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structural performance. Four topic areas consisting of 1) seismic effects,
2) wind effects, 3) effects due to occupancy, traffic, snow and other loads,
and 4) sensor technology were addressed by respective task groups during a
two-day meeting of international experts. The forty-eight specific
recommendations presented in the report are intended to serve as a research
~enda for use t} universities, research establishments and funding agencies.
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PIlOCEEDIHGS

INtERNATIONAL WORKSHOP

ON

SENSORS AND MEASUREKENT TECP.NIQUES

FOlI. ASSESSING SmUCTURAL PERFORMANCE

INTRODUCTION

A cwo-day ..eting of lnternational .xpert. w.. conv.ned at the National
lnatltute of Standarda and Technology to review the state-of-the-art in
structural re.pan.e ....ur...nt., r.lat.d ••naor. and .....ur.lI.nt t.chnique•.
\lorkshop participant. lnc::lud.ed. repre..entativ.. of the private sector.
universltl.s. inatrwaent unufactur.rs and gov.X'nIIent agencies. Based on the
needa l~ntifi.d in the course of the ta.k group deliberations. a research
ag.nda conalsting of forty-.l&ht specific r.co....ndations was prepared for the
use of research •• tablishments and funding agencie•.

MCXGROUND

To better under.tand .tructural behavior and to validate IIOdels of structural
loading and r ••pem.., th.re is a continuing need for reliable field
....ur.Kant.. Field ...ure.nts, particularly· tho.e obtained over exeended
tiM periods. also provide t.portant infor.ation on which to bas. assessments of
the conclition and perforaanc::e of engineered .t:ructures. Secause such
...ure.nt. require alaost coutant JM)nitoring and frequent equip••nt servicing
and calibration, they tend to b. co.tly. In .0. ca.e. field studies have
produc.d te.t data of questionable accuracy, thus cOllplicating and confusing the
proce.. of !IOdel validation. In other c.... the ..lfunctioning of .onitoring
equi~nt has result.d in the 10•• of valuable data a••ociated with rare events
such as strons ground IIOtlona or extre. winds.

New .aterials and improv.d technology are having a draaatlc impact.: on the
r.liability and venacUil:)' of ...urG_nt devic... Instrumentation sy.tems
incorporating ••If-diagno.tic. ancl -slUrt- .euor. are lI&king po••ibl. IIOre
reliable and -ere effici.nt field ....ur...nt.. Low cost and reliable
aicroproc:•••or., collbined with non-vol.tU. -..ory .y.t.... are ..king it
po••ibl. eo coll.et, proce•• and .tor. data in eith.r continuous or interaittent
8Ode. for periods of s.v.ral y••r •.

Thi. backp:ound provided the -etivaUon for organizing • workshop at which
int.rnational .xpert. could .xchang. idea. and r ••••rch findings, di.cus. needed
r •••arch effort., and foraulate & r ••••rch .genda for us. by laboratories and
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funding agencie.. The workshop va. jointly .po~ored by the National Institute
of Standarcb and Technology (NIST) and the National Science Foundation (NSF).
Co.po~or. were the Panel on 'lind and Seiaaic Effects (U.S. -Japan Cooperative
Progr.. in Natural Re.ourc•• ) and the Performance of Structures Re.earch Council
(AIHrican Soci.ty of Civil Engineers).

TECHNICAL PROGlWI

The t.chnical prograa co~i.ted of a pl.nary ••••ion followed by four concurrent
task group working s•••iona. Th... l.ctur•• were pres.nted in the plenary
•••sion and the.e lecture. e.tablhhed the charge to each of ~he four task
group. for the r.mainder of the workshop. Th. th... lecture. addressed the
following topics:

SEISMIC EFFECTS
WIND EFFECTS
EFFECTS DUE TO OCCUPANCY. TRAFFIC I SNOW & OTHER LOADS
SENSOR TECHNOLOGY

Th. major is.ues addr••••d by the ta.k group. and th.ir recomm.ndations for a
r •••arch ag.nda were pre.ented at the clotling ••••ion of the workshop. Each
specific r.co...ndation wa. accoapanied by a state_nt of the proble.. or need
and the general approach to be taken.

2



SBlSKIC SBIISORS AlII) PmUUUIIIIft' TEaDlIQUES
!Ol ASSBSSmc; S'D1JCIURAL PIUQ8IWICE

Ahlaed K. Abdel-.:;hafCar* and S..i F. Masri*

ABSTRACT

Guidelines for the strong-motion inatru.entation of civil engineering structures
are pre.ented. lnatru-entatlon objectiv•• and criteria for .electing structures
for strong-motion inatnuaentation are introduced. I~ortance of recording
various quantities of IIOtion, th. thr.e-di••naionality of the structure, the
soil-structure interaction. the temporal and spatial variation of input-ground
IIOtiona are elaph..iz.d. Finally, the role of syste. identification techniques
in the interpretation of the recorded structural t:Jspona. and accordingly in
iJlprovlng the state of knowledge of structural behavior during strong
earthquake. is discussed.

IN'I'llODUCTION

Incr....d deaanda on structural perfomance, iJaproved ..th....tical lIIodels and
the tool. to verify these models often rel:\uire the design effort to be
supple..nted with a coaprehenaive inatru-entation progr... Also, regulations
often require t:h. ....ur...nt, collection and analysis of data to evaluste
syste. or structural performance under different loading conditions.

It 1» extr...ly important to have ·collpleu· inatruaented civil .ngin.ering
structures to indicate the nature of the re.ponse to strong earthquakes. The
tera ·colaplete· instnuaented structure ..ana inatru.entation that is capable of
providing a co-.pletely adequate definition of iftl'Jut ground motion as w.ll a.
structural re.ponse. nte input motion can be ..a.ured by strong-motion
accelerograplu, often lIOunted in buildings. on daII abuments, bridge
superstructur.. and foundations or at an appropriate site in the i..ediate
vicinity of the structure that is not obviously influenced in a ..jor way by
local geologic structural feature., as indicated by Bolt and Hudson (1975). The
instrullenc:a to .uur. structural respona. can usually b. mounted at different
locations (at leut two) on the structure, avoiding special superstruccure.
which ..y introduce localized dynamic beluvior.

The data recov.red froa inacrullented structures subjected to earthquake. can b.
valuable in i8proving the state of knowledge of structural behavior, engineering

*Profe••or, Depart.-nt of Civil Engineering
University of Southern California
Lo. Anaele., California 90089-0242
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design and construction practic.. Furth.rmore, the acquisition of such det. i •
....nd.l to .v.luate the pot.ntial earthquake hazard of existing .i.ilar
.tructure. and .1.0 to .v.luate the ••fety of p_rticular .tructure••fter strong
.arthquake-induc.d ground .haking bas occurred.

Strong motion s.nsors and r.corda are valuable tool. for r •••arch.rs, practicing
.ngin••r••• well a. for public saf.ty. For .xaapl•• ground motion or free­
fi.ld r.corda can provide vital information for: (1) interpreting earthquake
d&IIag., (11) deteraining e.rthquake _ch.nh.. or f.ult-sourc. p.r.... t.rs. and
(i11) det.raining the influence of local dte conditions on earthquake ground
motion.

Furtheraaur., structural re.p~nse data recovered froa sensors can provide vital
inforaation for; (i) evaluation of the effect of structural and noftJltructural
.l.-nts on the r ••pons., (ii) inve.tigation of soil-.tructure int.raction, and
(i11) develop_nt of aath...tical IIOdela. Such .trong motion deta can be us.d
only if ••nsor. are deploy.d and recorda ar. collected. process.d and
di....inat.d.

STRONe-KaTION RECORDS

Earthquake .trong ground motion h vibratery ground shaking that can cause
d&IIag. to -.n-aade .tructur.. and is ree-.orded near the location where an
earthquake has occurred. The actual level 0.C: ground IIOtiona .bov. which motions
are -strong- is not well defined. Typ'.cally, ground motions with a peak
acceleration greater than 0.05 g are of i',:ltere.t to earthquake entin.ers, and
tho.e greater than 0.2 g are currently coft4idered pot.ntially damaging.

A strong-motion r.cord i. defined a. the record of ground or .tructural motion
caused by relatively large earthquakes (usually aagnitude KL ~ 3.5). This
strong IIOtion, recorded .. a function of tiM, aay b. r.corded as:

1. A light trace on a fila, or
2. A line on a strip of paper, or
3. An analog or digital dgnal on aagnatic tape.

'nib IIOtion is recorded .. an .lectrically or ..chanically gener.ted lignal
which is proportional to the inst~nt·b..e-lIOtion with18 .0.. .cceptable
error.

Generally, scrong-lIOtion recorda .re recorded on acc.lerogr.phs which c.n be
analog or digital. In the analog inatru.ent they are recorded on light­
••naiti?8 fila or paper, or on aagnetic tape, and in the digit.l inatruaent they
are recorded in digital fora on "snet~c tape. Both inatru-nt type. ar.
powered by batterie.. are trillered into operation by cbe strong IIOtion it.elf
(c~ly 0.01 g in the vertical direction 1n the U.S.) and are available either
.. self-contained triaxial iu.tru.ent. or r-.ote-accelera.eter control-recording
inatru.enta. In the .elf-conta1ned variety, all aajor cOIIponents
(accelera.eter., recorder, and tril&er) are bou8ed 1n one container, wherea. in
cbe r-.ote-recorclina type (the type nc~nded for iu.taUatlon on dams,
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bridges, and large civil structu~.~. thuse elements can be physical~y se~arar.ed

but are interconnected by low-vo~tage data cable.

INSTRUMENTATION OBJECTIVES AND LOCATIONS

In general, all structural strong-motion instrumentation progr.... should have
the .... purpo.e; to obtain data that vill i~rov. the state of knowledge of
stJ:UCtural behavior during strong earthquakes. The amount of 5t..rong-motion
instru.antation that should be installed on a structure is dependent, of course,
on the intended use of the data. Froll tha earthquake engineering and structural
dynaaics point of vi.v, the proper location of peraanent instrullentation to
record strong ground 3Otion on and in the i..-diata vicinity of structures is an
L.portant quastion. Propar placa..nt vill yiald inforaation about the response
of the structure, the nature of different modes of vibration and the coupling of
the.e .ades. Inforaation indicating the affacts of soil-.tructure interaction
and, possibly, tha daaping of tha .tructure as vall as the pha.e differences in
the .ations of the horizontally ext..:,ded foundations _y also be obtained. The
folloving are general sugge.tions for the s.laction of appropriate locations of
the instrumentation; it should be notad that the.e .ugge.tions assume an ide.l
set of circuastance. and, thus, do not ~onsider any econoaic lillitations.

1. Thrll-D1gensianaUty of Structural '"Pans.: For example a set of three
orthogonal instru.ants should ba located on any given cross section of
the structure between the top-or mid-point (point of .YJllletry) and the
point of support or abutment. All,f the instruments should b. situated
so as to record vertical .ations , horizontal .ations in the longitudinal
direction of the structure, and horizontal IIOtions perpendicular to the
structure. 'nlese recorda would halp to identify the different aod.. of
vibration. Another .et .hould be located on the top or aid-point section
to record, exclusiv.ly, sym.etric vibrational mode.. A third Set should
be situatod on anothar location of the structure to obtain a better
spatial configuration of the modes of vibration. If the structure has
several ..-bers I such as tovers and eables in the case of a cable­
supported bridge, additional sets of inatru.ants should be located in
po.itiona s1Jlilar to the above-..ntionad locations in order to get a
clear picture ot the global structural rasponae.

Figure 1 shows an a~la of a vall-inatru.antad earth dea ir. .< highly
active saisaic zo~. aa.ely tha J';;11I Valley aarth dUi in the KaIIIIor'; l.ll'~e

area of Northam ';.:i!.:-,4"n" .~,,! ',\!:uLfl·'~llaffar. lQ86). The .pread of •••.sor.
on the cre. ~ .-.1«1 downz.u:re.. fac" . the d.;.., t. &11 excellent c~nfiC.lration

to capture tae 3-D mode .hape. of the daa v:.bration. Figure 2 ."'·iUS a
ca.prehenal<;e .ch.. for a _dern cable-au<:tported (stayed) br1d~;•.
A&ain, tha s.naors are vell spread and lo~. ":',1d in different pOHl-tons to
provide adaCl\:•.,. rrbrll.A..lon ~n tha c:,. ~1!!.· . ·,,,ae-dt..nsional response of
the strue!:'.:.'··
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LONG V,4.LLEY EARTH DAM

INSTRUMENT ATION LOCATIONS

Fipr. 1. An .Ullpl. of a veU-iMtruMnt.d .ardl daa in a highly active
••bale zone (Lone Valley D.. in California).
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3 - D CABLE· STAYED BRIDGE

SUBJECTED TO
GROUND MOTION

F1sure 2. It. cCMlprehena1ve lnatru.entat1cD ach.. for .a IIOdarn cable·st&yed
briqe.
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2. Spatial and Temporal Variation of Cround Mation Inputs: Two additional
s.ts of instrYllents should be used, one located at each intermediate
foundation (such a. pier. in the cas. of a bridge structure, Figure 2) in
order to correlata tha ground motions at tha two site. and to .valuate
any pha.e differences. These placements are particularly important in
bridles having very long Sp&tUI, such .. cabl.·supported bridges.
Finally, thr•• -dimensional instru.ents should b. locat.d. also, at each
of the end supports or abutments. From the.e locations information may
b. obtain.d to ."aluau the effect of the differential motion of the
support. on the mov...nts and int.raction of .pans (in the case of
bridg•• ). and thus on the structural r'.ponse.

3. Soil-Structure Int.raction: To study the soil·structur. int.raction, at
l.ast one s.t of instruments should be located on each of the banks, or
the .ite surrounding the foundation, in line with the piers of the
u~~dg., for .xa.pl., and below each end of ~be bridge deck.

4. t'inally, fre.-field ground motiaDS should be obtainf d by at least a set
of instruments to be located in the near vicinity "f the structure (see
Figure. 1 and 2).

As a final note on the instrumentation obj.ctives, it is worth emphasizing that
most structural strong-motion instrumentation programs are anticipated to have
one of the follOWing pr1llary goab: The acquisition of data to improve
engineering design and construction practice; the acquisition of data to
evaluate the potential earthquake hazard of ,xisting slailar structures; or the
acquisition of data to evaluate the .afety of particular structur•• after strong
.arthquake-induc.d ground ~hak1ng has occurr.d. Structure. iu.trYaQnted under
programs having saf.ty evaluation .. their pr1llary goal generally require
sub.tantially le.. instru.entation than tho.e inatrYllented under programs having
on. of the other two abov.-..ntioned goals. Ideally, a strong-motion
instru.antation seh... should be duign.d to incorporate the following
structural objective.:

1. Foret-Lnel D.temiQAtion: Such instru.ents .hould provide data that can
be used to calculate maximum int.mal stressas and strains at any desired
locaeion and to study or pr.dict po.sible failure modes.

2. MaWMtieal tsoclt1 lcitndficAUop: The instruaents should be designed 1n
accordance with the identification or verification of a Mth....tical
IIOcltl of the structure and should provide data that can be used to
evaluate the "sU8ptions _de in the formulation of any ..thematical
IIOcltl used in the design and/or ADalysis staS' . This allows for the
possibility of iaproving state-of-the-art techniques for modeling
structural behavior durina earthquake excit.tion. In addition,
_thtaatlcal lIOala fonaul.attd throup the ADalysis of strong-motion
reeorclli can be used to study possible failure mode... vell .. to pr.dict
.isn1ficant structur.l distortions of a1a1l.r structures during future
.arthquakes.

3. "aWMtical Modtl yerificatiop: The verifieation of • Mth....tic.l
IIOcltl ia noraally of gr.ater intereat than the detemination of force

8



levels for a p.rticular structure during a particular earthquake.
pdlUrily because the re.ult. of • lUth.lUtical IIOdel study may h.ve
wider application.

'nle ar.a of aathelUt1cal IIOdel identification or v.rification Wld.r strong
groWld .halting that ..y induce nonlinear behaviol' of the .tructure requir.s
special .tt.ntion to .en.or••nd ....ur...nt techniqu.. if accurate results are
n••ded. Aaong the considerationa that influene. the choice of inatrumentatlon
syst... for the cla•• of proble.. under consideration ar.:

1. 111e type elf dir.ct ur nt. to b. recorded, Du. to nonlinear
.ff.ct., acceler.tion ur nts ..y not b. sufficient by themselves to
yield .ccur.t•••••ur•••nt. of .tructur.l di.plac••ents and deformations.

2. Th. number of .ensor. to b. used within a distributed structure. Th.
order of high-fidelity lUthe..tic.l .,dels b h••vily influ.nc.d by the
total number of available ....ur•••nt chann.ls. In .ituations involving
nonpar_tric ..thelUtica! IIOdels (which are quite useful for nonlinear
sy.te..) the order of the idenrif1ed .,del (i .•. , degree. of fr••dom) is
.qual to the tot.l numb.r of sensor. recorded simult.neously.

3. 111e loc.tion of the s.n.ors within t.he structure is an important factor
t:hat can have a signi ficant: influence on the quallty of the
identificat:ion r.sults. 'l1le opt1Jlua location(a) of the instrumentation
is deteralne<i on the basis of the .xp.cted deforlNtion patterns of
lnt.rest and on the typ.s of instrument. being us.d.

4. Synchronization of multi-channel r.cording .yst... i. • •••ntial if
.ccurate ..the_tical IIOdels are ne.dad. This is also crucial if wave
propagation effect. are to be accurately ..~.ur.d in distributed
structur••.

RECOHMEHDED INSTRUMENTATIOlf SCHEHES

The factor. that .hould b.. con.lder.d ln the dealgn of lMtrumentatlon schemes
.re:

1. the objective of the iMtruaentatlon prograa which· .hould yield
••tisfaccory data

2. the eJq)ectrd behavior of the atruceure, including pot.ntial failure
MChant...

3. 'l'he quant:iti.. of .,tl011 that are to be ....ur.d
4. the (r.duced) ..th_tieal -adel that: is to b. daveloped to repre.ent the

doalnant structural behavior.

'lbe a.lectlon of the t:ype &Del locations of a .t:ronl-.,tion instrumentation
.ch._ for .eisaLc aonitorLnc of civil encin••ring atructure. is ba.ed upon
..veral factor... follows:

1. 'l'he type of inforaadoll which the instru.ent:at1on 18 Intended to yield,
2. 'l'he .xpected .tructural perforJIaftCe, and
3. 'l'he re~ftSe quantitie. that are to be r.corded.
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In g.neral, ab.olut. acc.l.rationa ar., .0 far, the mo.t convenient and
dasirable quantities of structural or ground IIOtion to record. Although in
recent y••r. the need for .tr.in-displace..nt a. w.ll as rot.tional-motion
....ur...nt. i. on the incr••••• there i. not yet an av.ilabl. compreh.n.iv. set
of recorda.

A. Input Ground Motion

Th. free-fi.ld sensor••hould be situated to obtain records of ground motion
th.t .r. not influenc.d by (1. e ., do not include) .tructural response.
aecause of the inr.ended use of fre.-field r.cordings. it is important that
such instrumentation be install.d near the structure on similar foundation or
soil conditions, but that it not b. loc.t.d u.edi.t.ly adj.cent to the
structure. Th. criterion utilized for buildings in California. which
specifi.s that .ire. intended to bs fre.-fi.ld .hould be at a distance from
ths instrument.d structur. squal to on. and one-h.lf tiae. the •• timated
wav.length of a she.r v.ve (at the surf.ce) h.ving • p.riod equal to the
fl.\Ddaaeneal p.riod of the instI'UlHnted structure, should apply to general
civil engi~ering structur... The fr.e-field instrum.ntation should provide
important info~tion on the direction of seis.ic-vave form arrivals, on wave
pha.. lag., and on the overall thre.-di..rmional response of the ground
surfac. in the vicinity of the str\ICture.

B. Soil-Structur. Interaction

Ground-level instrumentation should b. install.d to provide information on
the .xt.nt to which soil-structure interaction has occurred at the site; that
is, the extent to which the structure .... and stiffne.s have influenced the
motion recorded at the ba.e of the structure support(s). Even in cases wI.ere
foundation conditions .ugge.t that it is highly unlikely that .oil-structur.
int.raction .ight occur, at l.ast on. fre.-fi.ld site should b. instrum.nted
in order to validate .uch an a.swaption.

Th. .-ount of instrumentation to be install.d at the base of each support
where soil-structure interaction is expected is dependent on the expected
mode of .oil-structur. interaction. No~lly, soil-structure int.raction can
b. .xp.ct.d to occur in the form of horizontal traralations or rotations
about a horizontal axis. In those instances wh.re horizontal translations of
the structure support base are exp.ct.d, one accelero..ter is required for
.ach principal direction of interest (normally the longitudinal and/or
tran.vers. directions). In those instanc.s wh.re rotations about a
horizontal axis are .xp.ct.d. either a rotation ••nsing accel.ro..ter or a
pair of v.rtical acc.l.ro..ter. i. r.quir.d for each principal direction of
int.r.st.

C. Spatial Variltion of Input Ground Kgtign

Th. following thr•• b.sic ground motion conditions are .xp.cted to exist It
the .it.: (1) th. ground IIOtion is .xpected to be identical (or nearly so)
beDeath each support; (2) the ground motion is not .xp.ct.d to b. identical
beDeath each .upport .ven thousb the founclation ..terials are considered to
be rilid r.lative to the .tructure; and (3) the gro\Dld motion is not .xpected
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to be identical to the support motion because the foundation material is not
rigid relative to the structure.
Condition (1) exi.ts if the entire structure 1s situated on firm, relatively
hoaogeneou. foundation lUterial and if the structural horizontal length (or
length of .pans of intere.t in the ca.e of bridge.) i. le.s than a critical
distance, Lcr • (Rojabn and Raggatt, 1981) given by:

where

Ler(n) • reco...nded aaxt.ua spacing between instruments located at the base
of struccural supports for each dominant mode of response, n,

Tn - natural period of dominant mode of response, n, and

~ • apparent or actual horizontal propagation velocity of the dominant
seisaic-wave foraa (c • 3,000 a/s for S-body wave•• normally the doainant
wave foraa at locations clo.e to the .ource region of shallow
earthquakes; c. 2,700 als (approx1JUtely) for surface waves which lUy be
doainant at larger dbtAliCes).

The critical di.tance i. primarily dependent on the follOWing ewo factors: (1)
apparent or actual horizontal propagation velocity of the ground motion; and (2)
the funda8ental or lowest natural frequencies of the strucC"~re (or span of
intare.t in case of bridges). These factors provide estimates of the maximum
pha.e lag that can be expected to occur beeween acceleration histories recorded
at varioua points on the structure. Such pha.e lag. are considered to be
significant in force deterJa1nation and ..thelUtical aodelling studies if they
axceed 6° (Rojahn and Raggett, 1981) which would result in wave amplitude errors
.. large at 10 percent at any time.

In the c..e when the foundation ..terial is fina or the foundation conditions
vary s1p1ficaDtly from one and of the structure to the other, but t~ a
horizontal diIMnsion of the structure is longer than Lcr for one or aore
do.inant aode. of re.ponse, condition (2) i. considered to axi.t. In this case,
Instru.entation should be installed at the base of two or aore structure
support. (in c..e of a· discretely supported :tructure) or of two or IIIOre
loeationa on the foundation of continuously supported structures (such as dams).
The number and arrang...nt of .ensors to be installed at each support base to be
Instl'U8anted b dependent on the dlrection(s) of the expected do.inant aode(s)
of responae. In those instance. where condition (3) is expected to exist, that
b. in those inatances where the foundation ..terial b flexible (relative to
the structure), instrua-ntation should be installed at the b... of each support
at which that condition .slats and at the b..e of one or .are additional
supporta, clepending on Lcr for clolainant Mdea of r ••pons. and the length of
atructure (or span of intereat).

Fip.s 3 &Del 4 illustrate the b..ic ele_nu affecting the design of .erong
mUon 1natru88ntation .. well .. the reaponse quantities to be ....ur.d for
lcmg-spaa .tructur... The•• ba.lc el...nes are .lso applicable for any major
civil engineedna 8tructur•.
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Y. A. Dalglie.h*

INTRODUCTION

Yind and ••rthquake effects on structure. have aueh in ea.-on: .xtr.... ev.nts
occur rar.ly and vary in .ev.rity .ccording to geographic location; structural
r ••pon.. i. dynamic; deforaat ion. , displace••nt., and acc.l.ration. ..y occar in
any dir.ction, but the ...in conc.m is for horizont.l laOtian. COtul.qu.ntly •
• 0.. i~truaent.tion dev.loped for monitoring ••i ••ic eff.cts can .erve for wind
.ff.cts .. w.ll. Sh.ring tools .nd t.chnique. will promote b.tter understanding
and int.rchangeability of data and .xperti.e. There ...y al.o be opportunities
for shar.d progr.... In addition, further develop...nt and .cono.i.s of scale
should follow fro••xpanding the nUilber of user•.

B.caus. data acquisition sy.te.. and di.placesent or acceler.tion sensors
dev.loped for ••i ••ic progr......y b. adapted for wind, in ••tting research
prioriti.. we .hould focus in.tead on .uch specific needs •• pre••ure sensors
and building p.raeabil1ty ....ur...nt technique•.

Yind action on a .tructur. diff.rs fro. .arthquake effects in th.e wind
pre••ur.. are di.tribut.d over ev.ry bit of it. .urface .re.. E.rthquake
effects, on the oth.r hand, usually are .ppU.d only .t the ba.e of the
.tructure. Wind pr•••ure. on cladding, being the difference between external
and intamal pr•••ure., are more coapl1cated to ....ur. th.n b••• motion. Not
only do•• the pr•••ure on the out.ide of the cladding fluctuate continuously.
and vary with loc.tion on the structure, but the internal pre.sure (within the
cladding ....-bly, and i~ide bulldlng.) vade. with the peraeability of the
cladding. A ..jor r ••••'C'ch chall.ng. is to dev.lop sensors .nd lIle.surement
t.chnique. to rel.t. cladding perfor...nce to the input wind conditions.

Yind. in co.bination with the buoyancy effect of indoor/outdoor air t.mperature
diff.r.nc.s and t~. pr••sur. diff.rence. caus.d by the air-handling equip..ne of
the buildina, i. L.plicat.d in anoth.r ••rious ••pect of structural perforaance
of the buildilll .nvelope. Moi.tur. depo.it.d within the cladding ....lIbly by
.ir infiltr.tion (r.in) and exfiltr.tio~ (conden..tion) proaote. corro.ion .nd
10•• of structur.l capacity of vital cODpon.nt.. tloreover, qualit:y of the
indoor .nviroaa.nt, whil. not directly r.lat.d to .tructural performance, also
dep.nd8 on adequate control of air transport under diff.r.ntial pre••ure•.

To identify hlah-priority r ••••rch n••ds in ••~or and ....ur...nt tecnnology,
we _t first .xaaina the .tructural nt prog=__ that will us. that
techDololY. If tho•• progn•• caanpt find .upport, th.re i. littl. point in
developilll t.chnololY for th... In the c... of vind .ffects on building., an

*Institut. for Ile••arch in Construction
N.tional Re.aarch Council of Canada
Montr••l load Laboratori•• , Ottav., Canada K~ OR6
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a nt program has a gr.ater chance of being funded if it provid••
information on the durability or s.rvic.ability of the building .nclosure at the
.... t1lH u exploring .tructural perfol"llancI .

With the•• reco_.ndations in mind, l.t us now con.ider bri.fly the important
f.atur.. of wind Ifflcts on .tructure.. and .0.. implications for the
acquisition of data.

IMPORTANT FEATURES OF WIND EFFECT KEASUllEKENTS

YAI1_bility in Spac.

Structure. defl.ct wind around th lv... causing po.itive pr.ssures on
windward-facing waU.. and n.gativ. pr ures on mo.t oth.r .urfac... These
pre••ur.. are non-unlfora. with particularly large gradi.nts near windward
.dge.. Eddi•••h.d fro. upwind .tructur•• increase the spatial variability of
the flow approaching downwind structures.

The inpuc force. for calculating structural re.ponse of the whole structure, or
cOllpon.nts of it. are so..et... found by integrating the diff.r.ntial pressures
over tb. relevant .urface area.. Many pre••ure .ensor. are n.eded to account
prop.rly for .patial variations in surface pre••ur•.

Wind force. on a .tructure are modifi.d by the geoMtrh. and po.ition. of
structure. iJuediately up.tr.... as w.ll as the gen.ral terrain roughne•• : This
Mana that wind dlr.ction is another important variabl.. In addition. wind
v.locity and turbulence v.ry with height above ground. It t.. generally
impr.ctical to insc.ll .nough wind s.nsor. in the right locations to define the
oncoaing wind coapl.t.ly.

Variability in IimI

Pre••ure••t any point on a .tructure vary continuously with ti.e. as w~ll as
fro. point to point on its surfac... The mo.t rapid fluc~uat1on. have rise
t1ae. of a fr.ction of ••econd. Although de.ign ba.ed .imply on the II&gnitude
of the pealt gust pre..ure or .uction ia still co.-on. the wind resi.tance of.0_ ..teri.La depends al.o on duration of expo.ure to high stre... Rapid
pre••ure fluctuationa .hould be .ampled .t: le••t: 30 t1ae. per .econd; window­
sized gusta ..y last froa 1 to 10 .econds, and building-sized gusts. up to 1
.i~te.

The next largelt tiM le.le of 1JIportanee 1a the dur.tion of the stOrll. which
can v.ry froa a few .inut•• (p....g. of a tornado) to a few hours (passage of a
hurricane or winter cyclone). Where data .tor.ge i. liaited, the latter p.rts
of lone atona uy be lo.at, dep.nclina on how the data acquisition syst•• is
prosr_d .

On a eUutlc sc.l., the buic unit of tt.e is ~~lly the y••r. To generate
deslp data lor structure. with useful lifett..e. of 30 to SO ye.rs, recorda at
le..t this l~~ .re de.irable; however, there .r. str.t.gle. for extr.pol.ting
frOli aach abort.r data s.rie.. It is gener.lly iapraetic.l tQ monitor a
structure over it. whole lifett.. to deteraine its respons. to the de.ign load.
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Pac. Acqui,itiQn Str.t,1Y

No ..,t.r how long you vait, or hov ..ny ••u.or. y~u ca~ afford. some crit1cal
.v.nt. or ~tails vill b. mb••d. Thus, n.ld ~ta awlt b. eo.mi.n.d with a wind
tunn.l .tudy and other inZonaation to ftll in the in.vicabil! ~ap.. Local
..t.orological r.cords aay b. us.ful.

Data .y.t... ~ually run unatt.nded for long p.riods; r.liability and provision
for r.dundant ....ur••ent. of k.y parameter. are highly t.p~rtant. Data should
b. checked, proc••••d, IDd archiv.d (monthly) .ccording t~ plan. Malfunctions
~t b. causht .arly, and r.cording tactic. optt..ized •• .venta ,ccWlUlate.
Auto-.tic z.ro·drift and caUbration dgnal recording are r.quired at regular
int.rval. (.t l.ast daily). Full calibration using phy.ical input. trac.abl. to
.tandard valua., <at l.a.t half-y••rly) give the r.rult. cr.dibility.

In addition to b..ic .cati.tlcal .u.aari•• of all ••naor. (as.u.ad conn.ct,d to
a central microproc••sor), .p.cial r.cords can be tak.n of pr,-defin.d .vents.
For .xampl., r.cord .v.ry sampl. of .very channel for a pr.d.t.min.d perfod
wh.never a thr.shold wind .~.d is exceeded.

This conclude. g.neral co_nt. on the nature of wind .ff.ct a.a.ureaents. To
a••1st 'the task group in I11tins .nd r.nking .pacific n••ds for r ...arch on
••nsor. and ....ur..nt t.chno1oIY. .uU••tiona are off.red in the context of
r ...arch obj.ctiv.s arising frOil fi.ld project. in Canada <Dalgliesh, 1982;
Gangul! and Dalglie.h, 1988).

RESEARCH O&rECTlVES AID SENSOR/HEASUREMENT TECHNOLOGY NEEDS

Definition ?f Input Wind Conditions

Wind speed and direction at k.y locations on site, air temperature and
bar~tric pre••ur., are ••••ntl.1. Each fIeld slte pre.ent. its own problems
with r ••pect to sit1ng inst~nt•• but th.r. 18 an opportunity to .elect, and
to t.prove upon••pa.d and dir.ction ••nsor.. In addition to being rugged and
...y to ..intain, they .hould havw • fl.t. lin.ar r ••ponse to fluctuations from
D.C. to 10 Hz. Dir.etion i. difficult to r.cord a. a aingl. signal; sometimes
.ine and co.lne are r.cor~d, and anocber option i. to r.cord up to 540 degrees
aziJluCb. 'there 1. Icope for iaprOVllMnt here.

T......r.tur. and barOMtrie pre.aure are requir.d to conv.rt frOll .peed to
prea.ure. An auto-rllllins alcro·barOlllur with r ••olution down to 5 ,. should
be davelop.cJ for us. within buildings to resist.r wind-induced fluctuations in
the int.rnal pr.s.ur•.

"MS"Pt Of 'trw;par.l R••PAP"

bee••iva tip diapllC..nt and rotation about the vertical axis of a tower
supportina .ierov.". antenoaa. interfere with trANIa1sdon. Displac...nt is
41180 • aooc& Masur. of overall • tructural respone.. Sp.cial-purpo.e
instr18elltaClon bd been developed for followtlll the tip dUplac..nt of a
buJ.1d11l1. relative to ita b... (Da1aU..h. 1982). Th. fundaaental r.quir...nt
is to have • ref.renc••pinse which to ....ur. IIOtion. One ..thod is to direct
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a la.er be.. vertically up an exi.tinS ahaft, such .. an elevator. Photo-cell
oetector. ~unted on Cbe moveable carriage of an x-v plotter have been used to
send error sianab to the drive IIOtora of the carriase. to keep the detector
array locked on the be... Air ullperature variationa introduce .purious
fluctuationa in the be_. which IaU8t b. fllured out. and gr.at care 1aU8t. be
taken to .naur. that the fouucUtlon under the laser doe. not rock, causing
.-plified di.placeaent. at the top.

Horizontal acceleration .aaure..nt provides a cheaper. IIOre direct Maaure of
perceptible IIOtion. At leut three aenaors are required per level to include
the effects of tor.lon. Aceelero.ters are also used for deteraining building
freqUAInciea. dallping. and .-ode .hape.. FreqUAInciea and daaping can b•
.-pl1tuda-dependent (D&1gUesh et &1, 1~83). A stable datUia can also be a
probl.. for accelerOMter .a.ure..nt., in that any tilting of the instrument is
indistiftlUishable frOia accderation. Perhapa so.. space-age spin-off in the
fora of a lYToacopic pl.tfora .1&ht be conaidered to isol.te .ccelera..ters from
local rotationa of structur.. on which they are lIOunted.

Strains in atructural ..abers of a high ris. office tow.r have been measured by
foil sause., which have been .urpri.ingly reliable and atable over .everal yftars
oi IIOnitorinc (D.lal1e.h, 1982). If co.J)ined with the nece••aT» circuitry,
.train S.use. Id&ht fona p.rt of p.ckage. to work with various parts of the
structure as loed cells for continuous and peraanent IIOnitoring of perforaance.

y.lidation of Wind Tynntl De.ien Data for Till Building

The b..ic ure..nta for detaUed nt of how w.ll wind tunnel design
data refl.cta the b.haviour of real buildings are differential surface
pre••ure.--located to ..tch critical r.adings fro. the wind tunnel. Recorda are
tabn of the arithaetic ..an, .tandard deviation, .in1laula, and 1UX1IauIa for each
5 or 10 aiaut. interval (D.lalie.h, 1982). V.rious .tatistic.l eoaparisons and
tesea are po••ibl.. A .-.ple rate of 30/a should b. auffieient to define pe.k
guata in ••t lil1tuationa. Anelo, filter. with low p..a at 10 Hz will control
al1uinc. It 18 WportUlt to guarc.' .pinat blockaSe of the tubing to pressure
tap.. A .olenoid and valve auat be incorporated with pr•••un sensora to
provide z.ro r.edina- .t the ead of e.~h .-.plias interv.l. Surpri.ingly, there
do DOt .... to be c~rcially available units that have all of the required
feature., .0 an opportunity for re.earch i. pr•••nted,

tv.ry fleld expert.ent require. a dynaaic pre••ure ref.rence aa a ....ur. of the
str.ncth of the input wind, usually derived frca wind apeed at • location clear
of interference frOia the buildiq or any DlIighbourlng structure.. For
cOlipuiaon with vind tunnel re.ults, ••catic pr•••ura reference i ••lso needed;
ill the wind tulmel thh is usually eaken frca a pre••ure t.p aounted flush on •
aide "ell of the tuDnill, or ebe frOla the .tatic ports of • pitot tube, but
there is no ...y 81&1011 to be found in the field situation. If the reference
.ida. of all .urface pre••ure transducer. .re connected to the .... internal
location, • be.t-fit va.a.ue for the intemal pre••ure due to wlnd effect can be
.rived. At le..t 0.. aicro-bara.ter .hould be used to track the efleen of
w1Dd on the lnternal pre.aure directly. As .ntloned el.ewhere, .cae r ••••rch
on iutru.entation and .uur..nt techn1q\M., including data reduction to
r-.ove bara..trlc pre••ure trenda, "lLl be requlrecl.
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Th. ..a.ur...nt and analy.1a of wind effect. on ir.ternal pre••ure is very
iaportant for cladding ded! ,1. the control of lI01ature in the w.ll, .nd the
functionln& of the building .t~lo.ure to prevent r.in penetration. In the cold
....on of north.rn cliaat•• , .xc••• iv••xfiltxation in • poorly functioning w.ll
..y r ••ult in dang.roua fo~tiona of icicl•• on high-ria. building•.

Structural r.r(grwapc. of Cl.ddio,

Through-th.-wall pr•••ur. gradients are illpOrt.ot for the desian of two-.t.ge
w.ll. in which the out.r l.y.r i. v.nt.d to out.ide .s a r.in scre.n. Multiple
tapa in each inatru.ented. coap.re.eot.d p.n.l ch.ck it. perforaanc.. Data are
.1.0 us.d to build b.t.t.r analytic.l model. and develop wind tunnel technique.
to .tudy loc.l .ffecta. Improve..nts would be w.lco.. in methods for deployment
of pre••ure cell•• or t.pping point. for .pati.lly int.grating readings of gusts
over individual c~are.ent p.nel•.

Or~. the pre••ur.. are .pportion.d to the v.rious l.y.rs of the w.U. there
r ...ins the proble. of how to expre.. the load on the rainscreen a. .Ollle

fraction of the total load acro.. the waU; the llaXi.. are usually out of pha.e.
to auch an exUDt that th.y ..y .v.n b. acting IIOIMntarUy in opposite
dir.ctiona (Ganguli and Dalglieah, 1988).

One of the unsolved probl... for cl.dding deaign is the .......nt of mi..ile
haz.rda--roof Iravel and oth.r loo.e cona~ruetion ..t.rial. that are implicated
in • alpu.ficant proportion of 11... failure. during windstot1U. S~ thought
.hould be liven to dev.lopinl a .urv.y t.chnique for .i••lle .ourc•• upwind of a
.tX'\!.C.ture at ri.k. IIv.luatins wind .peeds required to cause proj.ctiles to
b.COM airborne.

Roof upUft acccnmts for a "jor part of wind daaale. Deslgn.r• .ust enaure
that the alr barri.r can tranaf.r wind load throu&h a vaUd load path to the
foundation. ther. 1a a ne.d for • weath.r-proof ..thod for pl.cing a low­
profile .e08or on top of, and within roofinc .yste.. to find out which l.yers
.re actually re.istiftl the wind induced suctio08, p.rticularly in reglons of
r.pid fluetuatio08 and .p.tial v.riation. ne.r corner•.
Th••• exa.ple., coaing ••tly fro. r ••••rch on buildinS•. do oot represent a
co-..lete U.t of po••ibl. ~e••arcb topic.. It will b. up to the ta.k Iroup.
over the next two day., to dabat. ·the ..rita of an expanded li.t. and to provide
IUidance on tho•• it... p.rc.ived to b. of particul.r i8p0rtanc.. Th. following
r ...rka .y .treqth.n our r.solve to pre.ent r.co-.ndationa that will result
in action.

USIMCll FOR sasoas AND KEASUUMEHT TECHNIQUES

"'-king r.c...ndationa for bip priority r ••••rcb .hould be .r. than an
.cadea1c ex.rci.e. 'I. -.&at keep in .iNS the ne.ds of the end us.r. who IlUSt be
per.u.ded to lund the fi.ld n.earch. Aft.r fi.ld r ....rch.r. aaka .tructural
perforMDC. ........nu, we should .xpect c.rt.in desilD or conatruetion
practic.. to be either conflrMd or cban&ed. Structural perfora&Dc. • nt
.hould be interpreted broadly. Servic.ability and durability ar••180 important
to end users. and oft.n the ..... deu a.rve to ...... ..f.ty, ••rviceabili ty ADd
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durability. Even so.e non-structural functioM, such as the control of rain
pen.eration and air l.akag., require wind data for prQp.r design and .valuation.

Where po•• ible, the r.commendations .hould .ncourage the use of common tool. and
.tandard techniques. Sensor., signal conditioning and pr.-proc••alng,
trans.i•• ion, atorage, analy.i., and archiving of data will beco.. cheaper, more
r.liable, and more widely understood and accepted in proportion to the number of
us.rs and applications found for the.. ArIy new re••arch prioritiea should
concentrate on tho•• part. of probl... for which there are no off-th.-ahelf
.olutions. This r.duc.s to a .iniaua the new technnlolY that .ust b. dev.loped,
proved, and learned. A .adular approach to probl.. solving should b.
encouraged.

As with any proj.ct where accountability i. required. th~re ahould be
intermediate objective., with ch.ckpoinea where progre.. is moni~or.d, and if
n.c••••ry, tactic. for proce.dine to a aolution revis.d. Finally,
••nsor/....ur...nt t.chnique proj.ct. ar. not ends in th...elv•• ; they at.nd a
b.tter chanc. of timely compl.tion if their deadlin.. are driven by actual
structural nt project•.
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EFFECTS DUE TO OCCUPANCY. IlAFFIC. SHOW & 0THEiC. LOADS

Robert A. Cri.t*

INTRODUCTION

It is a pleasure "nd honor to be invited ~·s .. speaker for this International
Workshop on Se~or. and Measure••nt Techniquea for Aa•••• ing Structural
Perforllance. I have been assigned the dubious honor of addressing the subject:
of the workshop with reap.ct to occupancy. traffic, snow and other loacb. If
one were to refer to the Aaerican National Stnndards Institute A-58 Standard for
IUn1llua Design Loads for !ulldings and Other Structures. you would find the
aajority of the Standard is ..de up of requirement. for sei••ic and wind .ffects
.nd the re..inder for occupancy and .now loads. Traffic and oth.r load .ffects
are not referred to so this allows me so.. flexibility in addre.sing how we may
approach the problem of performance of structures relating to the load area that
I have been as.igned.

TYPES OF LOADS

We ahould understand the definitions of the various loads that I am addressing
before co~idering the respo~e of .tructures to the.e loads. Snow loads are
obviou.. and are covered under building codes and in detail in the ANSI A-58
Standard. S1Jailarly, occupancy loads, which are those vertical loads
superiapo.ed upon the structure such as hwu.n weight, furniture, partitions,
etc. also are well covered by building code. and by ANSI A-58. Traffic can be
co~1dered in a generic se~e. It ..y b. vehicular, hwu.n or. 1n some unusual
c..... wat.rway. The.e loads gener.lly tra~.it short terll, tille dependent
loads to the atructure. "Oth.r Eff.cts," for the purposes of my pr.sentation,
are comidered to be du& to .ir. water, shock, vibr.tion or machinery. Air and
wat.r could b4l cOMldered .. pollut: .." causins d.terior.tion .and infiltr.tion.
Building facade. ar. subject to not: .:.ae air and w.ter environments. Their
re.po~e to the enviroDllent has to b~ ....ur.d.

ELEKENTS OF nil PROBLEM

We lIUSt ..k ours.lv•••0.. siapl. questions to focus on our goals. What is
th.re to ....ur. for performance of structur.s? To borrow a cliche' frail the
IIOv1e titl., w. need the "Right Stuff." For u. to properly evaluate wh.t the
right .tuff la, let us break down our probl_ into its fundament.1 parts. Key
words of our workshop are .a,unD0t: and p.rforpatlce. What is perfot1l&nc.? It:
1& the re.ponse of a .y.t_ to 1ts envlrOl'llHnt. There are thr.e important
words; .nviroftMnt, which iapl1e. load; .yst••, which iJapUes the
characteri.tics of the .trueturA; and response, which iaplies the output of the

*Vice Pre.ident
Wi•• , Janney, El.tner AA.oclat.s, Inc.
Northbrook, IL 60052-2095
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structure due to the input or load. We must consider measurements in all three
areas.

So.. exuples for ..asure. of the environment or losd are:

o Depdh, rela~ed to hydraulic head, buried structures or snow loads

o Location related to snow drifting

o Density related to weight of snow

o Koeeorology related to snow load

o Kotion related to ground transmitted vibration

o Pre••ure

o Count related to occupancy loads

o Radiation related to light and thermal load.

o Size, weight and shape related to occupancy load.

o Anthropo..try related to human occupancy activity

o Che.istry ~el.ted to air and water pollution

Heasures of 5yste. characteristics can be described in several ways. The
following are examples:

o Hoclulu.

o Stiffness

o Natural frequency

o Duping

o RasisUvlty

o Den.sity

o Conductivity

o Tranaal.sibility

o Strength related to yield, endurance and ult1aate strength

o Wel&ht

o Cheai.try related to the ch..lcal .akeup of the syste.
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o Di••naiona

Response is the output of the structure and is measured in many ways.

o Strain re.ulting fro. deformation

o Corro.ion resulting fro. che.ical attack

o Acceleration resulting fro. traffic or vehicular loads

o Velocity resulting fro. dynamic loads

o Displace.ent resulting fro. both slowly and rapidly applied loads

o Color or color change resulting fro. che.ical environment

o Deterioration resulting from physical or chemical breakdown of the
structure.

MEASUREltENTS FOR ASSESSMENT OF PERFORMANCE

Now that ve hav. the definitions and .xampl.s of the elements of our problem,
the load, th••y.t.. and it. re.ponse, w. need to ..Ie our.elves other questions.
Our as.ignaent at the workshop is the as••••••nt of performanc.. What

·paramet.rs ar. ne.ded to ...... pet"fonaanc.7 aefore ve can determine what
par&llllters are required, w. must addre•• the criteria that are used to assess
performance. Our _asur••nts to a••e•• performance must be consistent with the
assessment criteria or our me..urement. _y be useless. On the other hand, if
we have no choice on the type of _asure..nt. to be made, then our criteria may
ne.d to be changed. Ve should not create criteria for assessment for which
measure..nts cannot be _de.

He.sure_nt. can be ..de on the in-service sy.t•• to ••••ss performance. Also.
aodels can b. usad.

o Apply .iailitude for larg.r than or le•• than full scal. physical models.

o Analytical or computer aodel•.

u Was .tated previously, the type of ..a.ure.nt .hould be consistent with the
as nt criteria. If our nt crit.ria r.late to tiM, for example,
the .tructure .hould last 10 year., or if the .tructure should not resonate for
a ayna.ic load that has a duration of 1••• than a second, th.n the ...surements
have to be consi.t.nt with the•• t1JM fr..... Various type. of instrwaentation
.hould be considered. '

o P...ive inatru.entat1on can be l.ft in place, unattended, that provides
.ither vi.ual or ch..ical indications of re.ponse

o Active ....ur...nt. using .l.ctronic., ..chanical devic•• , etc.

o ~t.....ur...nt.
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o On-.it. and in .itu mea.ur•••nts

"'be .....ur...n': technique .lso has to b. compatibl. with the crit.riD and our
ability to analyze the data obtained by the t.chnique. Th••e t.chniques als,)
h.ve to be co~ider.d with respect to the .ccessibility and type of structural
.y.t....

o Nonde.tructive

o De.tructive

o Disruptiv.

o In situ

o Obtru.ive

o Unobtrusive

Inforaation proce•• tng is one of th. ~re co.tly it.... to be considered.
Choice. can be made of off-th.-.h.lf and custom .oftw.r.. Wh.t should we do
with the ....ur...nt. one. w. g.t th...? Often too laUch information is gathered
and it b.came. difficult, if not impo••ible, to retri.ve and .nalyze it. Some
of the typ•• of proce.sing "e bave .v.ilable to us are:

o On-line or .1IIult.neous

oReal t1Jae

o Off lin.

o H£nd proc~••inl or vi.ual

Instru.ent t.chnology has offer.d us a wida range of choices in both transducers
and conditioning .quipment.

o Solid .tat.

o S.rvo-..chanlcal

o M.chanical

o Visual

o El.ctrochemical

Me..ur...nt of the perfor.anc. of • .tructur. is ••••nti.lly an .xperiaent and
the .xp.rt-nt has to be des1sned. Me..ur nt••re ..de and int.rpreted to
provide the r ••pons. of the .yst... Ar. th ur...nt. what we want and c.n
th.y be int.rpr.t.d with the l.vel of r.liability nec•••ary? S1JIple things
.hould be consider.d:
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o Size of .ampl.

o a.pr•••ntative .ampl••

In our proc••• of ..csuring the perfo1"llance of .tructures and assessing them.
the application of the as•••••en;,; should eneer ineo the overall de.ign of our
....ur...nt .y.t.... So•• of the applications of as.e.sment are:

o Fix

o a.novat.

o Maintain

o Surv.illanc.

o DellOl1sh

o Input for the de.ign of oth.r ayat...

o Evaluat. to ... t .pecific.tions

Th. coat of ....ur...nt. and the tlu av.il.ble for a••es••ent muat be
constantly k.pt under c:on.ideration. It is unusual, but so..tlus it is the
cu. that coat 18 of no conc.rn but th.re is limited time to perform the
.........nt. Thi. is .. provoc.tiv. a probl.... haVing pl.nty of tlme and
U.ited funds. Ko.t all of us attempting to 1I&k~ ....ur...nt. to assess the
p.rforunc. of .tructure. are confronted with th.a. iuues. Therefore. the type
of ....ur...nt. our data proc•••ing and the value to the as......nt continually
ne.d to b••ddr••••d.

Thi. pr•••ntation i. int.nded to b. a ••ri•• of que.tions and chall.nges IIlOre
than answer.. V. lade addr... th.... w. progr... through our deliberations in
the woruhop.

StiHMARY

In .u..ary, l.t us re-.xamine what th••• challeng•• ar•.

o What .hould w.....ur.? Slaply put, it should be the -aight Stuff.".

o the perfonunc. of a structur. La the r.spons. of a .yst.. to its
eavirou.ent wh.r.:

o Inviro~nt t.pli.s load

o 5yst.. t.pli.. the charact.ri.tics of ths structure

o ".ponss t.pli•• the output of the .tructur•• i .•.•
defl.ction••train. acc.l.ration. det.rioration. etc.

25



M.a.ur.ment...y have to b...de in all of th••• ar•••.

o Th. p.ram.t.r. to ass... p.rformanc. have to b. d.t.rain.d and addres.ed

o Crit.ri. for ••••s •••nt have to b•••t.bli.h.d b.for. the a nt is
undertak.n

o Wh.r. .hould the .....urtl..nts be ..d. in the .y.t••?

o Wh.t ••••ure..nt t.chnology .hould b••ppli.d?

o How should the information b. proc••••d?

o Wh.t instrument.tion t.chnology .hould b. u..d: p•••ive, active, remote, in
.itu, .tc.?

o Th•••s•••••nt should b. consider.d .. an .xp.ri••nt and the experiment
should b. de.igned c.refully

o Th. .pplic.tion of the nt .hould b••xamin.d b.for. any p.rformance
.v.luation is undertaken. Is the .tructur. to be fix.d, r.novated,
demolish.d, or i. information to b. g.th.r.d for de.ign?

And, l ..t but not l •••t of .11

o Th. co.t and time .v.ilabl. for the nt ..y do.inat. decisions made
on .11 consider.tions.

I t is hoped that th... chall.ng.. will b. .dd.r••••d throughout our workshop.
So.. ..y .pp••r to b. mundane and too fundament.l ; how.....r, it has be.n my
.xp.ri.nc. that many .r. ov.rlooked in the nt proc.s. and beco jor
b.rri.r. to the .ucc••s of the program.
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SDISOII. TECHROLOGY

ti.cthy A. aeinhold*

INTRODUCTION

the obj.ctive of this paper anr::. pre.entation at the Int.mat.lonal Workshop on
S.naora and Ke..ur...nt t.chnique. for As....ing Structural Perfonaance is tc
provide an overview of .ensor technology to h.lp focus dhc\Usiona during the
ta.k group working ....iona. nt. paper b.gina with a review of r.quir•••nts for
various cypa. of full-.c.l.....ur...nt••nd outlin.. the typ•• of ••••ur•••nts
conducted. The .econd section di.cus.e•••nsor performance require••nts, signal
conditionina and the trans.h.ion of dgnab. The third .ection discuss.s
lev.l. of co~lexity in senaor••nd data .y.t..... the technology moves towards
·smart· .ehaor.. The paper clo.e. with a brief outline of challenges for the
futur•.

MEAStlREKENT REQUIREMENTS AND TYPES OF KEASUllEKENTS

Me••ura.nt r.quir...nt. for v.rious .ra•• of activity relAted to structural
perforlUllc. were defined .t an earlier N.tional Sci.nc. Foundation .poMond
workshop on ·Fi.ld M ure..nt•. - P.rticipant••t that workshop conaider.d ana
.stabli.hed ....ur nt requir...nt. for e.rthquake ground motion, wind speeds,
wind pre••ur•• , dynamic re.ponae of structur.l fr , dyn&lllic re.ponse of
coapon.nts and lona-t8rJ1 cr••p or .ettl•••nt. The ur•••nt r.quire.ents for
bandwidth, a.nsitivity, clytwIic range and re.olutf.on required for .ngineering
and r ••••reh app11cat1ona 1n th••e area. are Dummariz.d in Tabl. 1.

There 1. a w1de vari.ty of .eMors on the market which .re capable of producing
oucput .ignals proportional 1n .ith.r a line.r or nonlin.Ar way to A desired
quantity such as force, displ.ce..nt, velocity, acceler.tion or so... other
char.cteri.tic of int.re.t. Tabl. 2 provide•• listing of so.. of the devices
and technolol1es used. C.Mr.lly, th... devic.. .mploy ....ur...nta of so.e
basic quantity or quantities such as displ.ce..nt, velocity, acceleration,
foree, t.-p.raeure, li&ht or tiM to produc. derived quantities .uch .s length,
width, thickne•• , po.ition, lev.1 , .urface quality, strain, vibration frequency,
.p••d, r.t. of flow or • JaYr1ad of other quantiti••.

SENSOR PDFOIUL\NCE AND SIGNAL CONDITIONING

Sensor performance can b. defined in terIU of Unearity. dynamic response .
• ensitivity &ad r.p.aeabillty or accur.cy. Th. line.rity relate. to the degree
of coapledty of the relationship between the basic and derlv.d quantity or
quantiri•• , hyst.re.l., stability or cr.ep, and el..tic .fter-effect. The

*Vic. Pr••ldantjManaser
Applied ....arch In&ineerinl Service., Inc.
6404 '.lb of N.ua. Rd., Ral.lgh, Ne 27615
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dynaaic r ••pon•• i. related to the damping and admittance function of the sensor
b.eveen input and output. Th1. can make the .ensor more or le.s .uitable fo~

sinusoidal, step function and transient input.. The .ensitivity and
r.p.atability or accuracy of the sensor d.pends on the compensation for
temperature changes, degradation of r.sponse and/or ••nsitivity due to exposure,
contamination or det.rioration. Finally, the accutacy of the .ensor and the
dynamic rang. depend on it. signal to noise ratio.

Even when the sensor or .ensing ele.nt ..ats all the b..ic r.quir....nt. for the
application, oth.r probl... related to signal transmi..ion and r.cording can
degrade the quality of the .....ur...nt. Th••• probl.... can be lUlllped together
a. signal conditioning and noi... Fir.t, th.re can be pr.-conditioning noi.e or
.rror. which aris. from ••nsor location in an unfavorable or el.ctrically noisy
environment. and .l.ctrostatic or electro_gnetic transmh.ion noise arising
b.twe.n the ••nsor and the signal condition.r.

The signal conditioning unit its.lf can b. a .ignificant source of noise and the
components mu.t b. capable of at l.a.t the s.... dynaa1c range as the sensor or
ehe accuracy of ehe output will .uffer. While noise can be removed or at least
reduc.d with a good .ignal conditioning unit through filtering and co...on mode
rejection, additional noise can arise fro.. of~••t errors dua to mismatching
input impedanc.s, gain .rror. by discr.t. compon.nt tol.ranc. and drift, and by
the dynamic range of individual cOllponents.

One•••nsor output has b••n conditioned, and this usually includes producing
high l.vel signals which are le.. susc.ptible to noise, the signals are
trans..itted to the r.c::ordar. Again, noise can cont...inate the signals during
that trUWll1.a1on and the recorder ies.lf ...y introduce quantizing noise or
ali..ing if proper filt.ring has not been .ccomplish.d.

SENSOR/SYSTEM COMPLEXITY

Sensors are a part of any ur...nt syst.. Th.y can range 1n complexity from
a .impl••train gage which ur•• a b..ic quantity to a syste. which turns an
entire buildinl or bridl. into a transduc.r. Th.re are those ..rho sugg.st that
sensor. naed to b.co.... sophi.ticat.d or "s.art" .. po•• ibl. in order to
handle thing••uch a. co.,ens.tion, .ending, conv.rsion of units, lin.arization,
s.lf-calibration and ch.ckinl. Ther. are oth.rs who want the sophistication and
ch.cking placed in a central c~t.r .y.t•• , thus le.ving the ••nsor... b••ic,
inexp.nsiv. component.. Some of the logical level. of eogplexity ar. suggest.d
in Figur. 1 . 11l. chall.nge ia to find the appropriate balance b.tween
di.tributed and central intellig.nc. for the particular application.

Th. challenge for the c Lvil .ngine.ring '.:~ity is to IIOre .ffectively use
••nsors to ~itor and .~aluat. our .tructur... Kodarn racing craft with their
us. of .ensor. to IIOnitOl:' ...ta, .aih, aM. oth.r key el_nt., all connected to
a central c~t.r which controls the various functions ••••nti.l to the
.tructural int.grity of the craft. point to the po••ibiliti... Vhil. w. uy not
be clo.e to rely1na on l:.c»ntrol .yat.. to ensure .tructural .af.ty, we l14y find
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applications of IIOnitoring and control useful in applications such as post
di.a.ter evaluation or structural serviceability.

1. SAMPLE CONVERSION

ANALOG INTERFACE &
SIGNAL PROCESSING UNIT

.a.In

• FlIsrIng

• l.lIIIIIIId lIMa""'"
oampIIlMIIan

DIGITAL INTERFACE

• M1111lp1ulng

• A ID D CllI1ftIsIan

HOST c:a..UTER
SoftweN

• ConversIon to .lQlIlMI'lolQ units

• Senear vIIIIdIIIan • error checking

• CompenIdon
• AnalysIs

11-�--.--------- REMOTE SYSTEM --------------1·1

2. ENVIRONMENTAL COUPENSATION

e~-".,B--~.tYJ------ID~---··

• Uiie1t&IIIIal.
·T.......

call'" r "

ANALOO INTERFACE &
SIQNAL. PAOCE8SING UNIT

.~

• FlIsrIng

DIGITAL INTERFACE

.M1111p1emg

·AIDD~

HOST Ct.lMPUTER
SoftwN

• COIMI'IIOn III .1QlI"':'lQ units

• Senear vIIIIdeIlan I ...... checking.....
1-'------- AEMOTESVSTEM ---------1

FLaure 1. Leveb of .ensor cOIIplex1ty
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3. ~UNICAT1ONS CAPABIUTIeS

e .......--------------.....~

• SIgrlIII COI'lCIIclrmQ
·~...an
• A 10 0 COIMfIIOn

·~~III

4. DIAGNOSTICS

HOST CONPUTEA
san-.

·~to·......llIun1l1
• 8InIar V8IIddon , emil' cheddng

.~

lei ~.---------- ....

• .....cu••••1lI
- CcIIIlpeI-...cwa
-"IDD •

-~II"""III

- 8eI , •• liS II

HOST COWIUTER
sa-.

• Conoellian to .......111 unII.,.,...

FLaure 1 (Cont.) Levels of .enaor cOllPlex1ey
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USBAaal OPPOltt\JJilnBS

TASK GIOUP A
SZISIIIC IPPBC'rS

Chai~: J.... Gate.
Divi.ion Gf Structures
CALTltANS
Saer...nto, CA 94274

MCJ{CROUND:

The 16 reco_ndations developed at thl. workshop 1n the .ei••le area are
intended to ..sbt the structural engineer in the design and conatruetion of
safe, .co~lcal .ei••ie re.i.tant structure.. The reeo...ndationa cover four
broad eategories:

o Fr.e Field Effects
o Seisale Interactions With Soils and Liquids
o Structural a.sponse
o Coop.ration and eo..on Projects With Others

While the following rec~ndat1ons have b••n arranged in order of priority
within each category, it is reco...nded that prioritization be accomplished by
consultil\l the "jor 1nnru-ntal:ion t ....... in the country, including the USGS,
che California State Strong Motion Inatrwaentation Progr.. and others. An
attaapt was ..de for each reco...ndation to addres. a .eparate topic; however,
so_ overlap occurs.

Because of tiM luitations so_ reeo...ndations did not receive a complete
write-up .. desired, but thb should not b. .een a. an indication of low
lapartance. All it... are considered to b. t.portant as this list represents a
distillation of a longer list of topics.

FREE FIElD EFFECTS:

uaMDMnOB Al: 'DIUI-DIIIIlISIOML DDSI IBS'D1IIIft
AlllAYS

1IIRD-DIlIDSICJML DDS. I1SDUiiift AllAYS IIDD '10 BE
Dl'rALUD lOR lII6SUIlDC IO"l'B PUE-nELD Ala) JIOUlmAnOB
DIPI'IUIIT1AL Im'l'lmlS

LoD& horizontally extended structures .uch as pipelines, t\InI\eb, long-span
briqe. aad ,a.zeral l1tal1ne structures can experience differential IIOtion at
tb8ir supporting pointa/sldaa. Therefore, no radoul .arthquake-resistant
de.ip for the.e structures b possible without Icnovledge of die .patht and
t&llPOral variation of .arthquake &round IIOtiOns alona the axial line at their
.upportiq pointa/aict.s. In addition, the•••tructur•• are located at sit••
with varioua ground conditions and SOM of the. are under&round. Thus, the
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.ffeets of .arthquake ground· actions to whic& th... structures are subj ected
normally differ as the prop.g.tion. attenuation. and amplific.tion
charact.ri.tics of s.ismic waves vary with soil conditions. Therefor.. dense
instrument arrays of differential •• ismic motion by ..ny accelerographs .s well
.s displac...nt ~.t.=s .hould b. deployed on the ground and underground (down
hole.) in .pecific area. of representative free-field .nd soil-.tructure
interaction .ite. in highly .ctiv. s.i.mic zon... Such arrays can give valuable
Infonaation on attenuation char.cteristic. by loc.l topography .nd geol~'l!>.i.cal

conditions. Such efforts should b. coordinated with appropriate federal and
.tate agenci.s.

ucaaIIRDATIOR A2: LOHC-PIRIOD CIlOORD MOTIOBS

STATE-OF-'DD-ART SERSORS SHOULD IE DEVEIDPED AIm
DEPLOYED FOR. TIIB MEAS1JIlEMERT OF LONG- PERIOD GROUND
KOTIOBS

High frequency motions .tt.nuat. much IIOr. rapidly wi th distance from the cencer
of s.Lamie en.rgy r.l.... than do low frequency motions. Accordingly, at
distant locations there i. an appreciable .ffeet of long-period ground motion.
In addition. due to the t.chnical difficulties of accurately extracting long­
p.riod motions (3 s.conds and longer) from cypical acc.lerograms and due to the
Lmportanca of earthquake-re.istant design of long-period structures such as t.ll
buildings. long-span c.ble-supported bridg.s and fluid contain.rs, there is an
urgent n.ed to develop and deploy strong moeion instruments for long-period
....ur...nt.. Th. data from such .ensors would also b. valuable for comparative
.tudi.. of routinely proc••••d data (such as integrated velocity and
displ.c...nt historie.) from .ccelerograms.

SEISKIC INTERACTIONS WITH SOIL AND LIQUIDS:

DIVELOP CXIIPACT ARD IHIPENSIVI ltF.ASllRF.KENT METHODS
Paa DISPlACIIIElI"r AIID RarATIOR

Ko.t of the time hi.tory r.cords of ground and .tructural motions are
aceel.ration records becauae of the conv.ni.nc. of mea.ur.ment. aut to assess
the ••fety of .tructur.. during e.rthquake.. the displacement is the most
Lmportant par...tar to ur. bec.uaa .tr.ins and .tr••••• in the structur.s
depend on the di.plac nt.. Di.placements .re difficult to obt.in from
aceoler.tlon records. Heeded re.earch lnclwt.. the development of COIlp.ct
.ensor. and le.. expensive ....ur...nt procedur.. to accur.tely c.pture ground
aM structur.l di.plae...nts. In addition, the develup.ant of 1aproved methods
of velocity .asur...nt .hould be encouraged.
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UCOiIOIlCRDATIOR AI.: SOIL ImWaC SlllAl. STIAIB

1lIlVIATlW IBS'mUIIEMTATlOR TO IIEASUU D'YlWUC SHEAI.
SDADI IB SOIL SHOULD BE DEVELOPED AIm DIPLDYID

Data on dyn.-ic characteristics of soU at large amplitudes are scarce. In
addition, due to earthquake-induced large-amplitude dynamic strain in soil~ and
earth struceure. during daaaging earthquakes, there 1a an urgent need to
accurat.ly measure values of shear strain of defor.ed soils at free-field sites,
in relatively poor soU. surrounding large foundationa, inside earth daru and
embanlaMnts, and in zon.. of potential soU Hquefaction. Efforts should be
focused on the developlMnr: of cost-.ffective and accurate sensors. The data
obtained fro. .uch ....ur...nta would b. v.ry valuable in verifying existing
analytical techniques of nonlin..ar con.titutive IIOdeUng, nonlinear dynamic
soil-structure interaction, and sei••ic analysis of earth dam. and embankments.

~TJONAS: DYlWIIC PRESSURES Df SOILS
ABO LIQUIDS

DEVELOP DIPIlOVED IBS'ralJIOtN"i'S TO IDASlJU D'YlWI1C
PUSSURES IB SOILS ARD LIQUIDS

'nt. dynaaic influenc•• of various soUs on large foundations and walls under
•• i ••ie loading ne.d IIOr. eorr.lation with analytical studie.. 'nti. can lead to
improved design proc.dur.s and iJlprov.d (and hop.fully le.s costly) designs. An
deono.lcal, rugged, co~act and =eliable sensor which can re...in buried and
op.rati~nal for a long period of time 1. ne.ded. Applications could be expanded
to ....ur. the variation in v.rtical pr..sur. under spread footings which are
generally conservatively designed. Other applications would include tunnels and
oth.r underground .truceure•.

UO'""UbATICB A6: FOR.CIS IB PIUS

'!1m BlBAV101. or PILlS AlII) 'IBI rau:a IB PILlS DUURG
~ SIIDUtD as _It'QUD ABO USDL1'IRC DMACS
SBOUIJ) U DOQiiDtiD

'nte saf.ty of .tructure. supported by pile. i. gr.atly affected by the dynamic
behavior of the pU.s. But th.r. are not .nough observational r ••ponae data
avallabh for pU.s uneler •• i ••ic loads. Ke..ure..nt t.chniques should be
~velopecl to ....ur. deflections and strain/str••s in the pile. and
inst~ntae1on to accoapl1.h this .hould b. deployed. Such data would be
valuable for so11 dynaaics and foundation design.
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STRUCTURAL RESPONSE:

UCCMhBlIDATIOB A7: DEFLECTIOB TIME HIS'I'ORlES

OPTICAL AIm VIDEO 'IECIIIIlQUIS roa 1'IIE IIEASDIl.EIIIRT
OF TID HISTORIES OF S'l'IDCTORAL DD'LECTlOMS REED
to BI DEVBLOPBD

Ko.t curr.nt ••i ••ic ....ur•••nt. involve the place••nt of ••nsors at various
locations on the .tructur. with extensive c.bling to conn.ct each .ensor to a
remote recording .y.te•.

Current video and optical technology perait. the overall structural response to
b. r.eorded and data fro. many locations to be recorded .iaultaneously on video
tape. The advantages of .uch a .yste. would be lower initial cost. and
flexibility in post-.arthquake analy.is. In addition, a vi.ual observation of
daJlage would be po..ible whieh could aid in collapse potential studt... The
syste. would abo be uaed on v.ry compl.x syst... which would require up to
hundr.ds of channel. of conventional sensor.. In addition, the response of
lnacce••ible .y.t... such a. tho.e located in toxic or high voltage area. could
be ....ur.d.

~OBM: lmaILK DATA ~SInOM SYSTIK

A maILK DATA ACQUISITIOB SYSTEM SB01JU) 18 DBVBIDPED
to CAP'1'UU GIDURD mrIOB A!Q) S'tRDC'l'UIAL USPORS8 DATA

At the pr•••nt tille it ia not well under.tood how .tructure. holving large base
d1JMnaiona r.spond to a ••rie. of on-co.ing ground motions. Such structures
include long-.pan bridge. with aultiple .upporu and buildings of large plan
d1JMnaiona. U.ually th••e .tructure. are de.igned with .n .ssumption th.t all
parts of the b..e of such structure. an subjected siaultaneoualy to the same
ground IIOtion. It baa b••n .hown that thia a••umption may lead to
UDCoQltryative design. Accurately defined ground IIOtiOns are needed for
realistic evaluations of the re.ponae of .tructures to .ei••ic events.

In order to obtain ground IIOtion data an array of portable instrument. should be
deployed u.ec1Iately following the initial event of a _jor earehquake to
capture free-field ground .-otiona .. well .. re.ponse. of a••orted structures:.
It is not coat effective to 1natall a larse ~r of co.tly instrwaents at o,l

~artlcular ait. and vait for a _jor event to occur. Several IIObUe units,
perhaps 5 or 6, .hould be plac.d in .eisaicaUy active regions with each unit
...igned to cover certaln pre••lected .1te•.

Th. re••arcb&r and de.Igner are prt.arily intar••ead ln cba aceual force. (axial
foree, nt, .htu) in varioua cO-.pontnt. of a structure. COllpact, reliable
instru.enu which output force. directly would be very uaeful. The b..b for
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sueh an instrument would ba tha lIlaasure_nt of strain. VLSI technology could b.!
uaed to out.put uaeful engineering data directly.

COOPERATION AND COHKON PR.OJECTS WITH OTHERS;

RBQ'WiNbATIOB AlO: COOPDATlVE STODUS V'lTH
0'1:1III. COUBDlES

DBVElDP OPl'Ol:'tUiITIES VI'DI OTHII. COOln.'UES FOR.
moPBIATIVI: STUDIES to OBTAIB STRDC'l'tl8AL USPOllSB
DATA ext A TIllELY BASIS

Opportunitie. to collect re.ponse data frolll actual structures are lilllited in the
U.S. due to tha infrequent occurrence of strong earthquakes and winds at sites
where candidate structur.s are located. For exampl., Japan has lIl&ny bridges and
buildings which are designed ba.ed on advanced design concept. and are subjected
to frequent strong earthquake. and winds (5 or 6 tillles per yQolr). These
structures serve .. idaal full-seale laboratories to obtain valuable dynamic
re.ponse data of full-.cale structure... well as to evaluate the effectiveness
of inst1:\llMnea. At the pr...nt t1ae, the UJNll Pan.l on Wind and S.islllic Effects
prOVides an .ff.ctiv. channel to undertake coop.rative work with Japanese
re.earchers and enlineers. This ..chani•• could be utilized further to explore
co.t .ff.ctiv. r ••••rch.

RECCIaIIRDATlOB All: IHPIlOVBD DAD ACQUlSITIOll

IIIPIUJVD) IWl'DQIAD bATA ACQUISITIOB SYSTEIIS FOIl
CIlOOIID IUl10B AIIJ) S'DDcruRAL USPORSB KEAS1JRDIERTS
DID '1'0 .. DBVElDPID

Effort. should be directed toward the laprove..nt of data acquisition systems
for c.ntral r.cording of fr••-fi.ld, int.r.ction syst... and structural-r.sponse
.ations. Specific.lly, the following it... are considered es.ential:

1. aa.ot. interrogation, including data trans.is.ion
2. U.e of PC technology .. an upgrading path
3. Pre-event -.ory capabilities
4. Analog signal outputs and AID and D/A conv.rt.rs
5. Data storage and display

IJWIMUlM'nOB Al2: DBPLOiIWit OF SBISIlIC SBIISOIlS

CUlDBLDIIS SIIQUU) .. ESTABLISHED ~ 'DIE DBPL01IIBlft
OF SBISIlIC SIBSCIlS

To uke the .cst of the r.corded .ctlona of the ground and structures observed
at varloua place., deplo,..nt guidelines .hould be established. This will also
encourage people who would like to ....ur. earthquake .at-ions but d')n't know
how. ODe possible "ay to do this would be through a workshop. Input should
ca.e froa Milinean and sansor unufactur.rs and the workshop .hould be
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international in scope. Th. publi.hed guideline••hould include the details of
the ...ure.nt .thod. and explain just what b being .a.ur.d and why.

ue~UAnOli Al): INTEGIATIOB OF USPOBSI DATA
lB SUR.T IIU1LDIRGS

IIIAIIS SIIDULD II Dl'LJUD 'IO IBTIGIlATI lUlu)lBG
S'lRIJC!UIlAL RlSPOISI DATA IB'IO 'DIE OOR'rROL SYSTDIS
FOR WAC AIm SICURITY III SlLUT BUILDIlfGS

Iocr.a•..1g nU1lbers of new buildings are being controlled using a systell which
control. internal enviromaent, transpureation and ••curity. Th. systell is
dependent upon inforaation continuously supplied by s.nsors placed at strategic
locations throuahout the building. It is co.t effective to incorporate the
.yste. for the collection of wind and .ei.llic re.ponse data.

IICtiIiIDDATIOil Al4: COfB)B MEASURIBG SYSTPJfS FOR
vnm AIm SIlSK1C IFFICTS

DIVILOP CCIIMOII DASUaDIC SYSTEMS FOR 'l'HE IIEAS1JIEMElIT
OF SIISIIIC IFPICTS AlQ) VI1Q) DTIC'l:S

Wh.n wind and .eisllic .yste.. exbt side by side In a structure. guidelines
should be developed and .y.t."'... should be perfected to utilize co..on c:'ata
channel. and data acqu18ition syst... for both type. of data. Savings would
i.nclude the ellllination of duplicate .y.te.. and reduction in ..intenance
operations.

IEaRUHlJAnCli A15: SlsrDi IDIlITIPJ:CAt'IOR TBaIRlQUES

DInOVBD SYSTIlI mannCATICli TlalRIQUBS AlII) SIGRA'rDU
ARAL'DIS PIOCIDUUS IIDD 10 U DEVElDPID

The cleveloplMnt and deplO}'lHnt of 1IIproved instruaents for groWld-lIotion and
structural-re.ponse ....ur••nt••hould go hand-in-hand with the dev.lopllent of
sophi.ticated .y.t•• identification and .ignaeur. techniques. More r.s.arch is
ne.ded in ar... .uch .. : nonlinear (both t1Jae and frequency do...ins) system
identification, IlUlei-input .alti-output .y.e.... randoll decrellent analysis.
daaage detection technique. and nondestructive evaluation aethodologies.
V.rificaeion of .xi.tina .y.te. identific.tion techniques vi. exp.rimental and
ob••rv.tional studie. 1s .lso ne.ded.

D&TA STUDQDS FOI. SEISIIIC DATA IUD TO U DEVElDPID

'n1ere is a ne.d to dav.lop for.al standards for the format of s.baic (and wind)
dau .lema the Una. of applicabl. ANSI standards. Thia is .speci.lly so for
e~c.r data to pera1t ...y 1neerchan&e of data b.a-en r ••••rch.rs. The
standard could be .xpanded to be international 1n scope.

38



Chainu.n: Khhor C. Mehta
Department of Civil Engineering
Texa. Tech Univer.ity
Lubbock, Texas 79409

BAClCGIlOUND :

The .ight reco...ndatioDli developed by tho.e individuals who addressed wind
effect. are concerned primarily with improv.d instrumentation and techniques for
....uring wind sp.eds and a••ociat.d pr•••ur.. in and on structures. In
particular, the difficult proble.. of ..a.uring wind speeds around large
structure. and ••tabli.hing a suitable r.f.rence pre.sure in full scale studies
were addr••••d.

RECCllMl:RDUIOIf B1: DIl'ROVED vnm SPEED KEASUREMEtITS

to BB"l'TIIl DEFIlIE 'DIE wnm LOADS ACTIRG Oft S'l'IlDC'IUUS,
SEVIIIAL IIIl'ROVBKIRTS All RllDED IB till MEASlJUMERT
OF vnm SPUD AlII) DUlECTIOR, AlQ) 111 mE ARALYSIS OF
'DIES. DATA

Improv...nt. are n••ded in the type of wind spe.d data provided by the national
n'.>twork of NVS .tatioDli. It is th.s. long-t.rm r.cords which are used to
pr.dict wind loads. Data are curr.ntly r.ported in difficult to us. forms such
as fasee.e ail••p••da and th••• data .hould b. replaced with JaOre directly
usable information. Curr.nt instrumentation and data acquisition systems need
to b. co.Dined into a .y.t.. which will provide wind record. of direct use for
structural de.ign purpo.... If accepted by NOAA, the.e syste.. and an expanded
n.twork of reliab.c.. wind r.cording stations could provide valuable data for
structural de.ign purpo•••.

IBCCIIIIIIDA'1'OB B2: DnEIDPIIIlIT OF PORTABLE URITS FOIl
'rill IIIASOUMIlIT OF vnm SPEED AlQ)

DIUC'l'IOB

SBLF-COII'rADIID PCaTAlLI UBITS RIID to BE DEVELOPED
Ita till I.ICDRJ)IlfG OF vnm SPEED ARD DlllEC'l'IOR 111
'DIE S'IORII PAm

Th. wind re.istance of structures is often a......d through post-storm damage
.urvey.. In many c.... the wind .peed recorda are insuffici.nt to allow full
correlation of the "'Ie to wind sp••ds. A portable, rulled, s.lf-contain.d
unit i. needed for recording wind .p••d and dir.ction to h.lp overco.. this lack
of data. An array of the.e units could b. inatcU.d in the path of a .torm to
provide .patial and t-.poral wind .pe.d value.. Such portable unit. could .lso
be us.d to provide velocity profil•• within the roughn••• layer near low-ris.
buildlnp.
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UCCIIKERDATIOIl 13: I.DIO'lE SDISING DEVICES

DIV'ICU AU DIDIO VIm VRIQI '1'0 SENSE VlND SPEED
AID DIUCTlOll AIOOBD I1JlLDDIGS AND arHEll STRUC"l'UUS

Often the need develop. for the re.ote .ensing of the velocity field around a
.tructure. For exaaple, the horizontal velocity distribution upwind ot a bridge
or the vertical wind profile approaching a large building i. needed. Advanced
reaote .enaing device. for vind .peed should be developed which will operate
.adsfactorily in .uch applicationa, thua el1Jainating the need for IIl&sts or
other fixed aounting device.,

DIPIlO'lBD 'IIAlISDUCIIl TBaINOLOCY AND II'lTIIl DISPLACIIIBNT
'.l'IABSDUCIIS All BlBDID POI. K&\SDUlIG St'KIJC"l"OUL
DlSl'LACDIBlmI

~ind induced displace..nts of structures and structural components have
traditionally be.n sea.ured by placing a li.ited number of senaors at carefully
chosen locatioM on the st:ruceur.l .y.t... 'nli. provide. a .easure of
deflection at the loc.tion of each sensor station. If the overall behavior or
response of the .tructure i. under' inve.tigation, it i. nece••ary to evaluate
r.l.tive di8placUl8nt. of the .enaor .tationa .. a .et. Displace.nes between
sensor......1: be inferred. It is oftan necessary to lUe senaors which do not
....ur. diaplae...nt. directly, e.g. acc~l.roaeters. This dictate. that
..asur...nta .ust be properly converted to the desired physical quantity before
application. For situations when d1splace..nu JaUSlt be monitored in or near
occupied .pace., it 1a nec...ary to keep the instalbtlon siJllple by Using
co~act and unobtruaive .ensors. Vber••ensors are exposed directly to harsh
emrlronaent., they ..... t be _ather r ••l.t;ant, rug_d, and protected froll
Ugbtn1na and other voltage surge•.

Although eXist1ng .ensors have g.nerally been usabl., they do not enable the
cOl8prehens1ve and direct aeuur....nt of syste. displac••ents (1.e. IDOde shapes
and AllPlitudea) and cQIIPOnent diaplace..nea (loeal failure) that are needed for
evaluating .tructural parfor'lleDCe. A new ••neor, possibly based upon fiber
optic technology, should be developed which will eneble continuous measurellent
of structural d1aplac...nta along the full height .. in the ease of tall
buildings or tovers. and along the full billa as in the cas. of long-.pan
bridge. . 'nle .eneor technolosy should abo addre.. the need for ....uring
...U-scale, local displac...nta within structural cOI8ponenta. The samar
davelop.-nt .hould result 1n & de.ign which is unobtrusive, siaple to install,
and ruged.

40



IlECCHIERDATiOR a5: MEASURI!JIIMT OF vnm EFFECTS

All IlI'l'BGIATED SYSTIII BUDS to all DIVILOPED FOR
'l'BI IIIASlJIlJ!XIlf OF VIIID EFFECTS OR BUILDIHGS
AIID 0'I'HEIl S'l'IDC"l'UUS

A syst.. with which to ..asure wind effects on building. and structure. can be
thought of .. being ...de up of three ...jor cOlaponene.: (1) A central cOlaputer
.y.te. for managing; the data acquisition, analysis and recording; (2) The
equip..nt ne.dad for lnitlal proce.. lng and trana.is.ion of the data fro. the
••naora; and (3) 'l1l. individual tranaducera . A .lUrt tranaducer .ight
incorporate both (2) and (3) or one version of (2) .ight suffice for .everal
trazuducers.

Control sy.t... in elle fora of PC's are readily available and can be adapted
e.. l1y to the needs of a data acqui.ltion .y.te.. New .y.t... are in continuous
development and neeel not b. of conc.m to this group. '111. electronics for smart
tranaducers are also undar development by many others. However, It is lmportant
to take advantage of all elle•• develop..nt. and to incorporate the. into the
de.ign of individual trazuducer.. For exaaple, use of tele..try would be an
excellent ..thod of controlling and getting the data fro. individual sensors.
Today the tendency 18 to use existing phone cable. or .pecial purpose cables.
U.e of tele..try coulel po••ibly reduce the co.t of this part of the sy.te. and
also would eliminate the conatant repairs to cabling encountered in buildings
due to ina~rtent dall&se by daily ...int.nance and repair personnel. However,
the tele..try sy.t_ ...t be robust and free fro. outside interference. Thus
the "'jor concem in developing acquisition syst... for buildings and other
structur.s will be in the area of the tranaducers and sensor. to be used in such
sy.t....

UCQ9IIKMT1OR 16: ABSOUJTI PRESSURE TURSDUCD.

All ABSOIJJD l'USsuaE lIBASURIIIQ DAlISDOCII. AIID SIlADY
IEFIUIICI pussuu noaa nED 10 U DEVIIDPED

'lind interacting wiell elle surfaces of a building 01 other structure causes
pre.sur•• to act on tho.e surface.. It is current practice to monitor these
pre••ure., .ither 1n the wind tunnel or in the field,. using differential
pre••ure transducers. 111e difficulty with using differential pressure
transducers in the field 1a the r.quir...nt for a .teady reference pressure.
'lind 1Dduced pre••ure can be ....ur.d reliably if an ab.olute pre••ure
transducer i. developed. 111e new transducer will be useful in deteraining
pre.sure. on building cladding .urface. that are in di.tre•• , in obtaining field
data of vind induced pre.sure., .. well .. in ....urinS pre..ure. on model
surface. in vind amnels. 'l1le develOpMnt of an absolute pre••ure tranact.u:er
vill not only reduce the co.t of pre••ure ..a.ur...nta, but also will perait
pre.sure ....ur-..nt. on a vide variety of .tructure. thet are not pouible at
pre.ent.
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IlECDIIIBlmATIOB 87: LOV-nonLE LOAD CELLS

DEVELOP A LOV-nonu LOAD au. WHICH CAlI BE
ATrACIIBD TO BUIlJ)1lIC SORFACBS

A need b perceived for inexpensive. e.sUy inst.lled low-profile load cell.
which could be .tt.ched to the surf.c.. of bUildings to ....ure wind lo.ds.
Such transduc.r. and •••oci.tgd .ignal conditioning .nd data trans.i••ion
.y.t... .hould be .. unobtrusive •• po..ibl. in order to g.in .ccept.nce by
building owners.

The.e transducer. should be c.pable of oper.ting in the r.nge of ± 200 p.f and
b. ins.nsitive to moistur••nd temper.ture ch.nge.. Their deployaent on a large
nUllb.r of building. would gr••tly improve our knowledge of .ctual wind loads.
They could .1.0 b. us.d for wind tunnel .pplic.tions. In both c•••• the lack of
• need for • r.ferenc. pr•••ure would greatly f&Cilit.tll th.ir us.. Recently
develop.d pre••'U'. ..nsitiv. fil.. or oth.r miniaturiz.d lo.d c.ll. .ight also
prove .uie.bl. for thi••pplic.tion.

A MITBOD IS DEDID 1m. 'DIE DETEIIIIlIATIOB or DTEI1IAL
PUSstJUS

The distribution and .iz. of le.kag. path. through the building envelope
det.raine the int.rnal pr•••ur... A ....ur...nt t.chnique is r.quir.d to
coll.ct r.pre••ntative fi.ld inforaaUon in order to develop reli.bl••ethocls
for cladding de.ign. In .ddition to structur.l lo.cia. this information is
••••nti.l for ......ing wind .ffects on .) • .,htur••ccumul.tion in the wall
..."ly (.ffeces durability). b) indoor air quality .nd building v.ntilation
ne.ds. c) •.au control ....ur•• (fir.). and d) .nergy effici.ncy. Airflo1o' in
the plane of the .nclo.ur. pre••nts a ..jor chall.nge. C.ndidate techniques
include .) tr.c.r g...... b) pre••uriz.tion of isol.t.d cDaponents and flow
....ur...nt•• and c) th.rmogr.phy.
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TAft CIOOP C
uncrs DUB 'TO OCCUPANCY. DAFFlC. SBOV & 0'DIEIl LOADS

Ch.irun: R.obert A. Crist
Viss, Ja~y. Hlstner Associates, Inc.
Northbrook. Illinois 60062

BACKGROUND :

Th••• r.c~ndationa provide guidanc. for the develop.ent of illproved, lIore
co.t .ff.ctive and safer design and a nt criteria for structures. The
..jor el._nt. of ....ur...nt considered her. f.ll into thr.e general
c.tegorl•• :

o Enviroa..nt.l lo.de to which a structure i. expo••d
o Sy.te. (.tructure) ch.racteri.tic.
o Re.ponse

It is iJlportant to recognize that _ ••uxeaent. alone cannot be utilized
.ffectively for the de.ign of n.v .tructure. and the •••e....nt of existing
.tructure. unl••• criteria for application of the ..asur...nts exist. It may be
n.c••••ry in .0.. instance. that ....ur...nta be ...d. without criteria to
demOnstr.t. th. n••d for crit.ri. and th.ir dev.lopment.

CORROSION:

Billions of doll.rs have been .p.nt on r.p.ir and ..inunance of uruccures
wh.re corrosion is occurring. Much r ••••rch h.. been done to determine thee.wa... ..chani.. and debilit.tinS .ff.cta of corrosion. The lIlOat obvioWi
effect 15 10•• of cro.s- ••ctional are. of the corroding el••nt. Seconwu:y
effecu••uch .. stre•• corrosion cracking. fr.ezing of ...Ung surfaces and
l.teral pressure due to the expaa.ion of the corrosion product h.ve .lao led to
structural di.tr•••.

R....rch 18 neees.d to dev.lop aethoda and davic.. which can quantify corrosion
activity. ..•••rch ia .lao ~edad to drv.lop .cceptable criteria for corro.ion
evaluat1on. Keuur._nt technique. should focus on IIOnitoring of hidden steel
surf.c•• duee .uch .urface. cannot b. ea.ily inspected nor directly .....ured.
lxaapl•• of hidden st.el ele_nu are reinforcing bara, prestre•• ing stranda •
...onry ~horag••• r.tainins wall tiebacks and st.el conrwctions in timber and
steel structur••.

ucxaullATIC8 Cl: DISTIIICZ 01' cauosICIB

DnBLOP A _-DlStaUCtiVI IIIAS1JUIIIn TlQlllIQUI '10 vaIFY'
'!III Ubi... O. oauosIOB AID QlWlTIn 'nil IA1'I 01'
COUOSIml O. -"IDDBD- OR BIDDD STDL BL1lIIBIrrS

Exbtins _cb0d8 of corrosion _uur...nt are the half cell potential lM'Chod
(AStK C 876-87) for reinforced concr.t.. optical bore.cope for .eeel behind
...onry c.vity ••11.. and phy.ical .xpo.ure ancl direct lM..ure_nt of the
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corroding ele.ent. All of the.e ..ethods are cUllber.o.. to ilaplellent and
difficult to interpret. The instruments developed should be passive.
inexpensive, reliable And accurate for embedded devicesr They .hould be easily
portable, il~xpenaive and ea.y to use a. field te.ting device•.

IlICQ'llEllDATIOB C2: IDSS or ClOSS SECTION

A IIDI'-DIS'IIDCTIVI TEST KB'l'HOD IS REEDED TO KEASUIE
LOSS OP CROSS SECTION DUB 10 mDOSIOR

Develop a non-destructive test ... thod to .aaure the loss of cross .ection due
to corrosion. Traditionally, for hidden elements, this could only be
accomplished by exposing the element and .asuring the cro•••ection directly.
This .thod is destructive and expensive. The devic. and _thod developed
should be st-ilar in function to those described under Reco..endation Cl above.

OCCUPANCY LOADS:

OCcupancy loads are those live loads which are due to the occupant. of a
structur. and due to readily moveable objects and equipaent. In a building this
would include people. fumi ture, carts, etc. The occupancy loads for a bridge
would be he vehicle. cros.ing 'the bridge. Equally important f.re construceion
loads. These 10ad8 are the loads clue to construction pe~sonnel and the
temporary .tacking of ..terial. and equip..nt.

IB(»l!IIlQIlwnOB C3: 1lEAL-~ AllALYSlS OF ocaJPAlfCY LOADS

S'rUDIBS~ U ccmJUCrED 'to DINElDP tHE RlCESSARY
lIBAStJUIIDr TIaIlOQUBS AIm IIIASURIIIIlIIT SBDULD BE MADE
OF UAL-TDIB OCCUPAIfCr LOADS !OR. 1Rl:xm9 AIm IIUlLDIRCS
AlII) LOADS DIJRDIQ <DISIIIDC'l"IOB

The real-t1ae analysis of live loads would r.sult in the generation of an
u.proved and IIOre cOlSplete statistical data bue which could be utilized to
develop 1.IIproved 11ve load specificationa for both bridge. and buildings. An
additional Wle of the _uur...nts would be to facilitate search and rescue
operatlona due to knowledge of the location of occupants In the event of a
structural collapse. nte dab would also be Wleful in evaluating the use of
structures.

Although it i5 possible to wle the structure iuelf as a transducer (e. g. I

brid&e weish-1n-motion .tl:.die:'I), develo~nt is needed of transducers that
directly _.~'..re load. ntis: ..y be in the fOnl of pressure uta. The
transducers would need to .aau·re both the _lIlitude and location of the load.
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SNOW AND ICE LOAIIS:

Th. .now and iCt' loal'" on a .tructure are a function of the geometry I the
expo.ur., and ,:11e tn.Dlal charact.ristics of the structure. Present
.p.c1ficationa n.ad continu.d ~~dating and improvement, particularly with regard
to drifted snow.

RECOIIIIBRDA.TlOll C4: DIPtH AlQ) DUfSITY OF SHOll ARD ICE

AIJrmlATIC AlQ) COIITlJIUOUS IlEDlDDS AU lIDDED 10 IDASlJRE
1001' SlDl ARD ICE LOADS

Th. det.raination of roof snow loads is g.nerally a manual process which is
inconv.ni.nt, potentially dangerous, and di.turb. the quantity being measured.
Kea.ur...nt technique. ne.d to b. develop.d that provide a convenient and
automated ..ana of ..asuring snow depths and densities. Th. use of remote
s.nsing should b. considered for this. Th. resulting deta will not only be of
use in the a nt of individual buildings, but also in the accumulation of n
suffici.ntly large data b... for code develop..nt. In partlcular, improved
ground-to-roof conv.rsion factors and the specific.tion of drift loads will be
.ccolapli.h.d. The data can be correlated with wind ....ur•••nt. to ev.luate
.xposur••ff.cts.

S'rtJDIBS ARE lIDDED tmJ.aI MDStJU 'IHE tHEIUIAL
GlW)IBII'r THIIOOGII A lIDor

A major factor .ffecting roof snow lo.ds is the amount of thermal leakage that
will c.us. ..ltins of .now. With lJaproved energy conservation ..thoda, less
th.raal ..lcins can be counted upon than in th. past. Certain structuru such
•• long-span flat roof. will be mor. susc.ptible than other types of structures.
Prop.r crit.ria for the inc:luaion of th.rmal .ff.cta on design snow loads can
only b. aceoapUshed through the ....ur...nt of roof theraal characteristics.

UQMDlwrIOB C6: SlIOV LOAD SPIClPICATlOlfS Fm
IDIIrtAIIIOUS UGIOlIS

... DB'fAILID SIDl LOAD DlPCRMTICII IS RDDID Fm
AUAS III WHICH DIIU IS U'DIB IDCAL VARIATIOlI IR
SIDiJ LOADS

lfuMrous are.. .xist, particularly in mountainous r.gions, where there Is
.xtr... local variation in .now load. Th. de.ign of structures in th... ar.as
r.quire. SDOW load infOr-tiOD that ••nerally does not exlat in suffici.nt
qUantiti.s to be able to e.tta-te, for exa.ple, 50-y.ar snow loads. Res.arch is
needed ¥bleh will provide bett.r definition of th.s. snow loads.

A Jallti-di.eipl1nary .ffort will be r.quired which will involve considerations
of _t.orololY, cl1aatololY and .eop'aphy. The 1.aportant quantiti.. that have
to b. ....ur.d eo define th. snow load envlro~ne ne.d eo b. ..c.rtain.d and
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identified. Measure..nt. th.n n••d to b. conduct.d with the .i. of developing
de.ign criteria for .now lo.da in .aunt.inoue regiona.

DETERMINATION OF DIMENSIONS:

In order to obt.in ningful nt of .xbting structure., it is
nec••••ry to fi.ld-..aaure the diIMNiona (length, cro.s-.ectional .rea,
thickn•••••tc.) of exi.ting .tructural compon.nts. Th••tructural coaponents
could include • lab. , r.inforcing bar. 1n concret., pile., ..in framing ••mbers,
emb.dded connectiona, .tc.

uaHJ~TIa. C7: nv 01. DIPI.OVED IlI-SI'l'U II&\SURIlIG
TlCllllIQIJU

smDIU SIIOUlJ) U CDIDUCI'ID to DEVELOP nv lIB'DIDDS OR
III!'BDft aISTDIC IIETIIODS 1m ACCOlATE DITElUlIBATIORS
OF S"DIDC'tUUL DIlUERSIOBS

Availabl. ..asuring t.chnique. cannot provide for rea.onably accurate
at.rainationa of dLaenaiona (length. cro.. ..ction, etc.) of .xisting

structural coapon.nt. through in-.itu ..a.ure..nt.. A r •••arch prograa should
b. undertaken to r.vi.w pr••ent .tate-of-th.-art ..thoda and develop .ither new
_thoda or 1IIprov. pr•••nt ..thou (pulse-.cho, radar, x-ray or infrared
technology) ue.d in &aking th... typ.. of ....ur...nta. nt. program .hould
include labor.tory v.rification of prototype • .-pl.. and fi.ld v.rification of
various structural coaponents. Ea.e of poreabil1ty and .ccuracy of ....ure••nts
under v.rioue fi.ld conditions .hould b. consider.d.

UCOMDDATla. CI: DIUC'1' DATA PIOCISsnw; PUll.
ua.DD1D lIIASURIlIC ftaDlIQUES

<Xiif()ti& APPLICATl(llS DID 'l'O II DIVIIDPID POI.
AIJ'rOIATID DATA III'l'IIPUrATIa. AD 'l'IWISFII.

Th. reliability of any ..asur...nt t.chnique or elata .cquisition syst•• depends
upon proper interpr.tation and analy.i. of the fi.ld elat.. In order to .inimize
h~ error and t-prove r.liability and conain.ncy, it i. important that
....ur..nt techniques .. de.cribed in lec~ndatlonC7 be auto..ted.

DURAlIUTY OF KATEllIAL • EHVlllONHENTAL LOADS:

Consideration ne.ds to b. given to res.areh Into the eftViro~ntal effecta on
.tructural .y.t.... cOllpOnent. and ..terials which lead .to long- t.rm aging.
degradation, dee.rioration and chana.. In ..terial propertie.. nte..
• ftYiro~lltal factors include c""ical (acid rain and pollution). ultraviol.t.
ther.al. fre.;;.-thar. _i.cur. , and radiation .ffeet.. Noe included in this
••ction 1. durability of ..terlal••ffected by corrosion or fir•.
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DEVaDP I1IS'l'IIDIBlITOR AlII) IIEASlJUM1!1fT TEaIRlQUIS
to DITIIIIID~ uncrs 011 VAIllOUS
smIJC'rDIAL lIA.TIRW.S USED IB IUlLDIlICS. RIDGES
AID 0DIIIl SDDC'l'UR.ES

Th. structural .ngin••ring profeadon b in dire n••d of design criteria to
dete~ne the long t.ra .nviro~ntal effects on various building materials and
structural co~onents. Th... ..t.rials include tiJlb.r, plastics, concrete,
st.el, aluainua, ..sonry. gyps~. roofing. s.alants, coatings, mortar,
adhe.ive., and other ~oRding ..t.r~at.. Nondestructiv. t •• t .ethod•• laboratory
t.sting. and InstruMntation ar. ne.ded \;0 deteBin. the pra.ence or extent of
deterioration caused by all enviroam.ntal factors.

DEVELOP DIlIOVATIVI SERSIBC DEVICES TO DITIIlKINE
U'nCTIVI LIn OF DlSTIBG S'DIJCTOUS

ProbabUistic risk analy•. I and condition ......_nt ..thodologi.s need to be
dav.loped with which to evaluate envlron.ental .ffects and the deterioration of
existing • tructural co~onent.. Thi. will ..ke it po.sible to •• timate
re..inlng expected life and to fOr1lUlate nece•••ry repAir, rehabilitation, or
strength.ning r.c~nd&tions.

DAS1JUlIIIT DCIIlIOIDc:Y IS REEDED '1'0 ASSESS AlII)

_lfCJR IIArIIl1AL PIIOPD.'1'1ES A1ID nTIII'l' OF FAILDU.
DIC'ANnOB OR. PIOPIRTY alAlJClS

Prob••• sensor•• InstruMntation or ..a.ure..nt device. are needed to determine
.-0is tur. content. .pecie. and grading of wood ..lIbers; cb••ical content,
hydration. void ratio and a1r content of coner.te; fraceur. toughn•••• ch••ical
content and fatisue cracking of structural .teel; and ch••ic_l content,
ab.orption, .trenlth, and baRdinl properties of ..sonry and .-ortar.

INTEGRITY OF IUILDIlfG ENVElDPES:

Air and .ai.eur. infiltration through ext.rior bUilding envelop.. i. considered
a critical envlronMntal Load11l1 factor which affects overall du:;:abUity and
perfonlaftCe. Relatecl factors ara vind pre..ure., durability of claddinG
..terials, a••lanta, caulking, adhe.Ive. and coetinsa, and .nvironaental
eff.cta, including .olar radiation, th.r.al and ch..ical .ff.ct•.
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UCtMIRDATIOB C12: PIU'OIUfANCI OF FACADES ARD ROOFS

'DIJl:IlE IS A REED TO DEVELOP SENSORS. MORI'l'OIlIBG DEVICES
AIm UIIOrI HEASUUMIBT TECIIlIIQUIS TO IVAUIATE PEIlFORKANCE
OF CLADDI.: MATERIALS. FACADES. IOOFlRC AIm RELATED
.JOllftS AIm COlOIBCTIOBS

R•••arch is n••ded to dev.lop indicators of satisfactory performance and
durability of building facade. and roofing syste.... Infrared techniques.
pre••ur. or infiltration t ••ts and mea.ur.ment devic.. that are cost .ffective
are de.ired. Varning devices are n••ded to indicat. potential failure of these
.y.t....

UCDIIIIIDATIOB e13: AD. PUSSUU AIm AD. rIm

KEASUUMEI!IT DEVICES AIm DATA ~~InOB CORCIIlRlHC
LOW VOLllHE FLOW AIm urElUOR. AD. PUSSDUS ARD vnm
DRIVER RAIB

Corr.lation of measur.d data from .xisting buildings to
data is needed. Eff.cts of te~er.ture. humidity,
pre••ur.. and airflow .hould b. explored in r.lation to
of building eJrTelopes.

FIRE LOADS:

laboratory experimental
solar effects on air

the continued integrity

In the nt of structur.s, e.pecially reinforc.d concr.t., that have been
expo.ed to fir., it i. n.c••••ry to evaluate the str.ngth of the system after
the fir.. Structur.l component. deteriorate b.c.use of high te~eJ:.:ltures and
duration of the fire. Data on which to b... a.......nts of structural damage
and lo.s of strength are generally not available.

DKVa.OP IIUSUUIIIII'l' IIEDD)S TO DS'l'IIlMIlU
DIIPIIA'IUU AIID DUbTlCII or FlU UW»DIG

Sensors, either p..sive or active, that can .urvive a fir. should b. deveroped
for place_nt in or on structures to provide the required data.

U(DM.H'IATIClI CIS: DAn CII KA1'IIlIAL PlDPIRT1IS

ASSDIIlA1'I DdA CII lIATIRIAL noPlllTIIS I.ILArDG '1'0
IIJQIOU 10 FlU AT G1VIII 'I'IIIPIIAtUUS AlII) DUaAt'ICJIS

In order to apply the data gath.red under Rec~ndation C14. .xisting data
should be ..similat.d so that properties of ..teri.ls subj.cted to fir. can b.
evaluated.
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SHOCK AND VIBRATION LOADS:

Structure. are .ubj.cted to .hock and vibratory loads not ordinarily considered
as b.ing nece••ary for the design and nt of • tructures . Th.se loads
include traffic (rail and highway), construction op.rations (temporary), mining
and quarrying operations, operating equipment within a structure, and any other
excitation that ..y caua. vibration of a .tructure oth.r than that of wind and
earthquake loads.

I.ICXIMIlmATIOil C16: IIDtWI USPQllSI TO S'DIJCT1DIAL VlUATlOlfS

IIIASUaDIIIIT TBalRIQOIS SHOULD U I'OR"DID DEVELOPED TO
PIOnD! DATA lOI. mE DIVELOPIIElrr AlII) IKPIIOVIIIIlIT OF
CIlTBIIA lOI. 'l'BI IISPmtSI OF IlllfAR'S IB S'l'BDC'l"URIS AND
'l'BIIa QWIUPOlIIDIRC TOu:RARCE OF VlllATIOIIS

Many foI'IU cf structur.l re.pons. have been .easured. However, .ore specific
••••ur....nt. .hould b. ..de r.garding floor, w.ll .nd roof vibrations. thus
providing input to excit.tion of components in a .tructur. or .xcitation of
human occup&nt•.

~TIOII C17: SIRSITIVlTY OF SCIlITInC
IQUIPIIIIIT TO DAIL\GI

'DIED IS A DBD TO ESTABLISH 'IIIB SIRSIT1V1TY OF
SOPI[T" IICA'IEt 3CIIITInC EQUIPIIEln' TO DAIL\GI BY
IOlLDIR: VlBIATIOIIS

Extr...ly sensitive equip_nt is hous.d on support syst.1DS that have to be
de.igned to .ufficiently isol.te the equip...nt fro. vibratory .nvironments.
Improved criteria need to be .upplied on the damag. tol.rance of this equipment.
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USE GIIDUl' D
SIIISOI. TEaIROLOOY

Cha1man: T1IIothy A. Re1nhold
Appli.d a•••arch Engineering Servic••• Inc.
Raleigh. North C.rolina 27615

BACKGROUND :

I ••ue. .ddr••••d by T••k Group D included ••nsor. and ....ur.m.nt t.chniqu.. for
obtaining data on loads, an~lar and lat.ral displ.ce..nts. and accelerations.
In addition to sp.cific ..asur...nt probl.a., th. task group discuesed the need
for standards in data acquisition .y.t.m .rchiteetur. and methods for
di•••minating information on i~truaentation r ••••rch and development.

UCQMlCNll4T1c. Dl: ARGULAI. DISPLAGIlIIElU

DIVELOP SIRSORS SUITABLE FOR IIIAStJURC ARCOUI.
DISPlACDtiCNlS (IOTATImfS) D STlDCTUUS

Re.pons. of .tructure. to appli.d fore.. during th.ir life causes angular
displac nt. as w.ll .. lin.ar dbplac...nts. Knowledg. of angular
diaplac nts can .nhanc. under.tanding of the r ••pona. as w.ll a. provide
b.nd..rk data for code v.rification. On. advantage of angular displacement
....ur...nt. over linear displac.ment. is that the r.ference is ea.ily
••tabli.h.d, 1. •. , the pl~ line. Difficulti.. with .xhting transducers
include th.ir physical siz., .tability, ••nsitivity, hyst.resis, the output
.ignal l.vel, and sensitiVity to extran.ous .ff.ct. such as temp.rature and off­
axia rotationa.

The transduc.r .hould h.v. the following characteristics:

Range: ± 3 degre•• ff''!'' 9x
S.nsitivity: 1 volt p.r degree (mini_)
Cro•• Sensltiv1t:y: ± 0.001 degr......ur.d p.r 3 clegre. rotation about 9y
and 9 z
T-.peraeure S.nsitivity: ± 0.001 clegre. _a.ured per 20 degree
t-.peraeure change
IaDdvidth: DC to 10 Hz ± 0.1 db

In addition, the transducer should have the following feature.:

o Seal.d asainst water intrusion

o Maxt.u. hyst.resis: ± 0.001 perc.ne full .cale

o ero•••eultlvity: ± 0.001 degr.....ured per 1 I accel.ration
for the X, Y, or Z directions

n. above tr8DSducer would be ~ed for ...uring wind and ••is.le r.spons•.
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A .econd eraa.ducer type should be developed for the measurement of settlement
characteristics. It would have specificationa of the type described above, but
with the nU8erical values sel6cted to specifically be able to make measurements
over a 30 year life and with the following special features:

o Buile-in ..thod for establishing (checking) zero
position UDder .tatic conditions at any time until
the device ia re.aved from the surface being studIed.

o Construction material. selected for stability of
perforaanee for 30 year life.

DEVELOP DlSl'LACBIIIRT/DU'LECTIOB lOlT6IlS FOIl KIASUR.ING
ULATIVI mviJiiliiS or SDUCTUIAL III!KBIIlS

Durable and ruued dbplace..nt/deflGction ... ters need to be developed for
.....uring relaeive IIOVe..nts of .tructural marlbers such as relative lateral
displace"Dt of the top of a building with re.pect to its foundation, and ehe
vertical deflection of bridge spans with respect to piers and abutments. The
_ter would have to have long-eera stability and rellOte-sensing capabilities.
The displac...nt ..ter would also have eo be able to function and provide
lHaningful data under outdoor environaenu.

"'uious ide.. and .uggestions for thb type of ..ter were d1scussed in the task
group. Ide.. included, but were not l1mited to sonic devices, fiber-optic
technololY, the water-levelling ..thad, video iJlaging with photogr....etry, usage
of satellite technology, and l ..er technology. To evaluate the suitabilities of
the.e tecbnolosie. for the dev.lo~ne of displace"ne ..ters, cost, bandwidth,
sensitivity and re.olution of each techniqua would have to be examined. In
addition, the influance of teap.rature, relative huaidity and oth.r factors
would have to be addr••••d and docUll8nt:ed. Th...sociated signal conditioning
would have to be develop.d.

Th. investipeion would abo have to include deployaene procedure. on various
typ•• of struceure••uch as see.t, cor~rete, ...onry and timber. Funct ing of
the ..t.r UDder controlled laboratory conditions and in the outdoor environment
would have to be cMcked and calibrated. Finally, the cost of unufacturing
such a ..eer would have eo be s..ll in order to be practical and economical in
general applications.

ucrwUUAnCli D3: S'1'iiJCtUIAL _I'1'UI.IlIG SOTDl
MCII1TBC'I'UU

STUDIES SIIJULD BI caIDIJCTID '1'0 1IPUI1~ 'iBB JmST D'FICTIVE
DAn cou.&CUCli SD"rIII AIICIIITICI'QU ftJR SPBCIPIC S'ftlDCTUL\L
SiSliHS ( •••• MIDCZS, JlUIU)ISS, DAIIS)

11le procedur.s and eC!Ul~nt ua.d to acquire claea fro.- inetr..-.nted structures
have, until DOW, been s.lected on a cu.-by-c..e bui.. Further-ore, existing
knowledge of succe••ful dee. coll.ction technique. is senerally propri.tary.
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Beeause of the.e f.etor., .ophisticated and automatic instrumentation has
gener.lly been ellployed only for certain 1!Iportant .tructure., or for those
c•••• aandat.d by l.w. An essential prerequisite, "therefore, to enabling
effective IIOnitoritil of a broad range of .tructur•• , wh.ther for -...rt­
op.r.tion (building.), .af.ty, or lif.-cycl. e.timation, i. the dev.lop••nt of a
.tandard data coll.ctton .rchit.cture. Such .tandardiz.tion i. r.quired to reap
co.t r.duction chrough econo.-y of sc.le. Standardi.zation w111 abo generate
coap.tition which will r.duc. co.t•.

Standardiz.tion ne.ds to be developed initially for data tr.nslliuion and
proce••itll, pr.-.vent .toral. r.quir...nt., data collection .ynchroniz.tion, .nd
ch. ability for .~naor. to be evaluated and c.librat.d reJaOtely or .utonollously.

Additional n.eded r ••••rch include. identific.tion of wh.re -int.lligence- is to
be distributed. For axaapl., a traditional .rchit.cture employ. .enaors
.tt.ched to the .tructure and connect.d by wire. to a centr.l .ignal
conditionin, unit which i. in turn linked to • c.ntr.l control .nd data storage
device. Thi. centr.l device ...y include data proc••• ing softw.re which reduces
the incoming information to • useful engine.ring p.r.... tar, or it ..y simply
store th. data for .ub.equent tranafer to anoth.r coaput.r where the .valuation
is carried out (u for .xaapl. froll rellOte •• ismic IIOnitoring .tationa). An
.It.rnative .t the oppo.ite .nd ot this .p.ctrum lIight employ .ensors which
include their own onbo.rd custOll hybrid comput.r syste... Such a systell might
consist of a .ingle chip IC containing a .ingle-chann.l signal conditioner, AID
conv.rt.r, lIicrocontroll.r, onboard non-volatile RAM for data storage,
co.-unic.tions protocol (e.g. UAllT llS232). and an autonOllOus r.dio (telemetry)
link to other .ensors which fora a high .peed local .rea network. In this
NDDer each ••nsor would b•• sy.tell unto it.elf and thus would not be aff.cted
by f.ilur. of any oth.r node in the sy.te.. Such redundancy could circumvent
cOIIpl.te lo.s of dat., .. would occur in the .v.nt of a power f.ilure in a
centr.lly controll.d sy.t... T1ae synchroniz.tion could be .chieved by
independent thr••hold triggerins. The s.nsor which first exceeda its preset
recorclins thr.shold s.nda a r.dio signal which trigg.rs ch••ntire array of
independent ••nsors. D.t. i. .tor.d loc.lly until • portable .... storage
device 18 brouaht eo the sit. for final coll.ction. The ide.l Ja1ddle ground
b.tw••n th... two .xtr.... ne.da to b. idantifiecl for ch. gener.l cia...s of
.tructur.l .y.t... pr.viously ..ntioned.

A IIUlti-aaa y.ar .ffort will be r.quired, both for the identific.tion of opti~l

daU coll.ction archit.cture. and for the develop.-nt of data co-.mic.tion,
stor.g., and hardw.re inter-connection .tandards.

sasms SBDOIJ) D DIVUDPm DIAT 1lILL DAnIaUl lOOPS
D'IO DAllSp..CIU 1m _UCIDQ LIft LOADS naI SlUf
~CII

Wher... snow properti•••uch .. depth and density reflect the applied load, only
the load upieude 18 of cons.ClUnc. to the .tructur.. S.nsor. with •
••taaitlnty of ::!: 0.1 p.f to _ ..ur•• 5 to 50* p.f pr•••ur. rena••hould b.
deftl0pe4. the.e .ensors could be incorpor.ted .. part of th. roof • tructure ,
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i.e .•urface or fr.... and could trigger an overload alara when cn. design load
1••xeeeded and/or provide a load history over the projected life of the rooE.

!uildlnl the .ensor into the roof frue provides the advantage of being
independent of the roof 1n the event of ~xten.ive roof repair or replaceDlent.
On the oth.r hand, load/pre••ure sensors ~ncorporat.d within the roof surfacing
could .erve additionally to ~t.ct 1a01.'ture intrusion (an indicator of roof
..abrane failure). Following design. te.U ne.d to be conducted to verify
durability/reliability of .enaor e1...nt. conneceora and processing hardware.

* Or whatever the aaxt-ua reqUired load say be.

UOWIMDATlOll D5:~ CHIP

A PROJBCT S8DULD II mITIATID Pal IMDlVlDUALS INVOLVED
vrm S'rIlUC'1'UUL usronz AID GIOOID lIDt1011 STUDIES '!'O
tDlI'l'IlY. DTIItACT vrm AIm SUPPORT 'IRE DEVILOPKDT OF
SILlCOll-QIU BASED~ VIm 'lHE SE'RSITlVI'IY
baa OF 10-4 & 'l'O 3 I AID ftD8JIBCY IARGES OF 0.01 HZ
'l'O 50 HZ AlID 0.1 11% to 200 HZ

There are low-frequency acceiera.atars available which bav. adequate sensitivity
range (10-4 g to 3 I) and fl.~ncy re.ponse (0.01 to 200 Hz) to l116et the
current needa of r ••••rch.r. and practition.r.. However, the cost of the units
ia one of 1:ha factor. lWting the ~ra and ~nslt:y chat: can b. <ieployad.
There are ••veral .ilicon chip .-nutactur.r. working on the develop.ent of low­
frequeue, and ••i ••ie-.... ace.lero_tara.

A dr.-tic reduction in the coat of accelero_ters suitable for structural
perfo~e sewU.. ..y be po••ibla by ~ing ...leonductor fabrication
e.cbnololY whic.h voulc' leact to .... production of th. units. Th. availability
of low-co.t, low-frequency acc:elerOMtan would repre.ent an iraportant step
covera aakllJ1 th. dre.. of ..art builcling. a practical reality.

It VO\1lcS also u.ke it .are practical to ...t national and international needs
for .c>ra 4enae UTaya of FCN114 -.otion 'ANOrs. nt... dens. array. are needed
to provide a lNtter undaratancSing of variatlona in .arthquke ground .,t:!on on ..
scal. _r. clo••ly related to bu11cS1ns aite size.

IASI 01' IIIftAU.ArI(If AlII) 1IAIlI'I'IIAIIC. AlII) ICCRIa OF
OPllA1'I(8 All DIPOI.TAII'l' COlISmllATI<IIS IB '1111 DtPLIIIII"1'ATOR
OF • DIS'mlBU'fD SD'S:t-= SUI_

Atteneion to ebe following it... 1n .eNor develo~nt 1. consider.d ••••nti.l:

(a) Ealpbaal. em -tn1.turlzatlem to ain1alze th. .nviro!lJlental and physical
illpact of tIM ••ft8or &114 local proc•••or.
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(b) Dev.lop..nt of device. which exhibit high rlliability and stability and
require l1ttle, preferably zero, JUintenance throughout sensor or
.tructure lif•.

(c) ProducUon of .nvironaentally rugged device. with adequate protection
fra. or ins.nsitivity to lightning, electrical and JUgnetic
interf.r.nc., ~i.ture, che.ical attack, t.~.ratur., etc. i. required.
Sugg••eed .ch.... include optical i.olation and onboard environmental
control.

(d) Kinillizing of power requirement.. For larg. nUlibers of deployed
.ensors, provision of appropriate power JUy becoae ~ractical.

Consideration .hould b. given to high-output, .elf-powered transducers
which v111 .nhanc. .a.e of deployaent and maintenanc.. Power
r.quir...nt. of local proc•••ing .quip..nt .hould be .ini.iz.d.

1lBCOIIDlmATI0lf D7: DISSDlIBATIOB or I1D"OBKATIOB

IIBCIWfISIIS RDD TO IE ESTABLISHED POI. taB IFFECTIVE
QBIDIlCATIOlf AJ1D DlSSDllMTIOli or lD'OIUIATIOB IB'NED
IISIAIQIIIlS DIVOLVID vrm IBSD1DIIlITATIOlf DEVEIDPIIIlIT

- In the cour.e of the discussions uny needs w.re identified; ~t the S&IIl. time I

whUe fev .pecific or quantitative re.pons.. to th... ne.ds were 1IIIIIIediately
fortheo.ins fra. the -panel, it va. n.v.rth.l••• felt by all that there is,
indeed, a vide vari.ty of .xi.ting t.chnology ·out th.re· to .eet these needs.
At l.ast, much of it could be av.il.ble for r.th.r direct adaptation to these
needs.

A big gap for many r ••••rch.r. and/or user. of ••nsors i. the det.iled knowledge
of the range of .ensor. actually av.ilable. th.refore, ..ans of bringing
knowl.dge of the .pecific .caee of the .rt in e.ch category to pro.pective users
was actively dlacus••d. S.v.ral aede. for bringing this about w.r. suggested:

o Cre.Uon by structur.l .ftlineera of a lourpal .pecifically allied at
pubUshins accounU of ••nsors and their .pplications. (this .ight be
an ASCE publication, for .x.-pl.).

o S.ttiftl up by .0-. ag.ncy (.uch as an .ngine.ring society or NIST) of
'P.dal instrw;tippal ....iOM to instruct • tructural .ngineers on
&VaUable .ensor., .ilDAl proc•••ins equipment, and to provide comput.r
as.i.tanc. thereto.

o The e.tablba-nt in .ppropriate place. (e.g. MIST library) of
spwput.riz.d 4at;. b.... for the location and retdaval of pertinent
info~tion on ••nsor., thair specificatIons, and th.ir applications.

o The •• tabli.hment of an .ppropriat. sl.aripi hOUI' for information on
all phaa.. of ••nsor. and ••nsor tachnololY .pprop~iat. to civil,
.tructur.l, and I.otechn!cal .ngine.rinl applications. Such a clearing
boua. could conceivably take one of the following foras:
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<a) An active group ulntalned by one of the engineering societies,
ASCE, SEN, or AS.TK, for example.
<b) A working laboratory-equipped sub.ection of NIST that would, while
undertaking active sensor re.earch on its own, take re.ponsibility for
aaintaining state-of-the-art knowledge on .ensor. froa world-wide
aources. This group aight take the fora of a kind of "sensor
iav.stigatlng" or .tudy group, or ·cons~r products" evaluator, as well
as a .ource of teferral for wide varieties of inquiries on transducers,
..nsor., data acquisition and data-handl1na hardware and software.

There was .0.. debate a. to the propriety of an eventual role for NIST a. the
egency to take on this task. So.. exi.ting governaent agencies taking on
analogous tasks were cited. In any event, the concept conveyed was of an active
group, it.elf engaged in .ensor develop.-nt and/or use, that would be in touch
with both user needs and the hinterland of sensor expertise capable of filling
tho.e needs.

Overall, the .ense of the group on .ensor. was that, while a few specific
lacunae exist, ~y .ensors of strong capability already are available; however,
stroftler I1nka of co-.unlcatlon are needed in .0.. fom to connect users and
developers of .ensora: the~ with what is available now, and the deyelopers
with Cbe new specific needs to be filled.
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Th. vorbhop v.s sponaored and jointly funded by the N.tional Sci.nce Foundation
and the I.elonal Inatitute of Standarda .nd Technology. The Panel on Wind and
his.ic Effects of the U. S. -Japan Cooperative Progr_ in Natural Resources
cosponaored the vorbhop along vith the P.rfonaanc. of Structur•• Re••arch
Council of the AMrican Sociecy of Civil Engin.era. Th. worbhop Steering
Co_ittee provided v.luable a••t-tanee in clefining the technical are•• to be
.ddr....d and in ••lecting the vorbhop participants. The Steering Committ••
v.. cc.po.ed of the following individuals:

Mr. Harold B.. Bosch
Federal Highw.y Adainistration
McLean, Vlrginia

Dr. Rob.rt A. Crist
WJE Assoclat.s, Inc.
Northbrook, Illinois

Dr. Tt.othy A. Reinhold
Applied Research Engin.ering Services, Inc.
Raleigh, North C.rolina

Dr. Donald O. Th~son

low. State Univ.raicy
AIM., Iowa

Financial support for the vorkshop v.. prOVided by the N.tional S~ience

Foundation throu&h the .fforts of Dr. John B. Scalzi. Mr.. Shirley Taylor of
the N.tional Institute of Standarda .nd Technology provided adlllinistratlve
support in planniDl and coDdw:til\& the workshop. Th. succe.s of the workshop
and the r ••••rch opportuniti.. described in this r.port .r. due to the
enth~i..tic p.rticip.tion and hard work of the workshop attendee•.
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