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EVALUATION OF CLT SHEAR WALLS FOR INCREASED
STRUCTURAL HEIGHT LIMIT AND FOR EFFECT OF VARYING
PANEL ASPECT RATIO

M. Omar Amini!, Philip Line?, John W. van de Lindt}, Doug Rammer* Francisco Flores®

ABSTRACT: In the US, two CLT shear wall systems are defined in SDPWS 2021 and ASCE 7-22, CLT shear wall with
CLT panel aspect ratio ranging from 2:1 to 4:1 (CLT-R3) and CLT shear wall with shear resistance provided by high
aspect ratio panels only (CLT-R4). Both of these systems are applicable up to a structural height of 19.8 meters [65 feet]
in Seismic Design Categories B through F, thus limiting some applications. To increase usability of this system, two
analytical study cases are presented in this paper: Study Case 1, increase in structural height limit for CLT-R3 and CLT-
R4 systems in moderate seismic regions (i.e., SDC Cnax); and Study Case 2, panel aspect ratio range for CLT-R4 system.
This evaluation was performed using the FEMA P695 methodology on several archetypes that were prototypical
representation of the CLT shear wall system. For both study cases the archetypes passed the collapse performance
objective of FEMA P695 indicating that CLT-R3 and CLT-R4 systems up to and including 8 stories can be used in SDC
Chnax and CLT-R4 system with CLT panel aspect ratio ranging from 3.5:1 to 4.5:1 can be used in SDC Dpax.
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1 INTRODUCTION Seismic performance factors, namely, the response

. . . modification factor, R, deflection amplification factor, Cq,
There has been a recent increase in the number of studies and overstrength factor, Q, were developed by applying
geared towards investigating CLT system behavior and the FEMA P695 [14] methodology to the CLT shear wall
performan.c © uniie'r cych.c and dynamic loadiiig. Most of system [7, 15, 16]. The evaluation process is summarized
these St}]dles originateci mn Europg (¢.g., Dujic et al. [1]; in Figure 1 with the details explained in Amini et al. [15].
Ceccotti '[2]; Hristovski 'et al. [3]), in North America.(e.g., The methodology consists of experimental testing,
Popoyski et al. [4]; Pei et al., 2013 [5];.Popovsk1 and development of a design methodology, archetype
Gavric [6], van (.le Lmdt_ et al. [7]) and in Japan (e.g. development, numerical modelling, nonlinear analyses,
Okabe et al. [8]; Tsughimoto et al. [9])} Whlle some and peer panel review. The process was applied to a
studies aimed to provide a novel contribution to the number of archetypes that were prototypical
developing body of knowledge in this new area of representations of the seismic force resisting system.
engineering and construction, some of the s_tudies.ha\fe These analyses resulted in computing the so-called
adopte?d a systematlg approach to investigating sel.sr.rnc “margin against collapse” of each archetype and hence the
behavior of CLT with the eventual goal of obtaining CLT shear wall system with specific requirements
seismic performance factors or codification of some kind. dictated by FEMA P695. The methodology takes into
A review of some of these studies is provided in Pei et al. account uncertainties inherent in the test data and

[10] and a more recent comprehensive review of seismic modelling methods as well as inherent variability in the
behavior of CLT can be found in Izzi et al. [11]. suite of ground motion records.

In.the_ US, the ciogs-laminated timber (C_LT) .shear_ Wa” Two CLT shear wall systems are defined and recognized
seismic force resisting system was recognized in building by SDPWS and ASCE 7; CLT shear wall with CLT panel
code reference standards for the first time with inclusion aspect ratio ranging frorii 2:1 to 4:1 with R=3, C4=3, and
of se.is_mic design. requireme.nts.in 2021 Special Design Q =3; and CLT shear wall with shear resistance provided
Provisions for Wm d and Sel§ mic (SDPWS) [12] aI.ld mn by high aspect ratio panels only with CLT panel aspect
ASCE 7-22 Minimum Design Loads and Associated ratio equal to 4:1 with R=4, Cq=4, and Q = 3; hereafter

Criteria for Buildings and Other Structures [13]. referred to as CLT-R3 and CLT-R4, respectively. Both
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systems have a structural height limit of 19.8 meters [65
feet] in Seismic Design Category (SDC) B through F.
Seismic performance factors and structural height limits
appearing in ASCE 7-22 [13] are summarized in Table 1.
This paper summarizes results of application of the
FEMA P965 method to increase usability of the CLT
shear wall systems defined in SDPWS. In one study, an
increase in the structural height limit beyond the current
limit of 19.8 meters [65 feet] in moderate seismic hazard
areas (i.e., SDC Cmax) is evaluated. In a separate study, an
expanded aspect ratio range between 3.5:1 and 4.5:1 is
evaluated for CLT-R4 as a replacement for the existing
exact limit of 4:1.

2 DESIGN METHODOLOGY

The design of the CLT shear wall system in accordance
with SDPWS [7] includes requirements for use of CLT
panels meeting aspect ratio requirements, prescribed
connections (i.e., nails and connectors) at the bottom and
top of the walls and at vertical edges of multi-panel shear
walls, and tie-downs to transfer overturning induced
tension forces. These requirements result in combined
bending yield and pull-out of the nails from the CLT
panels which exhibit rocking and sliding behaviour under
in-plane shear loading. Example single-panel and multi-
panel CLT shear wall configurations are shown in Figure
2.

Table 1: Design Coefficients and Factors for CLT Seismic Force-Resisting Systems (appearing in ASCE/SEI 7-22 Table 12.2-1)

Detailing

Requirements, Structural Height, /., Limit

ASCE/SEI  7-22 Seismic Design Category B,
Seismic Force-Resisting System Section R 0 C: C,D,E&F
Cross-laminated timber shear walls 14.5 3 3 3 19.8 meters [65 feet]
Cross-laminated timber shear walls 14.5 4 3 4 19.8 meters [65 feet]

with shear resistance provided by
high aspect ratio panels only
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Figure 1: CLT Shear Wall System Evaluation Process (van de Lindt et al., 2020)

3 ARCHETYPES

A floor plan for an example index building with the
extracted archetypes highlighted in red dashed lines is
shown in Figure 3. While prior studies [7, 16] evaluated
72 archetypes (extracted from index buildings) for a full
comprehensive study on CLT shear wall system, a
reduced number of archetypes is analysed for this study
based on prior findings that collapse probabilities are
correlated to pushover strength (Vma/W) with superior
collapse performance associated with increased strength.
This study conservatively evaluated archetypes associated
with smaller values of pushover strength. Study cases are
shown in Table 2. For increased structural height limit for

https://doi.org/10.52202/069179-0400

3070

Figure 2: (a) Single panel configuration (b) Multi-panel
configuration



CLT-R3 system, 8-story archetypes are considered and
designed for SDC Cax. These were then grouped into two
performance groups, PG-1 and PG-2 based on the CLT
panel aspect ratio. For the evaluation of aspect ratio range
for CLT-R4 system, archetypes of 2-6 stories were
considered and designed for SDC Dpax. These were also
grouped into two performance groups, PG-3 and PG-4
based on the CLT panel aspect ratio. Both study cases
were with high gravity load and shear wall line length of
6.1m-18.3m extracted from the index buildings. In total
18 archetypes were considered in this study.

Table 2: Study cases

Seismic
CLT shear wall Design
system Load Level
Increased
structural height CLT-R3
SDC Cax
limit (25.91 CLT-R4
meters [85 feet])
Ex.panded aspect SDC Dy
ratio range (3.5:1 CLT-R4 /SDC D
—4.5:1) e

The FEMA P-695 methodology requires archetypes to be
designed for the Design Earthquake (DE) and then
evaluated for the Maximum Considered Earthquake
(MCE). Seismic loads are defined in terms of seismic
design category (SDC) and occupancy category of the
structure. Based on the methodology, structures are
considered Occupancy Category I or II and receive an
importance factor equal to 1.0. For Study Case 1
(increased structural height limit) the archetypes were
designed for the Design Earthquake (DE) in SDC Cpay,
Se= 0.55g, S1=0.132g, F,.=1.36 and F,=2.28. For Study
Case 2 (expanded aspect ratio range) the archetypes were
designed for SDC Dpax, Ss= 1.50g, S1=0.6g, F.=1 and
F=1.5, since the highest SDC governs the performance.
The building period was calculated in accordance with
FEMA P-695 where it was taken as the product of
coefficient for the upper limit (Table 12.8-1, ASCE 7-16
[17]) and the approximate fundamental period, Section
12.8.2.1 of ASCE 7-16. Designs were based on the ELF
procedure explained in Sec 12.8 of ASCE 7-16 using R of
3 and 4 for Study Cases 1 and 2, respectively.

The selected archetypes were designed to ensure over-
strength (i.e., provided shear capacity over shear demand)
was minimized. After the design, the as-designed
archetypes were then evaluated via numerical modeling
for a set of predefined ground motions. Performance
groups, archetypes and their corresponding seismic
design parameters are provided in Table 3.

4 NUMERICAL MODELLING

In order to match prior study analysis methods, CLT shear
wall  behavior is  characterized using the
phenomenological CUREE-SAWS model [18]. This 10-
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parameter model defines force, stiffness and degradation
as part of the hysteretic behaviour. The 10-parameters
used for CLT shear walls are based on CLT shear wall test
results which incorporated tension rods for overturning,
and the prescribed shear connections in accordance with
the design method in SDPWS 2021 [12]. This hysteretic
fitting is discussed in van de Lindt et al. [7] and an
example of the SAWS model fitted to the test data is
shown in Figure 4. In Study Case 2, for CLT panels with
aspect ratios of 3.5:1 and 4.5:1, parameters were scaled
based on test data for CLT shear walls with panel aspect
ratio of 2:1 and CLT shear wall with panel aspect ratio of
4:1. The effect of this scaling was seen in terms of peak
strength and deformation capacity. An example for the
two panel multi-panel configuration is shown in Figure 5.
Looking at Figure 5, the lower aspect ratio (3.5:1)
configuration has a larger strength but smaller
deformation capacity while the higher aspect ratio panel
case (4.5:1) has a lower strength but a gentler slope for the
post peak behavior.

Nonlinear static pushover and incremental dynamic
analysis (IDA) (Vamvatsikos and Cornell [19]) were
performed in OpenSees [20] assuming that the structure is
composed of rigid diaphragms attached to shear walls that
are represented by nonlinear hysteretic springs. P-Delta
effects were also included using a leaning column.

Static pushover was performed for each archetype to
determine maximum base shear resistance, Viqr, and
ultimate displacement, d,. The results of these analyses
were then used to determine overstrength factor, Q, and
period-based ductility, 47 The former is defined as the
ratio of maximum base shear over design base shear and
the latter is obtained from the pushover analyses using the
following equation.

— Su
Syerf

Hr M
where 6, is the roof displacement corresponding to 80%

post peak load (0.8Vmax) and 8, is the effective yield
roof displacement.
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Figure 3: Example index building floor plan (dimension in
meters)
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Figure 4: Four panel multi-panel configuration scaled data and
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Table 3. Performance groups
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Figure 5: Two panel multi-panel configuration with different
aspect ratios

Seismic Number
Study Cases Perg)::l:nce /;s::;cot Design Arcll\;eotype of (sIc) (:;::) ‘?l'(’ll;)N \X;ll;])\l Swmr (g)
Category i stories
166.13 1999.82
. t 1 8 0802 172 55 (a0 0.374
OW aspec 1853 222934
PG-1 ratio panels, 2 8 0.802 1.26 (41.66) (501.2) 0.374
R=3 . .
299.08 3598.97
Study Case 1, SDC 3 8 0.802 1.12 (67.24) (809.12) 0.374
Increased structural Do /C 12454 1999.82
height limit i max 4 8 0.802 1.90 (Zé) (449'6) 0.374
High aspect 139 222934
PG-2 ratio, 5 8 0.802 1.76 (31.25) (501.2) 0.374
R=4 . .
22431 3598.97
6 8 0.802 1.57 (50.43) (809.12) 0.374
86.69 330.04
7 3 036 056 oo 742) 1.50
7735 309.58
8 2 026 050 ;59 (696) 1.50
3.5:1 aspect 9 3 0.36 0.54 (256;'4334) 1(2222)1 1.50
PG-3 ratio, 18272 733.92
R=4 10 6 060 077 oo (165) 149
203.76 819.77
11 6 0.60 0.62 (45.81) (184.3) 1.49
Study Case 2, 12 6 0.60  0.63 (37238‘;?) léggg 1.49
Expanded high SDC Dpax 86'69 330 64
aspect ratio range 13 3 0.36 0.76 (19'49) (74'2) 1.50
7735 309.58
14 2 0.26 0.69 (17.39) (69.6) 1.50
4.5:1 aspect 15 3 036 074 25694 '4334 12(2)231 1.50
PG4 ratio, (1 82 72) (733 éz)
R=4 16 6 0.60 1.05 (41.08) (165) 1.49
203.76 819.77
17 6 0.60 0.86 45.81) (184.3) 1.49
328.89 1323.72
18 6 060 063 30n (976 1.49

IDA [19] was performed for a set of 22 bi-axial ground
motions (44 records) termed “Far-Field” in FEMA P695
[14]. The ground motion scaling was performed in
accordance with the FEMA P695 methodology where a
record set is scaled by a single factor such that the median
response spectrum of the normalized set matches the
spectral acceleration of interest at the fundamental period
of the building. According to the FEMA P695
methodology, the damping can be in the range of 2% to
5% of critical damping and for the purpose of this study
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the conservative lower bound of 2% critical damping was
assumed. This damping was applied based on classic
Rayleigh damping using the mass matrix and the initial
stiffness matrix.

IDA results were used to generate fragility curves which
were then used to determine median collapse spectral
acceleration (Scr) defined as the spectral acceleration at
which half the ground motions cause collapse (Ibarra et
al. [21]). The non-simulated collapse criteria based on an
inter-story drift ratio of 4.5% and 5.5% (specified limit



state) were used for cases of low aspect ratio panels (2:1)
and high aspect ratio panels (4:1), respectively. These are
discussed in detail in van de Lindt et al. [7]. A sample
fragility obtained based on the CLT shear wall collapse
criteria is shown in Figure 6. For Study Case 2, the non-
simulated collapse criteria were scaled to reflect the
corresponding deformation capacities. Inter-story drift
ratio of 5.25% and 5.75% were used for the two high
aspect ratio panel cases of 3.5:1 and 4.5:1, respectively.

5 PERFORMANCE EVALUATION

Collapse Margin Ratio (CMR) for each archetype was
calculated as the ratio of median collapse intensity, Scr, to
MCE ground motion intensity, Sy7. CMR was then
adjusted to an Adjusted Collapse Margin Ratio (ACMR)
using the Spectral Shape Factor (SSF) to account for the
effects of spectral shape.

ACMR = CMR  SSF ©)

SSF was determined based on the SDC for which the
archetype was designed, and the period-based ductility
obtained from the pushover analysis. ACMR is then
compared with the acceptable ACMR that is calculated
considering the uncertainties corresponding to the record-
to-record variability (fr7r), design requirements (fpr),
test data (f7p), and modelling (fupr). The methodology
accounts for these uncertainties using total system
collapse uncertainly, pfror, given by the following
equation:

Bror = \/ﬁ}%TR + ﬂl%R + ﬁ%n + ﬁzﬁm 3)

These f values are based on qualitative ratings that are
then translated to quantitative values. The ratings used for
evaluation in this study are provided in Table 4.
Considering the completeness of design requirements, Spr
of 0.10 was used in this study which is smaller than 0.20
used in the original study [7]. A detailed discussion on
consideration of uncertainties on collapse evaluation is
provided in Chapter 7 of FEMA P695 [14] and van de
Lindt et al. [7]. The effect of total system collapse
uncertainty on the fragility curve is demonstrated in
Figure 6 shown earlier. While the median remains
unchanged, additional uncertainty flattens the curve
resulting in higher probability of collapse at MCE spectral
intensity.

For performance evaluation all the individual archetypes
needed to pass the ACMRygy, criteria (FEMA P695
criteria for an individual archetype to pass) and the
average of the performance groups exceed the ACMR gy,
criteria (FEMA P695 criteria for a performance group) for
the performance groups. The results are provided in Table
5. Looking at the table, all the individual archetypes and
performance groups for both study cases pass their
respective collapse criteria. Performance groups results
are also summarized in Figure 7 showing all the
performance groups passing their corresponding criteria.

6 CONCLUSIONS

The evaluation of increased structural height limit for both
CLT shear wall systems defined in SDPWS, namely CLT-
R3 and CLT-R4, showed that archetypes up to and
including 8 stories met the collpase performance objective
of FEMA P695 for use in SDC Cmax. The evaluation of
expanded aspect ratio for CLT-R4 system, showed that
archetypes of 1-6 stories with CLT panel aspect ratio
ranging from 3.5:1 - 4.5:1 met the collapse perfromance
objective of FEMA P695 for use in SDC Diax.

Table 4: Quality ratings used for evaluation

Uncertainty  Quality Description
rating
value
Record-to- 0.40 Brrr = 0.1+ upr < 0.40
record (Brrr)
Design 0.10 Superior: High in
requirements completeness and
(Bor) robustness and high
confidence
Test data  0.20  Good: Medium in
(Brp) completeness and
robustness and high
confidence
Modeling 0.20  Good: Medium in

completeness and
robustness and high
confidence

(Pupr)

Probability

ACMR

Figure 7: Summary of ACMR for performance groups, £=0.02
(damping ratio), NSC (Non-simulated collapse);

Study Case 1=4.5% Inter-story drift for LR (Low aspect Ratio)
(2:1) and 5.5% for HR (High aspect Ratio) (4:1),

Study Case 2=5.25% Inter-story drift for HR (High aspect
Ratio) (3.5:1) and 5.75% for HR (High aspect Ratio) (4.5:1)
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Table 5: Collapse Evaluation Parameters

Study No. Collapse Margin Parameters Acceptance Check
Case Q Wt Ser CMR SSF ACMR Acceptable Pass/Fail
ACMR
PG-01
01 3.10 2.08 1.25 3.33 1.17 3.89 1.52 PASS
Study 02 3.53 2.46 1.28 3.42 1.19 4.09 1.52 PASS
Case 1, 03 2.58 3.18 1.11 2.96 1.23 3.65 1.52 PASS
Increased PG 3.07 3.24 3.88 1.90 PASS
structural PG-02
height 04 3.48 2.52 1.30 3.47 1.20 4.16 1.52 PASS
limit 05 3.04 3.15 1.40 3.73 1.23 4.60 1.52 PASS
06 2.62 3.80 1.32 3.53 1.26 4.45 1.52 PASS
PG 3.05 3.58 4.40 1.90 PASS
PG-03
7 3.72 3.31 2.71 1.80 1.20 2.16 1.52 PASS
8 4.04 3.88 2.67 1.78 1.22 2.16 1.52 PASS
9 3.40 3.83 3.01 2.01 1.22 2.44 1.52 PASS
10 3.66 2.71 2.96 1.99 1.18 2.35 1.52 PASS
Study 11 3.78 3.61 3.27 2.19 1.22 2.68 1.52 PASS
Case 2, 12 2.76 4.18 2.93 1.96 1.24 2.44 1.52 PASS
Expanded PG 3.56 1.96 2.37 1.90 PASS
aspect PG-04
ratio 13 3.12 3.02 2.31 1.54 1.18 1.82 1.52 PASS
L3128 14 3.40 3.51 1.97 1.31 1.20 1.58 1.52 PASS
15 2.86 3.43 2.63 1.75 1.20 2.10 1.52 PASS
16 3.07 2.48 2.24 1.50 1.17 1.76 1.52 PASS
17 3.18 3.21 2.74 1.84 1.21 2.22 1.52 PASS
18 2.30 3.67 2.64 1.77 1.23 2.17 1.52 PASS
PG 2.99 1.62 1.94 1.90 PASS
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