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by Walter Konon , M. ASCE and John R. Schuring » M. ASCE

Introduction

Ground vibrations caused by construction operalions 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 particle 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 lngineers and the
U.S. Bureau of Mines adopted the 2 in/sec (50 mm/sec) ground particle
velocity damage criterion level during this peried.

With the publicarion 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 limit
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 inveolved.

A building that has been designated a landmark has, by decree,
been given an extended useful life 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 this
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 repair efforts. Many histovic buildings have

extensive elaborate interior and exterior ornamentation and surface
detail that is especially prone to vibration damage. Strict construc—
tion vibration control limits for these buildings serve not only to
eliminate the possibility of immediate damage, but also to reduce
future farigue damage that may be caused by the cumulacive effects

of both man and the environment.

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

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



Characteristics of Ground Motion

Although experience has shown that particle velocity is a useful
measurement criterion for construction 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 significant of
these nrmﬂmnnmﬂwwnmﬁm include frequency, particle displacement, and
total duration .

The frequency of ground vibration is an important factor since
it determines how much resonance can be established in the receiving
structure. Ground vibrations with frequencies close to the natural
frequency of the structure are the most damaging due to resonance
effects. Tt should be noted that Iindividual structural components,
i.e., walls, floors, ete., usually have natural frequencies which
differ from that of the overall structure. The critical 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 vibration frequencies decrease (5, 12). This can be ex-—
plained in part by the normally low natural resonance frequencies
exhibited by most structures. An additional reason for the greater
damage potential of low frequency vibrationms Is that they are typically
associated with large particle displacements. Large particle displace-
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, loug
lasting, steady stace vibrarions such as those produced by vibration
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 again, resonance is involved since
long duration construction vibrations afford more opportunity for the
development of sympathetic vibrations in the receiving structure.
Structural fatigue of the building materials also becomes a factor
with steady state vibrations of long duratiom. 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 characteristies,
i.e., particle velocity, frequency, and particle displacement, as it

(2) Particle velocity (V), frequency (f} and displacement (@) are
related variables. Tor simple harmonic motion, the relatiponship
between the peak values is:

V = 21fD

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

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

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

in which V = peak particle velocity; D = distance; E = energy for impact
vibrations, or charge weipght per delay for explosives; and K and n are
constants associated with the transmitting media and other variables.
Hendron and Ordard (9) have suggested that the above expression be mod-
ified 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. Howewver, when dealing with historic or sensitive structures,
seismic monitoring with both particle veloeity and frequency measurement
capabilities should be used along with a construetion control program
consisting of a preconstruction survey, settlement controls, 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 frequenecy, 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 infinite variations encountered from site to site usually make exact
anaylsis of the effects of geologic wedia impractical, although a general
trend is worth noting. The firmer or more competent the transmitting
%eologic strata, the lower the rate of frequency damping. For example,
close-in rock blasting with little or no seoil overburden will produce
high frequency ground vibrations which tend to be less damaging to
structures. In contrast, ground vibrations which travel long distances
through thick seoil 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., 1t 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 peneral 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 change in structural integrity. The threshold



for cosmetic damage, i.e., cracking, spalling, ete. is usually much lower,
11y for structures with interior wall finishes and exposed masonry.

espec]

In historic structures, it is often of paramount importance that cosmetic
damage be avoided.

Existing Criteria

A review of exlsting crireria pertaining to 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 velocity should be less
than 2.0 in/sec (50mm/sec). The criteria in Table 1 cover a variety
of structural Lypes and conditions, and some investigators have corre-
lated allowable particle velocity with other dynamiec variables and
subsurface conditions.

The German standards (12) are the strictest but are reportedly not
alvays enforced. Rudder's (11) threshold of structural damage was de-
veloped for traffiec 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 stan-
dards (5) are frequency dependent, and also distinguish between steady
state and transient vibrations.

Ashley's (1) recommended eriteria are for blasting related to
tunnel construction in urban areas. Esrig and Cancia's (6) eriterion
was successfully used for the protection of 1004 year old historic
buildings in New York Citv. Chae's (3) recommended blast design
criteria included a scaled-distance relarionship. Siskind, et al (12)
base thelr criteria on an extenszive 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 te perform a dynamic mathematical
analysis of che 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 model dynamically because rche building eomponents are
typically in varying states of deterioration, and previous settlements
and movements in the structure often have redistributed the lcads and
stresses into unknown patterns.

When historic or landmark designated buildings are involved the
cultural, social, economic, political and architectural importance of
such buildings must also ke considered in setting vibration limits.
The possibility of damaging a unique historic building must be weighed
against the inereased cost of construction operations when low maximum
permissible vibration limits are specified. As such, the selection of
the proper vibration criterion for a historic structure becomes an
economic decision as well as a technical one.

It, therefore, becomes apparent that for tha majority of historic
and sensitive structures, the establishment of vibration damage criteria
must be largely empirical, tempered with experience and judement. Based
on the authors' experience and the work of other investigators, the
vibration criteria shown in Figure 1 are recommended. The allowable
maximum peak particle velocity, which provides the primary field contral,
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is shown Lo vary according to the frequency of vibrations. The recom-
mended plot is for tramsient vibrations, and the limiting wvalues shown
should be reduced by about one-half for steady state vibrations.

The criteria shown in Figure 1 are intended to represent the dam-
age threshold for historic and sensitive buildings. Specific site
conditions may warrant some adjustment, and each application of the
criteria should be reviewed carefully with regard to the characteristics
of the vibration source, transmitting media, and receiving structure.
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Fig.1 — Recommended Vibration Criteria for Historic and

and Sensitive Older Buildings

Conclusions

Historic and sensitive older buildings require special attention to
protect them from construction induced ground vibrations. Damage lewvel
eriteria for these structures are by necessity more conservative than
the 2.0 in/sec (50 mm/sec) traditiomally used for modern structures
in good condition. When establishing a vibration damage criterion
for a project, consideration must be given to the vibration wave

and

the econom

characteristics, the econditions of the site and receiving structure,
H -

ct of the selected Timiting value.
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