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Path Forward

Johan Barthold Jongkind
The Towpath
Dutch, 1819 — 1891
2006.128.22



Path Forward

 Need for vibration control during Museum Construction
+ National Gallery of Art
« Art Institute of Chicago
« Technical presentation
« Effects of vibrations
« Recommended vibration limits
« Vibration control and monitoring
« Demonstration
« Wrap-up
. QR&A



National Gallery of Art

East Building opened 1978 East Building renovation 2013-present



National Gallery of Art




National Gallery of Art

Oh My! What a mess!



National Gallery of Art

February 13, 2015 at 13:45:55

Limits (Very conservative)
70 decibels adjusted (dBA) for sound
Peak particle velocity of 0.02 in/sec for vibration



National Gallery of Art

Observations

Outside consultants critical to project
Rarely exceeded specifications

Most complaints about sound levels
Real-time reporting and response critical
No problems with art



Earthquake

August 23, 2011

Peak particle velocity at National Gallery
>1.25 in/sec
Limit = of 0.02 in/sec
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Thank You for Listening

+

Rogier van der Weyden
Portrait of a Lady
Netherlandish, c. 1460
Oil on panel

1937.1.44




The Art Institute of Chicago
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i Frank Zuccari, Art Institute of Chicago
\V]E Arne Johnson and Robert Hannen, WIJE

Wiss, Janney, Eistner Assocates, Inc




Planning for Construction of the Modern Wing

Groundbreaking Ceremony
May 31, 2005

Openingon May 16, 2009




Predicting the Impact of Vibrations on Artwork

Object Characteristics Vibration Characteristics
Size Amplitude
Weight Frequency
Shape Duration
Material
Construction Method
Condition

Treatment History




A Need for Certainty

Which artworks will need to be de-installed or relocated?
How much temporary art storage will we need?

Do any galleries need to be closed to the public?

What would be a safe vibration limit during construction?
How do we effectively monitor vibrations?

How do we enforce the agreed upon limit?




Overriding Goals

* Keeping artwork safe
through all phases of
construction

Avoiding costly
suspensions of
construction once it
has begun




From Ambiguity to Certainty

Which artworks will need to be de-installed or relocated?
How much temporary art storage will we need?
Do any galleries need to be closed to the public?

What would be a safe
vibration limit during
construction?

How do we effectively
monitor vibrations?

How do we enforce the
agreed upon limit
limit?
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Technical Presentation (Yes, I'm the engineer ©)

VIBRATION CONTROL DURING MUSEUM CONSTRUCTION
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'Original museum
buildings (c. 1893+)




Active galleries
(to remain)
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~Old Goodmari“Theater....

Mechanical Plant
Cooling Tower
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Goals of Vibration Control in Museum Context

Protection of collectionsand museum buildings during all stages
of construction

Guidance to the museum, before construction starts, to
facilitate advanced planning (what vibration levels to expect,

zones where limits could be exceeded, where/what to de-install,
etc.)

During design/construction process, reliable enforcement of
clear, conservative vibration limits without unduly encumbering

the designers and contractors




Source

Media (Soil)

PPV §,Hz  (# cycles/sec)
A

Transient

Time t, sec

Velocity (PPV), in/sec
é

Steady-State

Pseudo Steady-State

Recelver
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Free-standing art object ~




Human Perception
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Human Perception
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Human Perception

The human body can percei

levels of vibrations
- INTOLERABLE

Roughly, perception threshold
for steady-state vibrations is
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Human Perception

The human body can perceive

very low levels of vibrations
| INTOLERABLE ‘

Roughly, perception threshold
for steady-state vibrations is
0.03 in/sec

Vibrations become disturbing
at 0.1-0.2 in/sec
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Ambient (Background) Levels in Buildings

Common Values:
- NTOLERAGLE ' Closing doors, crowds

walking:
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Ambient (Background) Levels in Buildings

Common Values:
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Ambient (Background) Levels in Buildings

Common Values:

* Closing doors, crowds
walking:
~0.02 to 0.05 in/sec

Running, jumping:
~0.05 to 0.10in/sec

Trains next to AIC:
~0.03 to 0.07 in/sec
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Damage Levels for Buildings

U.S. Bureau of Mines testing, 1970s and 1980s




USBM RI-8507 Damage Levels for Buildings

Damage Observed

T i sf Threshold damage
A Minor damage L

. (hairline cracking in
plaster, opening of old

cracks, etc.)
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Major structural damage
(cracking or shifting of
foundations or bearing
walls)

PPV (in/sec)




Artwork and Vibrations




Artwork in Transit




Artwork in Transit

Special vetting, crating, and bracing of objects is performed




Artwork in Transit

Special vetting, crating, and bracing of objects is performed

Shocks (short, transient vibrations) of 10g’s (31 in/sec) on
objects are common (e.g. , due to crate handling, abrupt
starts/stops, etc.)




Artwork in Transit

Special vetting, crating, and bracing of objects is performed

Shocks (short, transient vibrations) of 10g’s (31 in/sec) on
objects are common (e.g. , due to crate handling, abrupt
starts/stops, etc.)

During truck transit, sustained vibrations on objects of
are common




Artwork in Transit

Special vetting, crating, and bracing of objects is performed

Shocks (short, transient vibrations) of 10g’s (31 in/sec) on
objects are common (e.g. , due to crate handling, abrupt
starts/stops, etc.)

During truck transit, sustained vibrations on objects of
are common




Artwork in Transit

Special vetting, crating, and bracing of objects is performed

Shocks (short, transient vibrations) of 10g’s (31 in/sec) on
objects are common (e.g. , due to crate handling, abrupt
starts/stops, etc.)

During truck transit, sustained vibrations on objects of
are common

Yet, adverse effects rarely occur




Artwork Near Construction

Vibration limits from have been successfully
used to protect artwork during past museum construction
projects (i.e. with no damage reported)




Artwork Near Construction

Vibration limits from have been successfully
used to protect artwork during past museum construction
projects (i.e. with no damage reported)

on levels that have caused damage, as
this is obviously to be avoided

One case reported: British Museum, 2000:

to 12 art objects at
areas of pre-existing weakness
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Superimpose and Simplify...

Art in shipment/transit:
~1.5to 3 in/sec common, much larger periodic shocks

USBM residential buildingdamage research:
* Minorto major structural damage from ~2 to 8 in/sec
» Threshold cracking never observed below 0.5 in/sec

Damage at British Museum {(pre-existing weaknesses)
~0.6to0 1.8 in/sec
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Ambient levels: ~¥0.02t00.1 in/sec

Human perceptionthreshold: ~0.03 in/sec




Superimpose and Simplify...

Art in shipment/transit:
~1.5 to 3 in/sec common, much larger periodic shocks

USBM residential buildingdamage research:
* Minorto major structural damage from ~2 to 8 in/sec
» Threshold cracking never observed below 0.5 in/sec

Damage at British Museum {pre-existing weaknesses)
~0.6to 1.8 in/sec

Vibration limits in this zone should be adequate to
protect artwork in reasonably sound condition
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g Human perceptionthreshold: ~0.03 in/sec




Limits for Museum Art Collections

should be conservativeto protect most art
objects in reasonably sound condition

Used successfully on several U.S. museum construction projects




Limits for Museum Art Collections

should be conservativeto protect most art
objects in reasonably sound condition

Used successfully on several U.S. museum construction projects

“Walking” of light objects on smooth surfaces

Resonance of objects with natural frequencies similar to
continuous construction vibrations

Extremely fragile objects or those with serious pre-existing
weaknesses




Vibration Control Methodology




Vibration Control Methodology

Goals:
Protect collection and building
Guidance to museum for advance planning
Enforce limits without undue constraints

At Startof
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Vibration Control Methodology

Goals:
Protect collection and building
Guidance to museum for advance planning
Enforce limits without undue constraints

At Start of
Construction
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Vibration Control Methodology

Goals:
Protect collection and building
Guidance to museum for advance planning
Enforce limits without undue constraints

At Start of
Construction

Submittals
Vibration trials
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Vibration Control Methodology

Goals:
Protect collection and building
Guidance to museum for advance planning
Enforce limits without undue constraints

At Start of
Construction

Submittals
Vibration trials
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Before Construction

Selection of vibration limits
Preconstruction testing
Planning with museum
Vibration control specification
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Preconstruction — Site Testing to Predict Levels
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Preconstruction — Site Testing to Predict Levels
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Preconstruction — Site Testing

Modalhammer &~ ! Vibration sensors
impacts b | in galleries




Preconstruction — Vibration Prediction
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Preconstruction — Vibration Prediction

To be
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Preconstruction — Vibration Prediction

[ — —h» '
To be
demolished TT
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L “Contour lines” for large hydraulic breakers
operating along demolition line
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Preconstruction — Define “Safe Lines”
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Preconstruction — Define “Safe Lines”

}I | W g e e

AlIC Lower Level AIC First Level




Preconstruction — Define “Safe Lines”
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(de-install
sensitive art)
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PART 1

SECTION OIS
VIBRATION PROTECTION REQUIREMENTS
FOR EXISTING BUILDINGS ALONG INTERFACES
WIHHNEW CONSTRUCTTHON

GENERAL

RELATED DOCTUMENTS

Drawings, Specifications and gencral provisions of the Contract, imcluding Cremeral and
Supplementary Conditions and othwr Divevon 1 Spocilicativa Socucns, apply 1o thas Scction

SUNMARY

s Section includes the following

pirachor's operatons with
damage within the cxsting
og, ling of 1he Now North Wing.
% the MeKindook, Rubloff,

s Sectaon defines requiremsents and limitations |
rewpect to causabion of vbrabons and vibeatic
buaklings (hat ar¢ 1o romain adpscant 10 the sou)

Guosaulus, and Race Pudldegs. Thw

provedures and ispections to be
v

bwkhings during the commoructy : on also provides roquaraments for

vibration Bmils sre exovadal and o

ooy anlaadod 1o belp avoxd
vibration- ndu wiing buildings and building contents.  These
Provisonsy w ) ge causcd by ante dewatoring.  Refer 1o other sections

ection are mmmum regquiraments that shall be followed  They
do mot rehfy olracior of the responsiuiity 0 provent comtructon-sdlatod damagy
1o the exiv sildings and building contents durmg all of the comtruction sctivities
This rosponsibily rots solcly with the Contractor.  Any damage 0 the buddings o
huilding contents caused by the Contractor shall be repawed to the Owner's satisfaction o
ne oot b the Owner

REFERFNCE DOCUMENTS

Study 10 Estimate Vibrations Caused by Domolibion Activitios st Now Nooth Wing Intorfaces,”
prepared for the Art Institute of (hicago by Wiss Jaancy |istner Associates, Inc. A copy of this
roport 1 avmlable from the Owser upon roguest.  Thas stady providod cvimates ol vibraton
levels that could be caused by standard pioces of comtriction equipment operating near the
demolmion bne.  The estimates were developed (0 asvist the Owner m thoir dections about

VIBRATION PROTTATION MEASURES 01876 - 1
ALONG EXISTING BUILDING INTERFACES

Vibration Control
Specification

] il 1 =

Vibration limits and “safe
lines’

Contractor devise work so
as not to exceed limits




PART

SECTION 01576
VIBRATION PROTECTION REQUIREMENTS
FOR EXISTING BUILDINGS ALONG INTERFACES
WIHHNEW CONSTRUCTHON

GENERAL

RELATED DOCUMENTS

Drawings, Specifications and general provisions of the Contract, mcluding Cremeral and
Supplementary Conditions and othr Divenon 1 Spocificativa Socucns, apply 1o this Section

SUNMARY

s Section includes the following

rachor's operations with
damage within the cxsting
o, ling of 1he Now North Wing.
the NeKindook, RublofY,

! Ihis Section defines requirements and limitations |
respect to causation of vibrations and vibwatic
buaklings (hat ar¢ 1o romain adpscand 10 the sow)
Iheve arean mclude exnting areas of the
Guosoulus, and Race Pudldegs. Thw
procedures and mvpections to b
buiklings during the commructy 2 on also provides roquaraments for

vibration bty srv exovedal and o

b The regquarcracnts, soos of thin Scction v itandad 10 belp avoxd
vibration ndu wting buildings and building contents | hene
provissons W ge causcd by anto dewatoring.  Refer to other sections
ol the prgg et apecial provisions reparndimg sie dew sermy

hoction are mmmum roquirements that shall be followed  They
do mot el olractor of the responsiuiny o provent comtructon-sdlatod damagy
1o the exis ldimas and building comtents durmg all of the comtruction actrvities
This rosponsibilly rots solcly with the Contractor.  Any Jdamage 0 the buddings o
huilding contents caused by the Contractor shall be repaired to the Owner's satisfaction o
o oot o the Owner

REFERENCE DOCUMENTS

Study 10 Estimate Vibrations Caused by Demolibion Activitios st Now Nooth Wing Intorfaces,”
prepared for the Art Institute of (hicago by Wiss Jaancy |istner Associates, Inc. A copy of this
roport 1+ avalable from the Owser upon roguest.  Thos stady providod cviimates ol vibeaton
fevels that could be caused by standard pioces of comtriction cquipment operating near the
demolition bne.  The estimates were developed (0 asvist the Owner i theoir dections about

VIBRATTON PROVECTION MEASURES 01876 - 1
ALONG EXISTING BUILDING INTERFACES

Vibration Control
Specification

Vibration limits and “safe
lines”

Contractor devise work so
as not to exceed limits

Minimum requirements,
guidance to contractor




PART )

SECTION 01576
VIBRATION PROTECTION REQUIREMENTS
FOR EXISTING BUILDINGS ALONG INTERFACES
WIHHHENEW CONSTRUCTION

GENERAL

RELATED DOCUMENTS

Drawings, Specificatrons and geoneral provisions of the Contract, mcluding CGremeral and
Supplamentary Conditions and othr Divivon 1 Spocificativa Soctons, apply 1o tus Section

SUMMARY

s Section includes the following

] s Sectaon defimes requrements and limitations |
respect to causation of vibrabions and vibwatic
buaklings (hat arc 1o romain adpscand 10 the sow)

pirachor's operatons with
damage within the existing
or, ling of 1he Now North Wing.
% the \kKinfock, Kubloff
Cumaulus, and Race Pudldegs. Thas §
provedures and mwpections to be
bukhings during the comsiructy Y on also provides roquarements for
vibration Bl sre exovadeal and o

P The requarcracnts, ooty anlandad 1o belp avoxd
vibration- ndu ; wting buildings and building contents.  These
provissons W D ge causcd by anto dewatorning.  Refer 1o other sections
ol e 6 special provissons reparding sie dew sfermy

oction are mmmum regquiroments that shall be followed  They
otracior of the responsiuinty o provent comtiucton-sdlated damagy
sildings and building contents durmg all of the comatruction sctivities

do oot rehife
1o the exis
This rovponsibildy rosts solcly with the Costractor.  Any Jdamage 0 the buddings o
bhuilding contents caused by the Contractor shall be repaired to the Owner's satisfaction o
0o oot b the Owner

REFERENCE DOCUMENTS

Study 10 Estimate Vibrations Cassad by Demolibion Activitios al Now Nooth Wing Inderfaces.”

prepared for the Art Institute of (icago by Wiss Jaancy Llstner Associates, Inc. A copy of this
roport 1 avmlable from the Owser upon roguest.  Thos stady providod cviimates ol vibeaton
levels that could be caused by standard pioces of comtriction cquipment operating near the
demolition hne.  The estimates were doveloped (0 asvist the Owner in their decions about

VIBRATION PROITATTION MEASURES 01876 - )
ALONG EXISTING BUILDING INTERFACES

Vibration Control
Specification

Vibration limits and “safe
lines”

Contractor devise work so
as not to exceed limits

Minimum requirements,
guidance to contractor

Require field trials

Define nitoring system
and alarm capabilitie

Define protocols to be
followed if above-limit
alarm occurs




At Start of Construction

Contractor means and methods submittals
Vibration trials




SECTION 0157

VIBRATION PROTECTION REQUIREMENTS
FOR EXISTING BUILDINGS ALONG INTERFACES
WITH NEW CONSTRUCTION

PART | - GENI'RAI
11 RELATED DOCUMENTS
A Drawimgs, Specifications and goeneral provwsons of the Contract, mcluding General and
Supplementary Conditions and other Divinion | Specification Sections, apply to this Section
12 SUMMARY
A 1has Section mcluden the following:
| Thie Soction delings roguiremonts snd limstations for actor’s oporatons with
respect 1o causation of vibrations and vibeation-ee ipafe within (e existing
bushlings that are to reman adjacent W the south denw st of the Now North Wing,
Those arcas mohude cxmting arcas of 1he muscy Mekmlock, Rublodd
Ciumsaules, and Rice Buddings. This Sectiorh ety (or monstorning
provedores and mapections 10 be cam or within the exmting
bsidings danng the comtraction actinvit provides requircments for
actions that shall be taken in the ov 1on lenits are exceeded and or
that comtruction actnvibion ¢ kg or hasldme contents
3 Ihe requirsmenty, Lindts this Section are intended 10 help avoid
vibyation-nduced g ¢ bukbings and budlding  contants Thos
provmsoms will h ol by sile dowatarmg.  Rafer 10 othar sections
of the |-u;“t& provevions epanding s dowakcrng
.
The p \e are manimum roquiraments that shall be followed.  They
do mot MR e § W ol D rosponminlity 0 prevest comtruction clatod Jamage
10 the o and hnkding contents dunng all of the comtrchion activities
Thia respon osts solely with the Coutractor.  Any damage to the buildings or
buskding conte® carned by the Contractor shall be repaired 1o the Owner s satisfaction o
00 cout 10 the Omnor
13 REFERENCE DOCUMENTS
A “Study 1o Listimate Vibeations Camsed by Domolition Activition at Now Noeth Wing Interfaces
propaced for the Aut lastitute of Chucago by Wiss Jonney Elstner Associates, lne, A copy of thin
ropert s avadlable from the Owoner upon roguest,  This stualy providad astimates of vibratuon
bevels that coukd be causad by standard procos of comtriction oquipmond oporating noar
domolition line. The oxtimates were daveloped to asaist the Owner in el docmions about
VIBRATION PROTECTION MEASUREYS 015761

ALONG EXNISTING BUILDING INTERFACES

Field Trials

Conduct Field Trials for
every vibration-causing
activity

Actual methods at safe
distance from art

Monitoring during
simulated activities

If vibration levels are
within limits, proceed

If not, change hods
and repeat trial




Vibration Trials

*‘“H‘pql‘es and shEét




Field Trials

Large hydraulic breakers Cooling tower selective demolition
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During Construction

Vibration monitoring
Alarms and event protocols




Vibration Monitoring

Demolition line R
monitors

(0.50 in/sec)
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monitors
(0.10 in/sec)

AIC Lower Level AIC First Level







Alarms and
s Notifications

FOR EXISTING BUTLDINGS ALONG INTERFACTS
WITIHINEW CONSTRUCTION

PART | - GENERAI

Monitoring system capable

Ll RELATED DOCUMENTS

\ Duzwings, Spoclficataes amd gorcral provsess of the Cortact, iscludeny Gonoral and Of I rT’] I'TW e(i I ate er‘r’]a I l

Supplemantary Condibons 30d vtha Dinvme | Spocificatson Scctom, apply 1o this Section

G s notifications of any above-
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Vibration Control Methodology

Goals:
Protect collection and building
Guidance to museum for advance planning
Enforce limits without undue constraints

At Startof
Construction

Vibration trials



Vibrations During Normal Operations

Possible Sources:

Heavy traffic outside
(trains, buses, trucks, etc.)

Construction on

neighboring sites
Mechanical equipment 'ﬂ

Art !nst:tute ,@f Chicago




Vibrations During Normal Operations

Mitigation:

Advocate with entity
causing the vibration
(reduce or control their
activities)

Move sensitive artwork
away from high vibration
zones

For non-moveable
objects, design vibration
iIsolation mounts or
supports
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Typical Vibration Monitoring Equipment
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Human Perception (2 Volunteers Please! ©)
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Potential for Resonance
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Potential for Resonance
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Human Perception (Tell us what you feel!l ©)

INTOLERABLE

DISTURBING

PERCEPTIBLE

o
W
QU
n

S
—

~—

.
L
J
(o] 0.1
)
>
9
=

; =
(o]

o

\\s————”/.

ISO 2631:1 PERCEPTION

10

Frequency (Hz)




Human Perception (Tell us what you feel! ©)

INTOLERABLE

DISTURBING

PERCEPTIBLE

.
\J
@
ol

S
c

.;
>

L~
J

.
v

>

9

B

; =
©

o

\\s————”/.

ISO 2631-1 PERCEPTION

10

Frequency (Hz)




Questions

Vibration Control During Museum Construction Projects
Journal of the AIC 2013, Vol. 52 No. 1, 30-47




