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Vibration Sensitivity and Subjectivity
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FIGURE 2-4: Human limits of perception of z axis RMS acceleration (ISO 10137)
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Understanding Floor Vibration




Understanding Floor Vibration
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FIGURE 2-1: SDOF vibration
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Understanding Floor Vibration
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AGURE 9.11: SAP2000 modal analysis results for the first eight modes



Understanding Floor Vibration

TABLE 3-7: Example walking frequencies (AISC Design Guide 11)

Walking Walking Steps Per Potential
Speed Frequency (Hz) | Minute (SPM) Occupancies
Very slow Laboratories,
1.25 75 .
C (uncommon) surgical theaters
Slow 1.6 95 Bedrooms, hotel rooms

Moderate 185 110 Resndc_entlal living areas,
office work areas

Fast 21 126 Corridors, §hopp|ng malls,
airports




Understanding Floor Vibration

1.5 Hz Walking
2 Hz Walking

3 Hz Running

6 Hz “Running”

6 Hz Floor
3% Harmonic

(Fi85H22024 )



Understanding Floor Vibration

Increased Damping
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FIGURE 2-2: Build-up to resonant response (left) and transient response (right) of damped systems
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Floor Vibration Criteria

Peak Acceleration (% Gravity)

Frequency (Hz)

1 3 4 5 8 10 25 40

TABLE 3-13: Suggested performance targets

or luxury residences

Place Peak Acceleration RMS Velocity
Target Target
Offices or residences 0.5% g 16,000-32,000 mips
Premium offices 0.3% g 8,000-16,000 mips




Floor Vibration Criteria

TABLE 3-14: Generic velocity criteria for sensitive equipment

Designation RMS Velocity Limit Application
N/A 6,000 mips Hospital patient rooms
N/A 4,000 mips Surgery facilities, laboratory robc_ns, bench microscopes
up to 100x, operating rooms
Microbalances, optical comparators, mass spectrometers,
VC-A 2,000 mips industrial metrology laboratories, spectrophotometers,
bench microscopes up to 400x
R Microsurgery, microtomes and cyrotomes for 5-10 pm slices,
— - VC-B 1,000 mips tissue and cell cultures, optical equipment on isolation tables,
bench microscopes greater than 400x, atomic force microscopes
High-precision balances, spectrophotometers, magnetic resonance
VC-C 500 mips imagers, microtomes and cyrotomes for < 5 pm slides, chemotaxs,
electron microscopes at up to 30,000x
Cell implant equipment, micromanipulation confocal microscopes,
VC-D 250 mips high-resolutions mass spectrometers, electron microscopes
at greater than 30,000x
VC-E 125 mips Unisolated optical research systems, extraordinarily sensitive systems




Mass Timber Floor Vibration Design Decisions




Mass Timber Floor Vibration Design Decisions

Parameters within design control

« Mass

« Stiffness
« Damping
* Vibration Path

TABLE 3-2 Proposed mass timber floor damping ratios

k
fn=_ E

Mass

Vibration

Stiffness

Vibration

Category

Range of Damping
¢ (% critical)

Discussion

Lightly damped

1-2%

The lower end includes bare floors without topping and
with minimal furnishing. The higher end includes floors with
concrete topping and furnishings.

Moderately damped

2-4%

Lower values include bare timber-concrete composite floors, or
timber floors with a floating concrete layer and full furnishings.
The higher values include floors with floating floor layers,
raised floors, full furnishings and mechanical systems. Floors
with both furnishings and permanent partitions, not otherwise
accounted for, could also be represented at the higher end of
this damping range.

Heavily damped

4-5%

Floors in this range represent the upper limit of inherent
damping. These floors likely include floating toppings, raised
floors, suspended ceilings, furnishings, fixtures and/or
permanent partitions not otherwise taken into account.

Damping T

Vibration

Altered Vibration
Path

Vibration

Explicit
damping control

5%+

Generally, mass timber floors do not have more than
5% damping unless explicit damping control (e.g., a tuned
mass damper) is added. These systems are beyond the
scope of this guide.




Mass Timber Floor Vibration Design Decisions

“Free” Stiffness
* Dynamic modulus of concrete, E; 4,, = 1.397E,
« Appropriate modeling of connections for vibration evaluation

 Nonstructural walls
* Incidental timber-timber or timber-concrete composite action

Glulam beam and column
elements (shown in blue)

CLT panel elements
(shown in red)

Vertical springs to represent
exterior nonstructural wall

Pinned restraint

X, Y and Z translations) \

FIGURE 5-2: Restraint modeling in a SAP2000
model including columns and cladding




Mass Timber Floor Vibration Design Decisions

Component 1 \
Y2 * (EA), *r
31 — Neutral axis h,/2° \
Yq. % (EA)l + Yo * (EA)Z of component 1 =5 T h,
d
Neutral axis :
E A of composite 5 | [
b S * ’
q, = Y1 ( )1 r Neutral axis B2 '
2 of component2 — . [E
Y1 * (EA); + v, * (EA), P 2} = 2
" A
hy/2 /
_ — 7
= — Y1 * (EA); xZ; +v;, * (EA); * Z, //
v1 * (EA); +v2 * (EA), Sanents
*h/2 only when centroid of component
FIGURE 3-1: Two-component composite system centered on depth of component

r=(h,+h,)/2



Mass Timber Floor Vibration Design Decisions

Partial-threaded screws
clamping CLT to beam

Mass timber panel
EI] = Elgltw

EA1= EAciigo

Y,= See Table 3-6

Timber beam
El,=Ed:
EA;= EA:
Y,=10

FIGURE 3-3: Mass timber panel on timber beam

TABLE 3-6 Suggested composite action between floor assembly components

Case

Partial Composite Action Factor (y)

Strength & Deflection

Vibration Design

Concrete topping on mass timber panel detailed
as a TCC system with explicit composite action

From testing or
detailed analysis

Potentially higher
than for strength &

timber beam with clamping connection

deflection
e e
<
.3'8;’ Concrete t(::;;:)i:\gv ;:t;srt] (()ji(r:itr:]trl]\é ;)trimor:ass timber N/AT 0.05-0.152
=
O . - -
t_)g Concrete top;:;:g r:ans:(i?r:zte“r: ‘r;ante?r slip-sheet N/AI 0-0.052
zi: Mass timber panel in direct contact with N/A3 0.5-1.02

T Only the mass timber panel is considered; the cementitious topping layer is ignored.
2 Values are based on limited testing and field observations.

3 Only the beam is considered: potential contribution from the mass timber panel and topping is ignored.
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FIGURE 4-1: Vibration design flow chart




Mass Timber Floor Vibration Design Methods and Modeling

CLT Handbook Method

Empirically derived span limit for bare CLT on “rigid” supports (e.g., bearing
walls)

Does not directly apply for CLT panel on beam systems

Increased span available for multi-span panels with nonstructural elements
or cementitious toppings

Reduced span required for heavy cementitious toppings

“Rule of Thumb”
Vibration Span Limits
0.293 4 1/8” 3-ply — 12 to 13ft
1 (Elgfr) c R e
(ft) 6 7/8” 5-ply — 16 to 18ft
9 5/8” 7-ply — 20 to 22ft

Lpess < =
Im = 45 05 (pA)0-122

1 EIl 0.293
L (Elefr)
13.34 (w)0-122

(ft)



Mass Timber Floor Vibration Design Methods and Modeling
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FIGURE 4-1: Vibration design flow chart



Mass Timber Floor Vibration Design Methods and Modeling

FIGURE 5-1: Example floor vibration model in SAP2000

Shell elements representing panel

Frame elements with adjusted
properties representing both
beam and composite action

Mass timber panel

Glulam beam

Shell elements representing panel

Springs or constraints
representing composite action

Frame elements representing beam

FIGURE 5-4: Implicit vs. explicit modeling of a glulam beam
and a mass timber floor panel

TABLE 5-1: Property modification factors
for isotropic material modeling

= : Property
Orlentation Modification Factor
EA,
Strong axis axial f11 = ——lefio
Eref * Agross
EA
Weak axis axial 22 = —0
Eref * Agross
GAcff e
In-plane shear f12= ————
5 Gref & Agross
s is fl mi1 = —eltio
trong axis flexure S
__ Elegrroo
Weak axis flexure m22 = s —
ref * lgross
Out-of-plane torsion* m12 = min (v13,v23)
Strong axis vi3 = GAcff,f,o
out-of-plane shear Gref * AgmSs
Weak axis v23 = —CAciiiso
out-of-plane shear Gref * /\gmss

* Consensus on the out-of-plane torsion stiffness of most mass
timber products does not exist in the literature. Its property
modification factor is therefore conservatively taken as the lower
of that for strong or weak axis out-of-plane shear.

F-MIN

Forces are per unit
of in-planc length

Positive transverse shear forces and
stresses acting on positive faces
point toward the viewer

il 2
STRESSES AND MEMBRANE FORCES
Stress Sij Has Same Definition as Force Fij

PLATE BENDING AND TWISTING MOMENTS

FIGURE 5-3: Local axes and corresponding stress
orientation definitions for one commercially
available software platform (SAP2000)
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Resonant Response Calculation
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FIGURE 6-2: Example post-processor output for evaluating floor vibration performance based on resonant
response for a given excitation and response node; area in grey indicates walking frequencies of interest
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150000

Transient Response Calculation

100000
|
O — u p ﬂ @ 50000
m rmie,m m g
m 'é ——vm=1
‘é i — V=2
£ ———vm=3
;z; — ()
L =21t 3 50000 - - VRMS
V(1) = ¥, 2Imtsin (2nf,t)  °
-100000
” (V)
— -150000
V(t) Zm=1 Vm t 0 0.1 02 03 0.4 05 0.6
Time, t (sec)
1 Tw 2 FIGURE 4-6: Sample velocity response history 60,000
VRMS = fo (V(t)) dt 50,000
TW @
g 40,000
- N ———— - e —
= 30,000
38 28,979 Response
i 20,000 R
=
o
10,000
0
08 1 12 14 16 18 2 22 24 26 28

Walking Frequency (Hz)

FIGURE 6-3: Example post-processor output for evaluating floor vibration performance based on impulsive
response for a given excitation and response node; area in grey indicates walking frequencies of interest
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Ll llefe ol
_J = 1o T )
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FIGURE 6-4: Example post-processor output for evaluating floor vibration performance based on an
envelope of results for all combinations of response and excitation nodes; cooler colors indicate areas
of higher (less desirable) floor vibration

£ h h h h
[ AR, fu f. Hz f. f.
g o DLF 0.431 DLF 0.091 DLF 0.071 DLF 0.065
aisa 001310 ¢ F, 723 b £ 154 Ib £ 120 b F, 109 b
N 550 N 1100 N 1650 N 2200
Pa b | Pn 1 Pn 1 Pr 1
a 0.000549 g a 0.000549 g a 00014 g a 0013 g
Mode fm Hem Hem mmh“ A, 8. Brealhm Bimazhm A, B, Bresihm Bimaghm A B, Brealhm Bimazhm A, B, Brealnm Bimazhm
- Hz ft ft Ib-ft-sec® - - ft/sec ft/sec® - & ft/sec’ ft/sec i - ft/sec® ft/sec? B - ft/sec ft/sec
1 6.69 -0.00017 -0.00017 83.33 0.51068 0.01155 2.32E-0% 3.04E-11 0.64272 0.023%1 2.78E-08 1.04E-10 0.15612 0.03586 1.55E-08 2.84E-09 -0.42912 0.04782 -1.17€-08 1.31E-09
2 7.57 0.00074 0.00074 83.33 0.53016 0.01057 3.53E-08 4.01E-10 0.72066 0.02114 3.87E-08 1.13E-09 0.37148 0.03171 1.31€-07 1.12€-08 -0.11737 0.04228 -5.98E-07 2.15€-07
3 7.99 -0.00044 -0.00044 83.33 0.83740 0.01001 1.13€-08 1.21E-10 0.74%62 0.02002 1.20E-08 3.21E-10 0.43664 0.03002 3.61E-08 2.48E-09 -0.00152 0.04003 -2.43E-08 6.40E-07
4 8.00 -0.00576 -0.00576  83.33 0.53750 0.01000 1.92€E-06 2.05E-08 0.75000 0.02000 2.04E-06 5.43E-08 0.43749  0.03000 6.11E-06 4.1SE-07 -0.00002 0.04000 -4.35E-08 1.09e-04
5 8.00 0.03616 0.03616 83.33 0.93756 0.00999 7.55E-05 8.05E-07 0.75026  0.0199S 8.01E-05 2.13E-06 0.43808 0.02998 2.40E-04 1.64E-05 0.00102 0.03998 1.10E-04 4.28€-03
6 8.02 0.08111 0.09111 83.33 0.93779 0.00998 4.78E-04 5.08E-06 0.75117 0.0138%5 5.06E-04 1.34E-05 0.44012 0.02993 1.51E-03 1.03E-04 0.00467 0.03%91 3.13E-03 2.68E-02
7 8.10 0.04037 0.04037 83.33 0.53898 0.00988 S.19E-05 S.67E-07 0.75590 0.01876 $.69E-05 2.53E-06 0.45079 0.02964 2.85E-04 1.87E-05 0.02362 0.03552 2.32E-03 3.89E-03
8 8.11 0.00025 0.00025 83.33 0.93922 0.00986 3.62E-0% 3.80E-11 0.75686 0.01972 3.82E-08 9.95E-11 0.45294 0.0295% 1.12€-08 7.29E-10 0.02746 0.03%45 9.77E-08 1.40E-07
S 8.11 -0.13679 -0.13679  83.33 0.93925 0.00986 1.05€-03 1.10€-05 0.75700 0.01972 1.11E-03 2.88E-05 0.45325 0.02958 3.24E-03 2.11E-04 0.02799 0.03544 2.85E-02 4.02e-02
10 8.13 -0.00244 -0.00244 83.33 0.53551 0.00984 3.33e-07 3.48E-09 0.75805 0.01968 3.50E-07 5.08E-09 0.45562 0.02951 1.02E-06 6.60E-08 0.03222 0.035835 S.40E-06 1.15€-05

FIGURE 6-1: Example post-processor resonant response calculations
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Mass Timber Floor Vibration Design Example 1

This example demonstrates...
. CLT panels spanning to bearing walls
. Floor system where the CLT Handbook Method is applicable

. Expected performance differences between single span versus
multi-span panels

. Modeling capabilities and inputs in RFEM
. Detailed resonant and transient response calculations
. Typical occupancy vibration criteria

Mass timber walls;
light-frame walls
also viable

Mass timber floor;
double-span configuration

as shown, single-span if floor
panels broken over interior wall

Edit Surface Stiffness - Orthotropic

General Effective Thiknesses s

Geometric Properties. Material Properties.
Effective thidmess for X' direction Modulus of elasticty
dx:[ 650l B [ 1377859 | si)
A o FIGURE 7-1: Floor system considered in this example
ay{ 45Eb — y p
e[ s ]tsl
Ga: [ o6tk
Gy [ etk
Poisson's rato 4 - > +
ey = R LEE " . —
v oom]nl 4 : 1 1/2" concrete topping -~
Spectic weight “vt\\b@ ‘
O ) g~ Mass timber floor
Thickness Thermal expansion coefficent |
a: [ essiEhlin @ [ 22222606 |117A) .
forconsiratonof vt 1y RC channels at regular spacing : -
Ll (SRR e ) — IV EREE EEE SEE WEBNE W ' /
i S i - — ‘ Single layer of 1/2" gypsum plasterboard
@) (@] [ ][ ol ‘

FIGURE 7-5: Orthotropic surface properties

FGURE 7.7: Single-span first three mode shapes FlGURE 7-2: CLT ﬂoor assem bly



Mass Timber Floor Vibration Design Example 2

This example demonstrates...
. NLT panels spanning to glulam beams
. Floor system where the CLT Handbook Method is not applicable

. Expected performance differences between considering versus
neglecting nonstructural exterior walls in model

. Modeling capabilities and inputs in RFEM
. Detailed resonant and transient response calculations
. Typical occupancy vibration criteria

FIGURE 8-1: Structural system considered in this example

3" concrete .
3/4" acoustic mat ?—n—n—n—n—n—n—n—n—n—n—n—n—n—n—n—n—n—rr
1/2" sheathing L
2x10 NLT/DLT I——v T

FIGURE 8-4: Mode shapes for mode 1 (left) and mode 2 (right) FIGURE 8-2: Floor build-up




Mass Timber Floor Vibration Design Example 3

This example demonstrates...
. CLT panels spanning to glulam beams
. Floor system where the CLT Handbook Method is not applicable

. Detailed timber-concrete composite action calculations and property
modification factors

. Modeling capabilities and inputs in SAP2000
. Detailed transient response calculations
. Sensitive equipment vibration criteria

3¢ Property/Stiffness Modification Factors X

Property/Stiffness Modifiers for Analysis
Membrane f11 Modifier
Membrane 122 Modifier
Membrane 12 Modifier

FIGURE 9-3: Isometric view
Bending m11 Modifier

Bending m22 Modifier
Bending m12 Modifier 153
Shear v13 Modifier 153

Shear v23 Modifier
5" concrete topping (fe = 4,000 psi) with

el e =

Mass Modifier £7S . L !
minimum temperature and shrinkage reinforcing

Weight Modifier s -
Screws justifying composite
concrete and CLT behavior

oK Cancel
[ ] | 41/8" CLT (V2)
y FIGURE 9-1: Floor assembly considered in this example

FIGURE 9-6: Shell property/stiffness
modification factors
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