its original configuration the system provided a

of Pres-Lam post-tensioned coupled walls [8].

combination of re-centering and energy dissipation,

Another more recent example is the Trimble Navigation

which allowed the system to minimize post-event

Building, which was the first Pres-Lam building of the

residual displacements as well as to provide hysteretic

Christchurch Rebuild [9]. The building is a two-storey

damping to the system, thus reducing the seismic

structure with post-tensioned timber frames and

demand.

coupled walls in the two principal directions.

Extensive experimental and numerical research was

The design of these mid-rise office structures was

performed on a comprehensive set of structural

earthquake governed; therefore, the main motivation

elements, either walls or frames, as well as on

of the choice of the Pres-Lam system was the

8

VOL 24· ISSUE 4 » NEW ZEALAND TIMBER DESIGN JOURNAL

Nonetheless, post-tensioning is still a very economical
way of providing high-strength and high-stiffness
connections between timber elements, as well as
between timber elements and the foundations [10].
In fact, the advantage of the system lies in its peculiar
rocking mechanism which allows the creation of a
strong and stiff connection by means of a few highstrength steel bars.
As Figure 3 shows, the post-tensioned rod in the
structural element creates some compressive stresses
in the wall in its initial state before lateral loading.
As the horizontal load acts on the cantilever, some
moment is developed, reducing this compressive
stress at the tension side of the element. As this
stress reaches zero (the decompression point), a gap
opening develops, creating a rocking motion with rigid
body rotation.
Figure 1: Nelson and Marlborough Institute of Technology

As the lateral forces and displacements increase,
the gap develops further and eventually activates
the post-tensioning bars, increasing their stress and
providing additional capacity to the system.

Figure 3: Pres-Lam system concept
Figure 2: Trimble Navigation Office

provision of a resilient system capable of reducing the
lateral-load demand as well as limiting the post-event
damage.

When the design is governed by Serviceability Limit
State (SLS) (e.g. wind-induced deflections) and a
high-stiffness connection is required, the system can
be designed to develop a decompression moment
higher than the SLS demand. This creates a fully fixed

This consideration may not hold for taller timber

connection, hardly achievable with conventional

structures. In fact, as tall timber structures have an

metallic fasteners.

increased flexibility, the period of the structure is

As the decompression capacity is exceeded and

longer, and this results in significantly lower seismic
shear demands. In this situation the design may be
governed by the wind-induced demand, even in high
seismic areas.
In this context, the structure is likely to remain
elastic, making the use of dissipaters unnecessary.
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the gap opens, additional capacity is developed
as a result of the elongation of the post-tensioning
tendons, providing extra strength for Ultimate Limit
State events.
This paper presents the preliminary design of
Cathedral Hills 2, a 15-storey timber building, planned

9

for construction in Canada.
The paper first describes the conceptual design of
the building, where integration with the neighbouring
existing buildings imposed certain restrictions and
where a strong focus on sustainability oriented the
structural choices towards the maximization of the
use of wood.
The structural design of the lateral-load resisting
system is then discussed and the main motivations
behind the choice of the Pres-Lam system are shown.
Although the design of the building was governed by
wind actions, dynamic analyses under earthquake
excitation were carried out as part of the lateral-load
design of this tall timber structure. The final part of
the document presents the non-linear time-history
analysis of the structure and compares the results to
the evaluated wind-induced demand.

Figure 4: Architectural rendering of the building

2 CONCEPTUAL DESIGN
On the edge of the downtown area of Canada’s
capital, with a spectacular view of the Ottawa River
and the Gatineau hills, the building is ideally located
for a mix of convenience and eco-conscience. With a
recognition that developers have a responsibility to
be positive agents of change, this project strives to
be the driving force behind the creation of “green”

CSV Architects

real estate, as an example of what can, and should,

Figure 5: Architectural rendering of the lobby

be happening.

top of each shear wall.

The city authorities and the community strongly

With the limited space on site for storage and the

expressed the opinion that the building needed to
respect the existing neighbouring cathedral and to
preserve its visibility, and eventually agreed to the
curved face and the two-metre setback at street level

probable winter conditions during construction,
prefabrication was a large part of the design
considerations.

(Figure 4).
The ground and second floors are interconnected
through a two-storey atrium, forming the lobby and
main entrance.
The large exposed mass-timber feature in the lobby
announces the intention of the building – the extensive
use of wood for all things structural (Figure 5).
The structure consists basically of glued-laminated
columns and beams, supporting cross-laminated
timber (CLT) floors.

The stair and elevator shafts

comprise laminated veneer lumber (LVL) walls, posttensioned with high-strength steel bars running from
the concrete of the underground parking levels to the
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Figure 6: Typical plan view showing the shear walls of the
lateral-load resisting system
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The front and rear setbacks impose cantilevered

2 571 kN in the x direction, and 3 341 kN in the y

floor sections through most of the columns and this

direction. Ultimate Limit State (ULS) loads of 1.4W (4

influenced the design choice for the beam-column

677 kN with an overturning moment of 143 000 kNm

joints, which allow for continuity of the beams

in the y direction) and Service Limit State (SLS) loads

through the columns.

of 0.75W (2 506 kN with an overturning moment of 76
600 kNm in the y direction) were then used for design.
Initially, the seismic loads were evaluated by applying
the regional seismic data to a simple single-degreeof-freedom model (first mode of vibration only), with
an effective secant period of 4.8 seconds, based on a
lateral deflection of 1.5% of the building height, which
would be the case if the seismic loads were to govern
the design. Based on a total seismic mass of 3 540 tons
(35 000 kN), the total base shear was calculated as
365 kN, and the overturning moment as 13 800 kNm.
However, at this seismic load, the lateral deflection
is only 16 mm, less than 0.04%, so we revised the
calculations to use the initial elastic stiffness and a
period of 1.07 seconds. With this period, the base

Douglas

shear becomes 2 000 kN, and the overturning moment

Figure 7: View showing Wall MY1a

75 550 kNm.

The shear walls composing the lateral-load resisting
system could not be placed along the front curved
face because of the setback at ground level and also
to conserve the view through the completely open

The lateral resistance and deflection were calculated
using a pushover analysis for each of the individual
shear walls.

They could not be placed along the rear

For the wall MY1a, overturning moments and

face either, because of the required setback from

resistances were calculated at the base level of

the building line at ground level.

So, the interior

each of the five vertical segments and plotted in the

walls of the elevator shafts and the corridor facing

following figure as a function of the angle of the gap

the elevators (My2a, MY2b, MX1 and MX2 in Figure 6)

opening at the base of the segment.

provide the East-West resistance, while the North-

In Figure 8, the overturning moments corresponding

façade.

South resistance, as well as the torsional resistance,
come mainly from the peripheral side walls (MY1a and
MY1b in Figure 6).
The shear walls were designed to be constructed
in five vertical segments, each of 2, 3 or 4 storeys
high, with vertical post-tensioned rods added with
each new segment. This allows each new lift to
provide immediate lateral stability to the building as
construction proceeds and also results in maximum
prestressing at the lower levels where it is required.

to the seismic loads, the service wind loads and the
ultimate wind loads are plotted.
The seismic loads produce no connection rotation
at ground level and Level 3, meaning that seismic
behaviour at these positions remains elastic with no
gap openings at the design seismic level. At Levels 5,
8 and 11, there is a small gap rotation of the order of
0.00015 radians. The gap is of the order of 500 mm
long and opens to less than 1 mm.
At the service wind load level, there is no gap opening,
and this was one of our design criteria, in order to

3 PRELIMINARY DESIGN WITH A SIMPLIFIED MODEL
The preliminary design loads for wind were developed

minimise discomfort and concern during the morefrequent wind events.

using the provisions of the Canadian building code

At the ultimate wind load level, however, there will

[11], which incorporates a dynamic gust factor to

be some gap opening, approximately 4 mm at ground

arrive at an equivalent static load, W. The total wind

level, and less than 1 mm at Level 11.

load on the building due to W was thus evaluated as

The change in slope of the plotted lines indicates
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yielding of the tension rods, and the diamond-shaped

The diagram has been plotted up to a gap of 0.006

symbols represent the beginning of crushing of the

radians, corresponding to a gap of 60 mm over a

wood under the compression loads during rocking. At

length of 10 metres. At this stage, none of the rods

the lower levels of the building, some of the rods yield

has fractured.

before the wood crushes, with the inverse at higher
levels, and this depends on the level of prestressing
and the number of rods at each level.

It is interesting to note the implied robustness of the
system with respect to the seismic loads.

Figure 8: Moment-rotation curves for post-tensioned wall MY1a

At ground level, the ultimate seismic moment for this

steel dissipaters could be added to provide ductility

particular wall is 36 265 kNm and gap opening begins

before crushing of the wood.

at 39 400 kNm. The resistance corresponding to wood
crushing is 106 775 kNm. The ratio of the resistance
at the onset of wood crushing over that at the gap

4 VERIFICATION THROUGH NUMERICAL MODELLING

opening is 2.7 at foundation level, and is comparable

As discussed in the previous section, the governing

to a measure of ductility of the rocking system.

load case was the serviceability limit state wind-

The inter-storey drift limits according to Canadian

induced deflections, which also generated the highest

code are 0.025 h and 0.002 h for seismic and service

demand in the walls.

wind loads respectively, where h is the inter-storey

A further step in the design of this tall timber

height.

building was the numerical verification of its dynamic

The service wind deflection proved to be the limiting

behaviour. To achieve this objective, non-linear time-

design constraint, and load resistance is substantially

history analyses were carried out using the modelling

above the factored load levels for both wind and

software OpenSEES [12].

earthquakes.

4.1 Numerical model

Deflections increase markedly once gaps begin

A lumped plasticity modelling approach (Figure 9)

to open, so the use of the prestressed rods is very

has been used, which combines the use of elastic

beneficial in this regard.

structural elements with springs which represent the

Normally, dissipaters in the form of mild-steel rods or

non-linear (gap opening) rotations in the system. For

U-shaped flexural plates would have been added to

the modelling of the Pres-Lam walls, multi-linear

absorb the seismic energy. However, in the present

elastic rotational springs have been used to model the

case, the seismic events do not produce yielding

non-linear rocking behaviour at each critical section

and their effect is well below the elastic resistance

(base connection and four levels along the elevation).

of the system. To allow for a “maximum credible

This modelling approach has been previously verified

earthquake” several times the design level, mild-

against a large range of experimental testing results
[13, 14].
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The elastic elements in the model represent the wall
panels themselves and these were provided with
the geometric characteristics of the walls shown in
Figure 9 and the material properties listed in Table
1. A reduction in stiffness of 20% was applied to the
modulus of elasticity of the timber in order to account
for the reduced stiffness of the walls at the horizontal
onsite connections between the wall panels at each
storey.
Table 1: Material Properties of Pres-Lam Walls
LVL
Strength
Compression parallel to grain

fc,0

33

MPa

Shear strength

fs

4.5

MPa

Characteristic perp. to grain

E0

13.8

GPa

Shear modulus

G

0.55

GPa

Elastic modulus

Post-tensioning bars
Yield strength

fv

830

MPa

Elastic modulus

Ept

205

GPa

Diameter

dpt

36

mm

Area

Apt

1019

mm2

Initial stress

fp0

622

MPa

Figure 9: (a) Pres-Lam segmented wall; (b) Lumped
plasticity model

The behaviour of the connections where the sections
of LVL are joined horizontally (corresponding to the
curtailment of the bars) and between the complete
wall and the foundation are modelled with a single
rotational spring.
The moment-rotational behaviour of the rotational
springs used to simulate the contact and interaction
between the wall panels themselves and between the
wall panels and the foundation were evaluated based
on the Pres-Lam analytical design procedure. This
analytical procedure provides the moment-rotation

Figure 10: Evaluation of the moment-rotation behaviour of
the walls and linearization for the rotational spring models

behaviour of timber walls under load and has been

is contained within first four modes; therefore, 3%

confirmed against extensive experimental testing [15,

critical damping was assigned to the first and fourth

16]. An example of the spring calibration is shown in

modes of the structure. This results in a minor under-

Figure 10.

damping of modes 2 and 3 with both of these modes

4.2 Dynamic Identification and Seismic Input

having damping of between 1 and 2%.

Dynamic identification of the building was carried out

The models were subjected to a set of ground motions

through modal analysis and the results are reported
in Table 2. The modal analysis showed the building to
have a first mode period of T1x = 1.56s and T1y = 1.32s
in the X- and Y-directions, respectively.
A Rayleigh damping model was used for the dynamic
modelling of the structure. Table 2 also shows the
modal mass participation factors for each mode
and, as it can be noticed, most of the seismic mass
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from the PEER strong motion database [17] selected
to match the design spectrum in accordance with the
National Building Code of Canada [11]. The record set
is summarized in Table 3 and the scaled spectra are
shown in Figure 11.
The shear-force and bending-moment envelopes
resulting from the non-linear time-history analysis of
the Wall MX1 (refer to the plan view in Figure 6) are
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shown in Figure 12.

Table 2: Modal analysis results
X-direction
Mode

The

Y-direction

numerical

results

show

some

dynamic

Period

Modal Mass

Period

Modal Mass

amplification of the shear response of the building

(s)

(%)

(s)

(%)

due to higher mode effects. Higher modes influenced

1

1.55

64.4

1.314

64.43

the building response through the deviation of

2

0.248

19.7

0.210

19.74

accelerations and displacements (and thus drifts)

3

0.089

6.72

0.075

6.712

from the first mode shape assumed in design. When

4

0.045

3.36

0.038

3.358

the response is first-mode dominant, accelerations,

5

0.027

1.96

0.023

1.962

and hence displacements, increase up the building

6

0.018

1.26

0.015

1.256

height. The influence of higher modes alters this

7

0.013

0.85

0.011

0.848

trend. In particular, the average peak-response

8

0.010

0.59

0.008

0.593

shear diagrams (dashed black lines) of the building

9

0.008

0.42

0.007

0.421

highlight a significant influence from the second mode

10

0.006

0.30

0.005

0.296

of vibration, such that the envelope response (solid

11

0.005

0.20

0.004

0.197

black line) shows shear values which exceed the

12

0.005

0.12

0.004

0.118

design values.
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0.004

0.06

0.003

0.056

14

0.004

0.02

0.003

0.015

Figure 12: Numerical results for the wall MX1
Figure 11: Design spectrum and record set damped spectra

While the base moment is not significantly affected
by higher mode effects, the higher modes have a
minor influence on the moment distribution up the

Table 3: Summary of selected records
ID

Earthquake Name

Year

building height. This generally has a positive effect,
Mw

Scaling factors

reducing moment demand, as shown by the dotted

X-dir.

Y-dir.

peak demand being less than the green design level
moment.

1

Helena, Montana-01

1935

6.00

1.08

0.96

72

San Fernando

1971

6.61

2.39

2.53

156

Norcia, Italy

1979

5.90

1.60

1.31

190

Imperial Valley-06

1979

6.53

2.61

2.36

5 CONCLUSIONS

419

Coalinga-07

1983

5.21

3.35

2.78

In a very tall relatively light wood building, wind

550

Chalfant Valley-02

1986

6.19

1.60

3.14

loads dominate the design process and the control of

1011

Northridge-01

1994

6.69

1.37

1.40

1126

Kozani, Greece-01

1995

6.40

1.65

1.46

deflections can be challenging. The use of vertical

1162

Kocaeli, Turkey

1999

7.51

1.08

1.54

1301

Chi-Chi, Taiwan

1999

7.62

2.74

2.62

post-tensioned rods for prestressing the shear walls is
very advantageous in this regard.
Post-tensioning also greatly simplifies the connections
between vertical segments, reducing their function to

14
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shear resistance only.

Post-Tensioned

Without direct positive connections between vertical
segments of the shear walls, gap openings are possible
under lateral loads, producing rocking behaviour,
which stretches the rods and increases the restoring
force to recenter the building.

Glulam

Beam-Column

Joints

with Advanced Damping Systems: Testing and
Numerical Analysis.

Journal

of

Earthquake

Engineering 18(1): 147-167, 2013.
[4]		 Smith T., Pampanin S., Di Cesare A., Ponzo F.,
Simonetti M., Nigro D., and Carradine D. Shaking

In this project, seismic effects remained in the elastic
range, with a small amount of rocking on upper
floors, and so dissipaters to increase seismic-energy

table testing of a multi-storey post-tensioned
timber

building

NZSEE

Conference,

2014.

Auckland, New Zealand.

absorption were not necessary. In fact, gap openings

[5]		 Newcombe M.P., Pampanin S., and Buchanan A.H.

and deflections under ultimate limit-state wind loads

Global Response of a Two Storey Pres-Lam Timber

are greater than under the design seismic loads, so it

Building. In: New Zealand Society of Earthquake

is preferable not to have dissipaters in any case, to

Engineering, Annual Conference. 2010.

avoid their replacement after an extreme wind event,
more frequent than an extreme seismic event.

[6]		 Sarti F., Palermo A., and Pampanin S.: QuasiStatic

Cyclic

Testing

of

Two-Thirds

Scale

Under the service-level wind loads, the design

Unbonded Posttensioned Rocking Dissipative

precludes gap openings, to avoid possible occupant

Timber Walls. Journal of Structural Engineering:

discomfort, although the gap openings, even under

E4015005, 2015.

extreme wind loads, are very small, less than 4 mm.

[7]		 Palermo A., Pampanin S., Fragiacomo M.,

Non-linear Time-History Analysis results showed

Buchanan A.H., and Deam B. Innovative Seismic

that although the wind-induced deflection was

Solutions for Multi-Storey LVL Timber Buildings.

the governing load case scenario, the dynamic

In: 9th World Conference on Timber Engineering.

amplification of shear and moments must not be

2006. Portland, Oregon, USA.

overlooked, especially for detailing purposes.

[8]		 Devereux C., Holden T., Buchanan A., and
Pampanin S. NMIT Arts & Media Building-Damage
Mitigation Using Post-tensioned Timber Walls. In:
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