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CLT Diaphragm Components

* CLT Diaphragm Design Force Recap

* Yielding diaphragm components (i.e. shear
dowels) are design to the diaphragm design
forces AND must be controlled by yield modes
llls or IV.

¥
ﬁ = Fiiesign,ASD  -OR-  @DVn 2 Fdesign,LRFD

* Remaining components are designed to include
a force increase factor, Io, where R’NDS =
adjusted design capacity.

R'nps 2 ¥p FdesigndAsp  _Or- R NDS 2 YD Fdesign, LRED

 Combining with ASCE 7-16:
¥ Fdesign = ¥ max(Fpe Fe] + vp o Fgrransfer




n Diaphragm Shear Components

* Analysis and Design for In-plane Actions
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| FIGURE 4.1: Free body diagram of corner CLT panel




* Panel-to-Panel Connections

Plywood spline with 18" typ. 18" typ.

two rows of fastenars Countersunk

fastener, typical

CLT panel, typ.

CLT panel, typ. _f 116" typ. Glulam baam

Minimum edge distance

TYPICAL SPLINE CONNECTION neaded for fastener

Gauge steel spline with
two rows of fastenars

| FIGURE 4.6: Example of panel-to-panel over beam connection

CLT panel, typ.

TYPICAL SURFACE GAUGE STEEL CONNECTION
SIMGLE SHEAR DOUBLE SHEAR
Countersink

EQ
\ fastenar

CLT panel, typ. Je Mode N, ——-—— o0 B —
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I FIGURE 4.2: ND5 fastener Mades lllg and IV
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* CLT Panel Design

.I-lr .I. 'r
11} \ J ‘
-1l|r ] T
] 1)
§ il
1] | il i
1 H 1H
[ b [
|
iy S il
T H“‘-.., 1 |
1] 1 | |
' H s 1 [
I
IIII H“\'\.“\“‘H 1| Il
1 H i
f !
T i
.I: _II:.-- L“h.‘ Ijl__}. 3

| FIGURE 4.3: Edgewise bending in the major (left) and minor {right) CLT strength directions

EQ Lamella

perpendicular
CLT panel, typ. —\ = to panel edge
[—" )
Fastener through Assumed shear
reduced CLT sections resisting planes

| FIGURE 4.4: Typical half-lap connection




Diaphragm Boundary Element
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TABLE 6.1: Seismic design force requirements for collectors,
including their splices and connections to the VLFRS

Source of Design Force Regquired Design Farce

SDPWS 2021 requirement for all collectors

SDPWS force increase D mﬂx{pr,Fx} + yp Qo F;\;;rq-u_fﬁgr

ASCE 7-16 §12.10.2.1 selsmic design category C through F,
whan not antirely braced by light-frame wood shaar walls

Item 1 Yy Fy+ Do Fy rransfer
liem 2 b0 Foxeq 12.00-1 + Ro Fy cransfer
Item 3 Fpxeq 12.00-2 + Do Fy rransfer




Compression Load Path

Beam
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| FIGURE 5.5: Effective width in compression = continuous bearing

Primary load path e ——

Secondary load palh —

Compression at panal boundaries

I

- Beam

| FIGURE 5.4: Compression diagram
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Compression Load Path

Chord/collector
straps &
\ &

FIGURE 5.6: Effective width in compression — discrete hearing
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CLT panel, typ. Countersunk
fi f ical
M, . astener, typica ||
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Glulam baam —\

k- Minimum edge distance
neaded for fastener

| FIGURE 4.6: Example of panel-to-panel over beam connection




e @Gravity Framing as Lateral Element
* |f gravity element is intended to serve as lateral element need to check for
combined loading

* Compression buckling of gravity member, in isolation or combination with CLT panel
e Tension in gravity member, INCLUDING across beam-to-column connection

* For all timber framed buildings additional checks include:
* Transfer of diaphragm forces from CLT to supporting gravity element
* Beam element for tension / compression demand
 Compression perpendicular to grain at beam-to-column interface
* Tension load path across beam-to-column joint

* Maintaining deformation compatibility

For Timber Framed Buildings:
e Recommend keeping diaphragm forces in the CLT plane




* Diaphragm & Collector Connections to Steel VLFRS

CLT parmal per plan —\\

Timber nailer with i Panel to steel beam

countersunk 'ﬂ'eidi/ - fastener in shop pllated
flange hales, typ,

threaded siuds

Wide flange Wide flange

beam per plan _HH_"""‘"--...,_ Esgsarn s plan —LH‘H"""H-.._




Diaphragm & Collector Connections to Concrete Shear Walls

Reinforced concreta
shear wall

Stesl embeded plate
with welded studs top

and bottom, staggered
Weld top and bottom

CLT panal

angle fastener

mMinimum
adge distance

mlinimum

bearing length

I FIGURE 5.9: Diaphragm-to-concrete wall connection

Weld collector to embed plate

Stesl collector plate

Reinforcing welded
to embed plate

Reinforced concrate shear wall

| FIGURE 5.10: Collector plate to embed plate in concrete wall connection




e Diaphragm & Collector Connections to Concrete Shear Walls (Continued)

Reinforced concrete 2
shear wall

Stesl ambeded plate
with welded studs top

and bottom

Weld top and bottom — > : .
CLT panel [

Steel collector

plate

Fane| to steel
angle fastener

Minimum
edge distance
Minimum ,.-J: . .
bearing length

| FIGURE 5.11: Collector load path to concrete shear wall through CLT panel




* Diaphragm & Collector Connections to Light Framed Shear Walls

Collector strap, f.z—".l"l'cll:ld-EhEEIﬂ"rEd
it needed shear wall
1-1/2" typ

Battarm plate
Bottom plate fastensrs, typ.

CLT panal, typ.

EI'IEEFW_EI_" Double top plate
adoga nailing

Wood-sheathed Top plats
shear wall .,|"' fastaners, typ.

| FIGURE 5.15: CLT to wood sheathed shear wall example detail




ﬂ Diaphragm Deflections & Stiffness

* Classification of Diaphragm as Flexible or Rigid

| TABLE 6.1: Diaphragm flexibility related to CLT diaphragms

Category ASCE 7T 812.31 IBC §1604.4 SDPWS §4.1.7
Permitted when
Flexible MDD M/A Per ASCE 7
AADVE
FPermitted when
i o)
Rigic M MDD <2
AADVE
I |
When not idealized as T::La! et L Shall consider relative
distributed to elements of .
flexible or rigid, analysis _ ) stiffnesses of VLFRS &
Semi-rigid ) VLFRES in proportion to thelr _
shall include conslderation ) diaphragms; envelope
of diaphragm stiffness el 015 52 T k] 1l analysis permitted
Phrag rigidity of the diaphragm ysispP

b in: Moximum in-plone dlaphrogm defiectian fin)
Agpyg Average drift of ediaiming wverfical elements of the VLFRS over the story belaw the digphragm wnder consideration, umdes

Fribspitory feteral lood eqidvalent ta thal used in the computation af Suop (in)
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* Semi-Rigid Diaphragm Analysis a
- R e T ey
| TABLE 6.2: Diaphragm bounding analysis possikilities i
=1 . | 2
Bounding Analysis Stiff Case Flexible Case "gf " ) g
= T § o
Envelope procedure Rigid diaphragm idealization Flexible diaphragm idealization = E 5 =
=\ | | | L
Semi-rigid bounding “Stiff" semi-rigid analysis “Flexible" semi-rigid analysis “ N “
I
Rigid and semi-rigid bounding Rigid diaphragm idealization “Flexible" semi-rigid analysis —x — T R T S S
X
Semi-rigid and flexible bounding “Stiff" semi-rigid analysis Flexible diaphragm idealization B e o CHORD
£ f‘ -

* Diaphragm Deflection Equations .

'Ec'.l'nm.f

T rl 4

* Previously referenced equations

.
N
Gl vl Fixad ;
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Sdia aEaw 4G, Ly + Cley + W

* Proposed CLT specific equation by Lawson, et al
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Fig. 1. Deflection parameters of a simple span diaphragm.




* Fastener Slip Relationships
* Limited in the NDS
* Manufacture Specific Data

* European Guidance

e Analytical Modeling of CLT Behavior
* Homogenous Model
* Discrete Models
 Component Models

* Estimating Inelastic Seismic Deflections

Diaphragm with effective panel
and conneclion properties

| FIGURE 6.4: Homogenous modeling of diaphragm

CLT panel CLT panel

CLT panel CLT panel

CLT paneal / I CLT panel
/A

Connection zonas —V

FIGURE 6.2: Discrete panels with effective connection modeling of diaphragm

CLT panel

12Tt

43

Connection springs

I FIGURE 8.3: Companent approach




Sub-diaphragms

Staggered CLT Panel Layouts
Alternate Diaphragm Procedures
Durability

Continuous
panel joint
e ——] -
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MON-STAGGERED DIAPHRAGM

Discontinuous
panel joint
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| FIGURE 7.1: Non-staggered and staggered diaphragm conditions




* Bracing of CMU / Concrete Walls
w/ CLT Diaphragms

Acceptable provided walls are self-
supporting

4.1.5 Wood Members and Systems Resisting
Seismic Forces Contributed by Concrete and
Masonry Wallls

Wood-trame shear walls, wood-frame diaphragms,
trusses, and other wood members and systems shall not
be used to resist seismic forces contributed by concrete
or masonry walls in structures over one story in height.

Exceptions:

1. Wood floor and roof members shall be permitted
to be used in diaphragms and horizontal trusses
to resist horizontal seismic forces contributed by
masonry or concrete walls provided such fore-
es do not result in torsional force distribution
through the diaphragm or truss.

WO | SDPWS 415 applies

*
*

=

YES

Prohibition in
SDPWS 415 aoplies
anid Excepliansg

ricd ik,

If wialts are do not rely on wood
lzteral systems to support sesmic
losds, SCHAWS does not prohibit this
configuration A5CE T 121 and other
material standands spphy:

Cantllever diaphragmes resist
foces through torsion.
SOFWS 4.0 Excepticn 1met med.

Lateral force resisting system does
nat redy an tersional force distibution
in disphragm to resist seismic forces
SDPWE 415 Excaption 1 met,

When SDFWS 415 i mel, other requirements

such s wall anchorage in ASCE T2,
crift limits in ASCE 7121, and arry
cut-of-plane deflection limits of the wall
mmakerial may appdy.




e Savannah, Georgia: Wind vs Seismic Checks
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8.2.3 Wind vs. Seismic Comparison

X The building seismic and wind base shears are:
5

* Vbase_seismic = 470 Kips

T® .

Vbase_NS_wind = 1,900 Kips

. Vbase_EW_wind =680 kiDS

Level 11 horizontal force comparisons:

@ b Fd_seismic/‘(;b[) =74 kip5f0.5 =148 kTpS
N + F4_NS_wind /¢D = 124 kips/0.8 = 166 kips
« Fd_EW wind /¢D = 54 kips/0.8 = 86 kips
O,
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Diaphragm Design Checks

Continuous plywood spline
with (2} rows of fasteners

G-ply CLT panel, typ.

Ed
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I FIGURE 8.3: Typical spline connection

S-ply CLT panal, typ. —\\

Layars transfamring
shaar fram full panal
T canmnach on
Coumersunk
fastenar, typ

L

| FIGURE 8.4: Effective lamella locally transferring shear in spline connection
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| FIGURE &8.5: Typical panel to glulam beam




e Collector Design Checks
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Collector Design Checks

e Typical Collector in Tension
* Collector to Braced Frame Design
* CLT Collector in Compression

Combined Comp + Bending

CLT panel par plan

Sieal collectar sirapx
Collector strap #

to panal fastenar

| FIGURE 8.7: Typical steel collector

Stesl collecior sirap

Collector strap
/’” panal fastener

L Fanel to steel

baam fasianas, bp.

CLT panel

per plan \ L4

Wide-flange beam
per plan

EC typ.

| FIGURE 8.8: Typical steel collector plate detail




Chord Design Checks
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I SCBF = zEizzizieias GLULAM BEAM N
: INDIVIDUAL CLT PANEL u GLULAM COLUMN @ 11THF LOO R
———  CHORD/COLLECTOR —————  CLT PANEL EDGE
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Chord Design Checks

Chord plate in tension

Tension Splice plate

Local wood tear-out checks

Fanal gap

CLT tension + out-of-plane bending Stoa!plane

Fastener, typ.
CLT pansl —\

Pe—_

| FIGURE 8.10: Typical chord partial plan




e Verify Diaphragm Rigidity
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FIGURE 8.11: Diaphragm
deflection diagram

ﬁMDD = ﬁx:-endi ng + ﬁshea I + ﬁsl ip t &aplioe

shear ﬂl. sreirl "’_l’ lenarre:

Fig. 1. Deflection parameters of a simple span diaphragm.
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BLOCKS @ 2 O.C.
ALONG GL. 38 4 FOR

PROVIDE 1 FT, LONG

172 0127256

177 -0 1277288

1720 121258
*
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NOTEL
1. FOR COLLECTOR CONNECTION AT BRS-20, USE SECTION A-A AT L2

COLLECTOR PLATE PER
PLAN FASTENERS
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——CLT PANEL PER PLAN

TOP PLATE TO
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DET. 21 / B3-87.04
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H Example 2: 12-Story Office w/ Concrete Cores

e San Francisco, California

0.9 Wl

111 HE

0231 o

31 W

111 K

v

_._,

diaphragms shall be permit-

al forces provided the de-

sible deflection shall be that deflection that will pe
the diaphragm and any attached eclements to maintain
their structural integrity and continue to support their pre=
. scribed loads as determined by the applicable building

= )
I——— 26 ki ABHI -
_— L - .
ET kI o 5 L - e
~.2E I w58 o L0
LEGEND:
E—— [ WALL GLULAM BEAM
fnpannmnnn AC COUPLING BEAM GLULAM COLUMH
|:| RCIDUAL CLT PANEL CLT PANEL EDGE
——————— CHORVCOLLECTOR

TEMEION STRAF

code or standard. Framing members, blocking, and con-
nections shall extend into the diaphragm a sufficient dis-
tance to develop the force transferred into the diaphragm.

4.2.2 Diaphragm Aspect Ratios

Size and shape of diaphragms shall be limited
to the aspect ratios in Table 4.2.2.

Table 4.2.2 Maximum Diaphragm Aspect Ratios

(Flat or Sloped Diaphragms)

Sheathed Wood-Frame Maximum
Diaphragm Assemblies L/W Ratio
Wood structural panel, unblocked 3:1
Wood structural panel, blocked 4:1
Single-layer horizontally-sheathed lumber 21
Single-layer diagonally-sheathed lumber 31

uble-layer diagonally-sheathed lumber 41

Caleulations of diiphragm deflection shall account
for bending and shear defleC¥ions, fastener deformation,
chord splice slip, and other contfhuting sources of de-
flection.

The diaphragm deflection, 8,4, shall b
be calculated by use of the equations in Table 4.2




e Collector Design Checks
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* Chord Design Checks
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Example 3: 5-Story Residential w/ Sheathed SW’s

* Portland, OR

@ 4TH FLOOR

— SHEATHED WOOD SHEAR WALL

DD L1L|
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* Collector Design Checks
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CLT Diaphragms Designed
to 2021 SDPWS

COMPLETE/PERMITTED PROJECTS
+ L states

+ 13 projects
* 20 buildings

IN DESIGN/PERMITTING
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Precalculated Design Capacities

Individual Fasteners

Spline Capacities

Fasteners / Spline Capacities
Steel Strap Capacities

TABLE A4.4: Nominal diaphragm shear capacity for spaced fastener in spline continued

Meminal Diaphragm Shear Capacity of Fasteners,

Reference Spline
Spline Material Fastener Vn =4.52%/5, @ Spacing, 5%¢ (pif) Shear Capacity,
12-in. i:u:,| 6-In. o.c. | &-in. o.c. IE-Iin, a.c. | 2-in. o.c. Futy® (pif)

CLT 5G = 0,50

General sheathing (23/32) Bd commoan nail 330 B59 89 1318 1,977 1,176
General sheathing (23/32) 10el common nail 388 Tre 1,164 1,552 2,328 1,176
Ganeral sheathing (23/32) Example screw 1 363 726 1,085 1452 2178 1776
Gaeneral sheathing (23/32) Exarmphis striaw 2 428 257 1,285 1,714 251 1,176
Structural 1 sheathing (23/32) 8d common nail 397 793 1180 1,586 2,374 1,512
Structural 1 sheathing (23/32) 10d commaon nail 463 S26 1,390 1853 2,779 1512
Structural 1 sheathing [23/32) Example Scrow 1 423 B47 1.270 1,683 2,540 1,512
Structural 1 sheathing [23/32) Example screw 2 506 1.0n2 1.518 2,024 3.036 1,512
General sheathing (78] 10d commaon nail 423 Ba7 1.270 1,684 2.540 1,440
Gaeneral sheathing (7/8) 168 cormman mail 486 72 1458 1,943 2,515 1,440
General sheathing (7/8) Example screw 1 386 773 1159 1,546 2,319 1,440
General sheathing (78] Example screw 2 462 925 1.387 1,849 2774 1,440
Structural 1 sheathing [7/8) 104 camman nail 517 1,023 1,550 2067 3,100 1,584
Structural 1 sheathing (78] 16d commaon nail 587 1474 1,761 2,349 3,523 1,584
Structural 1 sheathing (7/8) Example screw 1 461 923 1,384 1,845 2,768 1,584
Structural 1 sheathing [778) Exarmple scriw 2 5549 1,117 1,676 2,234 3,351 1,584
General sheathing (1-1/8) 10d commaon nail A84 968 1452 1,936 2.904 1,920
General sheathing (1-178) 16d commaon mail 555 1109 1,664 2,218 3,327 1,920
General sheathing (1-1/8) Example screw 1 434 BEE 1,302 1,736 2603 1,920
General sheathing (1-1/8) Example screw 2 528 1.055 1,583 2110 3165 1,920
Structural 1 sheathing (1-1/8) 10d commaon nail 529 1058 1586 215 EREE] 212
Structural 1 sheathing (1:178) 16 cormman mail 634 1,267 190 2534 3 801 2112
Structural 1 sheathing (1-1/8) Example screw 1 527 1.054 1,581 2108 ER L] 2n2
Structural 1 sheathing (1-178) Example screw 2 a3 1,206 1,810 2413 3,619 212

SLPWSE §4.5.4

Verify adivsted spiine copacity is greoter than SDPWS 54,543 Exception 1 for wing design,
Vierify adiusted spline copocity is greoter thon S0PWE §4.5,.4.3 for sedsmic design and SOPWS 4.5.4.3 Exception 1 for wing design

o, Tabuloted volpes bosed on all adivstment foctors opplicobie fo £° in NDS Table 1.3 equal to 1.0, (27 = £} Designer to venfy appiicability,
Al fasterer capacity volues provided ore controlied by Mode lls or IV fastener pielding,

b Adjusted design spline copadily to be calculated from reference spine caopocity wsing NDS Tabie 2.3.0

c. Bofore using highlighted fostener capocity values, verify the odivsted design spling copacily is greater than bhe omplified demands per




E Literature Review

 Component Level Testing

* Full Scale Diaphragm Testing
* Diaphragm Design Literature
* Other References

B.5 Summary of Significant Tests and Related References

| TABLE BA: Literature on small-scale CLT panel-panel connection tests

Self-Tapping Screws
in CLT Structures

shear

peak load; initial

stiffness: yield

displacement;
ductility

Johansen's yield
theory

Reported
Cor i Fi Type of Load| Reported Additional
Article Title . oncing P! Fastener Slip
Type & Loading Loading Direction Results MNotes
Madulus
|
I'Sand:;;;]eta v Lead displacement Test results
at monotonic and compared with
nahysi m an m
ST ST Bl || AT || e Parallel to cyclic leadings; ECE strength Kger {0 4Fmex)
Panel-to-Fanel . 5TS; fasteners loaded . and Kz (post
spline and cyclic shear plane peak load; damping: and stifness .
Connections Under inshear yielding stiffness)
fastener initial and prediction
Maonotonic and i
. plastic stiffness equations;
Cyclic Loading
. Authors observed
[Follesa et al,, 2010) Internal &mm and Bmm 5TS e
| In-Pl li i nd wi
Mechan cal In-Plane spline, with and without Parallal to Load-carrying difference Ks:“ and Ky
Joints Between half-lap washer; 3.1mm smooth Monotonic shear plane capacity. stifiness batween tested fultimate lirnit
Cross Laminated and surface nall and 31/3.4 E LS . state stifiness)
Timber Panals spline threaded shank nails TN
- EN1995 method:
Wayce el al, 2011 Bx100mm and Manolanic and FUlvhreaded
Mechanical Dauble 10 100mm for double cyclic loadings; it st
Behavieur of In-Planse i u\ .d spling; Br1G0 partially- Manatanic Parallel 1o peak load; allowable ‘.g § d Kc R
Shear Connections ;F'l'”_" _"': threaded (PT) and and cyclic shearplane | load ductiityand | SToon ,'T_”"’ ”“‘ lastic
Uil paints a significant
Batween CLT Wall I Fully-threaded (FT) elastic fastenar slip N g . o
- highaer Stiffiness
Panels Tar Butl jaint madulus
Autnor calibrated
[Ashtari, 2012 the connection
- e ] Emmx1B0-250mm Peak and ultimate ) ; B
In-Flane Stiffness . . Parallel to rmodel in ANSYS K (0.4 1o
Butt joint ASSY WG in shear and Maonatonic torces; fastenas
ol Cross-Laminated i X shear plans . and madelad 0.7F max!
. withdrewal combination stiffness
Timber Floos a Smxl0.Em
CLT diaphragm
Each
rfiguration
[Gavric et al., 2012] Wall-to-wall (paraliell: configuratio
12 tested includes 1
Strength and BxB0mm; wall-to- Parallel and .
Deformation Lap and wall (perpendiculark Monatonic | perpendicular EETITCETS LS S
. ) . 15 reported tested & cychic tests; Kgap and Kz
Characteristics spline joints 10x18Amim:; flacr-to- and cyclic to shear N .
- . R statistics for each perpendicular
of Typical ¥-Lam floor: 10x140mm; wall- planes corfiguration S
Connectons to-floor: 10x260mm 9
testresults also
availzble
For floor-wall
nection: | -
[Bratulic etal, 2014] connecticn: load
Monotonic and displacement at Load-carmying
. Fastener type not mongtonic and capacity
Elal iy SLICH reported; loaded in S FEIL i cyclic loadngs; cakculated per K
of Joints with spline P ) and cyclic shear plang L4 5 p B
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