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ABSTRACT (Cmuamm mm tanra* •<* H Hmnmamf —* Umttltr br block numbt) 

This study was conducted to provide reliable values of the stiffness and damping properties of fi. zen soils subjected 
to vibratory loads and to define the significant factors affecting these parameters. A laboratory test was conducted 
on prepared specimens of frozen soils wherein a right circular cylinder was subjected to steady-state sinusoidal vibra- 
tion. The material was considered to be linearly viscoelastic. Analysis of test data based on one-dimensional wave 
propagation yielded the complex Young's modulus, the complex shear modulus, the phase velocity of wave propaga- 
tion, the shear velocity, the damping property expressed as the angle representing time lag between stress and strain, 
an attenuation coefficient, and a complex Poisson's ratio. The frequency of vibration was varied from 500 to ./YC'¥Pr ^yl 
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¥ 'Abstract (cont'd) 
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^10,000 Hz, and the peak dynamic stress was varied fronVO.l to 5.0 psi. Specimens were remolded or cored in-situ, 
frozen, and tested at temperatures of 0, +15 and +2rF. A few tests were conducted on identical soils nonfrozen. 
Test results from a limited number of tests on selected soils indicate that the stiffness of these soils varies with the 
volume of ice/volume of soil ratio, and that ice is less stiff than saturated frozen soils. Frozen soils have stiffnesses up 
to 100 times those öf identical soils nonfruzen. Depending upon the degree of ice saturation, the stiffness of non- 
saturated frozen soils varies from that of the saturated soils to nearly that of the nonfrozen soils. Stiffness increases 
with decreasing temperature but the rate is relatively low. As temperature rises and approaches the freezing point, 
stiffness abruptly decreases. Damping, as a property of the material, does not differ greatly for frozen soil versus 
nonfrozen soil. This indicates that the mechanism influencing damping for frozen soil is quite different from that for 
nonfrozen soil. In the range ^f faequencies and stresses studied, the use of linear viscoelastic theory appears to be 
adequate for frozen soils, as only slight evidence of nonlinearity was observed. 
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PREFACE 

This report was prepared by H.M. Stevens, Research Civil Engineer, of the Founda- 
tions and Materials Research Branch, Experimental Engineering Division, U.S. Army 
Cold Regions Research and Engineering Laboratory (USA CRREL).  The study was 
conducted and the report was prepared under DA Project 4A162121A894, Engineering in 
Coid Environment; Task 23, Cold Regions EaHh Materials and Foundations Systems 
for Military Facilities; Work Unit 002, Stress, Strain, Time Relationships ol Frozen 
Ground Pertinent to Military Construction. 

i 
| The report was technically reviewed by Dr. Y. Nakano of USA CRREL, and A.F. 

Müller of the Office of Chief of Engineers.  Their suggestions are gratefully acknowl 
edged.  Dr. P. Lillienthal reviewed the mathematical equations and relationships and 
his suggestions are greatly appreciated. 

A number of U.S. Army enlisted men contributed to the development of the test pro- 
cedure and conducted the tests.  Some of the more recent ones are B.I.S. Helme, Jr., 

t 
M.J. Dabney III, F. Berrego, R.N. Lachenmaier and D.J. Coombes.  Dr. T.M. Lee, 
Dr. D.M. Norris, Jr. and Dr. Y. Nakano gave valuable advice and assistance in devel- 
oping the theory and analysis of test data. 

The contents of this report are not to be u^ed for advertising, publication, or pro- 
motional purposes.  Citation of trade names does not constitute an official endorsement 
or approval of the use of such commercial products. 
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NOMENCLATURE 
As used in this list, L = length, F = force, 

T = time. De = angle, D = dimensionless, % = percent. 

= single amplitude of sine wave; also area L 

- single amplitude at base (input) of specimen L 

= single amplitude at top (output) of specimen L 

dashpot coefficient (Voigt model) FTLT1 

= critical dashpot coefficient (Voigt model) FTL 

= damping ratio (Voigt model) D 

= damping ratio; actual damping to critical damping D 

= Young's modulus (elastic) FLT2 

= complex Young's modulus FLT2 

= energy LFL-3 

void ratio = vol. voids/vol. solids D 

= frequency T-1 

= resonant frequency T-1 

= acceleration of gravity LT-2 

= shear modulus (elastic) FLT2 

= complex shear modulus FLT2 

specific gravity (soil solids) D 

■ spring constant FLT1 

longitudinal mode (used as subscript); also hysteresis loop D 

length of specimen L 

liquid limit % 

mass = V//g FLr1T2 

resonance number (fundamental resonance ^ 1) D 

plasticity index % 

plastic limit % 

mass ratio = ratio of mass of cap to mass of specimen D 

ratio of total energy input to energy dissipated (other authors) D 

mass ratio, longitudinal mode D 
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t = 

t = 

U = 

Vl = 
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wc = 

= mass ratio, torsional mode 

= amplitude ratio = A^/A^ 

= saturation, ice = vol. ice/vol. voids x 100 

= saturation, water = vol. water/vol. voids x 100 

= time 

= torsional mode (used as subscript) 

= displacement 

= phase (rod) velocity 

compressional (dilatational) velocity 

shear velocity 

total weight 

water content = weight water/weight solids x 100 

D 

D 

yw = 
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<d = 

'7 = 

A = 
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</> = 

O} = 

attenuation coefficient 

unit dry weight 

unit wet weight 

log decrement 

lag angle between stress vector and stain vector 

strain 

dynamic strain (peak) 

dashpot coefficient in compression 

wavelength 

dashpot coefficient in shear 

Poisson's ratio 

complex Poisson's ratio 

frequency ratio = tui/v 

mass density, y/g 

stress 

static confining pressure, (a, + 2a ^/3 

axial (vertical) static pressure 

lateral static pressure 

dynamic stress (peak) 

phase shift between end accelerations 

^ tan 8/2 

angular frequency 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS 

British units of measurement are usually used in this report.  They can be converted to 
metric units as follows; 

Multiply 

inches (in.) 

feet (ft) 

inches per second (in./sec) 

feet per second (ft/sec) 

feet per second squared (ft/sec2) 

pounds (lb) 

pounds pei square inch (psi) 

pounds per square inch (psi) 

pounds per square foot (lb/ft2) 

pounds per cubic foot (lb/ft3) 

kips per square inch (ksi) 

tons per square foot (tons/ft2) 

By To obtain 

2.54 centimeters (cm) 

0.3048 meters (m) 

2.54 centimeters per second 
(cm/sec) 

0.3048 meters per second (m/sec) 

0.3048 meters per second squared 
(m/sec2) 

0.45359 kilograms (kg) 

0.07031 kilograms per square centimeter 
(kg/cm2) 

68947.6 dynes per square centimeter 
(D/cmä) 

4.88243 kilograms per square meter 
(kg/m2) 

16.0185 kilograms per cubic meter 
(kg/m3) 

70.407 kilograms per square centimeter 
(kg/cm2) 

9764.86 kilograms per square meter 
(kg/m2) 
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THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 

by 

Henry W. Stevens 

INTRODUCTION 

Foundations for structures incorporating vibratory loads (e.g. providing support for hea 'y 
machinery such as turbines) present special problems to the designer. Magnifications of motions 
due to structural resonances, fatigue, consolidation, and similar effects result from vibratory 
loading.  A knowledge of the response of the soil to this type of load is essential in the cold 
regions. The normal layered soil system is further complicated by the presence of frozen and/or 
thawing soils.  As soils in such a state have a response to vibratory loads significantly different 
from that of normal nonfrozen soils, this response needs definition so that foundation design 
methods and technical procedures used in the Temperate or Tropic Zone may bj equally feasible 
in the cold regions. 

A laboratory test was adopted which subjects a right cylinder (i.e., with upright axis per- 
pendicular to base) of frozen soil to steady-state sinusoidal vibration in the longitudinal or 
compressional mode and, again, in the torsional or shear mode.  Testing is conducted in a walk-in 
coldroom where temperatures can be controlled to +10C.  Specimens are prepared by molding to a 
given density and water content and are frozen in special refrigerator cabinets which allow freezing 
of the specimens from the tops down.  After tempering to test temperature, the specimens are 
tested in an unconfined state. 

The objective of this study was to provide reliable values of the stiffness and damping prop- 
erties of frozen soils subjected to vibratory loads and to define the significant factors affecting 
these parameters.  This report describes in detail the test method used to obtain the pertinent 
parameter values.  Test results for selected frozen soils are presented and their relations to stress 
and strain level, frequency, temperature, soil type and condition, are analyzed and summarized. 

Test results published by Kaplar (1969), Nakano et al. (1971), Nakano and Arnold (1972), 
Sayles and Epanchin (1966), Sayles (1968). and Sayles and Haines (1972) are frequently used to 
round out and augment the data reported here. Not only do these results help to complete the 
presentation of relationships, but as the test methods used are quite different from those described 
here, they aid in evaluating the authenticity of the various values.  Apparently all the results used 
agree in a general way since the relationships developed are logical. 

• i  ;t*-.:      ■ -.■ ''J:   .i 



THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 

METHOD OF ANALYSIS 

Definitions 

1. riscoe/astic material - A material (solid) in which time is an essential parameter in the 
stress-strain relationship.  In general, the constitutive equation for a viscoelastic material in- 
cludes the time derivatives of stress and strain.   In a viscoelastic material, when the stress aJ d 
varies sinusoidally with time at an angular frequency w, the strain id varies with ime t at the 
same frequency but there is a phase lag S betw Jen stress and strain. 

2. Co/7ip/ex moduli - Adopting the following nomenclature: 

E*, G*, (*, a* = complex numbers 

|E*|, 1^*1, |ff*| = moduli of complex numbers. 

Then 

and 

o   = o. U'o 

a* 
* 

f1 + ,f2 

iE. 

Gl +'G2 

la*|eiwt 

|a*|e,we 

* |„i[ü>t-5(iw)l 

uJSUw) 

uiSOw) 

,i(cjt-S)    f* 

a   ei[a)t-6jt+S(iüj)l .  0_ ei5(cü) 

where     S = tan     -— and is a function of OJ. 

Then     —- |E*|fi«;. 
r* 

£* = complex Young's modulus as used here and, analogously, G = complex shear modulus.   (For 
simplicity, the vertical bars denoting modulus of complex number are hereafter omitted.) 

Ej or Gt = component of stress in phase with strain 

E2 or G2 = component of stress 90° out of phase with strain. 

3. Angle of phase lag 8 - The angle whose tangent = EJ/EJ or Gg/Gj, representing the fre- 
quency-dependent phase shift between stress a and strain t. Hereafter subscripts i and t refer to 
longitudinal and torsional respectively; dj is not necessarily equal to St.  (5t is designated 6g 

when used in conjunction with G, the shear modulus, or Vs, the shear velocity.) 

4. Complex Poisson's ratio v* - Assuming tiiat the relationship among the elastic consants 
applies to the viscoelastic moduli, v* = (£*/2G ) - 1, then by substitution and arrangement of 
terms (Thomson 1966): 

.   . . . . ■: ,■*    ?,, ' 



THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 

2C* 

£1+iE2 
- 1 

2(0! +JG2) 

(E1 + iE2){Gx - iG2) 

2(0! + JG2)(Gi-iG2) 
-1 

E.G. + EnOo '(EgCj - fi !G2) 
 1 +  

2(Gi + G|) 2(G* + G|) 

8\W (.t + W 

where 

t! G ! + E ,jG 2 
1 

2(G2 + G|) 

E, GJ ~ E!G2 

a 
2(0] f G|) 

5. Dynamic stress o, - The stress imposed by the peak sinusoidal drive force. 

6. Dynamic strain (^ - The natural strain con -spending to the stress as defined under 5. 

7. Damping tanß - The property of the material which causes the strain to lag in time behind 
the stress. 

8. Attenuation coefficient a - If a plane wave is passed through a solid, the displacement 
amplitude at a distance from the source is A^, and at a distance x farther along is A2; then /V, - 
^e-"*, i,nd a    attenuation coefficient. 

9. A vplitudc ratio R - The ratio of the output (top) amplitude of the energy wave to the input 
(bottom) amplitude. 

10. Specimen resonant frequency fr - The frequency at which the amplitude ratio R is a maxi- 
mum.  As the frequency is increased from zero, a series of maximum ratios occurs indicating the 
fundamental resonance and succeeding harmonics. 

11. Static confining pressure aQ - Isotropie component of the ambient state of stress around 
a test specimen. 

12. Mass ratio Q - The ratio of the mass of the cap    W^g, to ihe mass of the specimen 
W /g {W    total weight).  In the torsional mode, this is the ratio of the polar mass moment of inertia 
of the cap to the polar mass moment of inertia of the specimen. 

—,. ! <i _i  i «   ifc.fi.».».«!    .-*_**,»      _, . 'JL&Z.-  .. .  .    _ .    - .   lit   iMt£M 
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THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 

Equations 

The desired parameters are computed from the test results using a mathematical model of the 
propagation of stress waves through solid bodies based on iinear viscoelastic theory.  To date, 
at least, a one-dimensional wave propagation is assumed.   Other basic assumptions are as follows: 

1. The response of the solid to the propagation of the stress waves is such that there is no 
change in the physical properties (e.g., mass density) of the solid. 

2. There are no lateral inertial effects. Although the diameter of the cylinder of frozen soil 
changes when the wave passes, in accordance with Poisson's ratio, this change is so small that 
the inertial effects of this movement can be neglected. 

3. The dynamic load is a steady-state, sinusoidal vibration. 

For a right cylindrical specimen, and using the complex Young's modulus E   (see definitions), 
the equation of motion for longitudinal vibration is: 

(92L' 

to? 
(1) 

where     £      complex modulus 

P = mass density 

( = time 

U = displacement along the coordinate X 

L = length of specimen 

U - mass. 

Subjecting one end of the specimen (X    0) to a sinusoidal displacement [U{0, l)\ = ü0e,aj£ 

and taking into account the mass M resting on the other end {X    L), the ratio of displacements of 

the two ends R can be obtained (Norris and Young 1970): 

U(L, t) 

UiO, t) 

secpL 
1 - rUanpDI 

(2) 

where 

pco 

"E7 

UOJ' 

pAE*{iu>) 

and        A = cross-sectional area of specimen. 



THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 5 

lie calling that tan 5, the loss angle, = ^^i- ^e rea^ an^ imaginary parts of the complex 
modulus, and defining the frequency ratio as ^ uL/Vg, where the phase velocity Vg = \JEw/p 
sec^/2, eq 2 can be written as: 

J_= 1 [Q2(^2 + v.2)(cosh 2^ _ cos 2£) 
R2     2 

+ 2Q(ip sinh 20 - ^ sin 2^) + (cosh 20 + cos 2^)] (3) 

where     ^ -^ tan 8/2 

and        Q = ratio of cap mass to specimen mass. 

Equation 2 car alto be written in the form of real and imaginary parts as follows: 

 = . e + ilm (4) 
U(L, t) 

where     Re = (cosh0)(cos^-Q^sin^) f Qv'-» cos ^siiih0 (5) 

and Im - (sinh 0)(sin^+Q^ cos ^) + <?0 sin f cosh 0. (6) 

From eq 4 the phase angle (f> between the displacement at the driven end and that at the free 
end of the specimen is equal to: 

/ -i 1m ,_. 0 = tan     — . (7) 
Re 

Combining eq 5, 6 and 7 

. _i sinh 0(sin f + Q<$ cos O + 00 sin <f cosh 0 ._, 
0 = tan     — ■ -z 7 x TT— . (8) 

cosh 0(cos c: - Qq sin O + 00 cos q sinh 0 

A value for the velocity of wave propagation V can be obtained if the frequency ratio ^ - uiL/V 
is known from the known quantities of w and L.   Likewise, a value for tan 8/2 can be obtained if 
the frequency ratio <f and the term 0    ^tan 3/2 can be evaluated.  Equations 3 and 8 can be solved 
simultaneously for «f and 0 if the test yields values Tor R and 0.   The frequency can be set at any 
desired value within the limits of the drive motors. 

A computer program has been developed to accomplish the solution of eq 3 and 8.  The 
iteration is accomplished using the Newton-Raphson method (Scarborough 1950).  To accomplish the 
iteration in an efficient manner, approximate values for ^and tan 8/2 are obtained using simplified 
relationships which do not account for the effect of the end mass.  The equations used are as 
follows (Stevens 1970): 

sinV(-R2 sec20) r sin2^ sec20(R2 ~ 1) + tan20 - 0. (9) 

Equation 9 is of the form ax   f ox + c = 0 and can be solved by the usual solution: 

- ö2 + Jad - 4ac 
x = . 

i 

i 

L'a 

:;-.. metJL^j. ta-j 
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Then 

^ = arc tanh (tan <^/tan ^) 

tan 5/2 = <A/^. 

(10) 

(11) 

The computer program with explanatory text for the nonresonanl condition of the specimen is 
given in Appendix A. 

The desired parameters can also be determined for the resonant condition of the specimen. 
In this case it is not necessary to measure the phase angle 0.  It has ijeeu shown that the specimen 
is at resonance when the amplitude ratio R is a maximum (Lee 1963, Brown and Sei way 1964).  As 
the frequency is increased, the first maximum is the fundamental resonance and successive maxi- 
mums indicate the harmonics.  For the condition of resonance where A is a maximum and 1/R2 is a 
minimum, eq 3 is differentiated with respect to ^and set equal to zero: 

as follows: 

02^(1 + 02/f 2Xöosh 20 - cos 2^+ ^sin 2f + ^ sinh 20) 

+ LL£ (0 sinh 2I/J-£ sin 2f) 

+ ^ (02 cosh 20 - ^2 cos 20 = 0. (12) 

where Q is the ratio of mass of cap to mass of specimen.  Equations 12 and 3 may be solved 
simultaneously with an iterative process such as the Newton-Raphson method for ^ and ip and values 
established for V, the phase velocity, and tan 5, the loss factor. 

The computer program with explanatory text for the resonant condition of the specimen is 
given in Appendix B. 

With known values of V and tanS/2, the complex moduli E* ant G   can be computed using the 
mass density p as follows: 

y/p 

1 + tan2 S^/2 
(13) 

As the torsional case is perfectly analogous, then: 

G* = 
1 + tan2 58/2 

(14) 

where     Vs = shear velocity 

5s = shear phase lag angle between stress and strain 

5«   longitudinal phase lag angle between stress and strain. 

■ ^aiAfri^-iiiyrri^^A^A,-       ...        bit ,..   .   Ateifc^ÜL „., ■ti-.j^.   -Tf,   • 



THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 7 

For convenience, and to obtain the modulus in units of kips, the followinR equations are used: 

t    (2.15934 x 10-7)ywK,2 

E   = _£- (15) 
(1 f tan2 3^/2) 

or 

t    (2.15934 x 10-7)ywK2 

G       Z-Z. (16) 
(1 f tan2 S/2) 

where     y   = unit wet weight in pounds per cubic foot. 

Equations describing the values of c^, the peak stress, and fd, the peaK strain, are wave 
equations in the variable X, the distance along the specimen from the end chosen as an origin. 
The values vary in a damped, sinusoidal manner us a function of X.   Furthermore, a. is a maxi- 
mum at the same position as the maximum t^, and od and fd reach that maximum at the node in the 
standing wave nearest the dri /en end of the specimen (X    0).   At a resonance, this node is very 
close indeed to the driven end.   As most testing to date has been with the specimen resonating, 
o^ and (j have been computed at the driven end of the specimen (X    0).   Thus, if the specimen is 
at resonance or fairly close to it, the stress and strain computed and used for correlation purposes 
are close to the raaximums in the specimen. 

From Norris and Young (1970) 

,   -Upli-^-Jl 1_   cos px - sin px e""1 (17) 

and 

IfrT"    jcospx-SHipxle^ 
[VI - I  tan pL/ j 

where     p and 1" are as previously defined. 

If the expressions for p and V are substituted in eq 17 and the right-hand side is separated 
into real and imaginary parts, the complex result represents the magnitude of the strain at any 
point X along the specimen. 

If X    0, eq 17 becomes: 

Substituting the expressions for p and P, after some algebraic rearrangement, eq 18 assumes the 
form: 

^Jj.it-itA^V-^W-^] (19) d      L [l^(?(.f-i.A)tan(^i0)] 

With the input amplitude Aß substitued for C/Q, eq 19 is used to compute the strain fd.  The 
corresponding stress ad is computed from: 

. 
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or GV (20) 

Again, in order to solve eq 19, the right-hand side must be separated into thi real and imaginary 
parts, and the complex result evaluated.  The computer program (App. B) so ves eq 19 in this 
manner. 
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Discussion of stress-strain couiputation 

Figure 1 shows the distribution of amplitude along 
the length of the specimen for various resonances with 
an arbitrary value for strain shown for each node in the 
standing wave.  The simplified equation used considers 
the top end of the specimen to be completely free, that 
is, with no end cap or mass.  Note that the maximum 
strain does, indeed, occur at the node nearest the driven 
end. Note also that the sinusoidal wave distribution of 
the motion results in strain reachiug a maximum at the 
nodes and minimum, close to zero, at the antinodes. 
Therefore, strain approaches zero at the free end of the 
specimen where amplitude is greatest (at resonance) and 
is large at the nodes where amplitude approaches zero. 

At the first resonance, strain is a maximum at the 
node close to the driven end of the specimen and decreases 
according to the quarter sine wave distribution to close to 
zero at the top or free end.  The addition of an end mass 
on the free end modifies the values of strain somewhat but 
the principle remains the same.  If the end mass has sub- 
stantial length and weight, only a portion of the quarter 
sine wave representing amplitude distributio.i is included 
within the specimen and this portion of the curve can 
approach a straight line or strain approaches a constant 
value along the length of the specimen.  In this case, and 
assuming the bottom end is truly fixed, dividing the top 
amplitude by the length of the specimen gives a rough 
approximation of the average strain.  However, for the test 
conditions reported here, the end mass is only a small, 
light plate and the other end is not truly fixed, but driven. 

Figure i.  Strain distribution at speci- 
men resonance.   Curves represent am- 

plitude distribution. 

A linear distribution of strain cannot be assumed. 
The average strain could be computed assuming the sine 
wave distribution, but as the length of the W»

V
Q included 

in the sample varies with frequency, this becomes compli- 
cated, and there is some question as to the significance 
of the average.  Accordingly, the maximum strain in the 
specimen is computed and used for correlation purposes. 

An error may be introduced here in that the modulus is computed from wave velocity and represents 
an average or total response modulus of the entire specimen.   If the response is nonlinear with 
strain, it is possible that comparing the maximum strain in the specimen with the modulus is not 
strictly valid, the error depending upon the degree of nonlinearity with strain and the range of strain 
employed.  However, as the entire concept is based on an assumption of linear viscoelasticity and 
the range of strains involved is small, the error is assumed to be slight.  Lachenmaier (1969) showed 
that linear theory applied to a nonlinear phenomenon can approximate the nonlinear constitutive re- 
lationships, at least for soil and within a limited range of strain. 

liiitf'iri   '.... . .        (    :A... V   ^i_kL_   - - -1**.^ L .._.... 
..-:-■■ 
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In the torsional mode, the stress-strain distribution in the horizontal plane through tue 
cylindrical specimen must be considered.   As the stress and/or strain varies from the center axis 
to the periphery, it is computed for the 1-in. ralius in the 3-in.-diam specimen, assuming a 
linear distribution.  Thus an approximate average is used. It is recognized that this is not entirely 
satisfactory, but the remedy is 1) use of a more sophisticated analysis to account for the true dis- 
tribution, or 2) use of a hollow cylinder specimen.  To date, neither of these remedies has been 
attempted. 

Poisson's ratio and the compression (dilatational) velocity 

Although a complex Poisson's ratio, which allows comparison of the complex moduli, is used, 
the relationship remains the same as for elastic materials.  Furthermore, the value of Poisson's 
ratio is difficult to obtain accurately because it is wholly dependent upon accurate values of £* 
and G*.  The compressional velocity Vc is related to the rod or phase velocity Ve through complex 
Poisson's ratio as follows: 

^c  Yi 
l-v* 

(li r*X1 -2r*) 

The above relationship holds fairly well for an elastic material, but may not bold for viscoelastic 
materials, especially since Poisson's ratio may not fall between 0 and 0.5 for the latter materials. 
It can be seen that as v* approaches 0.5. Vc approaches infinity, and as u* approaches zero, Fc 

approaches 1.  As either value is ridiculous, the values of compressional velocity obtained using 
Poisson's ratios greater than about 0.45 or less than 0.10 must be considered unreliable. 

The damping property 

When the response to dynamic (.vibratory) load is such that the 
train lags the stress, the stress-strain curve for one cycle of a 

steady-state vibration is a closed (hysteresis) loop (Franklin and 
Krizek).  The work done or, reciprocally, the energy dissipated 
A En is given by Kennedy (1962) as the integral of o<t)f over the 
stress cycle, or: 

Figure 2.  Diagram of stress- 
strain relationship for one 
cycle of steady-state vibra- 

tion, or 

2n/(i) 

J 
0 

i\En       I     a, cos of < j ad sin 5 

A En "'c^d slno- (21) 

One value for the damping property is called the "specific damping capacity" and is defined as the 
ratio of energy dissipated per cycle to total energy carried En, or A En/En (Kolsky 1964 and Richart 
et al. 1970).  If En is «d«d cos6/2. then: 

A En 

"ET 

"(ftOfi sin 6 

(dad cos ^/^ 
2rr tan 5, (22) 

ijaawiwwp»"!^1"1' 

>'■ ■- ■■ .., •  ■ t „. 
•''    ■:■  *     V: 

■-..,. 
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A slightly different version is frequently used (Nakano and Arnold 1972, Weissman 1971, 
and Kolsky 1964): 

Q = ratio of energy carried by the wave to energy dissipated per radian of phase shift 

O' 

!!ÜLJ_ (23) 
A £n    tan S 

Nakano and Arnold (1972) reason that, since energy is proportional to the sruare of the amplitude 
and amplitude is proportional to   ~ax, Q can be expressed as: 

Q = T = 7J^- (24) 
aA    tan o 

Q is also used in the form 1/Q and called the specific dissipation function (Riclart et al. 1970): 

1/Q    2V o/w = tanS (if 8 is small) 

where 

A = wavelength of propagating wave and a = attenuation coefficient. 

A very common method of evaluating the energy absorbing or damping property of a material is 
to represent the response by a model in which viscous elements (dashpots) are introduced into an 
elastic (spring) network. The Voigt or Kelvin model has been widely used. In this model the 
spring and dashpot components are parallel.  If rj is the dashpot coefficient in compression and n 
is that in shear 

E. tan 5 
r, =  (25) 

and 

G j tan S 
(26) 

or 

c = Ktan5 (27) 

where     K = spring constant and c = dashpot coefficient. 

Note that the dashpot coefficient varies inversely with frequency, or apparently the coefficient 
decreases with increasing frequency (see Fig. 3).  However, it is not possible to generalize in 
this manner, as the modulus and tanS may also vary with frequency.  Two other models frequently 
considered are the Maxwell model in which the components are in series and the standard linear 
model in which the Voigt and Maxwell models are combined (Fig. 3).  Finally, it is apparent that 
springs and dashpots can be assembled to represent the response of many materials but the shear 
mass of calculations required is such as to make this a less desirable approach (Kolsky and Shi 
1958). 

,,-J,  - 
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Figure 3.   Tan 8 vs frequency 
for various rheologica/ models, 
(arbitrary va ues assigned to 
spring and das/ipot elements.) 

10' 10" 
f,   Frequency,   Hz 
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-^j-i Dimensionless Frequency 

Figure 4.   Relationship ol 
land to amplitude ratio and 

frequency. 
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Another evaluation of the damping property is the "damping ratio" D.  In general this refers 
to the ratio of actual damping c to critical damping Cc, defined as the amount of damping which 
prevents an oscillation.  Using the Voigt model, assuming a single degree of freedom and, gener- 
ally, that K, the spring constant, and c, the dashpot coefficient, are not functions of frequency, it 
can be shown (Harris and Crede 1961) that: 

D = c/Ce = sin 5/2 (28) 

where     C   = 2\/KW, c = K tanS/w, and M = mass. 

On the other hand, if a multiple degree of freedom is allowed and the modulus is allowed to vary 
with frequency, it can be shown that the value of critical tan S which prevents an oscillation 
approaches infinity (Fig. 4). 

Hardin and Drnevich (1970) obtain a value for the damping ratio 
by a somewhat different approach (Fig. 5);  the damping ratio D is 
given by: 

A^/i rrAr (29) 

where Ai^ area of stress-strain loop 
Figure 5. Graphical repre- 
sentation of energy stored 
and dissipated per eyelet in A. 

area of a right triangle with a base of the peak strain and 
height of peak stress (see cross-hatched area) 
total energy stored in elastic material. 

If the area of the loop, or total energy dissipated, is A. = ra^d sinS and At = 0^(^/2, then: 

"o.f. sin5 

4"(vd/2) 
sin 5/2. (30) 

Hardin and Drnevich (1970) also show that D, the damping ratio, is equal to: 

D . 2Va - G/G^) 

where     Ki = a constant (A/Aj) 

and Gmax = maximum shear modulus. 

For a propagating stress wave, it is convenient to express the damping property in the form of 
the attenuation coefficient a (see definitions).  Kennedy (1962) and Kolsky (1964) show that: 

5a) 
a = — 

2V 

where     V = yjE/p, 5 is assumed to be small, and tan 5 = 5. 

A more general relationship is used here to allow tan5 to be any value: 

a ^ —tan %/2 (31) 

where 

Vi ^/EV^ sec 5^/2. 

tiSJpj* 'J-. ■       :     ' .".    _.- ;  :■■: b    -Üi'^' 
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There are at least two other methods of measuring the damping property.  The first takes 
advantage of the dependence of the bandwidth of the peak amplitude-frequency plot at resonance to 
the damping property of the material.  The bandwidth is defined as Af/fr> where tt is the resonance 
frequency and A/ = /j - f2; fj and /2 are frequencies at which the value of ( falls to (m&x/\ß-  The 
bandwidth is controlled by the damping property.  A simple Voigt rodel relationship is:  AOJ = TJ/U, 

with Aw = 2nAt.  The second method uses the fact that the rate of decay of the natural oscillations 
of a mechanical system is a measure of damping.  The log decrement A is defined as the ratio of 
the log of successive amplitudes. The log decrement relates to loss angle as follows: 

A = ^ - vr^H^) (32) 
tanS 

If damping is small: 

.      2nD       2ffsina/2        .    s .„„, A = = =fftanö (33) 
1 - D2    1 - sin2 8/2 

A = n/Q = 2m'a/cj = Xa. 

The foregoing relationships are given to correlate the loss factor tanS with other commonly 
used values to evaluate the damping property.  Most of the relationships given are simplified 
versions of the rigid equations but have been found adequate for must situations.  It is considered, 
however, that the damping property should be evaluated by the loss fact« tanS or by an expression 
of energy dissipation, as the use of these parameters allows fairlj rigid relationships to be made 
without simplifying or limiting assumptions. 

Sample length — diameter ratio 

A specimen, usually cylindrical in shape, presents boundary conditions to the propagation of 
a stress wave such that assumption of an infinitely long rod without lateral dimensions (a one- 
dimensional plane wave) is not sufficiently "allU.  The error in the assumption varies depending 
upon Poisson's ratio, the length/diameter ratio, and wavelength, a function of frequency.  The 
situation was studied by Bancroft (1941), assuming an elastic material.  The elastic condition is 
an extreme case and the introduction of the effect of damping would modify the findings somewhat; 
but for choosing a proper specimen length, the elastic solution is very useful. Using Bancroft's 
equations and taking a specimen having a length/diameter ratio of 3.75, it can be shown that the 
true velocity of wave propagation is reduced to 99.8% at the first resonance, but to 90.0% at the 
fourth resonance.  Accordingly it can be concluded that a minimum ratio of about 3.0 is required if 
only the first resonance is used, but as much as 6.0 is required if the fourth or fifth resonance is 
used.  As coarse soils are frequently tested, a 3-in.-diameter specimen is u^sd which requires a 
length of 18 in. considering that the fourth or fifth resonance is often used at frequencies to 10 or 
12 kHz. 

TEST APPARATUS AND PROCEDURES 

General 

A vertical cylinder of soil is subjected to steady-state sinusoidal vibration at its lower or base 
end with the other end free except for a light, relatively rigid cap.  The input and output stress 

^^^      ■      --• ■— -.   .   .     ....      L ..^ * 
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waves are observed and measured with piezoelectric accelerometers attached to the base plate and 
cap plate at each end of the specimen. The peak acceleration and the frequency are recorded. The 
drive frequency may be any value above the so-called "rigid body frequency" and within the limits 
of the drive motors, if the phase angle between input and output waves can be accurately measured; 
otherwise, the specimen must be excited at a known resonance. The ratio of output to input ampli- 
tudes, and the frequency, together with the specimen properties of d "nsity and length, are required 
to compute the desired parameters. 

Test apparatus 

The complete test apparatus includes the device for applying vibration as pictured in Figure 6, 
and shown schematically in Figure 7; the control and readout apparatus shown schematically in 
Figure 8; and the molds and auxiliary equipment required for specimen preparation described and 
pictured in Appendixes C and D. 

A steel drive base, having suitable provisions for attaching acceltrometers for measuring 
longitudinal and torsional motion in g's is bolted to a steel drive shaft. The shaft is supported in 
a heavy steel framework through wagon-spoke-type springs and is attached to the electromagnetic 
motors.  A light steel cap has provision for attaching accelerometers, one on the longitudinal axis 
and two on the circumference, to measure the torsional motion. 

Figure 6. Laboratory test apparatus for applying vibratory 
loads to frozen soils and ice. 



THE RESPONSE OF FROZEN SOILS TO VIBRATORY LOADS 
(A) Torsionol Movement 

Specimen       i 
(§) Vertical Movement 

I 
Vertical Accelerometer 

Base Plate 0 — Torsionol Accelerometer 

Support Spring 

15 

Isolated Base 

Figure 7.  Schematic of laboratory test apparatus. 
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The readout instrumentation receives the two accelerometer signals from the top and bottom of 
the sample and, after amplification of the signals, feeds them through a phase meter, a dual-channel 
tracking filter, a dual beam oscilloscope, digital voltmeters, an electronic counter (frequency meter), 
a logarithmic converter, and an X-Y recorder, as shown in Figure 8. 

Appendix C also describes the equipment and procedures for preparing frozen specimens. 

Test procedures 

The soecimen vprepared as described in App. C) is carefully weighed and measured before 
freezing to the baseplate and cap of the test apparatus.  The calibration of the voltmeters is 
accomplished as follows:  the sensitivity of the particular accelerometer (in pico coulombs/g; is 
set on the sensitivity dial of ehe variable gain charge amplifier (the amplifier shoiud have this 
capability such as the Kistler Model 503).  A 1.00-peak volt signal [0.707-volt root-mean-square 
(rms) as read on the voltmeter] at approximately 5000 Hz is applied at the CAL INPUT connector. 
The OUTPUT is monitored on the sensitive voltmeter.   This output, which corresponds to 1 g, can 
be adjusted by the gain on the ch-^ge amplifier.  Thus, depending on the accelerometer sensitivity 
and on the operating range, the gain can be set such that 1 g    1 v, or 1 #    0.1 v, etc. 

Most of the tests to date have been conducted using a resonating specimen and, although the 
off-resonance method using the phase meter is currently in use, data are still taken at the resonant 
frequencies.  The procedure is as follows:  the operator applies the vibration in either the longitu- 
dinal or torsional mode with the drive force at a low Jevel (top acceleration of 1 g or less) and 
sweeps the frequency upward.  As the frequency is swept, attention is directed to the X-Y recorder. 
The outputs from the charge amplifiers and tracking filter are then fed through the logarithm con- 
verter.  The log of the bottom acceleration is subtracted from the log of the top acceleration.   The 
difference (acceleration - amplitude ratio) is applied to the V-axis of the X-Y recorder.  The 
"Record" output of the frequency meter is applied to the X-axis of the recorder.  Thus, a printed 
tecord is obtained of acceleration ratio vs frequency.  The frequency of maximum amplitude ratio 
(or acceleration ratio) can be easily located and the resonances enumerated, since the second, third 
and fourth resonances are approximately multiples of 3, 5 and 7, respectively, of the first resonance. 
With the pen of the plotter set on the first resonance point, the frequency is recorded together with 
the two g values from the voltmeters,  The drive force is increased a significant amount and the 
procedure is repeated.  The frequency is then changed to the second resonance, the readings at the 
various drive forces are repeated, etc, through the fourth and fifth resonances.  The drive mode is 
changed, longitudinal to torsional, or vice versa, and the series of readouts is repeated. 

To employ the nonresonance method, the procedure is the same except that the phase is 
measured and the X-Y recorder is not required.  The operator selects an initial frequency and 
applies the vibration, in either mode, with the drive force again at a low level.  The outputs from 
the charge amplifiers are switched into the phase meter, measuring the phase lag between the bottom 
and top accelerations.  The frequency is recorded together with the two g values and the phase 
angle.  A range of drive forces is applied and the readings are recorded for each force, after which 
the next required frequency is set, etc. until the range of frequency desired is covered. 

Procedure for data computation 

The test procedures, therefore, yield values for the resonant frequency or drive frequency, the 
amplitude or acceleration ratio, and the phase angle, together with the density, void ratio or 
porosity, water or ice content, and soil type of the specimens; and, finally, values for the test 
environment characterized by such parameters as temperature and static pressures.  From these 
data the desired properties of modulus, wave velocity, and damping must be computed for the given 

■■   - ■       .- 
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stress, strain and frequency conditions. The equations and computer programs described in 
section Method of Analysis accomplish this.  The Young's modulus, shear modulus, longitudinal 
and shear velocities, tan 5 and attenuation coefficient, with the corresponding stress, strain, 
amplitude and g level, are computed and tabulated by the appropriate computer program (App. 
A or B).  Next, these values are combined to show the relationships of the material properties to 
stress, strain and frequency. The computer plots modulus and tan 3 versus stress.  After smooth 
curves are drawn through the computer-plotted points, values for modulus and tan 6 are read for 
several given stresses.   For each given stress, then, a plot is made of frequency versus modulus 
or tan 5.  Again values are read for selected frequencies.  Upon completion of the foregoing proce- 
dure, values of Young's modulus, shear modulus, longitudinal tanS and torsional tan 5 for a range 
of stresses and frequencies are available. The final data tabulation is made after a computer 
computation (see App. E-3) which back-computes (i.e., computes backwards from modulus, tanS, 
stress and frequency rather than vice versa as was done in first computation) the values of velocity, 
Poisson's ratio, strain, and attenuation coefficient for each given group of modulus, tanS, stress 
and frequency. 

TEST PROGRAM 

Soils 

The majority of tests conducted to date were performed using two USA CRREL stock soils, 
20-30 Ottawa sand and Manchester silt.  The properties of 20-30 Ottawa sand are well known and 
are not repeated here.  The properties of 20-30 OWS in the frozen state are, perhaps, not so well 
known.  Table I lists strengths in unconfined compression at a constant strain rate (Sayles 1968). 
Manchester silt is a rock flour (nonplastic).  The gradation is given in Figure 9, and the compac- 
tion properties are given in Figure 10. Strengths in unconfined compression are given in Table II 
(Sayles 1972) for Hanover silt, a local silt very similar to Manchester silt.  A third USA CRREL 
stock soil, Goodrich clay, has been designated for testing, but to date only a few tests have been 
conducted.  The gradation and other pertinent properties are given in Figure 9. Goodrich clay is 
a brick clay, classified as a silty clay, CL, almost in the CH category, with a liquid limit (LL) of 
45 and a plasticity index (PI) of 21.  Twenty-thirty Ottawa sand and Manchester silt were remolded 
(see App. C) and Goodrich clay was used in the undisturbed sta' e.  Specimens in the undisturbed 
state are cored in the in-situ, nonfrozen state and frozen without access to water to prevent ice 
segregation. 

Table I. Unconfined compression test of 20-30 Ottawa sand [after Sayles (1968)1. 
Constant rate of strain = 0.033 in./in./min. 

Ice 
Temp Specimen saturation Void Max stress Avg stress 
r0F) no. (7.) ratio (ksi) (ksi) 

M OWS 130 99.4 0.606 1.447 
158 97.3 0.572 1.471 
164 97.9 0.579 1.491 
166 98.2 0.575 1.449 
171 98.5 0.566 1.446 1.460 

15 OWS   67 98.6 0.601 2.694 
69 97.1 0.592 2.612 
70 98.7 0.593 2.410 
74 98.8 0.600 2.438 
76 98.8 0.584 2.503 2.531 

. i'&fc: • ifttriF L'^ ■„ .A'JfeüA « _ :>,   ! T-4A * ' M.1* 
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Design Gs LL PL PI    | 

1 20-30 Ottawa Sand 265 - - NP 

2 Minus 100-200 Ottawa Sand 2 65 - - NP 
7, Hanover Silt 2 74 - - NP 

4 Fairbanks Silt 2.70 - - NP 
6 Manchester Silt 2 73 - - NP 

6 Suffield Clay 269 45.0 240 210 

7 Goodrici  Clay 282 410 23 0 18.0 1 
8 Thetfo'd Till 2 64 - - NP 

9 Minus 100 Lebanon Till 2.86 - — NP ] 

U.S. Std Sieve No 

lOOnr 
200 

1.0 0.1 0.01 
Grain Size,  mm 

0001 

Sand 
Silt or Ciay 

,    |    Med    1    Fine 

Coarse 

Figure 9.   Gradation curves (or frozen soiis. 
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LL = 26.0 Ma« Dry DensilyH03 2 lb/ft3 

PL »Non-plastic 
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Groin Size, mm 

Figure 10.  Manchester silt compaction lest results. 
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Table II.  Unconflned compression test of Hanover silt (Sayles and Haines 1972). 

Temp 
(0F) 

Specimen 
no. 

Tan mod* 
(ksi) 

Ice 
saturation 

Measured rate 
of applied 

strain! 
(in./in./mm) 

Void 
ratio 

Max stress 
(ksi) 

15 HAS     1 200 98.9 0.098 0.903 1.39 
2 160 99.9 0.067 0.915 1.42 
3 160 99.5 0.074 0.904 1.37 

Avg 173 99.4 0.08 0.907 1.39 

25 HAS 108 156 99.2 0.968 0.821 
109 160 99.3 0.10 0.973 0.822 
112 160 99.2 0.12 1.007 0.828 
114 

Avg 

160 

159 

0.12 

0.11 

0.772 

0.811 

29 HAS 116 112 100.0 0.19 0.984 0.504 
118 112 100.0 0.19 1.022 0.522 
119 113 100.0 0.18 1.014 0.531 

Avg 112 100.0 0.19 1.006 0.519 

31 HAS   77 50 100.0 0.21 1.019 0.282 
95 47 98.8 0.27 0.974 0.292 

113 115 98.3 0.18 1.030 0.290 
117 100 98.4 0.18 1.008 0.307 

Avg 78 98.9 0.21 1.008 0.293 

• Tangent modulus at 50% max stress. 
t Average rate of applied strain     U.l%/min. 

Table 10. Unconflned cotnpresslon strengths of Suffleld clay [after Sayles and Hal.es (1972)1. 

Temp 
(0F) 

Specimen 
no. 

Tan mod* 
(ksi) 

ice 
saturation 

(%) 

Measured rate 
ol applied 

strain! 
(in./in./min) 

• Tangent modulus at 50% max stress. 
t Average rate of applied strain     15.2%/min. 
** Data unavailable. 

Void 
ratio 

Max stress 
(ksi) 

15 SFC 22 100 100.0 0.15 1.078 0.691 
23 113 100.0 0.11 1.089 0.711 
17 131 100.0 0.08 1.109 0.731 

Avg 115 100.0 0.11 1.092 0.711 

25 SFC   3 90 100.0 ** 0.999 0.452 
12 80 100.0 0.09 1.084 0.443 
8 82 100.0 0.06 1.099 0.451 

Avg 84 100.0 0.075 1.060 0.448 

29 SFC 17A 50 *« 0.31 »» 0.334 
11 54 no.o 0.10 1.105 0.344 
16 :,b 99.9 0.13 1.105 0.321 

Avg 53 0.18 0.333 

31 SFC 24 33 99.3 0.20 1.096 0.197 
14 30 99.2 0.29 1.095 0.212 
19 24 98.6 0.15 1.086 0.208 

Avg 29 99.0 0.21 1.092 0.206 

': 
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Table IV.  Specimen properties. 
OS     20-30 Ottawa sand        IIS - Hanover silt       OC = Goodrich clay 

i 

"OS = 100-200 Ottawa sand FS    Fairbanks silt        I -- Ice 
MS = Manchester silt SC     Suffield clay       TT - Thetford till 

Unit Vnil 
wet Ifater dry Water Ice 

Specimen Sou weight content weight Porosity Void saturatior saturation Length Diam 
no. type (Ib/ftS) (%) (lb/lfi) (%) ratio f%) (%) (in.) (in.) 

1005 OS 122.6 22.0 101.0 35.8 0.636 91.8 100.9 15.24 3.947 
1006 OS 123.2 21.9 100.9 38.8 0.636 91.0 100.2 15.03 3.952 
1030 OS 127.7 17.9 108.3 34.5 0.528 89.S 99.9 13.14 2.000 
1032 OS 121.1 20.9 100.1 39.5 0.654 85.2 93.0 11.90 1.980 
1036 OS 127.5 18.3 107.9 34.9 0.536 91.1 98.3 19.75 3.192 
1051 OS 127.1 17.7 108.0 34.7 0.532 88.2 98.0 20.39 3.005 
10W OS 128.2 17.5 109.2 34.0 0.516 90.2 100.2 20.30 3.020 
ior.6 OS 127.7 18.1 108.2 34.6 0.529 91.0 99.8 20.12 2.955 
1062 OS 127.8 18.1 108.2 34.5 0.528 90.8 100.8 18.70 2.984 
1064 OS 126.4 18.8 106.4 35.7 0.556 89.8 99.7 20.19 2.999 
1068 OS 128.6 17.5 109.5 33.8 0.509 90.3 100.3 20.31 2.994 
1070 OS 122.4 21.0 101.9 38.3 0.622 89.6 99.5 20.09 3.023 
1074 OS 127.0 18.3 107.3 35.6 0.553 88.4 98.1 19.37 3.010 

1014 FOS 122.7 22.0 100.6 39.2 0.645 90.4 98.7 15.27 3.961 
1013 FOS 123.3 21.3 101.6 38.5 0.627 90.2 98.5 15.21 3.968 
1017 FOS 109.4 10.2 99.3 40.0 0.666 40.6 45.1 15.29 3.955 

1033 MS 122.3 24.6 98.2 42.1 0.729 90.7 100.8 13.46 1.985 
1037 MS 123.1 22.7 100.4 41.1 0.697 88.9 97.0 18.75 3.000 
1038 MS 122.3 23.4 99.1 41.7 0.714 88.9 98.8 19.63 3.075 
1039 MS 107.5 36.4 78.9 53.7 1.163 85.0 93.5 18.10 2.941 
1040 MS 121.1 24.3 97.5 43.3 0.743 89.1 98.8 17.35 3.066 
1041 MS 121.9 23.2 98.9 42.5 0.723 86.7 96.7 18.75 3.080 
1042 MS 121.7 22.7 99.2 41.8 0.718 86.6 96.1 19.62 3.070 
1043 MS 106.9 37.1 78.1 54.0 1.279 95.8 95.3 19.55 2.942 
1045 MS 103,1 7.1, 96.2 46.0 0.852 22.7 25.0 19.00 2.995 
1048 MS 114.9 33.5 86.1 57.3 1.340 68.2 75.0 20.62 2.988 
1053 MS 121.5 22.9 98.6 41.9 0.719 86.7 96.1 19.78 3.015 
1053A MS 121.5 22.9 98.6 41.9 0.719 86.7 96.1 19.10 3.015 
1054 MS 121.9 22.6 99.7 41.4 0.709 86.2 95.8 19.35 3.018 
1055 MS 123.2 22.4 100.7 40.9 0.689 88.5 96.7 20.61 3.020 
1059 MS 107.9 29.1 96.0 43.8 0.823 101.0 110.1 19.75 3.005 
1063 MS 121.5 22.2 99.6 41.7 0.717 85.2 92.8 20.47 3.180 
1067 MS 121.0 24.1 97.6 42.8 0.748 88.0 98.3 20.31 3.026 
1069 MS 119.6 25.0 95.7 42.3 0.765 87.3 96.9 20.53 3.028 
1071 MS 112.9 32.1 85.5 50.0 0.993 88.3 98.0 20.06 3.015 
1072 MS 113.0 31.7 85.7 49.7 0.988 87.6 97.3 20.41 3.013 
1076 MS 118.8 25.4 95.3 44.1 0.794 88.1 97.6 20.37 3.027 

1025 US 118.8 28.5 92.1 46.1 0.855 91.3 102.4 15.84 4.000 

1026 FS 98.9 46.0 66.3 60.7 1.545 80.3 87.6 16.83 2.964 
1027 FS 77.1 130.0 33.5 80.Ü 4.030 86.8 94.7 20.25 2.974 
1028 FS 89.4 66.0 53.8 68.1 2.130 83.6 91.2 16.22 2.977 

1007 SC 101.7 18.6 85.5 50.0 0.962 51.6 56.8 15.05 3.952 
1008 SC 100.7 17.5 85.3 48.0 0.962 49.2 54.2 15.75 3.959 
1010 SC 111.4 36.0 81.9 51.2 1.050 92.1 102.3 15.0v) 4.000 
1012 SC 116.3 30.6 89.1 46.9 0.885 92.9 101.5 15.00 4.000 
1082 SC 130.6 17.3 111.3 33.5 0.505 92.3 100.0 17.75 3.025 

.....  - ..   -. . . •      . 
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Table IV (Cont'd). 

wet Ifater dry H-ater Ice 
Specimen Soil weight content weight Porosity I'oid saturation saturation Length Diam 

no. type (lb/(tZ) (%) (lb/(t3) (%) ratio (%) (%) (in.) (in.) 

1075 GC 121.2 27.3 95.3 45.2 0.853 92.7 102.2 9.035 2.762 
1079 GC 119.6 26.2 94.8 45.4 0.833 88.3 96.9 UtSHi) 3.139 

1077 TT 116.6 24.9 93.5 44.6 0.803 83.6 93.0 15.85 2.922 

1022 56.43 15.00 4.000 
1023 56.79 13.90 4.000 
1024 56.63 15.93 4.000 
1057 54.75 19.938 3.005 
1058 56.75 19.80 3.010 
1073 56.10 18.72 3.009 
1080 56.4 12.10 2.975 
1081 55.39 18.56 3.004 

A number of other soils have been 'ested using two to four specimens mostly at a temperature 
of +150F.  They include 100-200 Ottawa sand, Hanover silt, Fairbanks silt (undisturbed), Suffield 
clay (remolded), Thetford till, and Lebanon till.  The gradations for these soils are also given in 
Figure 9.   Unconfined compression strengths for Suffield clay are given in Table III (Sayles and 
Haines 1972).   All remolded soils contained no segregated ice, as they were frozen without access 
to water.  The Goodrich clay, while undisturbed, was nonfrozen when cored and frozen without 
access to water, and hence contained no ice lenses.  However, the undisturbed Fairbanks silt was 
cored from frozen ground and did contain segregated ice.  The properties of all individual speci- 
mens tested are given in Table IV.   A detailed description of the specimen preparation procedure 
and equipment is given in Appendix C. 

Ice 

An attempt was made to prepare ice specimens having multiple small crystals representative 
of the ice contained in the pores of frozen soil.   Rapid freezing of distilled deaiied water was one 
method used.  Snow saturated with deaired water and quick-frozen was another method.   Neither 
method was satisfactory.   Figure 11 shows the crystal size in a typical 20-in.-long 3.in.-diam 
specimen.   The lack of uniform size is apparent.  In any case, no concerted effort to test ice has 
yet been made.  However, a few tests have been conducted for comparison purposes. 

Test results 

A summary of the measured values of the complex Young's modulus and shear modulus, the 
(compressional) dilational, phase and shear velocities, the tanß for the longitudinal and torsional 
modes, the attenuation coefficient for both modes, and Poisson's ratio, is given in Appendix F. 
The values are grouped according to soil type, temperature, frequency and dynamic stress level, 
so that all results for each of the four categories are gathered together.   Each specimen is identi- 
fied by number, percentage of ice saturation, and void ratio, so that auxiliary information on a 
particular specimen may be found by reference to other tables.  Adequate information is available 

Sin the tabulation to compute values for other parameters, if desired.   For example, strain for a 
particular test may be computed by dividing stress by modulus.  Damping may l)e expressed in other 
forms by computation using tan«5), frequency, modulus, or other given values as necessary.   Such 

r 

8 
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0 2 4cm 
1 I     I L 

Figure 11.  Crystal structure of laboratory molded ice. 

values as drive amplitudes and g level are available in USA CRREL records or may be computed 
from the listed data, although a computer program is desirable. 

Discussion of test results 

Tests of frozen soils have been conducted over the past three years, during which time the 
test procedure and equipment have been continually revised and updated to increase accuracy and 
versatility.  Therefore, the earlier tesi results (lower numbers) are less dependable, with larger 
error range, than later (higher numbers) test results.  In some cases, this may be the reason for 
anomalies in the data.  In general, too few reliable tests have been completed to allow establish- 
ment of firm (mathematical) relationships.   However, results of earlier tests using simpler apparatus 
and analysis procedures give values surprisingly in agreement with those using current, more 
sophisticated techniques.  If a trend is to be observed, it is that the more accurate current method 
tends to give higher values of modulus and velocity than the older method.  The random spread of 
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values is also less.  It is obvious that a considerable amount of testing and study has yet to be 
accomplished before the complete picture of the response of frozen soils to vibratory load is 
established. 

ANALYSIS OF TEST RESULTS 

General 

The test results to date show that the response of a frozen soil to vibratory load depends upon 
the following parameters, in the order of their importance: 

1. Ice content, usually expressed as percentage of saturation 
2. Void ratio of soil 
3. Temperature 
4. Frequency of imposed vibratory load 
5. Stress or strain imposed by vibratory load. 

The first two parameters can be combined and expressed as the ratio of volume of ice to volume 
of soil.  However, in this report the two are considered separately.  Frozen soils having segregated 
ice masses and lenses have not been especially considered, and the effect of maximum and mini- 
mum void ratios for a given soil is apparently of some significance.  In any case, voio ratio and ice 
content are obviously insufficient parameters to completely identify the response of all frozen soils 
to vibratory loads and the real basic parameters are more subtle and extensive.  A more detailed 
study of natural soils is required to identify these basic parameters.   Likewise, the effect of tem- 
perature has been studied, so far, by simply measuring the response of specimens subjected to the 
various temperatures.  This response has not been related to the cause of temperature effects, such 
as the percentage of nonfrozen water present, and the effect of temperature on ice rigidity and 
adhesion strength. 

Effect of ice content 

Only a few tests have been conducted on frozen soils having ice contents less than about 90^ 
saturation because the occurrence of such soil conditions in nature is relatively rare.   Sufficient 
tests have been conducted to show that, as would be expected, the modulus decreases radically as 
the volume of ice in the voids available to cement the soil grains together decreases.   Figure 12a 
shows the complex shear modulus versus ice saturation for a sand, silt and remolded clay.  Figure 
12b shows the same relationship for the shear velocity.  Also shown for zero ice saturation are 
values for the same soil in a nonfrozen state.   The completely dry condition would be most accurate, 
but only the 20-30 Ottawa sand has been tested in this condition.  Also, a confining pressure is 
necessary for nonfrozen specimens, at least for the sands and silts, and the values of modulus and 
velocity given are for an ambient static pressure of 5.0 psi. 

It is shown that the shear velocity decreases by more than an order of magnitude (8500 to 600 
ft/set for Ottawa sand) as the ice saturation varies between 100% and 0%.  The shear modulus de- 
creases from 2 x 106 psi to 8 < 103 psi for Ottawa sand, or more than two orders of magnitude.  The 
rate of decrease, however, is quite different depending upon soil type.  The coarser grained, non- 
plastic soils, typified by 20-30 Ottawa sand, show little decrease in modulus or velocity until ice 
saturation is less than about 50%.  On the other hand, the decrease in modulus with decreasing ice 
saturation for Suffield clay is nearly constant, approaching a straight line between the maximum at 
100% and the minimum at 0%. Manchester silt, a fine-grained, nonplastic soil, falls between the 
two.   It can be stated, therefore, that the degree of ice saturation between 50% and 100% has a very 
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Curve Frozen soils 
f      Temp 

kHz     0F 

A      Suffield clay                            1 15 
B      Manchester silt                       1 25 
C      20-30 Ottawa sand               1000 14 

[Nakano and Arnold (1972)1 

Non-frosen soils 
Point        ao = 5 psi 

Water 
content    e 

A'    Suffield clay 12.7    0.94 
B'    Manchester silt 18.3    0.80 
C     20-30 Ottawa sand     Dry     0.50 

10' 10' 

G , Complti Shtor Modulus, psi 
\0' 10" 

V,, Sh«Of  Vafocity.  (I/IIC 

Figure 12.  The effect of ice saturation on complex shear modulus and shear velocity. 

significant effect on the stiffness of fine-grained frozen soils, but is a relatively insignificant 
factor in the stiffness of. oarsc-grained soils such as sand. This is logical for several reasons. 
The lack of strong adnesive bond between grains furnished by the ice is not as important for the 
already cohesive soils as for the coarse-grained noncohesive soils.  It is relatively common to 
find spherically grained sands with a coating of ice on the grains which, in the total matrix, pro- 
duces a low percentage of ice saturation. Nevertheless, the bond between grains can be quite 
strong. 

The effect of void ratio 

Figures 13 and 14 show that, in general, the moduli increase as the void ratio decreases, 
provided the voids are essentially (90% or better) filled with ice; that is, the ratio of volume of 
ice to volume of soil increases as modulus decreases.  Following this trend to its ultimate con- 
clusion, the stiffness of frozen soils is greater than that of ice alone.  It is logical, therefore, to 
conclude that the stress wave would pass through the ice matrix when the soil grains do not touch 
or are more or less imbedded in the ice.  When the soil grains touch, however, and are held together 
by the adhesive force of the ice, the stress wave would tend to pass through the soil matrix.  This 
would not be an abrupt change because the ice structure would vary between a light structure to 
solid ice, depending upon the volume of soil per volume of ice.  Nevertheless, the rate of increase 
in stiffness should be rather abrupt when tiie void ratio decreases below about 1.0 and this seems 
to be born out by Figures 13 and 14.   Again, however, this can be no firm criterion because of the 
variation in the shape, size and strength of soil grains. 

In general, soils in the dry state have a maximum and minimum void ratio; that is, they can be 
tightly packed together or loose, held together only by their shape, weight and natural cohesive or 
frictional properties, or some outside pressure.   When the voids are filled (but not overfilled) with 
ice, it is apparent that the stiffness of a given soil varies only within the limits of its void ratio 
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Design Point Soil                           i      ' 
1   kHz psi 

PG a Peabody Grovel ( <aplor) 40 - 

MCS b McN Concrete Sand (Kaplor) 1 - 

OS c 20-30 Ottawa Sand 1 0.1 

FOS d 100-200 Ottawa Sand 1 0.1 

MS f Manchester Silt 1 0.1 

HS g Hanover Silt 1 0.1 

NHS h NH Sill (Kaplar) 3.1 - 

FS i Fairbanks Silt (Stevens-Koplar) 1-3.2 0.1 

TT k Thetford Till 1 0.1 

EBT m East Boston Till (Kaplar) 3.1 - 

GC n Goodrich Clay 1 0.1 

SC 0 Sutfleld  Clay 1 0.1 

BBC P Boston Blue Clay (Kaplar) 2 5 - 
I q Ice 1 0.1 

Figure in parentheses Indicates number of tests averaged 

All specimens more than 90% saturated 

28x10 

24 

20 

16 

12 

o       8 

02 

HPG 
I   '  1  ' i ' ' ' I' I M -I—I—I—I   I I 

(-HiMln. • limit 

I    I    I   I   I   !  I   ■! iI 
0 5 I 0 

e     Void Ratio 

-J I i    I    ■   I 

q.i 

Qf        00 

Figure 13.  The effect of void ratio on complex shear modulus.  Temperature +15° F. 
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-1 1 1—[-r- T T "1 T -V 

(■)   20-30 Ottawa Sand A  Hanov«r Silt 
(a)   100-200 Ottawa Sand     •   Fairbanks Silt 
(o)  Manchester   Silt A   Ice 

Temp. =I5°F 
Freq. = 1 kHz 

Dynamic Stress »0.1 psi 

All Soils > 90% ice saturated 

_i L -i_j_ J L 
0.5 10 50 -v 

6, Void   Ratio 

Figure 14. The ettect ot void ratio on complex Voting's modulus. 

and depends upon the adhesive strength of the ice to the particular soil grain, as well as the stiff- 
ness of the soil grain itself. Therefore, a plot of void ratio versus modulus for a wide range of 
saturated soils shows the soil types grouped together in bands along the plot (see Fig. 13).  Coarse, 
strong grained soils (gravels and sands) show the highest modulus, followed by silts and then clays 
with overlapping areas between each soil type.  Although insufficient tests at a wide range of void 
ratios have not been conducted to show conclusive evidence, it is fairly obvious that the stiffness 
of each type of frozen soil varies with void ratio from a maximum value at its minimum void ratio 
to the stiffness of ice, with the most rapid and abrupt decrease occurring between the minimum and 
maximum void ratio of the particular soil. 

In contrast to coarse, free-draining soils, fine-grained soils in nature tend to develop segregated 
ice in lenses or chunks. The volume of ice may considerably exceed the volume of soil. In any 
case the void ratio tends to approach 1.0. Therefore, the stiffness of frozen fine-grained soils, 
particularly undisturbed specimens, tends to approach the stiffness of ice, whereas the coarse- 
grained soils generally have a stiffness considerably in excess of that of ice. 

Figure 13 also shows that nonplastic soils such as gravel, savd and nonplastic silts have a 
higher modulus than do the soils containing clay sizes.  A single curve could be drawn to represent 
fairly well the variation of modulus with void ratio for all the nonplastic roils (see Fig. 14).  The 
tills containing clay sizes and the clays themselves relate stiffness to void ratio in an increasingly 
less sensitive manner. 

The effect of void ratio on the damping property, tan 8, is shown in Figure 15.  In spite of con- 
siderable scatter of test values, it is evident that tan5 is not greatly affected by void ratio.  This 
is interpreted as evidence that the taiyS of ice governs the degree of damping in the frozen soil, at 
least, until the volume of ice/volume of soil ratio becomes relatively small or less than 1.0.  The 
coarse-grained, noncohesive soils show a tendency for a decreasing tan 8 with decreasing void 
ratio, but the fine-grained cohesive soils have an increasing tanS with decreasing void ratio.  The 
damping or attenuation value for frozen soils can be much higher than would be expected for such 
a stiff material, where the modulus can be as high as that of concrete.  Generally, the tan£ of 
frozen soils is equal to or higher than that of ice. 
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« 20-30 Ottawa Sand A Suffield Clay 

+ Manchester Silt a   Thetford Till 

• 100-200 Ottawa Sand ■ Goodrich Clay 
A Hanover Silt * Ice 
0 Fairbanks Silt 

Figure adjacent to points ndicotes number of  specimens tested 
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Figure i5.  T/ie e/fect o/ void ratio on tanS (torsionai mode). 

't 

Effect of temperature 

The relation of complex Young's and complex shear modulus to temperature is shown in 
Figure 16.  Tests of frozen soils were conducted at 0°, +15° and +250F and of nonfrozen soils at 
room temperature.  The decrease in modulus between 0° and +250F is relatively small, although 
varying depending upon soil type. The Ottawa sand decreases in modulus less than 10%, the 
Manchester silt a little over 20%, and the Thetford till about 50%.  As discussed previously under 
Effect of Ice Content, the decrease in modulus from the solid frozen state at +250F to the non- 
frozen state, say at room temperature, is more than two orders of magnitude, or the modulus of 
nonfrozen soil is less than 1% of the modulus of the same soil frozen. Specifically, Young's 
modulus of saturated Ottawa sand at +250F is 4.5 x 106 psi and E   of saturated nonfrozen Ottawa 
sand is 1.55 x ID4 psi or about 0.3% when confined under 5 psi.  Dry Ottawa sand has a higher 
modulus than "saturated" sand in the nonfrozen state and Young's modulus is about 0.6% of that 
in the frozen state.  Manchester silt has about the same relationship. In this test series, *250F 
is the closest test temperature to +320F; therefore, the effect of temperature change between +25° 
and +32° F is uncertain.  However, assuming the static tangent modulus is related to the vibratory 
Young's modulus, there is shown in Figure 16 the static tangent modulus for Hanover silt at 
temperatures from +150F to +310F (Sayles and Haines 1972).  The decrease in modulus is quite 
large in this temperature range, and it can be assumed that the vibratory modulus of Manchester 
silt would follow the same trend. 

The effect of temperature on the shear stress wave velocity of ice, saturated sand and silt is 
shown in Figure 17a and b. Data for these plots were obtained from the literature as well as from 
test results of this study. There is agreement that the effect of temperature on velocity of stress 
waves in ice is small, almost negligible, at least for temperatures less than about +250F. There- 
fore, the presence of ice in frozen soil has only a small effect on the variation of modulus with 
temperature. When a considerable effect occurs, as for clays, the reason must be connected with 
the properties of the soil grains or the adhesive bond strength of the ice with that particular soil. 

KPM   '■ • 
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Design s, 
% 

991 

Dry 

% 

93 8 
Dry 

e Description 

la 
lb 
Ic 

0.53 
0 60 
0.50 

Ottawa Sand 

2a 
2b 

97.2 

91.4 
0.73 
0.73 

Manchester Si t 

3a 
3b 

96.9 
99 4 

100 

0.83 
095 

Goodrich Cloy 

4a 
4b 

93.0^ 0801 

0.44 
Thetford Till 

5 - "" Ice 

6 99 1 0,97 Hanover Silt 
S'a'ic Tangent Modulus 

50% ma« stress 
(Soyles and  Haines. 19721 

-10 20 30 40 
Temperature,°F 

Figure IS.  The effect ol temperature on complex Young's and shear mod- 
uli. Frequency - i kHz, dynamic stress = 0.1 psi. 
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L«tt«r 
Symbol 

Soil Si Sw 

OS 20-30 Ottawo Sand 99.7 93.8 | 

MS ManchMt«r Silt 95 8 91.4 1 

6C Goodrich Clay 96 9 98.2 | 

0S-r, 20-30 Ottawa Sand Vton-frozan Dry 

Fro«: I kHi O. «0.1 psi 

-0 
-L     .1        I 

10 20       30 
a. 

.L   .1 

0.12 

I 0.08- 

«0 0.04 

-i—r '   i   '  I,!, ■6C 

MS 
_        X 

Ic« 
-^•os 

Ot I I—I 1 1 1—U 

40        50       60 

-1—i—i—i  

gfe OS, 'IC 

_MS_ 
•"B?" 

J 1 I L 
-10 10 20 30 40 

T«mpiraturt,*F 

b. 

Figure 18.  The effect of temperature on tan 5, 

50        60 

Figure 18 shows the relationship of temperature to tan S.in both modes. Although the scatter 
of values prevents a proper evaluation of the relationship, it can be concluded that tan 5 for frozen 
soils is not significantly different from that of nonfrozen soils. A stress wave is attenuated in 
frozen soil to the same extent that it is in nonfrozen soil although the stiffness (modulus) is 100 
times that of the nonfrozen soil. This is contrary to the usual relationship where tan 5 decreases 
when modulus increases. Damping in frozen soil must be the result of a mechanism quite different 
from that in nonfrozen soil and, as the presence of ice in the voids rather than air and/or water is 
the principal physical difference, it may be assumed that the ice in frozen soil governs the damping 
property. 

Effect of fraqoeaey aid dynamic stress 

The frequency and dynamic stress are characteristics of the vibratory load rather than material 
properties or other outside influences.  As for static loads, the forces and rate of loading influence 
the response.  The test procedure limits the range of frequencies and stress levels. The maximum 
frequency is of the order of 10 kHz and the minimum about 100 Hz. The maximum drive force of 
the motors is 50 lb. which translates into a maximum peak stress of about 5 psi in most frozen 
soils. For the frozen soils, when the resonant column method is used, the frequency range for 
frozen soils ranges from 1000 Hz to 10 kHz and test values were determined for 1000, 5000 and 
10000 Hz. Nakano et al. (1971) and Nakano and Arnold (1972) provide values for complex shear 
modulus and shear velocity at frequencies of 1000 kHz for nearly identical soils tested at the same 
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Figure 19.  The effect of frequency on complex shear modulus 
and on shear velocity at a dynamic stress of 0.1 psi. 

temperature.  Figure 19a shows the effect of frequency from 1 kHz to 1000 kHz on the complex 
shear modulus of 20-30 Ottawa sand and Hanover-Manchester silt and Figure 19b shows the effect 
on the shear velocity.  Velocity itibreases with increasing frequency. The rate of increase is 
fairly constant from 5 kHz to 1000 kHz and relatively flat, so that an investigator considering only 
a portion of this range might fail to observe a significant variation.  Indeed, the test results from 
these tests show little to no discernible increase in shear velocity between 5 kHz and 10 kHz, al- 
though a greater increase is apparent at ^250F than at 0oF.  Only when the results of Nakano and 
Arnold (1972) at 1000 kHz are added is an appreciable increase in velocity noted.  Between 1 kHz 
and 5 kHz, these test results show some increase although still small; again the greater amount is 
noted at 25"F.  It must be concluded, therefore, that frequency has small effect on the response of 
frozen soil in the range 1 to 1000 kHz and at a dynamic stress of 0.1 psi. 
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Figure 20.  T/ie effect of frequency on shear velocity 
and tanS at a dynamic stress of 5 psi. 

Figure 20a shows shear velocity versus frequency for a dynamic stress of 5 psi.  The varia- 
tion with frequency is somewhat greater than at 0.1 psi as would be expected.  Figure 20b shows 
tan 6 versus frequency.  Damping is obviously much more sensitive to frequency than is the 
modulus or velocity, decreasing with increasing frequency at a steep rate. The trend indicates a 
viscous type of damping mechanistn; that is, a strong dependence on frequency or rate of strain in- 
dicates viscous response. 

Effect of dynamic stress and strain 

Figures 21 and 22 show the effect of increasing dynamic stress on the complex shear modulus 
and shear velocity, respectively, from 0.1 to 5.0 psi.  It is evident that the modulus is nonlinear 
with stress beyond some threshold stress. The threshold of stress and the rate of decrease of 
modulus with increasing stress vary depending upon frequency, temperature and other variables, 
but, in general, the threshold is close to 1.0 psi and the rate of decrease is small.  Thus it can be 
concluded that, for frozen soils, nonlinearity need not be a matter of concern for most situations 
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Figure 23.  The effect ot frequency and dynamic stress on tan 6 (toraional mode). 

involving stress waves of low amplitude and frequencies of the order of 1000 Hz or more. How* 
ever, many foundation problems are concerned with vibratory loads, imposing stresses of 5 psi or 
greater, and at frequencies of 100 Hz, or perhaps 5 Hz or even less.  It is indicated that tests 
should be conducted under the loads having such frequencies, to determine the extent and signifi- 
cance of the depressed modulus. 

Figure 2:3 shows the effect of dynamic stress and frequency of tanS (torsional mode). Tan 5 
increases with increasing stress at the higher frequency and with the rate increasing with lower 
frequency.  Again, however, the change is not great and there is some uncertainty, as tan 5 de- 
creases slightly with increasing stress at 0°F. As the measurement of tan 5 is less accurate than 
that of the modulus, it can only be concluded that the effect of stress on damping, at least from 
0.1 to 5.0 psi, is not great and is certainly not enough to be a significant factor in the nonlinearity 
of the modulus in its response to increasing stress. 

Poisson's ratio 

Table V lists the measured Poisson's ratios versus temperature, dynamic stress and frequency 
for various soils.  The values of Poisson's ratio cannot be considered as accurate as the directly 
measured parameters, because their accuracy is wholly dependent upon the accuracy of the modulus 
values, and small errors in either modulus results in a very sizeable error in Poisson's ratio. More- 
over, the application of Poisson's ratio to a viscoelastic material may be stretching the concept. 
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Table V.  Poisson's ratio tor several solle. 

Temperature 
Frequency, Hx +85^ +1S"F 0UF 

20-30 Ottawa sand 

ffd = 0.1 psi 
1000 0.25 0.34 0.28 
5000 0.88 0.38 0.86 

10000 0.33 0.33 0.88 

a. = 1.0 psi 
1000 0.25 0.34 0.28 
5000 0.28 0.37 0.85 

10000 0.32 0.36 0.35 

aA = 5.0 psi 
1000 0.28 0.30 0.87 
5000 0.29 0.38 0.25 

10000 0.87 0.34 0.84 

Manchester silt 

ffd = 0.1 psi 
1000 0.25 0.27 0.85 
5000 0.27 0.86 0.22 

10000 0.30 0.29 0.86 

aA = 1.0 psi 
1000 0.25 0.28 0.85 
5000 0.29 0.27 0.84 

10000 0.30 0.29 0.82 

ad = 5.0 psi 
1000 0.26 0.29 0.24 
5000 0.30 Q.31 0.23 

10000 0.30 0.29 0.81 

Goodrich clay 

a,, = 0.1 psi 
1000 0.72 0.35 0.51 
5000 0.54 0.38 0.36 

10000 0.52 0.40 0.32 

ad = 1.0 psi 
1000 0.59 0.37 0.47 
5000 0.52 0.40 0.34 

10000 0.47 0.41 0.38 

(7d = 5.0 psi 
1000 0.58 0.40 0.46 
5000 0.47 0.42 0.32 

10000 0.42 0.43 0.38 

.UglfiWWMft"1"^  
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However, the results as presented in the table 
show little to no variation with temperature, 
dynamic stress or frequency for 20-30 Ottawa 
sand and Manchester silt.  For Goodrich clay, 
Poisson's ratio decreases with decreasing tem- 
perature, increasing dynamic stress, and increas- 
ing frequency. As the values are mostly greater 
than 0.5, however, and only two specimens were 
tested, it is not certain that these trends are 
reliable. 

Relation of complex modnlns to 
compression strength 

Figure 24 relates the maximum unconfined 
compression strength (Sayles 1968, Sayles and 
Haines 1972) to the complex Young's modulus. 
A strong relationship is indicated and it is 
probable that the unconfined compression test 
would be an excellent index test for approximating 
the vibratory load modulus. Obviously, the effect 
of temperature, magnitude-of stress, rate of load 
application (frequency), and similar significant 

variables must be taken into account in establishing a useful relationship.  Figure 24 indicates a 
linear relationship, but it would be premature to make this assumption on the basis of the scant 
test data now available. 

E , Complex Young'» Modulu«, ptl 

Figure 24. Relationship of complex Young's 
modulus to maximum compression strength. 

CONCLUSIONS 

1. The viscoelastic properties relating stress, strain and time under vibrating loads may be 
determined by subjecting a cylinder of soil to steady-state vibration and measuring the amplitude 
ratio at a given ftequency. Using the mass density and the length of the cylinder, and applying 
linear viscoelastic theory and the applicable boundary conditions, the parameters describing the 
stiffness, damping property and stress wave propagating capability can be evaluated. 

2. The Young's modulus and shear modulus of saturated frozen soil decrease with increasing 
void ratio. A void ratio of infinity, for solid ice without soil, tends to have a lower modulus than 
any saturated frozen soil.  The maximum modulus for a given frozen soil depends upon its minimum 
void ratio and the soil type. The complex shear modulus varies from about 2.4 x 106 psi for a clean 
gravelly sand to 0.46 x 106 psi for ice at a temperature of +150F, a dynamic stress of 0.1 psi and 
a frequency of 5 kHz. The damping property, represented by tan 5, of saturated frozen soil does not 
vary significantly with void ratio.   For void ratios less than 1.0. tanS decreases with increasing 
modulus and vice versa. In general, the tanS of frozen soil is equal to or higher than that of ice. 

3. The degree of ice saturation has maximum effect on the modulus as maximum modulus 
occurs in soils with 100% saturation and minimum modulus occurs in soils with no ice in the voids 
or in nonfrozen dry soils.  However, the coarser-grained soil (e.g. 20-30 Ottawa sand) shows only 
a small decrease in modulus as saturation decreases ftom 100% to about 50% and an abrupt decrease 
from 50% to approaching 0%. Fine-grained plastic soils (e.g. Suffield clay) have an almost constant 
rate of decrease in modulus as saturation decreases from 100% to 0%. 
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4. The modulus of a soil in the frozen state is about two orders of magnitude greater than the 
modulus of the same soil in the nonfrozen state. It follows that the velocity of wave propagation 
in frozen soil is about one order of magnitude greater than that in nonfrozen soil. 

5. The damping coefficient, tan§, for frozen soil is approximately equal to or slightly higher 
than that for nonfrozen soil. 

6. The modulus of frozen soil decreases with increasing temperature. The rate of decrease 
varies with the soil type:  almost flat for 20-30 Ottawa sand to fairly steep for Goodrich clay. As 
temperature increases above about 250F, the decrease in modulus is rapid, but the actual amount 
has not been determined. 

7. Test results, to date, indicate that tanS is relatively independent of temperature. 

8. The modulus increases and tan 5 decreases with increasing frequency. The rate of increase 
(in modulus) is small in the frequency range 5-1000 kHz and greater in the range 1 to 5 kHz. A sub- 
stantial decrease in modulus may take place at frequencies less than 1 kHz. 

9. Within the limits of the test procedure (0.1-5.0 psi), the effect of stress level is small on 
the modulus and velocity and almost flat at temperatures less than about +150F with a frequency of 
5 kHz or greater.  For design purposes, it appears that the moduli of sand, gravel, well-compacted 
silt, etc. subjected to vibratory loads as limited above can be considered independent of stress 
and frequency. 

10. Poisson's ratio for noncohesive soils does not vary significantly with temperature, dynamic 
stress or frequency and averages 0.28. The cohesive soils, represented by Goodrich clay, have a 
Poisson's ratio approaching 0.5, which tends to decrease with increasing frequency and decreasing 
temperature. 

11. The unconfined compression test appears to be a good index test to estimate the stiffness 
of frozen soil. However, more test values are required to fully establish the correlation. 
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APPENDIX A.  COMPUTER PROGRAM FOR 
NONRESONANT CONDITION OF SPECIMEN* 

■ 

NomacUture of dyumic soils test of nonresonant specimen, main program 

Fortran symbol Maih symbol Units Definition 

A. XB. XC, DISC 

AA, CPXTERM. 
GAMMA, P. TANPL 

AB 

AFUNC A(^0. tan SQ/2) 

BFUNC B(tQ, tan S0/2) 

CP % 

CPXTERM 

DADTAN 
mt, tan 8/2) 

DADXI 

DBDTAN 

DBDXI 

DISC 

d tan 6/2 

dA(t, tan 8/2) 

dt 

dB(€, tan 8/2) 
a tan 8/2 

aB(^. tan8/B) 

Terms in quadratic equation for 
the solution of ^ 

Dummy variables used to com- 
pute strain 

in. Amplitude of peak-to-peak bot- 
tom vibration of specimen 

Value of/K^, tanS/2)at f = 
^0 and tan 6/2 = tan S0/2 

Value of B(^. tan 8/2) at ^ = 
^o and tan 8/2 = tan S0/2 

psi Static confining pressure 

See AA 

Value of the partial derivative 
of A(£, tan 8/2) with respect to 
tan 5/2 at f = ^0 and tan 8/2 = 
tan 80/2 

Value of the partial derivative 
of A(£, tan 8/2) with respect to 
f at ^ ^0 and tan 8/2 = tan 
S0/2 

Value of the partial derivative 
of B(f, tan 6/2) with respect to 
tan 8/2 at ^ = f0 and tan 8/2 = 

. tan 80/2 

Value of the partial derivative 
of B(f, tan 8/2) with respect to 
^ at ^ - ^0 and tan 8/2 = tan 
80/2 

See AA 

* The computer piograms are In Fortran II and ate compatible with the Honeywell DDP-24 computer 
used at USA CRUEL.  Input data are on punched paper tape in tabular form.  Results are line printer 
outputted, also in tabular form.  Input for each specimen consists of a specimen heading, and a num- 
ber of sets of data, each consisting of a set heading and a table.  Each set comprises the measure- 
ments made at a single static confining pressure and mode of vibration. 

ipnim w'1" 
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Fortran symbol Math symbol            Units 

EORG £*,G*                      ksi 

EPS 

FREQ 

GAMMA 

GLB 

GLT 

H 

I 

ISN 

J 

JUNK 

KKK 

MODE 

MTC 

ND 

NFREQS 

NNN 

NQUAD 

NRC 

NROWS 

NSETS 

ü. 

Definition 

Complex Young's modulus and 
complex shear modulus, respec- 
tively 

Dummy variable used to stop 
the iteration process when the 
solutions for f, tan S/2 are 
exact enough 

Hz Frequency 

See AA 

g Bottom peak acceleration 

g Top peak acceleration 

in. Length of specimen 

Dummy variable used to index 
the number of data sets 

Specimen number 

Dummy variable used to index 
the different frequencies 

Dummy variable used in the in- 
put data after the date 

Dummy variable used to index 
input data for a particular fre- 
quency 

1,2 1 for longitudinal mode, 2 for 
torsional mode 

Dummy variable used as an in- 
dex on the output punch tape 

Dummy variable used to correct 
the input phase angle 

Number of different frequencies 

Dummy variable used to correct 
<£ to its proper quadrant value 

Dummy variable used to deter- 
mine the proper correction 
formula for ^ 

Dummy variable equal to the 
quadrant value of 0 

Number of data rows in a fre- 
quency set 

Number of data sets in input 
data 
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Fortran symbol Math symbol Units 

P 

PI n 

PHI <b deg 

PSI -A 
Q Q 

QL «i 
QT 0. 
R 

RB.RT rh.r. in. 

41 

SOIL 

G2PHP 

STRAIN 

STRESS 

TANCORR 

TAND tan 5 

TAND2 tan 6/2 

TANPHI tan* 

TANPL 

TANNUM 

VEL ^s 

W w 

WD ^w 

XB 

vn 

XENON 

XI ^ 

in./in. 

psi 

ft/sec 

lb/ft" 

Definition 

See AA 

Phase angle betv/een cop and 
bottom waves 

^ tan 8/2 

Dummy variable equal to mass 
ratio 

Longitudinal mass ratio 

Torsional mass ratio 

Distance of top and bottom 
torsional accelerometers, re' 
spectively, from axis of speci- 
men 

Dummy variable equal to date 

Sec2 $ 

Dynamic strain, single ampli- 
tude average of all modes, 
computed at 1-in. radius in tor- 
sional case 

Dynamic stress • modulus x (d 

x 1000 

Correction factor for tan S/2 

tan 8 

tan S/2 

tanO 

See AA 

Dummy variable 

Phase velocity and shear veloc- 
ity of wave, respectively 

2n( 

Unit wet weight of specimen 

See AA 

See AA 

Dummy variable 
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Fortan symbol Math symbol             Units Definition 

XICORR Correction factor for ^ 

XINUM Dummy variable 

XPHI    \ 
■ 

- 

$                               rad Phase angle * expressed in 
radians 

xs Dummy variable equal io sin2 ^ 

XX 
■ 

i 

Dummy variable equal to tar 
<l)/tanf 

ZRB Dummy variable equal to RB 

ZRT Dummy variable equal to RT 

tepot for main program (nonresooant speciiw n) 

Specimen 
no. 

No. of 
data sets 

Date (Print 24 characters) 

QL QT 

1.5 
1.5 

1.625 - (for frozen specimens 
1.5    - (for unfrozen specime 

Confining 
pressure 

Height of 
specimen 

Wet 
density 

Mode (1-Long) 
(2-Tors) 

Number of 
frequencies 

Frequency Number of 
rows of data 

Nearest 
resonance 

OT GB phi (deg) 

QT GB phi 

ETC ETC etc 

Frequency Number of 
rows of data 

Nearest 
resonance 

GT GB phi 

GT GB phi 

ETC ETC etc 

REPEAT SEQUENCE AS REQUIRED 

^ 
..■~Jf&a*ii!!ätilr t'ldnlAla.^ _..•,.,. _      .        _         iVlil 
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c DYi.»MC <?C ILE T. MAIN ORCRRAM. KON -RESONANT CASE. H.J. PABNEY OOQI 
c 

CIVE^SIO »A(2),g(?).P(2).CAMM»(2l .T»NPU2>» SCIL(6>.XS(2l 
0002 
0003 

I.CO.MPLF* t; 
ASINHF(A)- 

l.xNUM(2I.PROD(?).CENCM(?).FRAC<2) 
?LCCF(A*SORTFtA.Atl.l) 

.C(2)>DI2I 0004 
0005 

CCSHf*)".5 
S1MH1A►«.S 

MFXPF(Al*EKPF(-*l 1 
•(EVPF(A)-EXPF(-A)) 

0006 
0007 

TANF(A)"SINF(A)/COSF(AI 

TANH(AI«SI1H(AI/C0SH(A) 
oooe 
0009 

ATAMHF(A)»0.5.FLCGF((l.*»l/(l. 
ASINF(Al«»lA^F(SPRT(»«»/(l.-A« 

-A) ) 
A))l 

0010 
oou 

c 
Pi«3.i4ie? 365 0012 

0013 
READ PAPFR 
PUNCH TAPE 

TAPE 1.ISN.SSET« 
90.1SN.KSETS 

0014 
0C15 

READ PAPFP 
READ PAPER 

TAPE 2.(S0lL(n.l"l 
TAPE 3.I5L.OT 

.61. JUMK OOlfr 
0017 

READ PAPPR 
DO 400 1"! 

TAPE 3.RT.RB 
.NSETS 

ooie 
0C19 

MTC'O 
READ PAPE.B TAPE 4,CP.M,UD 

0020 
0021 

READ PAPFB 
PUNCH TAFf 

TAPE l.fODE.lJFREOS 
91.CP.H0nE.NFRFCS 

0022 
0023 

»no 
GO TO (ICC.lOll.KODE 
PRIM ?O.ISN.(SOIULI.L-1.6) 

0024 
0025 

PRINT 53.fF.H.Wt 
PRINT 54 

0026 
0027 

PRINT 55 
H'Ql 

0028 
0029 

ZRB-l. 
ZRT.l. 

0030 
0031 

ini 
co in ic? 
PRINT 51.1 N.(S01L(Ll.l,«I.61 

603S 
0033 

PRINT   54 
PRINT 57 
0»dT 
7RB>R5'— 

0034 
0035 
0036 
0037 
öfl3A 

ZRT.RT 0039 
c 
c REAtING IN THF DATA 

0040 
0041 

c 
112 DO 300 J-l.NFREQS 

0042 
0043 

READ PAPER TAFE C.FREO.NRfUS.NRC 
MTC«1TC*I 

0044 
0045 

BUNCH TAFE 92.fTC.NR0Ut; 
DC 200 KKKM.NRCUS 

0046 
0047 

READ PAPER TAfT 5.GLT.CLB.PHI 
GLT-GUT/2RT 

0048 
0049 

GLe«GLP/JDF 
AB«l«.55C,l,>5j6«C-LE/FRFe/FhFC 

0050 
0051 

c 
R«GUT/GLB 0052 

0053 
c 
c 

COKFUTIN; APPROXIMATE VALUES OF XI AND TAND2 00S4 
0055 

XPHI-PHI«PI/IPC. 
GO TC (6CC.600.601.601,6C2.6021.NRC 

0056 
0057 

6(10 

6ni 

ND«C 
GO TC 790 
ND«1 
GO TO- 790 

OCV 
0059 
0060 
0061 

602 
70C 

ND«? 
PHI^HI + CjeO.'NDI 

0062 
0063 

PH|.PHI«FI/16C. 
S2PHI»( l./COSF(PHII»••2. 

0064 
0065 

A»-l.»<R..2.US2PHI 
Xe«S2PHI«(R>«2.-l.l 

0066 
0067 

XC«(TANF(PHI 1l«<2. 
DISC»XF..2.-4..A«XC 

0068 
0069 

717 
IT (ri«Cl 7i,'.718.71« 
PMI«PMI«ieC./Pl»360.»(l*(PMI/2./P|)l 

0070 
0071 

PRIN1 ■55.NBC.CL6.PREÖ.PHt.f.«E 
STRFSS'ICC. 

0072 
0073 

ecRfti.i 
TAND'l. 

0074 
0075 

PUKCH TAFf 93.SmeS.FöB6.lANB.ri»?4 Ö676 
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Cr   K   ?0t CC77 
■71B"    cisc»so,!tc(nisci                                                     '           "    ~"                     " 007« 

xsn i.(->G«nii;ci/(?.«>) oc7c 
XS(>1«I-XF-DISCI/»?.«*)      ' ÜC8C 
CC^ 7^1   K'!^_2 3Cei 
IF fXStKJj 7?I,791.792  0C82 

/o2      IF  (xs(K)-I.)  7^3.793.71;! oce? 
701'"     CCKtlNUF CC84 

_GC   TC   7_17 ocas 
703   XI.ASiNFtsORTF(\S(K))) OCPt 

N C U fl^J^HllgV/Fj^JU 0CB7 
NNN.KRC-l 0068 

_  NCUAr.'?-NauAD*NquAn/2«7 oce«; 
GO TO « 7;i.7jr,).NClL»D ~ "   '    ~ "       '"'   "  "      '    0C90 

7?1   X1.FI«NNN*»1 0091 
GO TC 77^ 0C9? 

7 72        XI« F1«(NWN*1)- XJ 0C93 
7?'3   'XXVTtNF(PHi I/T*NF(X1 I CC9i 

IF (XX-1.) 77-',-'74.12* aC95 
7?i"  GC TC 7 17 :096 
7?7   P£I««T«NHC(XX) 0097 
776   TAM)2«?Sr/»I 0098 

PI-l»FHI«l*r ./F| 0C99 
TANFHl«t«NF(XPMI) 0100 

C 0101 
C     COMFUTINC t■H^C^    VALUF5 CF XI ANR TANnZ RY NF «TCN-R »PHSCN ffTHCtl TTS?' 
C 3103 

ePE«c.röcci    ' ;ioa 
1 '    *!^NC '°"<H(XI«TAM]7)«l'-INF(Xl)*i:C?F(Xll«Q«Xl«(l.-TANP»<|.TAND2)l« 010? 

lCCS>frxi.1»Nri2)«(SINr(X|).0.XI.(TANn2*TANPHI)-COSF(XI).TANPHl) ilOt 
9FUNr.5l«IH( 2.«XI.TAKn2)«:.«G«Xl«TANr2*r0SH(r.«XI«TAND2l« 0107 

 l(H««Z.»VI..r..(I. + T*NB2W.?.Hl.)-«INFI3..yil.5..a.V|*CCgF VTVF' 
l(7..Xl).(!.-9*«S.«XI«.2.«(l.*TANn2««2.)l-2./«««2. 310O 
DA!;V"l«SlKfllX|.TANC?>*(s!MF(XI).*.xr. (TANr5.«?.*T..TAr<BJ. 31X0"" 
lTAM<-t-I-l.)*COSF(XI ).(IJ-0«T»Nr:«TANPM-TANn2«TAi*PHI*l . • •♦ Olli 
lCCSM(xT^lANn^l.(el^r(xIl•MA^D3♦TtMPHI♦o.tA^l^2♦c.T»^lP^^^l♦ iTT?- 

1CCSF(XI l«Q.XI.(2.«T»ND2*l»NPHI-T»Nr2..?..TAKPHl)) 0!13 
PArTM»«Hwm»TAME?i.mNnvii.e.>ii..?..tT«^c;*TtK.pmi-     -. OTTT' 

lCC£F{XIl.Xl.TANFHI.(l,*C)»»C0SH(XI.T»Nn2l.(SINF(XII«XI.(l.*Q) 011^ 
1*C0SF (»l)«n«XI.«2.«(l.-,ttKFHl«T ANR?) ) 0116 
CPnxr»«;iN4(2.«xi.TANr2)«:.»TAKt;r«(c*«2.«xi..2.*c««2.«xi.«2.«TANt cii7 

 l^.«;.*o♦l.>♦cosHl2.^xl.•rA^^^l«^.«l:^xl«(n♦t^«TA^lc2««?.«^.«TAwD2«« 011* 
12.)'»SINF(3..XI )«2..(a..2.«X I«.2.«»;««7..xl..?..TANC?««2.-C-l. )*CC 0119 
 iSF(;..xn«2.«r.»xi«(-Q-f;«TAKr?««?.-2.i 0120 

DP[:T«r,»5IKt-(2.«X I«TAND',)«7.«XI.(0..2..X1..2.*C.«2.*T»Nt2««^,  ' "   "  C121 
1«X|.«2.  012? 
l*C«l.l»COSH(2.«XI.TANr7t«?.«0.xr««7,«(C«TANr2*2..TANr2l-OCSF 0123 
l(2.«Xl)«2.«0««;.«Xl.«2.«T«Nr7 012^ 

XEN01«D«nx ! •D9DT*N-n»rTAN.DFnxi 
XINUH»PFL'.C.rADTAN-AFU^C«rFCTAN 

012b 
0126 

TANNU^»»FUNC.DRDXI-eFUNr«r»nxi 
XICCR'XINUM/XENCM 

0127 
,      0128 

TANCCRH•U^NUH/XENCM 
IF    (AbSF(vicCFR/Xl)-FPSI    l«.l«.?C 

0129 
0130 

11 
2n 

IF   (ABSF(T«NCORK/TAsn2l-fP5)    16.16.20 
xi»xi*xirrRR 

0131 
C132 

TANr2»TANn2*TANCCKR 
GO   TC    11 

0133 
0134 

c 
CCNTIM.F 013? 

0136 
c 
r 

CCfFLT^G   FHASF    VELOCITY,   TANGFM   fELTA.    ANt   ►'OCULU? 0137 
0138 

VEL-.'SS^efi^FBEt-iM/xL STIQ- 

TAND«TANF(7.«ATANF(TAN02I I  0140 
teRft«2.1*93*E-7«Wfi«Vtt*«i,/(l.*TANtZ»«Z.» ' C141 

0142 
COMFUTfNr-   STRAIN   ÄTfD   STRt<sS " 0143 
U»2.«PI«FRF0 0144 
PSI.Xl.TAKfl 014^ 
AA(1>«1. OM" 
AATfTVf.C                                                                                                              ' Tnr 
Pll1«U/(VFL«12.1  J1A8 
eTfl^T.^TiRDTTimMTT) 0149" 
5A«MA(I)«9«XI  01?0 
CAHHii;W-l.*Q*PM TTTT 
TANPUI 1 l"«INF(2..XI I/(C0SF(2..X1MC0SHI2.«P= I ) 1  0157 

..^i-t    i 
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T/>NFU?>»-1.«SINM(2.«PSI l/<C0SF(2.«X| )*CCSH(?..PSI)) 015? 
CALL   ChP»»    (TANFL.G«MMA.XKUM) 0154 
CALL   CMPII1   (6AhMA»TANFL.FRODI 0155 
CALL CMP»S (AA.FBOE.DEMOM) oi'it 
CALL   CHPKD   IXMüH.DENOM.FFAC) Uli 
CALL   CMPXH   (P.FRAC#COKPLEX> 015P' 
CPXTERM-SHRTFICOMPLEM 1 I « «« .♦COMPLF X ( 2 I »«g. ) 0159 
STRAIN«AF/2..CFXTePM 0160 
STWFSS'EOSG*STRA1N«1000. Qlfel 
PRIMI   58.MRC.GLB.FREQ.PHI.fi.AE.VEL.TANH.STRESS.STRAIN.ECRC 0162 
PUNCH TAPF 93.STRESS.ecRG.TAKr.FRfo  oi63 

jno 
3no 

CCNTINUF 
CCNTINL/E 

0164 
0165 

4nr 

c 
CCNTINUF 0166 

0167 
C 
1 

FORMAT STATEMENTS 
FCRMAT (2151 

0168 
0169 

2 FCRMAT (fA^.IlCl 
FCRMAT (2F10.OI 

0170 
0171 

4 
5 

PCRMAt (3F1Ö.P) 
FCRMAT (3F10.C) 

017? 
01/3 

t 
5n 

FCRMAT (Fg.0.21=) 
FCRM»T ( 1H115HSAMPLE NUMFER I5.3X6A4.10X17HL0NGITuniNAL MODE14X 

0174 
0175 

51 
U7t-NCN-REF0NANT CASEI 
FCRMAT ( IhllShSAMPLE NU^EER l5.3xeA4.IOX14HTCRSICNAL MonEl7X 

0176 
0177 

117MNCK-Rf!*0NAMT   CASfel iHTe" 
5T FCRN«T    ( lHC2CHCCNFINlNr.   FBESSuRF   «F6.1.5>-      PSI/1H   12»8KhElSPT   «F6.  0179 

rr.7H IKCHEE/IH 7vi3HurT OFMSITV .F5.I.5H   PCFTT öTeF 
54 FCRMAT    (IM   11HNFC FK-G5 > 19HFRE0 PHASE AMP6»4C^BnT   AMP P 0181 

1HASF   VFL TÄl. TUT STRrSS6xeHSTRAIN5x7HMCDULLiSI 0182 
55 FCRM«T    (IM   tXft-nNGLE5»2HH74X5HANGLE3XiefRATIC PK-PK    INS6X3hF 0183 

57 
rpSTra^nwwHPsiemtTmanHKSi/i 
FCRM«T (IH 6XPHSINGLF5X2MM712X|;HRAT|0    PK-PK R»D6X3HFPS7X5HCELT 0185 

S^ 
lA^xnUB-l. PSI   R«l. IN/IN5X3HKSI/I 
FCRM«T <1H I3.F<;.3.FS.-'.F8.1,F8.2.F13.8.F10.r.FM.3.F11.4,F14.8, 

0186 
0187 

59 
1F5.?) 
FORMAT (IH I3.F<;.3.F8.0.Ffl.l.Fe.2,F13.B.5Xl"HHAS NC REAL VALUEI 

Öi8« 
0189 

FCBH'T (H.1H .171 
FCRMAT(F5.1.1H.I3,IH    .13) 

0190 
0191 

9? FCRMAT(I2,    IH   .121 ^~ ^ oi92 

9 3 FCRMAT(F7.4.1h.F7.2.lH     .Fg.l.l^      .F7.0   ) 0193 
EKC 0194 

SliRgQuTlKES  RF^UlRpr  
Fj«V ELOGF -JORTF FIFM F$FA EXPF 
S1NF rOSF ^IFF FiFS ATAKF SORT  
FIT1 f$RT rJTO F«FL FIPT FSSE 

_    FST3 FJLJL FIC1 FIX2 FSC4 FSX3  
AFiSF CMFXA "    CMFXM C^PXS CMPXD FII 

 FfRS FJA rtF FIHD El* FSCR  

__ ___ __ 
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47 

6- 10 

13- 22 

23- 38 

41- 45 

46- 47 

48 

49 

53- 56 

5&. 88 

APPENDIX B.  COMPUTER PROGRAM FOR RESONANT CONDITION OF SPECIMEN 

Explanation of program 

Line Explanation 

Establish function identities 

Read in soil parameters 

Print parameters and set up acceleration conversion values to adjust to radius 

Read in data 

Convert accelerations so that (torsional case) they correspond to readings at 
1 in. from specimen axis 

Convert bottom acceleration to peak-to-peak amplitude in inches 

Compute ratio GT/GB 

Compute approximate values of <f and tan S/2 (see eq 9 and 10) 

Solve by Newton-Raphson method, eq 3 and 12 

a. 59-61. Take partial derivatives of the exact solutions necessary to find £ 
and tan 8/2 
b. 78-82. Combine partial derivatives into the Newton-Raphson format, 
arriving at new change (i.e. DELX, DELY) for the given iteration 
c. 83-84. Check to see if solution has converged within the preset limits 
d. 85-86. Complete individual iteration if convergence has not been met 

92 Calculate velocity, from value of FREQ and H.  The first number converts 
units. 

93 Calculate tan 5 from tan 8/2 = «/»/^ 

94 Calculate E* or G*, eq 15 or 16 

97-106 Commence solving equation for t, eq 19, by dividing up various sections into 
real (subscript 1) and imaginary (subscript 2) parts 

107-112 Perform operations on the various sections of the strain equation and combine 
into one complex term (CPXTERM) 

113 Calculate strain 

114 Calculate stress from strain and modulus 

116-118 Iterate sign of Rmax values (change quadrants of wave) and print values 
calculated 

123-148 Format statements 

«——war Ktww i >r m rmtMm naiaaam 

PRSCaDINO PAOfi BLANK-NOT FILMED 
»- 

•■-■ 
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Newton-Raphson tfaeorem 

F(x, y) = 0 where x = f 

G(x, y) = 0 y = tan 5/2 

'<V.)-£<Vn)f'Vn)-£'V.)£(V.> 

HX 

^n+1_ ^n _ 

^V„)^(X„yn)-G(Vn)^(Vn)' 

—\— 
HD 

DELX 

tan 5/2n+1 = tan 8/2ü + 

 HY  

HD 

DELY 

Input for main program (resonant condition of specimen) 

Specimen 
no. 

Date (Print 24 

QL 

1.5 
1.5 

Confining 
pressure 

Mode 1-Long 
2-Tors 

No. of 
resonance 

GT 

GT 

ETC 

No. of 
resonance 

No. of 
data sets 

characters) 

QT 

1.625 - (for frozen specimens) 
1.5     - (for unfrozen specimens) 

Height of 
specimen 

No. of 
resonance in mode 

No. of data groups 
in resonance 

GB 

GB 

ETC 

No. ^f data groups 
in resonance 

Wet 
density 

Frequency 

Frequency 

etc 

°tti■ i't-^rtMit^ ■'vylvr-   *■'    iirirrti aaairi ^■**i^¥.~r.iLi.iä,-':jie,w -'mj-it,i,t.t..-,i/..m 'mAi W.  «-'•'-      .- ■;;..*v.-.i..J. V     ^i 
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GT GB Frequency 

GT GB Frequency 

ETC ETC etc 

Confining Height Wet 
pressure of specimen density 

Mode 1-Long No. of resonance 
2-Tors in mode 

No. of No. of data groups 
resonance in resonance 

GT GB Frequency 

GT GB Frequency 

ETC ETC etc 

49 

REPEAT SEQUENCE AS REQUIRED 

C CYMt-IC   «rlLS   UST.   "»^   PSCGF;«M.   RESONANT 
c   

DlirKSIC*   MI?I.B|2).Cr;).Cl2)«PI2l*SAHMA(2 
 ip>cr(Zi.rFNOh(i).rp«c( zi.rcmPLf xm^soiue) 

A"SIKMF(*l»ELCr-F(A»SCRTP(«»»*l.) 1 
 CCSHlA>'.'!'(E<PF(A)*F»PF(-«l)  

;CPL 

l2).TANPL(2I.XNUf(2), 

6J  

ecu? 
GC0.1 
OCOt 
3CCC 

OCOf 
QC07 

SINH(*)-.««(El(FF(A)-F)ioFt-AII 
TANF(Al«SINF(*)/COSM A I 

OCO? 
?C09 

TA\HIA»»5INH(A)/C0SH(«) 
P|«3.1«1'9265 

OCU' 
3C1I 

c 
«EAt   PAPER   TA^t    I.ISN.NSETS 

:ci? 
0C1.-! 

PLKC»-   TAPE   90.ISK.NSETS 
REAC   PAPFf   TAFE   2.(SOIU(It.I«1.6l .JUNK 

0C14 
OCl^ 

RE*t   PAPEP   TAPE   3.CL.0T 
RFAC   PAPEP   TAPE   3,RT.R6 

ocw 
JC17 

DO   Id   l>!.NSri£ 
"EAi;   PAPER   TAFE   4.CP.t-.n[ 

OClf 
0019 

RFAt   »»APF»   TAPE    i.^6*)E.Nfte{ 
PUNCI-   TAPE   5l.CP.MCDF.hRE« 

0C20 
0021 

mo 
CC   TC   (ICC.1011.CODE 
PPINt   50.fSN.(SCIL(Ll.i.-l.ei 

CC22 
0C?,7 

PRINT   «3.CP.H.ur 
PRINT   !4 

0C24 
JC^"- 

PftlNl   «5 
O'CL 

OC2t 
0C^7 

?RR>1. 
riT.i. 

CC2? 
■iC2c 

mi 
GO   Tf   102 
PRINT   51.I$N.(SOILILI.L"I.C) 

OCJC 
CiC-ll 

PRINT   «4 
DC32 
DC3.t 

PRNT  *1 
0«CT OCJs 

ZRT.RT ÖC37 
c ocse 

^k^MKiiäiisijbtWw . .   , ,.,    ■ 
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RFtriNG   I»    Tt-r   TATA 

C 
0C   ?00   J»I.Nfie5 
RfAt   FffP   TO^E   I.KRM.HRCUS 

INM{)rl«T*UD?l«(SrNr()U ) ♦Q. X I .CCSF ( X I ) I »COSh ( X 1 • UNC«? I • 
>T»ND?«S|NF(KI)-l./RhA* iü.XIi —rnrn 

JCCSF(_ 
Frxrj»Cft?Hnn.TAKD2)«((«.♦ai«T*ND2«£|NF(XI)«2,.C«X|.TAND2« 

1CCSF( 

•C0SM(Xr«T*KD2l«(-(i,«q)«SINF(Xl)-!J«Xt«(l.-T«Nn2««?.)« 
XIII 

F|)CS 
ISIKF( 

_r?'xiT 
•♦FSXl 

F i y»f 
JCCSHf 

XIII 
|NMIxNnNS3>*HI.*qi<TAM)?.^*P<t(|l-2.>ä<>yNT«rt^* 
XI IUF1XT2 
IKH|yl«T*ND2)*((l.*^t«C0JF(XI 1-0«X| •(1.-TANri2..;.I•SINF(X I I I 
2 
IKHlXl 
XI«!«» 

FJV-C 

JJ'Mi 
MD-FJ 
WX.FI 
MY«F2 

_DrLX 
LFLV" 
IF    I« 

• TAND2l«(ll.*qi«XI.CCSF(XII-0.X|..2.il|NF(XI I )* 
D2l«C*Xt*XI*TAN02*CC£FIXII 

aeuixUTAKS3>*Ml.«9>^IoSIKir(y|l*o.x|..i..Cü$F(xlih 
XI«T«WD2I.Q.XI«X|.TAND2«SINF(X1)  

F1Y«F2X 
2»F1Y 

X«F2v- 
.F12»-F 
.Frii.Fl«F2X 

BSFint 
ll 
2n 

IF    (A 
X|«XI 

B£F(nE 
♦ CF1.X 

LX/XII-FPSI    11.15.20 
LV/TAKD2l-ePSI    16.16.20 

TANt2 
CC TC 

■TAN02*DELY 
»r 

GAHMA( I IT.XI 
üA MHA(2I..|..H.FSI 
TANFLI I l«'INF(2..XI l/.('-C£F(2..XI I »COSH t 2. .PS I 1 I 
TA N Fr(Tl..|..FIM-i (2..PS I >/(C0eF(2.«X| I ♦C0SH(?..PS I I I 
CALL CRM (TAKcL.i;AMI(».»NLf) 
CALL CHPif (CAHh4.TA^Pi..rftöBI 
CALL CMF»! (AA.FROt.DFNOMI 
"CALL t^«' (»K'Üh.DF^öH.FRAf) 
CALL CNP'I (F.F»rAC.CO''ci.f»( 
CPxTEfiH«4oi:TP(CCHPLeV(ll«.J.*tCMPLESt(5l««2.) 
STR*lN««c/2,.rFXTERM 

^iiiViliiMltfi^'Ttf. ;ii,iA!_*!*ui_i.,.«jf'*i.iw,i „aiiJAltiiriUj 

acjs 
00^0 
:c4i 
DC42 
0CJ3 

DO   'CC   K>J.NR0U£ 
RFAt   PAPfo   TAPE   S.GLT.CLCFREQ 

CC4d 

GLT.CLT/IPT 
CL9"GLB/ZRe 

ÜClf 
0C47 

AB-I«.;f!C<}35e.CLF/FRE6/FKFq 
RfAX-GLT/CLH 

OCAfi 
0C49 

c 
c COMFUTING   APPROXIMATE   VALUES   CF   XI   ASH   TAND2 

CCbO 
0C5I 

c 
XKRN'NRN 

003? 
0C53 

XI«F|.l2..XNRN-l.l/2. 
PSI»ELCGF((1.»S0RTFH.*^NA>««2.I»/RNAXI 

0Cb< 
iCt«' 

c 
TANr2«FSI/XI CC5^ 

CC37 
C CCTLTUG   EXACT   VALUES   CF    XI    A^r   TAK02   BY   NE 

EPS-0.C0CI 
JTCN -RAPHSON ^cTHOn OCbC 

OCS« 

2? 
-0   TC   (II.22.11.22.11.22.11.22).NRN OCPO 

CCct 
1» Fl«CCSH(»|*TANDil«(CO«MXI»-g.XI.S|KF(XII)*C 

lCC£F(XII<<INhlXI.TAND2l 
•XI. TAND2« OCf-? 

JCft3 
CC*« 

ÜCfi7 
OCi* 
JC60 

TUT 
0C71 
CC7? 
0073 
CC74 
:C75 

:C77 
0C7»> 
JC7Q 
CC^O 

3082 
:ce3 
CCSA 

ocaf 
0087 

l* 
c 

CCNTINLE ocef 
00«° 

e 
c 

CCfFLTINf   FHASE   VELOCITY.   TANGENT   DELTA.   ANC   MODULUS 0C9U 
0091 

VEL«.5?3«9«««FREC.H/X| 
TANCSTANF(2.*ATASF(TAND2I1 

0C92 
0C93 

ECRG«2.i:<)34E-7.ViB»VEL..:,/(l.*TANP2..2.l ac9A 
009'? 

C CCKFUIINC   STRAIN   AM)   STRESS 
U«2.*PI*FPEO 

0C9f 
0C97 

PS|.X|.UKt2 
AA(1lal. 

ÜC9(> 
0099 

AA(;I«O.C 
P(1I»U/(VFL«12.I 

:ioo 
JIOI 
OIC? 
0103 
CIOA 
01O" 
;iof 
0107 
Tu 
ji09 
511C 
Gil I 
in? 
0113 

. 
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' ; 

33 

310 

CC   TC 

■»KIM 
PUKCI- 

(33,< 4. "'S,44,33..14.^3,44).M*K 

T»FF 
N. GLE.rSEO.-'KAX.AB,VFL.TAND. STRESS, STRAIN.ECK C 
83,ST«eSS.FfBG.TANr,FPEC  

CCKTI 
CCNTI M.F 

C i 1 * 
£111 
CI17 
cup 
ilio 
:I?ü 

COKTI 

FCRHA 
FCKMA 

MC) 
O.C) 
O.P) 
C. C | ■ 

ö 1 ? I 
012? 
:i23 
C114 
D12S 

:■ 

Tnr 

FCKMA 
FCRHA 

T (3*1 
T (3F1 

FCKNA 
ll3>.Kt 

T n»-i 
SCMf 1 

rrRMA 
113KRE 
TTTfM 
12.7N ' 

1 (lt-1 
SCKAM 

15HSAKPLE Nu»18FK   I ;,3X6A4. 1 0« 17KLONG I TUB I N AL MjDEIfX 
CA5EI  

1   (INC 

JSHSAKPLE   NUHEEP       I 5.3X6A4.10»14^T0RSICKAL   ^CDEilX 
CAStl 

^CHCCMFINIHC   FRESSURF   «Fe.l.BH     FSI/1H   12«BHHEItahT   «Ffc, 
/1H   7X13HUET   CFKSITY   «F5.1.5H     PCF/)  

0127 
Cil2e 
D12<; 
013U 
0131 
0132 wr C1J3 
013/ 

?4 FCKKA 
IHASF 

1    (1H 
VFL 

IIHRTS PK-CMiTsHFPEC APP6X4Ct-nOT   Af-P 
TAKJCM cTliF;S6xeHSTRA|N5x7HMCnULUSI 

5^ FCRfA 
lAf X3»- 

"UT rrnfMi 

T   (IH 
psiexs 
rrnr 
HR<I. 

6Xr1t-SINGLESX2l(M712X13HRAT10 PK-PK    INS6»3WFPS7X5HrELT 
H|K/IKeX3HKC|/) 
6V('l-«INeLE!VJtJHM3x|.«H*Atiä 
PSI        R"l.   IH/tK5X3HKSI/i 

PK-PK   R»n»X3HFPS7X5hreLT 

013^ 
C13* 
0137 
313»« 

K 

1A4X71)- _„^ „ __   .^_ 
FCRfAT   IIH   I3,F?.3,Fd.n.Flf.2,F13.8.F10.0.Fll.3,F11.4,F14.a.FS 

1.21 

lOXlh. 
Y« TCTFT 
9' FC«HA 
5? FCBM'A 
«3 FCRMA 

tut 
«UBROuTIKES 

I 
I3.F?.3,F«.(i.rie.2,F13.6.5XI5t-RMAX LESS THAN F6.2,3 

T ( t4. 
T^FSj, 
t (IS. 
T (F7. 

IM .131  
l.IM    ,13.IV 
IN im 

,131 

4,IH .F7.2.IH   F^.J.lH  .F7.0) 

SISF 

RECLl 
 r 

RET rrer «OfiTF 
FIFO 

FtFM 
FIFO 

013? 
0140 
0141 
014? 
0143 
0144 
014«- 
314fr 
C 1 47 
Cil4^ 
<14C 

COSF 
FIFA 
F$TI 

EXPF 
F!KT 

'»to 
FJC1 

FIEL 
F»FS 

F»FT FISB 
FSX3 

FIT3 
AESF 

FtUL 
ATAK*F 

CM»XA CHfxc 
FSF 

i^PFxS 
F$i-r 

CMPX0 
FJX 

FJI 
FSCfi 

FJRS 

BijjSjJMäfc^       ,   ; - ^,-..  1, '^tiAi ilflMHi'-'irffM^^i^k'ltn-^V t,'T'-|i!itfflli''i^äAil .fllrafn    .   ■■    .        :- BüfaiirA^llWhiftit'ti^ 
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APPENDIX C.  PREPARATION OF FROZEN SOILS 

by 

Alan R. Greatorex 

Introduction 

This Appendix describes the procedures used in the preparation of specimens 3 in. in diameter 
and having a length-to-diameter ratio equal to or greater than 6, as required for a test to measure 
the response of frozen soils to vibratory loads using a resonant column technique. The preparation 
procedure depends upon the desired density and water content as well as the type of soil to be 
tested. 

Material 

The mold consists of a split Synthaiie* tube and two aluminum end plugs (Fig. Cl). The base 
plug serves as a compaction base and also has fittings for the attachment of a hose to supply 
water.  There are two top plugs:  one provides the necessary fittings for attaching a hose to supply 
a vacuum, or water; and the other provides for the rapid transfer of heat through fins into circulated 
cold air. The second plug is used for quick-freezing partially saturated samples. 

A modified Proctor hammer is used to compact fine-grained soils.  The hammer has a 3-in.-diam 
face on the hammer head.  The number of blows per layer is varied to produce a uniform dry unit 
weight of the specimen from top to bottom; for example:  to achieve a dry unit weight of V)2 lb/ft3 

Figure Cl.  Specimen mold showing two types ol top end plugs. 

* Trade name. ~ 

ffSCSDINOPAOB BUNK-NOT FILMED      M 

R^*^.i^i«l^ ;  l^..l^_ ,         ^    _ 
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Figure C2.   Saturation apparatus. 

with a nonplastic silt at 25% ice saturation, soil containing the proper volume of water is compacted 
with 15 blows/layer for the first 4 layers, 20 blows/layer for the following 3 layers, 25 blows/layer 
for the following 3 layers, and 30 blows/layer for the remaining 5 layers. 

Saturated silt specimens are compacted in 10 layers, 2 at 35 blows/layer, 6 at 40 blows/layer, 
and 2 at 45 blows/layer.  The silt is compacted at an "optimum" water content.  The samples are 
then saturated using a constant head water supply 6 ft above the sample base, and a constant 
vacuum to support a column of mercury 22 in. above its reservoir, applied at the top. Coarser- 
grained, uniformly-graded soils (e.g. 20-30 Ottawa sand) are compacted using a fixed-frequency, 
variable-amplitude vibrator.  Some judicious tapping of the filled mold during the evacuation and 
saturation process with the top plug in place aids in obtaining a uniform density.   The vacuum 
pump and deaired water supply apparatus are illustrated in Figure C2. 

After the specimens are compacted (and saturated, if necessary), they are placed in freezing 
devices.  The type of device used depends on the degree of saturation.  To maintain a uniform 
distribution of ice, partially saturated specimens are quick-frozen from one end, with a closed 
system (i.e.. water unavailable at base of specimens), in about 16 hours in the rotating device 
shown in Figure C3. This device is kept in a -30°F ambient temperature and has forced circulation 
across the finned plug that extends beyond the insulation.  Saturated specimens are frozen in a cold 
box with an open system (i.e., water available at base of specimens).  Insulation is placed around 
the sides of the specimens and a cold cell, supplied with -730F brine, is set on the base plug of 
the inverted mold (Fig. C4).  The temperature at the bottom end of the specimen is monitored by a 
thermocouple to ensure that the sample is completely frozen. 

Completed samples are tempered to the desired temperature in the test coldroom for at least 
24 hours. The actual temperature of each specimen at the time of test is measured by a thermo- 
couple embedded about 14 in. in the center of the bottom of the specimen. 
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Figure C3.  Device for insulating und rotating partially saturated 
specimens during Ireezing. 

t 
Figure C4.  Cold box and cold cell lor freezing saturated specimens. 

% 

...-_   .. .:.*J&M~i     m^s^.-.-.*. ^....*XJ..   ui^^l^J 
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APPENDIX D. MEASUREMENT OF DENSITY AND DEGREE OF ICE SATURATION 
(Isooctane Displacement Method) 

by 

Jonathan E. Ingersoll 

Procedure for determining volume of Ice saturated soil sample 

20" ± 

n 
-Cat, 

Discard 1. Trim top and bottom ('/z in.) approx. 

2. Use wire brush to remove sublimated loose soil (if present) on 
remaining sample. 

^. Cut remaining sample into 3-4 segments and label top to bottom. 

4. Use wire brush on segment ends to remove any loose particles. 

0. Weigh each segment in air and record, t 0.1 g. 

6. Record tare of "basket" immersed. 

7. Weigh segments immersed, in basket, in isooctane and record.* 

8. Place segments in oven for moisture determination. 

* If the sample is not ice saturated, the segments must be coated 
using a fine spray of ice water, coating surface several times.  The 
weight after spraying is recorded.  The difference in weight in grams 
x 1.10 = the volume of ice added, which is deducted from the total 
volume. 

Discord 

Example.  CaJculation of a saturated segment. Segment no. II, SN 1040, Manchester silt, 
6 June 1970, Gg = 2.73 

Weight in air = 798.0 g 

Soil and tare immersed   = 810.7 

Basket, tare = 349.0 

Weight of soil immersed - 810.7 - 349.0 - 461.7 g 

Fluid displacement 798.0 - 461.7 - 336.3 g 

G(Isooctane § +25° F) 

Volume of sample* 

798.0 

^ 473/7 

wt in air - dry wt 

0.710 

336.3 
473.7 cm3 

,.(: 
dry wt 

Weight of dry soil 

553.3 
YA    4737 

0.710 

: 1.685 g/cm3 

x lOo) = 44.2 

553.3 g (this should be used for yd calculation) 

: 1.168 g/cm3. 

* Volume of "ice spray" would be deducted. 

«MM tmmum 
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Degree of ice saturation 

APPENDIX D 

(For 100% water saturation)   S100 = _ x 100 
G 

^=L^i = 0.428 8     2.73 
e = 1^11=: -1.336 (n = 57.2%) 

0.428 

'100 
1.336 
2.73 

44.2 
water     48 9 

44.2 x 1.10 
ice 48.9 

x 100 = 48.9% 

90.4% 

= 99.4%. 

Moisture migration 

Several of the original samples were further checked for horizontal moisture migration by 
slicing the outside edges of the segments, and comparing the unit weights and percentage of water 
with those of the central sections. The migration proved negligible in the rotary, quick, one- 
directional freeze method. 

Cutting frosen silts 

After trying several saws and blades, it was decided that an inexpensive 55-in. handsaw blade, 
% in. in width, claw, racket set, 3 to 5 teeth/in. was very satisfactory. It is important to use a 
gear reduction device to slow the blade speed. This reduces or eliminates soil melting and is 
necessary because melted soil clogs the space between the blade teeth and makes the blade in- 
effective. 

. 
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Table EI. Computer plotting program tor modalaa and UB5 vs stress. 
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DYMMC   SOIL» TC-ST   PLOTTIKE   PFOGRAH.   P.   COOKRES JC01 
LOGICAL    ««•KINT.h»pr.N 
DICENSrON   »LtST(S»20l««LG>1D(5.;OI.XLGTni5,20).KE*RU(SI.«>w( u ), 

103 

i«XT(ri>.«P«IKT(|CO).FR£C(«.20) 
"CCf-C  
RE»f  PtPf.n 
<»E*r   P«PfR 
GMIK^-ICC; 
ciM-iocr 

TAPE    lOJ.rSM.KSETS 
TAPE   32.CP.hODF.KRES rr 

OCO? 
0CO.1 
iCOi 
CICO1- 
CC06 
0C07 

c. 

OCOP 

6^AXf«-IC5 
GKAX1--ICC 
DC   3   irL"»^ 
HEAD   PAP>B 

I.KPES 
TAPt   4.K R S.VRCW; 

READ   PAPER   TAPE   5.(«LG«!(KRU.JI.»LGHD(NRK.J).XLGTD(KKN.JI. 
|FREC(KRM.J|,J«1.KR0USI  

CHECK   FOR    INCORRECT   OAT«   PCINTS-TAKE   THE   AVERAGE   MOD   ANC   USt 
ONE   TWlM)   OE   THE   AVERAEt   FOR   THE   DEVIATION  

JCIO 
:CII 
OCl? 
CCI3 
CCl^ 
OCIf 
PCIf 
:.ci7 

AV«fl.C 
DC   10'  K»l. KROUS 

Clkük.KI 

CC^ 
0CJ9 

in 
AV«AV*MLG»* 
CCKTIKUF 
XRCUS-NPQWl 
AV«AV/«B(I|.'! 
N<;CUfT»NR3 
HV*AV/I.? 

VT" 

J7? 

M 

.JI-XLGKOINSM.J« 1 ) 
r.XLCTD(Nl»H.jM) 

XLCMt(KRM.. 
snrrriMRN.. 
XLCST(NRN,J|.XLCST(NRN.J«1 I 

CKTTNUP 
NRCUST«KRnUS-l 
!F(NtT^l-MJCU«TJ2?l.j7!.?75 
CCM INUE  

0C2C 
:c2i 
oc?? 
CC2? 
CC24 
0C2,: 

N(-TK>O 
DC 11 »»»I.KRCUS 

;c2^ 
0C27 

JTI   IF (AV-PV-XLfiKMMRK.M) 1J.13.1S 
I?    IF (AV«PV-«LGMD(NRK.NM t3.tl.il 

C02e 
JC2S 

IT  N-TK-stl«.! 
re i*  J«^.NRCU«-I 

OCJO 
:CJI 

IF (J-KBflu!l .'J»:.273.5/5 DC« 
iC3J 
CC34 
0C3? 
003' 
3C37 

I' 
CC3* 

CC 'S 

773 
2 75' 

CO   TC   27^ 
NRCUST'NSnUS-J 
NRC'.Si'M-Cl " 
xrAcui [Bug 
CCM I NU» 1 ! 
F|Nr   LIMIT 

ST 
»•KFOUS 
ON  rp   FRCGRAf   «F1ER   SETTING   LIMITS 
S   F^P   NOP   AND  1AW   n   GPAPM«  

CCAC 
0C4I 
CC45 
ÖC43 
0C44 
^C4^ 

DO   3   J»l.» 
IF    (»LGMrj 

ROU« 
KRN.JI-GHINHI    16.17.17 

Ift 
17 
I" 

_|8 
2n 
2* 
27 
C 

CIN^alLGN 
IF    (JlLCTfH 
GK|NT«<L«Tt(NFM.JI 
IF    (Gr«XM-»LCMr(NRN.JI |   10.21,21 

MNFN.JI 
WRN.JI-GKINT)    1W.H.H 

0C4f 
0C47 
CC4P 
CC4C 

CMAXh*>LGN 
IF    (X^GTrc 

niNFN.Jl 
NRN.JI-O'AXTl    19£I5.22 

G^AXTPJLGT 
JAK ING uon 

~XLGSt(NRN. 
XLCNT (NRif. 

tl».FN.J| 
»RITMNS   OF   |\PUT   C*T» 

«LGTC(NEN^ 
CIKH.FLOrlOFCCMINNI 

Jl>rLOGI0FI«LGST(KRN.J)I 
J)'rLCG|OF(Xt.FNP(KRK.JI I 
JT.FLC&IOFIXLGIPINRN.JII 

OCb? 
CCb3 
CCt4 
:c%c 

JC5f 

0C5P 
rc^o 
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CMtHl«FLOrlCF(GhlNTI 
G1*X«»FL0Cl0F(GhAXHI OCM 

c 
GM«XT»FLOrlOF(Gh*XTI 
SET   Llin?   FCF   «CD   AND   TAN  D   CAPM 

0C62 
COS 

MA«K«GHA»K|«1C0. 
GMiyraHA«*«! 

OCf"! 
CCft? 

GfAXf'-GiAxri/ioc. 
MINIf»6HI>i1.lC0. ÜC*7 
GMINI-lfN^ 
GMINH«G«INn/IOC. 

ic^'' 

fAXN«CHA«T«lCfl. 
GKAXT>MA«>1 

.1C7C 
0C71 

GPAXT»CH»XT/10C. 
H|NH.GHINT«iOC. 

ÖC7^ 
CC73 

CMINT.r'INI-l 
GMINT.CMINT/IOC. 

0C7 4 
&C7f 

C CENeKATIÖ') OF  AKirs NÜMPfdS rfR  YÖUN6S MCDULUS*   TAN  ö 
AXK(H»CH|NM 

oc'f- 
JC77 

AXIID-GHJNT 
«.(GNAX^-rHINHj/IO. 

:c7^ 
:c7<! 

BafCNAXT'CifcTI/lO. 
or ?i  I-S#II 

ccec 
OCn) 

AX)>(I)>A>V( |-|)«A 
AXT||)«A)ITU-II*6 

3C82 
;c^3 

31 CCNTIM.F 
STLV-I.ec &CS5 

C GENERATION   OF   CRAPh   TITLE 
IF   (HCtE-tl   25,!5,26 

CC?'' 
3Ctf7 

?■< PRINT   27.ISN.CP 
GC   TC   20 

OCSf 
üceo 

20 
PRINT   2e.|SN.rP 
PRINT   3C.(AXK(1>.!•!.11 1 

0C90 
0CV1 

C 
PRINT   33.StLV 
PRINT   OUT   CF   r-RAPH 

ocv? 
0093 

7^ 
JCRT-1 
SLCT«'-!.;»; 

CC94 

f^ 
t* 

MTENSal 
DP   fO    lUD.l.irc 

acot 
0C97 

■n 
XPRINTC K|J»■•-33565656 
CCNTINUE 

0CV(> 
OC«? 

DO   47   K-I.NRES 
KIT^CARWIHI 

OIOC 
C101 

DO   4«   «TRT-I.KIT 
IF   (SLCT-XLCSTIK.KTRT)1    43.43.4« 

010? 
rics 

4.1 
44 

IF   («LG«T(K.KTRYI-ISLCt«.n3H   44.44.47 
IF   (JGRT-tl   7f..76.77   . 

0104 
CIO* 

7^ XLETP»XLC«t|K,KTRV>-GHtNH 
UT»»(«LETP/(r.NAXM-GH|<(K)|.|00. 

310^ 
C1C7 

77 
CC   TC   7« 
XLETP»XLCTnt(.t<T(iY»-GI1|NT 

CIPA 
OIOS 

70 
LETP»(»Lf TF/(CHAXT-GM|»tT»l«lOO.*l. 
IF   (XPR|NT«LETFI*»335e'56"«l   5«.7«,58 

»1 10 
Olli 

«C X^B|NT(LFT*>«*Ce5«!65« 
GC   TC   47 

Cll? 
011? 

7K 

40 

IF  (K-Sl   «.«r.'S 
|F   |K.4I   «4.5r,tf 
XPR t NU LF.TPI »'01565656 

ftiu 
Cl 15 

•? 
GC   TC   4 7 
XPRINT«LETFI»'C?56565e 

D1I7 
01 IC 

«4 
GC   TC   47 
XPRINTILFTPI»'C3565656 

Cll« 
LI2C1 

5^ 
GC   TC   47 
XPR|NT(LFTFI"'04565656 

01^1 
012? 

if> 
GO   TC   47 
XPR|NTILETF»■•05565656 

0123 
C124 

4« 
47 

CCNTINUF 
CONTINUF 

3125 
012»- 

«n 
SLCT«SLCT«.03 
|F   (fTFN.S-21   62.65.65 

C127 
ÜI2A 

e? HTENS»KTFNS»I 
HARGN.«-33565656 

012« 
0130 

PRINT' 6l.flARGN,.IXPR|NT( JTI.JT.I.IOOI 
GC   TC   «3 

0131 
C13? 

6*S STLV«STLV*.06 
MAaGN.'2C565e^e 

0133 
0134 

PRINT   64.!TLV«r>ARGN. )XPR|NTlJTI.JT«l.i0OI 
IF   (STlV-t.09l   «6.66.67 

013» 
ai3f 

.    .1' ■    ^.^-■■''^x'   .; 1,    ^.  ' ,.  '...■  -.i^  -^i   ■.:    . _        ,        u * 
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67 JGRT-JERl*! 
IF   (JGRTO»    «O.?0.«l 

90 
9? 

9«i 

PRIKT   94.ISN.CF 
CC   TC   95 
PRIN1   96.!SM,CF 
PRINT   97.MXTI | t.l'l.l I ) 
STiv—uee 
PRIM   96.STLV 
GC   TC   75 

91 

C 
61 

94 

"CCF'KCCP*! 
IF   (NSf TS-fICCF)    105,103.103 

lüRE   ■F<.<.4H   PSMOXl^hLCCtFITt-FlC   CR«PH//|H   7Hr YN>M 1 C 23X9H 1 AN   P 
1FLT*I 

91"« FCRf»T   </////?H;M?.3e»l<mCRSICNH   WODE/IH   SOHCQNFINIKG   PWESSUR 
IE   •F6.2.4H   PSI4C«J7HL0^»RnMHlC   CR»PM//1H   7t-DYNAMl C23 X9hT*N   DE 

_1LTAI  
97    FORMAT I IM 6hSl 
9»    FCRMAT I I 
ml     FFRMAT n 

!'H ^e 
TKERS/IH   3HPSIF7.3.10F10.3I 

.;.2X«20(':H I.IH.)  

37^ 
4 
5 
If 

FCRMM I 
FCRMÄT ( 
FCRfATIA 

I2|!l 
F».c.ri:i 
2T5I 
F12.0I 

FORMAT 
lURF   »F« 

2« 
TLFITTCUN 

FORMAT   ( 
TE *rt.3. 
IE«   SHEAR 

UHU 
,?.4M   P 
GS   MCÖ 

MJNI5.3a<l7HLCNGITUDINAL   MCDE/1H   20^<CO^F|NI^C   PRESS 
SI40XI7HLCCAR1THH1C   r,R»PH//lH   7HDYNAM1 C23«34HC0HP 
ULUS.E««)0**3PS|I 
f-SMS.SBK^MTORSIONAL   MflOE/lH   POHCONFIMSG   P^ESSUR 

4M   PSI 
10 DDL 

4CXl7hLCr:ARITHMlC   GRAP"//|H   7hDVNAMIC23*3JH0OMPL 
US.G«,10.«3P5II 

5137 
01 I»- 
01 Se- 
il * C 
Olli 
014? 
014 3 
014.1 
014« 
0i4< 

FORMT« 
fCRMT   UM   8KIAI.100A1 )  
pcRpit HH PTrjTTJmnnrnmn  
FCRfAT (/////2MSNI5.3f/17HL0NGITUC|NAL «OOE/IH SOHCOKF|NINi PRESS 

01 »7 
014t 
0149" 
o:5o 
Olbl 
0152 

015? 
0154 
0155 
eise 
0157 
OlS»" 
015C 
0160 
CI61 
C16? 
01A3 
0164 
0165 
0166 
0167 
Ül6fl 
CI69 

30    FORMAT 
3^    FORMAT 

«IM 6HSTfiESS/lH 3t-PSIF7.3.IOFIO. 
(IM r6.2.2«.20(5H«....l.lM.) 

31 0I7U 
0171 

105   ESC 
«MBROUTIKES »ECUIRED 

0172 

F«C4 
FJSB 

Fiir. 
FSFA 

rSRT        FIEL 
F»C1        FIFO 

FIT3 
FSFS 

FSTI 
FLCCIOF 

F«FM 
FtRS 

FSbL 
F»F 

tt-yv                 FIHD 
flCR        FII 

FSX 
F»SI 

F$A 
FISR 

FJGB 

105  ENC 0172 

• 

. .- .. < k/L-A . . 
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Table EU. Computer plotting program for frequency vs stress. 

CYMRIC   SOILS   TCST,   FB^CUFNCY   VS   STRgSS   PLOTTIKG   PPQCBOf.   D.   C0CMf=eS ^COI 
LOGICAL   >«>*■ INT.MARGM 
DIMENSICN   »PBI'<T( 100).g'»tq(5»;CI.XLCST(5»20).XLG>>r, (5.?ÜI. 

iXLCTC(f,<r>.»xi(m,Kc»<<i.(5) 
"CCF-Q 

in? 
RF»D  P»Pf9   TAFE   i.rsN.nsns 
«FAD   PAPFR    TAPE   2,CP.nDDe.NPF$ 

CCO? 
CC03 

&C0'? 
CC06 
3C07 

5*|NMCCCC. 
G1AX"-IOCe. 
DO   7    ItUH.l.NPFE 
»FAD   PAPFR.  TAPE    4.NPN.'<PCWi 

OCOf 
OCQO 

«EAT   PAPFo    TAPE   =.(XLG<;T(KSK.J>.KLG«D(NRN.Jl.XLGTC(NfiK.J). 
IPPECCNSS.J).J'l.NRCUSI                

OCIO 
CCl I 
;ci? 

NCRM»LI?F    EACH   RESONANCE   TO   THE   FIRST   RESONANCE 
)(M)N»2«NKN- 1 
DC e  i«i.«)Rous 
FPEO»f>RN.I>«FREQ(NRN.il/»NPK 
CHECK   FTS    INCORFECT   DAT»   POINTS-   TAKE   THE   AVERAGE   FREOLENCY   »SD 
USE   CKF-1^|RD   Q^   THE   AVFFAGF   FOB   THE   DEVIATION  

CCM 
0C1? 
CCI^ 
CCl 7 
CC1H 
CCIQ 

AV»O.; 
DC   ">   N'l.'lROtS 
AV«AV*FRFr(NRN,M 

_XRCUS»KROLS_  
«ViAV/XRCL'S 
NFCUST'KRQUS 

0020 
CC21 
:c?? 
0C2.1 
002-! 
Ö02» 

BV-AV/J. 
no i N-i.'iRots 

9 
in 
1 ■ 

IF    rAV-FV-F9EQ(NRN.NIr   «.10.10 
IF    ( A v♦PV-FREQINBN.Nll    lC.i.8  

DC  II  j^r.wcus-i 
FREQft.RN. J»"FREC(NRN.J»1 I 
NR0L!T»N60US-I 
CCKTINUE  
NBCVJJBXBOI/ST 

KDARUl ICL/>f )"NR0US  
PINB TrRlTS   F^R   GRAPH 
DO   ?   JM.NROLS 
kLCSl(MRll.J>'rL0C10^IXtftSTlN9»J.J)l 
|F   (FRFC(SRN.J>-&H|NI    i2.i;.i; 

iC2^ 
C.C2 7 
OCJP 
CC2«. 
."CJC 
CC3I 
;C3? 
:C33 
iC3A 
cca* 
JC3» 
ÖC37 
0C3P 
r.c3'. 

GKIK« 
IF    (G 
GMAX» 
CCKTI 
SET L 
HAXaG 

FCtNRM.J) 
X - F RE 0 I NFN.JI I    14.3.3 
FCt'KRN.JT 
F 
FTj  res  CSAPH" 
< 

"AX«( 
CHAX« 

"MIN.C- 
HIN»( 

AXTl I 

«/IC»«10«20 
I 

HA 
M» 
Ml 
«I 
HI 

N/|C,»«IO-20 
N 

11 .CHIN 
.-SFRDI    I5»|6jlg 

iC4C 
OC«! 
CC4? 
0C43 
3C44 

iC4f- 
CC47 
JC4e 
0C4<5 
3C5C 

I« 

SPRt» 
If   (I 
XNTV- 

JPRf 
CC' TC 
XNTV« 
SPS5« 
DC I» 
A X T ( i 
(.ENFR 
STLV 
IF    (M 

0. 

:c5? 
cc*»-1 

&C54 

:.c^ 
&Ci)7 

17 

I* A»T« I-l MXNTV 
ION   OF    GRAPH   TITLE 

PftlNf 
GO TO 
»Kl^l 
PRIN1 

f-1»    19.IS.20 
Tl 

24. (AXT( I I. Ial.ll I 

?2 
'3.irM.Tf" 

CCbH 
JCbo 
C)C^0 
JCM 
3C6? 
0Cfr3 

13 :f fr4 

:c')7 

Tft'liTiTiiMinilinriiiiMiiiTiriirillillHHiraimr "iiriiiriiii i*   i •   -nurr« nmr-i-i 
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c PRINT   CU1   OF   GRAPH 0C69 

(A 
SLOT--1.5» 
MTEKS-I 

;t7o 
CC71 

«1 Bfl !«   tbft.l.lPC 
XFR |M ( H/n »•-»335656« 

5C7> 
CC7? 

BC   i7   «■t.NRES 
KITaNBAfUIKI 

icy* 
0C75 

4.1 
IP   iSLCT-nCSTjK.HTRY) 1   43.43.31 
|P(XLGST(>'.K (RYt-|SLm*.C5l)   44.44»47 

0C77 
5C7P 

44 XLETP.F<}E<l(K.KUt)-GMIN 
LfTF»(i<LFTF/SFKD)«100..|. 

JC7« 
oc««c 

«<« 
IF   <XPS|«T(LETF|»»3356W;6I   4;.46.45 
XPR!KT»LETF|«'0056S656 

CCHI 

4f. 
6C   TO   47 
IF   IK-2I   ««.53.53 

0Cä3 
re «4 

*.1 
40 

IF   (K-4)   ■4.59.56 
XPR|M«LfTP)»'01565656 

CC85 
oeef 

!? 
6C   TC   47     ' 
XPK|llT(LeTP)«»0J565656 

cce7 
Deep 

«4 
60   TO   47 
XPR|HHLETF»"'03565656 

tea« 
0C9O 

S1* 
Co   TC   47 
XPRIHTILETPI«,C4565656 

CC9I 
D092 

5ft 
GC   TO-47 
XPRI«mtTP»-»C5565656 

C0S3 
CO 94 

3< 
47 

CONTINUE 
CCNTINUE 

CC9?- 
0C9^ 

SLOT-SLOT*.05 
IF   iriTFN!-«)   62.65.63 

&C97 
0C9P 

6? HTEHS»MTEN$»I 
HARCHa'-37S65«5e 

CC99 
010C 

PRINT   «1.M*RCN.(XPR|NT(JTI.JT«I.100) 
6C   TO   «3 

ClOl 
0102 

f^ STLV-STLV4.1 
>»*RC»t»*2C-e5«5e 

0103 
0104 

PRINT   «4.STLV.HAKGN.(XPRINT IJTI.JT»1.1001 
IF   (STLV..59)   66,66,67 

OlCf 
OlCfr 

67 HCCP-HCOP»! 
IF   (NSETS-POOP)   105,107,103 

01C7 
CIO" 

1 
2 

FCRNAT   <2!5» 
FCRNAT   «»Ü.O.JI«! 

01C9 
OHO 

4 
5 

FtftNAT   tili\ 
FC»N»T    l4Ft2.ri) 

:iii 
CIl? 

?« 
1URE   ■F«.2,4H  PSt40X22t-SFrt-LCC*RITMPIC 

NODE/lH   2flHCtNF|NlNG   FHSS 
G«APH//1H   7MDYNAMIC 

0113 
0114 

123«2C(4NOfiH»LIZF3   FFEOUfRCVI 3115 
JT FCÜHAT   tO///7>   SNl5,3<<»14MTÖPSf6K»L   NODE/IH  20HCCNFIMNG   PRESS 

1URE   ■F6.2,4H   PEI40X22N«ff I-LCC»R I TMNIC   GRAPH//1«   7HDTNAMIC 
01^ 
01 17 

24 
IJSllfCHireÄMALlZED  rREOUENCVl 

FORHAT   MH   6>-STFESS/lH   3hPS I2XF7. 1, 10F10. 1) 
011P 
0119 

6< 
FCRNAT   (IH   F6.2,2X?0I5>4 ).1H»> 
FCRPAT    (IM   aXlAl.lOOAK 

0120 
mat 

in« 
PfcftNAT IIN re.i.syiAl.iAMi 
END 

0122 
0123 

SneHOllTINES   MFCUIREO 
FJTO                      F»*T                      HEI                      FIT3 FSTI F$S9 
FtSB                    'flfl                       F»FP                     FIFA 
FJC4                      F«VL                       FIT?                     FIFM 

FJFS 
FSI 

FLOCIOF 
F$95 

F|F                         F»C^                      FIKD                     FJX 
F»6B                      F$# 

FSST F$SI» 

in? END CI2? 

.      .    . :       . ■      *     ■ 
I 
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Table Em.  Velocity, Poisson's ratio, strain, attenuation coefficient 
for modnlna, tan5, frequency, stress, and density. 

C^AHIC   fQli-S   TCST.    SUMM< PKEY    I I 1 3CC1 
ll^'F^SIr^   SOIL«« l.rcuFP» JOt.HTdOU'JETntNc >3),CPr 10>.EilOI 

ICllOl.TDLf IO).TET|10l>>KL|10),tVELI10t.NCFCF(10l 
3Cu? 
iC03 

T*NF«C)««I»'F(:i/COSFICl 
SEAT   P«Pfe   TÄTE    1,(SO 1L( I • . I •1.f).1 CUM 

0CC4 
JCO« 

REAt   FAFE»   TAPE    2. 1 SN. I UM 1S.KFREQS.NCPS.QL.CT 
«F«r   FAPfR   TÄTE    3.(C0KFP(f).MT(I),UETnEN<I).I-1,NCPS> 

GCO«'' 
0CC7 

DC   100   J'J.NFBEOS 
REAt   PAPER   TAPE   4.FREC.KJLVLS 

jCOf 
nee? 

DC   JCO   "«I.NSLHS 
RFAE   PAPF»,   TAPE   5.STRESS.^CP 

OCiC 
CC1 1 

PRIM SO.ISN.ISCILIn.i'i.o 
PRINT   51.FRE0 

JC»? 
0C13 

PRINT   !2.«TRESS 
PRIM   54 

0CI4 

PRINT   55 
PRINT   5ft nci7 
PRINT'57 
PRINT   5? 

0C1P 
3015 

ht   700   L-I.NCP 
REAt   PAPF»   TAPE   f.CP(LI.KCFCPIL).EIL).G(L).TDL(L).TDT<L» 

JC2Ü 
:c?i 

El«F<Ll«COSF(ATANFtTDL(Ln 1 
E2«F(Ll*SlNF(ATANF(TnL(LMI 

DC2? 
;C23 

GI«G(L>«CnSF(ATANF(!DT(Lni 
G2»G(L>«5fNF(ATANF(TDTtLl1) 

:c24 

XMjl".E.(Fl«Gl*E2»G2>/'G(L)««r.)-l. 
XNL?»ü.5.(E2«Gl-El.G2)/tGILI««2.) 

JC2<' 

.K27 
XNL«L)»SCMF(XNOl««2.*>NU?««?.> 
CALL    SLC6T(EIL).TDL(LI.CL.JTRr«S,UFTnEN(NOFCP(L)I.FRFC. 

JC2f 
:c?c 

lHT(NCFCP(LH.STFA|N.VEL.CA.ALPt-A.PFC» 
CCL«EINF(»1ANF(TCL(LI/'.) 1 

CC3l. 
:c3i 

3no 
DVFL<LI«vrL«SCRTF)(l.-xNU(L)l/((l.»XNU(L>l«(l.-2.»l<NU(Ltl)l 
PRINT   f l.rP(L).r (LI. TrL(LI.EA.PKG.DVcL(L ».VfL. STRAIN. ALPHA. 

OCJ? 
CCJ3 

1CCL.>NL(L) 
PRINT   5« 

;cJ4 

PRINT   60 
DC   400   '.I.NCR ÜCJ7 
CALL   SLPFT(G(l'>.TDT(M|.CT.£TRES5.UFTDE»<(NOFCP(Ml I.FRFC.hT( 

INCFr^CM,STRAIN.VFL.tJ.AlrHA.PKG» 
iC3*" 
ocsg 

400 
CCT.SINF(«TANF(TCT(',)/?.|( 

PRINT   f2.rF(MI.G(M).TrT(M,PA.FKG.VEL.STRAIN. ALPHA. 
CC4 0 

JOO 
ICCT.»NL( t| 
CCNTINLF 

004? 
C04.-> 

100 
c 

CCNTINLF JC44 
3C4^ 

I 
2 

FCR^»T(6A4,I|0I 
FCRKATIAIf.IFA.C) 

004»- 
0C47 

T 

4 
FCRrAT(3F».0) 
FGRfAT(FetC.I^) 

0C4A 
3C4? 

E 

6 
FCRKAT(F?.C.Iel 
FCRI'AT(F^.C.|?.4Fe.0l 

OCsO 
3C51 

"O 
«1 

FCRfATMi-tlSI-SAfFLF   NL^PER      I5.rx6«4l 
FCKKATIlt-C^XJ^I-FHECUENrY                 «Fe.C.SH   HZ 1 

CC5? 
DC"53 

?7 
¥4 

FCRfATIlt-   «Xlft-rVNAKlC   STRESS   «Ffc.J.AH   PSfl 
FCRKATdh    IX4HCCNF3X7KrYN»MC2X4HLCS34X8hR0T   AfPL4X4»-PFAKl«12hr ccse 

CK 
IlLATATICNAL3X7|-PAR7X6t-QCTTCf5x5^ATTEN4X7HnAKPING2«7HCC''PLE«) 
FCRKATdt-    lX«hFeESS2X7'-fCPLLIJS2X5HAf.GLE4X5HFK-FK7XI^G5XHHVELO 

CC56 
CC57 

«Ä 
ICITY3X?»-VFLOCITY4X6HSTBAIN«X,;t-CCfFF5<SH(»ATIC2X?HOClSSCNSl 
FCRKATdh   2X3HF£15X3HKSin«6HINCHFS13X6HFT/S!:C5X6hFT/SEC5X3H 

acsf 
CCnC 

¥7 
IIN/IN6«4H/FT6X4HC/CC5<5FRATrcl 
FCRKATdt.C''5XI7hLCNGITiiriN»L   h'CrEl 

,«» FORfAT«lKC<X?HCrfXSHT.SX'HTAN   rrX2HEA8X4hPK-G4X4HrVEL7X3HVEL 
18xe(.STRAI>.5X?HALPHA5X4HC/rceX;»-Ml.l 

3Cf? 

50 
^0 

FrRKATdi-fACXMhTORSIONAL   MCfcEl 
F0RfATdt-r'X2hCF6X?HG«^X5t-TAN   CrX2f-P»8X4hPK-G4X4HrvFL7X3HVEL 

CC64 

3C!"' 

6) 
läXeh5T»AU5X5HALPHA5X4h-r/rC6X3t-NU«l 
FCRKAKIF   F5.I.F4.2,F7.3.|FEl?."'.0PFH.3.Fq.C.Fll.G.lPEIJ.3. 

?Cftf 
JCf7 

o? 
IEll.3,CPFJ.4.F«.4l 
FCRKATdK   F5.I.F9.2.F7.3.IFEl?.",.OFFl).3.14X.Fd.01PF13.3. 

il!ll.3;fl*>M.i.r8".4l 
EUC 

:.c7c 
3C7I 

*ll# »CuTtNt*   AFrLtftEt 
FfV                      «INF                       rc«F                      F!FD                     FSR1                       FSSB 
FJTI                      FITC                       FftL                      FSJL                      ATANF                    FSFr- 
FJX2                     FJFA                       F|F<!                      SCRTF                   SU?RT                    F$T3 

F»P                        FIE 
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Table FI. Frozen 20-30 Ottawa sand. 
Frequency = 1000 Hz. dynamic stress = 0.1 psi. 

1 Spec 
1 no. 

E* 
| (psi) 

1      0* 
|   (psi) 

1     V« 
1       C (ft/sec)     ' 
1            i            i 

tan 6(1 tan öj     a.  1    a. 
|   -   1    -    (i/n)|(i/K 1     Sl 

(*> 
i     e     S 

[                                             Temperature - +250F  (-3.90C) '                                                                   ) 

1051 4110000 1817000 0.13 112443 12199 8111 0.033 0.030 0.008 0.012 98.0 0.532' 

1052 4620000 1990000 0.16 13342 12928 8486 0.023 0.049 0.006 0.018 Uo.o 0.516 
1                 0       | 

1056 4430000 1670000 0.35 16140 12739 7792 0.190 0.069 0.046 0.028 99.8 0.529 

1062 4820000 1890000 0.28 15385 13615 8525 0.028 0.019 0.006 0.007 100.8 0.528 

1064 4520000 1780000 0.31 

JO.25 

15273 12976 8091 0.248 0.102 0.060 0.040 99.7 0.556 

4500 (DO 1829400 14121 12891 8201 0.104 D.052 |0.025 p.021 99.7 0.532 

|                                                  Temperature - +15UF (-9.4UC)                                                                     ] 

1005 4250000    1620000 0.31 14900 12680 7830 0.00310.055 0.001 0.022 100.0 0.636  1 

J1006 4150000 1750Ü00 10.18 13120 12530 816S C.012 O.050 0.003 0.019 100.0 0.636 

1030 4370000 1640000 0.32 15030 12591 7714 0.055 O.060 0.007 0.012 99.9 0.528 

1032 4270000 1510000 0.42 20400 12787 7607 0.065 O.099 0.008 0.020 93.0 0.654  1 

1036 

fevTl 

49oaooo 1803000 0.36 17300 133*7 8098 
  
7906 

0.0141 O.046 0.003 0.018 98.3 

99.1 

0.536 

4635000 1721500 0.34 15875 12969 0.035 0,053 0.005 ).015 0.532 

Lg.2 4223300 1626700 0.30 14714 12682 7868 0.027 0.068 0.006 3.020 98,0 0.642 

|                                                   Temperature - O'F  (-17.70C)                                                                      | 

1068 4500000 ' 1880000 0.22 13915 13029 8401 0.160 O.077 0.039 0.029 100.3 0.509 

10701 4700000 1840000' 0.28 13419 11900 8399 0.07A 0.063 | 0.017| 0.024 99.5 0.622 

107A 5350000 1993000] 0.34 

0.28 

17400 14037 8567 

3436 

0.017 0.003 0.004 

0.020 

0.001 98.1 0.553 

4850000 1904340 14686 12989 0.084 ).048 .018 99.3 0.557 
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Table FI (cont'd).  Pracen 20-30 Ottawa sand. 
Frequency = 5000 Hz, dynamic stress = 0.1 psi. 

Spec 
1 no. 

1      E* 
|  (psi) 

1      G* 
j    (psl) 

1    V» |    Vc   1    Vl   '   vs 
(ft/sec) 

1           i           • 

Itan 6 J tan 6 
j(i/aA)|(i/ft 1     Si 

)     {%) 
1      *     1 

L                                               Temperature - +250F (-3.9*C)                                                                    j 

1051 455000C 1817000 0.2! J 14059 12834 8110 0.0)3 0.023 0.016 0.045 98.0 0.532 

1052 517000C 2010000 0.2< j 15654 13675 8528 0.019 0.037 0.022 0.068 100.2 0.516 

1056 472000C \ 1850000 0.2«. 1 15005 13108 8197 0.100 0.026 0.120 0.050 99.8 0.529 

1062 488000C j1910000 0.2£ 15489 13699 8570 0,028 0.031 0.032 0.057 100.8 0.528 

1064 

Avg. 

4850000 1900000 0.2£ 

0.28 

17137 

15483 

15157 8352 

8351 

0.110 0.056 0,129 0.105 99.7 0.556 

4834000 1897400 p694 0.082 0.034 0.064 0.065 99.7 

1 

0.532 

1                                                Temperature - +150F (-9.40C)                                                                   | 

1005 4175000 1620000 0.29 14387 12568 7830 0.003 0.020 0.004 0.020 100.9 0.636 

11006 415000C 1620000 0.28 14224 12580 7860 0.012 0.041 0.015 0.082 100.2 0.636 

1030 4630000 1640000 0.41 19760 12960 7714 0.053 0.060 0.064 0.122 99.9 0.528 

1032 427000C 1510000 0.42 20427 12785 7607 0.039 0.099 0.048 0.204 92.0 0.654 

1036 

kvg.l 
Kvg.2 

493500C 1830000 0,35 1697C 

18029 
15391 

13395 8157 0.009 0.013 

0,036 
0.080 

0.010 0.025 98.3 0,536 

4782500 
4198330 

1735000  | 
1583300 

0.38 
0.33 

13177 
12644 

7935 
7766 

0.031 
0,018 

0.037 
0,022 

0.073 
0.102 

99,1 
98.0 

0.532 
0.642 

i                                                  Temperature - O'F  (-17.70C)                                                                     j 

1068 4500000 1883000 }.2C 13698 12995 8404 0.065 0.046 0.078 0.086 100.3 0.509^ 

1070 4700000 1840000 3.28 15166 13413 8392 0.045 0.036 0.053 0.067 99.5 0.622 

1074 

I* 

5350000 2060000 J.30 

0.26 

16286 14037 

13482 

8710 0.010j 0.012 0.011 0.021 

0,058 

98.1 

99.3    | 

0,553 

4850000 1927667 14913 (50.2 0.040 0.03 0.047 0.557 
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Table FI (cont'd). 
Frequency = 10000 Hz, dynamic stress = 0.1 psi. 

* 

Spec I» G» \     V« VC    1      Vl    '    V8 Itan <J tan 6 J     a. 1    a. 1     Sl 1     e 
no. (psi) (psi) - (ft/sec) 1    '    i     ' ](l/ft)j(l/?t 

1     " 
1                                               Temperature - +25^ (-3.rc)                                                                 | 

1051 5350000 1817000 0.47 13916 8110 0.013 0.023 0.029 0.089 98.0 0.532 

1052 5190000 2020000 0.29 15688 13701 8549 0.014 0.032 0.032 0.118 100,2 0.516 

1056 4745000 1920000 0.24 14265 13135 8350 0.076 0.019 0.182 0.071 99.8 0.529 

1064 5200000 1900000 0.37 24354 18J12 8350 0.050 0.037 0.114 0.139 99.7 0.556 

|l062 4940000 1940000 0.28 

0 33 

15580 13791 8637 0.072 0.013 0.164 0,047 100.8 0.528 

Avg. 5085000 1919400 17732 14571 8400 0.045 0.025 0.104. 0.093 »9.7 0.532 

["   '      "" " "                          Temperature - +150F (-9.4UC)                                                             | 

1005 4150000 1620000 0.28' 14190 12530 7830 0.003 0.0C1 0.006 0 032 100.9 0.636 

1006 415000C 1520000 0.36' 16280 12580 7612 0.012 0.040 0.024 0 132 100.2 0.636 

1036 

Avg.i 

498000C 1863000 0.34 16700 13456 8230 0.003 0.006 0.007 0 023 98.3 0,536 

4626700 1667340 0.33 15647 12855 7891 ),006 0.016 0,007 0.023 98.3 0.563 

Avg.: 4150000 1575000 0.31 14750 12555 7721 ).008 0.020 0.015 0.082 100.0 

i  

0,636 

|                                                Temperature - 0oF (-17.VC)                                                                   | 

1068 4500000 1885000 0.19 13711 12988 8406 0 008 0.012 0.019 0.045 100.3 0.509 

107Q 4700000 1840000 0.28 15162 13410 8390 0 010 0.009 0.023 0.03« 99.5 0.622 

074 

kvg. 

5350000 2060000 0.30 

0.28 

16285 

15239 

14036 8710 0.005 0 023 0.011 0 083 98.1 0,553 

4850000 1928340 13478 8502 0.007 0.015 0.018 0,054 99.3 0.557 1 
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Table FI (cont'd). Frozen 20-30 Ottawa sand. 
Frequency = 1000 Hz, dynamic stress = 1.0 psi. 

ISpe 
1 no. 

:|     E* 
I  (fi) 

!  o* 
|   (psi) 

1    v* 
1          (ft/see) 

Itan 6i\ tan 6 J     a.  1     a 
1     -     |      -   l(l/ft)|(l/?t 

i s, e     1 

|                                                Temperature = +25''F.   (-3.9*C) 

1051 4i:.0000 1806)00 0.14 12487 12195 8086 0.033 0,031 0.008 0.012 98.0 0.532 
1              \ 

1052 4620000 19-'0000 0.18 13471 12928 8444 0.023 0.051 0.006 0.019 100.0 
1              1 

0.516 j 

1056 4340000 1670000 0,33 15349 12605 7792 0.190 0.071 0.047 0.029 99.8 0.529 

1062 4820000 1870000 |o.29 15586 13615 8480 0.028 0.018 0.006 0.007 100.0 0.528 

1064 

JAvg 

1 

|45200OO |1760000 0.33 

0.25 

15793 

13655 

| 12976 8046 

8169 

0.248 0.102 0.060 0.040 99.7 0.556 

4482000 18152Q0 12465 0.104 D. 055 0.026 0.021 99.7 0.532   f 

j                                                 Temperature = +15°F.   (SA'C)-                                                                 | 

11005 4250000 1 1620000 1 0.31 
■                 i 

14928 12680 7830 
j 

0 011 '0.153 10.027 G.061 100.0 0.^36 | 

1006 4150000 1750000 0.18 13109 12580 8168 0 022 0.108 0.005 0.041 100.0 0.636 j 

1030 4320000 1640000 0.32 14976 12519 7714 0 058 0.06 0.014 0.024 99.y 0.528 

1032 4270000 1510000 0.42 20430 1278-y 7606 0 059 O.092 0.014 0.038 93.0 0.654 

1036 

Avgl 
Avg2 

4900000 1803000 0.36 

0.3A 
0.30 

17303 13347 8098 0 014 0.046 0.003 0.018 98.3 0.536 

4610000 
4223300 

1721500 
1626700 

16020 
14700 

12933 
14700 

7906 
7868 

0.036 
0.031 

0.026 
0.118 

0.007 
0.015 

0.023 
0.082 

98.3 
100.0 

0.563   | 
0.636 

|                                                 Temperature = O'F.   (-17.7*C)                                                                      | 

068 4500000 1880000 0 22 13895 13004 8395 0.   00 0.015 0.024 0.006 loo.Q 0.509 

1070 4700000 1840000 0 28 1 15172 13419 8394 0.074 0.063 0.017 0.024 99.5 0.622 

1074 

[Avg j 

5290000 1993000 0 33 16990 13958 8567 

8452 

0.016 0.005 0.004 0.002 98.1 

99 3 

0.553 

4830000 904340 0.28 15210 13460 0.063 0.024 0.015 0.011 0,557 
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Table FI (cont'd). 
Frequency = 5000 Hz, dynamic stress - 1.0 psi. 

Spec 
no. 

:      E» 
(psi) (psi) 

V» 

(ft/sec) 
i            i 

tan fij tan «s      ot        a 
-     (1/ft) (i/h) if) 

e 

|                                                   Temperature - +25°F.   (-3.9"C)                                                                  | 

1051 4550000 1806000 0.26 1A196 12834 8086 0.012 0.024 0.016 0.047 98.0 0.532 

1052 5170000 1990000 0,30 15866 13675 8486 0.019 0.041 0.022 0.076 100.0 0.516 

1056 4710000 1850000 0.28 14805 13094 8197 0.100 0.028 0.120 0.054 99.8 0.529 

1062 4880000 1910000 0.28 15489 13699 8570 0.028 0.024 0.032 0.044 100.0 0.528 

1064 4820000 1900000 0.27 16737 14973 8352 0.110 0.056 0.130 0.105 99.7 0.556 

Avg. 4826000 1891200 0.28 15420 13655 8338 0.054 0.035 0.064 0.065 99.7 0.532 

|                                                 Temperature - 150F.   (-9A'C)                                                                    | 

itortrton 2.29 1/.3B7 1256? 7(nn ft ftO<J n oin n.nn 0.020 100.9 0.636 

1006 4150000 1620000 0.28 14224 12580 7860 0.021 0.085 0.026 0.169 100.0 0.636 

1030 4570000 1640000 0.39 18185 12876 7714 0.053 0.060 0.065 0.122 99.9 0.528 

Wi 4270000 1510000 3.42 20427 12785 7606 0.039 0.092 0.048 0.190 93.0 0.654 

1036 

Avgl 

4935000 1830000 0.35 

0.37 

16969 13395 8157 0.009 0.013 0.011 0.025 98.3 0.536 

47525Ö0 1735000 17490 13135 7935 0.031 0.036 0.038 0.073 99.1 0.532 
Avg a 4198300 1583000 0.33 15370 12644 7765 0.023 0.062 0.025 0.126 99.8 0.642 

j                                                    Temperature - 0"?.   (-17.7*0                                                                   | 

1068 4500000 1883000 0.2C 13690 12988 8403 0.015 0.036 0.018 0.067 100.3 0.509 

1070 4700000 1840000 0.26 15166 13413 8392 0.045 0.0J6 0.053 0.067 99.5 0.622 

1074 5290000 2060000 

1927670 

0.2£ 15782 13958 8710 0.01O 

0.023 

0.014 0.011 0.025 98.1 0.553 

Avg 4830000 0.25 14720 13453 8502 0.029 0.027 0.053 99.3 0.557 

. 
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Table FI (cont'd). Frocen 20-30 Ottawa sand. 
Frequency = 10000 Hz, dynamic stress = 1.0 psi. 

1 Spec 
1 no. |  (psi) 

I      G» 
j   (psi) 

1    v* 1    Vc    1    vl   •   V8 
(ft/sec) 

1            i           i 

tan S| 1 tan 6; 
](l/ft)|(l/K 1     Sl 

if) 
1     e     I 

1                                                  Temperature «= +250F.   (-3.9'C)                                                                       | 

1051 5350000 1806000 0.48 1    — 13916 8086 0.013 0.024 •0.029 0.093 98.0 0.523 

1052 5190000 2010000 0.29 15684 13701 8528 0.014 0.037 0.032 0.136 100.0 0.516 

1056 4745000 1920000 0.24 14260 13135 8350 0.076 0.021 0.182 0.079 99.8 0.529 

1062 4940000 1940000 0.28 15593 13791 8637 0.072 0.012 0.164 0.044 100.° 0.528 

1064 

1 Avg. 

4940000 1900000 0.30 18137 15632 

14035 

8350 

6390 

0.050 0.037 0.117 0.139 99.7 0.556 

5033000 1915200 0.32 16760 0.045 0.026 0.105 0.098 99.7 [0.532 

1 
1                                                  Temoerature - +150F.   f-9.4'CV                                                                      1 

inn<;Lisnnnn 1 lfi2000o!o.23 Il4167 
i            i                    i                      ■             i 

1253017830 0.007 | 0.001 0.014 0.003 100.oi 0,636 

1006 4150000 1520000 0.36 16309 12580 7612 0.021 0.014 0.042 0.046 100.0 0.636 

1030 4570000 1640000 0.39 18185 12876 7714 0.053 0.060 0.065 0.122 99,9 0.528 | 

1036 

Avg 1 

4980000 1863000 0.34 16694 13456 8230 0.003 0.006 0.007 0.023 98.3 0.536 

4775000 1751500 0.36 16920 13166 7972 0.028 0.033 0.036 0,073 99 1 0.532 
Avg 2 4150000 1570000 0.32 14900 12555 7721 0.014 0.008 0.028 0.025 100,0 0.636 

[                                                Temperature « 0"F.   (-17.7-C)                                                                     \ 

1068 4500000 1885000 0  19 13609 12988 8406 0.008 0.012 0.019 0.045 100.3 0.509 

1070 4700000 1840000 0 28 15162 13410 8309 0.010 0.009 0.023 0.034 99.5 0.622 

1074 5290000 2060000 0 28 15782 13958 8710 0.005 0.023 0.011 0.083 98.1 0.553 

Avg   1 1830000 1928300 0 35 17050 13485 8475 0.008 0,022 0.018 0.056 99.3 0.557 

; 
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Table FI (cont'd). 
Frequency = 1000 Hz, dynamic stress = 5.0 psi. 

Spec 
no. 

E* 
(psi) (psi) 

V» vc   1    vl   1   V8 
(ft/sec) 

.—I,           i   ,. ,. 

tan «t tan fis 

(l/ft)|(l/K) 
Sl e 

Temperature - +250F. (-3.9-0 

1051 4110000 1791000 0.17 12669 12220 8053 0.122    0.041 0.031 0.016 98.0 0.532 

1052 4620000 1960000 0.19 13546 12928 8430 0.027 0.097 0.007 0.036 100.0 0.516 

1056 4230000 1670000 0.38 17239 12600 7803 0.380 0.127 0.092 0.051 99.8 0.529 

1062 4820000 1810000 0.33 16572 13615 8342 j0.028 0.019 0.006 0.007 100.0 0.528 

1064 [4520000 | 1730000 |o.35 | 16439 12976 7977 0.248 ■ 0.060 0.102 0.040 99.7 0,556 

lAvg 4446000 1792200 0,28 14549 12868 8121 0.161 0.069 0.048 0.030 99.7 0.532 

|                                               Temperature - +15*F.   (-9,4*0                                                                   | 

1005 4250000 1620000 0.31 14928 12680 7830 0.052 0.309 0.013 0.120 100. 0.636 

1 1006 4150000 1750000 0 18 13108 12580 8168 0.070 0.320 0.017 0.119 100. 0.6361 

1030 4280000 1640000 0 30 14459 12462 7714 0.063 0.060 0.016 0.024 99.9 0.528 

I 1032 4270000 1510000 0.41 19496 12787 7606 0.059 0.090 0.014 0.037 93.0 

99.9 
98.0 

0.654 

Kvg 1 
Kvg 2 

4280000 
4223000 

1640000 
1627000 

0.30 
0.30 

14459 
14714 

12462 
12682 

7714 
7868 

0.063 
0.060 

0.060 
0.139 

0.016 
0.015 

0.024 
0.092 

0.528 
0.642 

1                                                Temperature - O'F.   (-IT.TO,                                                                 \ 

1068 4500000 1880000 0 22 13895 13004 8395 0.100 0.015 0.024 0.006 100. 0.509 

1070 4700000 1840000 0 28 15172 13419 8394 0.07« 0.063 0.017 0.024 99.5 0.622 

1074 5200000 1993000 o sd 16056 13839 8567 0.01Ö 0.010 0.004 0.004 98.1 0.553 

kvg »800000 1904300 0.27 15002 13421 8452 0.063 0.029 0.013 0.011 99 3 0.557 1 

. ~.^ 
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Table FI (cont'd).  Froren 20-30 Ottawa sand. 
Frequency = 5000 Hz, dynamic stress = 5.0 psi. 

1 sP«c 
1 no. 

!     E« 
1 (psi) |   (psi) 

! v» 
(ft/sec) 

1           1            1 

itan 6 l tan t 
■jd/nlld/lt 

Sl 
)     (*) 

1      e 

1                                              Temoerature - +25*F.   (-2.9'C)                                                                1 

1051 4510000 1791000 0.26 14133 12778 '  8052 0.021 0.029 0.026 0.057 1   98.0 0,532 

1 1052 5170000 1980000 0.31 16100 13675 8461 0.021 0.063 0.034 0.117 100.0 0.516 

1 1056 4690000 1850000 0.30 15189 13091 8197 0.160 0.032 0.191 0.061 99.8 0.529 

1062 4880000 1880000 0.30 15894 13699 8503 0.028 0.Q30 0.032 0.055 100.0 0.528 

1064 4820000 1 1900000 0.27 

0.29 

16737 14973 8352 

8314 

0.110 0.056 0.130 

0.042 

0.105 i    99.7 0.556 

Kvg 4814000 1880200 15618 13643 0,068 0.042 0.080 99.7 0.532 

[                                               Temperature - +150F.   (-9,4',C)                                                                  | 

j 1005 4175000 1620000 0.29 14387 12568 7830 0,034 0.010 D.042 0.020 100.0 0.536| 

1006 4150000 1620000 0.28 14224 12580 7880 0.069 0.073 0.086 0.146 100.0 0.636 

103C 4520000 1640000 0.38 17521 12806 7714 0,058 0.060 0.071 0.122 99.9 0.528 

1032 4270000 1510000 0.42 20427 12785 7606 0,039 0.090 0.048 0.018 93.0 0.654 
1 

Uvg i 
JAvg 3 

«20000 
4198300 

1640000 
1583000 

0.38 
0.33 

17521 
15390 

12806 
12644 

7714 
7765 

0.058 
0.047 

0.060 
0.058 

0.071 
0.059 

0.122 
0.061 

99.9 
98.0 

0.528 
0.642 

|                                                 Temperature = 0"F.   (-17.7UC)                                                                 J 

1068 4500000 1883000 0.20 13690 12988 8403 0.015 0.036 

1 

0.018 0.067 100.3] 0.509 

1070 4700000 1840000 0.28 15166 13413 8392 0.045 0.036 0.053 0.067 99.5 0.622 

1074 5200000 2060000 0.20 

0.23 

15307 13838 8710 0.010 0.017 0.01J 0.031 98.1 0.553 

Avg '+800000 1928000 14693 13413 8502 0.035 3.030 0.041 0.055 99 3 0.557j 

i ..     "  i -.:.■ -.SÄ *.liiiUukfeL^i-a^.i»£i*:^^::i,i ■|- r.,,,..^, »-"■-^«JlftMHiSiii .     _._        ^J 
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Table FI (cont'd). 
Frequency = 10000 Hz, dynamic stress = 5.0 psi. 

Spec 
no. 

1      & 
\   (psi) 

I       G« 
j    (psi) 1   V* 1 vc 1 n \ v8 (ft/sec) 

1           i             • 

tan  6 1 tan S J     a.  1     a 
](l/ft)|(l/?t 

Sl 1      e 

1                                                   .-emperature = +25,,F.   (-3.9eC)                                                                    ä 

1051 

1052 

|l056 

1062 

1064 

5320000 

5190000 

4745000 

4940000 

4890000 

1791000 

2oroooo 

1920000 

1940000 

1900000 

0.26 

0.30 

0.24 

0.28 

0.29 

15350 

j 15899 

.14260 

15593 

17495 

13877 

13701 

13135 

13791 

15283 

8052 

8507 

8350 

8637 

8350 

0.019 

0.014 

0.076 

0.072 

0.050 

0.029 

0.041 

0.028 

0.013 

0.037 

0.043 

0.032 

0.182 

0.164 

0.117 

0.113 

0.151 

0.105 

0.047 

0.139 

98.0 

100.0 

99.8 

100 0 

99.7 

0.532 

0.516 

0.529 

0.528 

0.556 

kvg. 5017000 1910200 0.27 15378 13757 8379 0.046 0.030 0.107 0.111 99.7 0.532 

|                                                Temperature « +150F.   (^^"C)                                                                  j 

|l036 4980000 1863000 0.34 16694 13456 8230 0.003 0.006 0.007 0.023 98.3 0.5361 

|                                                     Temperature - 0oF.   (-17.7^)                                                                     | 

1068 

1070 

1074 

Kvg    \ 

4500000 

4700000 

5200000 

1885000 

184000C 

2060000 

0.19 

0.28 

0.26 

0.24 

13609 

15162 

15307 

12988 

13410 

13838 

8406 

8390 

8710 

0.008 

c.oid 

0.005 

0.011 

0.012 

0.009 

0.023 

0.019 

0.010 

0.011 

0.045 

0.034 

0.083 

100. 

99.5 

98.1 

0.509 

0.622 

0.553 

4800000 1928300 14561 13412 8502 0.022 0.020 0.081 99.3 0.557| 

_i^2äüaEiasKir^:ür;?:i-T-L ■j-rm-nfvsr::^.^-.^. . 
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Table FII.  Procen Maacbester silt. 
Frequency = 1000 Hz, dynamic stress = 0.1 psi. 

Spec 1      E* 1      G# l     V« ! vc 1 vi ' v
8 

tan 6.1 tan i J .. 1 .. \ si 
) (%> 

1      e 
1 no. 1   (psi) j   (psi) 1   - (ft/sec) 

1           i            i 
- 

- 
](i/ft)|(i/ft - 

1                                                   Temperature - +250F (-3.90C) 

1041 3120000 1110000 p.4G 15956 10899 6501 0.062 JO.060 0.018 0.029 96.7 0.723 

1042 J2720000 1124000 0.21 10805 10184 6544 0.065 0.035 0.020 0.017 96.1 0.718 

1043 2102000 761000 0.38 13071 9555 5748 0.064 0.049 0.021 0.027 95.3 1.279 

1053 12295000 1   974000 0.18 9753 9360 6101 0.023 0.067 0.008 0.034 96.1 0.719 

110531 12310000 943000 0.24 10199 9391 6009 0.026 0.114 0.009 0.059 96.1 0.719 

1054 2275000 959000 0.21 9871 9304 6050 0.031 0.115 0.010 0.060 95.8 0.709 

1055 2460000 1060000 0.16 9930 9622 6317 0.022 0.048 0.007 0.048 96.7 0,689. 
0.82f ri059 2695000 1025000 0.32 12869 10760 6643 0.030 0.096 0.009 0.045 100.1 

Ll063 2570000 950000 0.35 13240 10450 6347 0.050 0.046 0.015 0.023 92.8 0.717 

L1048 2150000 760000 0.42 9318 5539 0.054 0.027 0.018 0.015 75.0 1.34Ö 
0.85f 

0.713 

[1045 250000 117500 0.06 3366 3353 2299 9.082 0.048 0.038 0.033 25.0 

kvg. m5700 1015700 0.25 10831 9887 6267 0.040 0.069 0.016 D. 035 95.8 

*00llt Ifrom ajverage)            | 

|                                            Temperature - +150F  (-9.40C) 

1037 2905000 1210000 0.21 11110 10462 6757 0.028 0.085 0.004 0.085 97.0 0.697 
Ll038 
| 1039 

I 3175000 122620J 0.29 12520 10974 6803 0 05010.043 0.007 0.010 98.8 L 0.714 
2735000 1087000 0.2Ö 12000 . 10866    6849    0.06i; 0.049 ! 0.009 0.049 93.5i   1.163! 

1033 3045000 1100000 0.38 14800 10769 6469 0 136 0 115    0.040 0.056 100.0 0.729 
I04r 2825000 1213000 0.17 10790 10401 6816 0 017 0.040 0.005 0.018 93.8 0.743 
1041 3580000 1350000 0.3: 14190 11671 7166 0 034 0.023 0 009 0.010 96.7 0.723 

Uvg. 3106000 1219840 0.27 12136 10857 6802 0.053 0.061 

*0ml 

0.013 

from 

0.036 

averag 

97,6 0.721 

j                                               Temperature - +0°F (-1 7.7'C)                                                                j 

106^ 3270000 1410000 0.16 11510 11175 7342 0.046 0.080 0.013 1 0.034 98.3 0.748 
10Ö9 3460000 1390000 0.25 12780 11660 7358 0.086 0.026 0.024 0.011 96.9 0.765 
107 U 3090000 1173000 0.42 16690 11426 6983 0.257 0.012 0.071 0.005 98.0 0.993 
107 3 2766000 1136000 0.30 12571 10820 6881 O.212] 0.018 0.062 0.008 97.3 0.998 
107Ö 

kvg ij 
kvg 2 

3500000 1320000 0.33 

8:d 
14197 11 37 7206 

mil 
0.048] 0.029 0.013 3,013 97.6 0.794 

8:^ imm\ mm \mv ud 8-.5S mi m m\ \u 

..     ■ ... 
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Table FII (cont'd). 
Frequency = 5000 Hz, dynamic stress = 0.1 psi. 

Spec 
no. (psi) 

0* 
(psi) 

V* VC     1      Vt     '     V8 
(ft/sec) 
 1 i  

tan <( tan «s 

(l/ft)|(i/h) 
si e 

Temperature ■ +250F  ( -3.09,C) 

1041 3130000 1120000 0.40 16007 10914 6528 0.045 0.029 0.065 0.070 96.7 0.723 
11042 2890000 1126000 0.28 11685 1049-+ 6550 0.040 0.035 0.060 0.084 96.1 0.7181 
ri043 2108000 807000 0.31 11282 9566 5918 0.043 0.041 0.071 0.109 95.3 1.27^ 

1053 2543000 1021000 0.25 10793 9853 6245 0.022 0.045 0.053 0.223 96.1 0.719 
L053A 2470000 I    970000 0.28 1098C 9711 6089 0.023 0.075 0.037 0.183 96.1 0.719 
[ 1054 2660000 1024000 0.30 11673 10061 6246 0.042 0.080 0.066 0.201 95.8 0.709 
1 1055 2810000 1082000 0.30 11932 10284 6382 0.030 0.046 0.197 0.011 96.5 0.689 
fl059 2695000 1020000 0.32 12871 10760 6620 I 0.023 0.024 0.034 0.057 100.0 *0.823 

1063 2537000 \    994000 0.28 11726 10371 6492 0.036 0.046 0.054 0.111 |   92.8 0.717 

1 Avg 2720000 1648100 |0.27 11448 10241 6347 0.052 0.051 0.061 0.126 95.8 0.713 
♦Omit from iverand 

1                                                     Teuparature - +150F  (-9.4'C)                                                                 | 
i  

1033 3060000 1155000  tO.33 13114 10774 6621 0.048 0.064 0.070 0.152 100.0 0.729 
1 10?7 3000000 1380000 0.09 10727 10631 7212 0.028 0.048 0.041 0.104 97.0 0 6971 
1 103^ 3296000 1250000 0.32 13374 11180 6886 0.034 0.046 0.048 0.105 98.8 0 714] 
ri03<) 2815000 1125000 0.25 12072 11020 6967 0.026 0.037 0.037 0.083 93.5 *1  163 

IGaO 3192000 1303000 0.22 1 814 11057 7064 0.030 0.035 0.034 0.156 98.8 0 743 
1041 3678000 1350000 0.36 

0.26 

15335 11829 7166 0.025 0.021 0.033 

0.045 

0.046 96.7 0 723 

kvg J245200 1287600 12271 11094 6990 0.033 0.043 0 112 97.6 0.721 

♦Omit from a rerage 

!                                                Temperature - 0UF (-17.7"C)                                                                | 

1067] 3300000 1410000 0.17 1 636 11224 7339 0.015 0.052 0.021 0 Oil 98.3 0.748 
1069 3460000 1390000 1 0.24 12603 11609 7358 0.033 0.033 0.045 0 070 96.9 0.765 
1071 1 3090000 1206000. 0.28 128261 11344 70831 0.067 0.054 0.121 0 120 98.0 0.993 
1072 2960000 1183000 0.25 12170 miq 7022 0.054 0.030 0.076 0 067 97.3 0.988 
1076 

kvg J 

3500000 1355000 0.29 13475 11736 7301 0.038 

0.034 

0.019 0.051 0 041 97.6 0.794 

0.769 3420000 1385000 0.22 12080 11314 7240 0.034 0.039 0 041 97.6 

rg2 3025000 1194000 0,26 12550 11227 7053 o.07a 0.042 0.038 0 094 97.6 0.990 | 

-' ■ -     V .    ■ 
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Table FII (cont'd).  Frown Manchester süt. 
Frequency = 10000 Hz. dynamic stress = 0.1 psi. 

! 

Spec 1      E* G* 1   v» 1   vc  !   v^   1   vs tail 6, A tan 6 L/A J % 1      Si 
)     {%) 

e 
no. |   (psi) |   (psi) j    - 1          (ft/sec) - 

1 

j                                                 Temperature « +25"?.   (-3.9'C)                                                                1 

041 3145000 1127000 K).40 16015 10939 6548 0.033 0.025 0.095 0.120 96.7 0.723 
042 2925000 1150000 0.27 11241 10557 6620 0.03C 0.035 0.089 0.166 96.1 L 0.718 

L043 2114000 832000 0.27 10708 9578 6009 0.04C 0.041 0.131 0.214 95.3 1   1.279 
1053 2565000 1028000 0.25 10839 9895 6266 0.017 0.045 0.053 0.226 96.1 0.719 
t053A 2510000 973000 0.30 11359 9789 6098 0.021 0.071 0.067 0.365 96.1 0.719 
k054 2660000 1030000 0.29 11516 10060 6264 0.033 0.074 0.103 0.371 95.8 0.709 
1055 2925000 1038000 0.34 12842 10492 6400 0.026 0.043 0.078 0.211 96.7 0.689 
k059 2670000 1019000 0.31 12613 10710 6616 0.018 0.012 0.053 0.0S7 100.0 ^0.823 
k063 2518000 1000000 0.26 11559 10450 6512 0.030 0.046 0.091 [0.222 | 92.8 0.717 

JAvg. 2749710 1056571 0.30 11965 10311 6385 0.027 0.048 0.090 0.-^40 95.8 0.713 

*Oinlt  fromlaverade 

|                                                      Temperature  - +15°F.   (-9.40C)                                                                    | 

| 1033 3070000 1220000 0.26 11934 10789 6803 0.020 10.051 0.058 0.235 100.0 0.729 
1 1040 3260000 1303000 p.25 , 12239 11173 ! 7064 0.01210.035 I 0.034 0.156 '   98.8«  0.743' 

1041 3686000 1350000 0,36 

0.39 

15351 11841 7166 

701 

1 

0.017 0.021 0.045 0.092 06.7 0.723 

Avg. 3338670 1291000 12899 11268 0.016 

! 

0.036 0.046 0.161 98.8 0.732 

|                                              Temperature - öut.   (-17.TC)                                                                        | 

1067 3340000 1500000 0.12 11481 1129 7570 0.010 0.052 0.028 0.02 98.3 0.748 
1069 3460000 1390000 0.25 12682 11608 7360 0.023 0.054 0.062 0.230 96.9 0.765 
1071 3090000 1173000 0.42 18256 11426 6983 0,007 0.02 0.071 0.005 98.0 0.993 
107» 2970000 1190000 0.25 12174 U12 7043 0.018 0.037 0.051 0.165 97.3 0.988 

1076 3500000 1380000 ).27 13093 11734 7368 3.026 

0.020 

0.018 0.070 0.077 97,6 0.79«* 

kui mm 1423300 0.21 13410 11545 7439 0.041 0.053 0.110 97.6    ! 0.769 1 nv8 «. 

1 1 

1181500 0.33 13724 11275 7013 0.013 0.031 J 0.061 0.035 97.6 0,990 I 

6;* ».-J»? *.: .;. lifc^JhA" 1 ^.'^A.-—>_ .rtnift äiffc^.1 
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Table FII (cont'd). 
Frequency = 1000 Hz, dynamic stress 1.0 psi. 

Spec 
no. 

E* 
(psi) (psi) 

vc   |    Vt   I 
(ft/sec) 
 I L. 

tan 6, tan 6, 
(1/ft) (1/K) it) 

Temperature - +25°F, (-3.9*C) 

|l041 3120000 1110000 K).40 15954 10899 6501 0,062 0.060 0.018 0.029 96.7 0.723 

11042 2795000 1125000 b.21 10805 10184 6544 0,065 0.035 0.020 0.017 9Ö.1 0.718 

ri043 2082000 753000 0.38 13010 9509 5718 0.064 0.049 0.021 0.027 !   95.1 1   1.279 
1053 2290000 972000 0.18 9743 9350 6095 0.023 0.067 0.008 0.0.'. 1    '       .   0.719 

h053A 2307000 !   937000 0.25 [ 10281 9385 5990 0.026 0.114 0.009 0.1.• .   Ü.719 

1054 2275000 i   959000 0.21 f   9871 9304 6050 0,031 0.115 0,010 0,06 :   S 0.709 

1 1055 2450000 1052000 0.17 I   9955 9602 6293 0.023 0.048 0.008 0.024 \    96-7 0.689 

ri059 2695000 1025000 0,32 12871 10760 6643 0.030 0.096 0,009 0.045 100.0 *0.823 

1063 
JAvg. 

2575000 

2544428 

|    950000 0.35 

0.25 

12819 10450 6347 0.050 0.046 0.015 0.023 1    92.8 0.717 

O.Tr- 
1015000 10810 9868 6260 0.04Ö O.Ö64 Ö.'ÖI'S ,0.043 95.8 

1045 230000 105000 0.10 i    3254 3218 2174 0.081 0.075 0.039 0,054 25.0 0.852 
1048 1880000 720000 0.31 10258 8713 5391 0.052 0.027 1 0.019 0.016 1    75,0 1.340 

*Ofcit frirn average 

|                                                   Temperature « +150F.   (SA'C)                                                             | 

1033 3045000 1095000 0.39 15211 10770 6455 0.138 u.119 0.040 0.058 lOOP 0,729 
1 1037 2875000 1205000 0.20 10970 10407 6744 0.02« 1 0.088 0.008 0.041 97.0 0.6971 
j 1038 13171000 U25300 0.29 12553 10966 6817 0.031 0.043 0.009 0.020 98.8 *0-714l 
*1039 2730000 1080000 0.26 12008 10856 6828 0,057 0.054 0.016 0.025 93.5 1.163 

1 10/-C 2820000 1190000 0.19 10889 10392 6751 0.017 0.040 0.005 0.019 98.8 0.743 

| l041 3530000 1350000 0.31 13645 11590 7167 0.040 0.026 0.011 0,011 96.7 0,723 

lAvg. 308820C 1213060 0.28 12239 10825 6787 0,051 0.063 

*0mi 

0 024 

: from 

0,032 

averag 

97,6 

1 

0.721    • 

f—   ■                                           Temperature - O'F.   (.17.70C)                                                                    | 

1067 h-3270000 1370000 0.19 11713 11179 7233 0.061' 0.038 0.017 0.016 98.3 0.748 
1069 34600001 1390000 0.25 12728 11619 7358 0.088 0.026! 0.024 0.011 96. <* 0,765 
1071 30900001 1169000 0.33 13808 11343 6971 0.081 0.012 0.022 0,005 98. d 0.993 
1072 2766000 1136000 0.23 11572 10748 6881 0.0931 0,018 0.027 0,008 7.3 0.988 

•Il076 

Ug 1 

3440000 320000 0,30 13574 ■ 11636 7206 0.048 0.029 ! 0.013 0 013 97.^ 0 794 

3390000 1360000 3 25 12610 
1 

11511 7266 0.066 0,031 0,018 0.013 97.6 0.  69 
AAvg2 2928000 1152500 } 28 12488 1 045 6926 0,067 0..015 0,024 0,007 

! 

97.6 0.930 1 
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Table FD (cont'd).  Frozen Manchester silt. 
Frequency = 5000 Hz, dynamic stress = 1.0 psi. 

I ■ 

Spec 1      E* 1      G» 1    ^ 1    Vc   1    vl   ^   Vs tan 6 • tan i a. 1 . 1     S. I       c 
1 no. |   (psi) \   (psi) 1 (ft/sec)     S 

l          1           1 I     " d/ftid/M {%] 
|                                                 Temperature - +250F.   (-3.9ÜC)                                                                 ! 

1041 3130000 1120000 0.4C H 15976 10914 6528 0.043 0.029 0.065 0.070 96.7 1 0.72a 
Il042 2890000 1126000 0.2£ 11865 10494 6550 0.04(1 0.035 0.060 0.082 96.1 1    0.71« 
ri0A3 2096000 796000 0.3: J 11410 9538 5878 0.04J 0.041 0.071 0.109 95.3 *1.279 
1053 2541000 1019000 0.2f J 10789 9849 6238 0.023 0.045 0.034 0.113 96.1 I 0-7H 
I953f 2470000 967000 0.28 J 10980 9711 6080 0.023 0.075 0.037 0.194 96.1 0.719 
1054 2660000 1024000 0.3C | 11673 10061 6248 0.043 0.080 0.066 0.201 95.8 0.709 
1055 2800000 1082000 0.2'- 11752 10266 6382 0.031 0.046 0.047 0.113 96.7 0.689 
1059 2695000 1020000 0.32 12871 10760 6620 0.023 0.024 0.034 0.057 100.0 0.823 

|l063 2537000 \   994000 O.ii 

0.2 

11726 10371 6492 0.033 0.046 0.054 0.111 92.8 1    0'711 
kvg 2718280 1047427 1172C 10238 6331 0.034 0.051 0.052 0.126 95.8 0.713 

*0mit from Average 

[                                                    Temperature - +15°F.   (-9.40C)                                                                    | 

1033 3060000 1150000 0.33 13114 10774 6607 0.049 0.066    0.071 0.157 100,0 0.729 

1 1037 2945000 1375000 0.07 10589 10533 7199 0.028 0.052 10.042 0.113 97,0 0.697! 

1 1038 3287000 1249500 0.32 13356 11165 16885 0.031 0.050 0.044 0.114 98.8 0,714! 

*1039 2810000 1125000 0.25 12061 11010 6967 0.026 0.037 0.037 0.083 93.5r 1.163 

1040 3190000 1297000 0.23 11901 11053 7048 0.030 0.035 0.043 0.078 98.8 0.743 

1041 

Uvg 

3655000 1350000 0.35 14939 11792 7166 0.030 0.023 0.040 0.050 96,7 0.7231 

3227400 1284380 0.2; 12367 11063 6981 0.034 0.045 , 0.048 0.102 97.9 0.715 

♦Omit from i 
I 

verage 

|                                                   Temperature - 0oF.   (-17.7*0)                                                                  1 

1067 1 3300000 1375000 0.20 11832 11225 7246 0.027 0.038 0.03P 0.082 98.3 0.748 

1069 3460000 1390000 0.24 12603 1 11609 73 8 0.033 0.033 0.045 0.070 96.9 0.765 

1071 3090000 1200000 0.21 12974 11334 7066 0.026 0.060 0.036 0.133 98.0 0,993 

\m\ 2960000 1183000 0.25 12167 11107 7022 0.030 0oM\ 0.042 0,067 97.3 0,988 
3440000] 1355000 | 0 27i 

0 24 

12996] 11633 | 73011 0.0 5 0,034^ 0.041| 9 ,a 0.794| 

Avg  1 3400000 1373300 12480 11489 7635 0.028 | 0.030 0.039 0.064 97.6 0.769 

Avg 2| 3027500 1191500 0 27^ 12542 11220 7044 0.028 0.045 0.039 0.100 97. 0.990j 

■:---   ■'-   ■       .'-._   '"' -.-«*^i>tf .^au^.i .    ...    -'   It'^fi^Hjrt '-  Tfiir-<V'        ,   ■ 
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Table FII (cont'd). 
Frequency = 10000 Hz, dynamic stress 1.0 psi. 

(ft/sec) 
 1 L. 

tan 6i tan A, 
(1/ft) U/h) 

si it] 

1 

Temperature ■ +250F. (-3.9"C) 

1041 3145000 1127000 0.40 16013 10939 6548 0.033 0.025 0.095 [0.120 96,7 0.723 
Il042 2925000 1150000 10.27 11801 10557 6620 0.030 0.035 0.089 0.166 96,1 0,718 
n043 21Ö5OO0 822000 fo,28 10808 9559 5973 0.040 0.040 0.131 0,215 95,3 *1,279 
1053 2563000 1026000 0.25 10836 98 92 6260 0.017 0.045 n 05 J v).226 96,1 0,719 
10S3A 2510000 970000 0.30 11357 97b9 6089 0.021 0.071 p.^.7 0.366 96,1 0.719 
1054 2660000 1030000 0,29 11516 10060 6264 0.033 0.074 0.103 0.371 95.8 0.709 

11055 2880000 1087000 0.33 12672 10411 6397 0.027 0.043 0.080 0.211 96.7 0,689 
[1059 2670000 1019000 0.31 12609 10710 6616 0.018 0.012 0.053 0.057 110.1 *0.823 
1063 2518000 1000000 0.26 11429 10332 6512 0.030 0.046 0.091 0.222 92.8 0.717 

JAvg 2743000 1055710 0.30 11931 10283 6384 0.024 0.048 1 0.083 0.240 1 95.8 0.713 

[ 
♦Omit from iverage 

|                                                   Temperature - +150F.   (-9.4'C)                                                                J 

1033 3070000 1210000 0.27 12060 10789 6776 0.020 0.053 0.058 0.246 100.8 0.729 
!l040 3203000 129*000 0.24 12004111057 7048! 0.01250.035 0,034 0,156 98,8 0,743. 
|l041 

fvg 

3686000 13r0000 0.36 15351 11841 7166 

6997 

0.017 

0.016 

0.023 0,045 0.101 96,7 0,723 1 

3319670 1285670 0.29 12854 11229 0.037 0,046 0.168 98.8 0.732 

|                                                   Temperature « 0oF.   (-17.7°C)                                                                  | 

1067 ■334Ü000 1455000 0.15 11603 11292 7454 
] 

0.0181 0.038 0.050 0.160 98 3 0.748 
1069 3460000 1390000 0.25 12716 11608 7360 0.023 0.054 0.062 0.230 96,9 0.765 
1071 3090000 1200000 0.29 12973 11333 7065 0.0091 0.025 0.025 0.111 98.0 0.993 

H 2970000 
3440000 

1190000 
1380000 

0.25 
0.25 

12187 
12701 

11125 
11633 

7043 
7368 

0.018 
0.013 

0.037 
0.018 

0.051 
0.035 U6757 

0.156 

Ml m\ 
kvg 1 3413000 1408300 0.22 12320 11511 7394 0.018 0.036 0.049 97 6 0.769 
kvg 2 3030000 1195000 0.27 12552 11229 7054 0.014 0.031 0.038 0.138 97 6 0.990| 

i 
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Table FII (cont'd). Frozen Manchester silt. 
Frequency = 1000 Hz, dynamic stress = 5.0 psi. 

Spec 1      E« G« V» Vc   i    Vl   ^   V8 tan 6 J tan 6 s      ai 
(l/ft 

1     - 1   s, e 
no. (psi) (psi) - (ft/sec) 

1           i 
- Ui/M a. 

|                                               Temperature - +250F.   (-3.9*C)                                                                  ] 

1041 3120000 1110000 0.40 15954 10899 6501 0.062 K).060 0.018 0.029 96.7 0.723 
1042 2720000 1124000 0.21 10805 1018A 6544 0.065 ».035 0.020 0.017 96.1 0.718 
1053 2120000 912000 0.17 I    9327 8996 590A 0.023 0.067 0.008 0.036 96.1 0.719 

ttOSSA 2224000 931000 0.24 10004 9215 5978 0.026 0.148 0.009 0.077 96.1 0.719 
1054 2220000 943000 0.22 1    98 20 9191 6005 0.033 0.148 0.011 0.077 95.8 0.709 

|l055 2420000 1004000 0.21 10125 9543 6148 0.025 0.048 0.008 0.025 96.7 0.689 
ri059 2695000 1025000 0.32 12871 10760 6643 0.030 0.096 0.009 0.045 100.oro.823 
1063 2575000 

2485570 

|   950000 0.35 13239 10450 6347 0.050 0.046 0.015 0.023 92.8 0.717 

Ng 996290 0.26 10821 9783 6204 0.041 0.079 0.013 0.038 95.8 0.713 

♦Omit from ilverage 

|                                                  Temperature - +150F.   (-9.4*C)                                                                j 

1033 3045000 1080000 0.41 16424 10772 6411 0.144 0.125 0.042 0.061 100.0 0.729 
Il038 3126000 1218000 0.29 12464 10888 1  6799 0.035 10.068 0.010 0.031 98.8 0.714! 

I lO/'C 2800000 1183000 0.19 10850 10355 6732 0.017 0.040 0.005 0.019 98.8 0.743 1 
1041 3460000 1350000 0.28 12974 11475 7167 0.044 0.028 0.012 0.012 96.7 0.723 1 

Avg 3107750 1207750 0.29 12446 10872 6777 0.060 0.065 0.017 0.031 98.8 0.727 

I                                                 Temperature - 0oF.   (-17.7"C)                                                                  J 

1067 3270000 1370000 0.19 11710 11176 7232 0.052 0.028 0.015 0.012 98.3 0.748 
1069 3460000 1390000 0.25 12728 11619 7360 0.088 0.026 0.024 0.011 96.9 0.765 
1071 3030000 1150000 0.32 13429 11226 6914 0.050 0.012 0.014 0.001 98.0 0.993 
1072 2766000 1136000 0.22 11476 10740 6881 0.056 0.018 0.016 0.008 97.3 0.988 
1076 3240000 1320000 0.2« 13391 11602 7206 0.048 0.029 0.013 0.013 97.6 0.794 

Avg 1 3383300 1360000 0.24 12420 11466 7266 0.063 0.028 0.017 0.012 97.6 0.769 

Avg 2 2898000 1143000 0.27 12277 10983 6897 0.053 0.015 0.015 0.005 97.6    j 0.990 

L-. *.i-i^.irihVW'   . L    ■..  ..-^*. .   >i-.LV ._-<-.   .   ..WIA    i-Ji.a^.w-^-. --JH.^.   -^'AJT. ^»•y.ecn.-...«.-Mr^-- yn 
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Table FII (cont'd). 
Frequency = 5000 Hz. dynamic stress = 5.0 psi. 

81 

[Spec 1     E* 1      0» i     V« 1    Vc   1    vt    '   V8 tan 6 I tan 6 
1(l/ft 

1       0,c Sl 
)   Hi 

e 
T 

1 no. |  (psi) |   (P^) - (ft/sec) 
1           i            ■ 

1     - - i U/h 
1                                              Temperature - +25°r.   (-3.rC) 

koAi 3130000 1120000 0.40 15976 10914 6528 0.045 0.029 0.065 0,C70 1    96.7 0.723 
t0A2 2890000 1126000 0.28 11865 10494 6550 0.040 0.035 0.060 0.084 S    96.1 |   0.718 

h053 2538000 1011000 0.26 10888 1    9843 6214 0.022 0.045 0.034 0.114 I    96.1 1  Ö.719 

h053/ J 2465000 964000 0.29 11105 9701 6072 0.023 0.086 0.037 0.222 96.1 0.719 
1054 2620000 1020000 0.29 11430 |    9985 6235 0.042 0.087 0.066 0.219 it    95.8 0.709 

h055 2785000 1082000 0.29 11720 10238 6382 0.034 0.046 0.052 0.113 S    96.7 0.689 

1059 2695000 1020000 0.32 12871 10760 6620 0.023 0.024 0.034 0.057 110.1 0.823 

|l063 | 2537000 j  994000 |0.28 |11726 | 10371 [6492 0.036 0.046 

0.053 

0.054 0.111 

0.133 

i    92.8 

95.8 

0.717 

JAvg 2709300 1045286 0.30 11859 10221 6353 0.035 0.053 0.713 

|                                                Temperature - +15°?.   (-9.40C) 

1033 3060000 1120000 0.37 14330 10775 6520 0.051 0.069 0.074 0.166 100.8 0.729 
1038 3285000 1249300 0.32 13352 11162 6886 0.035 0.066 0.049 0.150 98.8 0.714 
1040 3165000 1295000 0,22 11764 11010 7043 0.030 0.035 0.043 0.078 9f>.8 0.743 
1041 3620000 1350000 0.34 14560 11736 7167 0.032 0.025 0.043 0.055 96.7 0.723 

kg 3376700 1253575 0.31 13152 11171 6904 0.037 0.049 0.037 0.112 98.8 0.727 

\                                                Temperature - 0°F.   (-17.7"C)                                                                   | 

1067 3300000 1375000 

j 

0.20 11831 11224 7246 

j 

0.022 0.028 0.031 0.061 98.3 0.748 

1069 3460000 1390000 0.24 12603 11609 7358 0.033 0.033 0.045 0.070 96.9 0.765 

1071 3090000 1196000 0.29 1297A 11334 7054 0.020 0.060 0.028 0.134 98.0 0.993 

1072 2960000 1183000 0.25 12167 11107 702a 0.024 0.030 0.034 0.067 97.3 0.988 
1076 3420000 1355000 0.26 

0.23 

12857 11599 7301 

7302^ 

0.025 0.020 0.019 0.041 97 6 0.794 

kvg 1 3393300 1373300 12320 11477 0.027 0.027 0.032 0.057 97 6 0.769 

kvg a 3025000 1188500 0.27 12542 11220 7038 0.0 2 0.045 0.031 0.100 97 6 0.990 

, \ 
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Table FII (cont'd).  Frozen Manchester silt. 
Frequency = 10000 Hz, dynamic stress = 5.0 psi. 

/ 

Spec 1   ^ 1       G» v« vc  |   vl  1 v8 tan 6 (tan 6 s       ai 
(i/rt 

i     a s. £ 
no. |  (psi) j   (psi) | (ft/sec) 

1            i !   " - (l/^t (*) 

|                                                Temperature =■+25°?.   (-3.90C) 

11041 314500C 1127000 p.4C 16013 10939 6548 0.033 0.025 0.095 0.120 96.7 0.723 
(1042 292500C 1150000 0.27 11801 10557 6620 0.030 0.035 k),089 0.166 96.1 0.718 
1053 256000C 1020000 0.26 10935 9886 6241 0.017 0.045 b.053 0.226 96.1 0.719 

b053A 2507000 967000 0.3C 11351 9783 6081 0.021 0.081 0.067 0.418 96.1 0.719 
1054 262000C 1028000 0,28 11290 9985 6258 0.038 0.077 0.120 0.386 95.8 0.709 

[1055 2850000 1090000 0.31 12194 10357 6406 0.029 0.043 0.088 0.211 96.7 1   0.689 
P1059 267000C 1019000 0.31 12609 10710 6616 0.018 0.012 0.053 0.057 100.0 1   0.823 
1063 2518000 1000000 0.26 11429 10332 6512 

6381 

0.030 0.046 0.091 0.222 92.8 0.717 

Avg 2732100 1054570 0.3C 11907 10263 0.030 0.050 0.086 0.250 95.8 i    0,7l: 

|    *0ml     from averag 
' 

I                                                Temperature - +150F.   (-^"C)                                                                j 

1033 3070000 1180000 0.30 12518 10789 6691 0.021 0.054 0.061 0.253 100.0 0.729 
1040 13193000 ' 1295000 0.23 11905 11057 7043 0.012 0.035 0.034 0.156 58.8 0.743 
1041 3650000 1350000 0.35 14927 117GJ |7166 

6967 

0.017 0.024 0.045 0.105 96.7 0.723 

0.732 Avg 330430C 1275000 0.2« i,2833 11210 0.017 0.038 0.047 0.171 98.8 

|                                                  Temperature = ÖUF.   (.17.7UC] | 

1067 3340000 1455000 0.15 11603 11292 7453 0.015 0.028    0.042 0.118 98.3 0.748 
1069 3460000 1390000 0.25 12616 11608 7360 0.023 0.054 0.062 0.230 96.9 0.765 
1071 3090000 1200000 0.29 12973 11333 7063 0.009 0.025 0.025 0.111 98.0 0.993 
1072 2970000 1191C00 0.25 12187 11125 7043 0.018 0.037 0.051 0.165 97.3 0.988 
h076 3420000 138C000 0.24 12584 11599 7368 0.048 0.029 0.035 0.077 97.6 0.794 

Avg 1 3406670 1408)00 0.21 12220 11500 7394 0.029 0.030 0.046 0.142 97.6 0.769 

r8 2 3030000 1195000 0.27 12563 11239 7053 0.014 0.031 0.038 0.138 97.6 0.990 
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Table FID. Miscellaneous soils. 
Frequency = 1000 Hz, dynamic stress = 0.1 psi. 

Temperature - +150F (-9.40C). 

Spec 
no. 

E» 
(psi) 

G« 
(psi) 

vc   I    Jt       V8 
(ft/sec) 
 I i  

ton 4t tan 6, 
U/ni U/h) 

si it) 
100- 200 Ottawa Sand 

1013 
1014 

4000000 
3820000 

1400000 
1520000 

0.43 
0.26 
0.02 

0.35 

20683 
13282 

12258 
12008 

7257 
7575 

0.030 
0.029 
0.024 

0.027 

0.046 
0.030 

0.008 
0.007 

0.O20 
0,012 
0,013 

0,015 
iverage 

98 5 
98 7 
45.1 

98.6 

0.627 
0.645 
0.666* 

0.636 

1017 

vg 

1465000 

3910000 

720000 

1460000 

7878 

13590 

7875 

10713 

5521 

7416 

0.023 

0.038 
*0mlt 

0.010 

0.008 
from i 

Hanover Silt 

1025 3174000 1199500 0,32 13314 11130 6841 0.039 0.053 0.011 0.024 

TOST 
1026 
1027 
1028 

Fairbanks  Silt   (Undisturbed) 

100.« 0.855 

1964000 
1415700 
1758000 

719000 
516200 
621500 

0.37 
0.37 
0.42 

12888 
12254 
15244 

9691 
9221 
9541 

J_ 

5864 
5568 
5674 

0.023 
0.023 
0.030 

0.060 
0.059 
0.066 

0.007 
0.008 
0.010 

0.032 
0.033 
0.037 

87.6 
94.7 
91.2 

1.545 
4.030 
2.130 

TOB? 954000 285ÜÜÜ 
1010 1160000 400000 
1012 
Avg 

1101000 389500 
1U/Ü3UÜ 358200 

1007 272000 103000 
1008 
Avg" 

252000 
257ümr 

85000 
■94-Ü0D 

or 
0.45 
0.43 
03^ 
0,32 
0,48 
0750 

Suffleld Clav 

11179 

4213 

5F2tT 

6992 
6625 
"5595 
3522 
3408 

■35Ü5 

4106 
3940 
■3755 
2168 
1969 
■ZDOT 

0.096 
0.090 

0.105 
0.130 
crrre 

0.160 
0.095 
0.076 
"OTTTO 
0.130 
0.170 
07150 

TTÜST 
0.043 
0.043 
1051 
0.093 
0.119 
OTTÖB 

0.095 
0.061 
(TTÜS 
0.187 
0.268 
(TTTT 

TÜO 
100.0 
IOO.O 
TüöTD 
56.8 
54.2 

-5575 

Ö.505 
1.050 
0.885 
057 
0.962 
0.962 
0.962 

1079 830000 308000 0.35 
Goodrich Clay 

7294 

1077 2320000 792000 0.46 

5778 3521 0,080 0,103 0,043 0,092 96,9 0.833 

Thetford Till 
9614 

Ice 

5618 0.086   o.rjs 0,028   3,053 93,0 0,803 

w 
1081 

Avg 

I^ÖBUUU 
1420000 
1222000 »66000 Pf Q,31 

1310000   r56830      D.43  L7600 

11955 
m 
10115 

m 6246 

10393 6137 

m 
0.032 

m 
0.007 

0.065 0,030 

8:8^ 
u,010 

0,019 

0,009 
0,033 
0,035 

0.026 

-^- .. .J^^^^i^^.^:^^:.^^...i^^ 
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Table Fill (cont'd). Miscellaneous soils. 
Frequency = 5000 Hz, dynamic stress = 0.1 psi. 

Temperature - +150F (-9.40C). 

Spec E» |      G» V« 1      VC     1       Vi     '    V8 tan 6• tan 6 J     a« 1 .. Si \      e 
1 no (psi) j   (psi) j     - (ft/sec) - - ](l/ft)j(l/?t )     (*] ! 

I                                                             100-200 Ottawa Sand 

103] 400000C 1535000 0.3C 14222 12258 7593 0.025 0.022 ß.032 0.045 98.5 0.627 
liou 3820000 1520000 0.26 13282 12008 7575 0.029 0.024 b.038 0.050 98.7 0.645 
[1017 1830000 818000 0.12 8950 8802 5885 0.040 0.022 B.071 0.059 45.1 0.666' 

Avg 3910000 1527500 0.28 13710 12133 7584 0.027 0.023 0.035 0.047 1   98.6 0.636 
*0nfl«  from |»verag| 

1 Hanover Silt 

1025 3176000 1250000 0.27 12445 11133 6984 0.028 0.030 K).039 0.067 100.0 0.855 

j                                                   Fairbanks Silt   (Undisturbed) 

11026 1964000 728000 0.35 12277 9691 5902 0.043 0,043 0.070 0.011 87.6 1.545 
1027 1450000 527000 0.37 12412 9333 5631 0.051 0.044 0.088 0.123 94.7 4.030 
1028 1799000 643500 0,40 14130 9653 5773 0.065 0,040 0.106 0.110 91.2 2.130 

S                                                                     Suffield Clay 

1082 1032000 322000 0.60 6098 3406 0.100 0,094 0.258 0.434 ISH 0.505 
1010 1210000 430000 0.41 10888 7141 4259 0.09O 0.124 0.198 0.456 1.050 
1012 

Avg 

1185000 431500 

394500 

0.38 

0.46 

9410 6878 

6706 

4153 

3939 

0.146 0.170 0.322 0.638 IOO.O 

100.0 

0.885 

1142300 0.112 0.129 0.259 0.509 0.797 

!                                                                     Goodrich Clay 
11079 970000 351000 0.38 8682 6247 3755 0.090 0.047 0.226 0.197| 96.9 1 0,833 

|                                                                 Thetford Till                                                                                | 

1077 2320000 792000   | 0.46} 9606 5612 |0.027 | 0.02l| 0.04^ 0.0591   93.o|  0.803 
1                                                                              ice                                                                                             | 
10231 1288000 425500   1 0.51 10250 5891 1 0.041 0.013 0.025 0.035 ' 1 

1080 1420000 486000 0.45 10805 6345 0.060 0.031 0.082 0.077^ ~ 
1081 

Avg, 

1275000 

1328000 

477000 

461800 

0.31 12146 10332 6319 0.019 0.020 0.029 0.049 | 

0.42 15290 10462 6185 0.040 0.021 0.045 0.054^ -    \ -    | 

■_■.-,.   _ u .^,fci. ■aJ^:^ .'A-r 
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Table FDI (cont'd). 
Frequency = 1000 Hz. dynamic stress = 1.0 psi. 

Temperature = +15° F (-9.40C). 

Spec 
no. (psi) (psi) 

V« vc   1    vl   ^   va 
j          (ft/sec) 
1           i            i 

tan cs |taa «J     <xt        o 
i    - ](i/n)|(i/K !    si 1      e 

1                                                                 100-200 Ottawa Sand 

1013 
10U 

4000000 
3820000 
1440000 

3910000 

1400000 
1520000 
716000 

1460000 

0.49 
0.26 
0.01 

0.38 

13286 

16610 

12315 
12011 

7809 

12163 

7253 
7581 
5506 

7417 

0.280 
0.074 
0.060 

0.177 

0.058 
0.120 
0.053 

0.089 
*0nii 

0.070 
0.019 

0.025 
0.050 
0,053 

0,038 
avera; 

98.5 
98.7 
45.1 

98.6 
e 

0,627 
0.645 
0.666* 

0.636 

11017* 

Avg. 

0.024 

0.044 
p from 

[                                                                   Hanover Silt 

1025 3174000 1183000 0.35 14104 11133 6804 0.073 0.156 0.021 0,072 100.0 0.855 

ä                                                        Fairbanks  Silt   (Undisturbed) 

1026 
1027 
1028 

1964000 
1413000 
1755500 

719000 
516200 
620500 

0.37 
0.37 
0.42 

12888 
U423 
15231 

9691 
9213 
9533 

5865 
5569 
5670 

0.037 
0.032 
0.031 

0.066 
0.059 
0.069 

0.012 
0.011 
0.010 

0.035 
0,033 
0.038 

87.6 
94.7 
91.2 

1,545 
4.030 
2.130 

!                                                                   Suffleld Clay 
B.08'1 
\IQ10 
1012 
'Avg. 

1007 
1008 
Avg 

954000 
1160000 
1101000 
1071700 

255000 
246000 
250000 

285000 
400000 
389500 
358170 
103000 
84000 

93500 

0.67 
0.45 
0.43 
0.52 
0.24 
0.46 
0.35 

r 

11182 

3704 

^8i56^ 
6992 
6627 
6495 
3412 
3367 
3390 

3211 
4106 
3941 
3756 
2170 
1969 
2070 

0.117 
0.103 
0.121 
0.114 
0.148 
0.133 
0.140 

0.160 
0.102 
0.105 
0.122 
0.148 
0.170 
0.154 

0.063 
0.046 
0.057 
0.055 
0.135 
0.123 
0.129 

0,157 
0,078 
0.083 

m 
100.0 
100,0 
56,8 
54.2 
55,5 

0.505 
1.050 
0.885 

0.106 
0.247 
0.269 
0.258 

0.797 
0.962 
0.962 
0.962 4510 

ii                                                                  Goodrich Clay 
VTOTW 830000 302000 0.37 7793 5778 3487 0.080 0.103 0.080 0.103 1 96.9 5.833 

\                                                              Thetford Till 
107712120000 1792000 0.34|11368 | 9191   |5618 i0.089|0.095 |0.03010.053 | 93.0 |O.Ö03 

|                                                                             ice 

11023 
1080 
1081 

1280000 
1350000 
1209000 

♦13000 
177000 
+66000 

152000 

0.55 
0.41 
0.30 

0.42 

16431 
11649 

L0221 
L0532 
L0061 

5804 
6260 
6246 

6103 

0.079 
0.032 
0.029 

0.037 
0.033 
0.005 

0,024 
0,009 
0,009 

0.020 
0.017 
0,025 

-    | 

-      1 

Avg 1279700 16410 L0271 0.047 0.025 0,014 0.021 - 

., ii.lfc'fttftdlMrftfiAtorft&b^ Süt' :■ t A.^ajaifcWti^. %k!^'^.x.i.-:^.^',i--   .-^.-jfrW . ^j,, - ^Ji^fc^,,- -:.,.tfc>. ..j.^^.'.^»...»^.^,,-. „ufl 
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Table Fill (cont'd).  Miscellaneous soils. 
Frequency = 5000 Hz, dynamic stress = 1.0 psi. 

Temperature = +150F (-9.40C). 

1 Spec 
1 no. 

E* 
(psi) 

j      G» 
|   (psi) 

|    v« 
^ft/sec) 

1            i             i 

ton «j tan 6S 

Id/ftm/lt) 
! s1 
i (%> 

!      e     | 

|                                                               1UU-ÜU0 Ottawa Sand 

1012 
1013 
1017* 

Avg 

j 4000000 
j 3820000 

1820000 

3935000 

1535000 
1520000 
813000 

1527500 

0.30 
0.26 
0.12 

0.28 

14226 
13286 

12261 
12011 

7593 
7575 
5867 

7584 

0.070 
0.074 

0.029 
0.024 

Lo89 
0.097 
K).107 

0.093 
from 

0.060    98.5 
0.050     98.7 
0.075    45.1 

0.055    98.6 
Lveragej 

0.627 
0.645 

8926 

13756 

8779 

12136 

0.060 

0.072 

0.028 

0.027 
♦Omit 

0.66iy 

0.636 

|                                                                     Hanover Silt                                                                                     | 

1025 3176000 

j 

1197000 0.33 13553 11134 6835 0.050 0.036 p.070 0.083 10 0.855 

|                                                    Fairbanks silt    (Undisturbed)                                                                     ] 

1026 
1027 
1028 

I 

1964000 
1446700 
1791000 

728400 
527000 
642500 

0.35 
0.37 
0.39 

12277 
12399 
13604 

9691 
9323 
9632 

5902 
5627 
5768 

0.044 
0.052 
0.070 

0.043 
0.044 
0.041 

0.071 
0.088 
0.114 

0.114 
0.123 
0.112 

87.6 
94.7 
91.2 

1.545 
4.030 
2.130 

I                                                                    Suffielc Clay                                                                                   | 

1.082 
1010 
1012 
Avg 

1032000 
1210000 
1185000 
1142300 

322000 
430000 
431500 

394500 

0.60 
0.41 
0.38 
Ö.T6 

10888 
9410 

6098 
7141 
6878 
67Ö5- 

3406 
4259 
4153 

0.100 
0.092 
0.146 
ö.m 

3.094 
0.130 
0.170 

0.258 
0.202 
0.312 
Ö.2-57 

0.434 
0.477 
0.638 
Ö.5B 

100.0 
100.0 
100.0 

0.505 
1.050 
0.885 | 

3539 0.131 löOiö 0.797 

|                                                                 Goodrich Clay                                                                               j 

1079 970000 346000 0.40 9323 5247 3728 0.090 0.047 0.226 0a68 96.9 0.833 

| " ~                                    Thettord Till                                                                                      S 

M 2320000 7920C0    1 0.46 - 9607 5612J 0.034 1 0.O21 0.056 0.059 93.0 0.8031 

1                                                                                  Ice                                                                                                1 

1080 
1081 

15SÖÖÖÖ 
1350000 
1234000 

490000 
477000 

0.51 
0.38 
0.30 

.04?j 

14305 
11942 

1Ö217 
10531 
10295 

5887 
6344 
6385 

0.027 
0.017 
0.026 

0.014 
0.020 
0.007 

0.041 
0.025 
0.029 

TJ.037 
0.049 
0.049 

~~'— 

1 

Avg 1288000 464000 15150 15150 6205 0.0 3 0.014 o.o32 : 0.045 

1 

. a\.JK't,-iäd,. JUai^uC^i^fälffaS^\^\.; ......^v-^^yf^,-:.. 
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Table FD! (cont'd). 
Frequency = 1000 Hz. dynamic stress = 5.0 psi. 

Temperature = +150F (-9.40C). 

1 Spec 
I no. 

1     K» 
|   (psi) 

1      G* 
1   (Psi) 

1   v* 1Vc LJ* \v« (ft/sec) 
tan & J tan fi 

T(i/fd(i/M   (Jtj 
1      e 

I                                                           100-200 Ottawa Sand 

1013 
1014 
IOTT* 

kvg 

3900000 
3820000 

400000 
1520000 

|o.41 
0.39 
0.21 

0.40 

118696 
17009 
8183 

12262 
12043 

7256 
7685 
5499 

7470 

0^20 
0.400 

0,099 

0.166 

0.309 
*0mit 

—     0,043 
0.057 0.200 

|0.157| 0.094 

0.121 
from Average 

98.5 
9LJ 
45.t 

98.6 

0.627 
1P.M5 
0.666 

0.636 

1380000 

3860000 

712000 

1460000 

7713 

12153 

|                                                                Hanover Silt 

tt025 3174000 1123000 0 43 18834 11163 6666 0.225 0.3-.^ 0.062 0,158 l(P.O 0.855 

1                                                 ™ irbanks Silt  (Undisturbed » 

^026 
1027 
p028 

1913000 
1411500 
1753000 

718100 
512600 
618250 

0.33 
0.38 
0.42 

11651 
12605 
15225 

9572 
9213 
9529 

5862 
5550 
6660 

0.122 
0.100 
0.061 

0.090 
0.100 
0.061 

0,040 
0,034 
0.020 

0,048 
0,034 
0,043 

87 6 
94 7 
91 2 

1.545 
4,030 
2.130 

|                                                                 auffiel« I Clay 
1082 
toio 
boi2 

llOO? 
tt008 1 
Kvg 

94BUUU 
1160000 
1101000 

285000 
400000 
389500 

0.66 
0.45 
0.43 
03! 
0.17 
0.47 
073* 

11214 

3387 

5847 
6992 
6646 
6595 
3263 
3334 

3211 
4106 
3944 
375& 
2136 
1947 
2Ö5T 

0.117 
0.134 
0.250 

0.160 
0.125 
0.160 
0.148 
0.320 
0.202 

0.063 
0,060 
0,116 
0,080 
0.336 
0,140 

U69? 
0,127 
0.127 
0,459 
0,323 

100.0 
56 8 
54 2 

m 
0.885 
0.797 
0.962 
0.962 

1069670 
231000 
241000 

358170 
99000 
82000 
90500 

0,167 
0.360 
0.149 

236000 329$ Ö.i55 Ö.J 1 Ö,23S 0,391 55 5 J 0.962 

j                                                                  Goodrich Clay 

1079 830000 297000 0.40 8401 5778 3458 0.080 0.103 0,043 0.094 36 9 0.833 

fi                                                              Thetford Till                     _      
Il077l 18900001 792000   |0.19|9112 |8680   | 5618|  0.1O(l0.095| 0.036|0.053 |93.0  |  0.803] 

110231 
1080 
1081 

127500C| 
133000(1 
1209000 

405000   { 
476000 
466000 

0.66 
0.40 
0.30 

15139 
11634 

10263 
10453 
10661 

5748] 
6254 
6246 

0.333^ 
0.026 
0.018 

0,065| 
0,033 
0.005 

0.0991 
0.008 
0.006 

0.035 
0.017 
0.025 

- 

- 

Avg 1271300 449000 0.45 10459 6083 0.022 

♦OBJ 

0.034 

t from 

0.007 

averad 

0.026 

e 

^... ^MU, a to^äL&äkAM^tJäm... 4^ ^^^^^^^^^^^ . 
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Table FDI (cont'd). MisceUaneous soils. 
Frequency = 5000 Hz. dynamic stress = 5.0 psi. 

Temperature = +150F (-9.40C). 

Spec 
no. (psi) 

0« 
i   (psi) 

V« Vc   1    Vi    '   vs 
(ft/sec) 

!           i             i 

tan 6t tan «s 

u/ft] (i/K 
Sl e 

1                                                                100-200 Ottawa Sand 

1013 
1014 
lOlf 

Avg 

3900000 
3820000 

1535000 
1520000 
806000 

1530000 

0,55 
0.33 
0.13 

0.44 

14659 
8912 

21900 

12262 
12043 
8737 

12152 

7593 
7575 

0,490 
0,220 

0.029 
0.030 

0,089 0.060 
0.284 0,062 

98,5 
98,7 
45,1 

98.6 

0,627 
0.645 

0.636 

1800000 

3860000 

5842 

7584 

0,118 

D. 355 

|0,053    0.211 

0.030    0.186 

|    *0mit   from 

10.142 

0.061 

averag 

|                                                                      Hanover Silt                                                                                        I 

1025 3176000 1194000 0,34 13822 11141 6827 0.114 O.OSb 0.160 0.136 lOCB.O 0,855 

|                                                       Fairbanks Silt   (Undisturbed)                                                                     | 

1026 
1027 
1028 

1948000 
1441500 
1759000 

723200 
527200 
640000 

0.35 
0,37 
0,38 

12228 
12377 
13C65 

9652 
9307 
9549 

5881 
5628 
5757 

0.045 
0,060 
0,099 

0.043 
0.054 
0.041 

0,073 
0.101 
0,162 

0.114 
0,151 
0,113 

87,6 
94,7 
91.2 

1.545 
4,030 
2.130 

1                                                                      Suffield Clay                                                                                      | 

1082 
L010 
L012 

1026000 
1210000 
1185000 

322000 
418000 
431500 
390500 

0,59 
0.A2 
0,38 
0,46 

11409 
9408 

6080 
7141 
6876 
6699 

3406 
!»197 
m5 
3919 

0,100 
0,105 
0,124 
0,110 

0.094 
0,104 
0.195 
0,131 

0,258 
0,230 
0.282 
0.257 

0,434 
0.155 
0,730 
0.440 

i0o8;8 
100.0 

100,0 

0,505 
1,050 
0,885 

LVg 1140300 0.797 

1 Goodrich Clay 
1U7« 970000 342000 0,42 10044 6247 3707 0,090 0.047 0.226 0,199 96.9 0.833 

|                                                            Thetford Till 

1077 2320000 792000 0,46 - 9608 5612 0.046- 0,021 0.075 0,059 93,0  | 0.803 

1                                                                           Ice 

1023 
1080 
1081 

1275000 
1330000 
1266000 

423000 
488000 
487000 

0,52 
0.36 
0.30 

1364 
1194 

10207 
10452 
10295 

5873 
6331 
6385 

0.131* 
0.014 
0.012 

0.017 
0.020 
0,020 

0.201^ 
0.021 
0.012 

0,049 
0.050 
0.049 

- 
~                   1 

Avg 1290000 466000 0.39 1458( 10318 6196 0,013 0.019 
*0tait 

0.017 
irom i 

0.049 
i/erage 

- 

ifrvafi-'ftiii' * „Aäcti . ..    ; . JitC^.t   LfcJiiii^.- i' i i'lai 
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Table FIV. Miscellaneoos soils and ic«. 
Frequency = 1000 Hz, dynamic stress = 0.1 psi. 

Spec 
no. 

E» 
(pal) (psl) 

vl        V8 
(ft/sec) 

_J i 

tan fig tan 6, 
(I/ft] U/h) a) 

Goodrich Clay, +2f •ÜF (-3.9VC) 
11079 735000 214000 |0.72 5447 2936 0.148 10.112 10.085 10.120 1   96.9 0.833 1 

1                                                       Suffleld Clay, +250F (-3.90C)                                                       \ 
11082 772000 253000 Ö.52 5282 3025 0.148 0.159 10.088 0.165 ,100.0 0.505 1 

1                                                        Thetford Till, +250F (-3.90C)                                                        I 
1077 1455000 413000 0.76 7609 4C53 0.051 10.035 i0.020 0.027 93.0 0.803 1 

i Ice, +250F  (-3.90C)                                                                   ! 

0081 

000 
...   ^000 

-.. iÜÜO 

465000 
^70000 

52000 
■♦63000 
464000 

0.31 
0.29 
0.49 
0.30 
0.36 

11856 
11476 _ 

11548 

10070 
9738 

10536 
9962 

6232 0.033 
6075 i0.038 
610110.063 
6226 !o.138 

i0.035 
0.081 
0.089 
0.031 

0.010 
0.012 
0.019 
0.043 

0.018 
0.042 
0.046 
0.016 

- -     1 
lAvg.    i 233300 

1     1 
13050 10078 6158 10.063 

1 
0.059 0.021 0.030 

" 
—            1 

\                                                        Goodrich Clay,  0oF  (-17.70C)                                                            1 
1075 
1079 

1836000 
1180000 

574000 
412000 

0.60 
0.43 11779 

8532 
6891 
773.1 

4771 ;0.021 
4071 |0.095 

0.036 
0.087 

0.008 
0.043 

0.024 
0.067 

100.0 
96.9 

0.853 1 
0.833 
0.843 I 1508000 493000 0.51 4421 10.053 0.061 0.025 0.045 98.4 

i                                                         Suffield Clay,  0OF  (-17.70C)                                                            i 
1082 1201000 333000 0.90 6576 3469 0.082 ! 0.144 

1 

0.044 0.130 100.0 0.505 1 

Thetford Till, 0oC (-17.70C)                                                         I 
p 7 2710000 

I 

934000 0.45 10389 6095 0.079 

I 

0.035 0.024 0.018 93.0 0.803 1 

Ice. 0oF (-17.70C)                                                                  \ 
1073* 
1080 
1081 
Avg. 

2212000 
1355000 
1245000 

1190000 
479000 
475000 

0.07 
0.41 
0.31 

15750 
12060 

13562 
10352 
10212 

9947 
6154 
6306 

0.156 | 
0.043 
0.046 

0.155 | 
0.023 1 
0.003 
0.013 

* - oJ 

0.03610.049* 
0.013 0.016 
0.014^0.001 

- i 
1300000 477000 0.36 13320 10282 6230 0.045 0.013 0.009 

Lt from averaj 5« 

itJMi > ;4^.jyfalMtda.tja-rt. ...^ ..., ^ü ::^. ^^^^.^^m^^a^ia^. 
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Table FIV (cont'd). Miscellaneous soils and ice. 
Frequency = 5000 Hz, dynamic stress = 0.1 psi. 

Spec 
no. 

E» 
(psi) 

G» 
(psi) 

v» vc i jt \ \ 
(ft/sec) 

  »    1 

tan 61 tan «s 
(1/rt) (1/ft) 

e 

Goodrich Clay. +250F (-: .90C) 
1079 76600(4 249000 0.54 5553 3164 0.099 0.067 0.280 0.333 96.9 0.833 

Suffleld Clay. +250F (-3.90C) 
1082 875000 308000 0.42 9108 5622 3332 0.140 0.103 Ö.391 0.486 1ÖÖ.0 0.505 

Thetford Till, +250F (-3.90C) 
1077 1745000 413000 1.11 8332 4053 0.036 0.028 0.068 0.109 

1 

93.0 0.803 

Ice. +250F (-3.90C) 
1057 
1080 
1081 

1320000 
1350000 
1252000 

446000 
481000 
476000 

0.48 
0.40 
0.32 

15629 
12172 

10499 
10533 
10240 

6232 
6287 
6313 

0.022 
0.045 
0.041 

0.033 
0.036 
0.019 
0.030 

0.033 
0.067 
0.063 

0.018 
0.090 
0.047 

- - 

Avg. 1307300 468000 0.40 15210 10424 6277 0.036 0.054 0.052 

Goodrich Clay. 0oF (-17.70C) 
1075 
1079 

1844000 
1408000 

683000 
514000 

0.35 
0.37 
0.36 

10841 
10036 

8552 
7527 
8039 

5206 
4545 

0.046 
0.090 

0.060 
0.063 
0.061 

0.084 
0.188 

0.181 
0.218 

100.0 0.853 
96.9 0.833 
98.41 0.843 1626000 598500 10400 4875 0.068 0.136 0.199 

. Suffleld Clay. 0oF (-17.70C) 
1082 1240000 358000 0.73 6684 3589 0.096 0.071 0.225 0.311 100.0 0.505 

ThetJord Till, 0oF (-17.70C) 
1077 2860000 934000 0.53 10666 6095 0.032 0.027 0.047 0.070 93.0 0.803 

Ice, 0OF (-17.70C) 
1080 
1081 

1355000 
1293000 

494000 
496000 

0.37 
0.30 
0.34 

13823 
12150 

10350 
10404 

6249 
6445 

0.026 
0.019 

0.019 
0.042 

0.039, 0.048 
0.029i 0.102 

— 
^ 

Avg. 1324000 495000 12880 10377 6337 0.023 0.030 

 1 

0.034 0.075 
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Table FIV (cont'd). 
Frequency = 10000 Hz, dynamic stress = 0.1 psi. 

Spec 
no. (psi) 

G» 
(psi) 

V« vc 1 yi 1 v8 
(ft/sec) 
..1  _i ,   _ 

tan 6i tan fis al        as 
(i/tt)|(i/h) (it* 

e 

Goodrich Clay,  +21 0F (-3 .90C) 
Il079 776000 i   256000 10.52 1 5588 3207 10.096 0.058 0.540 JO.568 96.9 0.833 

Suffield Clay, +250F (-3.90C) 
1082 891000 |   321000 p.39 

1                 1 
1   8095 1 5671 3399 0.129 0.074 0.715 i0.684 [100.0 [ 0.505 

I 

Thetford Till, +250F  (-3.90C) 
b.077 1800000 |   413000 11.18 1 8461 4053 0.025 0.019 0.093 0.147 93.0 0.803 

Ice. +25°?  (-3.90C) 
1080   [1350000 
11081   ,1272000 

488000 
487000 
487500 

0.J8 
0.31 

14566 
12076 

10531 
10319 

6331 
6385 
6358 

0.023 
0.013 

0.009 
0.014 

0.069 0.045 
0.040 0.069 " • 

lAvg. 1311000 0.34 12920 10425 0.018 0.012 0.054 0.057 

Goodrich Clay,  0oF (-17.70C)                                                             | 
'1075   11855000      715000 10.30 
11079   1422000 !   526000 0 35 

9936 
9631 
969C 

8582 
7562 

18072 

5326 
4598 
4962 

0.081 
0.080 

0.057    0.297 0.336 
0.061    0.332 0.417 
0.059  i0.314 0.376 

100.0 
96.9 

0.853 i 
0.833 
0.843 Avg.    'ß.638500      620500 !0 32 0.080 98.4 

Suffield Clay,  0oF  (-17.70C)                                                             i 
1082 1250000 .   358000 

1 

0.74 6710 3589 0.092 0.063    0.431 0.551 j 100.0 0.505 1 

Thetford Till,  0OF  (-17.70C)                                                                I 
1077 2860000 

1 

934000 0.53 10665 6095 0.079 0.035 0.047 0.082 93.0 0.303 1 

Ice, 0oF  (-17.70C)                                                                       1 
1080 
1081 
Avg. 

1355000      502000 10.35 1 
1302000      500000 lO.30 

13100 
12156 

10350 
10440 

0299 
6470 

0.016 
0.007 

0.016    0.048 
0.022   i0.021 

0.080 
0.107 _ 

~ 

3L328500 ! 501000 ] 0.331 12690 10395 6385 0.012 0.019 0.039 0.093 

 1 
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Table FIV (cont'd).  Miscellaneous soils and ice. 
F:   niency = 1000 Hz. dynamic stress = 1.0 psi. 

Spec 
no. (psl) (psi) 

V
C   I     vt    '   V8 

(ft/sec) 
 I i  

tan 6j tan i0 
(i/n) (i/£t) 

Goodrich Clay, +21 (
0F (-3 90C) 

1079 667000 210000 3.59 5190 2909 0.151 0.112 0.091 0.121 96.9 0.833 

Suffield Clay, +250F (-3.90C) 
1082 772000 249000 0.55 5279 3001 0.133 0.15$ Ö.Ö79 Ö.166 1ÖO.0 0.505 

Thetford Till, +250F (-3,90C) 
1077 L370000 413000 0.66 7388 4054 0.086 0.047 0.036 0.0i4 93.0 0.803 

Ice. +250F (-3.90C) 
1057 
1058 
1080 
1081 
Avg. 

1214000 
1195000 
1324000 
1180000 

465000 
470000 
481000 
460000 

0.31 
0.28 
0.47 
0.29 

11856 
10945 

11327 

10070 
9681 
10432 
9945 

6232 
6075 
6082 
6206 

0,033 
0.038 
0.054 
0.070 

0.035 
0.08i 
0.089 
0.031 

0.010 0.018 
0.012 0.042 
0.016 0.046 
0.022 0.016 

- - 

1228250 469000 0.34 12420 10032 6149 0.049 3.c:s 0.015 0.030 
' " 

.Goodrich Clay, 0OF (-17.70C) 
1075 
1079 
Avg. 

1744000 
1180000 

574000 
412000 

0.52 
0.43 11769 

8316 
6890 
7603 

4773 
4071 

0.040 
0.087 

0.064 
0.087 
0.077 

0.015 
0.040 
0.027 

0.042 
0.067 

100.0 
96.9 

0.853 
0.833 
0.8O 1462000 493000 0.47 - 4422 0.063 3.054 98.4 

. Suffield Clay, 0oF (-17,70C) 
1082 1170000 331000 0.77 6490 3459 0.082 0.152 0.040 0.152 100.0 0.505 

Thetford Till, 0oF (-17.A:) 
1077 2650000 934000 0.42 16751 10276 6095 0.091 0.035 0.028 0.018 93.0 0.803 

Ice. 0oF (-17.70C) 
1080 
1081 
Avg. 

1342000 
1245000 

472000 
472000 

0.42 
0.32 
0.37 

16599 
12240 

10300 
10211 

6109 
6286 

0.016 
0.037 

0.023 
0.003 

0.005 
0.011 
0.008 

0.012 
0.002 _ 

■" 

1293500 472000 13720 10255 6197 0.027 0.01^ 0.007 
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Table FIV (cont'd). 
Frequency = 500(! Hz, dynamic stress = 1.0 psi. 

Spec 
no. (psi) (psi) 

V« Vc ,   J't ' vs 
(ft/sec) 

tan ijt tan «s 

(i/n) (r/ft) 
e 

Goodrich Clay, +25 0M-3 90C) 
1079 746000 246000 0.52 54B0 3145 0.100 0.067 0.287 0.335 96.9 0.833 

Suffield Clay, +250F (-3.90C) 
1082 875000 305000 0.43 9824 5620 3315 0.131 0.103 0.366 0.484 100.0 0.505 

Thetford Till, +250F (-3,90C) 
1077 L720C00 413000 1.08 8272 4053 0.042 0.040 0.080 0.155 93.0 0.803 

^ce, +250F (-3.90C) 
1057 
1080 
1081 
Avg. 

L320000 
L324000 
L25200O 

44600 
477000 
474000 
465670 

0.48 
r).39 
3.32 

14626 
12266 

10499 
10430 
10239 

6103 
6260 
6299 
6221 

0.022 
0.035 
0.029 

0.032 
0.036 
0.019 

0.033 
0.053 
0.045 

0.082 
Ü.090 
0.047 

- - 

L298670 D.40 15170 10389 0.029 0.029 0.044 0.073 

Goodrich Clay, 0oF  (-17.70C) 
1 
1 

1075 
1079 
Avg. 

L815000 
L400000 

683000 0.33 
514000  3.36 
598500 D.34 

10305 
9789 

8486 
7504 
7995 

5206 
4545 
4875 

0.058 
0.082 

0.060 
0.063 

0.011 0.181 
U.172 0.218 
0.091l0.199 

100.0 
96.9 
98.4 

0.853 
0.833 
0.843 L607500 0.070 0.061 

Suffield Clay. 0oF  (-17.70C) 
11082 

1 

L237000 356000 0.73 6676 3579 0.098 0.071 0.231 0.312 100.0 0.505 

Thetford Till, 0OF  (-17.70C) 
1077 2830000 934000 0.52 10613 6095 0.056 0.027 0.083 0.070 93.0 0.803 

Ice.  0oF (-17.70C) 
1080 
1081 

1342000 
1293000 

488000 
492000 
490000 

0.38 
0.31 

13891 
12351 

10300 
10404 

6211 
6419 

0.013 
0.013 

0.019 
0.038 

0.020 
0.020 

0.048 
0.093 
0.070 

^ _ 

Avg. 1317500 0.35 13150 10352 

  

6315 0.013 0.029 0.020 
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Table FIV (cont'd). Miscellaneous soils and lee. 
Frequency = 10000 Hz, dynamic stress = 1.0 psi. 

Spec 
no. 

E* 
(psi) 

G» 
(psi) 

V« Vc 1   h ' v8 
(ft/sec) 
 I ■ 

tan 6t tan 6S si if] 
e 

Goodrich Clay, +250F (-3.90C) 
11079 1 748000 254000 0.47 5487 3195 10.096 0.058 0.550 0.570 96.9 0.833 1 

|                                                          Suffield Clay, +250F (-3.90C)                                                           1 
[1082 | 891000 318000 0.41 8504 5671 3383 10.129 0.074 0.715 0.687 100.0 0.505 1 

I                                                          Thetford Till. +250F (-3.90C) 
p7? 1700000 413000 1.15 8414 4053 0.030 0.031 0.120 0.24O 93.0 0.803 

1                                                                I pe, +250F (-3.90C) 
1080 
0.081 
kvg. 

1324000 
1272000 

488000 
484000 
486000 

0.36 
0.31 

[13414 
12226 

10429 
L0319 

6331 
6365 

0.017 
0.012 

0.009 
0.014 

0.057 
0.036 

0.009 
0.069 _ ^             1 

1298000 0.34 12650 10374 6348 0.014 0.017 0.043 0.039 

1 Goodrich Clay.  0OF (-17.70C) 
t075 
1079 
l-vg. 

1855000 
1414000 

715000 
526000 
620500 

0.30 
0.34 
b.32 

9936 
9448 

8582 
7541 
8061 

5326 
4598 

0.081 
0.080 

0.057 
0.061 

0.297 
0.333 

0.336 
0.417 

100.0 
96.9 

0.853 
0.833 
0.843 | 1634500 4962 0.080 0.059 0.315 0.376 98.4 

j                                                         .Suffield Clay.  0oF (-17.70C)                                                             ! 
[1082 1250000 352000 0.77 6710 3559 0.092 0.063 0.431 0.556 100.0 Ü.505 1 

j                                                          Thetford Till, 0OF (-17.70C) 
i 

1Ö77 2040000 934000 D.52 L0628 6095 0.019 0.016 0.056 0.082 93.0 0.803 1 

Ice. 0oF.   (-17.70C) 
1080   1 
1081 
kvg. 

1342000 
1302000 

494000 
496000 
495000 

0.36 
0.31 
0.34 

13300 
12339 

10300 
10440 

6249 
6944 

0.011 
0.007 

0.016 
0.010 

0.033 1 
0.021 

0.080 
0.049 

- 

"             | 

1322000 12650 10370 f597 0.009 0.013 0.027 0.065 
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Table FIV (cont'd). 
Frequency = 1000 Hz. dynamic stress = 5.0 psi. 

Spec 
no. (psi! (psi) 

V« 

(ft/sec) 
.   ..    1             i 

tan 6j tan 6S 

(l/ft)((l/lt) 
Si e 

Goodr ich Clay, +25ÜF (-: l,9uC) 
11079 1   648000 |   205000 |0.58 1  5116 2873 J0.153 0.112 : 0.094 10.122 96.9 0.833 1 

Suffi isld Clay, +250F (-3.90C)                                                           1 
11082 1   752000 {   236000 0.59 1   5211 2922 10.133 10.159 0.080 10.171 100.0 0.505 1 

1 Thetford Till, +25°? (-3..90C)                                                           1 
[1077 11370000 1   413000 i0.65 7388 4056 10.086 10.083 0.036 0.064 93.0 0.803 1 

Ice. +250F (-3.90C)                                                                     ! 
11080 
1081 

1304000 
1180)00 

449500 
463000 

0.45 
0.29 11367 

10353 
9945 

6082 
6199 

0.049 
0.070 

0.089 
0.031 
0.060 

0.015 
0.022 

0.046 
0.016 mm —            1 

kvg. 

1 

1242000 456250 0.37 13500 10149 6140 0.059 0.018 0.031 

! 

,  Goodrich Clay,   0OF (-17.70C) 
1075 
1079 

1714000 
1180000 

574000 
412000 

0.49 
0.43 11769 

8248 
6890 
7569 

477-U0.073 
407) | 0.087 
442..10.080 

0.070 
0.087 
0.078 

0.02S 
0.040 

0.046 
0.067 

100.0 
96.9 

0.853n 
0.833 

Avg. 1447000 493000 0.46 - 0.034 0.056 98.4 0.843 | 

I                                                           Suffi fid Clay,  0oF (-17.70C)                                                             | 
11082 1124000 326000 0.73 6362 3433 0.082 0.152 0.040 0.139 100.0 0.505| 

1 Thetförd Till,  0OF (-17.70C)                                                             | 
1077 2590000 834000 0.39 14449 10159 6095 0.0911 0.035 0.028 0.018 93.0 0.803 

Ice. 0oF (-17.7iC)                                                                       i 
11080 1 
1081 | 

13420001 
1240000 

467000 j 
470000 

0.441 
0.32 

181511 
12221^ 

10300 
10190 
10245 

60761 
6272 

0.016i 
0.037 

0.023 
0.003 
0.013 

0,005 
0.011 

0.012 
0.002 
0.007 

- 
: 

Avg. 

 1 

1291000 468500 0.38 1402« 6174 0.C27 0.008 
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Table FIV (cont'd). Miscellaneous soils and ice. 
Frequency = 5000 Hz, dynamic stress = 5.0 psi. 

Spec 
no. 

E« 
(psi) (psi) 

V» 

(ft/sec) 
., ..1..    i- 

tan 6l tan «s at        as Ci/n)|(i/lt) 
si e 

Goodrich Clay, +2« 0F (-3 .9ÜC) 
11079 715000 243000 10.47 | 5365 1 13125 ;o.io5 0.067 (0.307 |0.337 |   96.9 j  0.833 ] 

Suffield Clay, +250F (-3.90C) 
11082 862000 286000 D. 55 5578 13210 0.131 0.103 10.369 0.504 1 100.0 0.505 1 

1                    i Thetfprd Till,  +250F (-3.90C) 
^077 1720000 413000 1.08 8272 4055 0.042 0.072 10.080 0.280 93.0 0.803 1 

|                                                                     Ice. +250F (-3.90C>                                                                     1 
11080 
1081 
kvg. 

1304000 
1252000 

477000 
472000 
474500 

0.37 
0.33 

13653 
112384 

10351 
10239 

6260 
6286 

0.032 
0.029 

0.036 
0.019 

i0.048 
0.029 

0.090 
0.047 : 

-     i 

1278000 0.35 13070 10295 6273 0.030 0.028 0.038 0.0«-.9 

i                                                          Goodrich Clay,  0oF (-17.70C) 
11075 
0.079 
lAvg. 

1780000 
1390000 

683000 
514000 
598500 

0.30 
b.35 

9806 
9532 
9530 

8406 
7477 
7941 

5206 
4545 

0.078 
0.082 

0.060 
0.063 

0.146 
0.172 

0.181 
0.218 

100.0 
96.9 

0.853 I 
0.833 
0.843 | 1585000 0.32 4875 0.080 0.061 0.159 0.199 98.4 

Suffield Clay, 0oF (-17.70C)                                                             | 
1082 1234000 352000 0.75 6668 3559 0.098 0.071 0.231 0.313 100.0 0.505 1 

Thetfoid Till. 0OF (-17.70C)                    '                                        | 
1Ö77 2830000 934000 0.52 

i 

10613 6095 0.056 0.027 0.08310.070 

i 

93.0 

: 

0.803 1 

Ice.  0oF (-17.70C)                                                                       1 
1080 
1081 
kvg. 

1342000 
1285000 

480000 
487000 
483500 

0.38 j 
0.32 

14122 
12419 

10300 1 
10372 

6198 
6386 

0.013 
0.013 

0.019 1 
0.038 

0,017 
0.020 

0.040 
0.093 

— 

mm            1 

pi3500 0.35 13140 10366 6292 0.013 0.029 0.018 0.067 
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Frequency 
Table FIV (cont'd). 

10000 Hz, dynamic stress = 5.0 psi. 

Spec 
no. 

E» 
(psi) 

G* 
(psi) 

vc   I     vl    '   vs 
(ft/sec) 
 I u 

tan 6i tan 6, 
(1/ft) (1/lt) 

Si 

Goodr Ich Cla y,  +250F (-3 .90C) 
0.079 716000 1    252000 0.42 8718 5368 1 3182 10.097 i 0.058 

i 

| 

0.568 0.573 96.9 0.833 

\                                                         Suffield Clay, +250F  (-3.90C)                                                           | 
11082 885000 j    297000 0.49 -     I   5652 

1 

3270 [0.129 0.074 0.717 
: 

0.711 100.0 0.505 1 

i                                                        , Thetford Till,  +250F  (-3.90C)                                                           j 
p.077 

j 

j 

1780000 413000 1.15 -     j   8414 

i 
1 
! 

405410.030 

i 

] 
i 
1 

0.060 0.120j0.465 

i 

| 

93.0 0.803 1 

Ice,   f250F  (-3,90C) 
{1080 
p.081 

1304000 
1272000 
1288000 

488000 
480000 
484000 

0.33 
0.32 
0.32 

12744,10350 
12450^ 10319 
12410:10334 

i 

6331 
6339 

0.016 
0.012 

0.009 
0.014 
0.012 

0.04810.045 
0.036 0.069 
0.04210.057 —I— 

- 

Uvg. 6335 0.014 

i 

i                                                              Goodrich Cla>,   0OF   (-17.70C) 
|1075 
p.079 

1855000 
1410000 
1632500 

715000 0.30 
526000 i0.34 
620500 0.32 

9936'   8582 
936l!   7530 
9660;   8056 

5326 
4598 

0.081 
0.080 

0.057 
0.061 
0.059 

0,297 
0.334 

0.336 
0.417 

100.0 
96.9 
98.4 

0.853 I 
0.833 | 
0.843 j Uvg. 4962 0.080 0.315 ,0.376 

Suffield Clay,   0OF  (-17.70C) 
p.082 

1 
1250000 352000 0.77 j 

!   - 

-    1   6710 j  3559 0.092 0.063 0.431 0.556 100.0 0.505 | 

i 
Thetford Till,   0OF  (-17.70C) 

11077 

1 
| 

2840000 934000|0.52 

'                    1 

|         1 

-    , 10628 j 6095 

i 

;       i 
i       i 

0.019 0.016 0.056 0.082 93.0 0.803 i 

Ice.  0OF  (-17.70C) 
11080  i 
1081 ! 

1342000 
1292000 
1317000 

486000 0.38 , 
490000 0.32 ; 

14122, 10300 
124081 10400 1 

6198 
6405 

0.011 
0.007 

0.016 
0.OO4 
0.010 

0.033 
0.021 

0.081 
0.020 _ 

—        : 

Avg. 

!                 1 

488000 0.35 | 13150'; 103501 

J 

6301 0.009 0.025 0.050 
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Frequency 
Table FV.  Nonfrocea soils. 

1000 Hz, dynamic stress = 0.1 psi, static confining pressure 5.0 psi. 

Spec 
no. 

E» 
(psi) (psi) 

vc   |    wl   \ 
(ft/sec) 
 I u 

ton 6, tan 6, 
(i/n) ii/h) if] 

20-30 Dttaw£ Sand 
131-2 30'00 13000 D.16 1162 1127 742 0.024 0.048 0.013 0.041 Dry 0.508 
158* 21; )0 9600 3,12 1130 1112 600 0.021 0.020 0.015 0.021 Dry 0.678 
159* 15000 5400 D.39 1060 749 449 0.070 0.042 0.059 0.059 93.8 0.603 
160 31000 

30500 
12400 3.25 1245 

1202 
1137 
1132 

719 0.035 0.020 0.020 0.018 Dry 0.502 
0.505 Avg. 12700 0.21 730 0.029 0.034 0.016 0.029 Dry 

1 
i * - on it   fron avera|ge 

i                                                                         Manchester Silt 
in 28600 13900 10.03 - 1085 756 0.028 0.010 0.081 0.041 62.8 0.796 
161 23500 10500 0.12 961 946 632 0.027 0.020 0.091 0.099 81.8 0.668 
164 16200 7600 0.09 - 787 539 0.068 0.011 0.271 0.064 91.4 0.730 
176 26000 12900 0.01 1063 748 0.021 0.022 0.062 0.092 77.7 0.773 

Suffleld  Clay 
106 18500 7000 0.32 1121 938 573 0.105 0.115 0.352 0.431 36.4 0.937 

i 

Goodrich Clay 
152 9700 3000 3.61 - 613 341 0.068 0.039 0.348 0.359 100.0 1.004 
162 9300 3500 3.34 738 595 365 0.096 0.026 0.506 0.224 100.0 0.914 
163 14000 4200 3.67 - 717 392 0.080 0.038 0.351 0.304 92.8 1.088 
178 13500 4900 0.58 0 780 438 0.047 0.015 0.189 0.108 100.0 0.955 

Avg. 11475 3900 0.55 676 384 0.073 0.030 0.348 0.249 98.2 0.990 

Thetfjrd Till 
177 14400 4800 0.50 697 402 0.100 0.090 0.451J 0.703 100.0 0.442 

1 

■ 

i 

 [ 

l 


