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INTRODUCTION

Trenches and sheet-pile walls have been used for many years
in attempts to isolate foundations of machines and structures from
vibratory energy but have not always been successful. Barkan (1962)
stated, after reviewing many applications of trenches and sheet-pile
barriers in isolation problems, "Experience with various barriers has
shown that they are often of no use at all or their effect is very small."
The reason for this frequent lack of success was postulated by Barkan
as he went on to state that in the cases where barriers were of no use
the designers did not adequately account for or did not adequately under-
stand the theory of surface wave propagation in the presence of a barrier.
It is evident that a rational design approach based on a thorough under-
standing of surface waves in the region of obstacles must be available
if foundation isolation systems incorporating trench or sheet-wall
barriers are to be employed with confidence. Currently there is insuf-
ficient theoretical and empirical knowledge on which to base a design
approach. The objective of the research described herein was to obtain
basic information on the screening of elastic surface waves by trench
barriers from which a rational design approach might eventually be

derived.



SEISMIC WAVES IN AN ELASTIC HALF SPACE

An understanding of the phenomena associated with elastic
wave propagation in a half space is of fundamental importance in
studying the isolation of foundations by barriers. The energy which
causes ground motion or footing motion is transmitted through the
earth by elastic displacement waves, seismic waves. In the analysis of
seismic wave propagation, it is common to assume that the earth can be
simulated by a homogeneous, isotropic, elastic half space. This assump-
tion is made frequently in seismoleogy and in many soll mechanics problems
concerning stress at a point in a soil medium.

There is an abundance of information relative to the propaga-
tion of seismic waves in a homogeneous, isotropic, elastic half space;
Lamb (190Lk), Kolsky (1953), Ewing, Jardetzky and Press (1957), Grant
and West (1965) and others. FElastic half space theory defines two basic
types of waves, body waves and surface waves. There are two important
body waves, the compression wave (P-wave) and the shear wave (S-wave),
and there is one surface wave, the Rayleigh wave (R—wave).

Elastic waves may originate in many ways; from earthquake
explosions, pile driving operations, or vibrating machine footing.

The source of elastic waves may be contained within the half space or
may be on its surface. Since most footings for buildings and machinery
are located on or near the surface of the earth, seismic waves generated
by surface sources are of primary interest in foundation isolation
studies. The energy coupled into the soil by a surface is transmitted
away from the source by a combination of P, S, and R-waves. The distri-

bution of energy among these waves has been computed by Miller and Pursey
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(1955) for the case of an elastic half space having a Poisson's ratio
of 1/4, (v = 1/4), excited by a vertically oscillating circular disk.
The basic features of wave propagation in a half space and of Miller
and Pursey's energy partition calculations are shown on Figure 1. This
figure should be used as a reference for the following discussion of
elastic wave propagation.

On Figure 1 it is shown that body waves propagate radially
outward from the source along hemispherical wave fronts and that the

Rayleigh wave propagates radially outward on a cylindrical wave front.

All of the waves encounter an increasingly larger volume of material

as they travel outward; thus the energy density in each wave decreases
with distance from the source. This decrease in energy density or de-
crease in displacement amplitude is called geometrical damping. The
geometrical damping law governing body waves 1s expressed by l/r (except
along the surface where it is l/rg), and the geometrical damping law

for the Rayleigh wave ig given by l/rO'S. The particle motion associated
with the compression wave is a push-pull motion in the direction of the
wave front, the particle motion associated with the shear wave is a
transverse displacement normal to the direction of the wave front, and
the particle motion associated with the Rayleigh wave at the surface

of a half space is a retrograde ellipse. The shaded zones along the
wave fronts for the body waves indicate the relative amplitude of
particle displacement as a function of the dip angle (the angle measured
downward from the surface at the center of the source). The Rayleigh
wave can be described by two components, vertical and horizontal, each

of which decays with depth but according to separate distributions.
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For a vertically oscillating circular energy source on the
surface of a homogeneous, isotropic, elastic half space, Miller and
Pursey (1955) determined the distribution of total input energy among
the three elastic waves to be: 67 percent Rayleigh wave, 26 percent
shear wave, and [ percent compression wave. The facts that 2/3 of the
total input energy is transmitted away from a surface energy source
by the Rayleigh wave and that the Rayleigh wave decays much more slowly

with distance than the body waves indicate that the Rayleigh wave is of

primary concern for foundation isolation problems.

The distance from the source of waves to each wave front on
Figure 1 is drawn in proportion to the velocity of each wave. The

expressions for wave velocity are as follows:

At 2G
Vp = e
PV o

where A\ and G are Lame's constants ( G is also known

P-wave, Vp

as the shear modulus), 0 1s the mass density of the

material (p = y/g where y is the unit weight and g

2vG

is 32 foot/secondg), v = Poisson's ratio, and A\ = T 5y
- 2y

S-wave, Vg ,

R-wave, VR
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where k 1s a constant (0.87h < k < 0.955) depending on
Poisson's ratio, and for the values of Poisson's ratio
appropriate for soils, VR and Vg are very nearly the

same and for practical purposes are often considered

identical.



SCATTERING AND DIFFRACTION OF ELASTIC WAVES

The preceding discussion pertailned only to an unobstructed,
homogeneous, isotropic half space where elastic waves did not encounter
barriers of any kind. The concept of footing isolation by trenches or
sheet-pile walls, however, i1s dependent on the interception, scattering
and diffraction of surface waves by barriers. Theoretical solutions
for diffraction and scattering of body waves in elastic media by cylinders
and spheres have been presented by Tyutekin (1959), Knopoff (1959) and
Baron and Matthews (1961). Two-dimensional theoretical and experimental
studies of the reflection and transmission of surface waves by step
changes in elevation, corners and notches have been presented by Mal
and Knopoff (1965), Viktorov (1958), and deBremaecker (1958); however,

a theory describing the diffraction and scattering of surface waves by
Obstacles of finite dimensions 1s not currently availlable. This pin-
points the area where further study is required to improve the art of
footing isolation by trenches, namely, the screening effects of three-

dimensional obstacles at the surface of a half space.



EXPERIMENTAL APPROACH AND GENERAL PROCEDURES

There are two basic approaches which could be followed in
studying the problem of screening of elastic waves by trenches or other
barriers, theoretical and experimental. The theoretical approach was
not encouraging due to the mathematical complexities of this problem
so the experimental approach was pursued. From a practical standpoint
an extensive gseries of full-scale footing isolation tests was not feas-
ible; so the model approach was investigated. The model approach has
been used extensively in seismological studies as described by Northwood
and Anderson (1953) and Oliver, Press and Ewing (1954), and, furthermore,
Lysmer and Richart (1966) have shown through dimensionless analysis that
wave length scaling is appropriate for footing vibration problems. Thus,
it was concluded that the model approach was appropriate for the footing
isolation problem and that pertinent dimensions of the barriers could
be evaluated in terms of the wave length of the Rayleigh wave.

When studying the screening of elastic waves by trenches, it
is conVenient to subdivide the problem into two categories, (1) active
isolation (isolation at the source) and (2) passive isolation (screening
at a distance). Active isolation, as shown schematically on Figure 2,
is the employment of barriers close to or surrounding the source of
vibrations to reduce the amount of wave energy radiated away from the
source. Passive isolation, as shown schematically in Figure 3, is the
employment of barriers at points remote from the source of vibrations
but near a site where the amplitude of vibration must be reduced. Both

types of foundation isolation problems were investigated.

-8
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The general purpose of this research was to define the screen-
ing effects of trench barriers, and the specific purpose was to define
the screened zone and degree of amplitude reduction within the screened
zone for trenches of a few specific shapes and sizes. It was anticipated
that a threshold trench size could be established below which trenches
would have little effectiveness, and the results tend to confirm this
concept.

The general plan for the footing isolation tests was (l) to
set up a source of vibration at the center of a prepared site, (2) to
determine the amplitude of vertical ground motion at selected points
throughout the test site for the "no trench" or before conditions, (3)
to dig a trench barrier, and (4) to determine the amplitude of ground
motion at the same selected points for the after condition. A compari-
son of before and after conditions provided the means of evaluating
the effectiveness of the barrier. For each pickup point a ratio, called
the "amplitude reduction factor," relating amplitude after trench in-
stallation to amplitude before trench installation was computed. This
ratio gave a quantitative evaluation of the effect of the trench on the
amplitude of vertical ground motion at each pickup point.

The data accumulated in tests as described above was displayed
for evaluation in two ways. The first was to plot amplitude of vertical
ground motion versus distance from the source for vibration measurements
along a radius from the source of vibrations and through a point of
symmetry on the trench. When curves of this type for several trench
sizes were drawn on the same chart, a direct comparison of the effec-

tiveness of the various trenches was possible. This type of plot,
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however, gave no information on the lateral extent of trench effective-

ness and did not indicate the shape of the screened zone. A second
method of displaying the data was employed in which "amplitude reduc-
tion factors" were plotted for each pickup point on a plan diagram of
the test layout and contours of equal "amplitude reduction factor" were

drawn. The amplitude reduction factor contour diagrams provided the

means for evaluating the lateral extent and the shape of the second
zZone.

Two criteria were established from which the relative
effectiveness of the various trenches was evaluated. One criterion
specified the amplitude reduction, and the other specified the area in
which the amplitude reduction had to be effective. The amplitude re-
duction criterion for all tests was an amplitude reduction factor of
0.25. But, due to the differences in overall geometry of active iso-
lation tests and passive isolation tests, separate area criteria were
necessary. The area criterion for active isolation with 360° trenches
specified that 75 percent of the area of the test site beyond the
barrier had to be enclosed by an amplitude reduction factor contour of
0.25 or less. For trenches of less than 360° an additional area cri-
terion was necessary and will be described in a later paragraph. The
area criterion for passive isolation specified that 75 percent of a
semicircular area with center at the mid-point of the trench and
radius eqgual to one half the trench length had to be enclosed by an

amplitude reduction factor contour of 0.25 or less.



DESCRIPTION OF TEST LAYOUT, INSTRUMENTATION AND FIELD SITE

Fach test layout consisted of a vibration exciter as the
source of input motion, a trench to screen displacement waves, and
pickup points at which to measure the amplitude of vertical ground
motion. Early in the testing program it became evident that special
provisions would be required to obtain repeatable ground motion measure-
ments at each pickup point. Several methods were tried for obtaining
repeatable measurements, and the most successful method was to provide
a small steel plate, 2 inch by 2 inch by l/h inch, at each pickup point,
set in the ground with its top surface flush with the soil surface.
These steel plates were called pickup benches. Ground motion measure-
ments were made by placing a motion transducer on each pickup bench in
succession.

The vibration source was an MB Electronics Model C-31 vibra-
tion exciter weighing about 73 pounds. A constant input excitation
force of 18 pounds (vector force) was used in all tests. At this
force level the exciter displacement was about 20 microns.

An MB Electronics power amplifier, oscillator and field supply
unit was used to drive the vibration exciter. Surface motion measure-
ments were made with an Electro-Tech vertical velocity transducer. A
Tektronix 502 dual beam oscilloscope and a Hewlett-Packard 427A volt-
meter were used to monitor the input motion of the exciter and to
measure the transducer output.

The selected field site, shown in Figure 4, was situated on
a sand and silt deposit in an area remote from sources of man-made

seismic noise. A profile showing the pertinent properties of the soil
-13-
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at the selected site is shown in Figure 5. This profile shows a two-
layer system, and the grain size distribution for the soil of each layer
is shown on Figure 6. A water table was not located in hand borings to
a depth of 14 feet or in refraction surveys of the site.

Drained triaxial compression tests were performed on undis-
turbed samples from the upper layer to determine the c~¢ characteris-
tics of the soil. A Mohr's circle diagram for the triaxial tests is
shown on Figure 7. The angle of internal friction, @ , was 38° and
the cohesion intercept, ¢ , was 0.35 kg/cm2 . In a moist condition,

w = 5 percent to 15 percent, this soil maintained vertical-walled open
trenches up to four feet deep.

An area about 75 feet in diameter, shown on Figure 4, was
fenced, and its surface was leveled and compacted with a Jackson
vibratory compactor. After a gentle rainfall had thbroughly'moistened
the surface, a circular area 25 feet in diameter was carefully prepared
by tamping with a hand tamper and leveling with a straight edge. Sur-
face preparation in the test area was considered very important for two
reasons: (1) the edges of the trenches at the surface would be vulner-
able to crumbling and shear failure, therefore the strength of the soil
at the surface should be as great as possible, and (2) the soil near
the surface had to be uniform and compact so that pickup benches placed
on the soil surface would reproduce true vertical motion response.

The prepared area was covered with a plastic film to prevent moisture
loss at all times except during the performance of a test. The plastic
film also helped to create a uniform distribution of moisture within

the zone at the test site which it covered.
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Since wave length scaling was deemed appropriate for these
model tests, the wave length of the Rayleigh wave (xR) had to be
determined at the field site. Rayleigh wave velocities, vy , and wave
lengths, Mg , as determined in the field by the method described by
Fry (1963) are given in Table I. Critical dimensions of the trenches
used in all tests were normalized on KR for the appropriate frequency

when used to compare results of two or more tests at different frequencies.



ACTIVE ISOLATION TESTS

The primary variables in the active isolation tests (isolation
at the source) were H and © , where H 1is the trench depth and ©
is the angular length of the trench. Barrier trenches 0.5 to 2.0 feet
deep composed of segments of annuli ranging from 90° to 360° were em-
ployed. Figure 8 shows a schematic diagram of the experimental setup
for these tests with the critical dimensions labeled and Figure 9 is a
photograph of this setup. The radius, RO , of the annular trenches
was 0.50 and 1.00 foot. By employing trenches at these two radii and
by using four exciter frequencies, it was possible to obtain trench
radius to wave length ratios (RO/xR) ranging from 0.222 to 0.910. A
list of field tests with trench dimensions is given in Table ITI.

A code was established to identify each test. The code con-
sisted of two letters describing the kind of test and where it was per-
formed, a number representing the particular test in a series, and a
number giving the frequency of input motion used in that test. The

code is read as follows:

Type of Test: A--Active Isolation
P--Passive Isolation
9--Sheet-Wall Barrier

at a distance

Number of Series

AF - T - 250

Frequency of Input

Location of Test: F--Field

-20-
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TABLE I

WAVE LENGTH AND WAVE VELOCITY FOR THE
RAYLETIGH WAVE AT THE FIELD SITE

Frequency (cps) Ap(ft) vp(ft/sec)
200 2.25 450
250 1.68 L20
300 1.38 L15

350 1.10 385
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For all of the active isolation tests, the effectiveness cri-
teria were applied to the test results to determine the minimum effec-
tive trench depth. Two methods were used to select the trenches which
satisfied the criteria for amplitude reduction and area of influence. In
the first method an average of the amplitude reduction factors for eight
radial lines was plotted versus distance from the source. For a trench
to qualify as "effective", the curve of average amplitude factors had to
be 0.25 or lower. Figure 10 shows an example of this selection method
for three tests. Two tests, AF-5-300 and AF—6—300, satisfied the
criteria, while one test, AF-7-300, did not satisfy the criteria. 1In
the second method amplitude reduction factor contour diagrams for each
test were studied to determine those tests for which at least 75 percent
of the area outside the trench was reduced in amplitude by a factor of
0.25 or less. Amplitude reduction factor contour diagrams for the three
tests shown on Figure 10 are given on Figures 11, 12, and 13 for com-
parison. (Note: 27 amplitude reduction factor contour diagrams similar
to Figures 11, 12, and 13 can be found in Woods (1967)). According
to the criteria, tests AF-5-300 and AF-6-300 passed again while test
AF-T7-300 falled. The definition of the amplitude reduction factor is
repeated on Figure 11 but will not be shown on subsequent figures.

All of the full circle active isolation tests listed in
Table II were evaluated using the above methods. The tests with full
circle trenches at a radius of 1.00 foot are listed in order of in-
creasing scaled depth, or increasing H/XR , in Table III. All of
the tests above the double line did not meet the criteria for effective

screening, while those below the double line did. This would suggest
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0.7 | T T T ]
TEST H/\ R/\
0.6 O—O|AF-7-300[ 0.363[0.726 |
' X—AAF-5-300] 0.726 |0.726
O—OjAF-6-3001] 1.452 |0.726
0.5

0 | | | |
0 4 6 8 [0 I12
DISTANCE FROM SOURCE (ft)
Figure 10. Amplitude Reduction Factor Versus Distance from Source--

Three Tests.
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< 0.125 - UCTION .. Amplitude_after trench
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Figure 11. Amplitude Reduction Factor Contour Diagram, Test AF-T7-300.
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1 1.25-050
"1 0.50-0.25 H/Ar  R/Ag
0.25-0125 0.726 0.726

[ <o.25

Figure 12. Amplitude Reduction Factor Contour Diagram, Test

AF-5-300.
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Amplitude Reduction Factor Contour Diagram, Test AF-6-300.

Figure 13.
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TABLE IIT

ACTIVE ISOLATION TESTS WITH TRENCH LENGTH
9, 360° AND TRENCH RADIUS, R, 1.0 FOOT

TEST NO. 1/ Ro/ AR
AF-7-200 0.222 0. LhhL
AF-T-250 0.298 @ .0596
AF-T-300 0.363 ;§:§ 0.726
AF-5-200 0. bl Ef; 0. bl
AF-7-350 0.455 £ 0.910
AF-5-250 0.596 0.596
AF-5-300 0.726 0.726
AF-6-200 0.888  _,  O.Lkh
AF-5-350 0.910 :g 0.910
AF-6-250 1.192 ;g 0.596
AF-6-300 1.452 g 0.726

AF-6-350 1.820 0.910
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that for full circle trenches located less than one wave length from
the center of the source of vibration the scaled depth H/xR , must be
greater than 0.60 for the trench to be effective.

The tests with full circle trenches at a radius of 0.5 foot
are listed in order of increasing scaled depth in Table IV. Once again
all of the tests below the double line qualified while those above did
not. These results would suggest that for full circle trenches located
less than one-half wave length from the center of the source of vibration
the sealed depth, H/XR , must be greater than O.44 for the trench to
be effective. Further examination of the tests for isolation at the
source indicated that amplitude reductions greater than one order of
magnitude are not likely to be achieved using trench barriers up to
two wave lengths (H/xR = 2.0) deep. The results of Barkan (1962)
and Dolling (1965) indicated similar results.

From these test results it could be concluded that for full
circle trenches surrounding the source of vibration at a distance of
one wave length or less, the scaled depth of the trench must be about
0.6 for the trench to be effective. For full circle trenches the screen-
ed zone included an area of the half space outside of the trench ex-
tending to a radius of at least 10 wave lengths. Data was not obtained
beyond 10 wave lengths due to the site size and the vibration exciter
power capabilities,

For trenches of arc length less than 360°, the screened zone
was an area symmetrical about a radius from the source of excitation
through the center of the trench and was bounded laterally by two radial

lines extending from the center of the source of excitation through



-32-

TABLE IV

ACTIVE ISOLATION TESTS WITH TRENCH LENGTH
©, 360° AND TRENCH RADIUS, R,, 0.5 FOOT

TEST NO. H/ Mg R,/ Mg
AF-11-200 0.222 s 0-222

.

gy
AF-11-250 0.298 gfﬁ 0.298

o]
AF-11-300 0.363 -58 0.363

4
AF-12-200 0.bhk g 0,222
AF-11-350 0.h55 g 0.L55

o

[
AF-12-250 0.596 3 0.298

o

&
AF-12-300 0.726 © 0,363

o

=

AF-12-350 0.910 0.455
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points 45° from each end of the trench. Within this zone 75 percent of
the area had to be reduced in amplitude by 0.25 for a partial circle
trench to be considered effective. This definition of the screened

zone excludes trenches of arc length less than 90°, and all data from

these tests confirms that 90° trenches are not effective. Examples of

the screened zone for two trenches of less than 360° arc length are shown
on Figures 14 and 15. In these tests, also, the screened zone extended
at least 10 wave lengths from the source. The same criteria for screen-
ing effectiveness (amplitude reduction of 0.25 or less) when applied to
trenches of arc length less than 360° showed that the same scaled trench
depth, H/?xR = 0.6), is required to produce an effectively screened

zone.

Another phenomenon noted in the active isolation tests with
360° trenches was that the amplitude reduction factor undergo a series
of relative maxima and minima with increasing distance from the barrier.
This is demonstrated by the curves of amplitude of vertical displace-
ment versus distance from the source on Figure 10 where points marked
(a) and (b) on the curve for test AF-5-300 are points of relative minima
and points (c), (d), and (e) are points of relative maxima. This pheno-
menon can also be seen in the amplitude reduction factor contour diagram
shown in Figure 13.

Although there were several relative maxima and minima for
each test, there was usually only one "principal minimum." The location
of this "principal minimum" was investigated to determine whether it
consistently occurred in the same location. Four curves of amplitude

reduction factor versus distance from the source (in wave lengths) from
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Figure 14. Amplitude Reduction Factor Contour Diagram, Test AF-3-250.
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Amplitude Reduction Factor Contour Diagram, Test AF-4-300.
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typical tests with full circle trenches, 1.0 foot deep, are shown in
Figure 16. For the four tests shown the "principal minimum'" occurred at
about the same number of wave lengths from the source of excitation,

3.5 to 4.0 wave lengths. Similar curves for all full circle tests at

a 1.0 foot radius were examined, and the location of the "principal
minimum," in wave lengths from the source, is shown in Table V. The
indications of the results presented in Table V were that the distance
from the source to the "principal minimum" decreases as the depth of

the trench increases.
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Code| Test H/AR [R/AR
0—0 [AF-5-200|0.444|0.444
&—A |AF-5-280/0,596 (0596
— o—o |AF-5-300|0.726 | 0.726
O— |AF5-350|0.910| 0.910
)
C( ~0
W Region of "Principal Mipimum"
o) 2 4 6 8 10 12
DISTANCE FROM SOURCE (r/)g)
Figure 16. Amplitude Reduction Factor Versus Distance from Source--

Location of "Principal Minimum."
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TABLE V

DISTANCE FROM THE SOURCE OF VIBRATION TO THE
"PRINCIPAL MINIMUM" (IN WAVE LENGTHS) FOR FULL
CIRCLE ACTIVE ISOLATION TESTS

Frequency of Depth of Trench (ft)
Vibration (cps) 0.5 1.0 2.0
200 k.o 3.5 3.1
250 2.4 3.6 3.6
300 5.8 3.6 2.2

350 6.4 3.6 2.7




PASSIVE ISOLATION TESTS

One test setup for passive isolation is shown in the overall
field site photo on Figure 4. This same test layout is shown schemati-
cally on Figure 17. The layout consisted of two vibration exciter
footings, a trench barrier, and 75 pickup benches. For this series of
tests it was assumed that the zone screened by the trench would be
symmetrical about the 0° line; therefore surface motion measurements
were made for only one-half of the screened zone. Symmetry of screen-
ing effects had been already sufficiently established in the active
isolation tests. The variables in these tests were trench depth, H,
trench length, L , trench width; W , and distance from the source of
excitation tc the trench, R .

To study passive isolation,trenches ranging in size from
1.0 foot deep by 1.0 foot long by 0.33 foot wide, to 4.0 feet deep by
8.0 feet long by 1.0 foot wide were employed. By locating the vibration
exciter at two distances from these trenches and using four frequencies
of excitation, 200, 250, 300, and 350 cps, a range of eight R/xR ratios
(R/Ag =2.22 to 9.10) was obtained. This range in R/)x.R was necessary to
evaluate the effects of the exciter-trench distance, R , on trench per-
formance. A list showing the dimensions of the trenches used in this
series is given in Table VI.

Amplitude reduction and area of influence criteria were
applied to the results of the tests for trenches at each distance from
the source. To satisfy the area criterion a semicircular zone behind

the trench with center at the midlength of the trench and radius of
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TABLE VI

“h1-

SCHEDULE OF FIELD TESTS FOR PASSIVE ISOLATION

Test Dist. Depth Length Frequency (cps)
e TrZZch TrZich Tr2§ch R/kRzgoh.hh R/xRezos.gé R/kR3SO7.25 R/xR3209.10

R (ft) H(ft) L (ft) HAy I/ g B LA WAR MLy WA g L/Ag AR
PF 1 10 1.0 1.0 0.4k 0.4k 0.13 0.59 0.59 0.17 0.73 0.73 0.2L 0.91 0.91 0.26
PF 3 10 1.0 2.0 0.4 0.89 0.13 0.59 0.19 0.17 0.73 1l.46 0.21 0.91 1.82 0.26
PF 5 10 1.0 3.0 0.4k 1.33 0.13 0.59 1.79 0.17 0.73 2.18 0.21 0.91 2.73 0.26
PF 7 10 2.0 3.0 0.89 1.33 0.13 1.19 1.79 0.17 1l.46 2,18 0.21 1.82 2,73 0.26
PF 9 10 2.0 k.0 0.89 1.78 0.13 1.19 2.38 0.17 1.6 2,90 0.21 1.82 3.6k 0.26
PF 11 10 2.0 6.0 0.89 2.66 0,13 1.19 3.57 0.17 1.46 L4.35 0.21 1.82 5.47 0.26
PF 13 10 3.0 6.0 1.33 2.66 0.13 1.79 3.57 0.17 2.18 L4.35 0.21 2.73 5.47 0.26
PF 15 10 3.0 8.0 1.33  3.55 0.13 1.79 L., 76 0.17 2.18 5.80 0.21 2.73 7.29 0.26
PF 17 10 k.o 8.0 1.78  3.55 0.13 2.38 L.76 0.17 2.90 5.80 0.21 3.6f 7.29 0.26
PF 19 10 2.0 8.0 0.89 3.55 0.13 1.19 4.76 0.17 1.46 5.80 o0.21 1.82 7.29 0.26
PF 21 10 o] 8.0 1.78  3.55 0.k 2.38 4,76 0.59 2.90 5.80 0.73 3.6 7.20 0.91
PF 23 10 2.0% 8.0 0.89 3.55 0. 1.19 L4.76 0.59 1.6 5.80 0.73 1.82 7.29 0.91

R/Ag = 2.22 R/Mg = 2.98 R/Ag = 3.62 R/Ag = %.55

PF 2 5 1.0 1.0 o.4% 0.k 0.13 0.59 0.59 0.17 ©0.73 0.73 0.21 0.91 0.91 0.26
PF 4 5 1.0 2.0 0.4 0,89 0.13 0.59 1.19 0.17 0.73 1.6 0.21 0.91 1.82 0.26
PF 6 5 1.0 3.0 o.iy  1.33 0.13 0.59 1.79 0.17 0.73 2.18 0.21 0.91 2.73 0.26
PF 8 5 2.0 3.0 0.89 1.33 0.13 1.19 1.79 0.17 1.46 2.18 0.21 1.82 2,73 0.26
PF 10 5 2.0 4.0 0.89 1.78 0.13 1.19 2.38 0.17 1.k6 2,90 0.21 1.82 3.6k 0.26
PF 12 5 2.0 6.0 0.89 2.66 0.13 1.19 3.57 0.17 1.6 L.35 0.21 1.82 5,47 0.26
PF 14 5 3.0 6.0 1.33 2.66 0.13 1.79 3.57 0.17 2.18 L.35 0.21 2.73  5.47 0.26
PF 16 5 3.0 8.0 1.33 3.55 0.13 1.79 L.76 0.17 2.18 5.80 0.21 2.73 7.29 0.26
PF 18 5 k.0 8.0 1.78 3.55 0.13 2.38 k.76 0.17 2.90 5.80 0.21 3.64 7.29  0.26
PF 20 5 2.0 8.0 0.89 3.55 0.13 1.19 k.76 0.17 1.4 5.80 0.21 1.82 7.29 0.26
PF 22 5 4,0 8.0 1.78 3.55 0.k 2,38 L.76 0.5 2.90 5.80 0.73 3.6k 7.29  0.91
PT 24 5 2.0 8.0 0.89  3.55 0.k 1.19 4.76 0.59 1.46 5.80 0.73 3.6+ 7.20 0.1

*
Backfilled from 4.0 feet
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one-half trench length had to be reduced in amplitude by 0.25 or less.
From practical considerations the critical dimension for trench barriers
was the scaled depth, H/>\R , therefore for each distance from the source
the shallowest trench which satisfied the criteria was determined. The
shallowesgt effective trenches are listed in order of increasing scaled
distance, R/kR , in Table VII and are underlined in Table VI. Of the

96 tests in this series for passive isolation, 35 satsified the criteria.
The minimum scaled depth for the full range of R/KR was generally be-
tween H/Ag = 1.2 and H/Ap = 1.5. To evaluate the effect of total
trench area on the screened zone, a quantity HL/?xR2 (scaled trench
length times scaled trench depth) was computed for each trench. This
quantity is listed in the last column of Table VII. There was a general
trend toward increasing HL/XR2 with increasing R/>\R . Figure 18

shows the amplitude reduction factor contour diagram for test PF-12-250,
the shallowest trench at R/KR equal 2.97 to satisfy the criteria.

Amplitude magnification (indicated by amplitude reduction
factor contours greater than 1.0) can be seen on Figure 18 in front of
and near the end of the trench. This phenomenon may explain some of
the earlier unsatisfactory applications of trench barriers referred to
by Barkan (1962).

Curves of amplitude of vertical displacement versus distance
from the vibrator for five tests are shown in Figure 19. The increasing
effectiveness of the larger trenches can be seen in the region behind
the trench by the relative position of the curves for each test. Also
in this figure the magnification in front of the trench and maximum

reduction at some distance behind the trench are apparent.
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Code | Test H/XR | L/AR
0—O [PF-8-250(1.19 [ 1.78
o—0 |PF-I0-250| I.19 |2.38
8 2 &—A |PF-12-250] 1.19 | 357
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Figure 19. Amplitude of Vertical Displacement Versus Distance from

Source for Five Tests.
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TABLE VIT

SHALLOWEST TRENCHES WHICH SATISFIED SCREENING CRITERIA
IN PASSIVE ISOLATION TESTS

TEST NO. R/Ng H/\g L/AR HL/A%
PF-1L4-200 S 2,22 1.33 2.66 3.54
PF-12-250 2.97 1.19 3.57 L.25
PF-10-300 3.62 1.45 2.90 L. 20
PF-15-200 L. hh 1.35 3.55 k.73
PF-10-350 L,55 1.82 3.64 6.62
PF-11-250 5.95 1.19 3.57 h.25

PF-11-300 7.25 1.L5 4,35 6.30
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In planning the tests it was assumed that the width of an
open trench would not be an important variable and that, in fact, a
small crack or slit would be sufficient to screen elastic waves. A
few tests were performed to evaluate this assumption. A comparison of
the amplitude reduction factor contour diagram of test PF-17-250 shown on
Figure 20 for a trench 0.33 foot wide with that of test PF-21-250 on
Figure 21 for a trench 1.0 foot wide indicated that the increased width
of a trench did not cause a significant change in either the magnitude
of reduction or the shape of the screened zone. These results tend to

confirm the assumption that trench width is not an important variable.

Another assumption made in planning this research program was
that open trenches would be more effective than sheet-walls as surface
wave barriers, but to satisfy the questions of many observers, a few
sheet-wall barrier tests were performed. For the sheet-wall tests
listed in Table VIII, an aluminum sheet 3/16 inches thick, 4 feet deep,
and 8 feet long was used as the barrier. For comparison the length
and depth of the sheet-wall barrier for test SF-6-250 shown on Figure
22 were the same as the length and depth of the trench barrier for test
PF-17-250 shown on Figure 20. 1In general the sheet-wall barriers were
not as effective in reducing amplitude of vertical ground displacement

as the trench barriers.
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Figure 20. Amplitude Reduction Factor Contour Diagram, Test PF-17-250.
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Figure 21. Amplitude Reduction Factor Contour Diagram, Test PF-21-250.
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Figure 22. Amplitude Reduction Factor Contour Diagram, Test SF-6-250.



LIST OF TESTS USING SHEET-WALL BARRIERS
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TABLE VIITI

TEST NO. R/\g H/Ng L/ag W/ng

SF-1-200 0,00 1.77 3.55 0.007
SF-2-250 2.97 2.38 L, 76 0.009
SF-3-300 3.62 2.90 5.80 0.011
SF-4-350 L, 55 3.64 7.29 0.014
SF-5-200 b, uhL 1.77 3.55 0.007
SF-6-250 5.95 2.38 L. 76 0.009
SF-T7-300 7.24 2.90 5.80 0,011
SF-8-350 9.10 3.6L 7.28 0.014




CONCLUSIONS

Field tests were conducted to evaluate the effectiveness of
open trenches in reducing the amplitude of vertical ground motion.
Annular trenches surrounding the source of vibration were used in tests

designated as Active Isolation. Straight trenches were used at a

distance from the source but near an area to be shielded in tests de-

signated as Passive Isolation. The parameters varied in the active

isolation tests were: distance from the source to the centerline of
the trench, Ry 5 depth of trench, H ; and angular length of the
trench, © . The parameters varied in the passive isolation tests
were: distance from the source to the centerline of the trench, R ;
depth of the trench, H ; length of the trench L ; and width of the
trench, W .

To compare various tests the geometrical parameters were
expressed in a dimensionless form by relating them to the wave length

of the Rayleigh wave.

Conclusions from Active Isolation Tests

For full circle trenches at R/xR distances from 0.222 to

0.910 and for H/XR depths between 0.222 and 1.82, the following con-
clusions were made:
(1) A minimum depth of H/kR = 0.6 was required for a trench
to satisfy the amplitude reduction criterion of 0.25,
(2) The zone screened by a full circle trench (@ = 360°)
extended to a distance of at least 10 wave lengths (lO%R)

from the source of excitation,
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For
0.910 and for

clusions were

(1)
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Within the screened zone there was a specific distance from
the source at which a "principal minimum" in amplitude
reduction factor occurred and in these tests the 'principal
minimum" occurred at 2.2np to 6.th from the source,

The distance from the source to the "principal minimum"

decreased with increasing trench depth.

partial circle trenches at distance R/?x.R from 0.222 to

depths H/Ap between 0.222 and 1.82, the following con-
made:

A minimum depth of H/Ag = 0.6 was required for a trench
to provide a screened zone with an amplitude reduction
factor of 0.25,

The zone screened by a partial circle trench was defined
as the area outside the trench, extending to at least

10 wave lengths (lOkR) from the source, and was bounded
on the sides by radial lines from the center of the source
through points 45° from the ends of the trench,

Partial circle trenches of angular length, © , less than
90° did not provide an effectively screened zone,
Amplification or "focusing" of vibratory energy occurred

in the direction of the open side of the trench.

Conclusions from Passive Isolation Tests

From field model tests using straight open trenches (R/XR = 2.22

to 9.10 and H/)x.R = 0.44h to 3.64) the following conclusions were reached:



(1)

_53_

Generally, larger trenches were required at greater
distances from the source to accomplish a given amplitude
reduction,

Energy focusing or magnification of vertical motion oc-
curred in zones in front of trenches and to the side of
trenches,

Sheet-wall barriers were not as effective as open trenches
in screening surface waves,

Trench width had little influence on the effectiveness of

open trenches for W/A between 0.13 to 0.91.
R
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P-wave
S-wave

R-wave

vp

Vs

APPENDIX IT

LIST OF SYMBOLS

Shear Modulus

Depth of trench (ft)

Length of trench (ft)

Radial distance from source to straight trench (ft)
Radial distance from source to circular trench (ft)
Width of trench (ft)

Compression wave

Shear wave

Rayleigh wave

Cohesion intercept (kg/cmg)

Void ratio

Frequency of vibrations (cps)

Acceleration of gravity (32 ft/secg)

Ratio, VR/VS

Radial distance from source of vibrations (ft)
Radius of footing (ft)

Velocity of propagation of compression wave (ft/sec)
Velocity of propagation of shear wave (ft/sec)
Velocity of propagation of Rayleigh wave (ft/sec)
Water content (percent)

Angular length of trench (degrees)

Unit weight (1b/ft3)

Unit weight of dry soil (1b/ft3)
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Lame's constant (N = _2vG )

1 -2y
Wave length of shear wave (ft)
Wave length of Rayleigh wave (ft)
Poisson's ratio

Mass density of elastic half space (p = é) (lb—secg/fta)

Angle of internal friction (degrees)



