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FOHEWORD 

The investication described herein was performed by the U. S. 

Army Engineer Waterways Experiment Station (WES) for the Office, 

Chief of Engineers, in accordance with the Instructions and 

Outlines for Development of Engineering Criteria for FY66 - FY68. 

This report describes the tests conducted at WES during March and 

April 1966. 

Engineers of the Soil Dynamics Branch, WES, actively engaged 

in data collection, analysis, and report phases of this study were 

Messrs. R. W. Cunny, Z. B. Fry, R. F. Ballard, Jr., D. R 

Casagrande and J. Fowler.  The work was done under the general 

supervision of Mr. W. J. Turnbull, Chief (retired), and J. P. Sale, 

Chief, and Mr. A. A. Maxwell (deceased). Assistant Chief, and 

R. G. Ahlvin, Assistant Chief, Soils Division. 

The report was prepared by Mr. Jack Fowler, and is essentially 

a thesis submitted in partial fulfillment of the requirements for 

the degree of Master of Science in Civil Engineering to the 

Mississippi State University, State College, Mississippi. 

Directors of the V/aterways Experiment Station during the 

preparation and publication of this report were COL John R. Oswalt, 

CE, COL Levi A. Brown, CE, and COL Ernest D. Peixotto, CE. 

Technical Directors were Mr. J. B. Tiffany and Mr. F, R. Brown. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

The investigation described herein was directed toward evalua- 

tion of the use of dynamic test procedures for the determination of 

dynamic in situ soil characteristics - specifically to evaluate the 

concept that the velocity determined from propagation of a surface 

wave is applicable to a depth of equal to one half of the wave- 

length. The U. S. Army Engineer Waterways Experiment Station (WES) 

has conducted numerous foundation investigations using dynamic tech- 

niques to determine the characteristics of subsurface materials. The 

details of  the dynamic test procedure are presented in Appendix A. 

Subsequently, the procedure was incorporated in Engineer Manual 1110- 

3^5-310, "Engineering and Design, Foundations Subjected to Vibratory 

Loads." This manual is used by all elments of the Corps of 

Engineers responsible for the design of military structures sub- 

jected to dynamic loads. 

1.2 Purpose and Scope of Investigation 

The purpose of this investigation was to determine the validity 

of the procedure described in Appendix A. Tests were conducted in an 

area where soil characteristics were considered to be uniform in both 

the horizontal and vertical planes. The tests included the determi- 

nation of phase velocity between a controlled vibratory source and 

selected points on the surface and at various depths for a range of 

force and frequency input. In addition, the amplitude of motion 
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(particle velocity)   and wave-shape characteristics were determined at 

the selected distances  and depths  for measurements made in vertical, 

radial,  and transverse directions.    The data obtained were compared 

to results  of dynamic  in situ tests  conducted in the same area and 

with theoretical dispersion or attenuation of surface waves with 

distance  and depth in a homogeneous medium to evaluate the concept 

of velocity determined from the surface wave being applicable to a 

depth equal to one half of the wavelength. 

m 

■ 

1:1 

h ■ 

i 



^^^^^^^^^^^ ^  

m CHAPTKR IT 

PRELIMINARY INVESTIGATION 

2.1    Theoretical Basis 

A solid that is in equilibrium generally requires 36 elastic 

constants to describe the stress-strain relations.  For an Isotropie 

body, the number of elastic constants; reduces to two, and these may 

be taken to be the Lanul constants X and G  , or the shear and 

compression moduli E and G  , or even the shear-wave and 

compression-wave v  and v  . Assuming that the ground at the 

WES test site is adequately represented by an Isotropie elastic 

solid, and one of the purposes of this work is to determine E and 

G as a function of depth by a vibratory technique. 

The two elastic parameters describe the linear relation between 

shear stress and shear strain and between pressure and simple compre- 

sion. The existence of two independent elastic constants implies 

that for an infinit? Isotropie elastic solid, there are two fundamen- 

tal and independent types of wave motion called shear waves and com- 

pression waves. Any wave motion is associated with a time-dependent 

displacement of the particles of the solid. A wave for which the 

particle displacement is in the tangent plane of the wave front is 

called a shear wave or S-wave. Historically the S refers to 

secondary" arrivals on seismograph records of earthquakes. When the 

time-dependent displacement is perpendicular to the wave front, the 

waves are called compression waves or P-waves. The designation P 

refers to "primary" arrivals on earthquake seismograph records. 

I i 
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S-waves are not propagated in liquids because liquids do not sustain 

a shearing strain, while P-waves are propagated in liquids and solids, 

The phase velocity of S- and P-waves is given by: 

V  J 

p 1H 2G 
(1) 

(2) 

where 

p = mass density of soil 

These expressions are only valid for infinite elastic media. If free 

surfaces are present, such as in the case of rods or plates, then dif- 

ferent expressions for the P-wave velocity must be used. 

When a free surface is present on a large elastic body, it is 

possible to have another kind of elastic wave propagation that has 

characteristics of both P- and S-waves (mainly S-waves) but which 

has the property of attenuating with depth and propagating along the 

surface. P- and S-waves propagate downward as well as in a hori- 

zontal direction. Surface waves with a vertical and a radial parti- 

cle displacement producing a retrograde olliptical motion in time 

are called Rayleigh waves; while surface waves with a particle dis- 

placement that is transverse to the direction of propagation are 

called Love waves. Only Rayleigh waves will be discussed in this 

thesis. 

If the ground is homogeneous, the phase velocity of the Rayleigh 

waves is independent of frequency and depends only on the elastic 

v i ■• 

. 
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constants of the ground. For example if Poisson's ratio v has the 

value of lA, then the Rayleigh wave velocity v  equals 0.92 v . 

It can be shown that in general v < v ,  If the elastic half-space 
rt    s 

is nonhcmogeneous, the Rayleigh wave phase velocity is a function of 

frequency. This phenomenon of the velocity depending on the frequency 

is called dispersion, and the material in question is said to he dis- 

persive. If the phase velocity is an increasing function of the wave- 

length, the situation is called normal dispersion. Such a situation 

occurs when the shear modulus is an increasing function of depth in an 

elastic half-space.  If the shear modulus decreases with depth (such 

as in the case of a highway pavement overlying a soil base) , the 

Rayleigh wave phase velocity is a decreasing function of wavelength 

and is referred to as the case of anomalous dispersion. The WES test 

site is a good example of normal dispersion. The calculation of a 

dispersion curve giving v_(X) involves the solution of the wave equa- 

ticn, which attenuates with depth and which satisfies the boundary 

conditions of zero stress at the free surface. This calculation can 

be quite involved for nonhomogeneous media. For homogeneous media, 

theory shows that the Rayleigh wave phase velocity is always less than 

the shear-wave velocityi in fact, 0.875 vs < 
V
R 

< 0/955 vs 
for the ful1 

variation of Poisson's ratio 0 < v < 1/2. Experimental data taken 

by the WES shows that for the case of normal dispersion, the shape 

of the dispersion curve is very similar to that of shear-wave velocity 

versus depth curve. The possibility, therefore, arises that for the 

I f 
i 
I 

I 
ti 

I 

, 
in^L^'u. 
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case of normal dispersion, it may be possible to reproduce the shear- 

wave velocity versus depth curve from the dispersion curve by taking' 

vR % vs and assuming the depth to be a simple multiple of the wave- 

length.  Empirically, we find that such a factor does exist and has 

the value 1/2, so that depth = 1/2 wavelength may be taken as an ex- 

perimentally verified approximation. In this way, the shear modulus 

is determined as a function of depth from an experimentally determined 

dispersion curve. 

2.2 Location of Tests 

The site selected for the investigation was a level area on the 

WES reservation where the turf and top soil had been removed for 

previous studies (figure l). Although considerable information was 

available on general characteristics of the material at the site, a 

more detailed investigation was deemed necessary to better define 

the area. Borings were made in the area to obtain samples for both 

conventional and dynamic laboratory testa. In addition, refraction 

seismic and vibratory traverses were co.adacted at the site in ac- 

cordance with the procedures presented ioi Appendix A. Details and 

results of the conventional soils tests conducted are presented in 

Appendix B; the dynamic laboratory and field tests are reported in 

Appendix C. 
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CHAPTER III 

TESTS CONDUCTED 

>•■£:.< 

• : 

3.1 Test Plan 

After an extensive examination of the properties of the soil in 

the test area by conventional field exploration and laboratory tests, 

as well as the results of field seismic and vibratory testing, a test 

plan was developed. The test plan required five 6-in.-diam holes 

15 ft deep equally apeced 5 ft apart oriented on an east-west line. 

Two of the original boreholes drilled for soil testing were used and 

three additional holes were placed as shown in figure 2 (holes 1-5). 

The plan called for six three-directional velocity-type transducers 

to be placed on the surface and at depths for various horizontal and 

vertical distances from a vibratory source located on the ground 

surface, 

Wave propagation was to be induced by a vibratory source located 

on the ground surface, and the response of the velocity transducers 

was to be recorded for a wide range of frequencies and force outputs. 

The vibrator utilized during these tests was an eccentric rotating- 

mass vibrator capable of producing both vertical and torsional forces 

(figure 3). Table 1 shows the frequencies and forces generated by 

the vibrator in the vertical and torsional modes. 

3.2 Tests Performed and Instrumentation 

3.2.1 Tests. -.The instrumentation recording capabilities were limit- 

ed to 19 data channels; therefore, the tests were separated into 

groups A, B, and C. The first test group, group A, consisted of 

: 
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Table 1 
Tortlonal and Vertical Forceo Oeneratxl by Varl*ble-MaBa Hydraulic Vibrator ■ 

Fre- 
quency 

Hz, 

Tnralonal Mode« 
Vprtlcal Mode* 

Total Wt of Eccentric KB.feu. lb*« 
i.00_      9^50       IkM     19.00 UP.00 

Total Wt of Eccentric MaBBes,  lb** 
Too     9.60     ihM       19.00       uoToo" 

1 
?. 
3 
u 
5 

6 
7 
8 
9 

10 

11 
12 
13 
lit 
15 

16 
17 
18 
19 
20 

21 
22 
23 
2U 
25 

26 
27 
28 
29 
30 

31 
32 
33 

35 

36 
37 
38 
39 
UO 

l»l 
U2 
U3 
Uk 
U5 

U6 
»♦7 
U8 
1*9 
50 

1.2 
U.8 

10.7 
19-0 
29-8 
U2 
58 
76 
9f 

119 
1UU 
171 
201 
233 
268 

305 
3UU 
386 
U29 
U76 

526 
577 
630 
686 
7U5 

806 
870 
935 

1000 
1070 

11U5 
1220 
1300 
1380 
1U60 

1550 
1633 
1721 
1812 
1907 

2013 
2112 
2213 
2318 
2U2U 

2533 
26U5 
2759 
2875 
2993 

2.3 
8.1 

20.6 
36.6 
57.2 

82 
112 
IkG 
185 
228 

277 
330 
386 
UU8 
515 

586 
662 
7U2 
827 
9l6 

1010 
1110 
1210 
1320 
1U30 

1550 
1670 
179^ 

2060 

2200 
23U5 
2U91 sm 
28014 

2967 
3131» 
33* 
3U8I 
3662 

3832 
UCE2 
U215 
Ui»13 
U617 

3-5 
lU.O 
31-1 
55.1 
86.U 

121* 
169 
220 
279 
3145 

U18 
1*97 
582 
676 
778 

885 
1000 
1120 
12U5 
1380 

1525 
1671 
1825 
1987 
2157 

2331« 
2518 
2705 
2902 
3107 

3318 
3536 
3757 
3989 
U228 

UU71* 
U727 
U983 
521*9 
5522 

5807 
609^ 
6387 
6687 
6995 

ua2U 7309 
5036 7631 
5253 795? 
5U71* 829^ 
5700 8636 

U.6 
18.U 
U0.7 
72.^ 

113 

162 
221 
289 
366 
1*53 

51*6 
653 
766 
888 

1,020 

1,160 
1,310 
1,U68 
1,631* 
1,812 

1,998 
2,193 
2,391» 
2,608 
2,831 

3,062 
3,3* 
3.550 
3,808 
1*,077 

MS1* 
U,6l*0 
1*,930 

5,51*8 

5.871 
6,203 
6,539 
6,888 
7,21*7 

7,627 
8,003 
8,389 
8,783 
9,188 

9,600 
10.022 

9.7 
38.7 
85.8 

152 
238 

31*3 
U67 
609 
773 
955 

1,153 
1,373 
1,610 
1,868 
2,11*6 

2,1*1*2 
2.757 
3,088 
3,W*0 
3,8lU 

1*,207 
U,6l8 
5,0>*2 
5,1*91 
5,960 

6,UU7 
6,957 
7,1*71* 
8,018 
8,581» 

9,U67 
9,769 

10.381 

2.1 
8.3 

18.U 
32.6 
51.0 

73.5 
100 
130 
165 
20»* 

2l*7 
291* 
31*5 
uoo 
1*59 

523 
590 
661 
736 
816 

901 
989 

1079 
1175 
1276 

138O 
ll*89 
1600 
1716 
1837 

1962 
2091 
2222 
2359 
2500 

26W 
2796 
29U7 
3101* 
3266 

3M*7 
3617 
3791 
3970 
1*152 

1*339 
1*530 
U725 
1*923 
5126 

1».0 
13.9 
35.3 
62.6 
97-9 

ll*l 
192 
250 
317 
392 

1*75 
565 
662 
768 
882 

1001* 
US** 
1269 
lUlU 
1568 

1730 
1899 
2072 
2257 
2U50 

2651 
2860 
3072 
3296 
3529 
3768 
U016 
lt267 
U531 
1*802 

5081 
5368 
5659 
5962 
6272 

6563 
6887 
7219 
7558 
7906 

8261 
8621* 
8995 
9371* 
9761 

6.0 
2'(.0 
53.2 
9h.U 

1U8 

213 
290 
378 
1»78 
591 
716 
852 
998 

1,158 
1,330 

1,511* 
1,709 
1,91!* 
2,133 
2,361* 

2,608 
2,863 
3,125 
3,l*0l* 
3,691* 

3,997 
5,312 
l*,633 
U,970 
5.321 
5,682 
6,055 
6,1*31* 
6,832 
7,21*1 

7,662 
8,095 
8,533 
8,989 
9,1»57 
9,91*1* 

10,U35 
10,938 

7-9 
31.5 
69.8 

121* 
191* 

279 
38O 
U96 
627 
776 

939 
1,118 
1,310 
1,519 
1,71*6 

1,986 
2,21+3 
2,512 
2,799 
3.103 
3,1*22 
3,756 
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l*,l*67 
U,81*8 

5,2l*l* 
5.658 
6,079 
6,522 
6,982 

7,qi»6 
8,UU3 
8,965 
9.501 

10,051* 

16.6 
66.2 

11*7 
261 
U08 

588 
801 

1,0U3 
1,321 
1,631* 

1,977 
2,351* 
2,758 
3,199 
3,675 

I*,l82 
U,722 
5,288 
5.892 
6,532 

7,205 
7,909 
8,631* 
9,l*0U 

10,207 
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surface measurements made on a line away from the vibrator at constant 

vibratory forces and various frequencies. Group A was divided into 

two series with the vibrator operated in the vertical and torsional 

modes for series I and II, respectively.  Group B consisted of series 

III through VIII with vertical and torsional tests conducted for each 

series. The transducers were positioned at different locations and 

elevations so that complete coverage of the borehole profile could be 

obtained for frequencies ranging from 10 to 50 Hz. The vibrator was 

operated at various locations.  Group C was similar to the series of 

tests conducted for group A except that the transducers were equally 

spaced in one borehole instead of on the surface. The vibrator was 

operated over a wide range of frequencies and forces. The tabulation 

below shows the plan of tests. 

Description of Tests Group 

A  Surface measurements 

Series 
No. 

I 
II 

Mode of Vibration 

Vertical 
Torsional 

B Subsurface measurements with 
transducers at various depths: 
Major transducers on surface 

and at 15-ft depth 
Major transducers at 15-ft 

depth 
Major transducers at 12-ft 

depth 
Major transducers at 9-ft 

depth 
Major transducers at 6-ft 

depth 
Major transducers at S-ft 

depth 

III Vertical and Torsional 

IV Vertical and Torsional 

V Vertical and Torsional 

VI Vertical and Torsional 

VII Vertical and Torsional 

VIII Vertical and Torsional 

i§s^ 
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Group Description of Tests 
Series 
No.     Mode of Vibration 

IX Vertical and Torsional C  Subsurface measurements with 
major transducers at various 
depths in hole 1.  Vibrator 
10 ft from hole 1. 

Vibrator over hole 1. X Vertical and Torsional 

3.2.2 Instrumentation. A thirty-six channel, direct-readout oscil- 

lograph recorder was used to record the signal from the velocity-type 

transducers used during the tests. The signals were amplified with DC 

amplifers and terminated at the recorder. After the vibrator fre- 

quency and force level were set for each test, the recorder was turn- 

ed on for approximately 5 to 10 seconds. A typical oscillogram of the 

resulting measured motion is shown in figure h. 

Selection of the transducer to be used to measure the displace- 

ments, velocities, frequencies, and phase relationships was given 

careful consideration. Moving-coil velocity-type pickups were chosen 

for sensitivity, uniform phase relationships, and frequency response. 

A total of 19 transducers, each with a natural frequency of 2.5 Hz and 

a sensitivity of 96.3 millivolt/ips, were used throughout the test 

program. 

One vertical transducer was located about 6 in. from the base of 

the vibrator during the entire test program. Six groups of trans- 

ducers were each positioned on aluminum mounts (figure 5) to monitor 

movements in the vertical, radial, and transverse directions as re- 

lated to the vibrator. Each triaxial array was sealed in a watertight 
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canister.     Prior  to each test,  the  canisters  that housed the trans- 

ducers were seated on clean, well-graded sand on the ground surface 

or in the boreholes.    A compacted sand backfill was used to raise the 

canisters to different elevations in the boreholes. 

; v.: 



CHATTER IV 

TEST RESULTS 

i 

f-;! 
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I4.I    Surface MeaBurements - Group A 

k.X.l    Procedure and Operational Data.     The first tests  conducted 

were measurements on the ground surface.    An attempt was made to main- 

tain a constant force at various  frequencies in the vertical and tor- 

sional modes.    The data obtained during the torsion tests were not 

analyzed in this  report.     The vibrator was positioned 10 ft east of 

borehole 1 with the transducers positioned as  shown in the diagram 

below: 

v rrwcc 

.  Ü ..   51  ..  5J 

D    Location Velocity 
Transducer and no. 

I "J  Vibrator 

(j)   Borehole  and no. 

51        51 

15' 

Boreholes ©      ®      ©      © 
Figure 6.    Group A test layout 

The tests conducted were designated as series I and II for the verti- 

cal and torsional tests,  respectively.    Tabulated below are details of 

the tests. 

Series II - Torsional 
Frequencies Force Frequencies Torque 

Test No. Hz lb Test No. 

6 

Hz ft-lb 

1 9-13 1321-2758 9-13 773-1610 
2 13-18 1310-2512 7 13-18 766-11+68 
3 15-21 1330-2608 8 15-21 778-1525 
»4 18-26 1269-26151 9,9a 18-26 71*2-1550 

5 25-36 12T6-261.6 10 25-36 7^5-1550 

— ,  
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14.1.2 Measurements. The data recorded on the oscillograph were re- 

duced by manual scaling techniques in terms of peak particle veloci- 

ties and are tabulated in Appendix D, table D-l. Where no data are 

shown in the table, either the magnitude of the signal was not large 

enough to register or there was an instrumentation failure during the 

test. Maximum particle velocity on the surface was about 0.3Ö ips 

and occurred about 5 ft from the vibrator operating in the vertical 

mode between 19 and 20 Hz.  Motion away from the vibrator generally 

increased to a point 5 ft from the vibrator and then decreased. The 

measurements in the torsional mode were less than the vertical veloci- 

ties by a factor of about 10. 

Surface velocities, determined by measuring the phase lag or time 

between successive peaks or troughs of the signal from the vertical 

transducer and by dividing this value into the distance between trans- 

ducers, are shown in Appendix E. The accuracy of phase-velocity 

measurements determined from oscillograph records is about + five per- 

cent. Appendix E compares shear-wave velocities measured by the pro- 

cedure outlined in Appendix A and the phase-velocity measurements 

obtained from the oscillograph records recorded on the surface and at 

various depths. The phase velocities on the surface ranged from 380 

to 500 fps for frequencies ranging from 10 to 36 Hz. 

mmmmmmm m ■ ■■'■ ■.-■■;..-■■.■■ ^  ■:'.■■■...:  .:■ ■■-....■■.■■> ■■..,■,■■■■.■.,■.■■,'■..•;-:'.%  :■■■<■■..■ .:  Irsw&giimi iSömiSi ■■ ™ msmsy M^-'W 
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h.2    Subsurface Measurements - Group B 

14.2.1     Procedure  and Operational  Data.    The  second group  of tests 

consisted of subsurface measurements made with the vibrator located 

on  the surface over borehole 1 and 10 ft and 20 ft away  from hole 1. 

Vertical and torsional tests were conducted through a frequency range 

of 10 to 50 Hz with vibratory  forces ranging from 392 to 9790 lb in 

the  vertical mode and torques  ranging from 226 to 5720  ft-lb  in the 

torsional mode.     Test group B was divided into test series   III - VIII 

with each series  representing a different location of the  vibrator 

and/or the six triaxial arrays  of velocity transducers.     The velocity 

transducers were located so that complete coverage of the borehole 

profile could be made.    The transducers were removed from the bore- 

holes  and the boreholes were backfilled with a clean, well-graded 

sand to the new elevation for each test series.    Figures  7 and 8 show 

the location of the vibrator and the transducers in the boreholes  for 

each test series and a tabulation of tests conducted and frequency 

ranges. 

h.2.2    Measurements.    The particle-velocity measurements  for group B 

were reduced from the oscillograph records in the same manner as 

those in group A and, are tabulated in Appendix D, table D-2.    The 

magnitudes of the particle velocities during the vertical tests were 

greater near the surface and near the first borehole than at any other 

place in the borehole profile. 

Phase-velocity measurements made between adjacent transducers are 

KsSaiivK 11. __ 
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displac/ed versus depth on a grid pattern of the boreholes and trans- 

ducer locations in Appendix E. Each figure in Appendix E presents 

data at a single frequnecy and compares the one-half wavelength depths 

and shear-wave velocity computed by the procedure discussed in Appen- 

dix A with phase-velocity values listed in the grid pattern. The 

phase velocities from the grid system varied from 120 to 900 ips for 

frequencies ranging from 15 to 50 Hz. 

k,3    Subsurface Measurements - Group C „, 

I4.3.I Procedure and Operational Data. Test group C was very similar 

to group A except that the transducers were located in one borehole at 

3-ft intervals from the surface to a depth of 15 ft.  Borehole 1 was 

backfilled with a clean, well-graded sand, and the sand was tamped 

with a rod and plate to the desired elevation for each test. The vi- 

brator was located both 10 ft from the hole and over the hole for test 

series IX and X, respectively, and operated in the vertical and tor- 

sional mode at each location. The vibrator frequency ranged from 9 

to 50 Hz, the force in the vertical mode varied from 776 to 9790 lb, 

and torque for the torsion tests varied from ^53 to 5T00 ft-lb.  Fig- 

ure 9 shows the location of the vibrator and transducer for each test 

series and a tabulation of tests conducted and frequency ranges. 

U.3.2  Measurements. The subsurface particle velocity data acquired 

during the conduct of test series IX and X are tabulated in Appendix 

D, table D-3. Recorded particle-velocity measurements for the verti- 

cal and torsional modes were in the same magnitude as those recorded 
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during groups A and B. The particle velocities in general decreased 

with depbh.  No phase-velocity measurements were made for this test 

group. 



CHAPTER V 

AMALY?J3 OF RESULTS 

An analysis  of the conventional soil tests and dynamic  field and 

laboratory tests was made to determine relative homogeneity of the 

loess  test  section to a depth of 15  ft.     An analysis was  also  made of 

the  particle-velocity measurements,  shear-wave velocities  determined 

by  the procedure  outlined in Appendix A,   and the phase  velocities 

determined between adjacent vertical transducers located in the bore- 

hole profile.     The analysis was made to determine the relationship 

between the Rayleigh-wave velocity,  particle velocity,  and shear-wave 

velocity  and the half-wave depth relationship of the shear-wave 

velocity. 

5.1    Conventional Soil Tests 

Convtational soils tests that included visual classifications, 

gradation analysis, Atterburg limits, densities, and water contents 

did not indicate any major differences or changes in the soil materi- 

als to a depth of 20 ft.    Counts of the blows per ft taken during the 

split spoon sample tests indicated that the standard penetration re- 

sistance varied from 5 to 19 for a depth of about 20 ft.    The visual 

classification  and graduation indicated that the 15-ft-deep test sec- 

tion was  a silty clay material (loess).    The water content varied from 

about 23-33 percent; the wet density varied from about 110 to 120 pcf; 

the liquid limit varied from 28 to 36,  the plastic limit varied from 

about 23 to 26;  and plasticity index varied from about k to 13.    The 
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unconsolidated-undrained Q-test indicated shear strengths to he uni- 

form with depth,  varying from about 0.20 to 0.53 tons/sq ft from the 

surface to a depth of 20 ft.    Direct shear strengths were also uni- 

form with depth varying froiu about 0.20 to 0.60 tons/sq ft.    The un- 

confined compression strength ranged from 0.6 to 1.2 tons/sq ft.    A 

comparison of the conventional static strength parameters is shown in 

a composite plot in figure 10; the parameters include standard pene- 

tration resistance, direct shear, and unconfined compressive strength 

versus depth.    These data indicate that the soil materials are fairly 

homogeneous  in strength from the surface to a depth of about 20 ft. 

^.2    Dynamic Laboratory and Field Moduli Tests 

Dynamic laboratory and field tests, conducted to determine the 

elastic and shear moduli of the soil, indicated that the field and 

laboratory test exhibited about the same values.    The dynamic moduli 

determined in the laboratory and field test are shown versus depth in 

figure 10.    The laboratory shear moduli varied from about U200 to 

8000 psi,  and the field shear moduli varied from 5500 to 7200 psi from 

near the surface to a depth about 20 ft.    The average compression 

(Young's) moduli were about three times the shear moduli.    The close 

agreement of the laboratory and field measurements of the dynamic 

moduli is considered to be excellent.    Both the dynamic moduli and the 

conventional soil measurements demonstrate that the test section soil 

is fairly homogeneous to a depth of about 20 ft. 
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^.3 Phase-Velocity Measurements 

Comparisons were made of phase velocities from the dynamic labora- 

tory tests, surface wave tests described in Appendix A, and from the 

velocity pickups buried at various depths in the test section.  A 

comparison of the phase velocities determined from each method is 

shown plotted versus depth in figure 11.  The laboratory and surface 

velocities were plotted at one half the wave length for individual 

frequencies from 15 to 50 Hz. Subsurface phase velocities were de- 

termined at a depth of one half the wavelength (Appendix A) from the 

phase-velocity profiles shown in Appendix E. The phase velocities 

varied from about ^50 fps near the surface to about 530 fps at a 

depth of about 20 ft. The laboratory, surface, and subsurface phase 

velocities shown plotted in figure 11 indicate that each method ex- 

hibited about the same velocity for the depth of the test section. 

The phase-velocity data indicate that a fairly homogeneous material 

exists beneath the test section but does not necessarily confirm the 

concept that the surface wave propagates through a depth equal to one 

half the wavelength. The phase-velocity data (conventional and dy- 

namic laboratory tests and field tests) confirm the homogeneity of 

the test section. 

5.^    Particle-Velocity Measurements 

The peak particle-velocity measurements versus distances  for var- 

ious depths below the ground surface for the vertical, radial, and 

transverse  direction are plotted in Appendix F, figures F-l through 

F-8,  for a range of frequencies  from 15 to 50 Hz.    Each figure 
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presents data on particle velocities at a single frequency that was 

taken from test runs where the vibrator was located 10 ft from hole 

1 and operated at about the same eccentric load. The peak particle 

velocities for the vertical, radial, and transverse directions with 

respect to vibrator location are plotted on the same vertical axis 

at each borehole location. The vertical particle velocities measured 

from the vibrator generally attenuated with distancei whereas, the 

radial and transverse measurement showed very little attenuation with 

distance. 

Since figures F-l through F-8 only show particle velocity versus 

distance at given depths, a second series of plots were made that in- 

cluded particle velocity versus depth measured simultaneously in hole 

1. Figures F-9 through F-ll include measurements made in the ver - 

cal, radial, and trasverse directions, respectively, for a range of 

frequencies and eccentric loadings with the vibrator located 10 ft 

from hole 1 and then located directly over the hole. The vertical 

particle velocity versus depth measured 10 ft from the vibrator 

attenuated with depth for all frequencies except 50 Hz. The 

particle velocity directly beneath the vibrator changed very little 

with depth at the lower frequencies but the values observed above 20 

Hz showed an increase at a depth of about 3 ft and then a decrease. 

The radial component plotted versus depth (Figure F-10) for the vi- 

brator located 10 ft from the hole showed very little change with 

depth. The radial particle velocity change directly beneath the vi- 

brator attenuated to a depth of about 6 ft and then remained constant 
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to 15   ft.     The  transverse  component plotted in  figure F-ll  for the 

vibrator  located 10  ft  away  from  the  hole  indicated an  increase  in 

movement  on  the  surface with en  increase  in frequency but remained 

fairly  constant  in amplitude from a depth of 3 to 15  ft..     The trans- 

verse  component measured directly beneath the vibrator decreased very 

little in magnitude  from the surface to a depth of 15 ft. 

The  vertical  and radial measurements  discussed in the previous 

paragraphs  are  plotted in  figures  12  and 13  as  particle velocity 

ratio versus depth for the Rayleigh wave.    The ratio of the particle 

velocity  at  some depth z to the surface particle velocity was plotted 

versus  the depth-to-wavelength ratio for each frequency.    The theo- 

retical dispersion curves  shown in figure 12 for different Poisson's 

ratios and points  for the vertical components measured 10 ft from the 

vibrator are in very close agreement.     This close agreement would 

suggest that the soil at the site of the investigation is a fair ex- 

ample of a homogeneous elastic half space.     The radial components 

shown in figure 13 are also compared with the theoretical curves for 

different Poisson's ratio, except that these values were taken from 

measurements directly beneath the vibrator.    The radial components 

10 ft from hole 1 were so scattered that only 10 percent of the values 

would plot on the graph.    The field data for the radial components 

agree well with the theoretical curve.    The dotted lines represent an 

envelope of the negative curves.    The horizontal particle velocity 

depth-surface ratio and the depth-wave length ratio fall into a narrow 
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pattern with ver7 little scatter.  The particle-velocity data do not 

suggest any physical relationship to exist to support the theory that 

surface waves penetrate the soil for a depth equal to one half the 

wavelength.  The vertical particle velocity attenuated with an in- 

crease in depth from the vibrating source and there was relatively no 

change in the radial component with depth. 
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CHAPTER VJ 

CONCLUSIONS AND RECOMMENDATIONS 

6.1  Conclusions 

It was concluded from the particle-velocity measurements that 

'.ne soil at the site ol" the investigation represents a fairly homo- 

geneous elastic half-space that causes very little dispersion of a 

vibrating wave in the medium.  These data provide no explanation of 

or pmof to support the theory that surface waves penetrate the soil 

for a depth equal to one half the wavelength.  However, comparison 

of phase-velocity measurements reduced from the records from surface 

and subsurface transducers in the borenole profile and the shear- 

wave velocities derived by the method outlined in Appendix A indicates 

excellent agreement of the methods of measurement. 

It was further concluded from the analysis of the test results 

that the existing concept that the surface-wave propagates through 

a depth approximately equal to half the wavelength cannot be verified 

from tests of a homogeneous medium where there is practically no dis- 

persion of the wave. 

The shear-wave velocity varied from about ^50 fps near the sur- 

face to about 530 fps at a depth of about 20 ft. The conventional 

and dynamic laboratory and field tests of soil from the site indi- 

cated the soil represent a homogeneous elastic half-space.  It is, 

therefore, concluded that the dynamic procedures outlined in Appendix 

A provide a reliable description of subsurface conditions at a site 

and accurate values of the in situ moduli nf the medium and should be 

''.vn"'*; 
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used in conjunction with conventional soils exploration and labora- 

tory tests for the design of foundations subject to vibratory loads. 

6.2 Recommendations 

It is recommended that further studies of similar nature should 

be conducted and analysis of accumulated data be continued. Based 

on the agreement of the measurements and values obtained from the 

field test section, it is believed that additional studies are justi- 

fied to further evaluate present criteria. Controlled test sections 

could be constructed or areas with various soil conditions could be 

selected that would include more dispersive materials or layered 

systems. The information thus obtained would be beneficial in evalu- 

ating present procedures for determining in situ soil characteristics. 
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ABSTRACT 

.> The Corps of Engineers has been determining the dynamic charac- 

teristic of soil and pavement systems by the use of surface-induced 

vibrations for approximately 10 years. This non-destructive vibra- 

tory technique is utilized by all federal agencies involved in 

planning the design of space-craft launch and operation facilities, 

antiballistic missile sites, heavy weapons, air field and road 

construction, radar towers or structures to house delicate electronic 

equipment when accurate and quick information pertaining to the 

ability of the soils to resist deformation is required. The Corps 

of Engineers has been actively engaged in improving and developing 

equipment and procedures for determining the elastic moduli (and 

thus the reßistance to deformation) of foundation soils by vibratory 

techniques. ^—- 
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V 

The basic theory assumes that the Rayleigh waves generated by 

the vertical oscillations of a vibrator on the soils surface are for 

all practical purposes considered to be shear-waves.  When the waves 

are propagated at a known frequency, the wave velocity is determined 

by the product of the wave length and frequency.  The shear-wave 

velocity propagation is assumed to take place within a depth equal 

to about one half the wavelength. 

The purpose of this investigation was to validate the existing 

theory by determining shear moduli from the displacements, veloci- 

ties, frequencies, phase relationship, and wave shape characteristics 

recorded versus distance and depth from a vibratory source dl'aced 

on the ground surface.  Specifically to evaluate the concept that the 

surface wave propagates through a depth about equal to one half the 

wavelength. 

The results of this investigation indicated that the test 

section represented a fairly homogeneous elastic half-space which 

causes very little dispersion of a vibrating wave. Phase velocity 

measurements determined from surface and subsurface transducers were 

in excellent agreement. The conventional and dynamic laboratory and 

field tests of the soil from the site also indicated that the soil 

represented a homogeneous elastic half-space. The data collected 

offered no explanation or proof to support the theory that surface 

waves penetrate the soil for a depth equal to one half the wave- 

length. 

MI-^^-M 
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It was concluded from the analysis of the existing concept, 

that the surface wave propagates through a depth approximately- 

equal to half the wavelength cannot be verified from tests of a 

homogeneous medium where there is practically no dispersion of the 

wave.  It wa| säso concluded, however, that the vibratory technique 

does provide a reliable description of the subsurface condition and 

that the accurate values of in situ moduli of the medium should be 

used in conjunction with conventional soils exploration and labora- 

tory tests for the design of foundations subjected to dynamic loads. 

It was recommended that similar tests be conducted on test 

sections that would include more dispersive soil materials or layered 

systems. Additional information from similar tests would be bene- 

ficial in verifying the present procedures for determing in situ 

soil characteristics. 
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APPENDIX A 

DETERMINATION OF EIASTIC CHARACTERISTICS OF 

SOILS  BY DYNAMIC FIELD TECHNIQUES 
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APPENDIX A 

DETERMINATION OF ELASTIC CHARACTERISTICS OF 

SOILS BY DYNAMIC FIELD TECHNIQUES 

This appendix is a resume of the usual tests performed and meth- 

ods employed in the investigation of in situ soils by dynamic tech- 

niqaes.  While every test described herein may not be applicable to 

the study described in the main text, they are presented to describe 

better the methods and the basic theories on which the procedures are 

based. 

Seismic Tests 

1 2 
Seismic tests ' are made to determine the velocity of compres- 

L.ion waves in the soili this velocity value is used in conjunction 

with other data to determine Poisson's ratio. The seismic data are 

collected first so that the presence of unusual subsurface conditions, 

if any, can be revealed, and on the basis of this information, the 

vibration lines can be located to the best advantage. Data obtained 

with seismic equipment consist principally of the ime required for 

a compression wave to travel from a seismic source to a point of 

measurement. 

Data are plotted in graphic form as impulse distance versus 

travel time.  The reciprocal of the slope of the line drawn to connect 

the plotted points indicates the velocity of the wave through each 

subsurface medium encountered. A distinct break in the slope of the 

JlXJUJ..UIIMU^M.J^^^^l^lM»la^^l.aav■^^^w-^v-->"fy^^^"i^äM^ffi|^l^ 
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line  indicates  that the wave has probably passed through an interface 

between two subsurface layers having different, velocities.     The depth 

below the  surface  at which   the first  interface occurs  can be  calcu- 

lated  from the  following equation: 

(reference l)     (Al) 

sm 

where 

D    = depth,   in feet,  from the  surface to the first interface, L 

X    = distance,  in feet,  from seismic source to point at which 

first change in slope occurs, L 

v    = compression-wave velocity,  in feet per second, in first 

layer of material encountered, LT 

v    = compression-wave velocity,  in feet per second, in second 

layer of material encountered,  LT 

If a second interface is encountered, the depth can be calculated 

from the  following equation: 

D
2 

= Di + F 
V3-V2 
v3 + v2 

(reference 1)   (A2) 

where 

D    = depth,  in feet,  from the surface to the second interface, L 

X- = distance,  in feet,  from seismic source to point at which 

second change in slope occurs, L 

v    » compression-wave velocity, in feet per second, in third 

layer of material encountered, LT 

^.i:.:U.v..,ilu^J?ro^ro!W^wmgjW^'^ ^_ 
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If additional interfaces occur, equations are available to determine 

their depth. 

Vibration Tests 

Vibration tests are conducted to determine both the frequency 

and the velocity of shear waves in the soil.  The vibration tests are 

performed with a high-frequency electromagnetic vibrator and low- 

frequency counterrotating-mass vibrator, in accordance with the pro- 

cedure outlined in WES Miscellaneous Paper No. ^-577, A Procedure 

for Determining Elastic Moduli of Soils by Field Vibratory Techniques. 

The referenced report explains in detail how wavelengths of propagated 

Rayleigh waves (treated as shear waves) of known frequency are used 

to determine the shear and compression moduli of subsurface materials. 

Wave Propagation 

When sustained vibrations are induced into a soil, concentric 

waves are propagated outward from the source.  If the waves are 

propagated at a known frequency f , then V = Xf (A3) 

where 

v = wave velocity, LT 

X = wavelength,, L 

f = frequency of the vibrator, cycles T 

Shear v*ve velocity and surface (Rayleigh) wave velocity are 

related by Poisson's ratio. For Poisson's ratios ranging from 0.2 

to 0.5, the difference in velocities is less than 6 percent. 

';vr:;:«;,v.;.^--;■ •-■--"K^';^^ 
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Therefore,   for practical purposes,  shear waves can be considered to 

have the same velocity as surface waves.    Thus,  shear velocities can 

be determined by  the vibratory tests described. 

Computation of elastic 
moduli and Poisson's  ratios 

Wave velocity  is  dependent upon the waveform    and the ratio of 

the elasticity of the medium to its mass density    p   .     The relation 

of shear modulus  of elasticity    G    and shear wave velocity    v      is 
s 

as  follows 

2 
G = v p 

s 
(reference 3)   (AU) 

i 

where 

G = shear modulus of soil,  FL 

v    = shear-wave velocity, LT 
s 

-2 

h-2 
p = mass density of soil, y/g   » FL    T 

-3 
Y   = wet unit weight of soil,  FL 

_2 
g = acceleration of gravity, LT 

With the assumption that compression-wave velocity and shear- 

wave velocity were determined for comparable materials, Poisson's 

ratio can be calculated from the ratio of velocities v^  : 

v 
v   = — (reference h)  (A5) 

Poisson's ratio    v    is then 

v = 
v2-2 
_r  

2(v2 - 1) (reference k)  (A6) 

laJililiSlliSl 
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The compression modulus    E    (Young's modulus)  can be determined 

by: 

E =  2(1 +  v)  G (reference 5)   (AT) 

IV'TV 

It  should be  noted here  that  equations Ak  through AT  are  for homo- 

geneous,  isotropic,  elastic materials. 

Method  of Computation 

The  preceding paragraphs have discussed the theory and mathe- 

matics utilized in the seismic and vibratory techniques for obtaining 

Poisson's  ratio and the  elastic moduli of soils.     To present and 

utilize properly the data collected, a definite pattern,  or sequence 

of computation, has evolved as experience progressed. 

The basic data obtained by means of the vibratory technique axe 

plotted as  distances  from vibrator to successive half or whole wave- 

lengths versus the number of wavelengths.    The wavelength for a 

particular  frequency is determined as the reciprocal of the slope of 

the line through the plotted data points.    The velocity of the shear 

wave  is then determined by equation A3.     A compression-wave velocity, 

which  is determined by use of equations Al and A2,  is used together 

with the shear-wave velocity to determine a Poisson's ratio by 

equation A6.     Caution should be exercised to ensure selection of 

the shear-wave and compression-wave velocities for corresponding 

media or depths.    Based on experience of the WES, it appears that 

variations  in    E    and    G correlate best with conventional explo- 

ration methods when it is assumed that the depth for the computed 

Wtl$fll^m^^^mmmmmmmr~~m~' 
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value  of    E    and    G    is  one half the length  of the surface wave. 

Therefore,  the computed values of    E    and    G    are considered to 

be the elastic moduli  at  such a depth.    Using one half the length of 

the  surface wave  as  the  depth at which the velocity of propagation 

of that wave occurs,  and the velocity of the  compression wave at a 

corresponding depth,  a Poisson's  ratio can be obtained for materials 

at different  depths.     The  elastic moduli,     E    and    G   ,   can then be 

computed by means  of equations AT  and A^,  respectively.     It is usu- 

ally convenient to plot    E    and    G    versus depth., which again is 

considered to be one half the wavelength of the surface wave.    Such a 

plot provides  a visual picture of the change in soil characteristics 

with increasing depth.     The depth can also be expressed as overburden 

pressure  in pounds per square inch, thus providing a comparison of 

E    and    G    with increasing pressure. 

TWW^   '   ' • 
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APPENDIX B 

CONVENTIONAL SOILS TESTS 

la 

Drilling, collection, and classification of soil samples for the 

field and laboratory soil tests were conducted by personnel of the WES 

Inspection Exploration Section and Soils Test Section.  Collection of 

undisturbed soil samples, split spoon sampling and recording blows per 

ft, and soil classification were conducted during drilling operations. 

Conventional laboratory tests that were conducted on split spoon sam- 

pies, included visual classification, gradation analysis, Atterburg 

limits, and water content determinations. Specific gravity tests and 

triaxial unconsolidated-undrained compressional (Q) tests were per- 

formed on undisturbed samples taken from Shelby tubes. 

Data from the field and laboratory tests are shown in tables B-l 

through 3-3. The soil at the site ranged from light to dark brown and 

gray silty clay (CL) to a depth of about 13.0 ft, with variation of 

soft and firm, brown and gray clayey silts (ML) from 13.0 to 125 ft 

with a limestone layer at about 125 ft (determined during other inves- 

tigations near the test area).  Gradation curves for the subsurface 

materials at different depths are shown in figure B-l. The largest 

particle size was about 0.1 mm with 98 percent by weight finer than 

the No. 200 sieve size (O.OTi* mm). The standard penetration resis- 

tance blow count per ft for two holes, one 15 and one 22 ft deep, are 

shown in figure B-2. A profile of the test area is shown in figure 

B-3, with the location of boreholes used for soil sampling and for 

instrumentation. 

i 
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The  following ranges of soil properties were determined for the 

soil   from the surface  to a depth of about 22 ft. 

Specific gravity 

Water content, % 

Dry unit weight, pcf 

Void ratio 

Liquid limit 

Plastic limit 

Plasticity index 

Degree of saturation,  % 

2.68 -    2.71 

23.0    - 33.8 

81t       - 95 

0.83 -    0.93 

28       - 36 

23        - 26 

h       - 13 

Tl.l   - 100 

■'   i' 
. ■..- 

The plasiticity index versus liquid limit of samples from horing 1 are 

plotted on figure B~h. 

Pour specimens of undisturbed soil from average depths of ^.5, 

10.5,  13.5,  and l6.5 ft, respectively, were used to determine the un- 

confined shear strength.    The test  specimens were nominally l.k in. 

in diam and 3.0 in.   long and were tested under controlled-strain con- 

ditions.     The results of these tests are shown in table B-l and fig- 

ures  B-5  through B-8.    The unconfined compressive strengths were very 

uniform  from U ft to a depth of about IT ft.    The variation of com- 

pressive strength with depth is  shown in figure B-9.    The unconfined 

compressive strength ranged from about 0.6 to 1.2 tons/sq ft or 8.3 

to 16.6 psi. 

A total of six unconsolidated-undrained Q-tests were performed 

on undisturbed specimens from average depths of U.5, 7-8, 10.5, 13.5, 

. iiillpll 
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iS.U,   and 18.3 ft.  Specimens were nominally 1.1* in. in diam and 3.0 

in. high.  The data from these tests are shown in table B-2 and fig- 

ures B-10 through B-15.  The cohesion C ranged from 0.2 to 0.5 

tüDs/sq ft (2.8 to 6.9 psi) and the angle of friction 0 decreased 

with depth, ranging from 12 deg at the surface to 0 deg "below a depth 

of about 13 ft.  The shear strength varied with depth from 0.20 to 

0.65 tons/sq ft or 2.8 to 9.0 psi. 

Direct shear tests were conducted on four undisturbed samples 

token from average depths of h.k,  10.5, 13.5, and 16.1* ft. Initially, 

specimens were 3 in. square and 0.502 in. thick. The cohesion C 

ranged from 0.02 to 0.06 tons/sq ft (0.28 to 0.82 psi) and the angle 

of friction 0 ranged from 31 to 3^ deg. The data from these tests 

are presented in table B-3 and in figure B-l6 through B-19. Figure 

B-20 shows that shear strength increased as depth increased. 
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APPENDIX C 

DYNAMIC LABORATORY MD FIELD TESTS 

Dynamic Laboratory Tests 

Vibratory tests were conducted on four undisturbed soil speci- 

mens  in the WES soil dynamics laboratory to determine dynamic moduli 

for  comparison with  '     3e moduli  determined in the field.     The test 

procedure and apparatus are described in detail in U.  S.  Army Materi- 

al Command Cold Regions Research and Engineering Laboratory  (CRREL) 

Technical Report No.  173,  "Measurement of Complex Moduli and Damping 

of Soils under Dynamic Loads:    Laboratory Test Apparatus, Procedure, 

and Analysis." 

The test procedure is  referred to as the resonant column tech- 

nique.    When this method is used, the sample response is monitored 

for a range of frequencies  in both the longitudinal and torsional 

modes  of excitation to determine the resonant frequency of the soil 

column.    The fundamental resonant frequency of the sample is assumed 

to be the lowest frequency at which the ratio of the acceleration at 

the top of the sample to that at the bottom of the sample is  a maxi- 

mum,  and the phase angle between the sine wave at the top a:id bottom 

of the  sample approaches 90 deg.    The desired dynamic soil properties 

can then be found by means of the following relations: 

(01) 

(C2) 

G = l6f^L2p 

2 2 
E = l6fp p 

v    = kf.L s t 
(C,3) 
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v1 = r^L 

1 - v a/2 
1 i(l + v)(l - 2v) 

^^G"1 

where 

76. 

ich) 

(C5) 

(C6) 

G = shear modulus 

f = fundamental torsional resonant frequency 

L = length of the sample 

p = mass density of the sample 

E = compression (Young's) modulus 

f = fundamental longitudinal resonant frequency 

v = shear wave velocity 

v = longitudinal wave velocity 

v = compression wave velocity 

v = Poisson's ratio 

The equations given above are simplified versions that consider the 

(.mastic case only. Equations are available, however, that consider 

the soil to be a viscoelastic material and yield a value for the 

damping property and values of moduli and velocity that account for 

material damping. 

The results obtained from this type of laboratory test, like 

those obtained fraa any other conventional laboratory tests, are de- 

pendent upon the quality ana representativeness of the sample. 

Ideally, it is desirable to have undisturbed samples; if the samples 

«--?)■ 
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are remolded, the water content and density should be the same as 

those of the undisturbed material.    Also, the stress conditions  for 

either the undisturbed or remolded sample should be the same as those 

for the material in situ.    Under most circumstances,  it is generally 

impossible to obtain an  accurate estimate of the state of stress  of 

either in  situ material or remolded specimens.    Therefore,  in situ 

residual  stresses generally are not reproduced in remolded samples, 

and the  confining pressure for the laboratory specimens can only 

approximate that  for the in situ material. 

The test specimens,  k in.  in diam and about 15 in.  long, were 

inclosed in a rubber membrane and placed upright in a triaxial cham- 

ber.     Confining pressure was applied by gas pressure in the chamber. 

The tests were conducted by vibrating each specimen from the bottom 

in longitudinal and torsional modes  and measuring the amplitudes of 

the induced waves by means of acceleroaeters attached to the bottom 

and top of specimen.    Velocities and moduli were then calculated from 

the ratio of the amplitudes measured by the top and bottom accelero- 

meters,  the specimen length, and wave frequency at resonance. 

Four undisturbed soil specimens from hole 1 (described in Appen- 

dix B) were tested at confining pressures representative of the pres- 

sure of overburden material to a depth of about 22 ft from the ground 

surface. 

The data obtained from the dynamic laboratory tests are plotted 

in figure C-l as the laboratory moduli versus depth.    The average 
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laboratory  shear moduli   for samples  from the ground surface to a 

depth of 22  ft ranged from 14200 to 8000 psi.    Poisson's ratio varied 

from 0.37 to Q.U9. 

Field Tests 

,:,■; 

H 

iei 

i I 
I 
I I 

Hefraction Seismic Tests 

Refraction seismic tests were conducted to determine the 

compression-wave velocity of the soil in the test area.    The 

compression-wave  velocity and the shear-wave velocity are used to- 

gether in determining Poisson's ratio and the elastic moduli of the 

soil.     This method is outlined in Appendix A. 

Four seismic lines  run in the test area, shown in figure C-2, 

were oriented in north,  south, east,  and west directions.    A geophone 

was placed on the ground surface near the boreholes, and a signal was 

produced by  striking a circular steel plate with a sledgehammer.    The 

steel plate was placed on the ground at various distances measured 

from the  geophone,  and the test repeated.    The compression-wave ve- 

locity was  computed from the time measured for the  first wave arrival 

and the distance of the geophone from the energy source. 

Compreesion-wave velocity data for the traverses are shown in 

table C-l.    The average velocity was about 1060 fps for an average 

depth of about 13 ft.    The average compression-wave velocity in the 

second zone van approximately k600 fps.    A selected plot of time 

versus distance for a refraction seismic traverse is shown in 

m 

i 
I 

m MB i 
IBM 
m m 
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figure C-3.     Seismic traverses conducted during other tests near the 

test area indicated that the limestone layer was at a depth of about 

125  ft  and had a compression-wave velocity of about 10,000 fps. 

Vibration Test 

A low-frequency,  hydraulic motor-driven,  eccentric-mass vibrator 

with a maximum force level of 10,000 lbs  and the capability of pro- 

aucing sinusoidal motion in the vertical direction within a frequency 

range of 1 -  50 Hz was used in determining the shear-wave velocities 

through the  soil in accordance with the procedure outlined in Appen- 

dix A.     A total of four vibration traverses, oriented north,  south, 

east,  and west, were conducted in the test area.    Figure C-2 shows 

the relative  location of the boreholes and vibrator and the direction 

of the  traverses. 

The  shear-wave velocity data obtained from the four traverses 

are shown  in table C-l and are plotted versus depth in figure C-^. 

The data indicated that the average shear wave velocity increased 

very slightly  from about k60 to 600 fps between about 5 to 30 ft. 

Shear and Compression Moduli 

Using the field data and the procedures described in Appendix A, 

shear and compression (Young's) moduli were calculated.    These data 

ore tabulated in table C-l and are plotted versus depth in figure C-5. 

The average shear moduli  increased uniformly from approximately 5500 

to 9000 psi between depths of about 5 to 30 ft.    The average compres- 

sion moduli increased from about 15,000 psi at a depth of 5 ft to 

11 
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about  27,000 psi   at  a depth of 30 ft, 

0.36 to 0.50. 

Poisson's ration   ranged  fr< 

mi 
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PEAK PARTICLE VELOCITY MEASUREMENTS 
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a APPENDIX E 

TABULATION OF PHASE VELOCm MEASUREMENTS BETWEEN 

VERTICAL TRANSDUCERS AT VARIOUS DEPTHS 
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APPENDIX F 

PLOTS OF PARTICLE VELOCITY AT VARIOUS DEPTHS 
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