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ABSTRACT

TESTING OF A FULL-SCALE MASS TIMBER DIAPHRAGM

Cross Laminated Timber (CLT) has only recently garnered attention as a ndingoui
material in the United States. Despite being introduced in Europe neadalago, CLT is still
not used widely in North America. One primarily reason is because Qidt iget recognized as
a structural system for seismically active regions of the U.S. Onessehbly that has not been
fully investigated are horizontal diaphragms for floors, roofs, or bridge decks. Thisdinesi®
test asingle large scale CLT cantilever diaphragm subjected to a simudasedsload. Datavas
collected and the behavior of the diaphragm documented to help begin to redwusattiisof
CLT data in the U.S. This dawall also assist in refining CLT diaphragm design procedures that

have recently been developed.

Ten CLT panels were used to build the diaphragm, wieshsetup as a cantilever beam
according to ASM specificationsA 110-kip actuator was used to apply a concentrated load at
one end of the diaphragm while a steel base serving as a fixed boundary conditadrtheaother
end. The CUREE test protocol with a reference displacement of 75.6 mm (3 wekapplied
to the floor diaphragm specimen, which included a number of string potentiorteetmyhect
displacement data. The diaphragm behaved in a predictable manner and tletocefaiéed in
tension first even with a chord designed per the National Design Speoifi¢AiDS) for wood.
Then the CLT panels separated resulting in a total failure. Thisetatallde made available to

those working on CLT diaphragm provisions for refinement of on-going revisions.
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CHAPTER 1: INTRODUCTION

1.1 Background and Brief History of CLT

Cross-Laminated Timber (CLT) was introduced in Europe in the 1990s. It is a newaf kind
wood product. After a good amount of research done on CLT in Europe, it is now being used for
small single-family residential buildings as well as larger buildings (resmleand non-
residential). CLT is not as common in North America. However, Canada ahhitieel States
have recently started research on CLT which is known to have some advantagesoeetional
construction materials like steel and concrete. CLT is eco-friendly ghtivkight compared to
these other materials. CLT research has shown us that it can offer good thedrsound
insulation making it a very cost-competitive solution for certain appbieatiThis has resulted in
rising popularity of CLT in the last two decades (CLT Handbook, U.S. Edition, FPInonsAti
2013).

Since 2015 various research institutions in Europe conducted research on CLT. Some
notable examples include Graz University of Technology in Austria (Schickho&dr 2016),
ETH in Switzerland (Fink et al. 2015) and TUM in Germany (Brandner &sbieét al. 2016 A
survey was conducted to gather knowledge about CLT. According to the survey, the level of
awareness of CLT in the European construction industry is low (Espinoza et al. 20I6)
adoption as a construction material has some barriers such as building cqubkgilmbiy,
technical information availability, and cost of wood, misconceptions about wooti@adbunt
of wood required for construction. Structural performance and connections were considered the
most important research need (Espinoza et al. 2016).

Canada began investigating CLT to provide alternative wood products to the comstructi

industry. Canada published the Canadian edition of the CLT Handbook (FPInnovations, 2011).



This has resulted in progress in the study and use of CLT. The U.S. CLT Handlsookbished
shortly later in 2013. Since then, this book has helped serve as a guideline fpracts in the
U.S (FPInnovations, 2013).

The PRG 320 standard (ANS8PA PRG 320-2012) was published in 2012. This standard
specifies different grades of CLT and testing methods to ensure standard perfarimbeseood
material itself under certain loading (and other) conditions. CLT manufacturerfondive most
part accepted this standard for grading. The American Wood Council helped in adevn@aT
Chapter to the National Design Specification (NDS) 2015 edition (NDS, 2012). @aptand
16 of the NDS also include special provisions for CLT. Similar efforts wedenmaCanada. The
Canadian National Standard for Engineering Design in Wood (CSA086) referenced PRG 320.
CSAO086 was referenced in the National Building Code of Canada (NBCC) and the International
Building Code (IBC-2015) referenced tiNDS-2015 edition. So CLT can be used in major
constructions (Pei et al. 2016).

The PRG 320 standard has a set of CLT grades depending on the strength of the lumber
boards used in the layup process to make the product. Table 1.1 gives detailedioricabaut
different grades of CLT and the type of lumber used to make them. Figures 1.1 andutl incl
physical properties of CLT grades and further details about them. Other CLT gratistedon

the Table 1.1, but they are permitted under certain provisions (ANSI APA PRG 320).



Table 1.1 Different Grades of CLT (ANSI APA PRG 320)

CLT Grade Parallel Layers Perpendicular Layers
El 1950f b 1.7E MSR SPF #3 Spruce Pine Fir
E2 1650f b 1.5E MSR DFL #3 Douglas Fir Larch
E3 1200f b 1.2E MSR Misc. #3 Misc.
E4 1950f b 1.7E MSR SP #3 Southern Pine
V1 #2 Douglas Fir Larch #3 Douglas Fir Larch
V2 #1/#2 Spruce Pine Fir #3 Spruce Pine Fir
V3 #2 Southern Pine #3 Southern Pine

Figure 1.1 shows different grades of CLT and allowable design properties in the nainor a

major strength directions.

Major Strength Direction Minor Strength Direction
CLT Foo E, Fio Feo Foo Fio Fyso Es Fiso Feso Fus0 F.s0
Grades (psi) (10°psi) (psi) (psi) (psi) (psi)  (psi) (10¢psi) (psi) (psi) (psi) (psi)
El 1,950 1.7 1,375 1,800 135 45 500 1.2 250 650 135 45
E2 1,650 1.5 1,020 1700 180 60 525 1.4 325 775 180 60
E3 1,200 1.2 600 1,400 110 35 350 09 150 475 110 35
E4 1,950 1.7 1,375 1,800 175 55 575 1.4 325 825 175 55
Vi 900 1.6 575 1,350 180 60 525 1.4 325 775 180 60
V2 875 1.4 450 1,150 135 45 500 1.2 250 650 135 45
V3 975 1.6 550 1,450 175 55 575 1.4 325 825 175 55

Figure 1.1 CLT Grades and Design Properties (ANSI APA PRG 320)



Figure 1.2 illustrates lamination thicknesses in different layers of CLT pahédifferent

sizes and grades. Also included are bending strength values in major and migoin slirections.

Lamination Thickness {in.) in CLT Layup

Major Strength Direction

Minor Strength Direction

El.e i
CLT CLTt FSueo  (1001bi-  CAwo  FSawse (108 1bf-  CAuso
Grade (in) = L = L = L = (IbRf/ft) in3/ft) (10°Ibf/f) (IbE-f/R)  in/f) (108 1bf/F)
41/8 13/8 13/8 13/8 4,525 15 0.46 160 31 0.61
El  67/8 13/8 13/8 13/8 13/8 13/8 10,400 440 092 1,370 81 1.2
@5/8 13/8 13/8 13/8 13/8 13/8 13/8 13/8 18,375 1,089 1.4 3,125 309 1.8
41/8 13/8 13/8 13/8‘ 3,825 102 0.53 165 3.4 0.56
E2 67/8 13/8 13/8 13/8 13/8 13/8 8,825 389 11 1,430 95 1
95/8 13/8 13/8 13/8 13/8 13/8 13/8 13/8 15,600 963 1.4 3275 360 1.7
41/8 13/8 13/8 13/8 2,800 81 0.35 110 23 0.44
E3 67/8 13/8 13/8 13/8 13/8 13/8 6,400 an 0.69 955 61 0.87
95/8 13/8 13/8 13/8 13/8 13/8 13/8 13/8 11,325 769 1.0 2180 232 1.3
41/8 13/8 13/8 13/8 4,525 15 0.53 180 3.4 0.63
E4 67/8 13/8 13/8 13/8 13/8 13/8 10,425 441 11 1,570 95 1.3
95/8 13/8 13/8 13/8 13/8 13/8 13/8 13/8 18,400 1,090 1.6 3,575 360 19
41/8 13/8 13/8 13/8 2,090 108 0.53 165 3.4 0.59
VI 67/8 13/8 13/8 13/8 13/8 13/8 4,800 415 11 1,430 95 1.2
95/8 13/8 13/8 13/8 13/8 13/8 13/8 13/8 8,500 1,027 1.4 3,275 360 1.8
41/8 13/8 13/8 13/8 2,030 95 0.46 160 ai 0.52
V2 67/8 13/8 13/8 13/8 13/8 13/8 4675 363 091 1,370 81 1.0
95/8 13/8 13/8 13/8 13/8 13/8 13/8 13/8 87275 898 1.4 3125 309 1.6
471/8 13/8 13/8 13/8 2,270 108 0.53 180 346 0.59
V3  67/8 13/8 13/8 13/8 13/8 13/8 5,200 415 11 1,570 95 1.2
958 13/8 1.6 3,575 360 1.8

13/8

13/8 13/8 13/8 13/8 13/8 9,200 1,027

Figure 1.2 CLT Grades and Bending Properties (ANSI APA PRG 320)



CLT is made from a variety of dimension lumber species and grades. Some common
examples include Spruce-Pif@-as indicated earlier in Table 1. These lumber boards are stacked
perpendicular to each other and attached together. Glue is typically usttiotia¢ dimension
lumber. Sometimes fasteners are also used althougis tasscommon (CLT Handbook, 2013).

This results in a wood panel that has dimension lumber boards going in both thet paca
perpendicular directions (CLT Handbook, 2013). Figure 1.3 illustrates a few differentaside

views of small CLT panels.

Figure 1.3 CLT Panels



A CLT panel has at least 3 layers of lumber boards. The most commonly uSerhQzls
have 3, 5 or 7 layers. The lumber boards are typically 0.625 to 2 inches thick and fror8.8.4 t
inches wide. The size of a CLT panel depends on the manufacturertgpitally restricted by
transportation constraints or the size of the press used to make the ClTaréhevailable in
widths of 2ft., 4ft., 8ft. and 10ft. and can be 60ft. long in the U.S., but under 40 ft in lengtheis
typical for transportation. The thickness can be up to 20 inches (FPInnovations, 261%) .14

shows a side view of CLT panels.

N e T

.
s ] [

Figure 1.4 CLT Panels in the laboratory at Colorado State University



1.2 Earthquakes

Earthquakes result in landslides, tsunamis, surface faulting and ground shaking. 8ilmey oft
lead toaloss of human life. On average, there are over 1000 earthquakes worldwide annually with
a number of them occurring around the so-called geographic Ring of Fire. Most oatbese
magnitude 5 or lower which are not expected to cause structural damagengeeagjibuildings,
nor in any buildings in developed countries. A few of these earthquakes are magoitingher.

They damage structures and other physical infrastructure resulting in econose (BERI,
2003). The United States Geological Survey (USGS) website provides informatidme on t
occurrence, magnitudes and resulting damage data for U.S. earthquakes. Figure 1theshows

largest earthquakes in the continental states of the U.S.A.

130°W 120°W noew 100°W 30° W 80°w 70°W

50° N

‘1873 | 'S | B

407 fe ! i
1 A e U]

US Large Earthquakes
(Historic)

20 ni b
~ 20> N

Figure 1.5 Largest Earthquakes in contiguous U.S.A

(http://earthquake.usgs.gov/earthquakes/states/10 largest us maps.php#48_ states)




1.3 Motivation

CLT was introduced to North America in the early 20000s. Atithatthere were no
guidelines on how to use CLT as a construction material. A comprehensamlistezl building
code was not available. Because this was a new product, there werpnaaroal challenges to
the implementation of CLT in North America such as material supply, sabilty, fire
performance, structural safety and code acceptancet(Re2016). The U.S. Edition of the CLT
Handbook has provided the researchers with useful information about CLT, but the lack of a
recognized building code for CLT and no agreed upon design method leaves designettseto use t
alternative methods portion of the ASCE 7 standard (2016).

This thesis presents the results of a CLT diaphragm tested as adatdever. The
primary reason to do this test is to obsaamd document the behavioraCLT diaphragm under
seismic loading that was designed using basic structural analysisames; and U.S. design
standards (NDS, 2015). The results of the test were analyzed and conclusiongipritvidiae
intent of assisting in the development of design standards for CLT construction in the U.S.

1.4 Literature Review
1.4.1 Introduction to Diaphragms

An engineered building designed for seismic load has what is known asnaicSEorce
Resisting System (SFRS). The primary function of a SiARSbuilding is to transmit loads from
their origin (typically floor diaphragms) down to the supporting foundations. SFRS is a three-
dimensional system that has different components. The horizontal componentsariydtoors
and roofs, which transmit the load to the vertical components. The verticabnents are usually
walls and frames. These transmit the loads from a floor or a roof eithee tower horizontal

elements or to the foundations. The horizontal elements are diaphragms. Diapissgad as



roofs and floors in a building and help resist gravity loads and wind uplift fottgseénet al
2014).

Figure 1.6 illustrates the components of a diaphragm.

Diaphragm Diaphragm Diaphragm
sheathing load path boundary
connection nailing
5 =

A T A T 5 .

7

IV
\ End joist

(rim joist)

Diaphragm

framing Wall top plates

sized for chord and

collector forces
Studs ——

/

Figure 1.6 Components of a Diaphragm
(After Cobeeret al.2014)

1.4.2 CLT Projects

The number of CLT construction projects in North America is on the increlasevdod
Innovation and Design Centre was completed in 2014. i§aH6 feet eight-story building in
British Columbia and is the tallest contemporary wood building in North AmerisaEfamework
Project is a 12-story tall CLT building in Portland OR expected to startrootist in January
2018. Carbon 12 is another building in Portland OR planned by PATH Architecture, Inc. and to
be constructed by Kaiser Group, Inc. A few other notable projects to be built idd6oe/est
18" in New York City, the Hines T3 Project in Minneapolis and the Arbora Complitontreal.

There are a few other projects under plannBeg(Peet al. 2016 for a complete listing).



1.4.3 CLT Research

The SOFIE project was conducted in Italy in early 2000s and was funded by tive Tre
province of Italy. A combination of shear wall tests, connection tests aret&ld building tests
were conducted to enable a comprehensive study on the seismic performanceons§ttiction.
The U.S. Department of Agricultur&d §DA) Forest Products Laboratory (FPL) funded a research
project to complete a FEMA P-695 evaluation (FEMA, 2009) on CLT shear Wallsrado State
University is currently conducting this study, which has focused on testing of shdar w
nonlinear static and dynamic analyses, peer-review, design methods, and dtioeismath the
goal of identifying seismic design parameters (Amini et al, 2016). Thodis in accordance with
current codified design in the U.S. and eventually be adopted into ASCE 7.
1.4.4 CLT Behavior

CLT diaphragms are mass timber diaphragms. The behavior of these mass timber
diaphragms is usually influenced by strength, ductility, and the flexibility of caonsdietween
the CLT panels and the other components (Breneman, Jun 2016). The CLT panels mtieng up
floor or the roof diaphragm are known to rotate as rigid bodies under in-plane loading (&)g. shea

Therefore, the focus is on the design and subsequent behavior of the panel connectors.

10



CHAPTER 2: SPECIMEN DESIGN AND EXPERIMENTAL SEJIP
2.1 CLT Design

To design a CLT building one has to understand how CLT behaves. CLT panels dye usual
used as wall and floor/roof members. The design procedure depends on many factors. Short-term
and long-term behavior is important. In-plane and out-of-plane stiffness, shear strength and
bending strength should be considered (FPInnovations, 2013).

2.2 CLT Diaphragm Design

E1 category CLT panelgere used in the experiment which are classified as
1950f-1.7E Spruce - Pine - Fir - MSR lumber in all parallel layers and No. 3 SgPute-Fir in
all perpendicular layers (ANSI APA PRG 320).

Spickler et al. (2015) developed a white paper for guidance and that whitedpajgr
examplewasapplied for guidance in this experiment. The Standard Test Method for [SRiatic
testing of Framed Floor or Roof Diaphragm Constructions for Buildings (ASTM E45%vakl)
used as a guideline to design and follow the test proceddireamtilever lramdiaphragm est
with a concentrated loadas conducted and because it was a damaging test only one major test
was conducted as described later in this thesis.

The design process involves a pre-determined set of steps. The firsttsteletsrmine
seismic load on the diaphragm. Checking the diaphragm aspect ratio and aliowadhle shear
capacity of the diaphragm are included in the second step. In the third stelptogzares!
connections are designed and boundary conditions are assessed. The diaphragm chord member
and their connections are designed in the fourth step. To conclude, diaphragm séegigth |

deflection is calculated and the diaphragm flexibility assumption is e@ri®pickler at al. 2015).

11



Tenpieces of E1 category CLT Panelere used to form the sheathing of the diaphragm.

A couple of these panelgere cut smaller than the others with dimensions are approximately 7

feet by 1.4 feet. The other eight panekse larger and their dimensiongere 7 feet by 3.75 feet.

These panela/ere connected to each other by a set of steel splice connectors to fornmoanbutt

as illustrated in the design drawings. These joad® in north-south directions.

2.3 CLT Diaphragm Test Setup

The diaphragm is setup as a cantilever beam and loaded horizontally rdsedelsder.

Due to this setup, the shear and moment are developed in the diaphragm as shown in Figure 2.1

|
\
\

Load

CLT Diaphragm

| 1 1 I 1 1

Moment — ——

Shear
Force

= “""C LT Panels

Free End

Figure 2.1 Cantilever Beam

12
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Figure 2.2 shows the plan of the CLT diaphragm test setup. Actuator is in gieen c

Wood is drawn in red and Steel is shown in blue.

° L)
4'a"
o] — 14— |s| __| ACTUATOR
l l KICKBACK
)
s
° L; © 4 '7ﬁ
L
1 - ! -
B-13"
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L! - _~Loader Bar
i=} -~
= isi 108l Le e] &
L == 151035
! gg L Py 3.g" 1 o 1._4L..
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(\1}; ) e ) — N R
b (21 9 o o :: °
=T CLT Panels e £l
i @) e e e e o e
]‘ o o "] [} J o
Hi I Steel Supports
| o T o o : :: °
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(k) “')j\ ! C\/‘ ) \B: (Aj .
164 1_(15
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Figure 2.2 CLT Diaphragm Test Setup Plan View
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Figure 2.3 CLT Diaphragm Test Setup (View from a Top Angle)
Figure 2.3 shows a photo of the test setup from the top. The fixed end of theveamnsil
on the west side of the test setupsteel Wbeam is connected to CLT panels 5 and 10 to form
the fixed end. Holes are drilled through the web of the steel | beam to nfiakel @onnection.
The connection is made with lag screws that are drilled into thgsideof CLT panels. The SDS
screw connection to the CLT panels from the top is shown in Figure 2.4. Figure 2$ thleow
rows of SDS screws drilled through the CLT panels. These SDS are 2.5(tdetiye ichord

members underneath. Thgs done to ensure sufficient penetration for maximum strength.

14



Figure 2.4 SDS Screws into CLT

Figure 2.5 SDS Screws in a line connecting CLT to Chord Members

15



Figure 2.6 gives us a detailed look of different types of connectors used in thettgst

All the connectors are labeled and CLT panels are numbered for discussion of the test results.

JCLT panel numbers AConnector labels

//

/ / =
. Py P
ZIT AAT AA2 AA3.|AK4 AR5 ARG 142

: 9]
4' e B R 1 R 72
B1 B2 B3 B B85 Bo B7
:

_} [ ] =) R :l I__J | |
C1 b?‘ C{ C5 C6 CT
7]

i = e EE = @
DI D2 D3 D@ D5 7
) 6

Figure 2.6 Connector Layout (Plan View)
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Figure 2.7 West End Steel I-Beam

Figure 2.7 shows the head of lag screws going through the web of the steel I-bia@m on
west side (fixed end of the cantilever) of the diaphragm. These lag scredvgladeinto the side
grain of the CLT panels. The steel beam and CLT panels are supported bigdlitieas runs in
the north-south direction under the steel | beam. A frame supports this tub&stesteel frame
starts on the west side. The first components are set underneath thee¢lloa she fixed end.
These act as legs to connect the fixed end to the concrete strong flodeelfimme is fixed into
the concrete strong floor with the use 2-inch threaded rod that have pre-drillethtwtas floor.
The steel frame has kickbacks into the concrete floor. From this end, théreearkng pieces of
tube steel that span the length of diaphragm. These members are used to lseppee tchord
members that support the diaphragm. The chord members are connected to the dieygthragm
SDS screws.

On the east end underneath the chords and the supporting steel tubes, tiaheisat

of legs that connect the diaphragm to concrete strong floor. On the easternmobkthentest

17



setup, these members connect to another steel frame. This steel fsasteeheollers on the top.
These rollers are kept underneath the loader bar setup to reduce or elimyrfatgian that would
occur if it were sliding and allows the loader bar to move during testingisliliisstrated in Figure

2.8.

Figure 2.8 East End of the Test Setup

At the south end of the loader bar the actuator is connected to the loaddrebactiator
sits on a block of concrete. The actuator is mounted on a steel plai® ¢bahected to a steel
beam that distributes the load into two steel beams that are jphcede strong concrete floor.

At the end is another steel tube.

18



Figure 2.9 Southeast End of the Test Setup

Figure 2.9 shows Actuator Connection to Loader bar. The Concrete Block underneath the
Actuator is also visible. This provides support and acts as a kickbagkttoldhe resistance from
loading when testing the diaphragm. All the other necessary drawings and phgtolseba
included in the Appendix of this thesis.
2.4 CLT Diaphragm Design

The design procedure for a CLT diaphragm consists of 5 distinct steps. First the
wind/seismic load acting the diaphragm is to be determined. Then the diapspgat ratio is to
be calculated and allowable panel in-plane shear capacity is detérniihe panel-panel
connections and boundary conditions are designed. Then the chord members and their connections
are designed. In the last step, the diaphragm deflection is calculatér dlexibility assumption

is verified.

19



The diaphragm is approximately 160 long and 140 wide. The aspecisratitculated.

Diaphragm Aspect Ratio

L/W ~ 160/140 ~ 1.143 < 4.0

The seismic load in this experiment was applied by an actuator. Tiym desd was
assumed to be 16 kips. From this the shear load along line A was eliciilagén the ASD design
load was calculated according to ASCE guidelines.

Seismic Load (from Actuator)

Assume Wq = 16 Kips
Line A VEQ: 16000lbs
Vo= (16000/140) = 1142.857 plf

ASD Design Load

= (0.7)*(Veg) = 800 plf

The CLT panels used are E1 category. The specifications are as follows:
El Category CLT  1950fD 1.7E
Spruce D Pine B Fir b MSR lumber in all parallel layers and No 3. Spruce D Pine b Fir in all
perpendicular layers

For inter panel connections, steel splices were used. 10 gage steskdat6d common
nails were used. The connectors along lines B,C,D,E were different from the conalectgime
A.

Panel b Panel Connection (lines B,C,D,E) (Connectors A,B,C,D)

10 gage steel splice with 16d commails

Cb=1.6 NDS-2015 Table 2.3.2
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Cai=1.1

Z = 139 Ib/nail

Z0O = (1.6)*(1.1)*(139) = 222.4 Ibs

Required spacing = (222.4)*(12)/800 = 3.3360
Minimum nail spacing = 15d = (15)*(0.162) = 2.430
Use 2.50 spacing

8 nails on one side

Total capacity per splice= 8*222.4 = 1779.2 Ibs
Use 7 splices

Total Splice Connection Capacity = 12454.4 Ibs

Panel B Panel Connection (Line A)(Connectors AA)

Use 16 nails on one side, Use 6 Splices

Total Splice Connection Capacity = 21350.4 Ibs

NDS-2015 Section 12.5.3

NDS-2015 Table 12P

NDS-2015 Section 12.3.1

NDS-2015 Table C 12.1.1.66

Tension plates were used on the fixed end of the diaphragm. 10 gage steel plate was used

with SDS screws.

Tension Plate Design (Connectors Z)

Unit Shear of metal connector with approx. 20 spacing

Moment Arm = 16.390

Tension Force = 16.39*650 = 10653.5 Ibs

Approx. number of SDS screws on each side = 10653.5/(420*1.6) = 15.85 ~ 16 screws on each

side of 10 gage steel plate
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Chord members were designed next. The moment was calculated and then choeddorces
determined.

Diaphragm Chords

Moment at fixed end (Line F) = 262250 Ib-ft
Chord force = M/d

Assume d = [(14)*(12)]/12 =140 (No walls on either end)

Strength Level Chord forces

@ fixed end = 18732.14 Ibs

ASD Chord forces

@ fixed end = (0.7)*(18732.14) = 13112.5 Ibs

Tension Capacity

Fro = 1375 psi APA PRG 320 Table Al for Grade E1
Ch=1.6 NDS-2015 Table 2.3.2
F&o = (1.6)*(1375) = 2200 psi
After calculating the tension capacity, SPF dimension lumber was decided to be used.
Use 4 x 8 chord members
SPF Dimension Lumber 4x8 member
F.=700 psi Table 4A NDS-2015 Supplement
Fa =425 psi Table 4A NDS-2015 Supplement
Feussnneor 1400 psi Table 4A NDS-2015 Supplement

Okay.
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Then the tension capacity of the chord was compared to the tension load totkeesure
designed chord member can sustain the load.
Fr=Fk* Achord
Fr=700*3.5*7=17150 > 13112.5
Okay.
The total tension capacity of the diaphragm was checked.
AparaLLeL = 3*1.375%*8= 33 iR CLT Handbook Chapter 3 Section 2.3
(Area of layers with fibers running parallel to the direction of the load)
Aner = 33 - (2 screws)*(0.228 shank diameter)*(3.54 length - 0.25 tip) = 31249 in
TearaLLer = (2200)*(31.49) = 69278 Ibs > (13112.5)*(1.07) = 14030.375 Ibs
Then the bending was checked.
Bending
Wp. = 20.125 psf (self weight) + 4.875 psf (DL) = 25 psf
MarLow = 11250 Ibs-ft APA PR L 314 (Feb 20, 2014)
MpL = (W*L?)/8 = 839.5 Ibs-ft

Bending and Axial Tension

= (14030.375/69278) + (839.5/(1.6*11250)) NDS-2015 Eq 3.9.1
=0.2025 + 0.0466 Section 3.9 Commentary
=0.2491<1.0 O.K
The compression loading values were checked according to CLT handbook specifications

Combined bending and compression values were also checked.
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Compression
Unbraced Length = 196.68750

Elefro = 440*10° Ibf-in%/ft ANSI/APA PRG 320-2011

GAetro = 0.92*10° Ibf/ft Standard for Performance Rated CLT
Fc o= 1800 psi Table Al

Ks=3.6 CLT Handbook Chapter 3 -Table 2

NDS-2015 Table 10.4.1.1
Elapp= (Ele)/(1+ (K&El ) (GAer*L ?)) CLT Handbook Chapter 3 - Equation 5
Elapp= 421.252*10° Ibf-in’/ft
Elappmin = 0.5184*E}y, = 218.377*10° Ibf-inft  CLT Handbook Chapter 3 - Equation 8
Pce = (( 9)*El appmin)/Le” = 55712.57 Ibs/ft
Co=16
Pc = Feo*Cp*A = (1800)*(1.6)*(3)*(1.375)*(120width) = 142560 Ibs/ft
Cp = (1+(Re/Pc+))/2C - ((1+(Re/Pc+))/2CY - (Pee/Pc)/CY*0.5  C =10.9 for CLT
Cp=0.369 CLT Handbook Section 2.2.2
PaLow = Go*Fco*Cp*C = 52604.64 Ibs
PaLow Total = (52604.64)*(6/12) = 26302.32 Ibs
Pce = (55712.57)*(6/12) = 27856.29 Ibs/ft

Combined Bending and Compression

(P/Paiow)” + (M/(Maiow(1 - (Re/Pce))))

=0.5705
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CHAPTER 3: TEST PROGRAM
3.1  Test Protocol
The Consortium of Universities for Research in Earthquake Engineering (CUREE)
developed a loading protocol for testing of wood shear walls and other wood components and
subassemblies as part of the CUREE-Caltech Woodframe Project (Krawinkdér 2000).
Deformation controlled quastatic cyclic testingwas done. The cyclic load test typically follows

the protocol shown in Figure 3.1.

PROPOSED LOADING HISTORY
Ordinary Ground Motions

Figure 3.1 Loading History for Basic Cyclic Load Test
(Excepted from Krawinkler et al. 2001)

The maximum displacement the test specimen can handle withodaiota is called the
reference displacement. The maximum displacement is usually determinedniing a
monotonic test. After doing a monotonic test, the monotonic displacement gapacit
determined. When the applied load drops to below 80% of the maximum load for tthienBrs
the displacement is measured. This is the monotonic displacementyapacihen a factor of

" (typically 0.6) is multiplied witH , to get the reference displacement ="*! ... This is shown

25



in Figure 3.2. Depending on the test some additional considerations should batalkecaount.

(Krawinkler et al, 2001)

City of LA - Shear Wall Tests
8'x8' -10d Hand Driven Common @ 2"/12" -15/32" Str | (4 Ply)
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Figure 3.2 , (Monotonic Deformation Capacity) aitd Relation to a Cyclidest
(Krawinkler et al. 2001)

Reference Deformatioh is used as a measure of deformation amplitude. The loading
history is developed by changes in the reference deformatiboonsists of three kinds of cycles.
They are initiation cycles, primary cycles and trailing cycles. Thaiiut cycles are very small
in magnitude and are to make sure everything is running properly. If there is any problean, we
stop the test before we damage any of the equipment or the test spdtimamy cycles are
cycles that are larger than all the previous cycles. Primary cycles dyadthuakease the
deformation to the reference deformation value. These are followed by smalés, eyisich are
calledtrailing cycles. The amplitude of the trailing cycles is 75% of the anagiof the previous

cycles. All the cycles have the same magnitude in the positive antiveegdjeections. CUREE
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3.1 gives the details for this sequence.

has developed a sequence of cycles that should be executed as defined bgthkegmatTable

Table 3.1 CUREE Test Protocol Sequence

Type of Cycle

Number of Cycles

Amplitude (% )

Initiation Cycles 6 5
Primary Cycle 1 7.5
Trailing Cycles 6 5.625
Primary Cycle 1 10
Trailing Cycles 6 7.5
Primary Cycle 1 20
Trailing Cycles 3 15
Primary Cycle 1 30
Trailing Cycles 3 22.5
Primary Cycle 1 40
Trailing Cycles 2 30
Primary Cycle 1 70
Trailing Cycles 2 52.5
Primary Cycle 1 100
Trailing Cycles 2 75

Increasing steps of the same pattern with an increase in amplitude of 509
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3.2 Test Instrumentation
Thirteen string potentiometers were used to measure a variety of paraifietsesdevices
are a type of transducers. They are used to measure displacement and lowiigr Htring

potentiometers are also called as string pots. A photo of a string pot is shown in Figure 3.3.

:

=

Figure 3.3 String Pot SP 3-25
(http://www.spectotechnology.com/wp-content/uploads/2014/05/StringPot-slidel.jpg)

Four of the string pots are used to measure linear deflection in the CLT panels with
respect to actuator displacement. They are placed on the south side of the diaphragm into the
panels. These are labeled 1, 2, 3 and 4. Figure 3.4 shows the locations of all the string pots in a

plan view.
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Figure 3.4 String Pot Locations on the CLT Diaphragm (Plan View)
String pots 5, 6, 7 andwere used to measure the twist between CLT panels in the north-
south direction by placing them at the edge between panels. Similarly, string pots 9 and 10
measure twist in the east-west direction. Figures 3.5 and 3.6 show string pots 1 and 5 after

installation.
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Figure 3.6 String Pot 5 Top View
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Figure 3.7 String Pot 10 Top View

Figure 3.8 String Pot 12 Top View

Photos of string pots 10 and 12 after installation are shown in Figures 3.7 and 3.8.
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String pots 11 and 1®&ere connected to fishing line and placed on top and diagonally
across a single CLT panel. These string pots were used to detereanhpiinel acts as a rigid
body and measure any shear deformation within the panel.

String pot number 18as placed on the south side of the diaphragm on the edge of the
CLT panels with the objective of measuring the separation between panels 4 and 5.

3.3  Testing

A total of four tests were conducted. All the tests were cyclic loaditlythe CUREE
protocol described earlier, operatimy displacement control. The first test had a reference
displacement of 0.5 inches. The reference displacement for the secondstésinala The third
test was run until failure of the CLT diaphragm with a reference displadterhé inches. During
the third test there was a tension failure in the connectors along linec&udgeof this type of
failure, the design of the diaphragm was modified for the final and most meartesjfolf the
program. The fourth test was run with a reference displacement of 3 inche®bdsexiviedge
gained from the previous three trial tests. The fourth and final test resaltiseafocus of the

remainder of this thesis.
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CHAPTER 4: TEST RESULTS AND DISCUSSION

4.1  Test Results

The failure of the diaphragm occurred on line B. Mms in between panels 3 to 4 and 8
to 9. The failure occurred due to tension in the chord members. This tension fercanséerred
into the diaphragm through the SDS screws. An increase in the tension restdide of the
SDS screws in shear. This led to a small separation between CLU$ paresther side of Line 2.
As the actuator displacement increased, the tension was being carfiedsbgel connectors. The
cyclic loading protocol created a to and fro motion of the free end of the diaphiidgsnled to
increased separation along line 2. The nails holding the steel connectorgtéatlong line 2

were pulled out of plane and started to failed in shear. It is illustrated in Figure 4.1.

Figure 4.1 Failure along line B on the CLT Diaphragm
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This behavior occurred because the line A connecting panels 4 to 5 and 9 thelfixed
end is designed as a part of the fixed end. HDU hold-downs were used to strémgtteemection
in tension. This makes line A the fixed end of the cantilever. Therefore, WaeBS screws
failed in shear and the CLT panels were separated from the chord membseslthplices started

to fail and the gap was created between panels. This is illustrated in the Figure 4.2.

Figure 4.2 Failure along line B
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Due to cyclic loading, the separation between panels kept gradually incresisirtye
increase in actuator displacement as expected. This resulted irfiasluearof SDS screws in the
chord underneath the diaphragm and subsequent failure of the steel conAsainoescan see in
Figures 4.3 and 4.4, the panels separated and the gap between the panséslifromdess than

0.25 inches to more than 3 inches prior to stopping the protocol.

Figure 4.3 Gap between CLT panels 3 and 4 before the test
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Figure 4.4 Gap between CLT panels 3 and 4 after the test

The steel splices started to fail gradually when in cyclic loadingt, Fine mils started to
pullout slowly because of tha-plane movement of the CLT panels. Several nail heads sheared
off because of the in-plane movement. As you can see from the following photos, theotalva

failure of the connectors along line B. Figure 4.5 shows connector B1 before the test.
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Figure 4.5 Connector B1 before the test (Top View)

After the test, connector B1 had moved in the all three directions. In Figui@né.6an
see the black outline of a marker around the connector B1 which was the dagat@&in of the
B1 connector. It was twisted and turned due to cyclic loading. In Figure 4.7, wee&1 glid
move out-of-plane because of the cyclic movement of the CLT panels. This typerefdacurred

in all connectors on line B. More photos are included in Appendix.
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Figure 4.6 Connector Bl after the test (Top View)

Figure 4.7 Connector B1 after the test (Side View)
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Figure 4.8 SDS screw shear failure
In Figure 4.8, one can see the side view of CLT panels 8 and 9 and the chord membe
underneath. Failure of the SDS screws in shear can also be seen in Fig@eeB@anel 9 has
some slight wood crushing. This is due to panels pushing at each other dugytditheovement

of the panels. This can be seen in Figure 4.9.
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Figure 4.9 Wood Failure
4.2  Test Data and Discussion
String Pot number 2 malfunctioned and did not record data. The other twelve string pots
recorded data as planned. For each of the string pots time versus displasaewn, although
time is irrelevant but provides a measure against which to plot. In Figure 4. amsee the
Actuator Displacement vs Time plot, which had a maximum displaceofieqgproximately 7.2

inches.
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Figure 4.10 Actuator Displacement vs Time
As one would expect from basic beam theory, there is an increase in dispihas we
move from the fixed end of the cantilever to the free end.v&B4closest to the free end of the
cantilever beam and SP1 closest to the fixed end. Figures 4.11 and 4.12 showpaesoom
between actuator and string pot displacements. In Figure 4.1, the differencaes batween
actuator and SP1 is approximately 6.5 inches at maximum actuator displad®meecan see that
there was very little deflection as one moves closer to the fixed end digtleagm. However,
in Figure 4.12, one can notice the very similar plotlines of actuator and SP4diffEnence in

values was minimal.
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Figure 4.11 Actuator vs SHlataComparison

Figure 4.12 Actuator vs SHlataComparison

Figures 4.13 and 4.14 compare data between SP1, SP3 and SP3, SP4. From the graphs, we

can see that SP1 and SP3 have a large difference in values. However, SiP3 dyade almost
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indistinguishable values. This is because SP3 and SP4 are locatedserio@ach other. SP1 is

closer to the fixed end and far from SP3 and SP4.

Figure 4.135P1vs SP3P®ataComparison

Figure 4.14SP3vs SP4ADataComparison
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SP5, PS6, SP7 & SP8 showed similar plot curves. SP6 has higher displacalunest
because it was on the line of failure. SP5 has slightly lower valugsar8PSP8 are farther from
the line of failure but have high displacements because they are claber free end of the

cantilever.

Figure 4.15 SP6 Data
The data from SP6 is plotted in Figure 4.15, which shows us when failure occaded, a
separation that was created between panels 3 and 4. The failure occutbemiisplacement is
approximately 0.3 inches. The actuator displacement was approximately 4 Aitbethe initial
failure occurred, the displacement values keep increasing with every cyteges total failure.

SP7 and SP8 data is plotted in Figures 4.16 and 4.17.
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Figure 4.16 SP7 Data

Figure 4.17 SP8 Data
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Figure 4.18 shows a plot of data fr&R9 which gives us the separation between panels
1,2,3,4,5&6,7,8,9, 10 on the west end. The displacement values wenellthemathere was
a steep increase. The tension load transferred to steel splices dedaitute of chord member

connections. Then, the separation increased due to the cyclic movement of the diaphragm.

Figure 4.18 SP9 Data
SP10 gives us the separation between panels 1,2,3,4,5 & 6,7,8,9,10 on the east end. SP1C
is closer to the free end, but it is farther from the line of failure anéaisores separation in the

north-south directions. Therefore, it has very low values. This is illustrated in Figure 4.19.
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Figure 4.19 SP10 Data
Figures 4.20 and 4.21 are plots of data from string pots 11 and 12. SP11 and SP12 which
showed very little displacement, which shows us that the CLT panelegraigid. As was
anticipated prior to testing the shear deformation in the wood panels thesnsehegligible in

design calculations.
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Figure 4.20 String Pot 11 Data

Figure 4.21 String Pot 12 Data
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SP13 gives us separation between panels 4 & 5 that are located tddkedixed end of
the cantilever. As can b&een from Figure 4.22, the values were low and theasa gradual
increase. The increase in separation was minimal before the SDSs swwenecting chord
members to the diaphragm failed in shear. After this, the tension load ettrathe steel splices.
Due to this, the splices started to rotate and nails sheared resuliinggid increase in separation
between panels. Then theves a sudden jump in displacement values. This resulted in total failure

of the diaphragm.

Figure 4.22 String Pot 13 Data
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Figure 4.23 Displacement of String Pots vs Distance of String Pots from fixed end
Figure 4.23 is a plot of displacement values of string pots vs distance ofpsitinfjom
the fixed end of the cantilever. As one can see, the plots are linear fordewkcements. For
higher values of actuator displacement, SP4 values are closer to the maksplaoement. As
the diaphragm started to falil, the steep increase in values of dispradesne SP1 to SP3 to SP4

is very noticeable. This occurred because the chord member connection failed.
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CHAPTER 5: SUMMARY, CONCLUSION AND CONTRIBUTIONS

The CLT diaphragm test presented in this thesis can serve as sgpgleunderstanding
the behavior of CLT diaphragms under seismic loading. E1 category CLT panels e@r® us
form the diaphragm whiclwas approximately 16.40 by 140. Rough sawn luwdseused for
chord members to ensure controlled design strength for testing. The diaphaagsetup as a
cantilever beam according to ASTM E455 D 11 specifications. This required tattiator apply
the load on the free end of the diaphragm and the CUREE testing prataxaised with a
reference displacement of 30 for the final and most meaningful test. Frortathaditest results,
we can see the diaphragm did not behave in the predicted manner. The diaprsagrtioipated
to fail in shear but shear failure of the SDS screws connecting the Glelspga chord members
occurred first. This resulted in an increased tension load acting onehspitees. Due to this, the
steel splice connectors failed in tension. The nails failed in simehth@® connectors became
dislodged. This led to separation of CLT panels in the north-south direction, ebidted in total
failure of the diaphragm.

The drawback of this CLT diaphragm test is the number of tests. Becaysmenhajor
test was conducted, the data collected does not allow for paramedc lstore CLT diaphragm
tests of this kind would allow researchers to gather more data. In addition,ausargety of
connections in the CLT diaphragm would also allow us to compare connecti@ities@nd their
influence on the global behavior of the diaphragm. If different types of CLT are used in
conjunction with different types of connections, a meaningful database can be devAlbfies

data can be used to improve the CLT building diaphragm design.
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The CLT diaphragm did not fail in shear as was expected. The connectidresabiotrd
members to the diaphragm were not strong enough for the tension load. This radaitacki of
this connection, which led to failure of the steel splice connectors comméet CLT panels. This
caused a separation between the CLT panels that resulted in fota édithe diaphragm. It is
recommended to make the chord connection stronger. The major contribution of thisswork i
recognizing that chord design of cantilever diaphragms must be given careful cogideriie
design of CLT diaphragms. Specifically, it is critical to ensure thatdheectors between CLT
panels are able to fail in a predictable manner, e.g. shear, and thatdil#! keads at ultimate can

be supported by the designed chord.
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APPENDICES

APPENDIX A. CLT Diaphragm Test Setup

Figure A.1 Actuator Top and Side Views (Fully Compressed and Fully Elongated)

56



Figure A.2 Test Setup View

Figure A.3 Test Setup View
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Figure A.4 SP1 Top View

Figure A.5 SP2 Top View
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Figure A.6 SP3 Top View

Figure A.7 SP4 Top View
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Figure A.8 SP5 Top View

Figure A.9 SP6 Top View
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Figure A.10 SP7 Top View

Figure A.11 SP8 Top View
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Figure A.12 SP9 Top View

Figure A.13 SP10 Top View
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Figure A.14 SP11 Top View

Figure A.15 SP12 Top View
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Figure A.16 Connector B1 before the Test

Figure A.17 Connector C1
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Figure A.18 Connector D1

Figure A.19 HDU Hold-down
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Figure A.20 Connector AAl

Figure A.21 Connector Z1
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Figure A.22 West End of the Test Setup
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Table A.1
SDS Wood Screw Specifications, Bending Yield Strength, And Fastener Allowable Steel

Strength (ICC ESR-2236)
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Table A.2
Reference Lateral Design Values (Z) for Single Shear &e&eod Connections with SDS

Wood Screws? (ICC ESR-2236)
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APPENDIX B. CLT Diaphragm Test Results

Figure B.1 SP1 Data

Figure B.2 SP3 Data
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Figure B.3 SP4 Data

Figure B.4 Hysteresis Plot
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LIST OF ABBREVIATIONS AND SYMBOLS
¥ HO*+,-(+..')-10+1"
Hova' HO*+,-2+(3'4)45)(

Houspeosse  #()*'+,'6*7)(.'80/2',05)(.'(91101:";*(*66)6'/+'/2)" 30()-/0+1'+,'/2)'6+*3'

Heg=' )I#()*

#,' &,,)-10>)-(+.. 2)-/0+1*6"*()* '

Co Load Duration Factor

Cai Diaphragm Factor

Cwu Wet Service Factor

Ct Temperature Factor

Cg Group Action Factor

Ceg End Grain Factor

Ctn Toe-Nail factor

D Major Diameter

d Minor Diameter

D, Root Diameter

@% @)*3'%+*3

E Modulus of Elasticity

Eletto stiffness for beam stability and column stability calculations
Elapp apparent bending stiffness of CLT including shear deflection
Elappmin apparent bending stiffness of CLT for panel buckling stability calculations
Fo Bending Design Value

F Tension Design Value
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Bending Yield Strength
Allowable Compression Strength
Allowable Tensile Strength
Specific Gravity

Shear Stiffness

Moment of Inertia

Stiffness Coefficient

Length

Effective Length

Moment

#66+8*56)'D+4)1/
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Total Concentrated Load
Allowable Load Capacity
thickness

Steel Thickness

Shear load

Width

Seismic Load

Reference Design Value

Adjusted Design Value
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