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ABSTRACT

The consistent dependence of civilization and engineering work 

on machinery necessitates more investigations on their dynamic effects 

on soils.

Explosive shocks and earthquakes, in general3 cause vibrations 

with high amplitude within very short periods of time, and these have 

strong effects on soil behavior and may cause settlement for structures 

built on cohesionless or slightly cohesive materials.

Linger (1963) found that the frequency of vibrations is of more 

importance than the amplitude. Pettibone and Harden (1964) stated.that 

the amplitude of the vibrations is the most significant variable which 

affects soil density.

The objectives of this research were to study the .dynamic 

effects-of consolidation on soils with high potential for collapse col

lected from the Tucson, Arizona area (Figure 1). The hydrodynamic 

influence on the permeability coefficients was given consideration. •

A maximum of 200% increase in the consolidation was achieved 

when samples of silty sand grade composition were subjected to vibration 

of their natural frequencies and a static load of one quarter ton per 

square foot* As a result, the vertical coefficients of permeability 

were reduced to 20% of their original values.
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Collapse and subsidence might be better understood by measuring 

the relative density of the soils after subjecting them to their reso

nant frequencies and a reasonable static load.
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CHAPTER 1

INTRODUCTION

Statement of the Problem 

Important engineering problems concerning the behavior of soils 

result from dynamic forces produced by vibrations. When the•frequency" 

of a vibrator reaches the natural frequency, of the soil9 the amplitude 

will reach its maximim value; the frequency is then expressed as the 

"Resonant Frequency". Terzaghi and Peck (1948) showed that by applying 

pulsation load on sand the settlement was much greater than when- apply

ing static load of the same peak value. This 9 in fact 9 is the heart of 

this investigation 3 and the phenomenon was confirmed during this 

research.

A static load of one. quarter ton per square foot was applied 

in normal consolidation tests to thirty undisturbed samples of Tucson 

soils. The tests were then repeated9 on other, samples from the same . 

areasj by applying the same static load and vibrating the samples in 

aluminum holders at their resonant frequencies . - . '

The relative density criteria has been used frequently in this 

research as a measure of the degree of compaction. It was found, that 

permeability and porosity varied consistently with the applied pressures 

and that vibration proved to have considerable effect upon consolidation 

and settlement processes. ■ - "- -
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Literature Review

The. A. S. T. M. Special Technical Publications No. 156 

(D!Appolonia5 1953) described a vibroflot3 15 inches in outside diameter 

and 2 tons in weight3 which can be used for in situ consolidation. The 

vibroflot. can be inserted in the ground at any desired depth up to 75 

feet. The power input is a motor inserted inside the vibroflot which 

creates vibrations that can vary in accordance with soil density and 

resistance. The vibroflot was first used in Germany in the 19307s; then 

it was introduced in the United States of America, where it was used by 

the Bureau of Reclamation for the first time in 1945 in compacting an 

area of 160,000 square feet to a depth of 13 feet.

In 1945, the U.S. Army Corps of Engineers reported the results 

of the modified and standard A. A. S. H. 0.. impact and vibratory 

methods; they obtained the highest densities for cohesionless sand by 

vibratory methods and those for clayey sand by impact methods.

Terzaghi and Peck (1948), Bernhard (1953), and Barkan (1957) 

found that vibration of a soil reduces its internal friction. The 

increase of the density of loose cohesionless materials causes failure 

of structures as a result of surface subsidence and collapse.

• Bernhard (1953) developed a mathematical model for soil behavior 

under vibration.. He combined the microseismic and macroseismic prin

ciples and then compared the theoretical conclusions with the experimen

tal results.

Bernhard (1957) studied the effects of sinusoidal vibrations on 

cohesionless soils subjected to normal stress. By assuming a



3
homogeneous5 semi-infinite isotropic section and by using a galvanom

eter, oscillograph and several pressure cells located at different 

distances from the source, he concluded:

1. that.in short time, sinusoidal vibrations in a soil estab

lish a stable dynamic equilibrium.

• 2. that when the internal friction is reduced, an elastic

response is produced within the region of the pressure 

influence.

3. that there is a critical area around the center of the load

beyond which the produced reflections interfere.

Converse (1961) studied the effects of oscillating direct shear 

forces on undisturbed saturated mud samples taken from San Francisco Bay 

at various depths. He concluded that the modulus of rigidity is /
directly affected by the magnitude.of deformation and the frequency of 

oscillation. During earthquakes and explosive shocks, the amplitude of 

the vibrations becomes the controlling factor.

Newmark and Sinnamon, University of Illinois (1963), studied the 

effects of large magnitude pulses on the strength of soil and used a 

concentrated load of 60 kips.

Pettibone and Harden (1964) performed a vibratory maximum.den

sity test on cohesionless soils and reported n. . . Vibratory methods ■ 

give consistently higher values for maximum densities of cohesionless 

soils than do the standard impact methods (p. 41).'" They also stated 

.that for a range of•amplitudes, maximum densities are associated with 

high amplitudes. _
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Several kinds of vibrators have been reported in the literature 

and have been used in several countries for compaction. Besides the 

vibroflot, there are the electromagnetic table type vibrator, the immer

sion type concrete vibrator, and the pneumatic table type vibrator. 

-Barozzi (1965) used an electro sonometer to measure the resonant fre

quencies of soils and some rocks near Tucson, Arizona. He stated that, 

resonant frequencies could be used for drilling, sinking piles, and for 

excavation.

Dynamic and Hydrodynamic Soil Characteristics

Relative Density

The U. S. Bureau of Roads (Earth Manual of the USBR, 1951) 

defined relative density as "the state of compactness of a soil with 

respect to the loosest and most compact states."

Yd (Ya " Yd . >_ max nun \
^  .w

max m m

where .

D = relative density, r

Yd = greatest dry density of soil (pcf), or 100%.relative 
max density, '.

= lowest dry density of soil (pcf), or 0.0% relative den- 
min sity, and .

Yd = in situ dry density (pcf).



When the granular structure is disturbed by dynamic forces 3 the 

material consistently compacts leading to an increase in the relative 

density9 soil resistance to penetration and bearing capacity.

Relative density can be also expressed in terms of settlement. 

If is. the settlement before vibrations, and is that after vibra

tions 9 then

Dp = (sys2)% (D'Appolonia, 1953) (2)

(es, ™ en)
S1 ° (A e ) • H <3)

(6 - C )
s2 = Trnrj- • « w

where

H = the height of the sample9 or section, in feet, and 

e = the void ratio.

The subscripts 5,, n , and d are for loose, normal, and dense states.

Compaction can be achieved in dry or saturated states. The 

water usually increases the rate of compaction with respect to time by 

reducing the shearing resistance of the soil as a result of structure ■ 

dispersion. All consolidation tests in this research were performed on 

soils in a saturated condition.

Pettibone and Harden (1964) reached the conclusion that natural 

coarse or poorly graded sand, gravels of 3 inches maximum size and no



fine materialj achieved the highest densities under dry conditions. 

Saturated conditions gave maximum densities for well graded sand and 

gravel up to 5 inches maximum size with up to 3% fine material.

Dry Density , -

In the science of soil mechanics 9 the dry density represents the 

in situ field density. It is defined as a unit weight of soil per unit

volume. The dry in situ density of a soil is a function of its porosity

and the specific gravity of the particles.

There are several engineering expressions which can be related 

to dry density9 such as porosity and void ratio. Krynine and Judd 

(1957) expressed porosity, n , in terms of dry density, y^, as:

■ " * 1 -  < w >  ' . <5>

If the specific gravity of particles, G, is 2.65 and is 62.4 pcf,

n = 1 - (y^/166). (6)

The void ratio, e, is expressed as: 

y G
e = —  - 1 = (166/Yj ) - 1 (7)

.

Permeability

The literature on permeability is abundant, but the basis for 

all the■expressions is Darcy’s law. Darcy developed an empirical 

equation for the flow of water through a porous medium.
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Q = KAI = KA ~  ( 8)

where

Q = flow of water in gallons per day 3

K = permeability coefficient,

A = cross' sectional area in square feet, and

I = hydraulic gradient = dh/dL = difference in head/horizontal 
' distance.

Todd (1958) defined two kinds of permeability coefficients:

1. Standard or laboratory coefficient, K :̂

!tThe flow of water at 606F in gallons per day through a 

medium having a cross sectional area of one square foot 

under a hydraulic gradient of (1 foot/I foot).T?

2o Field coefficient of permeability, K̂ :

"The flow of water in gallons per day through a cross

section of an aquifer, one foot thick and one mile wide,

under a gradient of (1 foot/1 mile) at field tempera-' 

ture.tT

The permeability coefficient can be expressed by unit of length .over

unit of time, such as centimeter per hour or foot per day» This is gen

erally used for soil mechanics research.

It is of value to note that Darcy? s law assumes laminar flow 

cannot be applied in either very high.or very low flow rates. It can be 

successfully used in isotropic, homogeneous material (Terzaghi and Peck, 

1948).' When trying to.apply DarcyTs law in anisotropic material, prob

lems are encountered due to the differences in permeability from one
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direction to another. The vertical permeability for soils of Tucson 

were measured in this research. To overcome the problem of anisotrop- 

ism, one inch thick samples were placed in small molds of 1.31 inches 

diameter which confined the horizontal permeability to minimum.

When,applying dynamic and/or static pressures 9 the vertical per

meability coefficient reduces, and the degree of reduction is a .function 

of the physical constituents and configuration of the soil particles 3 

intensity of the loads and their durations. The smectitic clayey sam

ples often swell with saturation and reduce the.permeability in both 

directions.



CHAPTER 2

APPROACHES TO THE RESEARCH '

Equipment and Its Functions

Electronic Sonometer Unit (Hewlett-Packard type 200BR)

The sonometer unit consists mainly, of an oscillator, power ampli

fier, driver, crystal pickup, pickup amplifier, and an oscilloscope 

(Figure 2). Figure 3 shows the interconnection of the sonometer compo

nents . These are:

1. Audio frequency oscillator which functions as an audio fre

quency voltage generator.

2. A driver unit which converts the electrical output into 

mechanical longitudinal vibrations of the same frequency and 

amplitude and is accurate up to 9 8%.

3. Pick up is a piezoelectric crystal provided with a steel 

needle to pick up the vibrations, and it functions similar 

to a phonograph needle in touch with a record. The mechani

cal vibrations are converted into electrical impulses and 

feed into an oscilloscope or can be detected by a deflector 

provided within the sonometer body.

Oscilloscope (Simpson Handiscope)

An oscilloscope is a cathode ray vacuum tube with a phosphoric 

screen at one end and an electron gun at the other. There are two pairs



O  TO OSCILLO-

DRIVERPOWER AMPLIFIEROSCILLATOR

SCOPE "X"
AXIS

TO OSCILLOSCOPE

PICKUP AMPLIFIER RESONANCE INDICATORCRYSTAL PICKUP

MY" AXIS

Figure 2. Diagram of Sonometer Components.
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o  o

Legend

So = Sonometer 
Os = Oscilloscope 
Dr = Driver 
Pi = Pickup

Pi Dr

Figure 3. Interconnection of Sonometer Units.
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of deflector plates just forward of the electron gun, fixed in horizon

tal and vertical planes. The output electrical voltage of the pickup is 

amplified and then fed into the vertical deflectors, while, the horizon

tal deflectors function as a time base. The sonometer was used in this 

research to determine the resonant frequency of the samples. The driver 

frequency output dial controls the frequency, and the resonance indica

tor .shows the resonant frequency by its peak deflection. The oscillo

scope has been introduced to show the resonant frequency visually by 

exposing the maximum amplitude of the waves on the screen (Figures 4 and 

5).

Consolidometer and Consolidation Tests

A consolidation apparatus (Figure 6) was used to perform con

solidation tests on undisturbed samples of soil one inch thick and 2.5 

inches in diameter. A static load of one quarter ton per square foot 

was found to be satisfactory for comparison purposes 9 and the same load 

was then applied while the specimen was subjected to a dynamic force at 

resonant frequency. ~ '

Permeameter and Permeability Tests

The hydrodynamic effects were studied by the writer by using the 

permeameter shown in Figure 7. Undisturbed samples, one inch thick and 

1.31 inches in diameter, were tested once for the in situ permeability 

and once again after application of the static and dynamic loads.



Figure 4. Sonometer, Driver and Oscilloscope. CO



Figure 5. Sonometer Photograph.
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Figure 6. Consolidation Apparatus.



Figure 7. Permeability Apparatus.
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Density Testing Equipment'

• The Standard Volumeasure CN-980C (Figure 8) was used for density 

calculation. It consists of an accurately graduated cylinder of 1/20 

cubic foot capacity5 an aluminum guard3 rubber balloon, pressure-vacuum 

actuator bulb, guard base and a field density plate.

Procedures and Performance 

1 The work can be divided into field and laboratory procedures.

Field Procedures

Field procedures include the following:

Sampling. Thirty undisturbed samples of soil were obtained at 

depths of one to two feet below the surface from locations shown on Fig

ure 1. The soil samples were selected from areas determined to have 

high and medium collapse tendencies (Anderson, 1968). These are gener

ally characterized by low dry density and comparatively high porosity. 

The samples are all classified as cohesionless silty sands.

Dry In Situ Density Determinations. Following standard proce

dures (A. S. T. Mo D420-45), the Standard Volumeasure CN-9 806 was used 

to measure the volume of a hole about 6 inches in depth and 4 inches in 

diameter. All-the excavated materials were carefully placed in con

tainers and covered immediately to preserve the natural moisture contentr
and to give the exact weight to be used for the density calculations.

Loosest Density Determinations. The friable materials which 

were excavated for the in situ dry density were carefully placed by hand 

into containers of 0.016 cubic foot capacities without shaking or com

paction and used for the loosest density determinations.
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Figure 8. Standard Volumeasure.
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Laboratory Work

The following steps were performed on each of the 30 samples

tested.

I. Grain size analyses, using the set of sieves #4, 10, 20, 40, 

60, 140, and 200 mesh sieves, were made for classification 

of soils.

, 2. Liquid limit determinations .were made following standard

procedures (Lambe, 1964).

3. Consolidation tests were run' using the consolidation appara

tus and standard procedures (Lambe, 1964).

4. Consolidation tests of static and dynamic forces were 

obtained by using the sonometer units with the loading as 

shown in Figure 9.

5,. Permeability tests for undisturbed samples were run; then 

were repeated after applying static and dynamic loads.

Scope and Limitations' ,

All the procedures in this research have strictly followed the 

standard methods as outlined in Soil Testing for Engineers by Lambe 

(1964). The consolidation tests were performed on saturated soils to 

conform with Terzaghi’s assumptions in the consolidation theory: Water

in soil pores initially carries the applied load; then the load is 

gradually transferred to the soil particles as pore water escapes.

Other assumptions which have been utilized in this research are:

1. One dimensional compression.

* 2. One dimensional flow of water.
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Figure 9. Specimen Holder Attached to the Driver and 
Under Load.
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3S The validity of Darcy's law for moderate flow.

• 4. The homogeneity of the soil is questionable in all engineer

ing soil work 3 and the accuracy of the results are limited 
by the variations from this assumption.

The first reading, one quarter minute after starting the test, 

was considered to have zero consolidation in both consolidation tests , 

in order to reduce the disturbance effects in the samples. The con

solidation was plotted directly on the Y axis with the X axis as time 

base.

In measuring the permeability coefficients, before and after 

consolidation, two main problems were encountered: The first of which

was to cut the cohesionless samples to fit into the holders with minimum 

disturbance. Care and patience were devoted to solve this problem. The 

second problem encountered was in keeping the samples as tight as pos

sible in the molds to prevent any subsidary seepage. This was partially 

solved by measuring the permeability with time, several times within 

equal intervals, until minimum fixed values were achieved. The presence 

of air in the samples could have lead to serious errors if time had not 

been allowed for the air bubbles to leave with the waste water. Satura

tion of samples in the permeameter and then keeping them under high head 

. of water pressure for several minutes before starting the tests helped a 

great deal in producing consistent results. The accuracy of the perme

ability coefficients is sufficient to reflect the hydrodynamic changes 

caused by the static and dynamic loads, but it is not recommended to be 

taken as absolute values.
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The resonant frequencies of all the tested samples were found to be a 

function of the sample holder, sample length and in situ density. Some 

of the samples such as 6, 9 and 20 gave more than one resonant frequency, 
but all of these gave the same consolidation rate. The shift in reso

nant frequency with time for samples under static and dynamic.loads was 

measured up to 90% accuracy. The reason for this relatively low accuracy 

was the impossibility of using the needle of the pickup for determining 

the vibrations during the consolidating procedures due to the lack of any 

area to make contact with the soil sample. The author developed the 

ability and experience of recognizing the resonant frequency within the 

above accuracy by the sound and by the reaction of the attached consoli

dation dial to the vibrations.

The frequencies and deflections of one empty holder were measured 

and the results are plotted on Figure 10. It was noted that the empty 

holder -achieved higher frequencies than when a sample one inch thick was 

inserted inside it. This helped in avoiding all the complications and 

interferences which could have taken place if all the frequencies were in 

the same range. Fortunately, comparative results'will still be valid, 

and the effects of the holders would be the same in all the tests.
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CHAPTER 3

ENGINEERING ASPECTS

Brief History of Tucson Soils 

The desert environment of the Tucson area has produced low den

sity soils which have varying tendencies for collapse,

The main drainage system in Tucson basin is the Santa Cruz River, 

its tributary, the Rillito Creek, and'its main tributaries, Pantano and 

Tanque Verde Washes. -

It is reported in literature (Crossley, 1969) that the soil is 

mostly underlain by deformed continental sediments which lack cohesion 

and are characterized by high porosities and low dry densities. The 

exposed Tertiary and Quaternary basin fill sediments are the results of 

deposition and erosion of the material from the surrounding mountains: 

Santa. Catalinas to the north, Rincons to the east , and Tucson Mountains 

to the west.

There are several theories and explanations for the variations 

in hydrophysical properties of TucsonTs soils,, all of which start by 

considering the environmental conditions for the deposition and the 

physical-chemical conditions which have prevailed. One of the classifi

cations is by Smith (1938), who suggested four terraces according to the 

geomorphic position of the soils. These are from bottom to top: the 

Bottomlands, the Jaynes Bench, the Cemetery Bench, and the University 

Terrace. Most of the samples in this research were collected from the

. 24 ' ■
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Cemetery Bench which is characterized by silty material with low density 

(less than 100 pcf). During Pleistocene Time the silty material was 

deposited by the drainage systems to form fans and other depositional 

features. The flood plains consisting of Recent gravel, sand and silt 

constitute the Bottomlands. Some silty sand samples were collected from 

this unito

The low density soils have undergone subsidence which can be 

seen in the form of cracks in the floors and walls of residences (Lacy, 

1964). Lacy grouped the factors which are responsible for the geologi

cal foundation failures in Tucson area"as follows:

1. Effects of ground water withdrawal. .
' 2. Shallow subsidence from structural rearrangement 

of low-density soils.
3. Dehydration and consolidation of these sediments 

resulting in general settlement over the basin 
area.

In addition,, one of the interesting references which combined the evi

dences for foundation failures in Tucson area and a complete description 

of the geological environmental conditions was made by Crossley (1969).

Collapsing Soil

A collapsing soil is a function of its low density, high poros

ity., liquid limit between 20 and 25, unstable internal structure and the 

shape of the soil particles.

Anderson (1968) devoted most of his work to defining collapsing 

soil criteria with the conclusion that most of the collapsing character

istics must be combined to develop a high potential for collapse.
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The author suggests that low relative density might be added to 

this list of indicative characteristics. This index shows the degree of 

compaction of the soil in its present state. Potential for collapse 

increases with low relative densities and vice versa.

Maximum density achieved in this research was not a true maximum 

value but yields an approximate value which might be used successfully 

to predict the soil collapse (Table 1).

DfAppoIonia (1953) defined the relative density, as:

1 1

where %

e = void ratio,
iw = water content, and 

the subscripts £, n , and d are for loose, normal and dense states. He 

also stated that 70%.relative density of sandy soil is adequate for 

stable..foundations. Sandy soil subjected to the tremendous, energies ; 

associated with earthquakes or blasting require relative densities of . 

higher than 85%. In this research, 60% relative density appears to make 

the division between high and low intensity of collapse.

Future Problems

One of the responsibilities of the geological engineer is the 

prediction of problems before their occurrence so as to avoid human and
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Table 1. In Situ, Maximum, Loosest and Relative Densities.

I

Sample
Number

In Situ 
Density 
(pcf)

Achieved
•Maximum
Density
(pcf)

Loosest
Density
(pcf)

Relative
Density

%

1 96.8 107 89 49.2

2 98.3 108 90 50.7

3 91.2 98 86.5 43.8

4' •.90.0 94.5 85 54.7

• 5 . 89.7 92 84.2 65

6 102 106 90.5 74

7 100.5 104 93.5 66

8 103.0 107 87.5 60,2

9 93 97 85.5 62.5

■ 10 103.5 111 88 72

11 96.2 101 91 54.5

12 88.0 90 86 51

13 • 83.2 87.7 77 50.2

14 89.5 93 85 85

15 90.0 93 86 59

16 91.2 94.5 89 ■ 41.5

17 91.0 93 85.5 74.5

18 86.5 88.5 77.5 83.0

19 94 99 89 52.5

20 100.4 103 94 62
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Table 1. . Continued

Sample
Number

In Situ 
Density 
(pcf)

Achieved , 
Maximum 
Density 
(pcf)

Loosest
Density
(pcf)

Relative
Density

%

21 92 93 88.5 79

22 88.5 91.5 78.5 79

23 99.4 105 93.5 56.5

24 95.2 100 86.5 67.5

25 88.5 91 83 71.0

26 85.4 92.0 80 CMCO

27 90.0 95.5 85 50.5

28 ■ 92 98.5 86 51.5

29 89.2 98 82.5 47

30 85.5 88 81.5 63
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economic loss« The presence of low density 9 high porosity and low 
relative density soils is an indication.of high soil collapse potential 

if the area is exposed to multiple forces of dynamic and static origin.

Settlement of structures due to collapsing soils has been com

monly reported in literature. It is time to define the problem and look 

for suitable solutions. Studying the dynamic effects on the behavior of 

soils .is5 in fact, one solution. Sooner or later, most areas are 

exposed to dynamic vibrations of many kinds with the result of'an 

increasing rate of settlement of existing foundations. This would, at 

the least, shorten the designed life of many structures. Vibrations can 

thus be considered as being equivalent to an additional static load 

which might have dangerous effects on the foundations.

Table 3 shows the results of the dynamic effects on consolida

tion . " When the vibrations are stopped, the rate returns to normal, but 

when the vibrations are again in effect, the consolidation rate acceler

ates to the original pattern (Figure 15).

The writer feels that a word of caution should be mentioned. It 

is important to note that the safety factors for the performance of 

structures in the Tucson area are decreasing with the increasing mechan

ical activities- of man.

Besides the dynamic effects, there are other factors which 

increase the settlement of structures and change the static balance of 

an area. The most important of these is the ground -water withdrawal 

(Lacy, 1964) in a rate exceeding the annual recharge to the basin.



CHAPTER 4 

RESULTS' OF THE INVESTIGATIONS

Consolidation Effects 

Dynamic forces were found to have considerable effect with their 

greatest•effectiveness in non-cohesive silty sands. By vibrating the 

samples at their resonant frequencies 3 combined with a static load of 
one quarter ton per square foot 9 the soil resistance was rapidly reduced 
with .resulting changes in soil fabric. •

Figure 11 shows the consolidation results of sample number 13.

A multiple consolidation feature can be detected; this is, in fact 3 an 
unusual phenomenon.and deserves to be mentioned because it might be seen 

again. Sample number 2 showed also similar features to sample number 

139 and both are non-cohesive friable soils. If some samples have mul

tiple consolidation and the others do not 9 then differential settlement 
might be of concern.

The author has no explanation for this multiple consolidation 

effect. It deserves further investigation.

' . . .  ( '
First Classification

With reference to Table 2, the samples were classified with

respect to their dynamic/static consolidation ratio into:

Group (1)9 samples with a ratio of less.than 100% (#6, 7, 8, 9,
10, 14, 15, 16, 17, 18, 21, 24, 25, and 28),

30
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. Table 2. Achieved Total Consolidation Ratio of Dynamic/Static

Sample
Number

Achieved Total 
Consolidation Ratio 
Dynamic/Static 

%

Sample
Number

■ Achieved Total 
Consolidation Ratio 
Dynamic/Static 

%

1 160 16 70

2 150 17 17

v ' 3 200 18 40

4 160 19 140

5 95 20 100
6 85 21 6
7 54 22 140

8 73 23 160

9 82 24 40

10 62 25 85

11 160 26 110
12 170 27 150

. 13 160 28 62

14 82 29 130

15 90 30 100
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Group (2), samples with a ratio of 100% to 150% (#19, 20, 22, 26

27, 29, and 30), and

Group (3), samples with a ratio of 150% to 200% (#1, 2, 3, 4, 11

12, 13, and 23).

A general tendency for the dynamic forces to increase the total 

consolidation was noticed with a maximum up to 300%.

Second Classification

Figure 12 shows a graphical classification of the samples with 

respect to their porosities and relative densities.

Group (1) includes samples with relative densities higher than 

60% and porosities of less than 40%, such as samples #6, 7, 8, 10, and 
20 e One should be reminded that the achieved relative densities in this 

research should not be considered as absolute values but only relative 

ones'.

Group (2) includes samples with relative densities higher than* 
60% and porosities higher than 40%, such as samples #5, 9, 17, 18, 21, 

22, 24, 25, and 30. .

Group (3) includes samples with relative densities less than 60% 

and porosities higher than 40%, such as samples #1, 2, 3, 4, 11, 12, 13, 

14, 16, 19, 23, 26, 28, and 29. This group has the highest collapse 

potential and was . classified as friable silty sand material with the 

least cohesion. -
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Third Classification

Figure 13 suggests another suitable classification for the col

lapse potential with respect to porosity and the total dynamic to static 

consolidation ratio.

Group (1) samples are characterized by porosities with values 

less than 40% and consolidation ratio of less than 100%. It includes 

soils showing the least collapse, such as samples #6 , 7, 8, 10, and 20. 
The soil is hard with in situ dry densities higher than 100 pef.

Group (2) has samples with porosities higher than 40% and con
solidation ratio of less than 100%. The samples which follow this cate

gory are #5, 14, 16, 21, 23, 24, 25, 27, 28, and 30.

Group (3) has porosities higher than 40% and consolidation ratio

of 100% to 200%. It includes samples #1, 2, 3, 4, 11, 12, 13, 19, 22,

26, and 29. *

The samples in this research were taken at one to two feet from 

the surface of the ground. After considering the geological history and 

the engineering aspects of the soil, there would seem to be no serious 

objections to the assumption that the consolidation results could be 

accepted within reasonable depth from the surface. It is possible that 

few variations might be expected due to the differences in the relative 

densities, porosities and other physical properties.

Fourth Classification ' "

By combining the previous three classifications, a better clas

sification can be produced which would include all the collapse
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functions relative to each other. The terms low9 moderate, and high.will 
be used to show the intensity of collapse and the subsidence.

Group (l). Low collapse soils have the following, characteristics 

porosity less than 40%, relative density higher than 

60% and a dynamic to static consolidation ratio of 

slightly less than 100%. This category includes

samples #6, 7, 8, 10, 18, 20, and 21.
1 ' ' : . ■ ' ' 

Group (2). Moderate collapse soils are characterized by: poros

ity higher than 40%, relative density higher than - 

60% and a dynamic to static consolidation ratio of 

100% to 150%. The samples which lie under this cate

gory are #5., 14, 15, 16, 17, 19 , 24, 25, and 30.

Group (3). High collapse soils are characterized by: porosity

higher than 40%, relative density of less than 60% 

and consolidation ratios higher than 150% and up to ; 

2,00%. This includes samples #2, 3, 4, 11, 12, 13,

22, 23, 26, 27, and 29.

Shift in the Resonant Frequency with Time 

It should be emphasized that when dynamic forces are applied on 

a mass, they are also restrained by external forces. . Figure 14 shows a 

free body diagram of a mass, M , where velocity and displacement are 

measured from the static position.
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Figure 14. Free Body Diagram for Mass Under Loads

= static load of one quarter ton per square foot

VÎ - dynamic load = M

M = mass of soil and mold

g = acceleration

= the transformed force by the screw of the driver which 
functions as a spring

Fg = friction force

By using the electronic sonometer, the direction of the forces, F^ and 

F^j change periodically with the vibrations. All the resonant frequen

cies of one inch length undisturbed samples, inserted in the mold, were 

between 20 cps to 32 cps. The frequency increased with the time of 

vibration and the applied load, with maximum achieved values of 35 cps 

to 40 cps due to density changes.

Hydrodynamic Effects 

The hydrodynamic effects, reflected by the permeability coeffi

cients for the in situ and consolidated conditions , are listed in Table

3. The permeability coefficients, measured in centimeters per second.
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Table 3. Liquid Limit3 Porosity3 and Permeability Data.

■Sample
Number

Liquid
Limit

In Situ 
Porosity 

%

In Situ 
Permeability 
cm/sec
(q)

Permeability 
After Load 
cm/sec
.(k2>

Ratio■of 
K2/K1

1 30.0 41.7- 1.3 x 10™4 ' 3.,5 x 10™5 27 %

2 25.0 40.8 1.8 x 10-4 3.1 x -10™5 17.2%

3 19.5 46.5 3.2 x 10"4 9.0 x 10~5 28.0%

4 34.0 45.8 • 2.5 x 10"4 1.0 x 10™4 40.0%

5 27.0 46 6.5 x lb"4 2.2 x 10™4 34 %

6 21.0 38.5 1.9 x 10~4 8.0 x 10™5 42 %

7 ■ 35.0 29.5 3.3 x 10"4 1.4 x 10~4 42.5%

8 25.5 38 3.1 x 10™4 1.4 x 10~4 ' 45 %

9 26.5 44 3.1 x 10-4 1.2 x 10™4 39 %

10 26.0 37.5 2.6 x 10-4 . 8.2 x 10™5 31.5%

11 20.5 46 4.0 x 10-4 1.0 x 10™4 25 %

12 19.5 47 1.6 x 10~4 - 3.5 x 10™ * 21.9%

13 28.5 50 7.0 x 10"4 ■ 1.8 x 10™4 25.6%

14 26.5 46 3.7 x 10~4. 1.3 x 10~4 35.4%.

15 21.0 45.8 2.7 x 10~4 7.3 x 10~5 25.0%

16 ' . 24.0 45 2.9 x 10-4 6.0 x 10~5 20.7%

17 27.0 45.2 3.6 x 10~4 8.1 x 10"5 22.2%
18 29.0 47.9 3.5 x 10'4 1.5 x 10™4 43.0%

19 27.5 43.4 2.5, x 10"4 4.7 x 10™5 19.7%

20 16.5 39.5 1.0 x 10-4 3.8 x :10~5 38.0%



40

Table 3. Continued

Sample 
Number •

Liquid
Limit

In Situ 
Porosity 

%

In Situ 
■ Permeability 

cm/sec
(q)

Permeability. 
. • After Load 

cm/sec
( V

Ratio of 
K2/Kl

. 21 ■ 26.0 44.5 2.0 x 10~4 9.0 x 10"5 45.0%

22 30.0 47.5 1.3 x 10~4 3.0 x 10~5 -23.0%

23 25.5 44.0 1.8 x 10"4 4.2 x 10~5 23.4%

; 2v 27.0 42.5 , 2.1 x 10~4 6.0 x lO-5 28.6%

25 20.5 47.5 3.0 x 10-4 6.9 x 10~5 23.0%

. . 26 23.0 48.5 3.6 x 10~4 6.8 x 10-5 19.0%

27 ' 25.5 45.8 3.0 x 10"4 4.5 x 10~5 15 %

28 19.5 44.5 2.8 x 10~4 4.8 x lO*"5 17.2%

29 21.0 46.3 4.5 x 10"4 9.0 x 10~5 20 %

. 30 . 22.5 48.5 3.0 x 10"4 6.7 x l(f5 . 22.4%
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were highly reduced under the static and dynamic forces. The dynamic 

effects haven't been studied separately, but a combination of the static 

and dynamic forces resulted in a reduction of the permeability coeffici

ent up to 20% of its original value. The highest, reduction was found to 

be associated with samples having non-uniform grain size distributions 

of the siIt-sand order. This result is attributed to the decrease in 

porosity under the load and the new arrangement of the soil particles. 

The reduction of the vertical permeability of the soils will, however, 

tend to protect collapsing soils in depth from the effects of surface 

water only for relatively short periods of time. On the other hand, 

densifying the soil will give it more strength to withstand heavy loads 

and to be suited for foundations for light structures.



CHAPTER 5

CONCLUSIONS AND APPLICATIONS 

Conclusions

The following conclusions have been reached:

1. Relative density was found to have direct relationship to 

the collapse phenomena of soils. The higher the relative 

density3 the less the collapse.
2. Dynamic loading forces increase the density of the soil in a 

much shorter period of time than static loads alone.

3. Consolidation is best achieved under static and/or dynamic 

forces in a saturated condition. -

4. If the dynamic forces are stopped, then the rate of consoli

dation caused by the static forces alone will be suddenly

and severely reduced or even completely stopped (Figure 15).

5. Dynamic forces disrupt and readjust the soil structure 

resulting in rapid consolidation.

6. The porosity of soil in its in situ condition is a function

of its relative density. The lower the density, the less

the relative density and the higher.the collapse potential.

7. Permeability coefficients, under dynamic and static loading, 

can be reduced to 20% of the original value. The reduction 

is strongly effected by the shape and size of the particles.

42
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Unsorted3 rounded and fine materials in those samples tested 
achieved the highest .reduction in permeability coefficients. 

80 The combination of static and dynamic effects on soil have 

„ given higher values of.consolidation than static effects

alone in less than one hour.

Uses of Dynamic Forces 

Dynamic forces have been used in different engineering fields, 

the most important of which are drilling, pile driving and for soil 

stabilization purposes. The fact that vibrations change the internal 

structure of the soil and reduce its strength in the first few seconds 

make it possible to be used for excavation of materials even when 

imposed on relatively stable slopes.

1. Vibrations could be used to density soil to reasonable 

depths. This also might be used, instead of grouting of ,.

: ' soils. .. ' :
2. The construction of roads, parking lots and airports need 

very.dense soil with the least possible collapse tendency. 

This can be achieved by using the resonant frequency of the 

soil and vibrating it for not more than half the time usu

ally used for normal soil densification.

3. Soil can be densified up to.the desired depth by the appli

cation of static and dynamic loads before the.construction

of buildings; this would prevent the serious settlements of
. ■ ■■ ' 

foundation footings even in soils with high collapse poten-.

• ’ tial.
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Finally, it has been the intent of the author of this thesis 

to present the idea that the collapsing and subsidence problems of soils 

in the Tucson area can be partially solved by the application of dynamic 

and static forces and by vibrating the soil at their resonant frequen

cies prior to construction of small buildings. This might become more 

effective with the introduction of more efficient equipment. The method 

would not be costly but could be of considerable value in future con

struction in the Tucson area.



APPENDICES



GROUP 1

APPENDIX A 

- LOW COLLAPSING SOILS

46



Co
ns
ol
id
at
io
n/
In
ch
es

.00

.005

.010-

. 020-

.025-

.030-

.035-

.045-

42 3 5 86 7 91 10 11 12

Sample 6.
Square Root of Time/Minutes

-p*0



Co
ns

ol
id

at
io

n/
In

ch
es

.00

.005-

.010-

.015-

. 020-

.025-

.030-

.035-

.040-

.045-

12 13 148 9 10 115 764

Sample 7.
Square Root of Time/Minutes

■poo



Co
ns
ol
id
at
io
n/
In
ch
es

.00

005.

010

015-

020-

025-

030-

035-1

040-

045-

Sample 8.
Square Root of Time/Minutes

-FID



Co
ns
ol
id
at
io
n/
In
ch
es

.00

01.

02 -

.03-

05-

06-

.07-

08-

09-

10 11 13 14

Square Root of Time/Minutes
Sample 10.

cnO



Co
ns
ol
id
at
io
n/
In
ch
es

006 -

012.

016-

018.

2 5 83 7 9 101 4 6 11 13 14

Sample 18.
Square Root of Time/Minutes

cn



Co
ns
ol
id
at
io
n/
In
ch
es

.00

▲ JL
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Square Root of Time/Minutes
Sample 20. in

NO



Co
ns
ol
id
at
io
n/
In
ch
es

.002

.003

.004-

.005-

.005.

.007

.008-

.009-

.010-

. OH-

138 12 149 10 115 6 74

Sample 21.
Square Root of Time/Minutes

cn
U)



GROUP 2

'APPENDIX B 

- MODERATE COLLAPSING SOILS

54



Co
ns
ol
id
at
io
n/
In
ch
es

.00

.005-

.015-

. 020-

.025-

.030-

.035-

12 1398 10 11 1475 64

Sample 5.
Square Root of Time/Minutes

inin



Co
ns
ol
id
at
io
n/
In
ch
es

01-

02-

08-

09-

11 12 138 9 10764

Sample 14.
Square Root of Time/Minutes

cn
CD



Co
ns
ol
id
at
io
n/
In
ch
es

.005-

.010-

.015-

. 020 -

.025-

.030-

.035-

.045-

1 2 53 86 7 10 11 12 13

Sample 16.
Square Root of Time/Minutes

in



Co
ns
ol
id
at
io
n/
In
ch
es

.00

002.

004 -

006-

008-

010 -

.012-

014-

016-

018-

1 2 3 4 5 6 7 8 9 10 11 12 13

Square Root of Time/Minutes
Sample 17. cnoo



Co
ns
ol
id
at
io
n/
In
ch
es

005-

010-

015-

020 -

025-

030-

035-

040-

128 10 11 137 9 1454 63

Sample 19.
Square Root of Time/Minutes

cnm



Co
ns
ol
id
at
io
n/
In
ch
es

.00

.005-

.010-

.015-

.020-

.025-

.030-

.035-

.040-

12 139 147 8 10 114 5 6

Sample 24.
Square Root of Time/Minutes

CDo



Co
ns
ol
id
at
io
n/
In
ch
es

.00

,005

010 J

,015

020.

,025

030.

035*

040-

045

T10 — r-11 "IF IF 14

Sample 25.
Square Root of Time/Minutes

CT)H



Co
ns

ol
id

at
io

n/
In

ch
es

.00

005-

010

015-

020 -

025-

030-

035.

040-

,045.

— r~
10

— r—
11

— r~
12 13 14

Sample 30.
Square Root of Time/Minutes

CDK>



APPENDIX C 

GROUP 3 - HIGH COLLAPSING SOILS

63



Co
ns
ol
id
at
io
n/
In
ch
es

01-

02-

03.

05.

06.

07.

08.

09.

11 12 1410

Square Root of Time/Minutes
Sample 2.



Co
ns
ol
id
at
io
n/
In
ch
es

06-

08-

12 138 9 11105 6 732 41

Square Root of Time/Minutes 
Sample 3. ^

in



Co
ns
ol
id
at
io
n/
In
ch
es

010-

015-

020 -

025-

030-

035-

045-

1311 12 148 9 105 6 7

Square Root of Time/Minutes
Sample 4. ^

CD



Co
ns
ol
id
at
io
n/
In
ch
es

.00

005-

010-

015.

020-

025-

030-

035-

040.

,045-

Sample 11,

5 6 7 8 9

Square Root of Time/Minutes

— r-
10

— r-
11

— r-
12

— r-
13 14

cn



Co
ns
ol
id
at
io
n/
In
ch
es

.00

.005-

. 010 —

.015-

. 020 -

.025-

.030-

.035-

8 12 135 9 10 112 3 7 144

Sample 12.
Square Root of Time/Minutes

cnoo



Co
ns
ol
id
at
io
n/
In
ch
es

010-

020 -

02 5-

030-

035-

040-

045-

8 12 137 9 10 11 145 64

Sample 22.
Square Root of Time/Minutes

CD



Co
ns
ol
id
at
io
n/
In
ch
es

01 -

0 2 -

03-

04-

05-

06-

07-

08-

09-

127 8 115 6 9 10 144

Sample 23.
Square Root of Time/Minutes

o



01 -

03-
w<DAO 04-
H
co•H-MryTj•H

05-

H 06-owaou

08-

09.

31 2 4 5 6 7 8 9 10 11 12 13 14

Square Root of Time/Inches
Sample 26.



Co
ns
ol
id
at
io
n/
In
ch
es

Sample 27.
Square Root of Time/Minutes

to



Co
ns
ol
id
at
io
n/
In
ch
es

.00

.01

.02

.03

.04

.05

.06

.07

.09 .

2 3 7 8 9 104 5 6 11 12 131 14

Sample 29.
Square Root of Time/Minutes

o
CO



APPENDIX D 

SIEVE ANALYSIS DATA

74



Grain Size Sieve Analysis Data.
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Sample ■ 
Number

Mesh
Sieves 4 10 20 40 60 140 200

1 Weight/gr. 3 4 .3 5 54 .85 ' 5 1 . 3 3 21 .5 4 3 6 .7 8 1 8 .5 5 2 4 .7
% Passing 8 5 .6 5 63 .0 5 4 1 .8 5 32 .97 17 .7 7 , 1 0 .2 2 .05

2 Weight/gr. 3 2 .5 0 60 .0 6 9 2 .7 2 36 .7 2 51 .3 1 7 .4 7 29 .92
% Passing 89 .9 0 7 1 .1 5 4 2 .3 5 30 .9 0 1 4 .9 0 9 .4 5 ■ .12

q Weight/gr. 6 .0 5 4 1 .8 2 57 .1 0 9 8 .0 1 3 8 .3 27 .23 9 .8 0
o % Passing 9 8 . 1 8 4 .9 6 4 .4 2 9 . 2 1 5 . 4 5 .6 2 . 1
h Weight/gr. 4 . 1 2 9 .5 1 4 8 .0 2 5 9 .85 1 6 8 .3 1 6 8 .0 . 3 5 . 4
Hr % Passing 9 9 . 5 9 6 .3 6 8 0 .1 6 ’ 51 .6 6 33 .2 6 1 4 .8 6 1 1 . 0
C Weight/gr. 1 2 .0 2 6 3 .5 2 7 4 .0 2 9 6 .0 2 0 1 .9 3 5 9 .1 ■ 3 5 .7O % Passing 9 9 .1 2 9 4 .3 6 7 4 .3 5 52 .65 3 7 .8 5 1 1 .3 5 8 .7 2
c Weight/gr. 3 3 .7 8 0 .5 1 6 2 .5 1 7 7 .2 1 5 5 .0 1 8 4 .9 60 .0 5
D % Passing 9 6 ,6 2 88 .7 8 7 2 .9 8 55 .6 3 4 0 .6 2 22 .7 2 1 6 .8 8

7 Weight/gr. 1 2 2 .0 1 9 9 .8 1 7 6 .0 1 5 7 .7 8 8 .0 7 1 .8 1 7 .2
% Passing 8 5 .9 6 2 .7 4 2 .1 0 2 3 . 9  ' -13 .7 5 5 .5 3 3 .5 4

q Weight/gr. 3 5 .5 1 1 2 .0 2 5 3 .0 2 3 3 .6 1 5 9 .0 2 1 6 .5 7 1 .5
o % Passing 9 7 .1 8 88 .5 8 69 .23 51 .43 39 .2 3 22 .6 3 17 .15
Q Weight/gr. 5 4 .0 1 5 0 .5 2 9 6 .0 1 6 4 .2 1 5 0 .0 2 3 2 .0 7 5 .5
y % Passing 9 6 .0 8 4 .4 - 6 1 .1 4 ■49.1 3 7 .6 1 9 .7 9 . 1 4 . 0 2

10 Weight/gr. 
% Passing

5 1 .5
9 6 .1 5

1 1 4 .0
87 .7 5

1 8 0 .0
7 4 .5 0

2 1 6 .6
58 .50

1 7 4 . 1
4 5 . 7

2 5 0 .0
2 7 .3

8 3 .5
21.-22

11 Weight/gr. 
% Passing

4 5 .0
9 6 .8 3

9 9 .5
89 .8 2

2 1 4 .5  
. 7 4 . 7 2

2 7 8 .7
5 5 .0 7

1 9 8 .8
4 1 .0 2

2 8 1 .0
2 1 .2 2

1 1 5 .5  ; 
13 ,0 2

12 Weight/gr. 
• % Passing

9 1 .7
9 3 .4 5

25 6 .6
7 4 .7 5

3 5 7 .0
2 9 . 1

1 9 3 .0
3 5 . 4

1 0 7 .0  
' 2 7 .7 5

•147.0 ' 
1 7 .2 5

5 7 .3  
- -1 3 .3 5

13 • Weight/gr. 8 . 2 2 9 .3 9 5 . 4 2 3 3 .6  ■2 5 0 .0 2 7 7 .0 . 7 5 ,0
% Passing 9 9 .3 9 6 .7 5 8 8 . 6 6 8 .6 4 7 .3 2 3 .6 1 7 . 2

14 Weight/gr. 
% Passing

1 0 . 0
9 9 .2 2

7 0 .0  
' 9 3 .8

2 0 5 .0
7 7 .9

2 8 3 .0
56 .00

3 2 5 .6
3 0 .8 5

1 4 7 . 0
19 .5 0

8 2 .0  ' 
■ 1 3 .1 0

15 Weight/gr. 
% Passing

2 9 .0
97 .7 9

1 0 5 .0
89 .49

2 2 2 .3
7 2 .6 9

222-5
55 .8 9

1 6 2 .6
4 3 .5 2

2 5 8 .8
2 3 .8 7

78.8.
1 7 . 9 5

. 16
Weight/gr. 4 6 . 6 1 1 2 .0 2 1 1 .6 2 6 9 .5 1 7 7 .0 2 3 5 .0  : 1 0 8 ,2
% Passing 9 6 .5 4 8 8 .2 7 2 .5 0 52 .5 0 ' 3 9 . 3 5 2 1 .9 1 3 .8 5

17 Weight/gr. 7 . 0 6 0 .6 2 0 0 .0 23 2 .0 ,191.8 2 6 0 .0 7 3 .6
% Passing •' 9 9 .4 4 ,9 4 .5 6 7 8 .4 1 59 .70 4 4 .2 5 2 3 .2 5 1 7 .3 2

18 Weight/gr. 
% Passing

1 0 . 5
9 9 .1 7

5 3 .0
93 .49

1 5 3 .0  
8 0 .0 4

. 2 8 2 .0
55 .20

2 2 9 .0  
35.-08

2 2 6 .5
1 5 .0 8

4 5 .2
1 1 .3  ,

• 19
Weight/gr. 
% Passing

2 6 .0
9 7 .0

8 5 .1
8 7 .2

1 4 3 .2  
7 0 .6 5

1 4 6 .6
53 .75

1 1 2 .2  
4 0 . 7

1 7 0 . 6
2 0 .9 5

4 1 .3  
1 6 .1 7

- 2 0
Weight/gr. 2 4 .0 1 0 9 . 1 2 7 7 .0 2 7 7 .6 1 7 6 . 6 2 0 4 .2 6 7 .0
% Passing 9 8 .2 5 9 0 .2 5 6 9 .9 5 49 .6 5 3 6 .7 5 2 1 .8 5 1 6 .9 5



76

Grain Size Sieve Analysis Data. Continued

Sample
Number

Mesh
Sieves 4 10 20 40 60 140 .200

21 Weight/gr. 
% Passing

8 . 1
9 9 .3

4 5 .3
9 5 . 1

201 
. 7 8 .3

27 5 .3
51 .0

175.4"
3 5 .4

210
1 3 .3

3 5 .7
6 . 4

22 Weight/gr. 
% Passing.

4 0 . 1
9 7 .1

1 0 9 .0
8 8 .5

215.  3 
7 2 .1

2 5 0 . 4
5 4 .4

171 .  5 
4 0 . 3  .

2 5 0 ,0  
. 22 .1

9 9 .6  
■ 1 4 . 1

23 Weight/gr. 
% Passing

50 .0
9 6 .9

140
80.1-

2 2 5 .3  
69 .1

1 0 5 .4
51 .3

1 7 0 .1  
. 3 3 .2

2 0 0 .0 '
2 0 .3

6 0 .4  - 
1 5 . 1

24 Weight/gr. 
% Passing

8 . 2
9 8 .7

6 0 .4
9 5 .8

295 .3
8 1 .0

369.. 4 
5 2 .6

2 8 0 .4
3 4 .3

2 7 0 ,3
1 4 .7

6 5 .9  
10.  6

25 Weight/gr. 
% Passing

4 5 . 3
9 6 .6

1 1 3 .0  
88 .3

2 2 0 .4
7 1 .3

260.-5
5 4 .4

1 7 7 . 4  
4 0 . 1

2 3 0 ,0  
2 2 .0

11 0 .0
1 3 .7

26 Weight/gr. 
% Passing

■25.1
9 7 .1

8 1 . 4
8 8 . 1

14 6 .2
7 0 . 4

1 4 7 .0  
5 3 .6

1 1 0 .3  
39 .7

1 7 1 ,7
2 1 ,1

4 0 . 4
1 6 . 1

27 Weight/gr. 1 1 . 1 52 .1 1 5 0 . 4 2 9 0 .1 23 0 .4 2 2 5 .4 4 5 ,2
% Passing 9 9 . 1 9 3 . 4 8 1 .0 5 4 .8 3 5 .0 6 1 5 . 0 1 1 . 2

28 Weight/gr- 4 . 0 3 0 .1 1 4 8 .2 2 6 0 .1 1 6 8 .2 1 6 9 , 1 3 5 .3
% Passing 9 9 .5 9 6 .3 8 0 .1 51 .7 3 3 .3 1 4 . 9 11 .-o;

29 Weight/gr. 
% Passing

. 2 6 .0  
9 6 .9

8 6 . 1
8 7 .1

14 4 .3  
7 0 .6  :

1 5 0 .5  
• 5 2 .7

11 0 .3
4 0 . 5

1 6 9 . 6
2 0 .9

4 0 .2
16 ,0 1

■ 30 Weight/gr. 
% Passing

25 .0
9 8 .1

1 0 7 .8
9 0 .4

2 8 0 .1
69 .9

279 . 4 
6 9 .9

1 7 5 .6
4 9 . 6

2 0 5 .3
2 1 .8

6 5 .4  
1 6 .8  ,
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