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Consolidated-undrained (CU) triaxial compression tests, with

pore pressure measurement, were employed in the study of the shear

strength characteristics or normally consolidated varved clay from

Guayaquil, Ecuador. Undisturbed samples were tested to obtain values of

undra ined shear strength, the effective stress envelope , stress-strain
relationships and pore pressure build up. The mineralogical composition

of the samples was determined through X-ray Diffraction and Thermogravi-

metric Analysis techniques . CU tests for remolded samples provided data

for a comparison of undrained shear strengths and an evaluation of

sensitivity .

Shear strength parameters were relati vely consistent for all

• samples , wi th ~ decreasing slightly with remolding. Definite differences

U
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between the stress-strain relationships of undisturbed and remolded

samples existed; indicating a brittle, flocculated material in the

natural state with high loss of strength upon remolding at the same

moisture content. Af and liquidity index values did not appear to be

reliable indicators of sensitivity for this varved system.
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I. INTRODUCTION

General

The laboratory and field measurement of shear strength of sub-

surface soil has remained one of the most challen ging tasks and pro 1c~-

sional responsibilities of geotechnical engineering. Geotechn~c~

knowledge will be of vi tal importance to the expansion of industri ~ 1

facilities in the “underdeveloped” countries as the pri ces they receive

for their diminishing natural resources increase and the revenues beco i~e

• available to support massive public works projects. During the next two

decades many of these countries will be investing heavily in port facili-

ties , and the locations of these facilities are often characterized by

complex geotechnical conditions that require careful investi gation. For

• example , the government of Ecuador is presently expanding the port

facilities at Guayaquil on the Pacific Ocean. The subsurface conditions

are characteri zed by deep deposits of saturated varved clay . These

• deposits present several signifi cant geotechnical problems since the

construction sequence will involve dredging, backfilling, and erection

of heavy harbor facilities. The varved soils must therefore be assessed

wi th respect to slope stability , bearing capacity , and consolidation.

The shear strength of this pa rticular material Is of imense importance

in the proper assessment of Its performance during all phases of the

construction sequence .
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Statement of the Problem

Past studies of varved clay systems have focused on the SOilS of

the northern hemisphere , particularl y Canada and Scandinavia. TH2 shear

strength and deformation behavior of these soils has been observc~ , ~~

various shear strength parameters have been measured. However , little

information is currently available concerning the behavior of sedimen-

tary deposits in the southern hemisphere that display similar structural

properties and characteristics.

It is known that the engineering properties of an undisturbed

varved soil system are different from those obtained if that soil system

is remolded. The remolded soil usually displays lower shea r strength

parameters and different consolidation characteristics. The mineralogi-

cal composition , soi l particle integri ty, and phase relationships also

play an important part in the full unders tanding of varved soil behavior.

The complexity of this soil system represents a major challenge for geo-

technical engineering.

Scope of Thesis

The objective of the study being reported herein is to determine

the shear strength characteristics of a varved soil obtained in Guayaquil ,

Ecuador and to determine the amount of strength loss associated with

remolding. The consol i dated-undra i ned triaxial test was uti lized to

evaluate the shear strength characteristics of both undisturbed and

rernolded soils. To assist In unders tanding shear strength behavior , the

soil mineralogical composition is estimated.
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Organization of Report

Chapter II sumari zes the current state of knowledge concerning

shear strength, and the various graphical techniques used to analyze

stress-state conditions. A summary of the current information on varved

clays and sensitivity is also presented. In Chapter III , the triaxial
• _ testing and data acquisition equipment and the laboratory procedures

utilized are described. A discus~ion of the test results is presented

in Chapter IV . Chapter V contains the conclusions of this study and

recomendat ions for further resea rch .
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II. REVIEW OF LITERATURE

Three specific and interrelated literatu re topics are particu-

larly relevant to the understanding and analysis of this study. The

• first sec tion rev iews the develo pment of so i l shear strength theory and

the current methods used to analyze shear strength data . Section two

• sumarizes the current knowledge of varved clay and varved clay sy~t~---s .

Section three provides pertinent information concerning sensitive cl~yc

with particular emphasis on the mechanisms of sensitiv ity and soil

physical property relationships.

Shear Strength

• General

• The shear strength of a soil depends on many factors . A func-

tion describing the shear strength or shearing resistance of a soil may

contain the following vari ables:

Shear strength = F(e, •, C, a’, c’ , H, T, c, ~, S)

In which e Is the void ratIo, • is the angle of Internal friction , C is

the soil composition , a’ is the effective stress, c’ is the effective

stress parameter for cohesion , H is the stress histor ”, T is the temper-

ature , c is the strain , ~ Is the strain rate , and S is the struc ture .
• • These parameters may or may not function independently. A full

4
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quanti tative understanding of the possible interrelationships is not

available at present (18).

In order to quanti fy certain soil parameters, namely stress-

strain properties , specifi c laboratory tests have been devised . The

three primary tests to measure these properties on a macroscopic level
• are 1) the Direct Shear test, 2) the Triaxial Test , and 3) the Uncon-

fined Compression Test. The most common and versatile test is the

triaxial test , which is a special version of the cylindrical compression

test used to determine the mechanical properties of many materials.

Al though it is not necessary to determine the strength of many construc-

tion materials using a confinin g pressure, it is often essential when

testing soils. The triaxial test is considered a destructive test as

compared to a consol idation test which is conducted as a model test.

The altering of the soil equilibrium stress state by a change in

applied stresses , through a testing apparatus , is basically the means for

determining the strength of a soil. As stresses are applied along a

• particular axis the soil will undergo deformation. The resistance to

defo rmation by continuous shear displacement of soi l particles is essen-

tially the shear strength of the soil. The true nature of the deforma-

tion is dependent on the same parameters as in the shear resistance

• function. The soi l eventually reaches a stress state at which it can no

longer resist additional stress increases. This condition is the failure

or yield point. The quantitati ve evaluation of the failure point rr~y be

• dependent upon vari ous failure cri teria. For most materials and partic-

ular ly cohes i ve so i ls , it is represented by the peak of the deviator
• stress—vertical strain curve. Certain soils will lose all structura l

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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integrity, and their ability to resist stress, at the yield point while

others continually deform with no further increase in stress. Soils

exhibit a far greate r range of failure characteristics than other con-

struction materials such as concrete and steel . Typical deviato r stress-

vertical strain curves for vari ous clay soils tested in undra ined shear

are illustrated in Figure 2.1.

Mohr-Coulomb Theory of Failure

In 1871, Otto Mohr contributed a rupture theory for the analysis

of the behavior of solids ; the mathematical formulation produced equa-

tions which have a graphical solution for stress state at a point. This

graphical technique is popularly known as the Mohr stress circle. The

representative stress circle is constructed by establishin g a coordinate

system in which the x-distance represents normal st resses and y-distance
• represents shear stresses. In soi l mechanics , tensile stresses are com-

paratively rare; therefore, the compressive normal stresses are positive

and plotted to the ri ght, a.
~ 

is the largest stress and defined as the

major principal stress. a2 is defined as the intermediate pri ncipal

stress, 03 is the smallest stress and called the mi nor principal stress.

• Shear stresses are represented as absolute values of magnitude and may

be plotted either upward or downward . The Mohr diagram allows the

visualization of shear and normal stresses (a, t) acting on a plane ,

regard less of the pl ane ’s orientation , through a soil mass in two dimen-

sions (25) (Figure 2.2).

Mohr failure theory also has been found to apply quite well to

soils. The failure of a material does not depend on normal stress alone

- -•-- ----•-•---~~~ -- -~~~~~~~~~~~
•-

~~~~~~~~~~~~~~~
•-- • -~~~~~~~~~~~~~
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or shear stress alone but a critical combination of the two stresses . A

locus of points representing the cri tical value for various stress states

can be constructed using the Mohr circle of stress. These points form a

boundary conlilonly called the Mohr envelope of failure (Figure 2.3). A

stress state that produces a Mohr circle which intercepts the strength

envelope produces a shear failure .

Charles Augustin Coulomb , a famous French scientist , contributed

significantly to the science of mechanics of elastic bodies. Coulomb

assumed the l aws of friction and cohesion for solid bodies were valid for

granular materials such as soil. The yield cri terion that he suggested

(1773) is wri tten

T < c + a tan ~

c = cohesion or cohesion intercept

= friction angle or angle of shearing resistance

Coulomb stated that the magnitude of the shearing stress t on any sec-

tion through a mass of an isotropic cohesive soil must not be greater

than an amount which depends linearly upon the norma l stress a acting on

the section . In order to express the failure cri terion in terms of

pri ncipal stress components the graphical representation according to

Mohr Is used (23) (Figures 2.4, 2.5). It must be noted that the

intermediate principal stress, is assumed to be a minor Influence on

failure conditions and is not graphically represented.

The discovery of the pri nciple of effective stress by Terzaghi

(1923 and 1932) provided further clari fication of the shear strength

—~~—-~~~-• •• -- - - -— - -• - - - - •-— -“- — • •—
~~
-—---- ---- • — - “--- - •.-

~~~~~~~
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differences between sand and clay and enhanced the use of the Mohr-

Coulomb failure theory. Previously, if the total pri ncipal stresses in

a mass are known , the stresses at a point wi th any orientation could be

computed. However , if the soil voids are filled with water the total

principal stress consists of two parts . One part, u, acts in the water

and is cal l ed pore pressure or neutral stress. The balance of stress

acts strictly in the solid phase and is often referred to as “inte r-

granular stress. ” In its simplest terms the principle asserts that the

effective stress controls volume change and shear strength and is g iven
by a’ = a - u for a saturated soil (18). By far the most important con-

sequence of this discovery is an increased understanding of the behavior

of cohesive soils since their permeability is very low .

Therefore, the maximum resistance to shear on any plane in the

soi l mass , on a macroscopic scale , is a function of the diffe rence

between total normal stress and the pore pressure . This may be

expressed quantitati vely as:

T c ’ + (a - u) tan ~~
‘

where tf 
= shear stress on the failure pla ;e

c ’ effective cohesion

•
‘ = effecti ve angle of effective st ress parameters

internal friction

a norma l tota l stress on the fa ilure p lane

u = pore wa ter pressure

The validi ty of the above relationships has been amply confi rmed

for saturated soils by the experimental work of Rendulic (1937) , Taylor

_ _ _  - • • • • • •—•- • -•~~~—-~~~~~~
---• _ _



-
~~~~ TIT Ti~i~~T~~rTT

13

(1944) and Laughton (1955) (2). Further work by Yong and McKeyes on

the yield and failure of clay under triaxial stress has substanti~ tod

the use of the Mohr—Coulomb frictional rupture (33). The Mohr-Coulonb

failure law is one of the most widely used in soi l mechanics and

accepted as a highly valid approximation of failure conditions in soi ls

(14).

p-q Diagrams and Stress Paths

In large scale labora tory Investi gations of the soil shear

strength , numerous stress states must be represented on a single diagram .

It is quite cumbersome and confusing to plot Mohr circ les and even more

di fficul t to interpret a large number of test results. An alternate

scheme has been devised (Lambe) in which the Mohr state of stress is

plotted as a stress point. A new coordinate system is established where

the relationships

01 + 03 al~~~
a3

~~~
= 2 and q =  2

are plotted along the x and y distances respectively. p is the center

of the Mohr circle and q represents maximum shear. Each respective

stress point (p, q) represents the sta te of max imum shear for a gi ven

stress condi tion. Knowing the values of p and q the entire Mohr circle
• may be reconstructed to determi ne the magnitude of the principal stresses

(14) (Figure 2.6). Figure 2.7 shows an alternative way to plot the

results of a series of triaxial strength tests. The points give the

values of p and q corresponding to the peak points of the stress-strain
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Failure stress
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Tr i a~ial Tests
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FIgu re 2.7. Results of Strength Test Plotted on n-c Diacra~’ wi th
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curves or the failure condi tion. The curve drawn through these points

is called the Kf_llne representing the transformed Mohr-Coulo rrb envelope .

Engineers often desire to depict successive states of stress

that exist in a soil for the same initial conditions . Mohr circles may

be drawn to depict each state of stress. As loading on a specimen is

al tered either through an actual construction sequence or in testing a

specimen in the laboratory the states of stress vary signifi cantly. A

diagram representing these condi tions can be quite confusing as the com-

plexity of the system increases . A more satisfactory arrangement is to

plot a series of stress points and to connect these points with a line

or smooth curve (Figure 2.8). Such a line or curve is called a stress

path . The stress path may depict total stress conditions or effective

stress conditions . The respective stress paths are called Total Stress

Path (TSP) and Effective Stress Path (ESP). Figure 2.9 shows the stress

path of a normally consolidated Weald clay under triax ial testing. Many

types of laboratory testing utilize 01 
= 03 as the initial condition

(14). Thus, the engineer has an efficient and effective tool to analyze

stress distribution and evaluate the geotechnical properties of undis-

turbed and remolded soil.

Varved Clay s

General

Engi neers often consider clay and soil (in general ) as a home-

geneous isotropic material. In reality this is far from the case. In

many locations , clay deposits are found in which the clay , being sedi-

~~ mentary in ori gin , exhibits a definite l ayered Structure . Clay deposits , 

• ~~~~~~~~~~~~~~~~~~~~~~~~~ • •——
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in which cyclic s- ’dimentation has produced a repetition of layering or
• laminations and internal structure , have commonly been called “varved ”

clays (32). The geology and chronology of varved formations is open to

• some dispute . Many of these banded sediments are found in North America ,

Scandinavia , and the U.S.S.R. and have been attributed to diurnal ,

annual , and aperiodic variations in discharge of sediment load frnr~

glaciers . The term varve usually refers to annually deposited cc~ niets

of fine winter l ayers and coarser summer l ayers. However , rnari~~
ments also display l aminations of silt and clay that technically may be

classified as varved.

Modes of Formation

There appear to be two primary modes of formation associated

with banded sediments . The fi rst mode is related to glacial activity in

the northern hemisphere . The second mode is a function of precipi tation

variations in more temperate climates.

During periods of glaciation varved sedimentary deposits have

fo rmed as a result of the cyclic temperature changes associated with the

seasons . The variation in stream fl ow Is quite pronounced. The veloci-

ties of the streams emanating from the glaciers during the melt season ,

spring and summer, allowed only layers of coarser material to settle.

With the onset of winter the water velocity slows and fi ner soil parti-

d e s  settle out. Another cor~inon characteristic of glaciation is the

disruption of normal drainage patterns along streams and ri vers .

Blockades of ice or rock materials released by the melting ice form

basin areas. These lake areas may last for hundreds of years and are

• ~~~~~~~~~~~~~~~~~~~~~~~~ • - •— • • • •
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excellent sediment collection bas ins. Whi le in ex istence , the lakes

serv e as catchment areas for the products yielded by normal weathering,

erosion and stream transportation, as well as the variety of rock mate-

rial released by the melting ice. The coarsest materials are deposited

close to the stream mouth while the finer materials are dispersed
• throughout the lake water and gradually settle out. Silt size particles

settle during the more turbulent water pe riods of spring and summer while
• the finer clay fraction settles chiefly during the winter. The variation

of water velocity due to annual climatic changes produces the sharp

demarcation between successive layers (27). The Columbia River Valley

and its tributaries in north—central and northwestern Washin gton are
• noted for extensive varved deposits of this type (32). The tonc’rr phv

of Canada also shows the existence of numerous glacial lake sources of

lucustrine varved sediments . Canada has an abundance of varved

deposits from both glacial streams and basins. The retreat of th e l a n t

ice sheets in Scandinavia is recorded i ndelibly in the varved clay

deposits (17).

Aside from the predominant glacial sediments familiar to engi—

neers , large regions of the earth are exposed to recurrent variations in

precipitation during wet and dry seasons. Under favorable conditions

• these variations are reflected in the erosion and deposit of sediment.

Aga in, the seasonal activity is reflected in low and high stream flow.

The great expansive plains in the western United Sta tes and South

America show the non-glacial sedimentary patterns. These continenta l

and coastal depos its come primarily from the predominant mountain ranges

In the area such as the Sierra Nevada Mountains and the Andes Mountains. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Wave action, tidal forces and currents , and stream velocities all con-

tribute to sedimentary deposits at the continent ’s edge. Many ri ver

areas at the perimeter of the large land masses have laminated deposits

of clay and silt. The Port of Guayaquil , Ecuador is characteristic of

non-glacial sedimentary deposits . This area is a mixture of tropical

rainy and dry climates exhibiting definite periods of high and low p re-

cipitation (8). These areas were gradually exposed during the Tertiary

Period of geochronology and have been developed recently as port facili-

ties and population centers (27).

Geotechnical Properties

The documented engineering experience associated with varved

clays is extremely limi ted. Literature concerning the detailed geo-

technical properties of layered systems is therefore not extensive . A

comprehensive work on experi ence with Canadian varved clays was pre-

sented by Mil ligan , Soderman and Rutka (1962) (17) in which specific

case records were analyzed . A recent study of Parsons (1976) analyzes

the glacial lake formations in New York as prospective construction

sites (20).

One of the most significant properties of varved clays is its

structure . Various theories have been advanced which define the

behavior and nature of varved clay structure . The consensus explanation

for the varved clay system is that the dispersed manner of deposition

• creates a flocculated soil structure (29). This “cardhouse ” concept

was fi rst advanced by Goldschmi dt (1926) (18) and Is applicable to

varved clay formations. The mode of fo rmation is characteri zed by an
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~ arrangement of particles similar to that of a cardhouse.

Various electrolytes in the soil water have also infl uenced the dis-

persion of the system contributing to this type of soil fabric. X-ray

diffraction of soft deposits of varved clay in the vicinit y of New

Liskeard , Ontario has substantiated the metastable nature of these clays

(20).
• The layered nature of the varved soils and their relatively

• sensitive structure has compl icated the assessment of soil strength .

The determination of the shear strength of the soil has been primarily

confi ned to studies of the enti re layered system and not to the ir~-

vidual laminations. A review of the literature shows that mo su st~~
on layered c lays have investigated other engineeri ng properties relatin ’~

• to consolidation and pore pressure. A macroscopic evaluation of shear

strength characteristics , for particular soi l types, is normally made

simply for comparative analysis.

Undisturbed samples normally display a definite inclined failure

pl ane that Intersects a majority of the l aminations (30). Pore pressure

equalization will exist in the undrained testing. With the equalization

• - of pore pressures the strength of the coarse l ayer (silt layer) is some-

what decreased while the strength of the fine l ayer (clay layer) is

increased slightly. The effective stress parameters reveal that as the

amount of fine material In the system increases the effecti ve stress will

decrease (29). The effective angle of interna l friction ~ may also be

dependent on the various bands of sediment. The clay phase normally has

lower angles with higher liquid limi ts while the silt phase has higher

angles with lower liquid limi ts. Variation in the thickness of l ayers

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • - ~~~ -~~• •~~~~~~~~~~~~~~
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within the deposit is the prime cause for extreme variation In their

properti es (17).

The permeability of varved clays is not constant in all direc-

tions . The anisotropic nature of laminated systems allows for rapid

pore—pressure dissipation , is vital in the analysis of stability problems

and is cri tical in consolidation and settlement analyses. It is appar-

ent that shear strength and related geotechnical properties are functions

of individual l ayer thickness , the continuity of the l ayers and their

relati ve structure (17).

Clay Sensitivity

General

Sensiti vi ty is a phenomenon exhibited by virtually all nor ”-ally

consolidated clays (18). Sensitivity was fi rst quanti tatively charac-

teri zed by Terzaghi (1944) who used the following relationship as

determi ned from the unconfi ned compression test.

q
s =

r

where S • sensiti vi ty ratio based on ultima te strength

q • unconfi ned compressive strength at failure of
• u undisturbed sample

q = unconfined compressive strength at failure ofur the remolded sample (30 )

Clays that exhibit extremely low remolded strengths such that a specime n

cannot be fo rmed require shear strength measures using the vane shear

• test. Current techniques to evaluate sensitivity utilize undrained
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strengths as determined by triaxial testing for specific conditions ;

i.e., peak value strength or a given vertical strain.

Problems involving slope stability and settlement have prompted

extens ive studies of sensiti ve clays . The post-glacial clays of Scandi-

navi a and Canada have varying degrees of sensiti vity . Clays that lose

all shear strength with outside disturbance , called “Quick Clays ,” are

cor~inon in these areas. The causes of clay sensitivity are not completely

understood . Mi tchell (19) has made a comprehensive study of the mecha-

nisms which may contribute to the signifi cant loss of strength with

remolding.

Causes of Sensiti vi ty

With the aid of advanced technology it has been determ i ricu i~~t

at least six di fferent phenomena contribute to the development of sensi-

tivity .

1. Metastable Fabri c

2. Cementation

3. Weatherin g

4. Thixotropic Hardening

5. Leaching, ion exchange and change in
monovalent /divalent cation ratio

• I 6. Formation or addition of dispersing
agents

1. Metastable Fabric

The arrangement of particles and pa rticle groups in any fine-

grained soil Is critical to its geotechnIcal properties . Sedimenta ry

soils are arranged in vari ous flocculated arrangements capable of
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carrying substantial loads (Fi gure 2.10). Destruction of the rigid

framework through remolding causes a loss in effective stress, change in

volume and reduction in overall strength .

2. Cementation

Investigations by Bjerrurn and Wu have show n that after sedi-

mentation, bonds between particles are formed that have the character-

isti cs of chemical cementation compounds . The cementing agents sn:~ ~~~~

free carbonate , alumina , organic matter and iron oxide may preci t it~~

onto the interparticle contacts during fo rmation . This glue forms a

rigid bond between particles creating a relatively strong lattice

resulting in additional resistance to compression (4).

3. Weathering

Weathering processes control the flocculation-def locculation

tendencies of soil. The presence of various ions and thei r proportions

in solution control the expansion and contraction of the diffuse double

layer subsequently affecting interparticle forces. Strengths and sensi-

tivities may be increased or decreased depending on the nature of the

charges in ionic distribution . The mi neralogical composition and grain

size distribution resulting from the weathering process will infl uence

the development of di fferent fabric types .

Mourn and Rosenqvlst have studied the effects of weathering on

illitic clays originally saturated with sodium ions. During the

weathering of surrounding materials potassium ions replace the sod i um.

This has resulted in inc reases of both undisturbed and remolded strengths

(19). 
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4. Thixotropic Hardening

Thixotropy is defined as a time dependent process whereby a

material stiffens and gains strength while at rest , and softens upon

remolding. A fabri c change occurs with remolding resulting in a defl oc—

culated state. While a certain amount of externally applied energy

• exists on the system it remains in equilibri um as a liquid. With

• removal of the external energy , the interparticle forces of attraction

tend to reflocculate the aggregate of particles. The reorganization

causes an increase in the strength of the material . Though some

remolded laboratory specimens have displayed this characteristic , little

is presently known concerning the effect of thixotropy in field c- .i-

tions (18).

5. Ion Exchange

Rosenqvist (1946 ) first suggested that sensitivity m ai ( ‘~~ pi fl t~

by changing or elimi nating ions in the soil water. The leachin g of

sodium from marine clays is an essential step in the development of

quick clays (19). Washing of the soil by relati vely pure water either

through percolation or the lifting of clay l ayers above sea level will

- - cause a reduction in ion concentrations. The leachin g effect causes

little disturbance In the fabri c and primarily infl uences the inter-

particle forces. A large Increase in interpartic le repulsion through a

decrease in electrolyte concentration wil l  normally exist , causing a

significant loss of remolded strength. Studies have shown that sensi-

tivity correlates well with the percentage of monovalent cations In the

pore water (18).

LA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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6. DispersIng Agents

Some highly sensitive clays are found in the vicinity of organic

• 

- 
l ayers such as peat. Organic compounds also exist in the pore water

during formation of the sediment. Some of these substances , often acidic

in nature , act as dispersing agents and cause increased double layer

repulsion. The fabric that is formed is similar to the marine sediments .

Due to the complexity of the organic compounds , their ful l effect on

sensitivi ty is not yet clear (18).

Though various mechanisms contribute to sensitivity , the funda-

mental cause of sensitivity in clays is the change in fabric which

occurs from external disturbance and remolding. It is understood that

• a flocculated arrangement of clay and silt particles develop a more

rigid framework with high load—carrying ability than the same particles

arranged in a deflocculated manner at the same water content. Charac-

teristics of the above mechanisms are summari zed in Table 2.1.

Physical Property Interrelationships

• Extensive clay sensitivi ty studies (18 , 16 , 30) have resulted

in the development of relationships to describe the varying degrees of

sens itivi ty in clays. The relationships that have been shown as most

reliable are those of sensitivity , liquidity index and effective stress.

An understanding of these factors can alert the engineer to impending

geotechnical problems and allow for a better understanding of site con-

dlti ons. 
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Table 2.1. Causes of Clay Sensitivity

Limi t of Predomi nant soil
Mechanism Type of reaction sensitivity types affected

- • 
• 

(1) (2) (3) (4)

Metastable particle Ph Si al Slightly quick a 
All 1arrangements y C (8- 16) c ays

Silt skeleton- Ph 1 1 Very sensitive Clay -silt— sand
bond clay >‘s ca (4-8) mixtures

All soils contain —
- 

• Cementation Chemi cal Slightly quick ing potentia l

pounds

Ion exchan e Physico- Slightly quick Leached ar~• g chemical (8—16) weathered C~~~ / S

Leaching of salt Physico- Extra quick 

~~~~~ 
~~~~~~

Al l  S oils — r 1 r
~ i

• Weathering Chemical 
~5~~l~~~~T4) ~~~~ ~~~~~

• mi neral ogy

Thixotropic Physico- Medi um sensitive bhardening chemical to slightly quick Clays
(2-16 )

Clays—particul an y
• • Dispersing Agent Physico- Extra quick organic bearing

addition chemical (64) or organic deposit
associated

aAccording to Rosenqvist scale.
bpertains to samples hardening starting from present composition and

water content. Role of thixotropy In causing sensitivity of clays in situ is
indeterminate .
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Sensitivity and effective stress parameters have previously been

defi ned. Liquidity index (LI) uses basic soil properties as a conipari-

son of degrees of sensiti vi ty .

• 

1 LI = ______

w = Water Content

LL = Liquid Limi t

PL = Plastic Limit

• Mitchell used the considerable data in the literature for

various soils to establish the general relationships between sensitivity-

effective stress and liquidity index for all cl ays . The contours found

in Figure 2.11 depict these relationships . Al though this graph may not

be accurate for all clays , it is a useful tool for the engineer (9).

Several other properties have been found to associate well with

the sensitivity of clays . The activity (plasticity index/clay fraction)

generally has been found to decrease with increasing sensitivity . The

ratio of undra i ned shear strength (defined as half the maximum deviator

• • stress) to consolidation pressure, C/p, generally decreases with

increasing sensitivity . In general , sensitive clays have l ower values

of vertical strain at failure as a result of the brittleness of the

material and susceptibility to fracture (9).

The value of the pore pressure parameter A has been useful in

• the classification of soils. When an increment of stress is appl i ed to

a confined saturated sample of soil there is a corresponding Increment

- --— —- • 
~~-——- •• -- •.—- • - • •
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of pore pressure built up. The di rect way to determine this relation-

ship is through the parameter A (24).

A~~~~~~~ J

In the usual undrained condi tions of the triaxial test = 0

• and the relationship reduces to

It has been found that this parameter is not a constant soil

property. Typical values given by Bjerrum (14) for A at failure show

sensiti ve clays have a range of 1.5 to 2.5, where normally consolidated

clays vary between 0.7 to 1.3. The value of A may conveniently be

determined graphically from the ~~~, ~ diagram using the effective stress

path and Kf-line . Caution should be used in depending significantly on

A values from the literature . Th is parameter depends strongly on the

particular stress conditions under conside ration. The engineer should

• 
conduct tests to determine the particular pore pressure parameters to be

used in estimating pore pressure changes in the field (14).

Closure

• Varved clay is an important geotechnical material with limi ted

engineering information available. As indicated previously, most exper-

ience with varved clays is in the northern hemisphere . Analysis of

varved systems in the southern hemisphere is practically non-existent.
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The conbinati on of a varved clay system with the possibility of a sensi-

tive structure further complicates the situation.

The Information contained in this study will focus on a varved

sedimentary deposit on the west coast of South America . Testing this

important geotechnical material will prov ide some insight into the

various engineering properties necessary for a thorough underst ardin ’~

of soil behavior. The evaluation of data obtained from testing u~~~~~~ —

turbed samples of this material will provide specifi c parameters neces-

sary for analysis and design of earth structures. Shear strength

comparisons will be made between undisturbe d and remol ded specimens ,

and the sensitivity evaluated . A general mi neralogical composition will

be formulated and phase relationships measured.
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III. EXPERIMENTAL PROCEDURES AND EQUIPMENT

The specifi c methodology to permi t a quantitative definition of

macroscopic soil properties is presented. The consolidated-undrained

form of the triaxial compression test was used to provide the represen-

tative data to eva luate the complex soil properties of an Ecuadorian

varved clay . The triaxial testing and data collection equipment used

to defi ne the shear strength characteristics of the soil are described.

X— ray di ffraction and thermal gravi metri c analysis procedures were u~~1

to define the mineralogical composition of the Ecuadorian soi~ .

description of these soil testing techniques is also presented.

Testing Theory

Genera l
The object of laboratory testing is to model field conditions as

• closely as possible and through this modeling evaluate sufficient param-

eters for analysis and design. The consolidated-undrained compression

test (CU) provides the necessary flexibilit y in achieving in situ condi-

tions for this particular clay soi l being studied. There are various

modes for applying states of stress associated with the triaxial test.

Under conditions usually encountere d in the field, the low permeability

of saturated clay greatly retards drainage ; as a consequence , the pore

pressures associated with the stresses tending to shear the clay may not

dissipate readily. It must be noted that this Is not a long term

L
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condition. Gradual dissipation of pore pressures will exist during and

afte r the construction sequence . This non—drainage condition may be

approximated in the CU triaxial test (28). This test also allows for

the application of similar stress conditions experienced in the field

during the construction sequence. Through the measurement of pore pres-

sure during these vari ous stress states the shear strength parameters

may be obtained in terms of total and effective stresses. The addi-

tional flexibility inherent in the CU test provides insight i nto the

structu re and true shear resistance associated with saturated cohesive

soils.

• Consolidated-Undra ined
Triaxia l Test (CU)

The standard consolidated—undrained test is a compression test

in which the soil specimen is first consolidated with an equal all

around pressure . Failure is then brought on by increasing the major

principal stress (3). Figure 3.1 shows the actual sequence of steps in

the CU test. In this fi gure , ur~ 
denotes the residual pore pressure

after sampling of the soil. This is a negative pore pressure associated

wi th capillary tension and the releasing of the In situ stress condition .

Duri ng the consolidation phase , step 2, drainage is permitted and pore

• pressures dissipate to zero. Upon completion of primary consolidation

the axial stress is increased unti l failure , step 3. Pore pressure

build up will occur since the specimen is not allowed to drain durin g

• this final phase. The measurement of pore pressure during steps two and

three permit determination of the effective stresses existin g during 
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Fi gure 3.1 . Consolidated-lindralned (Cu) Triaxi al Test. 
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undrained loading and leads to an understanding of the relationships

between undrained and drained strength (14).

Pore Pressure Parameters A and B

In 1954 Skempton introduced the concept of pore pressure param-

eters to explain how the pore pressure responds to the diffe rent corn-

binations of applied stress. This concept may be expressed by the

following equation :

Au B[Ac,3 + A(Aa1 
- Aci3)]

This expression does not take into account the value of t~~
intermediate pri ncipal stress. However, empirical evidcncr’ h.~s nh

that Skempton ’s model applies quite well to the triaxia l con’rr’~ 
-

test since in this experiment a2 
= a3. The derivation of t 1-’n- • - - - - -

eters is essentially based on the incompressibility of the pore wat~~r

and soil particles and the compressibility of the soil skeleton. ~

complete der i va tion may be found in reference (24).

As indicated in Chapter 2 the parameter A is far from unity . It

is a vital parameter for predicting soil conditions and pore pressure

changes in the field. The evaluation of this parameter and the measure-

ment through triaxial testing is the same as indicated previously.

For fully saturated soils, the pa rameter B = 1 within experi-

mental accuracy and may be expressed by the relationship

Au BAa
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This is the pore pressure developed by an increment of isotropic stress

through three dimensional loading. It is essential that this relation-

ship hold during triaxial testing. Thus , it is necessary to insure that

undistrubed samples are 100 per cent saturated. Insuring this degree of

saturation allows for accurate measurement of pore pressure build up

• during the loading phase (3). The technique of back pressuring the

specimen insures values of B 1 , by filling all voids with water and

• dissol ving gases in the soil specimen.

Instrumentation

General

The three major Items necessary for obtaining the required datn

associated wi th the three phases of the CU test are 1) the triaxial cell ,
• 2) the volume change apparatus , and 3) the pore pressure measurin g

devices . Our system is further refined , compared to most cornercial

laboratory testing equipment , by a data acquisition and recording system.

All pressure and deformation functions are monitored by electrical

transducers . All data were monitored by a data acquisition system pro-

viding a digi tal display and printout.

The Triaxial Cel l

The triaxial cell (Wykeham Farrance Model 17038M) used in this

experiment Is a low pressure (1200 KN/ n2 chamber pressure) cell manufac-

tured from light alloy , noncorrosive material by Wyk eham Farrance
• • Limi ted, England. The cel l is designed to acconinodate 70 nm diameter

samples but may be modified for other specimen sizes. The base pedestal

is drilled wi th two holes which can be used for bottom drainage , back



pressure or flushi ng purposes. Four ducts are drilled in the cell base, 

-

•

all of which lead externally to no-volume-change valves. Two of these

ducts connect with the pedestal holes. One of the remaining ducts is

used for fillin g and emptying confining fluid in the chamber. The last

duct provides a connection for top drainage or for back pressuring

through the spec imen top cap. To provide maximum visibil ity, the cel l

chambers are made from perspex (lucite) which is stress relieved during

manufacturing.

The loading mechanism Is unique to this triaxial cell. Most

triaxial cells use a solid steel shaft to transfer load from the prov inq

ring and l oad frame to the specimen in the chamber . This partic~1~ ”

cell contains a load transducer desi gned for mountin g internally in t~o

triaxial chanter. The load cell replaces the proving rings and d~~i

gages and eliminates the ram friction that was formally included in

measurements. The l oad cell is so designed that it is insensitive to

hydrostatic pressure and eccentri c load . Electri c signals generated by

strain gages mounted wi thin the fluid i rninersible transducer provide

instantaneous measurement of the applied load (Figure 3.2).

Volume Change Apparatus

The automati c volume change apparatus (Wykeham Farrance Model

10938) is a significant advancement in the monitori ng of triaxial and

consolidation tests in the laboratory. Wi th the advent of the electronic

l inear variable displacement transducer (LVDT), the change in specimen

volume occurring in the drained stage of the triaxial test could be

____________________________________________________________________________________
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easily measured. The device gives a sensitive measurement of vo l ume

change and is suitable for automatic data acquisition .

The LVDT consists of a vertical concentric clear perspex tube

clamped between hori zontal end plates. A short inner perspex tube is

• separated into an upper and a l ower chamber by a brass piston incoroorat- .

ing a Bellofram rolling diaphragm. The armature of a water-subme rsiN le

displacement transducer is connected to the piston . The device is

filled wi th de-aired water. The valve system is connected to the tn-

axial cell pore water duct and a constant pressure source. Any dis-

placement of water in the duct will cause a corresponding displacement

of the piston . Reversing the val ves on the panel continuously extends

the capacity of the device by changing the di rection of the piston. An

LVDT may be calibrated so that sensing the transducer output provides

direct volume change (cc) output on the acquisition system (Figure 3.3).

Pore Pressure Trans ducers

The perfection of pore pressure transducers has further simpli-

fied the recording of data from the triaxial test. The general purpose

transducer converts the fluid pressure exerted on its diaphragm into an
• - electrical signal via an excited Wheatstone bridge . The transducer has

an all welded case of stainless steel . The fl ush diaphragm type of con-

struction allows for negli gible volume change while sensing the pore

water pressure. The output is a linear function of the pressure applied

to the diaphragm and can easily be calibrated to read directly in the

desired units. 
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Transducer Lead to
Acquisition System

Two-way Valve

To Cell -. - Constant r r es c u r ~

Figure 3.3. /o1~ -e ~~~~~~~~ ‘~~- a r 3 t u s .
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Data Acquisition System

The data acquisition system (Troxier Electronic Laboratori es

• Model 13830) used in this experiment is a solid state electronic modular

instrument for the collecting and recording of data from measureT~”t

transducers . The transducers convert the mechanical measurements of

pressure and displacement into an electri cal signal which is pr ooc

tional to the measur~ nent. Each input in turn is connected to

individual conditioning modul e which provides an output easily r en ~ed

to the measurement.

Triaxial testing requires the simultaneous reading of several

soi l measurements over varying periods of time . Unique to this system

is the ability to read information at regular intervals of time from a

number of measuring points . In the automatic scan mode , the scanner

sequentially scans all the Inputs , so designated through a manual skip!

scan switch , in rotation, on a time base. Each measurement is displayed

on the panel meter in a numerical form and simu l taneously printed on

paper tape for a permanent record . In the manual mode , individual

channels may be monitored as des ired during the sequence of testing.

The versatility of this system allows for severa l types of experiments

to be conducted at the same time at varying Intervals of time . As an

example, during the consolidation phase , the acquisition system may be

programed to read and print pore pressure dissipation and volume change

at time intervals proportional to the square root of time . Thus the

recorded data may be easily plotted to obtain standard volume change-

elapsed time curves .

- • - —~~~ 
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Sample Preparation

Undisturbed Samples

Soil Samples we re obtained from Guayaquil , Ecuador following as

closely as possible the technical provisions of ASTM ~
) 1587-67. At a

desired sampling depth , a 30 inch long section of 16 gage , 3 i nch 0.0.

steel tubing was hydraulicly advanced into the soil. Once the -l~~ o

tube was carefully removed , the ends were sealed in micr o_ c rv~~~ l z no
• wax and placed in a protective container for shipment to the GO-T jLi~1 1H~ -

• I cal Engineering Research Laboratory at Auburn Univers i ty (3~~.

Once the testing sequence began , indi vi dual boring tubes were

placed in the extruding machine and securely clamped. Procedures

described by Hvorslev (10) were followed to minimize the sample dis-

turbance . Each end of the tubing was cut using a fine tooth hacksaw

blade and the wax removed. Burrs and any obstructions were removed to

insure a smooth sample and reduce resistance. A tight fitting piston L

was placed in the tube and a steady pressure forced the sample onto a

lubricated semicircular trough for further handling. Due to the rela-

tively short length of the tubes the samples were extruded as a unit.

The unit was subdi vided into desired lengths for full specimen (70 m

di ameter) testing, wrapped in PVC wrap, sealed in paraffin and stored in

a high humidity envi ronmental chanter until required.

Remolded Samples - 
•

Test specimens for the remolded shear strength determination

f were obtained from samples prepare d in a modified consolidometer as out-

lined by the Waterways Experiment Station (WES) (7). A mixture of 

•——-----~~~ --- --- • - • - • -  • — - --~~ --—— __‘________ •__ •_~~~~~_ _ • _ . _ _ —--—___~~ a_ _ __ - ~~~~~~~~~~~~ - -~~~
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[ de-aired, demineralized water and undisturbed soi l were blended forming a

slurry. This slurry was de-aired and then poured into a length of

sampling tube sealed at one end with a porous stone . Another porous

stone was placed on top of the slurry to allow pore water draina ge . A

consol idati on pressure approximating the in situ geostatic presco r°s

was used. Since pore water pressure could not be applied to s p e c i r o n

during the consolidation as in the WES design , difficulty ~-ien ~
- 

-

in obtaining consistent water contents . For testing pJrn c: 0 - -

tents that woul d provide a sample capable of standing under  i ts •:

weight were used.

Triaxial Specimen Preparation

• Individual test specimens were trimed from the samples so that

the vertical axis of the specimen was parallel to that of the sample.

• 
• Triming was kept to a minimum for the undisturbed samples . Moistu re

contents were determined using the trimings and compared with the

boring logs to estimate any moisture loss which occurred durin g storage.

No signifi cant moisture losses were identified. Each specime n was cut

• to a minimum of 2:1 length-dIameter ratio and placed on a saturated

porous stone covered by a fi l ter paper (Whatma n No. 1) disk on the

pedestal of the triaxial cell. The fi l ter paper between the soil speci-

men and porous stone prevented migration of fines and resultant obstruc-

tion of drainage and measuri ng ports . A moistened fi lter strip (Whatma n

No. 54) cage as described by Bishop and Henkel (3) was placed around the

• specimen . However , work by the WES has shown that if the cage extends

the ful l length of the specime n, pore pressure measurements durinil th~

• • • 
-
~~

— -
~~~ ——~~~~~~ - • ~~~~~~~~~~~ 

•—• •
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• saturation phase of the test would reflect the response of the strips

rather than that of the specimen (35). For this experiment the fi l ter

cage covered 75 percent of the specimen periphery . After placement of

the upper porous stone and fi lter disk , the specimen was encased in a

standard rubber membrane . The bottom of the membrane was secured to the
• pedestal wi th two 0-rings . After the top cap was placed on the porous

stone , the membrane was rolled up the cap and smoothed out , again secur-

ing with two 0-rings . Once the tubing from the top cap was fastened to

the back pressure duct on the pedestal base, a vacuum was appl~ed to

remove any entrapped air. The perspex chamber was secured to the hos e

and allowed to fill with a confining fluid of blended de-aired , dis-

tilled water and glycerine . This mixtu re consisted of two po rt o

glyceri ne and one part distilled water.

Testing Procedures

Saturation Under Back Pressure

The back pressuring technique suggested by Dr. Frank C. Townsend ,

• Waterways Experiment Station (35) was used . Although the specimens were

essentially saturated prior to testing, thi s procedure insures a B

coefficient cl ose to one and also insures saturation of the measurement

sys tern.

When air ceased to fl ow from the specimen during the vacuuming

or de-airing process , de-aired water was allowed to fl ow back into the

specimen while simultaneously decreasing the vacuum and increasing the

chamber pressure to 30 kN/m2. This pressure was mainta ined as a dif-

fe rential pressure (chanter pressure minus back pressure) throughout the
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saturation phase. To insure that the specimen was not significantly pre-

stressed during the saturation phase , the back pressure was applied in

small increments of 69 kN/m2, with adequate time between increments to

permit equalization of pore water pressure throughout the specimen.

Wi th the valves closed to the chanter and specime n , pressure increases

of 69 kN/m2 were preset on the regulators insuring that the original

differential pressure was maintained. The preset pressures w er- t o -

• applied simul taneously to the chamber fluid and specimen . The ~O O

pressure was measured at the base of the specimen and the paramete r B
• evaluated inmnediately upon appl ication of each increment. The pore

pressure was observed until it became essentially constant. Increments

• we re continually added until , under any increment , the pore pressure

• reading was equal to the applied back pressure imediately after opening

the valves . Veri fication of the completeness of saturation was made by

keeping the valve to the top of the specimen closed and incrementall y

increasing the chamber pressure . If the pore pressure response was

immediate and equal to the increase in chamber pressure the specime n was

ready for the consolidation phase (35). The back pressuring phase nor-

mally took 24 hours before B was essentially equal to one wi th the total

applied back pressure being approximately 550 kN/m2 (Figure 3.4).

Consolidation

All specimens were consol idated under an isotropically applied

chanter pressure. When the specimen was completely saturated , the maxi-

mum applied back pressure was held constant and the chamber pressure was

Increased until the di fference between the chamber pressure and back



- ~~~~~~~~~~~~~ - 

T ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

48

—~~~~~~-• 0 ~~~~

-- • - • ~~~- -- •~~~~~~~~~~~~~ — -.- - ~~~~~~~~~~~~~ • • • --- — - —•-~~~~~~~~ • --



_ _ _  

_ _ _  ~~~~~~~~~~ T~T~~~~~~TT~TT •~~~~ 
_ _ _

49

pressure equaled the desired confining pressure (consolidation pressure),

- I under which the strength determination was to be made . The specimen

drainage val ve was opened to the automatic volume change apparatus and

the soil was allowed to consolidate . The data acquisiti on system was

started with the automatic scanner set to read volume change at E

intervals. Pore pressure dissipation was also observed in the n~o nua

mode during the consolidation phase. A plot of the readings and

measurements versus the square root of time was made easily frcr th o

pri ntout. Consolidation was allowed to continue unti l a marked reduc-

tion had been achieved. Normally, several subsequent readings were

taken from this point to insure that the prima ry consolidation was

• achieved and the specimen was prepared for axial loading.

Shear

Upon completion of consol idation , the dra inage va l ve was c l ose d ,

and the specimens were axially loaded at a constant-rate strain. The

rate of strain was sufficiently slow to allow pore pressure equalization

throughout the specimen . Pore pressure readings from the top and bottom

• indicated a negligible gradient that was acceptable within experimental

accuracy and load frame limi tations. The specimens were deformed to

approximately 20 percent vertical axial strain or to the point at which

ultimate conditions we re reached after failure . Pore pressure , load and

axial defo rmation were recorded automatically at specifi c intervals of

time by the acquisition system throughout the entire loading phase.

Once the test was completed , the specimen was taken from the cell and

the membrane and fi l ter cage removed . The specimen was sliced 
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horizontally, and wate r contents of the slices were determined. Con-

stant water content throughout the specimen indicated equalization of

the pore pressure.

Clay Mi neral Identi fication

Two analytical techniques for the qualitat ive i denti fication o~

the l ayer-silicate mi nerals present in the soil samples were u~~d.

X-ray Di ffraction was the primary method , while Thermogravimetr~c °~~~1v-

sis was used to approximate the amount of kaol inite and gibbs it~ ~~~~

X-ray Di ffraction

X-ray di ffraction techniques utilize the principle of Bragq ’ s

Law, nA = 2d sin 0, in which the distance , d, between crystal ploro s can

be calculated if the angle of di ffraction , 0, and the wave length , A,  of

the X-ray beam are known . n is the order of reflection. The minerals

present can be identified from the di ffraction pattern since each type

of clay mi neral has unique crystal spacing. Quanti tative determination

of the amounts of di ffe rent minerals is not normally done through this

method.

The clay fraction (particles fi ner than two microns) was depos-

ited on filter paper usi ng a millipore apparatus and vacuum. During the

fil tration process di fferent samples were treated to aid in identi fica-

tion . One set of a particular sample was potassium saturated while the

other set was magnesium saturated and glycero l solvated. Glycerol

expands the montrnorllloni te. HeatIng of the potassium saturated sample

will collapse any vermicullite present. After removing the milli p ore

fi l ter paper , the clay-side was placed on a clean glass X-ray slI~ r. anv l
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gently rolled wi th a glass tube. The fil ter paper was slowly peeled off

the slide leaving a uniformly distributed specimen with (001) plane on -

entation. The excess clay on the fi l ter paper was retained for therma l

analysis.

The X— ray pattern was obtained by scanning each slide with a

copper X— ray source (A = l.54lA) produced by a Norelco X-ray tube. The

intensity of the X-rays reflected from the sample were recorded as a

function of the scanning angle 0. The 0 val ues at the peaks were then

converted to d—spacing values and compared against various refer~r:oo

identifying the specifi c minerals (4, 18).

Thermogravimetri c Analysis (TGA )

The loss of the hydroxyl ion , at di fferent temperature ro s ro s .

allows for the quanti tative determination of certain soil minerals. The

characteristic weight loss of both gibbsite and kaolinite is valuable in

approximating the amount of each mineral. Gibbsite loses 32 percent of

its weight at temperatures from 257°C to 320°C, while kaolinite loses 14

percent of its weight between 350°C and 800°C.

A portion of the magnesium saturated clay fraction was placed in

the DuPont 951 thermogravimetric analyzer and heated from 25°C to 800°C.

The weight loss as a function of temperature was recorded and plotted by

the DuPont 990 Recording Console. Using the above temperature ranges ,

the actual wei ght loss was obtained and the amourts of gibbsite and

kaolinite approximated closely.

e.g. % Kaollnl te of clay fraction • % weig~~ loss

• - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~ - --— - -~~~ - •~~~~~~~~~~ - ~~~~~~~~~~ - •~~~ • ~~~~~~~~~~ -• • - - ••~~~~~~~ -—~~~~•-- —•. • • ~~ — - -
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IV. TEST RESULTS

A complete description of the Ecuadorian varved soil is pre-

sented, including the grain size distribution , Atterberg limi ts, and

clay mi neralogy. Deviator stress-axial strain behavior and deviator

stress-pore water pressure behavior of un~1isturbed and remol ded speci -~°ns

are presented. A comparison of shear streng oarameters obtained for

undistu rbed and remolded samples is included also.

Soil Description

Loca tion
The soil tested In this study was a normally consolidated , sedi-

mentary deposit located in the port expansion site of the Port of Guaya-

quil , Ecuador , latitude 2°16 S, longitude 79°53 W. The location of the

borings was on the north bank of the Cobina estuary in an area approxi-

mately l000m x 500m due east and adjacent to the existing port facilities.

The area is primarily a mangrove swamp with the average elevation being

l6m above sea l evel . The soil samples were cataloged according to their

boring log number. All tested samples were taken from representative

areas along the proposed construction site (Appendix).

Specimen Properties
• 

Visual Inspection of the extruded specimens indicated that the

soi l was essentially the same throughout the port expansion area. All
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samples were greenish-gray In color. Further analysis indicated that

the soil was a clayey silt with very fine sand/silt l aminations approxi-

mately 1/16” to 1/8” thick and spaced at intervals of 1/4” to 1/2” . The

specimens were all classified as ML according to the Unified Classifica-

tion System. However, because of the inherent disturbance of the soil

in evaluating the Atterberg limits , these phase relations are considered

as only generally representative of the in situ soil behavior.

The soil spec imens were essen tially 100 percen t sa turated upon

extrusion and possessed high natu ral moistu re contents and void ratios.

The specifi c gravity for all specimens was 2.69. The liquidity iodex

was also calculated as an indication of the possible sensiti ve r- -~ 
• - ;

the soil. Table 4.1 shows the characteristic classification pro p -t~~ s

for each of the samples. 
- •

Due to the ex tremes of these fundamental properti es , cons truc-

tion site difficulties would be expected. Void ratios greater than one

normally create problems since the volume of void spaces (equal to the

volume of water in the completely saturated condition) is greater than

the volume of the soil solids.

The soil specimens displayed a stable nature prior to testing.

They were relatively sti ff and coul d be handled with little deformation.

The fact that these specimens have a rigid nature upon extrusion but

possess significantly high void ratios and moisture contents is indica —

tive of a specific soil particle Integri ty and structura l stability in

an undisturbed state. This is the fi rst indication that a specifi c

soil fabric does exist for this soil. 

-- _ _ _ _ _ _ _ _ _ _ _
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Mineralogy

The X-ray diffraction patterns and TGA results for the three

samples are shown in Fi gures 4.1 through 4.5. These patterns show the

identifiable minerals of the clay fraction. Each of the samples had

identical reactions to the various treatments. As a result all samples

are cons idered to have come from the same so il mater ial .

• The magnesium saturated patterns (Figure 4.1) show the charac-

teristic basal spacings for smectite (montmorillonite) mi nerals , 12 to

15 A; the hydrous mica (illite) mi nerals , 10 A , and kaolinite minerals ,

7.2 A. The expansive characteristic of smectite after glycerol treat-

rnent provides for the positive i dentification of this mineral . - :

expands to a basal spacing of 17 to 18 A . The intensity of t~: -

further emphasizes the dominance of this mineral in the soil .

The potassium saturated pattern shows the same characteristic

patterns observed above. The heating treatment provides further identi-

fication of the minerals present. Upon heating to 300°C, smectite is

des troyed. Further heat ing to 500°C w i ll des troy the kaol i nite mine~ o ls ,

• leaving the fai rly intense 10 A illi te peak which remains fixed throurh-

out the treatment process.

Thermogravimetric Analysis was used to obtain the quantities of

kaolinite and gibbsite present. The thermal reactions observed m di-

cated the removal of water located in and around the clay minerals. The

adsorbed water or water of hydration is dri ven off in the 100°C area .

• Further heating causes crystal lattice water in the form of (OH) ions to

be expelled. The temperature at which the major amounts of crystal

L 

lattice water Is lost Is an Indicative property for the identification

• - • __ •• _ •__ ___  - - • • -  -- • •.s- —- -- — -— - —---—— •- —----- • -- •-
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of minerals. The endothermic reactions indicated by thermograms in

Figures 4.3—4.5 Indicate the presence of both gibbsite and kaolinite .

The quanti ties calculated for this particular soil are approximately 22

percent kaolinite and 6 percent gibbsite .

Knowledge of the quantity of kaolinite and the intensity of the

kaolinite peak allow s an estimation of the quanti ties of the renci ininy

soil components to be made . This is strictly a relative measur~~- • - t -u~

an estimation of the clay fraction In terms of percentage composi~~~ •

can be made.

Montmorillonite 65 - 70%

I l l ite an d Trace Minerals 3 - 5%

Kaolinite 20 - 25%

Gibbsite and Allophane 5 - 7%

The primary constituent of the non-clay materials in the soil sample is

• quartz.

The dominance of montmorillon lte In this soil sample supports

further the indicati on of the phase relationships of this soil . Mont-

morillonlte characteristically has high liquid and plastic limi ts and the

• associated swelling and shrinking properties. Both compressibility and

hydraulic conducti vi ty are strong functions of soil composition . In

this case the compressibility of montm orillonite is quite high and the

• hydraulic conductivity is low , which again will create construction

problems and affect the rate of pore pressure dissipation .

—~~~~~~~
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Stress-Strain Behavior

The stress-strain relationships of both the undisturbed and

representative remolded specimens are illustrated in Figures 4.6 through

4.16. These graphs show the deviator stress vs. axial strain relation-

ship. Incl uded also are the a1/a3 relationship and the pore pressure

response related to increased stresses and undrained conditions .

The deviator stress vs. axial strain curves for the ~~~ist- --

tests show relatively distinct peaks before a constant residu~ ~~~::

is achieved. The peak val ues are obtained at low strain while th? r?;~d-

ual strength is a long term resultant. The distinct peaking of ~~
undi sturbed sample curves indicate a strongly developed mineral frame-

work . The resultant fabric is rigid and the stability of the sysf -rn

( enhanced. The fact that extremely high void ratios exist for this soil

also indicates the flocculated nature of the particles. Apparently the

soil particles form an open , skeleton type structure which is bonded and

relati vely stable. As the applied load and resultant internal strains

increase , the soil fabric begins to collapse and bonds break. Once the

structure can no longer resist these local failures the specimen rup-

tures and ultimate failure occurs. The breakin g of the bonds and the

reorientation of the soil particles result in l ower long-term strength .

All specimens failed along disti nct failure planes extending through the

various l aminations with no apparent resistance by the sand/silt l ayers.

Throughou t the load~~g sequence pore pressure in creased at a
• constant rate coincident with the increase in stresses. As the struc-

• ture collapsed more and more of the load was transferred to the pore 
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fluid. Once failure occurred, the load and pore pressures remained

constan t.

The remolded samples do not display the dintinct peaks at maxi-

mum deviato r stress. The soil reaches an ultimate shear strength and

• remains there as it deforms continually and remains in a plastic state.

This condition is characteristic of an unbonded , random fabric. Because

• of the weakness of the remolded samples there w ill be a flatter slope to

the stress-strain curves. The remolded samples were homogeneous in

nature and no longer resembled the undisturbed soil makeup.

Comparison of Undisturbed and
Remolded Strength s

Some of the dev iator stress values for the remolded specimens

appear to be higher than those measured for the undisturbed samples .

The reason for this apparent inconsistency is the fact that the remol ded

samples were tested at much l ower moisture contents. Therefore , higher

strengths were measured. The soil remolded at the natural moisture

content had no structu ral integri ty and existed in liquid form , and

could not be evaluated wi th available equipment. This result is an

indication of the apparent sensiti ve nature of this soil.

Since there is a definite relationship between moisture content

• at failure and shear strength for normally consolidated cohesive ~o i 1s  - •

(14), the soil was mi xed at moisture contents near 70 percent which

allow a specimen to be tested in the conventional triaxial appa ratus.

• Plotting the results of these tests allows the prediction of strength

values for high moistu re contents (Figure 4.17). Note the significant

reduction in strength and shifting of the linear relationshi ps once the

• • • - - • • - ----——-—- - —-.- .•------— - ------ ---•------ --—- . -_---- ———- - -— _---—- •- ._-_——-—— -••--—_• .-- -_-•-•—- ——- ---— -—---- ------ -.- -—- --- -——--—~-—
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soil is remolded at the undisturbed failure moisture contents. The

- • scatter observed in this data may be attributed to the quantity and

effect of varves and the Initia l moisture contents of each specimen.

With this relationship a comparison of undi sturbed and remolded

strengths may be made and the degree of sensitivity evaluated (Table

4.2). A definite sensitivi ty to remolding is observed for all soil

• samples .

Table 4.2. Shear Strength Compari son

Consolidation Fi nal Water Sensi-
Sampl e Pressure Conten t q f(Undistu rbed) qf(Remol ded) t i- .

ac(kN/m
2) % kN/m2 kN/n2

B3, 119 200 85.8 96 3.3

B5, M2 100 96.4 38 1.1 35
300 76.7 96 9 11

B6, 114 100 99.0 52 .25 208
300 77.5 106 8 13

C3, 114 100 94.0 42 1.4 30
300 74.0 118 11.5 10

Shear Strength Parameters

The relationships between the total stress, pore pressure and

effective stress characteristics obtained from the consolidated—undrained

triaxial tests on the undisturbed specimen are illustrated in Figures

4.18 through 4.20. The stress paths obtained from the remolding of a

composite sample of the soil is shown in Figure 4.21. A mixing of the

soils was required to provide sufficient quantities of material , at the

same In iti al mo isture content , to insure representat i ve tri ax i al tes t

• -~~~ -~~—--~~~~~~ ~~--~~~~~~~~~~ •- -~~~~~~~~ -~~~~~~~~ - —~~~~~~ •~~~~~~~~~ - ~~~-- ~~~~~~~--~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~
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results. The effective stress paths show definite leftward curvature .

- 
characteristic of a normall y consol idated cohes ive soil . P’~o diffi culty

• r existed concerning the definition of failure . Once the failure condi-

• tion was reached, the stress states dropped off or followed the failure

• envelope. All figures showed a consistency of measured values to
- include the remolded specimens.

The parameters obtained from these diagrams are vita l in con-

ducti ng a stability analysis and design , as well as in predicting possi-

ble pore pressure chan ges dur ing and a fter the cons truc tion sequence.

Table 4.3 lists parameters measured for the undistu rbed soil samples.

- The pore pressure parame ter , Af) falls into the normally consolidated

- 
range of 0.7 to 1.3 as given by Bjerrurn (14). Higher values for A f
(1.5 — 2.5) (14) would be suspected due to other indications of the

possible sensitive nature of this material .

Table 4.3. Shear Strength Parameters

Sample i(kN/m2) 
~(°) Z(kN/m2) ~

( °)  Af
• 

~~
=
~
00kN/m2 0c 3°Ok I’

Undisturbed

B5, M2 8 24 9 26.4 .96 1.03

B6, M4 
• 
20 22 22 24.0 .68 .96

C3, 114 0 23.3 0 25.4 .59 .57

Remolded

Composite 10 22 11 23.8 .56 .62
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Varved System Observat ions

All undisturbed samples contained distinct varves within the

tested specimens. Sample B3, 119 contained the greatest number of 1~ir’i-

nations while sample C3, M4 had the least. This is reflected by the

relatively high clay content of the latter sample. Investi~~t~~n of t’;:’

soil showed that the coars e grain layers were relatively ~~~~~~ •

the high moisture levels were retained in the clay material. ~p :rJin ij

upon the length of the coarse grain layers, they would provide excellent

drainage faces and assist in pore pressure dissipation and consolidation.

The failure planes for the undisturbed samples passed directly

through the hori zontal varves without distortion. The clays exhibited a

flocculated type structure which is typical of the soft varved clays of

eastern Canada (21). Remolding the samples resulted in a homogeneous

mixture of all particle sizes. The failure associated with these speci-

mens was a bulge type due to a p las tic flow of the mater ia l . The

strength characteristics have been indicated previously.

0-
L • • - 

-- 
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V. CONCLUSIONS AND RECOMMENDATIONS

Conclusions drawn from this study , and recomendations for

further research are presented in this chapter. The findings er,d r2c~~~-

mendations resulting from this study are based on laborato r~ t — ’

resul ts and are limi ted to the specifi c varved soil tested , A: :i ick~~- :.

of these test results to other areas would not be advisable due to th~

inherent variability of soil condi tions at new locations .

Conclus ions

A series of consolidated—undrai ned triaxial compression tests

were performed on undisturbed and remolded samples of normally consoli-

dated varved clay . The tests were used to determine the shear strength

characteristics of both undisturbed and remolded specimens. The follow-

ing conclusions can be made for this type soil and the testing procedure

employed:

1. The soil has a definite sensitive natu re with a relatively

high loss of strength when remolded at the same moisture content.

2. The liquidity i ndex and Af parameters do not appear to be

accurate Indications of sensitivity for this varved system. This may be

attributed to the non—homogenity and anlsotropic characteristics of the

soil. The inherent mixing of layers in determining physical soil prop-

erties does not provide reliable phase relationships.

_ 
_ _ _ _ __ _ _ _  - A
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3. A marked soil fabric di fference between the undisturbed

varved system and the remolded specimens exist. The undisturbed samples

had a flocculated clay assemblage and were stable at high moisture con-

tents. The remolded specimens displayed a dispersed nature and were

stable only at low moisture contents. This characteristic is typical of

the varved clay studied in the northern hemisphere .

4. The undisturbed and remolded specimens have di fferent failure

characteristics. The undisturbed samples showed a somewhat brittle

na ture and failed alon g a d istinct shear p lane , suggesting the forn’ation

of particle bonds during deposition. Remolded specimens bulced •:t

failure and maintained a constant shear strength afte r fail u ’c .

5. The shear strength parameters measure d for both t-

turbed and composite remolded specimens were relati vely consistent. The

~ value decreased sl ig h tly with remo l din g.

6. Mi neralogicall y, the clay fraction of the soil is prima rily

• smectitic in nature and displays the characteristicall y high moisture

• 
• contents, Atterberg limi ts, and shrink-swell properties.

7. The test procedures and equipment utilized provide reliable

-

- .j parameters for design and analysis of structures associated wi th this

particular site .

Recon~nenda t ions

It Is recomended that research studies be undertaken to extend

the knowledge developed from this study . An investigation similar to

this study but for different areas of the southern hemisphere would

determine the validity of the conclusions and whether the measured char-

acteristics would apply to a variety of site locations. A more in-depth

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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study of the exact mineralogical composition would provide a basis for

studies in numerous areas of geotechnica l engineeri ng. Studies as to

why liquidi ty index and pore pressure parameter Af are not indicati ve

of the sensitivity of a varved system would be beneficial. Research

pertaining to the consolidation characteristics of the soil used in this

study would also provide valuable engineering knowledge.
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