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This report identifies research and development efforts needed to advance the
stata-of-che-art Iin instrumentacion and measurement techniques for 2ssessing
structural performance. Four ctopic arsas consisting of 1) seismic effects,
2) wind effects, 1) effects dus to occupancy, traffic, snow and other loads, and
4) sensor tachnology vere addressad by rsspective task groups during a two-day
meeting of international experts. The forty-eight specific recommendarions
presented in the report are intended to serve as a research agenda for use by
universities, research establishments and funding agencies.

Keywords: bridges; buildings; instrumentation; loads; research; sensors;
structural engineering; structural responss.
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FROCEEDINGS

INTERNATIONAL WORKSHOP
ON
SENSORS AND MEASUREMENT TECHNIQUES

FOBR ASSESSING STRUCTURAL PERFORMANCE

INTRODUCTION

A rtwo-day masting of LInternational experts was convened at the Natlonal
Institute of Standards and Technology to review the state-of-the-art in
structural rasponse measursments, related sensors and measurement techniques.
Vorkshop participants included. representatives of the private sector,
universities, instrument manufacturers and government agencies. Based on the
neads iluntified in the course of the task group deliberations, a research
agenda consisting of forty-elizht specific recommendations was prepared for the
use of research astablishmants and funding agencies.

BACKGROUND

To better undarscand structural behavior and to validate models of structural
loading snd Tresponss, cthers is a continuing need for reliable field

BeaSUreZants. Fisld messsurements, particularly  thosa obtainad over extended
time periods, also provide important information on which to base assessmencs of
the condition and performance of engineered structures. Because such

Deasurements require almost conatant monitoring and frequent equipment servicing
and calibration, thay tend to bs costly. In scme cases field studies have
produced test data of questionable accuracy, thus complicating and confusing the
process of model validation. 1In other cases the malfunctioning of monitoring
squipment has resulted in the loss of valuable data associsted with rare events
such as strong ground motlons or extrems winds.

New materials and improved technology are having a dramatic impact on the

reliability and versacility of measurcment devices. Instrumentation systems
incorporating sslf-diagnostics and "smart" sensors ara making possible more
reliable and mors efficient fisld masasurements. Low cost and reliable

sicroprocessors, combined with non-volatile wmemory systems, are making {1t
possible to collect, process and store data in either continuous or intermittent
modes for periods of several years.

This background provided the motivation for organizing a workshop at which
international sxperts could sxchangs ideas and research findings, discuss needed
research afforts, and formulate a ressesrch agenda for use by laboratories and
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funding agencies. The workshop was jointly sponsored by the National Institute
of Standards and Technology (NIST) and the National Sclence Foundation (NSF).
Cosponsors were the Panel on Wind and Seisaic Effects (U.S.-Japan Cooperative
Program in Natural Resources) and the Performance of Structures Research Council
(American Society of Civil Engineers).

TECHNICAL PROGRAM

The technical program consisted of a plenary session followed by four concurrent
task group working sessions. Theme lectures were pressnted in the plenary
session snd these lectures established the charge to each of the four task
groups for the rsmainder of the workshop. The theme lectures addressed the
following topics:

SEISMIC EFFECTS

WIND EFFECTS

EFFECTS DUE TO OCCUPANCY, TRAFFIC, SNOW & OTHER LOADS
SENSOR TECHNOLOGY

The major issues addressed by the task groups and their recommendations for a
ressarch agends were presanted at the cloying session of the workshop. Each
specific rascommendation was accompanied by a statement of the problem or need
and the general approach to be taken. ’



THEME LECTURES

SEISMIC SENSORS AND MEASUREMENT TECHNIQUES
FOR ASSESSING STRUCTURAL PERFORMANCE

Ahmed M. Abdel-Shaffar® and Sami F. Masri¥

ABSTRACT

Guidelines for the strong-motion instrumentation of civil engineering structures
are presented, Instrumentation objectives and criteria for selecting structures
for strong-moction instrumentation are introduced. Importance of recording
various quantities of motion, cthe chree-dimensionality of the struccture, the
soil-structurs interacticn, the temporal and spatial variation of input-ground
motions are emphasized. Finally, the role of system identification techniques
in the intsrpretation of the rscorded structural rxosponse and accordingly in
improving the state of knowledgsa of structural behavior during strong
sarcthquakes is discussed.

INTRODUCTION

Increassd demands on structural parformance, improved mathematical models and
the tools o verify thess models often require the design effort to be
supplesnented with a comprehensive instrumentation program. Also, regulations
often require the measurement, collection and analysis of data to evaluate
system or structural performance under different loading conditions.

It i3 extrsmsly important to have "complste” instrumented civil engineering
structures to indicate the nature of the response to strong earthquakes. The
tarm "complete” {nsTtrumsented structure means instrumentation that is capable of
providing & completely adequate definition of input ground motion as well as
structural response. The Iinput motion can be wmeasured by strong-metion
accelerographs, often wmountsd in buildings, on dam abutments, bridge
supsrstyuctures and foundations or at an appropriate site in the immediate
vicinity of the structurs char {s not obviously influenced in a major way by
local geologic structural features, as indicated by Bolt and Hudson (1975). The
instruments to measure structural response can usually be mounted at different
locations (at lesast two) on the structure, avoiding spacial suparstructures
which may introduce localized dynamic behavior.

The data recovered from instrumanted structures subjacted to esarthquakes can ba
valusble in improving the state of knowledge of structural behavior, engineering

*Profescor, Departmant of Civil Enginsering
University of Southern California
Los Angeles, California 90089-0242



design and construccion practice. Furthermore, the acquisition of such data is
assential to evaluate the potential earthquake hazard of existing similar
structures and also to evaluate the safety of particular structures after strong
sarthquake- {induced ground shaking has occurred.

Strong motion sensors and records are valuable tools for researchers, practicing
enginsers as well as for public safety. For example, ground motion or free-
field records can provide vital information for: (i) interpreting earthquake
damage, (ii) determining earthquaks mechanisms or fault-source parameters, and
(i1{) determining the influence of local site conditions on earcthquake ground
motion.

Furthermore, structural respunse data recovered from sensors can provide vital
information for: (i) evaluation of tha affact of structural and noastructural
alaments on cthe responsse, (ii) investigation of soil-sctructurs interaction, and
(i11) development of mathematical models. Such strong motion data can be used
only if sensors are dsployed and records are collected, processed and
disseminated.

STRONG-MOTION RECORDS

Earthquake strong ground motion 1is vibratery ground shaking that can cause
damage to wman-made structures and is recorded near the location where an
sarthquake has occurred. The actual level of ground motioris above which motions
ara "strong” is not well dsfined. Typically, ground wmotions with a peak
accalaration greater than 0.05 g are of iaterest to earthquake engineers, and
those greatsr than 0.2 g ara currently considered potentially damaging.

A strong-motion record is defined as the record of ground or structural motion
caused by relatively large earthquakes (usually magnitude My > 3.5). This
strong motion, recorded as a function of time, may be recorded as:

1. A light trace on a film, or
2. A line on a strip of paper, or
3. An analog or digital signal on magnetic tape.

This motion is recorded as an electrically or mechanically generated signal

which is proportional to the instrumant-bass-motion withim some acceptable
erTor.

Generally, scrong-motion records are recorded on accelerographs which can be
analog or digital. In the analog instrument thay are racorded on Llight-
sensitive film or paper, or on magnetic taps, and in cha digital instrument they
are recordad in digital form on magnet’c taps. Both instrument ctypes are
powered by bacteries, are triggered into operation by cthe strong motion itself
(commonly 0.01 g in the vertical direction in the U.S5.) and ars available either
as self-contained triaxial instruments or remots-actelsromatsr control-racording
instrumsents. In tha sslf-containad variety, all major components
(accsleromsters, recordsr, and ctrigger) are housed in one container, whereas in
the remota-recording type (the type recommended for installation or dans,



bridges, and large civil structui.:, thuse slemants can be physical'y se arared
but are interconnected by low-voltage data cable.

INSTRUMENTATION OBJECTIVES AND LOCATICNS

In general, all scructural strong-motion instrumentation programs should have
ths same purpose; to obtain data thac will improve the state of knowledge of
structural bshavior during strong earthquakes. The amount of strong-metion
instrumentation that should be installed on a structure is dependent, of course,
on the intendsd use of the data. From the eaarthquake engineering and structurai
dynamics point of view, the proper location of permanent instrumentation to
Tecord strong ground motion on and in the immediate vicinity of structures is an
important question. Propsr placement will yiald information about the response
of the structure, the nature of different modss of vibrartion and the coupling of
these modes. Information indicating cthe effects of soil-structure fnteraction
and, possibly, the damping of the structurs as well as the phase differences in
the motions of the horizontally extcnded foundations wmay alsoc be obtained. The
following are general suggestions for the selection of appropriate locations of
ths instrumentation; it should be notad that thess suggescions assume an ideal
set of circumstances and, thus, do not considar any sconomic limitatious.

1. Ihree-Dimensionality of Structural Kesponss: For example a set of three
orthogonal instruments should be located on any given cross section of
ths structure betwsen the top-or mid-point (point of symmetry) and the
point of support or abutment. All +f the instruments should be situated
80 as to record vertical motions, horizontal motions in the longitudinal
direction of the structure, and horizontal motions perpendicular to the
structure. Thess records would help to idantify the different modes of
vibration. Ancother set should be located on the top or mid-point section
to record, exclusively, symmetric vibrational modes. A third set should
be situatcd on another location of the structure to obtain a becter
spatial configuration of the modes of vibracion. If the structure has
several members, such as towers and cables in the case of a cable-
supported bridge, additional sets of instruments should be located in
positions similar to the above-mentionsd locations in order to get a
c¢lear picture of the global structural responses.

Figure 1 shows an example of a well-instrumented earth dam ir . highly
active seismic zors namely the Tung Valley earth das in the Mammor’: Lr'ze
area of Rorthern - s!:fav ta ‘thddy] - haffar. 1986). The spread of se.aors
on the cres* .ud downstream fac: ~ the dis {s an excellent cunfi uration
to capturs tas 3-D mode shapes of the dam vbration. Figure 2 si-ws a
comprehensivs scheme for a modern cable-sunported (stayed) bridie.
Again, the sensors are well spread and loc.:d in different posiiions to
provides adequice [ farmaiion on the ¢ *2lz- |, wrae-dimensional response of
ths strucrw: «



LONG VALLEY EARTH DAM
INSTRUMENTATION LOCATIONS

An sxample of a well-instrumented earth dam in a highly active

seismic zone (Long Vallay Dam in California).

Figure 1.



3-0 CABLE-STAYED BRIDGE

SUBJECTED TO
GROUND MOTION

Figure 2. A
gur brizl.‘h.mu. instrumentaticn schems for a modarn cable-stayed

-]



2. Spatial and Temporal Variation of Cround Motjon Inpuls: Two additional
sats of instruments should be used, one located at each intermediate
foundation (such as piers in the case of a bridge structure, Figure 2) in
ordar to corralats the ground motions at the two sites and to evaluate
any phase differences. These placements are particularly important in
bridges having very long spans, such as cable-aupported bridges.
Finally, three-dimensional instruments should be located, alsc, at each
of the end supports or abutments. From thesa locacions informacion may
be obtained to evaluate the eoffect of the differencial motion of the
supports on the mcvements and interaction of spans (in the case of
bridges), and thus on the structural response.

3. Soil-Structure Interaction: To study che sofl-structure inceraction, at
least one set of inscrruments should ba located on each of the tanks, or
the site surrounding the foundation, in line with che plers of the
Lridge, for example, and below sach end of the bridge deck.

4. rinally, free-field ground motions should be obtainerd by at least a set
of instrumants to be located in the near vicinity ~f the structure (see
Figures 1 and 2).

As a final note on the instrumentation objectives, it is worth emphasizing that
most structural sctrong-motlon Llnstrumentatlion programs are ancicipaced co have
onse of the following primary goals: The acquisition of data to improve
enginesring design and construction practice; the acquisition of data to
svaluate the potential earthquake hazard of exiscing similar structures; or the
acquisition of data cto evaluate the safety of particular structures after strong
earthquake-induced ground shaking has occurred. Structures instrumented under
programs having safety evaluation as their primary goal generally require
substantially less instrumentation than those instrumented under programs having
one of the other two above-mentioned goals. Ideally, a strong-motion
inscrumenctation schems should be designed to incorporate the following
structural objectives:

1. Force-lavel Determipation: Such instruments should provide data that can
be used to calculate maximum internal scresses and strains at any desired
location and to study or predict possible failure modes.

2. Mashematical Modal Ideantification: The instruments should be designed in
accordance with the ildentification or verification of a mathematical
model of the structure and should provide data that can be used to
evaluate the assumptions made in the formulation of any mathematical
model used in the design and/or analysis stage. This allows for the
possibility of improving state-of-the-art techniques for modeling
structural behavior during earthquake excitation. In addition,
sathematical modals formulated through the analysis of strong-motion
rscords can bs used to study possible failurs modes as wall as to predicr
significant structural distorctions of similar strucrures during future

sarthquakas.

3. Mathepatical Modsl Verification: Tha wverification of a mathematical
model 1s normally of greater intsrest than the determination of force



levels for a parcicular structure during a particular earthquake,
primarily because the results of a mathematical model study may have
wider application. )

The area of mathematical wodel identification or verification under strong
ground shaking that may induce noulinear behavior of the structurs reguires
special attention to sensors and measurement techniques if accurate results are
needed. Among the considerations that influence the choice of instrumentation
systens for the class of problams under consideration are:

1. The type of direct measuremants to be recorded. Due to nonlinear
sffects, acceleration measuremants may not be sufficient by themselves to
yiald accurate meaagurements of structural displacements and deformations.

[ 5]
.

Tha number of sensors to be used within a distributed structure. The
order of high-fidelicy mathematical models is heavily influenced by the
total number of availabls measurement channels. In situations involving
nonparanstric msathematical models (which are quite useful for nonlinear
systems) the ordar of the identrified model (i.e., degrees of freesdom) is
squal to the total number of sensors recorded simultaneously.

3. The location of the sensors within ths structure {s an important factor
that can have a significant influence on the quality of the
identification results. ‘'The optimum location(s) of the instrumentation
is determined on the basis of the expected deformation patterns of
interest and on the types of instruments being used.

4. Synchronization of wmulti-channel rescording systems is essential if
accurate mathematical modals are needed. This is also crucial if wave

propagation effects are to be accurately measured in distributed
structures.

RECOMMENDED INSTRUMENTATION SCHEMES

The factors that should be considered in the design of instrumentation schemes
are:

1. The objective of the instrumentation progrsm which - should yield
satisfactory data :

2. The expected behavior of the satructurs, including potential failure
sechanisms

3. The quantities of motion that are to be measured

4. Ths (reduced) mathematical model that is to be developed to represent the
dominant structural behavior.

The selaction of the typs and locations of a srrong-motion instrumentation

scheme for seismic monitoring of civil engineering structures is based upon
sevaral factors as follows:

1. The type of informacion which the instrumentation is intendsd to yield,
2, The expectsd structural performance, and
3. The response quanticias that ars to bs recorded.

9



In general, absolute accelerations are, so far, the most convenient and
desirable quantities of structural or ground motion to record. Although in
recent years the need for strain-displacement as well as rotational-motion
msasurements {s on the increase, there is not yet an available comprehensive set
of records.

A. Ioput Ground Motion

The free-field sensors should be situated to obtain records of ground moticn
that are not influenced by ({.e., do not include) structural response.
Because of the inrended use of free-field recordings, it is important that
such instrunentation be installed near the structura on similar foundation or
soil conditions, but that it not be located immediately adjacent to the
structure. The criterion wucilized for buildings in California, which
specifies that sites intended to be frse-field should be at a distance from
the finstrumentsd structure equal to one and one-half times the estimated
wavelength of a shear wave (at the surface) having a period equal tec the
fundamental period of the {nstrumented structure, should apply to general
civil engineering structures., The free-field instrumentation should provide
important information on the direction of seismic-wave form arrivals, on wave
phase lags, and on the overall three-dimenscional response of the ground
surface in the vicinity of the structure.

B. Soil-Struccture Interaction

Ground-level instrumentation should be installed to provide information on
the extant to which soil-structure intaraction has occurred at the site; that
is, the sxcent to vwhich the structure mass and stiffness have influenced the
motion recorded at the base of the structure support{(s}. Even Iin cases wlere
foundation conditions suggest that it is highly unlikely that soil-structure
interaction might occur, at least one free-fisld site should be instrumented
in order to validats such an assumption.

The amount of instrumentation to be installed at the base of each support
where soil-structurs interaction is expected is dependent on the expected
mode of soil-structure interaction. Normally, soil-structure interaction can
be expected to occur in the form of horizontal translations or rotations
about a horizontal axis. In those Lnstances vhers horizontal translations of
the structure support bass are sxpectad, one accelerometer is required for
sach principal direction of interest (normally the longitudinal and/or
transverse directions). In those instances where rotations about a
horizontal axis are expectad, either a rotation sensing accelerometer or a
pair of vertical accelerometers is required for esach principal direction of
interest.

C. $macial Variation of Input Ground Motien

The following three basic ground motion conditions ars expected to exist at
the site: (1) the ground motion is sxpected to ba idantical (or nearly so)
beneath sach support; (2) the ground motion i{s not expected to be identical
bensath each support even though the foundation materials ars considered to
be rigid relative to the structure; and (3) the ground motion is not expected

10



to be identical to the support motion because the foundation material is not
rigid relative to the atructure.

Condition (1) exists Lif the entire structure is situated on firm, relatively
homogeneous foundation material and if the structural horizontal length (or
length of spans of interest in the case of bridges) is less than & critical
distance, lcy, (Rojahn and Raggett, 1581) given by:

Leg(n) = Ty * ¢ * 69/360°
vhers

Lep(n) = recommended maximus spacing between instruments located at the base
of structural supports for each dominant mode of response, n,

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

¢ = apparent or actual horizontal propagation wvelocity of the dominant
seisnic-wave forms (¢ = 3,000 m/s for S-body waves, normally the dominant
vave forms at locations <close to the source region of shallow
earthquakes; c= 2,700 m/s (approximately) for surface waves which may be
dominant at larger distarces). ‘

The critical distance is primarily dependent on the following two factors: (1)
apparant or actual horizontal propagation velocity of the ground moction; and (2)
the fundamental or lowest natural frequencies of the strucrure (or span of
interest in case of bridges). These factors provide estimates of the maximum
phase lag that can be expsctsd to occur batween accaleration histories recorded
at various points on the structure. Such phase lags are considered to be
significant in force determination and mathematical modelling studies (f they
sxceed 6° (Rojahn and Raggect, 1981) which would result in wave amplitude errors
as large at 1C percent at any tims.

In the case when the foundation materizl is firm or the foundation conditions
vary significantly from ons end of the structure to the other, but tta
horizontal dimension of the structurs is longer than L., for one or more
dominant modes of response, condition (1) is considered to exist. In this case,
instrusentation should be installed at the base of twe or more structure
supports (in case of & - discretely supported —-tructure) or of two or more
locations on the foundation of continuously supported structures (such as dams),
The number and arrangsment of senscrs to be installed at each support base to be
instrumented is dependent on the direction(s) of the expected dominant mode(s)
of response. In thoss instances wvhers conditfion (3) is axpected to exist, that
is, in thoss instances whers the foundaction material is flexible (relative to
the structure), instrumentation should bs installed at the base of each support
at which that condition axists and at ths base of one or more additional
supports, depending on L., for dominant modes of responss and the langth of
structure (or span of intsrest).

Figures 3 and 4 illustrate the basic elements affecting the design of strong
motion instrumentation as well as the response quantities to be measured for
long-span structures. Thesc basic slemants are also applicable for any major
civil enginaering structurs.

11



BASIC ELEMENTS AFFECTING THE DESIGN OF STRONG-MOTION

INSTRUMENTATION FOR LONG SPAN BRIDGES

Eoupin‘ & Ortentation ]—
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Figure 3. Basic alements affecting the design of strong motion instrumentation
for long-span bridges.
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WIND FFFECTS

w. A, Dalgliu-h*

INTRODUCTION

Wind and earthquake effects on structuras have much in common: extreme events
occur rarely and vary in severity according to geographic locatlon; structural
response is dynamic; deformations, displacemasnts, and accalerations may occur in
any direction, but the main concern is for horizontal motion. Consequently,
some instrumentation developed for monitoring seismic effects can serve for wind
effacts as wall, Sharing tools and techniques will promote bstter understanding
and interchangeability of data and axpertisa. There may alsc bs opportunities
for shared programs. In addicion, further development and aconomias of scale
should follow from expanding the number of users.

Because data acquisition systems and displacemsnt or acceleration sensors
developed for ssismic programs may be adapted for wind, in setting research
priorities we should focus instead on such specific needs as pressure sensors
and building permeability measurement techniques.

Wind action on a structure differs from asarthquake effects in that wind
pressures are distributed over every bit of its surface area. Earthquake
effecta, on the other hand, usually are applied only at the base of the
structure. Wind pressures on cladding, being the difference between external
and internal pressures, are more complicated to measure than base motion. Not
only doss the pressurs on the outside of tha cladding fluctuate continuously,
and vary with locacion on the structurs, but the internal pressure (within the
cladding assembly, and inside bulldings) varies with the permeability of the
cladding. A major research challenge is to develop sensors and measurement
techniques to relate cladding performance to the input wind conditions.

Wind, in combination with cthe buoyancy effact of indoor/autdoor air temperaturs
differences and the pressure differences caused by the air-handling equipment of
the bullding, is Lmplicated in another serious aspect of structural performance
of the building envelope. Moisture deposited within the cladding assembly by
alr infiltration (rain) and exfiltration (condensation) promotes corrosion and
losa of structural capacity of vital components. Moreover, quality of the
indoor environment, while not directly relatsd to structural performance, also
depends on adequata control of air transport under differential pressures.

To identify high-priority research needs in sansor and measursment tecanology,
ve must first sxamina the structural assessment programs that will use that
technology. If those programs camnot find support, there is little point in
developing technology for them. In the case of wind effects on buildings, an

*Institute for Research in Construction
National Research Council of Canada
Montreal Road Laboratories, Ottawa, Canada KlA OR6
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assessmant program has a greaver chance of being funded if it provides
information on the durability or serviceability of the building enclosure at the
same time as exploring structural parformancas.

With these recommendations Iin mind, let us now consider briefly the important
features of wind effects on structurss, and some Iimplicactions for the
acquisicion of data.

IMPORTANT FEATURES OF WIND EFFECT MEASUREMENTS

Yarisbility in Space
Structures deflect wind around themsalves, causing positive pressures on
windward-facing walls, and negative pressures on wmost other surfaces. These

pressures are non-uniform, with particularly large gradients near windward
edges. Eddies shed from upwind structures increase the spatial variability of
the flow approaching downwind structures.

The inpu: forces for calculating structural response of the whole structure, or
components of it, ars somevimes found by integrating the differencial pressures
over the reslevant surfacs arsas. Many pressure sensora are needed to account
properly for spatial variations in surface pressurs.

Wind forces on a structure ars nmodified by the geometries and positions of
structurss imaediatsly upstream, as wall as the general terrain roughness. This
means that wind direction is another important variabls. In addition, wind
velocity and rturbulence vary with height above ground, It {5 generally
fmpractical to install encugh wind sensors in the right locations to define the
oncoming wind completely.

Variabilicy in Time
Pressures at any point on a structure vary continuously with time, as well as
from point to point on its surfaces. The most rapid fluctuations have rise

tinas of a fraction of a second. Although dasign based simply on the magnitude
of the peak gust pressurs or suction is still common, the wind resistance of
some matarials dapands alao on duration of exposurs to high stress. Rapid
prassure fluctuations should be sampled at least 30 times per second; window-

sized gusts may last from 1 to 10 seconds, and building-sized gusts, up to 1
minuts.

The next largest time scale of importance is the duration of the atorm, which
can vary from a few minutes (passage of a tornado) to a few hours (passage of a
hurricane or wintar cyclons). VWhere data storage is limited, che lacter parcts

of long storms may be lost, depending on how thé data acquisition system is
programmad.

On a climatic scale, the basic unit of time iz usually the year. To gesnerats
design data for structuras with useful lifetimes of 30 to 50 years, reccrds at
least this long ars dasirable; however, there are strategies for extrapolating
from much shorter data series. It is generally impractical tos monitor a
structure ovar its whole lifetime to determine its responsa to the design load.
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Raca Acquisition Strategy

No matter how long you wait, or how many sansors you can afford, some critical
avents or datails will be missed. Thus, fisld data must be combined with a wind
tunne] study and other injormation to fill in the insvitable gsaps. Local
sateocrological records may be useful.

Data systems usually run unattended for long periods; reliability and provision
for redundant measurements of key parametsrs are highly impnrtant. Data should
be checked, processad, and archivaed (menthly) according tc plan. Malfunctions
must be caught early, and recording tactics optimired as aventa =accumulate.
Automstic zero-drift and calibracion signal recording are required at ragular
intervals (at least daily). Full calibration using physical I{nputs traceable to
standard valuea, (at least half-yearly) give the results credfbilicy.

In addition to basic statistical summaries of all sensors (assuned connected to
a central microprocassor), special records can be taken of pre-defined events.
For example, record evary sample of avery channsl for a predetermined period
whanaver a threshold wind spesd is axceeded.

This concludas general comments on the nature of wind effect ameasurements. To
assist tha task group in listing and ranking specific needs for research on
sensors and measursmant technology, suggestionzs are offered in the context of
research objsctives arising from field projects in Canada (Dalgliesh, 1982;
Ganguli and Dalgliesh, 1988).

RESEARCH OBJECTIVES AND SENSOR/MEASUREMENT TECHNOLOGY NEEDS
Refinition »f Input Wind Conditions

Wind speed and direction at key locations on aite, air temperature and
barometric pressurs, ars essential. Each field sice presents its own problems
with respect to siting inscrumants, but there is an opportunity to select, and
to improve upon, speed and direction sensors. In addition to being rugged and
easy to maintain, they should have a flat, linear response to fluctusations from
D.C. to 10 Hz. Direction is difficult to record as a single signal:. somecimes
sine and cosine ares Tecorded, and another option is to record up to 540 degrees
azinmuth. Thers is scops for improvement hara.

Tempsratura and barcastric prassurs ars rtequirsd to convert from speed to
pressure. An suto-ranging aicro-barometer with resolurion down to 5 Pa should
be daveloped for uss within bulldings to ragister wind-induced fluctuations in
the internal! pressurs.

Maazursmant of Structural Response

Excessive tip displacement and rotation sbout the wvertical axis of a tower
supporting aicrowave antennse, intsrfare with transmission. Displacement 1is
also a good msasure of overall structural response. Special -purposs
instrumentation hss besn devalopad for following che tip displacement of a
building, velative to its bass (Dalgiiesh, 1982). The fundamencal requiremenc
is to have & reference against which to messure motion. One method is to direct
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a laser beam vertically up an existing shaft, such ss an elevator. Photo-call
detectors mountad on the moveable carriage of an X-Y plotter have been used to
sand arror signals to the drive motors ¢f the carrisge, to keep the detector
srray locksd on the bean. Alr temperature variations introduce spurious
fluctuationa in the beam, which must be filtsred out, and great care must be
taken to ensure that the foundacion undar the laser doss noc rock, causing
amplified displacements at the cop.

Horizontal acceleration masasursment provides a cheaper, more direct measure of
perceptible motion. At lsast thres sensors ars required per level to include
the affects of torsicn. Accelaromatars are also used for determining building
frsquencies, damping, and mode shapes. Frequancias and damping can be
amplituds-dependent (Dalgliesh et al, 1983), A stable datum can also ba a
problea for accelarometer measuremants, in that any tilting of the instrument {is
indistinguishable from acceleration. Fechaps some space-age spin-off in the
form of a gyroscopic platform might bs considered to isolate accelaromsters from
local rotatlons of structures on vhich they ars mounted. '

Strains in structural members of a high rise office tower hava been measured by
foll gauges, which have been surprisingly reliable and stable over several years
of monitoring (Dalgliesh, 1982). If combined with ths necessary circuitry,
strain gauges might form part of packages to work with various parts of the
structure a3 load cells for continuous and permanent monicoring of performance.

Validation of Wind Tunnel Deaign Data fox Tall Bullding

The basic measurements for detailed assessment of how well wind tunnel design
data reflects the behaviour of real buildings are diffsrential surface
pressures--located to match crictical readings from the wind tunnel. Records are
taken of the arithmetic mesn, standaxd deviation, minimum, and aaximum for sach
S or 10 minute interval (Dalgliesh, 1982). Various statistical compari{sons and
tests are possible. A sample rate of 30/s should be sufficient to define peak
gusts in most situations. Analog filters with low pass at 10 Hz will contrel
aliasing. It is important to guard against blockage of the tubing to pressure
caps. A solenoid and valve must be incorporated with pressurs sensors to
provida zero readings at the end of esch sampling interval. Surprisingly, there
do not sesm to bs commesrcially available units that have sll of the raquired
features, so an opportunity for ressearch is presented.

Every fisld experiment requires a dynamic pressurs reference as a measure of the
strangth of the input wind, usually derived from wind speed at a location clear
of interfersnce from the building or any naighbouring structures. For
compariszson wvith wind tunnel results, a static pressurs cefarencea {s also needed;
in the wvind tunnel this is usually caken from a prassure tap mounted flush on a
side wall of the tunnel, or else from the static ports of a pitot tube, but
theres is no ecasy snalogy to be found in the field situation. If the referencs
sides of all surfacs pressurs transducers are comnected to the same internal
location, a best-fit vaiua for the intarnal pressurs dus to vind effect can be
darived. At lesast one micro-baromster should be used to track the effects of
wind on the internal pressure directly. As mentioned elsewhers, some research
on Iinstrusentation and measuremsnt techniques, including data reduction to
remove barometric pressurs trends, will be required.
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The measursment and analysis of wind effects on irternal pressure Is very
important for c¢ladding desiga, the control of moisture in the wall, and the
functioning of the building eunclosure tec prevent rain penetration. In the cold
ssason of northern climates, sxcessive exfiltration in a poorly functioning wall
may result in dangerous formations of icicles on high-riae buildings.

Structural Parfornance of Clsdding

Through-ths-wall pressurs gradienta are important for the design of twvo-stage
walls in which the outar laysr is vented to outside as & rain screen. Multiple
taps in sach instrumanted, compartmentad pansl check its pesrformance. Data are
alac used to build berter analytical modals and davelop wind tunnel techniques
to study local effects. Improvements would be walcome in methods for deployment
of pressure cells, or tapping points for sparially integrating readings of gusts
over individual compartment panels.

Orice the prassuras ars apportioned to the various laysrs of the wall, there
remains ths problem of hov to express ths load on the rainscresn as some
fraction of the total load across the wall; the maxima are usually out of phase,
to such an extsnt that they zay even be acting momentarily in oppesite
directions (Gangull and Dalgliesh, 1988).

One of the unsolved problams for cladding design is the assessaant of missile
hazards--roof gravel and othar looss construction materials that are implicared
in a significant proportion of glass fallures during windstorns. Some thought
should ba given ro daveloping a survey technique for missile sources upwind of a
structure at risk, svaluating wind speeds required to cause projectiles to
become airborms.

Roof uplift accounts for s amjor part of wind damage. Designers must ensure
that the air barrier can transfer wind load through a valid load path to the
foundation. There is s meed for a weather-proof method for placing & low-
profile sensor on top of, and within roofing systems to find out which layers
ars actually resisting the wind induced suctions, particularly in regions of
rapid fluctuations and spatial variation, near cormers.

Thsse sxamples, coming mostly from research on buildings, do not represent a
complate list of possible ressarch topics. It will be up to the task group,
over the next two days, to debate -the merits of an expanded list, and to provide
guidancs on those items perceived to be of particular ilaportance. The following
reaarks say strengthen our resolve to present recommendations that will resuit
in action.

RESEARCH FOR SENSORS AND MEASUREMENT TECHNIQUES

Making recommendations for high priority research should be mora than an
academic exsrciss. Ue must ksep in mind the naeds of the end users who must be
persuaded to fund the fiald ressarch. After field ressarchars maks structural
performance assesssants, we should expect certain design or construction
practices to be either confirmed or changed. Structursl performance assessment
should be interpretad broadly. Servicsability and durability are also important
to snd users, and oftsn the sams data ssrve to assess safsty, servicaability and
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durability. Even some non-structursl functions, such as the control of rain
penecration and air leakage, require wind data for proper dasign and evaluation.

Whers posaible, rhe rscommendations should encourage the use of common tools and
standard techniques. Sensors, signal conditioning and pre-processing,
transaission, storage, analysis, and archiving of data will becomes cheapsr, uore
reliable, &nd more widely understood and accaptesd in proportion to the number of
users and applications found for them. Any new resssrch priorities should
concentrate on those parts of problems for which there are no off-the-shelf
solutions. This reduces to a minimum the new technology that must be devsloped,
proved, and learned. A wmodular approach to problem solving should be
encouraged.

Az with any project where accountability 1is required. thore shouid be
intermediate objectives, with checkpoints whers progress is monl-ored, and if
necessary, tactica for proceeding to a solution revised. Finally,
sensor/measursment technique projects are not ends in themsalves; thay stand a
better chance of timely completion if their deadlines ars driven by actual
structural assessment projects,

REFERENCES

Dalgliesh, W.A., 1982: "Comparison of Modal and Full Scals Tests of the Commerce
Court Building in Toronto," Procssdiogs of the Internagional Workshop on Wind
Tunnal Modeling Criteria and Technigues in Civi]l Enginsaring Applications

Gaithersburg, Maryland, April 1982 pp. 575-589,

Dalgliesh, W.A., Cooper, K.R. and Templin, J.T., 1983: "Comparison of Modal and
Full-Scale Accelerations of a High-Rise Building," Journal of Wind
Enginsering and Indusirial Asrodvnamics, Vol. 13, pp. 217-228.

Ganguli, U. and Dalgliesh, W.A., 1988: "Wind Prsssures on Open Rain Scresn

Walls: Place Air Canada.” Jourpal of Structural Enginseripng, ASCE, Vol. 114,
No. 3, pp. 642-656.



EFFECTS DUE TO OCCUPANCY, TRAFFIC, SNOW & OTHEK LOADS

Robert A. Crist®

INTRODUCTION

It is a pleasure and honor to be invited &3 a2 speaker for this International
Workshop on Sensors and Mesasuremsnt Techniquas for Asseasing Structural
Performance. I have been assigned the dubious honor of addressing the subjecc
of the workshop with respect to occupancy, traffic, snow and other loads. If
one were to refer to the American National Standards Institute A-58 Standard for
Minioum Design Loads for Buildings and Other Structures, you would find the
majoricy of the Standard is mada up of raquirements for seismic and wind effects
and the remainder for occupancy and snow loads. Traffic and other locad effects
are not referred to so this allows me some flexibility {n addressing how we may
approach the problem of performance of structuras ralaring ro the load area that
1 have been assigned.

TYPES OF LOADS

We should understand the definitions of che various loads cthat I am addressing
before considaring the rasponse of structures to these loads. Snow loads are
obvicus and are covered under bullding codes and In detail in the ANSI A-58
Standard. Similarly, occupancy loads, which are chose vertical loads
suparimpossd upon the structura such as human weight, furniture, partitioms,
etc. alsc are wall covered by building codas and by ANSI A-58. Traffic can be
considered in a generic sense. It may be vehicular, human or, Iin some unusual
cases, watervay. Thasse loads generally transmit short term, time dependent
loads to the structure. “"Other Effects,"” for the purposes of my presentation,
are considsrad to be dus to air, water, shock, vibration or machinery. Air and
watar could ba considarad as pollur ' -n causing datarioration and infilcration.
Building facades are subject to hoc:ile alir and water enviromments. Their
response to the environmant has to bue measured.

ELEMENTS OF THE PROBLEM

Ve wmust ask oursalves some simple quastions to focus on our goals. What is
there to measure for performance of structures? To borrow a cliche’ from the
movie title, we need tha "Right Stuff.* For us Cto properly evaluate what the
right stuff is, let us break down our problem into its fundamental parts. Key
words of our workshop are peasurspent and perforpance. What is performance? It
is the response of a system to itsi environment. There are three important
words; oenvironment, which fimplies load; system, vwhich implies the
characteristics of the structure; ard response, which implies the output of the

*Jice Pressident
Wiss, Jamney, Elstner Assoclates, Inc.
Northbrook, IL 60052-2095
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structure due to the input or load.

aAYeas.

Sone

-]

Measures of system characteristics can be described in several ways.

examples for measuras of the environment or load are:
Depth, related to hydraulic head, buried structures or snow loads
Location relatad to snow drifting

Density related to weight of snow

Moteorology related to snow load

Motion relatad to ground transmitted vibracion
Pressurs

Count related to occupancy loads

Radiation reiastad toc light and thermal loads

Size, weight and shape related to occupancy loads
Anthropometry related to human occupancy activity

Chanistry related to air and water pollution

following are examples:

o

Q

-}

Modulus

Stiffness

Natural frequency

Damping

Resistivicy

Dansity

Conductivicy

Transmissibility

Strength related to yield, sndurance and ultimate strength
Veight

Chemistry ralatad to the chemical maksup of the system

22
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o Dinensions
Response is the output of the structure and is measured in many ways.
o Scrain resulcing from deformation
o Corrosion resulting from chemical attack
o Accsleration resulting from traffic or vehicular loads
o Velocity resulting from dynamic loads
o Displacement resulting from both slowly and rapidly applied loads
o Color or color changs resulting from chemical environment

o Deterforation resulting from physical or chemical breakdown of the
structurs.

MEASUREMENTS FOR ASSESSMENT OF PERFORMANCE

Now that we have the definitions and examples of the elements of our problem,
the load, the system and its response, we nesd to ask oursslves other gquestions.
Our assignaent at the workshop i{s tha assessment of performance. What
‘paransters are nesdsd to assess performance? Before we can determine what
parameters ars required, we must addresa the criteria that are usad to assess
performance. Qur measurements to assess performance must be consistent with the
assessment criteria or our measurements msay be useless. On the other hand, if
wa have no choice on ths type of mesasurements to be made, then our criteria may

need to be changed. Ve should not create critaria for assessment for which
measuremsncs cannct be nade.

Measursments can be made on the in-service system te assess performance. Also,
mcdels can be usad.

o Apply similitude for larger than or less than full scale physical models.

o Analytical or computsr models.

As was stated previously, the type of mesasursment should be consistent with the
assessmant cricaria. If our assassment criteris relaca ro time, for example,
the structure should last 10 years, or if the structure should not rescnate for
a dynamic load that has & duration of less than a second, then the measureaments
have to be consistent with these time frames. Various types of instrumentation
should bs considered. '

o Passive instrumentation can be left in place, unattended, that provides
either visual or chemical indications of response

o Active mesasurements using electronics, mechanical devices, etc.
o Remots masasursmants
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o On-sits and in situ measurements
The measuremeni. technigque also has to be compatible wich the criteria and our
ability to analyze the data obtained by the technique. These techniques also
have to be considered with respect to the accessibility and type of structural
system.
o Nondestructive
o Destructive
o Disruptive
o In situ
o Obtrusive
o Unobtrusive
Information processing is one of the more costly items to be considered.
Choices can be made of off-the-shelf and custom software. What should we do
with the measursments once we get them? Often too much Information is gathered
and it becomes difficult, if not impossible. to retrieve and analyze it. Some
of the types of processing we have available to us are:
o On-line or simultaneocus
o Real time
o Off line

o Hand processsing or visual

Instrument technology has offered us a wide range of choices {n both transducers
and conditioning equipmant.

o Solid state

o Servo-mechanical

o Mechanical

o Visual

o Electrochemical
Measurement of the performance of a structurs is essentially an experiment and
ths experiment has to ba designed. Measuremencs ars mada and interpreted to
provida the response of the system. Are these measurements what we want and can

they be interprsted with the level of reliability necessary? Simple things
should be considered:
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o Size of sample

o Representative samples
In our procass of mezsuring the performance of structures and assessing thenm,
the application of the assessmen. should enter into the overall design of our
measurement systems. Some of the applications of assessment are:

o Fix

© Renovate

© Maintain

o Surveillance

o Demolish

o Input for the design of other systems

o Evaluate to meet specifications
The cost of measurements and the time available for assessment must be
constantly kept under consideration. It is unusual, but sometimes it iz che
casa that cost 1is of no concern but there is limited time to perform cthe
assassaent. This is as provocative a problem as having plenty of time and
limited funds. Most all of us attempting to make measursments to assass rthe
parformance of structures are confronted with thesze issues. Therefore, the type
of measursmant, our data processing and the valus to the assessment continually
nesd to be addressed.
This presentation is intended te be a series of questions and challenges more
than answers. We must address them as we progress through our deliberations in
the workshop.
SUMMARY
In summary, let us re-examine what these challenges are.

o Vhat should we measure? Sioply put, it should be the "Right Stuff.”

© Thea performance of a structure is the response of a system to ics
anvironment where:

o Environment implies load
o Systea implies the characteristics of the structure

o Response implies the output of the structure, i.s.,
deflection, strain, accsleration. detsrioration, etc.
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Measursments may have to be made in sll of these areas.

o

o]

The parameters to assess performance have toc be determined and addressed

Criteria for assessment have to be established before the assessment i3
undertaken

Where should the measursments be made in the system?
What measursment technology should be applied?
How should the information be processed?

What instrumentation technology should be used: passive, active, remote, in
situ, etc.?

The assessment should be considered as an experiment and the experiment
should be designed carefully

The aspplication of the assessament should be examined before any performance
evaluation is undsrtaken. Is the structure to be fixed, renovated,
demolished, or is information to be gathered for design?

last but not least of all

The cost and time available for the assessment may dominate decisions made
on all considerations.

It i{s hoped that these challenges will be addressed throughout our workshop.

Sone

mAYy appear to be mundane and too fundamental; however, it has been my

experience that many are overlocked in the assessment procass and become major
barriers tco the succass of the program.
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SENSOB. TECHNOLOGY

Timothy A. Reinhold®

INTRODUCTION

The objective of this paper an< presentation at the International Workshop omn
Ssnsors and Measurement Techniques for Assessing Structural Performance {s tc
provide an overview of sensor technology to help focus discussions during the
task group working ssssions. The paper begins wich a review of requirementa for
various typss of full-scale measuresents and outlines the typas of measurements
conducted. The second section discussas sensor performance requirements, signal
conditioning and the transmission of signals. The third secrion discusses
levels of complexity in sensors and daca systems as the tachnology moves towards
"smart” sensors. The paper closes with a brief ocutline of challenges for the
futurs.

MEASUREMENT REQUIREMENTS AND TYPES OF MEASUREMENTS

Measuremant requiremsnts for various areas of activity related to structural
parformance were defined at an earlier National Scilence Foundation sponso:rad
workshop on "Field Measurements.” Participants at that workshop considered ana
sstablishsd measurement requirements for earthquake ground motion, wind speeds,
wind pressures, dynamic response of structural frames, dynaric response of
components and long-tarm creep or settlemant. The neasurenent requirements for
bandwidch, sensitivity, dynamic range and resolution reguired for engineering
and research applications in thase araas are summarized in Table 1.

There is & wide variety of sensors on the market which are capable of producing
output signals proportional in either a linear or nonlinear way to a desired
quantity such as force, displacement, velocity, acceleration or some othsr
characteristic of interest., Table 2 providas a listing of some of the devices
and technologies used. Gensrally, these devices employ weasurements of some
basic quantity or quantities such as displacement, velocity, acceleration,
forcs, temperaturs, light or time to produce derived quantitiss such as length,
widch, thickness. position, level, surface quality, strain, vibration frequency,
speed, rate of flow or a myriad of other quancities.

SENSOR PERFORMANCE AND SIGNAL CONDITIONING

Sensor perforpance can be dafined in terms of linearity, dynamic response,
sensitivity and repeatability or accuracy. The linearity relates to ths degree
of complexity of the relationship betwesen tha basic and derived quantity or
quancitiss, hysteresls, stabilicy or creep, and elastic aftar-affect. The

*Vice President/Manager
Applied Rassarch Engineering Services, Inc.
6404 Falls of Neuss Rd., Raleigh, NC 27615
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dynamic rsspouse s related toc the damping and admittance function of the sensor
between input and output. This can make the sensor more or less suitable for
sinusoidal, step function and cransient inpurs. The sensitivity and
repeacability or accuracy of the sensor depends on the compensation for
temperaturs changes, degradation of response and/or sensitivity due to exposure,
contanination or deterioration, Finally, cthe accutacy of the sensor and the
dynamic range depend on its signal to noise racie,.

Even when the sensor or sensing element meets all the basic requirements for the
application, other problems related to signal transaiszsion and recording can
degrade the quality of the measurement. These problems can be lumped together
as signal conditioning and noise. First, there can be pre-conditioning noise or
errors which arise from sensor location in an unfavorable or electrically noisy
anvironment, and electrostatic or electromagnetic transmission noise arising
betwaen the sensor and the signal conditioner.

The signal conditioning unit itself can be a significant source of noise and the
components must be capable of at least the same dynamic range as the sensor or
thea accuracy of the output will suffer. Whils noise can be removed or at least
reduced with a good signal conditioning unit through filtering and common mode
rejection, additional noise can ariszs from offset errors dua to mismatching
input impedances, gain errors by discrate component tolerance and drift, and by
the dynamic rangs of individual components.

Once sensor output has been conditioned, and this usually includes producing
high level signals which are less susceptible to noise, the signals are
cransmitted to the recorder. Again, noiss can contaminate the signais during
that transmission and the recorder itself wmay introduce quantizing ncise or
aliasing 1if propsr filtering has not been accomplished.

SENSOR/SYSTEM COMPLEXITY

Sensors are a part of any measurement system. They can range in complexity from
a simple strain gage which measuras a basic quantity to a system which turns an
entire building or bridge into a transducer. There are those who suggest that
sensors nead to become as scophisticated or “smart"™ as possible in order rto
handle things such as compensation, sending. conversion of units, linearization,
sslf-calibration and checking. There are othera vho want the sophistication and
checking placed in a central compucter system, thus leaving the sensors as basic,
inexpensive components. Some of the logical levels of complexity are suggested
in Figure 1. The challenge {s to find the appropriate balance between
distributed and central intelligence for the particular application.

FUTURE CHALLENGES

Tha challengs for the clvil enginesring ~ommunity 1is to mors effactively use
sensors to monitor and evaluats our structures. Modern racing craft with their
use of sensors to monitor masts, sails, and other kay elements, all connected ro
a cantral computer which controls the various functions essential to the
structural Incegricy of the craft, point to the possibilicies. While we may not
be close te relying on control systems to ensure structural safety, we may find

30



applications of monitoring and control useful i{n applications such as post
disaster evaluation or structural serviceabilicy.

1. SAMPLE CONVERSION

2. ENVIRONMENTAL COMPENSATION

DIGITAL INTERFACE HOST COMPUTER
Software
» Multiplexing = Conversion 10 anginsaring units
* A to D conversion + Seneor validation & emor checking
« Compensation
+ Analysis
REMOTE SYSTEM -

SENSOR ANALOG INTERFACE &
SIGNAL PAOCESSING UNIT
* Lingarization * Gain
+» Temparsture « Filering
companaation
+ Compensation for
spuondecy eflects

DIGITAL INTERFACE HOST CUMPUTER
Software
« Multipiexing » Comarsion 10 engineerning units
« A w D cormversion = Serwor validation & erur chacking
* Analysis
REMOTE SYSTEM .

Figure 1. Levels of sensor complexity
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3. COMMUNICATIONS CAPABILITIES

Qe

4. DIAGNOSTICS

Figure 1 (Cont.} Lavels of sensor complexicty
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RESEARCH OPPORTUNITIES

TASK GROUP A
SEKISMIC KFFECTS

Chairman: James Gates
Division cf Structures
CALTRANS
Sacramento, CA 94274

BACKGROUND :

The 16 recommendations developed at this workshop In the seismic area are
intended to asusist the structural enginser in the dasign and construction of
safe, economical seismic resistant scructures. Tha recommendations cover four
broad categories:

Free Field Effects
Seismic Intaractions With Soils and Liquids
Structural Responsa
Cooperation and Common Projects With Others

o000

While the following recommendations have besn arranged in order of priority
within each catsgory, it {s recommendsd that prioritization be accomplished by
consulting the major instrumentation tsamx in the country, including the USGS,
the Calffornia State Strong Motion Instrusentation Program and others. An
atteapt was mads for each recommendation to address a separate topic; however,
SOme OVerlap occurs.

Because of time limitations some recommendations did not receive a complete
write-up as desired, but this should not bs ssen as an indicacion of low

importance. All items are considersd to be important as this list represents a
distillation of a longer listc of topies.

FREE F1ELD EFFECTS:

RECOMMENDATION Al: THREE-DIMENSTONAL DENSE INSTRUMERT
ARRAYS

THREE-DIMENSIONAL DENSE INSTRUMENT ARRAYS NXED TO BE
INSTALLFD FOR MEASURING BOTH FREE-FIELD AND FOUNDATION
DIFFIRERTIAL MOTIONS

Long horizontally extendad structures such as pipelines, tunnels, long-span
bridges and ge.isral lifeline structures can experience diffsrential motion ac
their supporting pointa/sidas. Thersfors, no rational earthquake-resiscanc
dasign for these structures i3 possible without Iknowledgs of the spariasl and
temporal variation of earcthquaks ground mocions along the axial line at their
supporting points/sides. 1In addition, these structures ara located at sitas
with various grouwd conditions and some of them ars underground. Thus, the
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effects of aarthquake ground motions to which these structures are subjected
normally differ as the propagation, attenuation, and amplification
characteristics of ssismic waves vary with soil conditions. Therefore, dense
ingtrument arrays of differential seismic motlon by many accelerographs as well
as displacemsnt ueters should be deployed on the ground and underground (down
holes) in specific areas of raprasentative free-fiasld and =soil-structure
interaction sites in highly active seismic zones. Such arrays can give valuable
information on attenuation characteristics by local topography and geol:oygical
conditions. Such efforts should be coordinated with approprlate federal and
state agencies.

RECOMMENDATION A2: LONC-PERIOD GROUND MOTIONS

STATE-OF-THE-ART SENSORS SHOULD BE DEVELOPED AND
DEPLOYED FOR THE MEASUREMENT OF LONG-PERIOD GROUND
MOTIONS

High frequency motions attenuate much more rapidly with distance from the center
of seismic energy relsase than do low frequency motions. Accordingly, at
distant locations there is an appreciable effect of lang-period ground motion.
In addition, due to the technical difficulties of accurataly extracting long-
period motions (3 aeconds and longer) from cypical accelerograms and due to the
importance of earthquake-resistant design of long-period structures such as tall
buildings, long-span cable-supported bridges and fluid containers, there is an
urgent need to develop and deploy strong motion instruments for loug-period
measurszents. The deta from such sensors would also ba valuable for comparative
studies of routinely processed data (such as inctegrated velocity and
displacemsnt histories) from accelerograms.

SEISMIC INTERACTIONS WITH SOIL AND LIQUIDS:
RECOMMENDATION A3: DISPFLACEMENT AND ROTATION

DEVELOP COMPACT AND INEXPENSIVE MEASUREMENT METHODS
FOR DISPLACEMENT AND ROTATION

Most of the rctime history records of ground and sgtructural motions are
acceleration records bescause of the convenience of measurement. But to assess
the safety of structures during earthquakes, the displacement is the most
important parametsr to measurs becausa srrains and stresses in the structures
depend on ths displacemants. Displacements are difficult to obtain from
acceleration records, Needed research includes che development of compact
sensoTs ard less expensive measurement procedures to accurataly capture ground
and structural displacements. In addition, the develupment of improved methods
of velocity measurement should bs encouragesd.
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RECOMMENDATION A4: SOIL DYRAMIC SHEAR STRAIN

INNOVATIVE INSTRUMENTATION TO MEASURE DYNAMIC SHEAR
STRAIN IN SOIL SHOULD BE DEVELOPED AND DEFLOYED

Data on dynamic characteristics of soil at large amplitudes are scarce. In
addition, due to earthquake-induced large-amplitude dymamic strain in soils and
esarth structures during damaging earthquakes, there is an urgent need to
accurately measurs values of shear strain of deformed asoils at free-fleld sites,
in relacively poor sails surrounding large foundations, inside earth dams and
szbankments, and in zones of potential soil liquefauction. Efforts should be
focused on the developmenc of cost-effective and accurate sensors. The daca
obtained from such measurements would ba very valuable in verifying existing
analytical techniquas of nonlinear constitutive wmodeling, nonlinear dynamie
soil-structure interaction, and seismic analysis of earth dams and embankments.

RECOMMENDATION AS5: DYNAMIC PRESSURES IN SOILS
AND LIQUIDS

DEVELOP IMPROVED INSYRUMENTS TO MEASURE DYRAMIC
PRESSURES IN SOILS AND LIQUIDS

The dynamic influsnces of various soils on largs foundations and walls under
seismic loading need mors correlation with analytical studies. This can lead to
improved dasign procedures and improved (and hopsfully less costly) designs. An
uvconomical, rugged, compact and :rellable sensor which can remain buried and
opsrational for a long period of time 1s nesded. Applications could be expanded
to measurs the variation in vertical pressure undar spresad footings which are
ganarally consarvativaly dasigned. Other applications would include tunnels and
other underground strucrures.

RECOMMENDATION A6: FORCES IN PILES

THE BEHAVIOR OF PILES AND THE FORCES IN FILES DURING
EARTHQUAKES SHOULD BE MONITORED AND RESULTING DAMAGCE
SHOULD BE DOCUMENTED

The safety of structures supported by piles iz greatly affected by the dynamic
behavior of the piles. But thers are not snough observational response data
avallabla for piles under seismic loads, Measurement techniques should be
daveloped to owasure deflections and strain/stress iIn the piles and
instrumentation to accomplish this should be deployed. Such data would be
valuable for soil dynamics and foundation design.
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STRUCTURAL RESPONSE:
RECOMMENDATION A7: DEFLECTION TIME HISTORTES

OPTICAL AND VIDEO TECHNIQUES FOR THE MEASUREMENT
OF TIME HISTORIES OF STRUCTURAL DEFLECTIONS NEED
TO BE DEVELOFED

Most current seismic measurements involve the placement of sensors at various
locations on the structure with extensive cabling to connect each sensor to a
remote rscording system.

Current video and optical technology permits the ovarall structural response to
be recorded and data from many locations to be recorded simultaneously on video
tape. The advantages of such a system would be lower initial costs and
flexibilicy in post-sarthquake analysis. 1In addition, a visusl observarion of
damage would be possible which could aid in collapse potentfal studies. The
system would also be used on very complex systeas which would require up to
hundreds of channels of conventional sensors. In addition, the response of
inaccessible systems such as those located in toxic or high volctage areas could
be measured.

RECOMMENDATION A3: MOBILE DATA ACQUISITION SYSTEM

A MOBILE DATA ACQUISITION SYSTEM SHOULD BE DEVELOPED
TO CAPTURE GROUND MOTIOR AND STRUCTURAL RESPONSE DATA

At the present time it 1s not well understood how structures having large base
dimensions respond to a series of on-coming ground motions. Such structures
include long-span bridges with multipla supports and buildings of large plan
dimensions. Usually these structures ars designed wicth an assumption that all
parts of the base of such structures are subjectsd simultaneously to the same
ground motion. It has been shown that this assuaption may lead to
unconservative design. Accurately defined ground motions are needed for
realistic evaluations of the responss of structures to seismic events.

In order to cbtain ground motion dara an array of portabla instruments should be
deployed immediately following the initial event of a major earthquake to
capture frees-field ground motions as well as responses of assorted structurec.
It is not cost effective to install a largs number of costly instrumencs ac a
particular site and wait for a major event to occur. Several mobile unics,
perhaps 5 or 6, should be placed in seismically active regions with each unit
assigned to cover certain preselscted sites.

RECOMMENDATION AS: ACTUAL LOADS ON MEMBERS

DEVELOP IMFROVED METHODS TO MEASTIRE ACTUAL LOADS
ON STRUCTURAL MEMBERS

The ressarcher and designer ars primarily intsrested in the actual forces (axial
force, momant, shear) in varicus componsnts of a structure. Compact, reliable
instrusents which output forces directly would bs very useful. The basis for
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such an instrument would be the messurement of srrain. VLSI rechnoleogy could bz
used to output useful engineering data directly.

COOPERATION AND COMMON PROJECTS WITH OTHERS:

RECOMMENDATION Al10: COOPERATIVE STUDIES WITH
OTHER COUNTRIES

DEVELOP OPPORTUNITIES WITH OTHER COUNTRIES FOR
COOPERATIVE STUDIES TO OBTAIN STRUCTURAL RESPONSE
DATA ON A TIMELY BASIS

Opportunities to collect response data from actusl structures are limited in the
U.S. due to the infrsquent occurrence of strong sarthquakes and winds at sites
whare candidata structures are locatad. For exampla, Japan has many bridges and
buildings which are designed based on advanced design concepts and are subjected
to frequent strong earthquakes and winds (5 or 6 times per year). These
structures serve as ideal full-scale laboratories to obtain valuable dynamic
response data of full-scale structures ss well as to evaluate the effectiveness
of instruments. At the pressnt time, the UINR Panel on Wind and Seismic Effects
provides an effective charmel to undertake cooperative work with Japanese
rasearchers and sngineers. This mechanism could be utilized further to explore
cost effactive ressarch.

RECCMMENDATION All: IMPROVED DATA ACQUISITION

IMPROVED EARTHQUAKE DATA ACQUISITION SYSTEMS FOR
CROUND MOTION ARD STRUCTURAL RESPONSE MEASUREMENTS
NEED TO BE DEVELOPED

Efforts should be directed toward the improvement of data acquisition systems
for central recording of free-fleld, interaction systems and structural-response
motionas. Specifically, the following items ars considersd essantial:

1. Remote interrogation, including data transmission
2. Use of PC technology as an upgrading path

3. Pre-event semory capablilities

4. Analog signal outputs and A/D and D/A converters
5. Data storags and display

RECOMMENDATION Al2: DEPLOYMENT OF SEISMIC SENSORS

CUIDELINES SHOULD BE ESTABLISHED FOR THE DEPLUYMENT
OF SEISMIC SENSORS

To make the most of the recorded motions ¢f the ground and structures observed
at various places, deployment guldelines should be established. This will also
ancourage people vho would like 2o measure sarthquake mo:iions but don't know
hov. Ons posaible way to do this would be through a workshop. Input should
coms from anginsers and sensor mamufactursrs and the workshop should be
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international in scoepe. The publishad guidelines should include the details of
the msasurement mathod, and explain just what is being measured and why.

RECOMMERDATION Al3: INTEGRATION OF RESPONSE DATA
IN SMART BUILDINGS

NEANS SHOULD BE EXPL_RED TO INTEGRATE BUILDING
STRUCTURAL RESPONSE DATA INTO THE CONTROL SYSTEMS
FOR HVAC AND SECURITY IN SMART BUILDINGS

Increas. .ig numbars of naw Gulldings are being controlled using a systam which
controls internal environment, transportation and security. The system is
depsndent upon information continuocusly supplied by sensors placed at strategic
locations throughout the bullding. It is cost effective to incorporate the
aystem for the collection of wind and seisaic response data.

RECOMMENDATTON Al4: COMMON MEASURING SYSTEMS FOR
WIND AND SEISMIC EFFECTS

DEVELOP COMMON MEASURING SYSTEMS FOR THE MEASUREMENT
OF SEISMIC EFFECTS AND VWIND EFFEC1S

Vhen wind and seismic systems exist side by side in a structure, guidelinmes
should be developed and systewns should be perfected to utilize common data
channels and data acquisicion systems for both types of data. Savings would
include the elimination of duplicate systens and reduction in maintenance
opsrations,

RECOMMENDATION Al5: SYSTEM IDENTIFICATION TECHNIQUES

INPROVED SYSTEM IDENTIFICATION TECHNIQUES AND SIGRATURE
ARALYSIS PROCEDURES NEED TO BE DEVELOPED

The development and daployment of improved instrumentas for ground-motion and
structurai-responss measurements should go hand-in-hand with the development of
sophiscicated system idancificaction and signacure techniques. More research is
nseded 1in areas such as: nonlinear (both time and frequency domains) system
identification, multi-input multi-ocutput systems, random decrement analysis,
damage detection techniques and nondastruccive evaluation methodologies.
Verification of existing system identification techniques via experimental and
observactional studies i{s also needed.

RECOMMENDATION Al6: DATA STANDARDS

DATA STAMDARDS FOR SEISMIC DATA NEED TO BE DEVELOPED
There is & naad to develop formal standards for the format of seismic (and wind)
data along tha linss of applicable ANSI standards. This is especially so for

computer data to permit easy interchange of daca batween rasearchers. The
standard could be sxpanded to bs international in scops.
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TASK GROUP B
VIND EFFECTS
Chairman: Ki{shor C. Mehta
Department of Civil Engineering

Texas Tech University
Lubbock, Texas 79409

BACKGROQUND:

The eight recommendations developed by those individuals who addressed wind
effects are concernad primarily with improved instrumentation and tachniques for
measuring wind speeds and associated pressures in and on structures. In
particular, the difficult problems of measuring wind speeds around large
structures and establishing a suitable reference pressura in full scale studies
were addressed.

TO BETTER DEFINE THE WIND LOADS ACTIRG ON STRUCTURES,
SEVERAL IMPROVEMENTS ARE NEEDED IN THE MEASUREMENT

OF WIND SPEED AND DIRECTTIONM, AND IN THE AMALYSIS OF
THESE DATA )

Improvements are needed in the type of wind speed data provided by the national
nutwork of NWS stations. It {s thess long-term records which are used to
predict wind loads. Data are currently reported in difficult to use forms such
as fastest mile speeds and these data should be replaced with more directly
usable information. Current instrumentation and data acquisition systems need
to be combined inte a system which will provide wind records of direct use for
structural design purposes. If accepted by NOAA, theae systems and an expanded
network of reliab’e wind recording stations could provide valuable data for
structural design purposess.

RECOMMENDATION B2: DEVELOPMENT OF PORTABLE UNITS FOR

THE MEASUREMENT OF WIND SPEED AND
DIRECTION

SELF-CONTAINED PORTABLE UNITS NEED TO BE DEVELOPED
FOR THE RECORDING OF VIND SPEED AND DIRECTION IN
THE STORM PATH

The wind resistance of structures is often aasessed through post-storm damage
surveys. In many cases the wind spaed records are insufficient to allow full
correlation of the deamage to wind speeds. A portable, rugged, self-contained
unit is needed for recording wind spead and direction to help overcome this lack
of data. An array of thase units could be installed in the path of a storm to
provida spatial and temporal wind speed values. Such portabls units could also
be used to provide velocity profiles within the roughnesa laysr near low-rise
buildings.
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RECOMMERDATION B3: REMOTE SENSING DEVICES

DEVICES ARE NERDED WITH WHICH TO SENSE WIND SPEED
AND DIRECTION AROUND BIUILDINGS AND OTHER STRUCTURES

Often the need develops for the remote sensing of the velocity field around a
structure. For sxample, the horizontal velocity distribution upwind of a bridge
or the vertical wind profile approaching a large building is needed. Advanced
remote senzing devices for wind spesd should be developed which will operate
sacisfactorily ir such applications, thus eliminating the need for masts or
other fixed mounting devices.

RECOMMENDATION B4: MEASUREMENT OF STRUCTURAL DISPLACEMENTS

INFROVED TRANSDUCER TECHROLOGY AND BETTER DISPLACEMENT
TRANSDUCERS ARE NEEDED FOR MEASURING STRUCTURAL
DISPLACEMENTS

Wind induced displacements of structures and structural components have
tradicionally bean measured by placing a limited number of sensors at carefully
chosen locations on tha sctructural systea. This provides a measure of
deflection at the location of sach sensor station. If the overall behavior or
response of the structure 1is under investigation, it i{s necessary to evaluate
relative displacements of the sensor stations as a set. Displacements between
senscrs amust be inferred. It is often necessary to use sensors which do not
measure displacements dirsctly, e.g. accelerometers. This dictates that
measurspents must be proparly converted to the desired physical quantity before
applicarion. For situations where displacements must be monitored in or near
occupisd spaces, it is necessary to kesp the installation simple by using
compact and unobtrusive sensors. VWhere ssnsors ars exposed directly to harsh
anvironments, they wmust be weather resistant, rugged, and protected from
lightning and other voltage surges.

Although existing sensors have generally been usable, they do not enable cthe
comprehsnsive and direct measurement of system displacements (i.e. mode shapes
and amplitudes) and componant displacements (local failure) that are needed for
evaluating structural parformance., A new sensor, possibly based upen fiber
optic technology, should be developed which will enable continuous measurement
of structural displacements along the full height as in the case of tall
buildings or towers, and along the full length as in the case of long-span
bridges. The sensor technology should also addyesa the need for mneasuring
small-scale, local displacements within structural components. The sensor
development should result in a dasign which is unobtrusive, simple to install,
and rugged.
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RECOMMENDATION B5: MEASUREMENT OF WIND EFFECTS

AN INTEGRATED SYSTEM NEZDS TO BE DEVELOPED FOR
THE MEASUREMENT OF WIND EFFECTS ON BUILDINGS
AND OTHER STRUCTURES

A system with which to maasure wind effects on buildings and structures can be
thought of as baing made up of three major components: (1) A central computer
system for managing the data acquisition, analysis and recording: (2) The
squipment needed for infcial processing and transmission of the data from the
sansors; and (3) The individual transducers. A smart tranasducer might
incorporate both (2) and (3) or one version of (2) might suffice for several
cransducers.

Control systems in tha form of PC's are readily available and can be adapted
eagily to the needs of a data acquisition system. New systams are in continuous
developsent and need not bs of concern tc this group. 'The electronics for smart
cransducers are also undsr davelopment by many others, However, it is important
to take advantage of all thess developments and to incorporate them into the
design of indjividual transducers. For exampls, use of telemstry would be an
excallent mecthod of controlling and getting the data from individual sensors.
Today the tendency i{s to use exfisting phone cablas or special purpose cables.
Use of telemetry could possibly reduce the cost of this part of the system and
also would eliminate the constant repairs to cabling encounterad in buildings
due to insdvertent damage by dally maintenance and repair personnel. However,
the telemetry aystem oust be robust and free from outside interference. Thus
the major concernn in developing acquisition systems for buildings and other
structures will be in the area of the transducers and sensors to be used in such
systems.

RECOMMENOATION B6: ABSOLUTE PRESSURE TRANSDUCER

AN ABSOLUTE PRESSURE MEASURING TRANSDUGER AND STEADY
REFERENCE PRESSURE PROBE NEED TO BE DEVELOPED

Wind interacting with the surfaces of a building or other structure causes
pressurss to act on those surfaces. It iz current practice to monitor these
pressures, either in the wind tunnel or in the field,. using differential
pressurs transducers. The difficulty with using differential pressure
transducers in the field iz the requirsment for a steady reference preasure.
Wind induced pressure can be measured rellably 1f an absolute pressure
transducer is developed. The new transducer will be useful in determining
pressures on building cladding surfaces that are in distress, in obtaining field
data of wind induced pressures, as well as in measuring pressures on msodel
surfaces In wind tunnels. The davelopment of an absoluts pressurs transducer
will not only reduca the cost of pressure measurements, but also wil)l permit
pressure measurements on a wide variety of structures that are not possible at
pressnt.
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RECOMMENDATION B7: LOW-FROFILE LOAD CELLS

DEVELOP A LOW-PROFILE LOAD CELL WHICH CAN BE
ATTACHED TO BUILDING SURFACES

A need is perceived for inexpensive, sasily installed low-profile load cells
which could be acrtached to the surfaces of buildings tc measure wind loads.
Such transducers and associated signal conditioning and data transmission
systams should be as unobtrusive as possible in order to gain acceptance by
building owners.

Thess transducars should be capable of operating in the range of + 200 psf and
be insensitive to moisture and temperature changes. Their deployment on a large
number of buildings would greatly improve our knowledge of actual wind loads.
Thay could also bs used for wind tunnel applications. In both cases the lack of
a need for a refersence prassure would greatly facilitats their use. Recently
developed pressure sensicive films or other miniarturized load cells might also
prove suitable for this application.

RECOMMENDATION B8: AIR FLOW THROUGH BUILDING ENVELOPES

A METHOD 1S NEEDED FOR THE DETERMINATION OF INTERNAL
PRESSURES

The distribution and siza of leaakage paths through the building anvelope
determine the internal pressurss, A measurement technique is required to
collect representative field information in order te develop reliable methods
for cladding dasign. In addition to structural loads, this information is
essential for assessing vind effects on a) mristure accumulation in the wall
assembly (affects durability), b) indoor alr quality and building ventilation
nseds, c) smoke control measures (firs), and d) energy efficlency. Airflow in
the plane of the enclosurs prassnts a major chailenge. Candidate techniques

include a) tracer gasses, b) pressurization of isclated components and flow
measursments, and c) thermcgraphy.
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TASK GROUP ¢
EFFECTS DUR TO OCCUPANCY, TRAFFIC, SNOW & OTHER LOADS

Chairman: Robart A. Crist
Wiss, Janney, Elstner Associates, Inc.
Noxrthbrook, Illinois 60062

BACKGROUND:

Thess rtecommendations provide guidance for the development of improved, more
cost affactive and safer design and assessment criteria for structures. The
major elements of measurement considered hers fall into three general
categoriss:

o Environmental loads to which a structure is exposed
o System (structure) characteristics
o Response

It is important to Trecognize cthat measurements alone cannot be wutilized
effectively for the design of new srructures and the assessment of existing
atructures unless criteria for applicaticn of the msasurements exist. It may be
necessary in some instances that measurementzs be made without criteria to
demonstrate the need for critsria and their development.

CORROSION:

Billions of dollars have Dbeen spent on rapair and maintenance of structures
wvhere corrosion is occurring. Much research has been done to derermine the
causes, mechanism and dsbilitacing effaccs of corrosiom. The most obviocus
effect is loss of cross-sectional area of che corroding element. Secondaiy
affacts, such as stress corrosion cracking, freezing of mating surfaces and
lateral pressure dus to the expansion of the corrosion product have also led to
structural distress,

Ressarch is needed to develop methods and davices wvhich can quantify corrosion
activity. Resesrch is alsoc nseded to develop acceptabls criteria for corrosion
evaluation. Measurement techniques should focus on monitoring of hidden steel
surfaces aince such surfaces cannct be sasily inspectad nor directly measured.
Examples of hidden steal elemants are reinforcing bars, prestressing strands,
mazonry anchorages, retaining wall tisbacks and steel connections in timber and
stasl structures.

RECOMMENDATION Cl: EXISTENCE OF CORROSION

DEVELOF A RON-DESTRUCTIVE MEASUREMENT TECHNIQUE TO VERIFY
THE EXISTENCE OF CORROSION AND QUANTIFY THE RATE OF
CORROSION OF "EMBEDDED" OR HIDDEN STEEL ELEMENTS

Existing methods of corrosion msasuresment are the half csll potential method
(ASTM C 876-37) for reinforced concrets, optical borescope for steel behind
masonry cavity walls, asnd physical exposure and direct measurement of the
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corroding elsment. All of these methods are cunbersome to implement and
difficult to interpret. The instruments developed should be passive,
insxpsnsive, reliable and accurate for embedded davices. Thay should be easily
portable, inexpensive and easy to use as field testing devicas.

ummmnou G2: LOSS OF CROSS SECTION

A NOIf-DESTRUCTIVE TEST METHOD IS NEEDED TO MEASURE
L0SS OF CROSS SECTION DUE TO CORROSION

Develop a non-destructive test method to measure the loss of cross saction due
to corrosion, Traditionally, for hidden elements, this could only be
accomplished by exposing the slement and mesasuring the cross section directly.
This method is destructive and expensive, The davice and method developed
should bs similar in function to those described under Recommendation Cl above.

OCCUPANCY LOADS:

Occupancy loads are those live loads which are dus to the occupants of a
structure and dus to rsadily moveable cbjects and equipment. In a building this
would includa people, furniture, carts, stc. The occupancy loads for a bridge
would be he vehicles croasing the bridge. Equally important ,re censtruction
loads. Thess loads ara the loads cdua to construction persormel and the
temporary stacking of materials and equipment.

RECOMMENDATION C3: REAL-TIME ANALYSIS OF OCCUPANCY LOADS

STUDINES SHOULD BE CONDUCTED TO DEVELOP THE NECESSARY
MEASUREMENT TECHNIQUES AND MEASUREMENTS SHOULD BE MADE
OF REAL-TIME OCCUPANCY LOADS FOR BRIDGES ANRD BUILDINGS
AND LOADS DURINC CONSTRUCTION

The real-time analysis of live loads would result in the generation of an
improved and more complete statistical data base vhich could be utilized to
develop improved llve load spscifications for both bridges and buildings. An
sdditional use of the measurements would be to facilitate search and rescue
opsrations dus to knowladge of the location of occupants in the event of a
structural collapse. The dats would also be useful in evaluating the use of
structures.

Although it 1is possible to use the strucrure itsalf as a rtransducer (a.g.,
bridge weigh-in-motion studie:), development 1is nesded of transducers that
directly meas.re load. This may be in the form of pressure mats. The
cranaducers would need to measure both the magnitude and location of the load.



SNOW AND ICE LOALS:

The snow and ice loads on a sctructure are a function of che geomecrry, the
exposurs, and the therma! characteristics of the structure. Present
spacifications nesd continued updating and improvement, particularly with regard
to drifted snow.

RECOMMENDATION C4: DEPTH AND DENSITY OF SNOW AND ICE

AUTOMATIC AND CONTINUOUS METHODS ARE NEEDED TO MEASURE
ROOF SROW AND ICE LOADS

The determination of roof snow loads is generally a manual process which is
inconvenient, potentially dangerous, and disturbs the quantity being measured.
Measurement techniques need to be developed that provide a convenient and
automated means of measuring snow depths and densities. The use of remote
sensing should be considered for this. The resulting data will not only be of
use in the assessment of individual buildings, but also in the accumulation of a
sufficiently large data base for code development. In particular, improved
ground-to-roof conversicnm factors and the specification of drift loads will be
accomplished. The data can be correlated with wind measursments to evaluate
exposure sffects.

RECOMMENDATION C5: THERMAL LEARAGE IN ROOFS

STUDIES ARE NEEDED VHICH MEASURE THE THERMAL
GRADIENT THROUGH A ROOF

A major factor affacting roof snow loads ia the amount of thermal laakage that
will cause melting of snow. Wicth improved energy conservation metheds, less
thermal mslting can be counced upon than in the past. Cerctain structures such
as long-apan flat roofs will be mors susceptible than other types of structures.
Proper criteria for the inclusion of thermal effects on design snow loads can
only be accomplished through the measurement of roof thermal characteristics.

RECOMMENDATION C6: SNOW LOAD SPECIFICATIONS FOR
MOUNTAINOUS REGIORS

MORE DETAILED SNOW LOAD INFORMATION IS NEEDED FOR
ARKAS IN WHICH THERE IS EXTREME LOCAL VARIATION IN
SHOU LOADS

Numarous areas exist, particularly in mountainous ragions, where there {s
extrese local variacion in snow load. The design of structures in these areas
requires snow load information that generally does not exist Iin sufficient
quantities to be able to sstimate, for example, 50-year snow ioads. Research is
nesded which will provide better definition of these snow loads.

A multi-disciplinary effort will be required which will involve considerations

of meteorology, climatology and geography. The important quantities that have
to be measured to define the snow load envirorment nsed to be ascertained and
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identified. Measuremsnts then need to be conducted with the aim of developing
design crictaria for snow loads in mountainous rsgions.

DETERMINATION OF DIMENSIONS:

In order to obtain a meaningful assessment of existing structures, it is
necessary to fisld-measure the dimensions (length, cross-sectional area,
thickness, etc.) of existing structural components. The structural components
could include slabs, reinforcing bars in concrete, piles, main framing members,
smbedded connections, etc.

RECOMMENDATION C7: NEW OR IMPROVED IN-SITU MEASURING
TECHNIQUES

STUDIES SHOULD BE CONDUCTED TO DEVELOP NEW METHODS OR
IMPFROVE EXISTING METHODS FOR ACCURATE DETERMINATIONS
OF STRUCTURAL DIMENSIONS

Available wmeasuring techniquas cannot provide for teasonably accurate
aterninations of dimensions (length, croas section, etc.) of wexisting
structural components through in-situ measurements. A research program should
be undertaken to review present state-of-the-art methods and develop either new
methods or improve pressnt methods (pulse-echo, radar, x-ray or infrared
tachnology) used in making thess types of measurssents. The program should
include laboratory verification of prototype samples and field verification of
various structural componsnts. Ease of portability and accuracy of measurements
under various fisld conditions should be considered.

RECOMMINDATION C8: DIRECT DATA PROCESSING FOR
RECOMMENDED MEASURING TECHNIQUES

COMPUTER AFFLICATIONS NEED TO BX DEVELOPED FOR
AUTOMATED DATA INTERPRETATION AND TRANSFER

The reliability of any msasurssent technique or data acquisition system depends
upon propar fnterpretation and analysis of che fleld data. In order to minimize
human error and improve reliability and consistency, it 1is Limportant that
measurement techniques as described in Recommendation C7 be automated.

DURABILITY OF MATERIAL - ENVIRONMENTAL LOADS:

Conaideration needs to be given to research into the snvirormental effects on
structural systems, componants and matarials which lead to long-tarm aging,
degradation, datsrioration and changes Iin material properties. These
environmental factors include chemical (acid rain and pollution), ulctravioler,
thermal, freeze-thew, molsture, and radiacion sffects. Not included in chias
section is durability of materials affected by corresion or fire.
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RECOMMENDATION C9: ENVIRONMENTAL EFFECTS

DEVELOP INSTRUMENTATION AND MEASUREMENT TECHNIQUES
TO DETERMINE ENVIRONMENTAL EFFEGTS ON VARIOUS
STRICTURAL MATERIALS USED IN BUILDINGS. BRIDGES
AND OTHER STRUCTURES

The sctructural engineering profession is in dire need of design criteria to
determine the long term environmenta) effects on various building materials and
scructural componsnts. Thess wmaterials include timber, plastics, concrete,
steel, aluminum, masonry, gypsam, roofing, sealants, coatings, wmortar,
adhesives, and other vonding materials. Nondestructive test methods, laboratory
tasting, and {nscrumencation are neecdad co determine the prasence or extent of
deterioration caused by all environmental factors.

RECOMMENDATION C10: COMDITION ASSESSMENT

DEVELOP IRNOVATIVE SENSING DEVICES TO DETERMINE
EFFECTIVE LIFE OF EXISTING STRUCTURES

Probabilistic risk analys s and condition assessment methodologies need to be
developed with which to evaluats environmental effacts and che daterioration of
axisting structural components. This will make it possible to estimate
remaining expected life and to formulate necesssary repalr, rehabilitation, or
strengthening recommendations.

RECOMMENEDATION Cl11: MATERIAL PROPERTIES

MEASUREMENY TECHMOLOCY IS NEEDED TO ASSESS AND
MOWITOR MATERIAL PROPERTIES ARD EXTENT OF FAILURE,
DECRADATION OR PROPERIY CHANGES

Probes, sensors, instrumentation or measursment devices are needed to determine
molsturs content, species and grading of wood wmembers; chemical content,
hydration, void ratic and air content of concrets; fracturs toughness, chemical
content and fatigus cracking of structural stesl; and chemic:l content,
absorption, strength, and bonding proparties of masonry and morctar.

INTEGRITY OF BUILDING ENVELOPES:

Alr and woisture infilcration through exterior building envalopss is considered
a critical senvirormental Jloading factor which affects overall dupability and
perforsancs. Related factors ars wind pressures, durability of cladding
materials, sealants, caulking, adhesives and coatings, and environmental
effects, including solar radiation, thermal and chemical effects.
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RECOMMENDATION Cl12: PERFORMANCE OF FACADES AND ROOFS

THERE IS A NEED TO DEVELOP SENSORS, MONITORING DEVICES
AND REMOTE MEASUREMENT TECHNIQUES TO EVALIATE PERFORMANCE
OF CLADDING MATERIALS, FACADES, ROOFING AND RELATED
JOINTS AND COMNECTIONS

Rasearch 1is needed to develop Iindicators of satisfactory performance and
durablility cof building facades and roofing systems. Infrared techniques,
pressure or infiltration tasts and messurement davices that are cost effective
are desired. Warning devices ara needad to indicate potential failure of these
systems,

RECOMMENDATION C13: AIR PRESSURR AND AIR FLOW

MEASUREMENT DEVICES AND DATA ACQUISITION CONCERNING
LOW VOLUME FLOW AND EXTERTOR AIR PRESSURES AND VIND
DRIVEN BAIN

Correlation of measured data from existing buildings to laboratory experimental
data is needed. Effects of temperature, humidity, solar effects on air
pressures and airflow should be explored in relation to the continued integrity
of building envelopes.

FIRE LOADS:

In che assessment of structures, especially rsinforced concrete, that have been
exposed to fire, it is necessary to evaluate the strength of the system after
the fire. Structural components deteriorate because of high temperatures and
duration of the fire. Data on which to base assessmants of structural damage
and loss of strength are generally not available.

RECOMMERDATION Cl4: FIRE LOADING

DEVELOP MEASUREMENT MEIBODS TO DXTERMINE
TEMPERATURE AND DURATION OF FIRE LOADING

Sensors, sither passive or active, that can survive a fire should be developed
for placement in or on structures to provida the required data.

RECOMMENDATION C15: DATA ON MATERIAL PROPERTTES

ASSIMILATE DATA ON MATERTAL PROPERTIES RELATING TO
EXFOSURE TO FIRE AT GIVEN TEMPERATURES AND DURATIONS

In order to apply the data gathersd under Recommandation Cl4, existing data

should be assimilated so that properties of materials subjected to fire can be
ovaluated,
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SHOCK AND VIBRATION LOADS.

Structures ars subjectsd to shock and vibratory lcads not ordinarily considered
as being necessary for the design and assessment of structures. These loads
include traffic (rail and highway), construction operations (temporary), mining
and quarrying operations, operating equipment within a structure, and any other
excitation that may cause vibration of a structurs other than that of wind and
earthquaks losads.

RECOMMENDATION C16: HUMAN RESPONSE TO STRUCTURAL VIBRATIONS

MEASUREMENT TECHNIQUES SHOULD BR FURTHER DEVELOPED TO
PROVIDE DATA FOR THE DEVELOPMERT AND IMPROVEMENT OF
CRITERIA FOR THE RESPONSE OF HIMANS IN STRUCTURES AND
THEIR CORRESPONDING TOLERANCE OF VIBRATIONS

Many forms cf structural response have been measured. However, more specific
meagsurements should be made regarding floor, wall and roof vibrations, thus
providing input to excitation of components in a structure or excitation of
human occupants.

RECOMMENDATION C17: SENSITIVITY OF SCIENTIFIC
EQUIPMENT TO DAMAGE

THERE IS A NEED TO ESTABLISH THE SENSITIVITY OF
SOPHT" (ICATED SCIENTIFIC EQUIPMENT TO DAMAGE BY
BUILDING VIBRATICHS

Extremely ssnsitive squipment is housed on support systems that have to be
designed to sufficiently isolate the equipment from vibratory environments.
Improved criteria nesd to be suppiied on the damage tolerance of this equipment.
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TASK GROUP D
SENSOR TECHNOLOGY

Chairman: Timothy A. Reinhold
Applied Research Enginsering Services, Inc.
Raleigh, North Carolina 27615

BACKGROUND:

Issuss addressed by Task Group D included sensors and measurement techniques for
obtaining data on loads, angular and latsral displacements, and accelerations.
In addition to spscific measursament problems, the task group discussed the need
for standards in data acquisition system architecrure and methods for
disseninating information on instrumentation research and development.

RECOMMENDATION D1: ANGULAR DISPFLACEMENT

DEVELOP SENSORS SUITABLE FOR MEASURING ANCULAR
DISPLACEMENTS (ROTATIONS) IN STRUCTURES

Rasponse of structures to applied forces during thair life causes angular
displacements as well as linear displacements. Knowledge of angular
displacements can enhance undsrstanding of the response as well as provide
benchmark data for code verificacion. Ona advantage of angular displacement
measursments over linear displacements 1s that the reference is easily
established, 1i.e., the plumb line. Difficulties with existing tranaducers
include their physical size, stabilicy, sensitivity, hysteresis, the output
signal lawval, and ssnsitivity to extraneocus sffects such as temperature and off-
axis rotations.

The transducer should have the following characteristics:

Range: + 3 dagrees for 6y
Sensitivity: 1 volt per degres (minioum)

Cross Sensitivity: + 0.001 degres msasured per 3 degres rotation about 8y
and Oy

Teaperature Sensitivity: + 0.001 degree measured per 20 degree
temperatures changs
Bandwidth: DC to 10 Hz + 0.1 db
In addition, the transducer should have the following features:
¢ Sealed against water intrusion

o Maximm hystaresis: + 0.001 parcent full scale

o Cross sensitivity: + 0.00]1 degree measured per 1 g acceleration
for the X, Y, or Z directions

The abovs transducer would be used for measuring wind and seismic response.
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A second transducer type should be developed for the measurement of sectlement
characteristics. It would have specifications of the type described above, but
with the numerical values selected to spacifically be able to make measurements
over a 30 year life and with the following special features:

o Built-in method for establishing {(checking) zero
position under static conditions at any time until
the device is removed from the surface being studied.

o Construction materisls sslacted for srabilicy of
performance for 30 year life.

RECOMMENDATION D2: DISPLACEMENT/DEFLECTION METERS

DEVELOF DISFLACEMENT/DEFLECTION MET:RS FOR MEASURING
REIATIVE MOVEMENTS OF STRUCTURAL MEMBERS

Durable and rugged displacemenc/dsflectrion meters need to be developed for
measuring relative movements of structural nembers such as relative lateral
displacement of the top of a building with respect to its foundation, and the
vertical deflection of bridgs spans with raspect to piers and abutmants. The
mater would have to have long-term stability and remote-sensing capabilities.
The displacement metsr would also have to be able to function and provide
meaningful data under outdoor environments.

Various ideas and suggestions for this type of meter were discussed in the task
group. ldeas included, but were not limited to sonic devices, fiber-optic
technolaogy, the watsr-levalling method, video imaging with photogrammecry, usage
of satesllite tachnology, and laser technology, To evaluate the suirabiliries of
these technologies for the development of displacement meters, cost, bandwidth,
sensitivity and resolution of each technique would have to be examined, In
addition, ths {nfluence of temperaturs, reslative humidity and other factors
would have to be addressed and documenced. Ths associated signal conditioning
would have to be dsveloped.

The investigation would alsc have to include deployment procedures on various
types of structures such as stesl, corcrets, masonry and timber. Funct ing of
the meter under controlled laboratory conditions and in the outdoor enviromment
would have to be checked and calibreted. Finally, the cost of manufacturing
such a meter would have to be small in ordar to be practical and economical in
gensral applications.

RECOMMENDATION D3: STRUCIURAL MONITOUING SYSTEM
ARCHITECTURK

STUDIES SHOULD BE COMDUCTED TO EXPLOR® THE MOST EFFECTIVE
DATA COLLECTION SYSTEM ARCHITECTURE POR SPECIFIC STRUCTURAL
SYSTIMS (e.g. BRIDGES, BUILDINGS, DAMS)

The procedurss and equipment usad to acquirs data from instrumented structurss
have, until now, been selected on a case-by-case basis. Furthermors, existing
knowledge of successful dara collection techniques is genarally propriecary.
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Bacause of thess factors, sophisticated and automatic instrumentation has
generally been smployed only for certain iamportant structurea, or for cthose
cases mandated by law, An essential prerequisite, therefore, to enabling
affactiva monitoring of a broad range of structurss, whether for “smart*®
operation (buildings), safety, or life-cycle eatimation, is the development of a
standard data collection architecture. Such standardization is required to reap
cost reduction chrough sccnomy of scales. Standardizarion will also generate
competition which will reduce costs.

Standardization needs to be developsd initially for dats transmission and
processing, pre-event storage requirements, data collection synchronization, and
the sbility for ssnsors to ba evaluated and calibrated remotely or autonomously.

Additional needed rsssarch includes identification of where "intelligencs" (s to
be distribuced. For example, a traditional architecture employs sensors
attached to the structure and connected by wires to a central signal
conditioning unit which is in turn linked to a central control and data storage
device. This central device may include data processing software which reduces
the incoming information to a useful sngineering parametar, or it =may simply
stors the data for subsequent transfer to another computer where the evaluation
is carried ocut (as for example from remote selismic monitoring stations). An
alternative at the opposite end of this spectrum might employ sensors which
include their own onboard custom hybrid computer system. Such a system might
consist of a single chip IC containing a single-channel signal conditioner, A/D
convartar, microcontraller, onboard non-volacila RAM for data storags,
communications protocol (e.g. UART RS232). and an autonomous radio (telemetry)
link to other sensors vhich form a high spsed local area network. In this
manner each sensor would be a system unto {tself and thus would not be affected
by fallure of any other node in the syatem. Such redundancy could circumvent
complete loss of data, as would occur in tha event of a power failure in a
csntrally controlled system. Time synchronization could be achieved by
indspendant threshold triggering. Tha sensor wvhich first exceeds its preset
racording threshold sends & radio signal which triggers the entire array of
independent sensors. Data 1s stored locally until a portable mass storage
davice is brought to the sits for final collection. The ideal middle ground
betwsen these two extrsmes needs to be idencified for the generxal classes of
structural systems previocusly mentioned.

A multi-san year effort will be rsquirsd, both for thes identification of optimal
data collection architectures and for the development of data communication,
storage, and hardware inter-connection standards.

RECCMMENDATION D&: LOAD SENSORS FOR ROOFS

SERSORS SHOULD BE DEVELOPED THAT WILL TRANSFORM ROOFS -
INTO TRANSDUCERS FOR MONITORING LIVE LOADS FROM SNOW
ACCUMOTATION

Vhersas snov properties such as depth and dansity reflect the applied load, only
the load magnirtude s o¢f consequence to ths structuras. Sansors with a
sensitivity of + 0.1 psf to measurs a 5 to 50" psf pressure range should be
dsveloped. These ssnsors could ba incorporaced as part of the roof structure,

52



1.e. surface or frame, and could trigger an overlosd alarm when cne design lcad
is exceeded and/or provide a load history over ths projected life of the raof.

Building the sensor into the roof frame provides the advantage of being
independent of the Toof in the event of extensive roof repair or replacement.
On the other hand, locad/praasurs ssnsors ‘ncorporated within the roof surfacing
could sarve additionally to detect moirture intrusion (ar indicator of roof
menbrane failure). Following deslign, tests need to be conducted to verify
durability/reliability of sensor elements caonnectors and processing hardware.

* Or wvhatever the maximum required load may be.
RECOMMEMDATION D5: ACCELEROMETER CHIP

A PROJECT SHOULD BE INITIATED FOR INDIVIDUALS INVOLVED
VITH STRUCTURAL RESPOKSK AND GROUND MOTION STUDIES TO
IDENTIFY, INTERACT WITH AND SUPPORT THE DEVELOPMENT OF
SILICON-CHIP BASED ACCELEROMETERS WITH THE SENSITIVITY
morw";mz;mmmwo.mm
70 50 HZ AND 0.1 HZ TO 200 HZ

Thera are low-frequancy accelaroseters avallable which have adequate sensitivity
range (10""’ £ to 3 g) and frequency response (0.01 te 200 Hz) to meset the
currsnt neads of ressarchars and practitioners. However, the cost of the units
{2 ons of the factors limiting the numbars and density thst can be deployed.
Thers are seaveral silicon chip manufacturers working on the development of low-
frequancy and seismic-msss scceleromsters.

A dramatic reduction in the cost of accelarometara suitable for strucrural
psrformance studies may be possibla by using ssmiconductor fabrication
tachnology which would lead to mass production of the units. The availabilicy
of low-cost, low-fraqueancy accalerometers would represent an imporcant step
towards making the dream of smart buildings a praccical reality.

It would also make it wore practical to meset national and international needs
for mors denss axTays of ground motion sensors. These dense arrays are needed
to provida & better understanding of variations in earthquake ground motion on a
scale more closely related to bullding site aize.

RECOMMENDATION D6: PRACTICAL INPLEMENTATION COXSIDERATIONS

EASE OF INSTALLATION AND MAINTENANCE, AND BCONOMY OF

OPERATION ARE IMPORTANT COMSIDERATIONS IN THE IMPLEMENTATION

OF A DISTRIBUTED SENSING SYSTEM
Attention to the following items in sensor development is congidered esaential:

(a) Emphasis on ainlaturization to minimize the snvironmental and physical
impect of the sansar and local processor.

53



{b) Devalopment of devices which exhibit high relisbility and stabllity and
require little, preferably zero, maintenance throughout sensor or
structure life.

{(¢) Production of snvironmentally rugged devices with adequate protection
from or insensitivity to lightning, electrical and magnetic
interferance, moisture, chemical attack, temparaturs, stc. is required.
Suggested schemes Iinclude optical isolation and onboard environmental
control.

(d) Minimizing of power requirements. For large numbers of deployed
sensors, provision of appropriate pover may become Iimpractical.
Consideration should be given to high-output, self-powsred transducers
vhich will enhance ease of desployment and maintenance. Power
requirements of local processing equipment should be minimized.

BRECOMMENDATION D7: DISSEMINATION OF INFORMATION

MECHANISMS NEED TO BE ESTABLISHED FOR MORE EFFECTIVE
COMMUNICATION AND DISSEMINATION OF INFORMATION BETWEEN
RESEARCHEES INVOLVED VITH INSTRUMENTATION DEVELOPHMERT

“In the course of the discussions pany needs were identified; it the same time,
wvhila few specific or quantitative responsas to these nesds were immediately
forthcoming from the pansl, it was nevertheless felt by all that there is,
indesed, a wids variety of existing technology "out there” to mset Chese needs.
At least, much of ir could be available for racher direct adaptation to these
needs .

A big gap for many rasearchers and/or users of sensors is the detailed knowledge
of the range of sensors actually available. Therefore, means of bringing
knowledge of the specific state of the art in each cacegory to prospectivse users
was actively discussed. Several modes for bringing this about wers suggested:

o Creation by structural sengineers of a journal spacifically aimed at
publishing accounts of szensors and their applications. (This might be
an ASCE publicacion, for sxampls).

o Setring up by some agency (such as an enginsering society or NIST) of
apacial instructional sessions to instruct structural enginesrs on
available sensors, signal procsssing squipment, and to provide computer
assistance tharaco.

o The establishment In appropriate places (e.g. NIST library) of

computarized data hasses for the location and ratrieval of pertinent
information on sensors, their specifications, and their applicatiouns.

o The establishment of an appropriate clearing house for information on
all phases of sensors and sensor teschnology approp-iate to civil,
structural, and geotechnical enginsering applications. Such a clearing
houss could conceivably takse one of the following forms:
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(a) An active group maintained by one of the engineering societies,
ASCE, SEM, or ASTM, for example.

(b) A working laboratory-equipped subsection of NIST that would, while
undsrtaking active sensor research on its own, take responsibility for
maintaining state-of-the-art Lknovledgs on sensozrs from world-wide
sources. This group might take the form of a kind of "sensor
investigating® or study group, or "consumer products" evaluator, as well
as a source of referral for wide varieties of inquiries on transducers,
sensors, data acquisition and data-handling hardware and software.

There was soma dabate as to the propriety of an evantual role for NIST as the
agency to take on this task. Some existing government agencies taking on
analogous tasks were citad. In any event, the conceapt conveyed was of an active
group, ictsalf engaged in sensor davelopment and/or use, that would be in touch
with both user neads and the hintarland of sensor expertise capable of filling
those needs. .

Overall, the sense of the group on sensors was that, while a few specific
lacunae exizt, many ssnsors of strong capability alreaady ara avaiiable; however,
stronger links of communication are neadad in some form to connect users and
developsrs of sensors: the ugerg with wvhat is available now, and the developers
with the nev spscific needs to be filled.
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