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This paper investipated the charactleristies of low-level vibrations and evaluated the vibration induccd
sctements in weban enviconment. Fo rationably asscss the current design practice, eriteria for limiting vibrations
regarding low-level vibrations and their impacts on the stability of adjacent structures are eritically reviewed, The
paramciers affecting Jow-fevel vibration impacts such as types of vibration sources, atlenuation characteristics, soil
types and site conditions and long-term effeets are discussed. The importance of vibration induced scttiement for
assessing the stability of adjacent structures was criphasized Itom the urban case historics. As a Key aspect,
vibration induced scitlement was studied A spectal vibratory frame was designed and scven lactors affecting
vibration induced scttlement were considered. A scutlement prediction equation was developed using the
Mudtifactorial Experimental Design (MED) method.  Substantial scitlement oceurred in a vibration range which s
about 10 times less than current vibration criteria of 2 in/sec. Loss of lateral support (frequenty found during
excavation in urban arcas) adverscly afTected the vibration induced sctifement. With increasing isofropic confining
pressure, the scttdement is substantially reduced at a given stress anisotrophy. Scitlement was also affected by grain

size distribulion.

I.introduction

Vibrations from cyclic and dynamic loadings are
important primarity because ol their potential o cause
complaints of discomfort and/or damage lo adjacent
buildings and infrastructure systems.  In the urban
cavironment, mosl atiention ts focused on underground
utilities apd mulli-story biildings and the problems
associated with fow-level, human-made vibrations such as
those caused by vehicular traffic (rapid train, subway,
heavy trucks ele.), machine vibrations, pile driving, and
blesting. The volume and weight of heavy traffic is steadity
increastng in urban arcas. Conscquently there is a entical
cngincering need to evaluate possible architectural and
structural damages as well as human discomtorts due o
fow-leve!l vibrations. [ addition to tralfic induced
problems, many case histories show damage 1o adjacent
structures and underground utilitics due to construction
vibration. Morcover, as the level of olerable vibrations in
rodern manulacturing is becoming more restrictive, control
ol low-level vibrations has become a major design criteria.

The vibratton levels which cause discomfbort to
people, and damage 1o machineries and structures have
been invesligated by several rescarchers [1,2,3]. In current
practice, however, recommended vibration criteria imits are
applied withoat any consideration ol important design
variables such ag vibration sowrce, frequency and
attenuation characteristics, soil lype and sile condition.
Furthermaore, the available vibratron damage criteria have
teen developed by observing the structural damage induced
by dircet transmitted vibrations with little consideration
tuken o damage caused by settlement of foundation soils
due o repetitive vibrations, particalarly the cumulative
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elfcets of long-lerm repeated exposure.

This paper will address these critical engincering
needs and evaluate vibration induced setlements in urban
environmenis. The parameters allccling low-level vibration
impacts are critically reviewed. Current critenia for limiting
vibration [rom the Idcrature are summarized.  The
importance of vibration induced scttlement lor assessing the
stability of adyacent structures is emphasized from the urban
case histories. To investigate vibration induced settlement,
a special vibratory frame was designed and various factors
which inffucnee the vibration induced setllement were
investigated, including vibration amplitude, soil gradation,
deviatoric stress, conlining pressure, and number of
vibration cyclcs.

2. Parameters Affecting Low-Level Yibration
Impact in Urban Environment

2.1 Type of Vibration Source

Vibrations produced in the urban environment can
be classified by their natures: transient or pseudo slcady-
stale vibrations distinguished by their periodicity, and
sutfuce or in-depth vibrations by their path of vibration.
For cxample, traffic tnduced vibrations can be considered a
surface, pscudo steady-state vibration while underground
compressor induees an in-depth, pscudo steady-state
vibration. DilTerent types of vibratons have a varying
responsc on the stability of adjacent structures. 1t is
therefore important W investigate source dependent
vibration cffcets under representative urbun conditions.



It has long been known in carthquake engineering
that ground motion is magnificd by the building i the major
frequency component of the ground vibration ts coincident
with the natural (requency of the building. In current
practice, however, the frequency characteristics of the
vibrations arc seldom considered.  The investigations of
{requency response {power spectrum) of typical urban
vibrations generaled by various vibration sources must be
performed, and a data base relating the major [requency
ranges of typical urban vibration sources with observed
structural damages needs o be constructed. Onee this data
base is compiled avatlable, vibrations on adjacent butldings
and inlrastrecture systems can be clfectively controlied
through the avoidance of frequency ranges which cause
structural vibration amplilication.

2.2 Attenuation Characleristics

Vibralions losc cnergy during the prapagation
through the ground. The decay ol the amplitude of the
vibratons with distance can be attribuled o two
components: geometrical damping and material damping
[11. Beeause the surlace wave altenuates more slowly with
distance (by peometrical damping) than body waves,
surface wave is of primary concern for structlures on or near
the ground surlace,

Attenuation duc o material damping ts allecled by

the soil type and the frequency ol vibration. Wood and
Jedele [4] elassified sile sofls into four classes ranging from
soundd, hard rock to very soft clay and loose sand, Their
carrelation between soil type and the attenuation coclticient
indicates that soft soil has a higher attenuation rate than stlf
soil. The material damping of the soil increases as the
strain level (c.g. vibratton amplitude) increases,
Conscquently, the cocilicient of attenuation will vary
depending on the magnitude of energy released [rom
vibration source. Morcover, in urban arcas. the man-made
construction materials and lacilities including the paved
sidewalks, wlilitics, cte. may dominate the altenuation.
Effcetls of the built-environment must be considered.

2.3 Soil Type and Site Condition

The volume ol a cohesionless sotl is reduced by
vibration related densification and resubt in foundation
seltlement.  The case histories discussed by Lacy and
Gould |5], indicated that the sotls most vulnerable to
densilication are medium (o loose (relative density less thun
55%), narrow-banded, ¢lean sands. The gradation of
vulncrable sands Talls within the same bounds which deline
s0ils that are liquefiable.

For cohesive soils, stiffness degrades by cyelic
ioading (or vibration) when the amplitude excecds a certain
threshold. The degradation rale increases as the vibration
level and/or the sensitivity of cobesive sotl increases.

The vibrational impact on straciures and loundation
soils depends on the site conditions.  Sctilement of a
structure on excaviled slopes 18 potentially more severe
because of loss of lateral support than those on level
ground. The age and condition of the struclure in question
also needs 10 be considered in the analysis.

2.4 Long-Term Effect
Structures adjacent o the urban highways are

subjected to accumulated repetitive vibrations causcd by the
heavy tralfic. Even though the level of vibration is not
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large cnough to cause damage by a single occurrence, the
accumulation of repetitive vibrations may cause long-term
scttiement through the densification of Toose sands, as well
as the fatigue degradation of sensitive clay. In urban areas,
the long-term cumulative effects of low-amplitude
vibrations on Lhe adjacent struclures should be a major
destpn concern. However, the long-term cumulative effects
of low-level vibrations on foundation soils have not yet
been studicd.

3. Criteria for Limiting Vibrations

Vibrations generated in urban arcas can cause
stresses thus triggering archilectural and structural damage.
Peak particle velocity is commaonly accepted as a standurd
for measuring polential damage 1o structurcs. Table |
provides insight into the level of vibration considered sale
for buildings. Vibration restrictions around ofd buildings
are three to five times more stringent than around new
construction. The eriteria [or steady-stale vibrations are
about [ive to len limes more stringent than those for the
transient vibrations. However, the ranges of criteria for
limiting vibrations are very broad and differ depending on
the agencies. Mostimportantly, these limiling criteria have
becn empirically derived from the observation of structural
damages causced directly by transmitted vibrations and very
{ew studies have considercd the criteria for damage causcd
by the settiemenl of the foundation soils duc to low-level
vibrations.

Regardless of damage criteria for structures,
complaints and claims by residents are usually liled before
the damage criteria is reached. Fig. 1 shows human
sensilivity to vibrations. It is apparent that the vibration
intensities which are classified as "perccptible” or
"disturbing” are well below the intensitics that causc
damage. Therefore, the vibration limit for residential type
structures in urban arca should take human responscs inlo
consideration.

Table 1 Summary of Recommended Maximum Allowable
Peak Particle Velocity (in/ sec) [From Ref.{2)]

[ Structure Quality*

Investigator
Vibration Type 1 1) 1 v
US.BM| 20 20 2.0 20
Z Chae 20 20 110 | 05
g Medearis|1.3-2.5 ]1.3.2.5 [1.3-2.5 | 1.3-2.5
T | swiss [07-10[0.7-1.0{05-07[03-0.5
MR.CE.{ 20 20 1.0 0.5
" Swiss  10.3-0.5 {0.3-0.5(0.2-0.3{0.1-0.2
:n'!? AASHTO[0.2-0.3]0.2-0.3{02-03| 0.1
g BRRL | 04 04 02 | 008
7 MRCE| 1.0 08 | 05 | 02

* I structure of substantial condition
I1: relatively new and sound condition
111: relatively old and poor condition
{V: old and poor condition
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4. Importance of Vibration Induced Settlement

Damage o structures caused by vibration induced
selifement can be more signilieant than structural damage
duc to ducctly transmitted vibrations, particularly i
pranular soils, Casc listory in the New York Metropolitan
arca {4] shows that pile driving close to eXisting structures
can resull in unaceeplable settlement due to the densification
or lateral movement of foundation sotls. 1t is of spectlic
inlerest 10 note that signilicant settlement and damage to
adjacent buildings and infrastruciure system oceurred with
measured peak particle velocilies ranging between 0.06 and
0.4 m/sce ligures substantially {ess than criteria
recommended in practice (2 infsec).

Underground utilitics in urban environments for
waler, cleciricity, and gas supplies arc very important parts
of the infrastructure systemy for public life. The concerns
for potential damage to these buried pipelines due to
vibrations induced by tralfic and construction activitics arc
conscquently growing in wban arcas.  Diflerential
movement causes an additional bending stress to the
pipeltne and {oses the servicability.  Case stirdies [6, 7)
indicated that pipeline settlement and/or lateral movement
has mduced by construction and traffic vibrations, and
contralling Tactor Tor the damage of pipelines was  the
differential movement induced by densilication not dircetly
transmitted vibrations.

5. Experimental Study on Vibration Induced
Scttlement

5.1 Testing Equipment and Test Variables

The soil sample was placed inside a triaxial cell
which was attached (o a shake table with a specially
designed vibratory frame (Fig.2). Vibration was applicd by
thz shaking table with a frequency of 600 Hz, and the
vibration amplitude was monitored with a geophone. Test
results by Youd [R] showed that settlement of granudar soils
wis nol alfecied by the Joading frequency of vibration,

Conscquently a frequency was selected which best sited
the capabiliics of the equipment. In order to simulate an
anisolropic, in-situ stress condition, vibralion tesls were
performed under anisotropic conflinement, as well as under
the isotropic confincment.  Isolropic confinement was
applicd by the cell pressure and deviatoric stress was
applicd by a low friction air piston. Both were regutated by
an air pressure pancl. At what is considered low 0 medium
vibration amplitudes (0.1 to 0.7 in./sec), the scttleiment was
continuously monitored with o LVDT connccled Lo a high
precision data acquisition system.

Currently most vibration criteria are tied exclusively
to peak particte velocity. Prediction of vibration induced
scillement in urban environments is too complex o use a
mathematical equation solely based on one lactor. Varions
lactors including vibration amplitude, deviaoric stress (or
stress anisotropy), confining pressure, soil gradation,
duration of vibration, relative density, and moisture content
should be considered when estimating scttlement. The
experimental program was designed using a multifactorial
experiment destgn (MED) which gives the possibiity 1o
substantially reduce the nember of tests necded.
Regression analysis was performed using a second order
polynominal model. The detailed explanation of
multifactorial analysis will be discussed clsewhere {9]. The
settiement prediction equation was developed through
MED. The paramelers alfecting vibration induced
setifement will be discussed in the following section.

&£.2 Discussion of Test Results

Vibration induced sctliements are predicted by the
MED equation at @ wide range of vibration amplitudes and
number of cyeles (Fig. 3). Sctilement generally increases
with the vibration amplitude and the number of cveles. tis
inleresting to note that substantial setitement occurred in the
vibration range that is about 10 times less than the current
vibration criteria of 2 infscc. For example, al a vibration
amplitude of 0.4 in/scc and 300,000 cycles, vibration
induced scltfement of 37 mils occurred in the Taboratory
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Fig. 2 Schematic Diagram of Testing Equipment
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Fig. 3 Variaton in Vibration Induced Scttiement with
Vibration Amplitude at Various Number ol Cycles

with the 5.6 inch height specimen.  An axial strain of
0.66% was alsa produced. 11 direct extrapolation to the in-
situ condition is assumed 1o be feasible, approximalely 4 in
of scttlement would occur in the 50 £t of soil column thus
causing a substantial damages o the adjacent structures,

Adjacentl construction, which is typical in urban
arca, produces the static scUlement. Thig is duc to the
reduction of lateral support by lemporary retaining
structures during cxcavation.  In addition, loss of lateral
support will proaduce site conditions more vulnerable to
vibration induced settlement than level ground. A typical
varialion in vibration induced sctilement with stress
anisotrophy is shown in Fig. 4. ALa given verlical carth
pressure of 20 pst, the horizontal carth pressure was
reduced up to 8 psi where the carth pressure cocklicient (K)
18 (04, Vibration induced scttlement is adversely aflected
by tic stress anisoprphy (the more logs of lateral support,
the Jarger the setlement).  Even for the al-rest stress
condition where no lateral deformation is expected, carth
pressure cocllicient of sands 15 in the range of (1.5,
Therclore, stress anisotrophy should be taken into
consideration in the cstimation of vibration induced
scitlement.
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Fig. 4 Variation in Vibration Induced Sculement with
Stress Anisotrophy

_ Typical variation in vibration induced settlement
with confining pressure at a given stress anisolrophy
(K=0.67) is shown in Fig, 5. With increasing confining
pressure, the settlement ig substantially reduced at a vi\'cg
vibration amplitude. In the deep soil layer, thcrcl’org the
scitlement is more susceptible at a shallow depih where the
C(_\:nrmcmcnl 15 small, than at a grealer depth, Fgwl' in-depth
vibration such as pile driving, however, vibration am ]nfdc
should be considered in the settlement estimation bl;cau:c
vibrations arc propaguted from the pile tip to a shall ‘w
depth and are attenuated during the path, e

. Toinvestigate the effcets of grain size distribution
on \’Ibl";.l_[!()n |ndllgcd sctt{cment, tesis were performed on
three difterent soil types: 1) fine sand (soil #1) i1} mixed
sand (sonl #2) and iil) course sand (sonl #3), As %hmvﬁ in
Fig. 6, tested sands are efcan and uniform. The l\'ibmli(m
induced settlement is affccted by grain size distribution as
shown in Fig. 7 al a given vibration amplitude, sail #]
pravides the least sctilement while soi) #3 pr()\:idcq the
bigpest settiement, Even if the madel predicts that conrse
sand provides bigger setlement than fine sand in (his su‘ad;v
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Fig. 5 Yzlrigtipn m Vibration Induced Settlement with
Conlining Pressure
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Fig. 6 Grain Size Distributions of Tested Sands
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itis nol conclusive dor all cases because at high level
vibrations {above 0.7 in/sce) fine sand provides a
substantially bigger scitlement and grain size distributions
of tested sands are not representative for all natural soil
types. Therelore, more study 1s recommended with various
soil types which provide a wider vawiations of grain size
distribution and also mix ol hine soil parteles,
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Fig. 7 Varialion in Vibration [nduced Sculement with
Soil Gradation

6. Conclusion

In this paper, characteristics of man-made, low-
level vibrations and their induced scttlements in urban
chvironments were investigated. We believe that various
paramcters such as type of vibration source, attenuation
charucteristic, soil type, sitc condition, and long-lerm
clfcet, influence the stability ol adjacent structures and
should be considered when asscssing urban vibration
problems. From several case histories, vibration induced
differential seitlement (in contrast to a direct transmitted
vibration) was found Lo be a controlling lactor for damages
ol adjacent buildings and underground utiliics.

A special vibratory frame was designed to shake the
wriaxial cell with the soil sample in it Using a multifactorial
experimental design, various parameters allecting vibration
induced sctilement were investigated  Substantial seitlement
occurred in a vibration range which is about 10 times less
than current vibration criteria of 2 infsee. Loss of lateral
support (frequently found during excavation in urban arcas)
adverscly affected the vibration induced setlement, With
increasing isotropic confining pressure, the scltlement is
substantially reduced at a given stress anisotrophy.
Scllloment was also alfected by grain size distribution.
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