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VIBRATION CRITERIA FOR HISTORIC AND
SENSITIVE OLDER BUTLDINGS

(1) )

by Walter Konon , M. ASCE and John R, Suhurlng(l » M. ASCE

Introduction

Ground vibrations caused by construction operatlons such as blast—
ing, pile driving and compaction have a potential to cause damage to
adjacent structures. During the period from approximately 1950 to 1980,
the most common damage criterion for safe vibration levels advanced by
most researchers has been that the peak partiele velocity at the point
of concern should not exceed 2 in/sec (50 mm/sec). It was believed
that if the peak resultant ground particle velocity was maintained
below this level, there should be no damage caused In a structure as
a result of construction induced ground vibrations. Many states and
some government agencies such as the U.S. Corps of Fngineers and the
U.S. Bureau of Mines adopted the 2 in/seec (50 mm/sec) ground particle
velocity damage criterion level during this period.

With the publication of the Bureau of Mines Report #RI 8507 (12)
and in light of other recent publications (1, 3, 10), it became clear
that the 2 in/sec (50 mm/sec) criterion was in fact not a safe limic
for all types of structures. The 2 in/sec (50 mm/sec) "no damage"
vibration criterion may be especially non-conservative when historic
and older structures are involved.

A building that has been designated a landmark has, by decree,
been given an extended useful 1ife beyond what the original builders
may have intended. As such, these special buildings deserve special
protection if they are to be preserved for posterity. Part of Lhis
special treatment should be the selection of conservative vibration
limits when these buildings are affected by construction induced
ground vibration.

Older landmark structures usually have residual strains in their
components as a result of settlement, weather cycles, poor maintenance,

" and past renovation and repalr efforts. Many historic bulldings have

extensive elaborate interior and exterior ornamentatlon and surface
detail that is especially prone to vibration damage. Strict construc—
tion vibration control limits for these buildings serve nor only to
eliminate the possibility of immediate damage, but also to reduce
future farigue damage that may be caused by the cumulative effects

of both man and the environment.

This paper will briefly discuss the relevant parameters which
must be considered in establishing vibration damage criteria for
historic and sensitive older buildings. Existing criceria will be
reviewed, and a new criterion is recommended.

(1) New Jersey Institute of Technology, Newark College of Engineering,
Newark, New Jersey



Characteristics of Ground Motion

Although experience has shown that particle veloeity is a useful
measurement criterion for comstruction vibrations, this parameter
alone cannot predict damage levels in structures. Ground vibrations
are complex sinusoidal-type wave forms, with several other wave charac—
teristics that affect their damage potential. The more slgnificant of
these characte¥i?tics include frequency, particle displacement, and
tocal duration 4

The frequency of ground vibration is an important factor since
It determines how much resonance can be estatlished in the receiving
structure. Ground vibrations with frequencies close to the natural
frequency of the structure are the most damaging due ro resonance
effects. It should be noted that individual structural components,
i.e., walls, floors, etc., usually have natural frequencles which
differ from that of the overall structure. The eritical frequencies
for a structure are therefore a range, and not just a single number.
Most building structures and their components have natural frequencies
between 5 and 40 Hertz, with historic structures tending towards the
lower end of the range owing to their typically more massive construc-
tion.

Some investipators have demonstrated that damage levels generally
increase as wvibration frequencies decrease (5, 12). This can be ex-
plained in part by the normally low natural resonance frequencies
exhiblted by most structures. An addltional reasen for the greater
damage potential of low frequency vibrations is that they are typically
assoclated with large particle displacements, Large particle digplace-
ments are damaging in their own right, since they produce high lewels
of strain on the structure.

Total duration of the vibration Is another key element in pre-
dicting damape potential. For equivalent wave characteristics, long
lasting, steady state vibrations such as those produced by wvibration
compaction devices and vibratory pile drivers tend to cause more
damage to structures than impulse or transient vibrations such as
those produced by blasting. Once apain, resonance is involved since
long duration construction vibrations afford more opportunity for the
developmen: of sympachetic vibrations in the receiving structure.
Structural fatigue of the building materials also becomes a facror
with steady state vibrations of long duration. Wiss (14) has suggested
that the safe level of Intensity for a steady-state vibration should
be between one-half and one-fifth the safe level for transient vibration.

It is important to recognize that the vibration wave generated at
the construction source does not maintain the same wave characteristics,
i.e., particle velocity, frequency, and particle displacement, as it

(2) Particle velocity (V), frequency (f) and displacement (0) are
related variables. For simple harmonic motion, the relationship
between the peak values is:

vV = 21fD

Actual pround variations have a more complex mathematical form,
but the variables remain proportional.

is trangmitted away from Lhe source. Many site conditions tend Lo
either attenuate, amplify or otherwise change the vibration. They
include: 1) distance between the source and the receiving structure;
2) peology of the transmitting medium; 3) response characteristics of
the receiving struccure. The effects of each of these factors is
briefly described below.

For a given energy at the source, the magnitude of the vibration
energy at any point is inversely proportional to the distance from the
source. This is due to geometric attentuation of the wave front, and
is the basis for the "scaled distance" relationship which is commonly
expressed as (13):

D -n

V=K
E

in which V = peak parcicle velocity; D = distance; E = energy for fmpact
vibrations, or charge welight per delay for explosives; and K and n are
constants associated with the transmitting media and other variables.
Hlendron and Oriard (9) have suggested that the above expression be mod-
ificd to include the cube root of energy, E, Instead of the square root.

Some building codes permit the use of the scaled distance relation—
ship for blast vibration control in lieu of seismic in-trumentation of
the blasting. However, when dealing with historie or sensitlive structures,
seismic monitoring with both particle veloelty and freguency measurement
capabilities should be used along with a construction control program
consisting of a preconstruction survey, settlement contrels, and strain
telltales.

The effects of the geology of the transmitting media on the wave
form can be significant. As the wave form travels through the ground,
the frequency, and to a lesser extent the particle velocity, are reduced
by frictional damping at varying rates depending on the type of soil and
rock present. The arrangement and structure of the subsurface strata
also affect damping as vibrations pass from one interface to another.
The infinicve variations encountered from site to site usually make exact
anaylsis of the effects of geologic media fwpractical, although a general
trend is worth moting. The firmer or more competent the tramsmitting
ieolngic strata, the lower the rate of frequency damping. For example,
close-in rock blasting with lictle or no soll overburden will produce
hipgh frequeney ground vibrations which tend to be less damaging to
structures. In contrast, ground vibrations which travel long distances
through thick soil overburden will have low frequencies with higher
damage potential.

The dynamic response characteristics of a structure determine its
tolerance to vibration. As mentioned previously, each structure and
its components have natural frequencies which, if excited, will produce
resonance. It is well known that structures can actually amplify a
vibration, which complicates damage prediction. The response character—
istics of a particular structure will depend on its general dimensions
and type of construction, e.g., wood frame, masonry, concrete frame,
as well as its present condition.

It is important also to distinguish between structural and cosmetic
damage. Some structures can tolerate surprisingly high levels of vibra-
tion without any noticeable chang in structural integrity. The threshold



for cosmetic damage, l.e., cracking, spalling, etc. is usually much lower,
egpecially for structures with interior wall finishes and exposed masonry.

In historic structures, it Is often of paramount importance that cosmetlc
damage be avoided.

Existing Criteria

A review of existing eriteria pertaining teo historic and sensitive
structures was undertaken, and the results are summarized in Table 1.
Although there are differing opinions about maximum permissible levels,
there is general agreement that peak particle veloecity should be less
than 2.0 In/sec (50mm/sec). The ecriteria in Table 1 cover a varlety
of structural types and conditions, and some investigators have corre-
lated allowable particle velocity with other dynamic variables and
subsurface condlitions.

The German standards (12) are the strictest but are reportedly not
always enforced. Rudder's (11) threshold of structural damage was de-
veloped for traffie induced vibrations which tend towards the steady
state condition. Esteves (7) of Portugal presents criteria for three
generically different kinds of subsurface conditions, The Swiss sLan-
dards (5) are frequency dependent, and alse distinguish between steady
state and transient vibrations.

Ashley's (1) recommended criteria are for blasting related to
tunnel construction in urban areas. Esrig and Cancia's (6) eriterion
was successful ly used for the protection of 100+ year old historic
buildings ir New York City. Chae's (3) recommended blast design
criteria included a scaled-distance relationship. Siskind, et al (12)
base thelr criteria on an extensive study of blast effects on residen-
tial structures, and like the Swiss, have made it frequency dependent.

Recommendat ions

In order to predict the damage response of structures to construc-
tion vibrations, it is desirable to perform a dynamic mathematical
analysis of cthe structure. However, due to the numerous structural
and environmental variables involved, even approximate analyses are
difficult and expensive. Such analyses can seldom be accomplished
within the scope of normal projects. Older structures are especially
difficult to medel dynamically because the building components are
typieally in varying states of deterioration, and previous settlements
and movements in the structure often have redistributed the loads and
stresses into unknown patterns.

When historlc or landmarlk designaced buildings are {nvolved the
cultural, social, economic, political and architectural importance of
such buildings must also be comsidered in setting vibration limits.
The possibility of damaging a unique historic building must be welghed
against the increased cost of construction operations when low maximum
permissible vibracion limits are specified. As such, the selection of
the proper vibration ecriterion for a historic structure becomes an
economic decision as well as a technical one.

It, therefore, becomes apparent that for the majority of historle
and sensitive structures, the establishment of vibration damage criteria
must be largely empirical, tempered with experience and judgment. Based
on the authors' experience and the work of other investigators, the
vibration criteria shown in Figure | are recommended. The allowable
maximum peak sarticle velocity, which provides tie primary field control,

Comments
1b

30 fr/ JIb

Frequency less than 40 Hertz

50 fc/
Scaled distance criteriom

Frequency greater than 40 Hertz

Threshold of structural damage
Scaled discance criterion

Approximacely 30 feet of soil

Medium to hard seils, uniform
cover over bedrock

and well-graded sand

Hard soils and rock
Frequency, 30 to 60 Hertz

Loose and soft soils and
Frequency, 10 to 60 Hertz
Frequency, 60 to 90 Herc=z

rubble mixtures

1

structures in poor condircion

Relatively old residencia

of Scructure
Ancient and historic monuments

Special care and historical
Housing in poor repair

mONUMEntcs
Dlder residences, plaster on

Historic buildings in poor
wood lath construction for

condition
in very poor condition

Objects of historic interest and Frequency, 10 to 30 Hertz
incerior walls

Buildings with visible damage
other sensicive construccion

and cracks in masonry

Ruins, ancient and historic
All

buildings
01d residential structures

Type and Condition

TABLE 1
Criteria for Historic and Sensitive Structures

Vibractiocn
Type
Unspecified
"

"

”n
Machines,
traffic
Blasﬁing
BIasEEng
Blasting
and impact
pile driving
Blasting
Blasting

Traffic
Blasting

Existing Vibrabion
2.5
2.5
10
15
13
13
50

cle Velocity
(in/sec) (mm/sec)

0.08
0.16
0.10
0.10
0.20
0.40
0.12
0.12-0.2 3-5
2.0

0.5
0.5

Maximum Peak

Parc

Reference
of Standardization

Cerman Vibration
Swiss Associacion
(3)

Standards (12)
Esrig and Ciancia

(6)
Kogg and Dowding

Rudder (11)
Esceves (7)
Ashley (1)

Chae (3)
Siskind, Stagg,
(1



is shown to vary according to the frequency of vibrations. The recom-

mended plot is for tt“§31ent virr?tf?ns, ?“d thellimlting values shown characteristics, Lhe conditions of the site and recelving structure,
should be reduced by about one-half for steady state vibrations. and the economic impact of the selected Timiting value.
The eriteria shown in Figure 1 are intended to represent the dam- "
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for a project, consideration must be given Lo the vibration wave



