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Abstract

There is a paucity of geotechnical information about the surfical soil of Sana'a region. Therefore,
this study is aimed at filling this gap by studying in detail the engineering properties of Sana'a soil.

The geotechnical properties of the surficial soils of an area of about 100 km in Sana'a region, the
capital of Yemen Arab Republic were investigated. The study consisted of both field and laboratory
investigation programs.

In the field investigation program, 32 locations were selected for the classification and inspection
tests. Based on the obtained results, ten additional stations were selected for carrying the standard
penetrations test and for studying the geotechnical properties in more detail by carrying out specific tests.

The laboratory testing program included classification tests, strength tests (consolidated
undrained triaxial test), one dimensional consolidation test, X-Ray Diffraction analysis, X-Ray
Fluoresence analysis, Energy Dispersive Spectrum, Scanning Electron Microscope analysis and chemical
analysis. Based on these investigations seven different soil units, resulting mainly from both alluvial and
wind depositional systems, were also identified. Depositional systems and soil distribution were
identified. Soil profiles have been prepared. Soil composition, soil structure and engineering properties
including index properties, strength properties and deformation characteristics were established.

Preliminary analysis indicated the existence of both collapsing soil, loessial soil and expensive
soil, top layer. Appropriate design considerations for the expected moisture conditions, suitable
foundation implementation and finally potential improvement techniques of the soil in the region were
drawn.
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LIST OF SYMBOLS

A = activity of the soil

C = cohesion in term of total stresses
Ce = curvature coefficient

C.S.L. = critical state line

Cu = uniformity coefficient

DS = disturbed sample

E = effective stress path

FE = foundation excavation

K = coefficient of permeab.ility
Ke = collapsing subsidence
L.I. = liquidity index

L.L. =. lquid limit

M = slope of the critical state line in q'-p' space

N = standard penetration value
N.C.L. = normal consolidation line
O.C.R. = over-consolidation ratio
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P.I1.

PH =

P.L.

S =

= plastic index
pithole excavation
= plastic limit

degree of saturation

SPT = Standard Penetration Test

T =

TE =

Us

total stress path

trench excavation

Undisturbed sample

specific volume ratio

natural moisture content

coefficient of pore water pressure

compression index

collapsing potential

swelling index

field compression index

coefficient of consolidation
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C'linuep = cohesion in term of effective stresses

D10 = effective diémeter at 10 per cent fines passing
e, = voids ratio at liquid limit

e, = Initial void ratio

Es = tangent modulus of elasticity

Gs = specific gravity

Ko = earth pressure coefficient at rest

K,y = average value of earth pressure coefficient
m, = coefficient of volume compressibility

m; = fleld coefficient of volume compressibility

N = specific volume on critical state line at p' = 1.0 kpa

N, = specific volume at p' = 1.0 kpa
p' = mean effective stresses

p'f = mean effective pressure at failure
qp = deviatoric stress at faflure
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swelling potential

settlement of soil with no change in moisture

settlement of soil caused by collapsing due to water addition
pore water pressure at failure

initial pore water pressure, back water pressure

specific volume at failure

initial specific volume

volume of solid part of the total volume of unity

settlement

dry unit weight
natural unit weight
water unit weight

slope of the critical state line in V-Inp' space
slope of the normal consolidation in Inp space

slope of swelling line in v-lnp' space
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n = DPoisson's ratio

Pou = ‘total friction angle resulted from CIU triaxial test

P, = effective internal friction angle

?ou = effective friction angle resulted from CIU triaxial test

O, = total confining pressure

0, = horizontal total stress

0'0 = effective confining pressure
cp = maximum stress history

O, = Vvertical total stress

o'v = vertical effective pressure
Ovo = overburden pressure

oy = Major principal vertical stress

og = Minor principal total stress
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ABSTRACT

FULL NAME OF STUDENT: AL-GASOUS KHALED ABDALLAH

TITLE OF STUDY: GEOTECHNICAL PROPERTIES OF THE
SURFICIAL SOIL OF SANA'A, THE YEMEN
ARAB REPUBLIC

MAJOR FIELD: CIVIL ENGINEERING (GEOTECHNICAL)

DATE OF DEGREE: June, 1988.

There is paucity of geotechnical information about the surfical
soil of Sana'a region. Therefore, this study is aimed at filling this

gap by studying in detail the engineering properties of Sana'a soil.

The geotechnical properties of the surficial soils of an area of

about 100 km? in Sana'a region, the capital of Yemen Arab Republic
were investigated. The study consisted of both field and laboratory

investigation programs.

In the field investigation program, 32 locations were selected
for the classification and inspection tests. Based on the obtained
results, ten additional stations were selected for carrying the stan-
dard penetration test and for studying the geotechnical properties in

more detail by carrying out specific tests.

The laboratory testing program included -classification tests,
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strength tests (consolidated undrained triaxial test), one dimensional
consolidation tests, X-Ray Diffraction analysis, X-Ray Fluoresence
analysis, Energy Dispersive Spectrum, Scanning Electron Microscope
analysis and chemical analysis. Based on these investigations, seven
different soil units, resulting mainly from both alluvial and wind
depositional systems, were also identified. Depositional systems and
soil distribution were identified. Soil profiles have been prepared.
Soil composition, soil structure and engineering properties including

index properties, strength properties and deformation characteristics

were established.

Preliminary analysis indicated the existence of both collapsing
soil, loessial soil and expensive soil, top layer. Appropriate design
considerations for the expected moisture conditions, suitable founda-
tion implementation and finally potential improvement techniques of

the soil in the region were drawn.

MASTER OF SCIENCE DEGREE

KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
Dhahran, Saudi Arabia
June, 1988.
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Chapter 1

INTRODUCTION

1.1 General

Yemen Arab Republic lies along the southern western part of
the Arabian Peninsula. Sana'a the capital of the Yemen Arab Repub-
lic, whose population is about one million is the oldest, biggest and
the most important city in the Republic. This population is about
five times the population before 1962. Since 1962 great development
and expansion in construction has taken place. The area that has
been occupjed by the new construction since 1962 is about three
times the area of the old Sana'a city in 1962. Because Sana'a area is
partially surrounded by mountains, this great urban development in
construction has occured over a limited area léading to the construc-
tion of multistory buildings in order to provide sufficient number of

housing units.

In Yemen, combinations of different structural systems are the
predominant types of structures for multistory buildings. Masonry
and/or stonewall are often deployed wiht reinforced concrete in the
same structure; either side by side or on top of one another. This
practice requires extreme care in design and construction to safe-
guard against differential settlement which could jeopardize the safety

of structure.



This recent upsurge in construction activities joined with lim-
ited local design, specifications and construction experience have
placed great demands on the engineering and building construction
community in the Yemen Arab Republic to establish the needed engi-
neering design guidelines. An important design guidelines is a
rational guidelines for foundation design with appropriate geotechnical
parameters satisfying safe and economic design of a specific struc-
ture. To satisfy such need, pertinent geotechnical information and

parameters should be compiled to serve as data base.

Available information on geotechnical data and characteristics
for the Sana'a area are almost non-existant. Most of the available
information are in terms of geologic profiles, maps and water well
data, and can not be labeled as geotechnical per say. It is evident
that there is paucity of geotechnical information about the soil of
Sana'a region. This study is aimed at filling tiris gap by studying in
detail the engineering properties of surficial soil of the Sana'a area

down to 6.0 m bellow the ground surface.

1.2 Objective and Scope of the Study

The present research addresses the geotechnical properties of
the surficial soils of Sana'a, the Yemen Arab Republic, and attempts

to provide useful geotechnical data on Sana'a soils




1)

2)

3)

1)

5)

6)

7)

Specifically, the objectives of this study are:
To identify and classify the surficial soils horizontally and ver-

tically;

To study the stress - strain - strength behaviour of the surfi-

cial soils by triaxial tests;

To obtain compressibility parameters and stress history of

selected samples using one dimensional consolidation theory;

To study the mineralogy of the surficial soils using - X-ray

diffraction and X-ray flouresance techniques;

To determine organic content and chemical composition by run-

ning selected chemical tests

To study the soil fabric by using Scanning Electronic micro-

scope (SEM); and finally

To reduce and analyze the obtained data to draw appropriate
conclusions for suitable foundation implementation and potential

improvement techniques of the surficial soil in the region.

in;.of;.il 5 The present study include both field and labora-
tory testing programs. In the field program the site explora-
tion and inspection were carried out on pit holes and excava-
tions. Out of these locations 42 representative pit holes were
selected from which all tested samples were obtained. Finally,

Standard Penetration test was carried out on 8 out of the 42




locations. From these 8 locations both disturbed and undis-
turbed samples of block type were obtained for laboratory test-
ing program. This last program included both specific and
general tests. These tests are consolidated undrained triaxial
tests of both saturated and partially saturated samples, consoli-
dation tests, classification tests, engineering properties tests,
Chemical and mineral composijtion determination using X-Ray
diffraction, X-Ray 'flourances and chemical analysis techniques

and finally; scanning electronic microscope tests of undisturbed

samples.

The data obtained from the above investigation were
analyzed. The appropriate conclusions for soil deposition and
distribution, soil composition and soil fabric, shear strength
and deformation parameters, suggested suitable foundation
implementation and potential improvement techniques of the sub-

soil in the region were drawn.



Chapter 2

PHYSIOGRAPHY AND GEOLOGY

2.1 General
'2.1.1 Location

The study area, Sana'a, lies in a plain, which exists among the
high mountain region in the Yemen Arab Republic. It is located
between latitudes 15.17° N, longitude 44.10° E, and 15.25° N, longi-
tude 44.14° E with an elevation of 2300 m above sea level. It is
bounded by Iyban, Nogum and Al-Nahdien mountains on west, east
and south respectively. Al-Rawdah town and Sana'a International
Airport bounded. the area on north(Fig.2.1). The study area is
about 100 square kilometers, which is about the fifth of the total area
of the plain. The southern part of the study area is little higher

than the northern part which is the slope direction (0.4%)

2.1.2 Climate

The climate of Sana'a area is characteristic of semi arid climate
(Agha, S.; 1984). The temperature of the study area‘highly fluctu-
ated not only from season to season but also during a day. A daily
maximum temperature of 32 C°® in June and a minimum temperature of
3 CU in December were recorded. The variation in temperature from

midnight to midday reached 18°C (Italconsult, 1973).
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The rainfall in Sana'a is seasonal with annual recorded of about
200-300 mm. It rains mainly in the summer season, but in some
years it rains also during spring. About 2000 meter above the sea
level the annual rainfall is less than the rate of evaporation which
reaches 1500-2000 mm per year at the same level. The predominant
and controlling wind in the study area is the northern wind due to
the mountains which bounded the area from the we§t and the east

(Agha, S., 1983).

2.2 PHYSIOGRAPHY

During the past millions of years the tectonic movements of Red
Sea rift and high mountains crt;ation have gradually affected the geo-
logical and tectonic feature of the Yemen Arab Repﬁblic (Y.A.R.) as
a part of the Arabian Peninsula resulting in the present physiogra-

phy of the country.

Physiographically, the Y.A.R. can be divided into five main
regions (Fig.2.2). ‘These regions from west to east as listed below

are (Kings, J. and Abu Ghanem, 1983):

1) The Western Plain (Tihama Coastal Plain)
2) The Wester Slope (Red Sea Escarpment)
3) The Yemen Highlands (The central high mountains)

4) The Eastern Slope
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9) The Eastern Plain (including Wadi Al-Gawf)

‘ The Highlands (high mountains) in Y.A.R. lie in the central
Iiaart of the country with an elevation that varies from 1500 to 3800m
;imd varjes in width between 40 and 200 km. They extend from north
jtto south and are parallel to the Red Sea cost (El-Anbaawy, 1985).
j:I‘hese Highlands region are characterized by plains and complex
:'copography. They occupy the west flank of a hurst which lies

jbetween the Red Sea graben on the west and the Arabian ljesert on

the east (Geukens, 1966).

A great variation in the types of rock exists within this region
;such as Precambrian rocks, marine Jurassic rocks and Quarternary
fvulcanic rocks. This region contains a series of high plains sepa-
érates the discontinuous mountains in the re.gion. These plains which
jextend from south to north, are Dhamar-Yerim, Sana'a, Amran and
jSadah plain. They are filled with alluvium soils which are derived
;Efrom vulcanic debris (El-Anbaawy, 1985). Dhamar-Yerim plain is
Fcharacterized by having calcareous silty soil, while Sadah and Sana'a

‘plains are characterized by coarser alluvial deposits (Kings, J. and

‘Abu Ghanem , 1983).

The present study area is located among the central high
imountains on Sana'a basin with an elevation of 2300 meters above the
Esea level while the surrounding mountains rise 750 meters above the
%level of the plain (El-Anbaawy, 1985). Sana'a plain as other plains

s covered with either fluviatile, eolian or wvulcanic deposits




(Geukens, 1966).

The morphology of Sana'a Basin is charaterized by flat tabular
forms with deeply entrenched valley. It seems that the morphogensis
is quite recent occurring during the Quarternary. Quarternary
rocks are of two types: Quarternary sediments and basalt vulcanics

with thickness varies from almost non existence to 300m (Italcon-

sult, 1973).

The study area is filled by the alluvium deposits which carried
through the scattered valleys (Wadis) around Sana'a region. "The
southern part of Sana'a plain became a terrace by capture of the
Wadi Walan tributaries. In other places, the plateaus are cut by
faults which form depressed areas and appear as alluvium-filled val-
lyes - notably the plains of Sana'a, Amran, Sadah and others"
(Geunkens, 1966). Many of the valleys, were depressions due to the
effects of faults and then reformed by the water floods action. Such
as Wadi As Sair in the northern part of Sana'a and Wadi Ghayman in
the southern part of the study area. The water flood plays a pre-
dominant factor in driving the quartz, lighter mica, calcium carbonate
and silt-clay materials to fill Sana'a plain. Also the aeolian soils are
carried out from nearby mountains and the far away deserts by wind

action (Rub-al-Khali) (Agha, Sh. G., 1983).

The stratigraphy sequence of the study area, as a part of
Sana'a Plain, includes both Tertiary Trap Vulecanic series (Yemen

VOlcanics) and Quarternary sedimentaries and vulcanic rocks. The

10




former one is surrounding the study area except from north, while
the last one exists within the study area. The Quarternary vulcanic
rocks occur in terms of basaltic flow and cones such as Jabal Al-Nah-
dyn and Dhahban while the Quarternary sediments occur as Wadi,
washplain sand and basin alluvium (Italconsult, 1973 and W. Kruck,
1983).

2.3 Geology
2.3.1 General Geology

The Yemen Arab Republic (Y.A.R.) constitutes a part of the
original Arabian Peninsula which is a part of Precambrian Arabian
Nubjian Massif. As a result of that the geology of Precambrian of
Y.A.R. and its tectonic map are directly related to the tectonic his-
tory of the Arabian Shield (El-Anbaawy, 1985).

"Tectonic movements, resulting in faulted domes, affected espe-
cially the central part of the country, (in which the study area lies)
where Jurassic and Cretaceous beds were removed by erosion at the
beginning of the Tertiary" (Geukens, 1966). During most of the
Tertiary the

vulcanic activity began and spread widely (mainly during the for-
mation of the Red Sea Rift). In the Quarternary, vulcanic materi-
als were distributed over whole country; large area of basalt flows
and many craters characterize the central part of Yemen (Geukens,

1966).

11




2.3.2 Stratigraphy

Stratigraphically, the Sana'a Basin, together with the whole of
Yemen, particularly since the Mesozoic sediments, shows a great

affinity to the rest of the Arabian Peninsula, (Italconsult, 1973).

The subsurface stratigraphic sequence outcroping in the large
Sana'a Plain including the study area ranges from Jurassic to Quar-
ternary. The stratigraphic sequence can be divided into three }najor
groups:

- Sedimentary rocks formations of Paleocene and Mesozoic

- Tertiary trap vulcanic series (Yemen Volcanics)

- Quarternary sedimentary and vulcanic rocks.

The geological map of the study area and surrounding areas
(Fig.2.3) shows the distribution of the above formations (Italconsult,
1973). The descriptions of these formations based on Italconsult
(1973), J. King and Abu Khanem (1983), Grolier and Overstreet

(1978), Geunkins (1966), El-Anbaawy (1985) are as follow:
Group (1): Sedimentary Rocks Formations

There are three sets of sedimentary rocks in Sana'a Basin that

are surrounding the study area:
1) Jurasic, Amran Formation: This formation bounded the
study area mainly from the north and partially from north
west. Grolier and Overstreet (1978) described this forma-

tion as consisting of limestone, marl and shale that are

12




1700
&

Tertiary Chaotic and/for
Strafold rocks

Ec“t aceous Sandstones

Fig. 2.3 : The geological map of Sana'a area and
surrounding areas (adopted from Kruck,
W., 1983).

- 4690
km N

13




2)

3)

overlain by gypsum, clay, marl, shale and sandstone.
Amran formation, about 300m thick, is underlain by a thick
layer of Jurassic sandstone (Khawlen formation).

Cretaceous, Tawilah Formation (Tawilah Sandstone): Twai-
lah formation is exposed north, east and west of Sana'a
along the outer border of the Yemen Volcanics to east, Fig.
(2.3). The total thickness reached about 370m underlain
by the Jufrasic-Lower Cretaceous shale formation. Geukens
(1966) described Tawilah Formation as consisting of white
coarse-grained containing conglomerateic layers of rounded
or subangular quartz fragments and interbedded red sand-
stone. Hematite modules are found where this formation is

in contact with Trap Series (Yemen Volecanics). Layers of

'clay stone, silt stone and ironstone (2 - 3 m) are found in

interbedded layers with coarse materigls (Italconsult).

Paleocene, Medj-zir Formation: The Medj-zir formation as
Tawilah Formation consists of sandstone with locally fossili-
ferous, calcareous sandstone and shale along the base while
the upper part consists of sandstone locally rich in hema-
tite. The separation between these two formations can not
be achieved on the basis of stratigraphic relations or
reflectance (Grolier and Overstreet 1978). This formation
is exposed north-east and north-west of Sana'a and also

north of Al-Rawdah north boundary of the study area.

14




Group (2): Tertiary, Trap Vulcanic Series (Yemen Volcanics)

This group covers almost one-quarter of the Y.A.R. "The
Yemen Volcanics are bedded alkalic flows and pyroelastic rocks
including rhyolite, comendite, pantellerite, andisite, basalt and
ankaramite with interbedded lenticles of fluvitile and locustrine sand,
clay and shell; locally contains fresh water oligocene-miocene fossils",
(Glorier and Overstreet, 1978). The upper surfaces of many wvul-
canic beds wheathered to reddish paleosols ; 8 few centimeters to a
few meters thick. "The Yemen Volcanics are commonly altered to

chlorite, calcite and zeolite" (El-Anbaawy, 1985).

Italconsult(1973) divided the Yemen Volcanics into two groups.
the Basal Basalt and Stratoid Volcanics. The Basal Basalt exists in
the study area with a maximum depth of about 220m and occurs as
blocking greenish black dense basalt, frequent quartz geodes and
scattered lenses and sheets of trachytc and rhyolite. The stratoid
vuleanic rock consists mainly of alkalic flows and pyroelastic rocks.
They include rhyolite, comendite, pantellerite, trachyte, andesite,
basalt and ankramite besides a large variety of tuffs of different col-
ors. They are exposed with a maximum thickness of about 300m

around Sana'a, (Italconsult, 1973 and El-Anbaawy, 1985).
Group (3): Quarternary Formations:

Various Quarternary rocks laid down over the formations dis-

cussed before. The Quarternary rocks are mainly of two types:

15




Quarternary sedimentaries and Quarternary basalt vulecanic s.
A) Quarternary Sedimentaries:

Quarternary sedimentaries occur widely in Sana'a Basin cover-
ing whole study area. They occur in the form of valley-fill or raised
terraces as they are in the southern part of Sana'a region. The
Quarternary deposit which mostly covers the area under study is
really the point of ‘interest and the fundamental guidelines for the

present study as a geological informations.

Quarternary alluvial deposits in Yemen are divided according to
the transportation mode, into aeolian (wind-laid) and fluvial (water-
laid). The aeolian deposits are either loess deposits or dunes depos-
its. The inter-mountain plains are subjected to the loess deposits
which have been reworked by alluvial processes. The fluvial depos-
its are either alluvial fans, such as in the bottom of mountains, or
alluvial plains as in case of flat area. Alluvial fans are characterized
by coarse-grained material, while alluvial plains are characterized by

finer sediments, (Kings, J. and Abu Ghanem, 1983).

The most recent Quarternary deposits, present in the flatter
lying parts of Sana'a plain and the surrounding plateau, as well as
on the man-made terraces, consists of loess-like light brown silts

with thickness reaching several meters (Italconsult, 1973).

"The Quarternary sediments consists of an alternation of coarse

and very fine horizons. The former are composed of silty sandy

16




gravel with boulders that range upward to 50 centimeter in diameter
of light brown to light greenish white color. The layer thickness of
individual coarse material can _ be 10-15 meters or more, while the
interbedding of finer material - light brown silt or sandy silt - are
only a few meter thick. Indeed, beds of clean sand and gravél are
quite rare. Instead, clayey silty matrix is almost always present

(Italconsult, 1973).

Kruck (1983) described the Quarternary deposits in the study
area as Wadi-wash plain sand and basin alluvium, while Grolier and
Overstreet (1978) described it as "alluvial gravel, sand and silt on
the river terraces and fans adjacent to and higher than the flood
plains of present-day streams; generally dark; may include colluvium

at base of foothills".

The thickness of Quarternary deposits in the southern part of
the study area varies from several meters to over 300 meters in the
north boundar_'ies. In some locations in the south, the bed rock

exists without a cover of Quarternary deposit.
B) Quarternary Basalts:

Basalts of Quarternary to subrecent age occur widely in the
western and north western parts of the Sana'a Basin. Various pho-
tographic types have been recognized so far: basalt, augite basalt,
nephetime basalt, veiscular basalt, scoriaceous basalt and basalt tuffs

which occurs around eruption cones.

17




The thickness of the basalt is difficult to achieve especijally in
the place where vulcanic activity has been greatest. However, the
thickness may amount to a several hundred meters especially in the
locations where the flows have filled earlier the morphologyic depres-

sions (Italconsult.1973).

Various generations of basalt flows are distinguishable from the
degree of erosion point of view. Some flows are deeply incised by
valleys, while no erosion at all can he recognized on some flows and
cones. The latest flows cover the present surface of Sana'a Plain,
particularly near the mountains. "The only sedimentary deposits
which cover the Quarternary basalts are the loess-like silt", (Italcon-
sult, 1973) and the notable alluvial deposits (gravel-sand-silt and
clay). In some locations there is no cover at all and the surface of

the flow basalt is rough and broken.

The earlier formations have greatly affected the deposits of the
study area. The composition and mineralogy of the sub soil of Sana'a
area are greatly related to the composition and mineralogy of these
formatibns. The physical processes of weathering play a predominant
role in this coincidence. Fig. (2.4) shows the summary of the previ-
ous formations and their thicknesses, geological age and their

descriptions.
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2.3.3 Structure

Structurally. Sana'a Basin has not been subjected to much
upward ground movements. In spite of the notable intensity of the
tectonic movements which started during the Paleogne and continued
until the Quarternary, the movements are more of a regional nature
involving few dislocations of a local character. The vertical move-
ments on Sana'a Plain itself are of a minor magnitude with respect to
those of the escarpments which onto the Red Sea (the western slope
region). The structure of Sana'a Basin is of a local style which
retains its tabular form. The dips acquired are always very low, 2°

to 3% at maximum (Italconsult, 1973).

Concerning the most restricted area of Sana'a Basin, tectonic
movements oc;:ured in three forms: broad radius folding, dislocation

along faults, and fracturing.

Within the study area a very gentle and board radius folding is
presumed to be a large anticline with MS axis along the main valley.
On the other hand, faults are generally striking NNW, SSE. On the
SW of the study area in Hada zone, one of the most important faults
is recognizable, The maximum vertical throw is more than 200
meters, while the other faults are smaller ones. The last ahd the
most important structural phenomenon is fracturing, particularly from
the hydrologyical aspect. Fracturing is divided in a non-uniform
manner. One of the most fracturing zones exists in NW from Dhah-
ban to Wadi Dhahr, where the Cretaceous sandstones outcrop

(Al-Anbaawy, 1985, Italconsult, 1973).
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Chapter 3

METHODS OF INVESTIGATION

3.1 General

The investigation program of the sub-soil of the study area
included both field investigation and laboratory testing. The field
investigation program includes exploration study, sampling, and in-
situ testing, while the laboratory testing program includes classifica-
tion tests, compressibility tests, shear strength tests and chemical
analyses test. Fig. 3.1 shows a schematic diagram of the investiga-
tion program. The following sections in this chapter describe these

methods of investigation.
3.2 Field Investigation

The field investigation program started with studing the avail-
able information dealing with the study area involving the site obser-
vations. Then, thirty two (32) locations were selected within the
study area for soil classification. Classification tests were carried
out at the Ministry of Public Works laboratory in Sana'a. According
to the obtained classification results, a horizontal and vertical soil
distribution up to a maximum depth of about 6.0 meters was approxi-
mately achieved. Finally, based on these results and observations,
eight extra representative locations were selected to run standard

penetration test to obtain representative disturbed and undisturbed
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samples and to confirm the previously determined soil profiles. The

details of all the above investigations are described in the following

sections.
3.2.1 Exploration Study

The first stage of the field investigation consisted of collecting
existing data and informations about the study area and conducting
site observations. 'Geological maps (W. Kruck, 1983), meteorological
records (Italconsult, 1973), aerial photographs (Sana'a 1554 CI 1980),

project reports from Ministry of Public Works were reviewed in this

stage.

Both geological maps and aerial photographs were found to be
the most helpful. The boundaries between the rocks and soil, the

deposit types, rock types, different formations, faults and drainage

patterns were obtained from the geological maps. Tracks of the flood

streams, wadis, standing structures, the developed areas due to
human-activities or disturbed ground and the geological features were
easily identified on aerial photographs. The reports of some projects
that had been conducted by the Ministry of Public Works and Italcon-
sult described the soil in the study area in general terms as: silty
sand soil, silty clay with sharp pebbles and some as gravelly sand
with a clayey silt matrix. General cross sections showing the type of
the subsoil and their distribution will be obtained based on the pre-
ceeding observations. The hydrologyical and topographical reports

did not contribute greatly to the desired geotechnical informations.
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3.2.2 Sampling

The second stage of the field investigation consisted of sam-
pling using test pits and trenches. "The pits are open excavai_:ion,
large enough for a person to enter and study the soil in its undis-
turbed condition. They may be dug either by hand or power equip-
ment" (Warrenk 1986). Thirty two test pits of about 2.0 meters
diameter and long trenches were used to obtain 53 vrepresentative dis-
turbed samples. The mean depth of these pits was about 8.0 meters
with a maximum depth, in some cases, of over 20.0 meters. For
undisturbed samples eight extra stations were selected and a shovel
was used to excavate trenches with different levels up to a maximum
depth of 6.0 meters. The distribution of those locations (pits and
shovel excavations) is depicted later on in Fig. 4.3. More stations
were located in the places around the north-south axis where more
fine stratification occurs. More than one samble were obtained from

those locations that have soil variation in the vertical direction.

3.2.2.1 Disturbed Soil Samples: Sixty representative disturbed soil
samples were collected from different stations at different depths.
Pits and shovel excavations were used for obtaining these samples.
Each sample was placed in double nylon bag along with a label indi-
cating the station number, the depth of the sample and the date of
sampling. The natural water content for each soil sample was deter-
mined. The disturbed soil samples in this study will be described
according to Hvorslev (1949) as:
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"Representative samples contain all the mineral constituents of
the strata from which they are taken and they have not been contam-
inated by material from other étrata or by chemical changes, but the
soil structure is seriously disturbed and the water content may be
changed. These samples are suitable for general classification tests
and positive identification of the materials, but they are not suitable
for major laboratory tests and determination of the structural proper-

ties of the material insitu".

3.2.2.2 Undisturbed Soil Samples: Undisturbed soil samples may be
defined after Hvorslev (1949) as:

"Samples in which the material has been subjected to so little distur-
bance that it is suitable for all laboratory tests and thereby for
approximate determination of the strength, consolidation and perme-
ability characteristics and other physical properties of the material
insitu. The term is to some extent misleading since it is impossible
to obtain a truly undisturbed sample, but it is firmly established in

the engineering terminology and therefore been retained".

Eleven representative undisturbed soil samples were selected
from the last eight stations at different depths. Excavations were
conducted by using shovel making different berms at each different
soil layer. Then undisturbed samples of a block tyl;e (hand carving)

were taken from each berm.
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3.2.2.3 Hand-Carved Undisturbed Soil Samples:

Application: Test pits and trenches are the most reliable source of
undisturbed soil samples. Undisturbed block samples can be hand-
carved from these excavations. According to Peak and Terzaghi,
(1967) "Samples obtained from such excavations are less disturbed
than others". International Manual for the Sampling, 1981 described

hand curving samples as follows:

"Sampling from pits or trenches is specially valuable in obtaining
high quality samples. In addition to undisturbed samples, informa-
tion of the soil stratification and discontinuities can be obtained by
this method". "This method is often more expensive than other
undisturbed sampling methods, but the greater value of the infor-

mation obtained can offset the increase in cost".

Excavation and Equipment: Both mechanical po§ver and hand-excavat-
ing tools were used in obtaining undisturbed block samples. A
power shovel was used to make rough excavated trenches in the
form that would allow obtaining one or more block sample from the
same pit. Different berms or terraces were formed at different
levels along one side of the trench with slope cut at the other side
of the excavation to avoid the side's failure and the heave. of the
trenches bottom as shown in Plate 3.1. These terraces were made
approximately at the top of different layers according to the strati-
fication of the soil in the excavated trench. The power shovel was

used for test pit excavation with a depth approximately 50 cm of

e _



Plate 3.1: Block sampling from excavated trench having
different levels in one of the sides
while the other side was kept vertical.

Sample was taken from 4.5m below the ground
surface.
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the top of the intended sample with 5 to 10 cm larger in each
dimension, was left undisturbed. Hand-excavating tools for sample
trimming included pick, saw, shovel, different sizes of knives and

spatulas.

Samplers and Sampling Procedures: A wooden box of clear internal
dimensjons of 20 x 20 x 20 cm was used as a soil sampler with a
thickness of the sides of 0.9 cm. The top and bottom lids dimen-
sions are 22 x 22 x 0.6 cm. Sides were fixed using halved joint
connection system with glue as a binder agent along the internal
side corners of the box so that the box could resist the lateral
movement and give up the susceptibilily of sample to disturbance

due to handling and transporting.

Plates 3.1 and 3.2 shows a cubic block sample that was. taken
from Station # 38 at two different levels. Fig. 3.2 shows the pro-
cedures commonly used in hand-carving undisturbed soil samples.
After the block of the soil had been trimmed to within several cen-
timeters of the final size, the wooden sampling bo# with the base
removed was used as a template to mark of the size of the soil
block sample. The top and sides of the block then were carefully
trimmed to the final dimensions using a sharp square mouth shovel
and trimming sharp knives and trowel. The wooden sampling box
was pushed down over the block noticing and removing the excess
soll from the block sides, using hand-excavating tools. When the

sampler box reached the desirable depth the top of the soil block
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Block sampling from excavated trench

Plate 3.2

at-1.8m depth, the level of the firts

berm.



(a) ®

(a)step by step procedure of hand-curved
undisturbed sampling.

(b)Hand-curved undisturbed sampling.

Fig. 3.2: Hand-Curved Sampling (After
Krynine, 1957)
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was levelled off (Fig. 3.2a.a) and the top corner was fixed (Fig.
3.2a.b). The base of the soil block was then cut several inches
below the bottom of the wooden box and the block with the box
was lifted out (Fig. 3.2a.c). Removing the over size soil, levelling
the surface and covering the base by the bottom wooden cover

were the last sampling procedures (Fig. 3.2a.d).

Then the box was labeled and marked carefully, showing the
top and the bottom directions, depth, location, number of sample
and the date of sampling. Some samples that contained both cohe-
sive and cohesionless soil (silty clay with gravel or pebbles) were
difficult to obtain with final smooth sides; therefore, the Ffinal
dimensions were under-sized approximately 4 mm smaller in each
side. Fine sand or fine soil from the same location was used to fill
these gaps between soil block and sampler's sides (Fig. 3.2b.a).
A little tapping with flat thin knife was ca.requy done upon the
filling soil in ordér to support the sample and prevent movement of
the soil block inside the sampler during transportation and han-
dling. The filling and sampling procedures in case of cohesive soil

with gravelly material sampling are shown in Fig. 3.2b.

Storage and Handling of Block Samples: Samples were kept in a room
under a wet blanket till they were transported carefully by air-
plane directly to the laboratory of Civil Engineering Department of
King Fahd University of Petroleum and Minerals in Dhahran

(KFUPM), Saudi Arabia. Great care was taken during handling
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and transporting to avoid sample disturbance. Determination of
the natural water content were taken in the field at the same time
of sampling. As the water table is very low all the samples were
partially saturated (about 45 - 60 %). The maximum loss in watep
content was about 3 %. -This is not a significant piont since those
samples were tested under full saturation which is the most critical

condition in this case.

3.3 Insitu Testing
3.3.1 Types of Testing

Due to the limited resources available, the insitu testing was
limited to the standard panitration test. The Ministry of Public
Works contributed by running the standard penetration test over
seven locations from which the undisturbed hand-curved samples were
obtained. In fact, the standard penetration test was the most appro-
priate insitu test for the available soils. The layering system makes
the using of plate load test unreliable, while the existance of bould-
ers and gravely soil among the fine soils was the difficulty in using

the cone penetration test.
3.3.2 Auger Drilling:

In order to carry out the standard penetration test at different
levels suitable bore holes must be drilled. For advancing such bore

holes the method of continuous flight augers was used. A



Plate 3.3 : Auger Drilling and SPT Testing
by the Tructo.r-Mounted Rig.
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tractor-mounted drilling rig of the Ministry of Public Works Plate
(3.3) was used. Flight augers of a solid stem with an outer diameter
of 152 mm were used in sections of 1.5 and 3.0 meters. In case of a
cohesionless soil a metal pipe was used as a casing to prevent the

soil from caving in.

In making a hole, a cutter head was attached to the tip of the
auger. During the drilling operation, the rotary drill equiprﬁent
applied a pressure against the cutter head and provided the rotation
at a speed 75 revolution per minute. As the drill advanced, addi-
tional auger flights were added and the hole extended downward. In
order to conduct the standard penetration test besides obtaining dis-
turbed samples it was necessary to clean the bottom of the hole by
keeping the auger rotating and reducing the applied pressure so that
the disturbed soil would be brought to the surface either attached to
the auger flights or spilled off the flights aréund the borehole. It
was necessary to withdraw the auger at selected point in order to

conduct the SPT test.
3.3.3 Standard Penetration Test (SPT)

3.3.3.1 Definition: The Standard Penetration Test (SPT) was the
only field test that was carried out in this study. It consists of
driving a standard split spoon sampler, as shown in Fig. 3.3, a dis-
tance of 46 cm (18 in) into undisturbed soil by using a 63.5 kg (140
Ib) hammer falling freely from a height of 76 cm (30 in). The num-

ber of blows required to drive the split spoon the last 30.5 cm (12
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Fig. 3.3 : Used Split Spoon Sampler In
Penetration Testing.
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in) is recorded as the N-value (American Society for Testing and
Materials, 1982, Designation D-1586-87). This depicted in Plate 3.3

during the performance of the SPT testing at Station No. 35.

3.3.3.2 Suitablity and Validity of SPT:

The limited availability of insitu testing equipments and the
absence of highly skilled labour to operate them in Sana'a Area
necessitated the use of the simplest piece of equipment, namely SPT.
The SPT was the most suitable field test in this case because it suits
practically almost all soils and weak rocks, besides its procedure is
easy to execute and permits frequent tests. In addition, the equip-
ment is available, relatively simple and the facility of obtaining dis-
turbed samples are included. Furthermore, SPT provides several
useful correlations such as relative density, unit weight and friction
angle of cohesionless soil as shown later on. Such correlations were

used in classification purpose and comparing some data results as

indicated later on.
3.3.3.3 General Remarks on SPT Running:

SPT testing was performed in seven locations down to a maxi-
mum depth of 7.0m. In a few locations during the drilling, water
was added to simplify excavation and to help in getting out the dis-
turbed sofls. At some levels drilling was obstructed by boulders.
To permit further penetrations, adding water, hammering and éhaft-
ing techniques were used. In order to avoid both adding water and

compaction effects in disturbing soils, SPT was carried out at a lower
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depth, at least 0.5m, bellow the leval at which such procedures were
applied.

The obtained samples of split spoon sampler were highly dis-
turbed (Area ratio, Ar = 111%), but they were still representative
ones. After removing the sampler from the string rods, the sampler
unscrewed and the split spoon separated to display the recovered
sample for inspection test in Fig. 3.3a. Most of cohesive samples,
were tested using a pocket penetrometer to obtain the approximate
values of their strength. Some of the samples were stored in labelled
glasses and returned to the laboratory for classification tests purpose

and for obtaining their natural water content.
3.4 Laboratory Tests

Laboratory testing included preliminary, general and specific
tests. The general tests included classification tests, specific grav-
ity, unit weight and water content tests. The specific tests were
programmed to be sufficient to give properties of the strength, com-
pressibility and mineralogy of soils under study. It included consoli-
dated. undrained triaxial, consolidation, x-ray diffraction, chemical

and scanning electron microscope tests.
3.4.1 Inspection Tests -

The soil samples were preliminary inspected in the laboratory to
detect their colour, smell, texture and to recognize the existance of

the organic contents such as the remains of the plants., The con-




tents of the boulders, g‘ra\"el, and sand along with their size and
shape was identified by unalded' eye. The silty sandy soil was dis-
tinguished from the sflty clay soil by noticing the water adsorption of
a sample of each type. In addition, they .were distinguished by
pressing a wet sample of each one between the hand balm and fingers
and noticing both the friction in case of silty sand soil and the sus-
ceptibility to casting in case of silty clay soil. Such preliminary
tests were greatly helpful in selecting the suitable laboratory testing
program t'c;r the different soil types. The visual description of the
soil was reported in this study as recommended by ASTM (D
2488-69).

3.4.2 Classification and General Tests

As a result of the variation in the horizontal and vertical dis-
tribution of the soll many representative disturbed samples for the
classification purpose were needed. Classification tests were per-
formed on fifty three samples, obtained from 32 stations, besides
those disturbed samples obtained from the last eight stations during
'the preparation of, the specimens for consolidation and triaxial tests.
Classif':ication tests included sieve analysis, hydrometer analysis and
Atterberg limits (plastic limits and liquid limits). Classification tests
to be performed on a sample, depends on its téxture and grain size
contents. Thus, samples ap;earing to be gravelly sandy soil were
subjected to the dry sieve analysis and specific gravity tests, while

those silty sand and gravelly silty sand samples were subjected to
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the combined wet and dry sieve analysis test, along with the specific
gravity tests. This combined sieving method was used due to the
difficulty in breaking the fine soil into its individual particles even
by using a rubber-tipped pestle. In this combined method (ASTM D
2217) the cementation between silty particles and granular particles
was loosen by washing the soil sample through sieve # 100 and sieve
# 200 into a deep container. The retained soil on # 200 was air-dried
and then resieved through six to seven sieves according to ASTM (D
421). The silty and clayey soil samples were tested by using wet
sieve analysis (by washing the sample through six sieves), hydrome-
ter analysis, Atterberg limits and specific gravity tests. In the
hydrometer analysis tests a 152H hydrometer was used according to
ASTM (D 422). The liquid limit tests were carried out using the
Casagrande apparatus (ASTM D 4318). The samples used in the
classification tests were air dried as recommended by ASTM (D 421)
and varied in weight for sieve analysis from 500 g in case of silty
clayey soil to 2000 g and more in case of gravelly and sandy sc;ﬂ.
The classification tests were performed as recommended by ASTM

(D2487-69), (Bowles, J. E., 1986 and Wray, W. K., 1986).

The unit weight, specific gravity tests were performed on ten
representative samples while the water content and classification tests
were carried out on all soil samples. The average value of the spe-
cific gravity of three specimens for each soil sample was considered

and similarly for the unit weight (ASTM D 854 and AASHTO T-87).
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3.4.3 Laboratory Sampling and Specimens Preparation:

Undisturbed block samples were used to prepare undisturbed
triaxial, consolidation and scanning electronic microscope specimens.
A great care was taken in preparing these specimens in order to
reduce the disturbance especially in case of the existance of granular

soil mixed with fines, or in the case of the weakly cemented fine soil.

3.4.3.1 Consolidatibn Specimens:

Rings of the consolidation apparatus of 70 mm and 63.5 mm in
diameter with 20 mm and 18.2 mm in thicknesses respectively were
used for cutting the consolidation specimens. Two specimens from
each soil block sample were obtained. The ring was placed in the
top of soil block and pressed into the soil. The ring containing the
specimen was removed from the soil block after pushing the triaxial
tube samplers into the block. The other specimen from the same
block was obtained from the middle part by pushing thé ring slowly,
steadily and vertically using a cutter holder and trimming the surplus
soil by hand from the front of the edge of the sharp part of the ring
during the depression processes. The top and bottom faces of each
specimen were levelled using a sharp blade and a flat glass plate,

(Manual of Soil Laboratory Testing, 1981).

3.4.3.2 Triaxial Specimens:
A galvanized steel tube, made by Wykeham France (WF 30520),
having an internal diameter of 38 mm and a height of 200 mm was

used in resampling from the block samples. The area ratio of the
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tube was about 14% which is in the acceptable limits as compared with
recommended limits after Bhandari, (1980). The internal surface of
the tube was oiled before sampling to reduce the friction between the
tube and the soil. Two tubes were pressed slowly, steadily and ver-
tically by using Versa-Tester compression machine made by Soil
Test. They were compressed through holes made in three parallel
horizontal plates ,used as guides, placed over the wooden box (plate
3.4). A rigid steel strip was placed over the tubes to keep the pen-

etration rate and the applied pressure equal during sampling.

After sampling, tubes were covered by a nylon sheet, waxed
and kept in a humid room. Before testing, the samples were
extruded from the tubes by means of a manual extruder. Soil speci-
mens of diameter 38 mm and a length to diameter ratic of about 2:1
were prepared for the triaxial test. The top and bottom portions of
the soil tube sample were removed to reduce the disturbance effect.
Two specimens were usually obtained from each tube while in some
cases only one sample from a tube was obtained because of the dis-
turbance either due to jacking effect or due to the existance of grav-
elly soil. Plate 3.5 shows the jacking and trimming procedures.
3.4.4 Consolidated Undrained Triaxial Compression Tests With Pore

Water Measurements (CIU - Strength Tests):

Consolidated undrained triaxial compression tests with pore

water pressure measurements were carried out on a total of 55 speci-

mens of the fine soil or fine with coarse soil. Specimens of 38 mm

!



Plate_3.'4 : Resampling from the block sample
by thin tubes through guide plates.
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Plate 3.5 : Jacking and trimming process
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diameter by 76 mm height were used in these tests. Each specimen

was placed on the pedestal of the triaxial cell Fig. 3.4 and subjected

to three major steps namely:

1)

2)

3)

Saturation stage: consisting of applying a back pressure

inside the sample. Both CO2 and distilled water were used

in this stage. A vacuum pump was also used to accelerate
the saturation.
Consolidation stage: consisting of application of confining

pressure all round the specimen (03) during which drainage

of water from the specimen was allowed and the volume
charged was measured, and
Shearing stage: consisting of applying deviatoric stress

(01 —-a,) during which no drainage from the specimen was

allowed, no volume change took place and the developed
pore water pressure was measured. Three specimens from
each soil block were tested. Each specimen was tested
under a different confining pressure till failure. Confining

pressures of 10, 20 and 30 psi were used. The achieved

degree of saturation was about (94 - 100%) under a maxi-

mum back pressure of 30 psi while in some soils the satura-
tion was achievezf under less back preséure. The test set-
up and test procedures are shown in appendices A-1 and
A-2 respectively. A computer program was used in calculat-

ing all samples. A representative print out of the calcu-
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lated values of the triaxial results is shown in Appendix

D-10.
3.4.5 Odometer Consolidation Tests

The compressibility of fine soils of the study area were deter-
mined using the consolidation tests on undisturbed soil specimens of
70 mm and 63.5 mm diameter with 20 mm and 18.2 mm thickness
respectively. The apparatus used were oedometers, front loading
ones, the rear loading one, both from Wykeham Farrance Ltd. (WF
24001 and WF 24251). the procedure that was followed was in accor-
dance to Method D 2435-70 of ASTM (1974) and BS 1377:1975. Proce-

dures of the tests are described in appendix A-3.

3.4.6 X-ray Diffraction Analysis

3.4.6.1 General: A Philips X-ray diffractrometer model PW 1700 / 10
was used to produce a diffractogram of soil samples. Those diffracto-
gram are used to identify the different minerals that exist within the
tested specimens. The scanning speed was 0.01 degree per second
and the interval of data collection was also 0.01 degree per second.
The X-rays emitted was Ni Filter Cu. Radiation and a monochrometer

was used to reduce the background. The scanning angle range was

5%-80°,
The minerals were identified by comparing the above mentioned
diffraction pattern with the diffraction pattern of different standard

phases compiled by the International Center for Diffraction Data,
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Swarthmore, Pennsylvania. This searching of the phases and match-
ing with the standard diffraction pattern was assisted by PDP 11/23

Computer.
3.4.6.2 Specimens preparation:

Natural specimens preparation:

X-ray diffraction analysis was performed on fourteen repre-
sentative soil samples for the identification of the main mineral con-
stituents. The tests are conducted in the Research Institute of
King Fahd University of Petroleum and Minerals. The soil samples
were grounded with the help of agate mortor and pestle to reduce
the texture and preferred orientation and to make sure that it is

homogeneous.

Oriented Seocimens:
Four representative specimens of fine soils were selected to
be tested by X-ray diffractometer for clay minerals identification.

They were prepared as follows:

1) 100 gm of unconsolidated and air dry specimen was taken
and placed In cylinder containing 1000 ml distilled water

(the water contains 4% of mexameta phosphate as a dis-

-7

persive agent).

2) Allow sand and salt to settle down, taking the advantages
of the hydrometer analysis that was known for the same

soil. Settling of sand and salt was achieved by leaving
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the cylinder a little longer than the required time for
clay to settle.

3) After settling sand and silt in. the above cylinder, the
water suspension was centrifuged to separate clay from
suspension.

4) Sufficient amount of the moist clay was placed on glass
slide and allowed to dry at room temperature.

9) Glass slide was fixed on a circular metal disk which was
placed in the X-ray differactometer for analysis.

6) After the first run the specimen was taken and heated up
to 575°C for one hour.

7) After one hour the specimen was placed in a desiccater
for half an hour before the second run.

8) Both the first and the second resulted pattern were used

in identifying the clay minerals as shown in Chapter 5.
3.4.7 X-ray Fluorescence Spectrometer: (XRF)

Fourteen specimens were selected from the study area and ana-
lyzed with XRF along with XRD. Moreover, exira ten specimens were
analyzed also with XRF along with scanning electronic microscope.
Quantitative evaluation in_:percent for the fourteen specimens was
accurately obtained in terms of the mineral dioxide, while the analysis
of the last ten gave only the identification of mineral types that exist
in the soll specimens without quantitative evaluation. Each specimen

had its own figure showing the different mineral contents.
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The spectrometer, Fhilips PV 9500, is available at the Research

Institute of the University. R h target was used for the X-Rays and

the operating conditions were 25 KV and 50 miéroamps. The spec-
trum was collected for 229 live seconds. No filter was used in the
data collection and the specimen chamber was filled with the gas. To
average out the microwhomogeneities, the spectrum was spined while
collecting data. The quantitative analysis was carried out with the
theoretical fundamental parameters which depend on the absorption of

the element to the X-Ray and thus no standard was used.
3.4.8 Scanning Electron Microscope:

The scanning electron microscope (SEM) is widely used for the
examination and analysis of the microstructure characteristics of
material in a solid form. The SEM analysis performed in this study
was carried out on JEOL JSM-840 avaijlable at ‘the Research Institute

of King Fahd University of Petroleum and minerals.

The JSM-840 enables morphological observations of a very fine
strucfure and full elemental analysis using Energy Dispersive Spec-
trometer (EDS) system. In the secondary image, the JSM-840 has
4nm resolution and the magnification ranges from 10x to 300,000x.
The JSM-840 can produce{{a very fine spot size (1 mm in diameter).
This is very useful for EDS analysis and the spectrum can be viewed

immediately on the screen.

The SEM analysis was necessary in this study to examine the



formation of fine and granular soil and the distribution of pores
among the soil. In addition, the bonding between the fine particles
such as clay and/or silt particle can also be examined. Ten soil sam-
ples were used for SEM analysis. Each sample was sectioned into 1.5
em x 1.5 em x 1.0 cm and mounted on a brass-mount by a double-
sided tape keeping the surface under study relatively undisturbed.
The specimen was then dried in an oven and then coated with a thin
layer of gold (100 A? in thickness) prior to the examination. This
gold layer acts as a conductive layer to avoid any build up of the
absorbed electrons on the surface. This build up gives rise to an
abnormal contrast, or charging effect, and greatly effects the elec-
tron beam. In order to avoid this effect, a small trail of silver was
used to connect the gold layer to ground, in this case the brass-

mount.

SEM analysis in this study involved the examination of the
microstructure and elemental analysis by EDS at several areas. To
fully understand the formation and distribution of the pores holes,
several micrographs were taken at several areas in the transverse
(horizontal) and longitudinal (vertical) section. The EDS analysis
was obtained at respective microstructure. The analysis and results

are discussed in chapter 5%
3.4.9 Soil Chemical Analysis

Ten soil samples were chemically analized for the determination

of chlorides, sulphate, pH and organic matter. Six fine samples were
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used to obtain cation exchange capacity. Chemical constituents

including CaH,MgH and K* were Idetermined using the Atomic
Absorption (Perking Elemer, Model 5000) that is available in the
Environmental Laboratory of the Civil Engineering Department. Soil
solution was extracted at 1:2 and 1:4, soil to water ratio, and the
results were transfered to 1:1. Very brief description of the meth-

ods used in the above analysis, is as follows:

3.4.9.1 pH Test: A calibrated -pH meter model made by Corning was
used in this test. A sample of 20gm soil was added to 50 ml of dis-
tilled water. Stirring the solution for 30 minutes, then the pH elec-

trode was dipped into the solution to read the pPH directly.

3.4.9.2 Organic Matter Test: (Hense, 1971): Oxidizable organic
carbon (Walkey-Black) method was used. 5gm of dry soil was placed

in a flask. 10 ml of potassium dichromate (KzCr207) and 20 ml of
sulfuric acid (HZSO4) were added to the flask which was then kept

for 30 minutes. After that 200 ml of distﬂied water, 0.5 ml! ferrion
as indicator and 10 ml of orthophosphoric acid were added. Ferrous
ammonia sulfate (FAS) was allowed to flow into the solution from
standing graduated pipe starting from a reading x of FAS, keeping a
continuous rﬁagnetic ;nixingf till dark greenish colour was achieved at

a reading y of FSA. The percentage of organic matter was calcu-

lated as follows:
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0.003
2w

Organic Matter = (x-y) 100 F

where:
x is blank titer
y is actual titer
w Is soil weight in gm
F is transfering factor from organic carbon to organic mat-

ter. Practically it is found to be equal 1.724.

3.4.9.3 Chloride Determination: Mercurate Nitrate method was used
in this test. 50 ml of extracted solution (w) was taken and 0.5. - 1.0
ml of potassium chromate was added as an indicator for chloride.
Adding 0.5 ml of nitric acid gives a yellowish colour. Finally, mar-

corate nitrate (HgN03) of known concentration (N), was continuously
added till violet colour was achieved. The amount of marcorate
nitrate added was recorded as R and the chloride was determined
from the equation:

- _ 35.54
CL™ = RxNx———w/looo mg/lit

where N = 0.1492.

-

3.4.9.4 Sulphate Determination: 25 ml of extracted solution of the
soil sample was added to 75 ml distilled water and 5 ml of condition-
ing reagent to give the final tested solution a certain viscosity.

After stirring for one minute a small amount of the solution was



placed in a tube and then inserted into an electrical device (Spec-
tronic 20) for four minutes. This equipment with 420 wave length
manufactured by Baush and Lamb was used in determining the sufp-
hate concentration in a solution. After four minutes the absorbance

reading was achieved (R). From absorbance and concentration rela-

tionship a slope was defined as: The sulphate concentra-

. S
0.00636 °
tion was obtained from the equation:

- __a ,
503 0.00536 xFxR mg/lit

where F is the dilution factor, F = 4,

3.4.9.5 Cation Exchange Capacity Determination (CEC): The method

for determining CEC is after J. D. Rhoades, 1982). This method is

valid for soil in arid area. Three main steps were carried out as fol-
lows:

1) 5 gm of oven dried sample was placed in a centrifuge tube.

33 ml saturation solution of 0.4 N sodium acetate

[0.4NNaOAc] and 0.1 N sodium chloride ethanol (60%)

[0.IN NaCl] was added. The tube was shaked for 5§ minutes

then centrifuged 'at 1000 rpm for another 5 minutes till ligq-

uid became clearff The supernatant liquid was decanted and

discarded. This step was repeated three times by adding

fresh saturated solution, shaking, centrifuging and discard-

ing the clear liquid.
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2)

3)

After the third discarding of pure liquid in the previous
step, 33 ml of extraction solution 0.5N magnesium nitrate

IO.SNMg(NO3)| was followed by shaking and centrifuging.

At this stage, the clear liquid was collected in 100 ml volu-
metric flask. This second step was repeated two more times
and clear liquid was made to volume (about 100 ml).

The last step was determining Na and Cl of saturated solu-

tion (NaOAc + NaCl) and (Na/Cl)s ratio was calculated.
Similarly NatandCIt in dilution of extracted solution of

tested sample were determined. Finally, cation exchange

capacity was calculated from the equation:

CEC=Na, - (Cl)(Na/Cl),.

where CEC in meq/100 gm of dry sample.
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Chapter 4

SOIL FORMATION AND SOIL DISTRIBUTION

4.1 SOIL FORMATION AND SOIL DEPOSITION

4.1.1. Introduction:

Formation and deposition of the soil withen the study area are
markedly affected by the environmental and topographical conditions.
Sana'a area is arid to semi-arid region. Such regions are considered
as an environment with little precipitation in which evaporation rates
are considerably in excess of precipi.tation (Richard, 1983). The
mountains bound the study area from west, east and partially from
south. These mountains along with their steep slopes and the gentle
slope of Sana'a plain effect the soil formation and the type of deposi-
tional system. Mountainous areas serve as the ultimate sediment
source, besides they are the energy source, with respect to the run-
ning water by which rocks are weathered and sediments are trans-
portéd. Moreover, these;mountains act as a barrier to the wind
which blows from east-north and north to southwest and south

respectively. The sofl of the study area is a transported soil from

those weathered surrounded rocks.
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4.1.2 Depositional Systems :

Under the effects of the above features, there are two major
and one minor weathering and sedimentological processes operating at

various times on Sana'a plain:

- Alluvial processes act as a physical weathering and trans-
porting mode in form of running water.

- Aeolian processes also act as a physical weathering and
transporting agent, but in form of wind action.

-~ During the rainfall, the chemical precipitation may effect as a

minor weathering agent in form of oxidation and leaching.

The latter two sedimentological processes operate for long peri- °

ods of time between the few days associated with rainfall events.
The soil formation in the vertical direction, Asoil profile, Is greatly
affected by the above three systems, while in case of the horizontal
formation only the previous two sedimentological processes are the

influence factors.

4.1.3 Soil Deposits :

As a result of the ﬁc.flifferent depositional systems different soil
deposits have been developed. The study area is covered by alluvial

deposits, wind deposits and chemical deposits
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4.1.3.1 Alluvial Deposits:

Alluvial deposits are the weathered sediments which are trans-
ported by the running water. In the study area, the source of this
running water is the precipitation which occurs in the summer for
few days and sometimes in the spring but with Jess amount. In case
of high rates of rainfall, flash flood takes place. In May 1967 and
August 1970 flood was reported in Sana'a city. Such floods contrib-
ute in forming recent alluvial deposits(Italconsult,1971). The two
major types of the alluvial deposits are: arid alluvial fans deposits

and wadi deposits.

Arid Alluvial Fans:

The area is partially surrounded by mountains. These moun-
tains with their sharp steep slopes and the gentle slope of the p.lain
led to the development of alluvial fans. Fans were defined by Rich-
ard, 1983, as "A fan-shaped wedge of sediment which typically devel-
ops at the base of a rather steep mountain slope where there is an
abrupt change to a flat or only slightly sloping area and where sedi-
ment loses its confinement from a high-relief valley. Alluvial fans
are particularly numerous in tectonic regions where long fault blocks
produce an extensive scra‘ig" (Richard, 1983). TFans exist mainly on
the eastern and western parts area extending towards the central

wadi area.

Arid fans show a wide range in size from a few hundreds to a

thousand square meters. They are generally subdivided into three



zones: the upper-fan near the apex, the mid-fan and the lower-fan.
The upper-fan and the. mid-fan are the predominant zones. The
extension of the fans is related to the flood or the rainfall intensity.
In case of heavy rainfall or high flood, continuous layer of gravely
sand may cover most of the study area, including the wadi area as a

water-laid deposit.

Alluvial fans deposit their sediments in form of four common
sedimentation processes: debris flow, streams channel, sieve deposi-
tion and sheet-floods. The first three forms mostly deposit their
loads in the upper-fan portic;n at the base of mountains, whereas
sheet-floods and finer debris flow are mostly prevalent at the down
stream ends of channels in the last portion of the fan. In some
cases where the stream confinement ends the sheet-floods and finer
debris deposit their loads in the lower portion of the mid-fan (Rich-
ard, 1983). |

In fact, the study area may be affected by all or some of the
above forms according to the flood or rainfall intensity. In case of
moderate rainfall and no flood, loads of arid fans are deposited in
areas restricted near mountains and stream channels. While in case
of floods and high intensité rainfall, the deposits of the different fan
forms, specially the sheet-f'oods, extend towards the Wadi area. This
type of deposition may cause a sort of relative irregular soil distribu-

tion in vertical direction.

Fan sediments are coarse and poorly sorted as a result of short
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transport from high relief sources. The grain size distribution has a
general decrease from the apex to the distilled portions of the fan
and also a decrease from the base of the fan upward to the active
surface. In the apex near the mountains base (Plate 4.1) boulders,
coarse gravel and little or no material of sand size are the dominant
deposits. These were sedimented by debris flow and sieve deposi-
tion. The channels deposits consist of sand and gravel with some
grading; gravel layers are typically concentrated at the base of the
channels (Plate 4.2), and cross-stratification of sand layers is found
as shown in Plate 4.3(Bull,1972). Stratification in form of grading
with fines and imbricated pebbles are common as shown in Plate
4.4(Richard,1983). The sheet-floods deposits consist of sand, with
some silt and gravel, and are somewhat more common in the mid-fan
than in another areas of water laid deposits in Wadi. In case of the
normal flood and normal annual rainfall, sand and silt accumulations
are very common as mid-fan deposits in the wadi areas. Fig.4.1
shows a block diagram indicating the distribution of arid alluvial fans

deposits, streams and wadi deposits.

4.1.3.2 Wadi Deposits:

-2

The strip which occupies the middle part of the study area,
with an average width of 3.0 km, extends gently from south to north
along the plain axes at the terminus of fans. This area is defined as

wadi with no permanent channels due to the lack of continuous water
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Plate 4. 1 : The Upper Fan Portion (Apex) at the
base of Asser Mountain in the Western
part of the Study Area.
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Bed Stream Deposi

Plate 4:2.
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Plate 4.3 : Cross-Str‘a.tification of Water-laid
Deposits.




Plate 4.4

: The Impricated Pebbles
Formation in granular
soils.
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flow (Glennie, 1970 and Richard, 1983).

The wadi deposits consists mainly of water-laid deposits and
wind-laid deposits. The water laid deposits result from flash floods
which are the common events of significant sediment mobilization on

the wadi area, and the deposits of the stream channels which sedi-

66

mented along the channels and vicinity areas to these streams In wadi’

area. The wind deposits are mainly in form of loess deposits. Some
fines of the water deposits are reworked by wind and retransported
from either the bars of channel or from the down streams of these

floods. in contrast same loess deposits are reworked by water action

forming modified loess deposits.

The floods result from the high rates of precipitation which
takes place either in the study area and the surrounded mountains,
as recorded in 1967 and 1970, or in the eastern-southern mountains
(Khawlan Mountains) through Wadi As Sere. The resulting deposits
from the surrounded mountains are commonly in a wide spread sheet
of sand and fine gravel of poorly sorted with some silt (Bull, 1972).
Such sheet may invade the wadi from both sides, east and west, or
from one side according to the flood source. These floods from the

sides flow with smooth curvature towards the north as a result of the

~
-7

combination of the mountain base slopes and the plain slope. The
floods resulting from Khawlan Mountain display a braided pattern
deposits extending through the southern part towards the north.

Coarse gravel, sand with little pebbles and internal particles are




included. The sediments are characterized by smooth surfaces and
well sorted due to long transportation effects. Graded bedding is
common on the sand (plate 4.5), while some imbrication may be

present in gravel as shown in Plates 4.4 and 4.6.

The stream channels, which spread out either from alluvial fans
on the sides of the study area or from the braided streams on the
south east, contribute in depositing sediments in the wadi areas as a
water-laid deposits. They end to a main channel known locally as'Al-
Sayelah'. The stream pattern of this channel is slightly to moder-
ately sinuous as shown in Plate 4.7. Such channel was defined by
McGowen and Garner (1970) as a coarse-grained menderbelt. "The
coarse-grained menderbelt is actually somewhat of a transition
between typically braided systems and the classical mendering sys-
tems", (Richard, 1983). It passes through the wadi area alongside
the axes of the Plain and extends to Al-Rawdéh in the north bound-

ary of the region.

The coarse-grained menderbelt displays sand and gravel with
almost no mud accumulation on the southern part of the study area,
while sand pebbles and predominantly silt are displayed in point
bars. In the down streay:n of this channel most of finer materials
such as silt, clay and fine sand are spread out. In case of high
floods only fines such as silt and clay spreads along the channel

sides forming levees. All fines silt, clay and fine sand are consid-

ered the major source for the wind deposits in form of loess.
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Plate 4.5 : Granular soil of graded bedding form. The
. gravelly soil in the bottom, while sandy
igﬂ is in the top. Indicated scale is
cm.
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Plate 4.6

The repeated layering system of water and
wind-laid deposits as found in Wadi Area.
Loess, wind-laid, interbedded by impricator
water laid deposit. Indicated scale is 13cm.

69




. Plate 4.7::

Coarse-grajined
Minderbelt as shown
.in a) Southern part,
and b) central part
of the study area.
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The study area is frequently subjected to moderate annual
rainfall. In such condition, the water will not be sufficient to cause
flash floods or even a fan, including its different zones. The coarse
sediments are deposited in the upper fans portions only while sand
and silt accumulations are deposited in most of the study area and
more specifically the wadi area as indicated in the block diagram

Fig.4.1. The recognition of water-laid deposits is shown in Table

4.1.

4.1.3.3 Wind Deposits

The study area is an arid to semi arid region which is charac-
terized by the absence of moisture during the no rainfall period.
This phenomena permits much eolian transport of sediment during the
no rainfall period. Those sediments are dominated by eolian silt
accumulation and evaporate deposits with some sand accumulations.

These sediments are of well sorted particles and most grains are

quartz.

The existance of the mountains in the east and west and par-
tially in the southern part affects the prevalent blown wind. The
wind often blows from north-east to south-west into the mountains
which present a barrier to the wind, causing it to slow down and
drop its sediment load as loess deposits. These loess deposits are

either from the primary loess or secondary loess which are deposited
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Table 4.1: Recognition of Water-Laid Deposits

Adopted after Glennie 1970

d)

£)

g)

h)

1)

Commonly calcite-cemented, or locally cemented by gypsum
or anhydrite.

Many grains coated with hematite.

Conglomerates may be common, and sometimes with several
cycles of deposition that lack a sand-size fraction at the top
of the cycle (deflation of the sand and silt).

Presence of mud-flow conglomerates.

Sharp upward decrease in grain size (in case of graded
bedding structure).

Common presence of imbricated pebl;les and sand cross-
stratification.

Great variation in bulky forms due to variation in trans-
porting distance.

Common presence of different coloured particles due to var-
fation in their parent rocks.

Clayey deposits are commonly stiff with no vertical holes

and with low per{neabﬂity.




mainly by wind and transported by water over a short distance (Kry-

nine and Judd, 1957).

A wide spread of wind deposits is observed in the wadi area,
consisting mainly of horizontal stratified loess. The wind laid depos-
its exist with a variable thickness with respect to the location in
which it is deposited. Loess deposits are concentrated mainly in the
wadi area while it -may exist in a thinner thickness within or beyond
the mountain base areas. The existance of slope, terraces and the
long period between two successive rainfall or floods effect the occu-
rance of this fine soil in a specific location. Within the wadi area,
the loess deposits accumulate in higher thicknesses more than the
alluvial deposits due to the long period of time at which wind oper-
ates with no water deposits interrupting. Near the mountains the
opposite is true, since little amount of water is sufficient to wash all
the accumulated fines down to the wadi. Table.4.2 summarizes the
general recognition of loess deposits. The block diagram(Fig.4.1)
indicates the general repetitive nature of wind and alluvial deposits
in the middle (Plate 4.6) and sides areas as will also be shown in the

developeél soil profiles in section 4.2.2.

4.1.3.4 Chemical Deposits:

The chemical effect on the available sediments is greatly
restricted because of the relative dry status of both soil and atmos-
phere. The higher the water content the higher the chemical effect

on deposits in form of leaching and oxidation. Oxidation has only a
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Table 4.2 : Recognition of a Wind-Laid
Deposit as Loess Soil

Relative overall homogeneity of the sediment withen a loess
body.

Most of the grain are quartz, consisting of silt and silt-size
particles of poorly graded distribution.

The grain size particles are rather uniformly sorted.

Fine sand and clay particles are present.

The cementation among the silt-size particles is related to a
clay coating over these particles or due to the precipitation
of chemicals leached by rain water.

The material is slightly or moderately plastic.

The permeability in the vertical direction is greater than in
its horizontal direction due to the presence of long vertical

tubes in the loess fabric as shown in Plate 4,8.
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posits,

Vertical root holes in the wind de

loess soil.

Plate 4.8



minor influence on arid fan sediments. In case of oxidation, such

minerals as calcite is present as precipitation especially in wadi areas

and lower parts of fans (Bull, 1972).

The precipitation of chemicals leached by rainfall causes adhe-
sion between fines by hydrated cement, (calcite), while in case of
quartz sands are slightly cemented by the presence of hematite.
Fig. 4.2 shows the chemical deposits in form of calcite and iron
oxide. Upon saturation this cementation is easily lost. Leaching can
be recognized by looking at the increase in chemical cementation
agent, such as calcium carbonate, with depth. In addition, leaching
results in the formation of channels and sink holes in fine soil as
depicted in loess deposits, Moreover, leaching can be recognized
through the existance of aragonite with its needle forms as a calcium
carbonate of surface up to 2.0m. When aragonite leaches downwards
it changes to calcite which is known by itslbulky form . In con-
trast, oxidation of surficial particles such as feldspathic rock frag-
ments may be recognizable since such rock is easily weathered.
Since the study area is arid to semi-arid region the accumulation of
organic matter is of low level in soil horizon. ‘The effect of chemical
decomposition on the fine. deposits is more than on the granular
deposits, although it has™ generally a minor influence on deposits.
This chemical influence may increase in case of high rate of rainfall
or flood and when terraces are available because. they reduce the

run-off effect, subsequently increasing the leaching of the soil.
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Fig. 4.2: Chemical deposits due to leaching as detected
by a) SEM, and b) EDS,
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4.2 SOIL DISTRIBUTION AND SOIL UNITS

4.2.1 General Definitions and Results:

The study area was divided into five regions in order to sim-
plify the site investigation as shown in Fig. 4.3. Each region was
investigated by inspection of the the following excavations:
trenches(TE), foundations (FE) and pit holes (PH) which were found
during the 4 monthes site exploration. Pit holes are mainly done by
hand tool excavation for sewage disposal purpnse (Plate 4.9). They
have been excavated for new structures since there were no public
sewage disposal system in the area. Each pit hole extends downward
from 6m as a minimum depth up to more than 20m as a maximum
depth. During the excavation of these pit holes, as weil as other
excavations, disturbed samples were obtained, the soil layers were

inspected and the variations of layers thicknesses were recorded.

The above excavations were named stations. In each area selec-
tive stations were chosen . A total of 32 stations were chosen all
over the five regions. From those selective stations 53 representative
disturbed samples were obtained for classification purposes. Based
on the above classification’ results, ten extra stations were chosen
for obtaining final representative samples. These last stations were
excavated by shovel which allowed for more inspection and comparison
with the results of the previous classification analyses. The distri-

bution of all the 42 stations is shown in Fig. 4.3. The final
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Plate 4.9 : The pithole station as depicted from:
a) the ground surface showing the variety
in the excavated soils.
b) Inside the pithole showing the continuity
of 1ight brown sandy silt, loess.
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representative samples were 11 undisturbed samples (US) of block
type and 4 disturbed samples (DS). These samples were transported
to King Fahd University ofﬂ Petroleum and Minerals (KFUPM) where
classification tests as well as other tests were carried out as indi-

cated earlier in chapter three.

In the vicinity of seven stations out of the last ten stations the
auger drilling tests were done and further inspections were carried
out. The field sténdard penetration test (SPT) was carried out in
these seven stations at different levels up to a maximum depth of

6.5m bellow the surface. One or two SPT were carried out in each

area.

Table 4.3 indicates the locations of stations and the obtained
samples from each station along with their depths. In .addition, it
indicates the index properties and soil classification of each sample.
Both Unified Soil Classification System (USCS) and American Associa-
tion of State Highway and Transportation Officials system (AASHTO)
were used to classify the studied soils. Appendix B-1 through B-6
show the tables and figures used in the soil classification according
to both systems. The USCS was used as a primary system in this
present study. the geotechnical data results shown in the following

chapters were arranged and organized according to the different soil

units that were classified according to this system.
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4.2.2 Soil Profiles:

Fig. 4.4 shows the sections that are taken in different direc-
tions. The legend of the chosen profiles is shown in Fig. 4.5. The
longitudinal section A-A was taken from south to north through the
wadi area along the axis of the plain while B-B and C-C were chosen
in a curved manner to follow the direction of water flow. Both
curves B-B and C-C gave approximatelly the same profile, so only
B-B is shown herein. The slope which causes the water flow is the
component slope of both the plain slope from south to north and the
extended slope of the mountain heels from west to east. The trans-
fer cross sections 1-1 , 2-2 and 3-3 were chosen from west to east
near the mountain bases and crossing the wadi region. Figs. 4.6 -
4.10 show these sections which define the soil profiles. "The term
soil profile indicates a vertical section through the subsoil that shows
the thickness and sequence of the individual strata. The term stra-
tum is applied to a relatively well-defined layer of soil in contact with
other layers of conspicuously different character. If the boundaries
between strata are more or less parallel, the soil profile is said to be
simple or regular. If the boundaries constitute a more or less irreg-
ular pattern, the soil profile is called erratic" (Terzaghi and
Peak,1967). In the shown profiles, the specified thicknesses of any
soil layer were recorded a._; detected from each station. In between
the stations the continuity of the layers were approximately interpo-
lated. The shown profiles indicate certain features that may be gen-
eralized. A relatively regular layering profile is evident. Terzaghi

and Peak (1976) indicated that the flood-plain and wind-plain deposits
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Fig. 4.6: Soil profile as resulted from the longitudinal
cross section:A-A.
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Fig. 4.7: Soil profile as resulted from the curved
cross section: B-B.
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and those formed in large bodies of standing water are likely to have
a fairly regular soil profiles. Considering the feature and topogra-
phy of the study area, as a relatively flat plain subjected to both
wind-laid deposits and water-laid deposits, the soil profile of the
study area is expected to be relatively regular. Indeed, the
observed soil profiles in some of the inspected stations were found
to be fairly regular, as shown in Plates 4.7, 4.10. Unfortunately,
this regular profile is not uniform all over the area and is affected
by the area location. The observation and the results of the soil
classification indicated also that there is no uniform layering system
all over the area. For example the granular soil was commonly found
to exist within the mountain's heel and near the streams (area I, II
and V), while the fine materials occupy most of the central area
(area III and IV) extending from the south to the north.except the
bed of streams that cross the central area. This distribution of soils
are affected by many factors such as streams distribution, mountains
and heels locations, faults, wind direction, man- made effect, etc.
are the factors that contribute greatly in the soil formation and dis-
tribution in the vertical direction as well as in the horizontal direc-

tion.

Generally, down to 6.0m below the surface two different pro-
files are common. The first one consists of alluvial granular deposits
in form of a layer of sandy gravel with a little or no fine material.
Near the base of mountains this profile is over-laid by a clayey top

layer. Boulders and rock fragments may be found within this
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Plate 4.10 : Relative regular
soil profile:

a) longitudinal
section

b) vertical sec-
tion




profile. Seldomly, the coarse layer may be separated into two layers
by a thin layer of fine wind- deposit as shown in Fig. 4.6. The
second profile is the most common within the wadi area. It consists
of wind-laid deposits of light brown sandy silt and sandy silty clay
layers. These layers are Interbedded by one or two water-laid
deposit layers in form of silty clayey sand with gravel as shown in
Figs.4.6 and 4.10 and Plates 4.7 and 4.10. The wind deposits,
loess, may reach 4.0m in thickness, while the granular layer may
reach 1.0m. The appearance of wind-laid deposits layers interbedded
by water-laid deposits was found to be repeated as going deeper

within the wadi area as detected from some inspected deeper stations

(down to 20.0m).

On the other hand, erratic profiles were observed in certain
locations where the continuity of a certain vstratum has been dis-
turbed locally by channel fillings, man-made effect, existance of a
depression filled by different deposits or any other bodies of foreign
material as shown in Fig. 4.7 at station 23. 1In addition, the local-
ized erratic stratum were also observed in some stations that were
found along the boundaries between rock and soil or coarse and fine

materials specially in area I, II and V.

4.2.3 Sofl Units:

A main objective of soil classification is to define similar soils

into groups so that the complexity of the testing procedure to
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characterize soil nature and behavior may be reduced or better
directed. The classification data resulted from the representative
samples shown in Table 4.3 indicated that different soil units are
available in the study area including both fine and granular soils.
Moreover, most of these samples were in dry state having different
water content. The water content of the granular soil varies from 4
to 10 percent whlle it varies from 10 to 24 percent in case of fine
soils. Most of the fine soil tends to absorb water. This tendency is
due to the environmental conditions of the semi arid region of having
an annual rainfall less than the rate of evaporation,and the very low
water table which exists at about thirty meter below the ground sur-
face. Generally based on the Unified Classification System, the soil

in the study area are divided into the following units:

i) Well to poorly graded gravel with sand 'Sayleh Soil'.

ii) Well to poorly graded sand with gfavel 'Sayelah Soil'

iii) Silty clayey sand with gravel 'Hazbeh'

iv) Sandy lean clay or lean clay with sand 'Kartheh or
Gathoef'

v) Sandy silt 'Sauffri Soil'

vi)  Sandy silty clay with gravel 'Zanjabeli'

vii) Lean clay 'Merryah'

The above soil units represent about 90 percent of the study
area and the remaining 10 percent represents rare soils which were

found in very few locations such as clayey sand, fly cemented ash
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and others.

These different units show the complexity and the difficulty in
defining the characteristics of each type. The existance of such
soils in a wide range of variety is related to the variety in déposi-
tional system and the source of these soils. The granular soil is
related to the alluvial deposits such as the alluvial fan and wadi allu-
vium deposits, while the fine soil is related to both alluvial deposits
in the form of flood-plain and the wind deposits in the form of loess
deposit. Some fine soils were deposited by water action and then

reworked by wind action.

The relative density of the cohesionless and cohesive soils were
determined based on Terzaghi and Peck (1967). Correlation with the
N-values of standard penetration test and field identification are

shown in Appendices B-7 and B-8.

1) Light Grey, Well to Poorly Graded Gravel With Sand, Sayelah
Soil:

This soil unit exists commonly below the first two meters and
extends downward varying in thickness from 0.6 meter in the the
southern part of the stud; area to more than 4.0 meters especially in
the northern and eastern area as shown in Fig. 4.6 and Fig. 4.10.

In nondeveloped areas near the mountain it exists directly at the top

surface.
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The bulky shapes of the particles of this soil are rounded or
subrounded with almost smooth surface due to the effect of weather-
ing and transportation on these particles as observed mostly in area
Il and V at stations 14,15, 34 and 39 (Fig. 4.10). In few locations
some particles were found having subangular bulky forms. These
granular particles were derived from the surrounded mountains and
transported for short distance before deposition as found mostly in
area I at station 25 and 26 (Fig. 4.6 and 4.7). The texture of this
soil covered a wide range of grain size and substantial amounts of all
intermediate particle size. The maximum size of the particle was
found to have a diameter of about 25 centimeters. Plate 4.5 shows
the variation in size of such soil indicating the smooth surfaces, max-

imum size, the bulky shapes and the existance of same fines.

The average standard penetration number for this soil stratum
over a depth of four meters was 40 (station 34). According to this
the soil will be in dense state. In few stations this soil unit was
found to be very dense, having a greenish to dark grey colour and
bulky shapes of subangular forms as appeared in station 16, 24 and
26. Fig.4.11 gives the bore log for SPT that was carried out on sta-
tion 34.

—~

The gradation curves of four representative samples selected
from four stations were plotted in Fig.4.12. The percentages of sand
and gravel vary from 26 to 45 percent, and from 52 to 69 percent

respectively. Less than 5 % of the fine grained soil was found. The
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Depth . s SPT Blows

(m) Soil Description We % per 15 cm N
Very stiff, dark brown to

1 E redish brown, lean clay 14 10 18 5 33

2 Light grey, dense, poorly
graded sand with gravel 8 8 15 20 35

|

Light to bluish grey, dense

3 well graded gravel with sand. 7 15 20 29

Pebbles and boulders may be
present.

49

EEQ SPT

O

Disturbed Sample

Fig. 4.11: Bore Log of Station # 34
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values of the coefficient of. uniformity (Cu = D60/D30) and the coeffi-

cient of curvature (Cc = (D30)2/D60 x D10) are shown in the figure.

The natural water content of this soil is very low because of
the large voids among the coarse-grained particles and the small 'sur-
face area of such soil. Moreover, the ground water table is very low
at a depth of about 30.0 meters below the ground surface and the
height of capillary rise is low due to the large voids between the
solid particales. The natural water content of this soil unit varies
from 3 to 9 percent. In case of the very dense granular soil (Sta-

tion 26) it reached 12 percent.

The AASHTO classification for this soil is A-1-a(0). According
to this system the soil consist predominantly of stone fragments,
gravels and sand with or without a well graded binder fine material.
This type of soil is excellent material as a subgrade and borrow
material. In addition, it possesses high California Bearing Ratio
(CBR), and subgrade modulus (k).

This type of granular material is locally named by Sayelah soil
and characterized of being hard as individual particles, very good

soil as foundation base and posses good drainage properties.
2) Grey, Well to Poorly G;:aded Sand with Gravel 'Sayeleh Soil':

This soil unit exists in a thin layer either above the gravelly
soil (unit one) or in an individual layer having a thickness of about

0.3m to 0.8m as shown in Plate 4.5. The particles are smooth, hard
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and rounded. The percentage of gravel exceeds 15 percent, while
fines does not exceed 5 percent. The well graded sand with gravel
has a wide range of grain size and substantial amounts of all interme-
diate particle sizes as found in stations 14 and 16 (Fig. 4.10), while
in case of the poorly graded sand with gravel the texture is com-
pletely different. It has either a wide range of particles with some
missing intermediate sizes or almost a uniform texture, having parti-
cles approximately of the same size as observed in Stations 1, 2, 3,
14 and 34. The maximum particale size was about 5 centimeters.
Plate 4.5 shows the bulky form and size variation of the particales
besides the graded bedding formation. The top part of the plate

shows this soil unit as detected from station 34.

The common observed colour of this unit is light bluish grey.
But, in some stations like stations 1 and 16 a dark grey to black
sand was found. This variation in colour is ré]ated to the mineralo-
gical composition of the sand itself. The bluish grey sand is rich
with quartz while the blackish sand is rich with maghemite and

augite.

The grain size distribution curves of some representative sam-
ples are plotted in Fig.4.13. The texture contents included 17 to 25
percent of gravel and 73 :o 82 percent of sand. Most of this sand
contents are of the medium and fine sand. As a result of that, the
drainage condition of this soil unit is less than that of soil unit 1.

But, this ability of holding water is still low. The detected natural
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water content was a minimum of 5 percent and a maximum of 10 per-

cent.

Reverting to Fig. 4.11, the recorded SPT value of this. unit
was about 35. This soil unit exists in a dense state according to
correlation with SPT value. In fact this condition is valid for the
well graded sand with gravel and the deeper poorly graded sand with

gravel, while in case of the surficial poorly graded one, it is medium

to dense.

According to AASHTO system this soil was classified as A-1-b
(0). It consists predominantly of coarse sand with or without -a well
graded binder. It is good to excellent as a subgrade and borrow
material. The CBR and subgrade modulus of this unit are high, but

less than those of unit 1. Locally this type of soil is also known as

Sayelah soil.

3) Light Bluish Grey, Silty Clayey Sand with Gravel or Brown, Silty
Clayey Gravel with Sand, 'Kartheh':

This third and last coarse-grained soil unit includes two types
of soil according to the gravel and sand percent. They are grouped
here under one unit becausne of the similarity in the group name with
respect to the fine contents (silt, clay) and to simplify the identifica-
tion of the coarse-graded soils. Moreover, the choice of the repre-
sentative sample may affect the percentage of the coarse fractions
due to the existance of the boulders and coarse gravel. The

description of these two sub-units is as follows:
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i) The light Bluish, Grey, Silty Clayey Sand with Gravel:

It exists widely in area IV at 1.5m to 3.0m below the
ground surface having a thickness varying from 0.3m to
1.2m, as occurred in stations 4, 33 and 41 etc. It existes
mostly between two layers of loess as shown in Plate 4.6
and Figs. 4.6 and 4.10 specially in area IV. The granu-
lar particles which are hard and almost rounded were
coated by the fiﬂe soil causing a weak to moderate cemen-
tation throughout the total matrix. ©Plate 4.11 shows a
scanning electronic photomicrograph of relatively undis-
turbed sample taken form Station 41. 1t indicates the dis-
tribution of fine particles among the smooth rounded gran-
ular particles and thus, approach conglomerates. The

maximum particle size is about 3 cm.

ii) Dark Brown, Silty Clayey Gravel with Sand:

This second sub-unit was found at a depth of about 1.5m
below the ground surface extending downward to a depth
more than 6.0m in the most observed stations 16, 26, 27
and 37 especially at area I as shown in Fig. 4.6 and 4.8.
The colour of “the individual coarse particles vary from
white, green, brown to light grey, etc. according to the
geological origin of these particles. In spite of the great
variation in colours of the individual particles, the dark

brown colour relatively represents the colour of the total

J
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Plate 4.11:Conglomerates of sand, silt and fine
particles interaction.
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matrix of the coarse and fine contents. The bulky shapes
of the coarse grained included both sub-rounded and sub-
angular. The texture of this sub-unit contains boulders

of a maximum size of about 25 cm.

The gradatlén curves of the previous two sub-units are
plotted in Fig.4.14. Both exhibit a gap grade in fine
sand zone. Coarse sand is predominant in the silty clayey
sand with gravel sofl as indicated from Curve a, mean-
while, the gravel content is predominant in the silty,
clayey gravel with sand soil as shown from Curve b. In
addition, Curve b exhibits more fine contents than Curve

a.

The variation of the liquid limits and plastic limits of this
unit are in the range of 28-32% and 25-27% respectively,
while the natural water content varies from 5 to 15%. The
existance of the silt and clay particles coating the coarse
fraction of this unit besides its low natural water content
enabies it to adsorb water, whenever it is available, and

holds it more than the previous two coarse soil units.

Figs.4.15 and 4.16 indicate the SPT values that were
obtained from Station 41 and 37. The N value of the silty
clayey sand with gravel (Sub-unit 1) is 30 while it is 60
for the silty clayey gravel with sand (Sub-unit 2).

According to these values, the density of Sub-unit 1 is
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Gradation curves of sand and gravel with silty and
clayey matrix (Soil unit 3).
a) Silty clayey gravel with sand, Station # 37
at 3.5m.
b) Silty clayey sand with gravel, Station # 41
at 2.0m.




Depth . fes SPT Blows
(m) Soil Description We % per 15 cm N
Medium to stiff dark brown
z lean clay with odder 18 2 4 5 9
1 Stiff light brown sandy
X siit soil 15 |4 6 13| 19
2
L Medium to dense, bluish grey, .
' silty clayey sand with gravel| " 9 6 11 19 30
3 .
: Stiff light brown
sandy silty clay
4 X with gravel 14 ] 6 7 10| 17
5
: Very stiff sandy silty clay
¢ DX] with gravel 12 6 20 15| 35
7

109

E SPT

Fig.4.15: Bore Log of Station # 41

[] Undisturbed Sample




Depth . ces 'SPT Blows
(m) Soil Description We % per 15 cm N
E Fill soil - 8 14 13 27
1 E Yellowish sandy soil with
gravel 11 27 27 - 54
2
% Very dense, dark to greenish
3 silty clayey gravel with )
sand and boulders, upto 12 25 29 31 60
25 cm in diameter.
4
5
6
7

B ser . Disturbed Sample ' [] Undisturbed Sample

Fig.4.16: Bore Log of Station # 37
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medijum to dense while it is very dense in case of Sub-Unit
2, where the water content affects greatly the density

state specially the soil of Sub-unit 2.

The silty clayey sand with gravel was classified according
to AASHTO system as A-1-a(0) but the silty clayey gravel
with sand was classified as A-1-b(0), because of the
higher .fine contents of the later one. Both types are
excellent soils as a subgrade and borrow materials. Such
soils exhibit an excellent to good drain condition and high
subgrade reaction modulus. This soil unit is locally named
by 'Hazbeh'. It is known to be very stiff due to the rock
fragments which it contains, that is why it is desirable to
be the base of foundation for those moderately high build-
ings. The shear strength and the compressibility of the
the silty clayey sand with gravel was studied in detalls,
since this soil occurs widely and it is possible to get
undisturbed sample for simulated stress strain and defor-

mation tests.
4) Sandy Clay Soil 'Gathoef or Kartheh' :

The USCS divided the soil in this unit into two types; sandy
lean clay and lean clay with sand as indicated in Appendix B-6.
These two sub-units are affected by the percentage of soil that is
retained on No.200 sieve and the percentage of the sand and gravel.

The description and index properties of the above two solls are as
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follows:

i) Stiff, Light Brown, Sandy Lean Clay :

This soil is defined as sandy lean clay since percentage of the
coarse fraction, retained on No.200 sieve, is equal or more
than 30% and the percentage of sand is greater than gravel
percent. This fine clay soil exists in a thin stiff layer having
a thickness 0.4 - 0.8 m as shown in Fig. 4.6. It occurred in
stations 4 and 36 at 3.0m - 4.0m below the ground surface,
while in some locations such as Station 6, it was found at 1.0m
below the grdund surface. It may be a modified clayey loess
deposit which were remolded by water. That is why it exists
between loess deposits. This soil is a stiff according to its
SPT value that was obtained from station 36 as indicated in
Fig.4.17. This stiff consistency is related to the high cemen-
tation contents in form of calcite (CaCo3)‘, and the densification
due to the environmenta:l conditions and the overburden pres-
sure. This is why it exhibited a slightly overconsolidation
stress history behavior.

The small fraction particles are strongly cemented forming par-
ticles with sharp edges and rough surfaces. These cemented
particles are white limestone and yellowish brown sandstone of
a light weight. ‘The maximum size of the cemented particle is
about 3.0 cm when the accumulated fines are washed away.
The gradation curve of a representative sample obtained from

station 36 at the depth 3.6m is shown in curve A in Fig.4.18.




113

Depth . et SPT Blows
(@) Soil Description We % per 15 co N
1 Dark fill soil with gravel 13 7 12 8 20
Light brown, dense, sandy
2 silt 11 7 9 71 16
Silty clay sand with gravel 9 - - - -
3
Sandy silty clay with gravel 12 6 7 10 17
4 ] stiff, light brown sandy.
- % lean clay : 12 6 14 15 29
5
6
7
B3 ser " [[] Undisturbed Sample

Fig.4.17: Bore Log of Station # 36
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The soil gradation distribution curve shows a low percentage of
the coarse sand contents. The percentages of the silt and clay
are 42 and 26%, respectively, while the percentage of sand is
about 30% of which 20% is fine sand.

The index property including the liquid limits and plastic limits
are in the range of 40% - 43% and 22% - 26%, respectively.
This sandy lean clay soil is 8 medium plasticity clay according
to the plasticity chart shown in Appendix B-2. The natural
water content varies from 13% to 24%. This relative high varia-
tion is related to the effect of environmental conditions, the
depth at which this sub-unit exists, the soil stratification, etc.
The soil is in solid state since the natural water content is
mostly below the plastic limit.

This soll is classified as A-6(10) according to AASHTO System.
Its group index is approximately in the range 8-12. The typl-
cal material of this group is plastic clay soil. The material of
such type usually has high volume change between wet and dry
states (Spangler and Handy, 1982). It is fair to poor as a
borrow material or subgrade soil. This stiff sandy lean clay
soil is locally named by 'Gathoef or Kartheh' which is known as
a difficult soil to be excavated by hand {ool due to its stiff-

ness,

ii) Medium to Stiff, Redish Brown, Lean Clay with Sand:
This soil is defined as a lean clay with sand. It occurred in

Stations 6, 8 and 35 at 2.0m to 3.0m below the surface,
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varying in thickness from 1.5m to 4.0m. It exists in a
medjum to stiff state according to SPT values that obtained
from Station 35. The consistency condition was affected by
the existance of boulders withen this layer and water content
at the time of testing. The stress history of this soil has
been found to be a normally consolidated one.

The index properties including the liquid limit and plastic
limit are 31% - 33% and 21% - 23% respectively and the natural
water content is in the range of 11% - 20%. This soil was
plotted just a little above A-line in the plasticity chart.
This soil has high silt content of about 55 %. The charac-
teristic of this soil is similar to those silty loess.

AASHTO classification system classifies this soil as A-4(7)
which typically consists of non or moderate plastic silty soil,
75% or more of which usually passes the No.200 sieve (Fig.
4.18).

5) Medium to stiff, Redish to Light Brown Sandy Silt Soil 'Suffri':

This soil unit, covers most of the middle part of the study sarea
(III, IV and part of I). Mostly it appears at about 1.0m below the
ground surface extending downward up to 4.0m as found in stations
12, 20, 19, 38 and 41. Fig. 4.7 and plate 4.9-b show the existance
of this soil unit with a relatively big thickness ( 3.0 to 4.0m ). In
some locations the vertical continuity of this soil was interrupted by

0.3m - 0.8m thick layer of a silty clayey sand with gravel as found




117

in stations 5, 6, 8, 9, 30, 40 and 42 as shca'wn in Figs. 4.6 and 4.10.
Plate 4.12 indicates this layering system which occurs widely along
the south-north centerline axes of the study area. This soil is
known as wind deposits ,loess. In some Jocations it was found
directly at the surface as found in étations 25, 26 and 28 in area I
(Fig. 4.6 and 4.7).

This soil unit is a normally consolidated soil with a high voids

ratio and low unit weight. The dry unit weight is in the range of

1.27 - 1.45 gm/cm®* The top part of this soil, commonly 1.0m below
the surface, exhibits a medium consistency and a lower dry unit
weight while the lower part exists at 2.5m and exiending downward
exhibits a stiff consistency and higher dry unit weight. The
increase in the density of the soll with increasing depth is rélated to
the overburden pressure, the available layering system and the envi-
ronmental condition in terms of cyclic drying and wetting. These
factors helped in leaching the fine contents from the top layers
downward into the bottom layer of this soil. The layering system
helped greatly in the leaching process due to the existance of the
silty, clayey, sand with gravel layer that seeps the suspended fines
in the water easily. Fig.4.19 gives the SPT values that were
obtained from station 33 which included the discontinuous layer of
this soil unit. The N values of the upper layer varies from 8 - 14

while it varies from 16 - 26 in the lower layer.

The texture of the sandy silt soil includes high fine sand, silt
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Plate 4.‘12 : Light brown sandy silt layer interrupted
by silty clayey sand with gravel. Indi-
cated scale is .13 cm.
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Depth . s 'SPT Blows
(m) Soil Description Wec § per 15 N
Very stiff, fissured, dark
[] brown lean clay with white 14 9 10 1] 21
1 X] traces.
4 Light brown, medium sandy
(X silt with koot holes 12 3 4 6| 10
2 E traces.
3 Grey, dense, gravel with sand 8 12 14 18 32

4 E Stiff brown sandy

Silty clay with

5 E calcareous gravel

12

11

10

Bq spr

[[] Undisturbed Sample

Fig. 4.19: Bore Log of Station # 33
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and clay contents. A sign of very thin roots and a great number of
small holes are visible. The grain size ana!ysis was carried out on
three selected samples obtained from Stations 33 and 40 as shown in
fig. 4.20. Comparing curve a with ¢, as they were obtained from
the same station, we note that the deeper the soil, the higher the
clay contents due to the leaching process and also the higher the
coarse fraction due to the effect of environmental condition and depo-

sitional system.

The liquid limits and plastic limits of this soil are 29% - 34% and
24% - 29%, respectively. The water content is below the plastic limit
in the range approximately 12% - 21%. This low water content
besides the low clay contents and high cementation agent contents
cause this soll unit to be relatively highly compressible upon wetting,
as known about the loess deposit, although the classification of this
unit according to USCS describes it as low to moderate compressible
;silty soil (Appendix B2). The colour of this soil is yellowish to red-

ish brown in most cases with light brown in relative dry state.

According to the AASHTO system this soil is classified as
A-4(5). It is described as a non-plastic to moderately plastic silty
soil with 75% or more passes the No.200 sieve. The variation of the
group index is in the range of 4 - 7. This soil is described as a
fair to poor material as a subgrade soil or borrow material and it is
susceptible to frost action. It is locally named Suffri Soil and known

by its relative high compressibility and moderate.
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Gradation curves of sand silty soils ( Soil unit 5).

a) Station # 33 at 1.8m.
b) Station # 40 at 2.5m.
c) Station # 33 at 4.5m.
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6) Medium to Stiff, Light Brown Sandy Silty Clay with Gravel

'Zanjabieli':

This soil unit is classified as a sandy silty clay soil with
gravel since the percentages of the fines and gravel are greater
than 30% and 15% respectively. It exists similar to Unit 5 at
about 1.0m below the surface either in a continuous layer reach-
ing 3.0m - 4.0m in thickness (Plate 4.9.b) or in a discontinuous
layer interrupted by a thin granular layer as shown in Fig. 4.10.
In some cases it may be found at the surface as found in station

28 as shown in Fig. 4.8.

There is a similarity between this soil unit and the previous
one (Unit 5) not only in the location of the layers, but also in

most of the features, properties and the depositional system.

The variation in the texture contents between this soil unit
and Unit 5 led to a variation in the plasticity index a'nd consis-
tency state. The texture of the soil of this unit contains higher
coarse fractions, specifically those well cemented sands in form of
sandstone and limestone in the size of gravels with their rough
surfaces and sharp edges to which the name Zanjabbeli is related.
Comparing the gradation curve of this soil unit, Fig.4.21, with
Fig.4.20, this soil unit has a higher coarse fra.ction and a lower
fine sand and silt contents. This reduction in fine contents
resulted in reducing the plastic limit, 20% - 21%, with no signifi-

cant change in the liquid limits, subsequently, the plastic index
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increased to 5% - 7%. That is why this soil unit plots just above
the A-line in the plasticity chart, subseq}lently it is classified as
a clay soil according to USCS. The soils that ploted just a little
above the A-line and deposited by wind action are identified to be
silty loess soil as discussed by Gibbs and Holtz (1951).

Fine material plotted above A-line in the plasticity chart are
classified as low éompressible soil (CL). But, in fact, they are
silty soils characterized of being sensitive to settlement when they
are inundated. Such phenomenon was discussed and studied by
Holtz and Gibbs (1951). They defined such soil to be a silty
loess sofl exactly similar to Nebraska loess soil. Fig.4.22 shows
this sort of classification and identification that was used for
sand, silt and clay of Nebraska loess soil. The gradation limits
of each soll type and their zones are also indicated in the same

figure.

The SPT values of this soil are higher than soil unit 5 by
about 25 $ which demonstrates the relative increase in the density
of this soil as shown in Fig. 4.23. But, the consistency state of
this soil is still medium in case of the upper layer and increases
with depth from stiff state at 4.0m to hard at 5.5m below the

surface.

The sandy silty clay with gravel soil, the sandy silt soil
and the lean clay with sand soil are plotted in Fig.4.24 to com-

pare them with other wind-deposited sediments after Peck, Hanson
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and Thornburn, (1974), From this figure and the above discus-
sion, these three soils are identified and classified as silty loess

soils.

Following the AASHTO system this soil is defined as Unit 5
as A-4 (8), with no change in the description. Moreover, this
soil unit is also known by the same local name as 'Suffri Soil' or
by'Zanjabieli' due to the existance of the sharp and rough grav-

elly particles.
Very Stiff, Fissured Black, Lean Clay 'Merryah':

This dark layer extends widély covering about 60% of the
top part of the study area specially in agricultural regions. It
extends downward from the surface mostly in a thin layer 0.4m -
1.2m thick at most stations as shown in Figs. 4.6 and 4.10 and

the top part of Plate 4.7.b.

This soil is characterized by a black colour with considera-
ble amount of white traces and fine roots as observed in most of
the detected stations. In the southern eastern part, this soil has
a dark brown colour elther with little white traces and fine root
or without as found in stations 14, 15, 34, 41, etc. as shown in
Fig. 4.10. An earthy odder is noticable in this soil due to the

existance of roots.

Fissures and joints are predominant characters of this soil

by which it can be identified besides its dark colour, white traces




Depth

Soil Description

SPT Blows

(m) We s per 15 cm N
Dark, Stiff Fissured Lean Clay] -~ - e ea -
1 E‘[ Light brown to yellowish, 15 3 g . 12
,: medium to stiff sandy
2 Silty Clay
5 5 10 15
3 :
‘Stiff, brown, sandy silty
4 X clay with calcareous gravel 10 1z 10 12 22
S
6 @ Sand gravel with clayey . 8 12 16 ~ 26 42
silty matrix and some
Z 20 30 33 63
7 boulders .
BJ ser "[[] Undisturbed Sample

Fig. 4.23: Bore Log of Station # 38.

.
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and thin roots. Such characteristic of flood plain deposits were
analyzed by Mitchell (1976). He indicated that "Some normally
consolidated clays, almost all flood plain clays, and many precon-
solidated clays are weakened by joints. Joints in flood plain
clays result from deposition followed by cyclic expansion and con-
traction from wetting and drying". The fissures and cracks in
some clayes were related to the existance of trees and roots as
indicated by Gillott (1987). These fissures and joints can be eas-
ily inspected if an excavation is carried out in this soil and
exposed to sun for a while as indicated in Plate 4.13. The width
of these fissures varies from fraction of mm up to few centime-
ters, while the extention of these fissures downward varies mostly

from a discontinuous depth to a continuous one.

This soil in its natural state gives a high SPT value, of
about 21 blows per foot, while a very léw resistance was
obtained, 9 blows per foot, when the same site was prewetted
before testing. A correlation with SPT N values of the soil at
natural state, indicates that this soil has a very stiff consistency
as shown in Fig.4.19. When a stiff crumb of this soil is sub-
merged in water, it loses its stiff state and is converted into a
visco-liquid state. This loss of strength ond stiffness is related
to the particle arrangement and the interaction among them
according to the chemical composition of the soil itself and the

internal water tension between particales.




Plate 4.13

: Micro fissures and joints of lean
clay soil.
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The liquid and plastic limits of this soll are in the range of
42% - 53% and 24% - 26%, respectively, and the natural water con-
tent is about 12%_ - 16%. The liquid limit of the dark brown soil
reaches 60%. Initially, due to the oder of this soil the existance
of roots and its dark colour, it was thought that this soll was an
organic clay, but the chemical analysis and the ratio of the liquid
limit 6f an oven specimen to the liquid limit of an air-dry speci-
men was found more than 75%, which ensures that this soil is
inorganic clay. According to the plasticity chart, it is medium to
high plastic inorganic clay.

The gradation curve depicted in Fig. 4.25 of a sample
selected from station # 33 at a depth of 0.7m indicated the exis-
tance of high percentage of fines. The percentages of silt and
clay are 58% and 32% respectively, and the perceﬁtage of fine
sand iIs 8%. None or little coarse sand content was fouhd. The
high silt content may be a sign to identify this soil as a modified

clayey loess soil.

AASHTO system classifies this soil as A-7-6(15). The
group index (GI) varles in wide range 1 - 20. The higher GI
the higher PI (LL - PL) and the lower the coarse material con-
tents. This soil is described as clay with widely varying ranges
of plasticity, cohesion, shrinkage and swelling properties and
deformation characteristics. It is a poor soll for subgrade or

borrow material , and it is not suitable as a foundation base. It
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is locally named 'Merryah'.

The previous soil units represent the most common existance
solls as found from all the inspected stations. They represent
about 90 to 95 percent of the all soils within the study area.
Other different soils (5%-10%) are rarely present. Such soils are
Brown, Stiff clayey Sand (5%), Redish and greenish tuff volcanic
soils (2%) and othérs. Fig.4.26 shows the gradation curve of the
clayey sand soil which was found in station 23 at 4.0m bellow the
surface as shown in Fig. 4.7. It extends downwards up to 6.0m.
Plate 4.14 shows the redish tuff volcanic soil which was observed
at the surface in Hada area in the southern western part of the
region. It exists with rock extending downward up to 3.0m. In
some locations of the same area it occured at 5.0m bellow the sur-
face. These solls were not studied in detail as the other units
due to their rare appearance and the difficulty in obtaining
undisturbed samples of tuff volcanic soils. Table 4.4 shows the
summery of the index properties of the different fine soils includ-
ing the clayey sand soil. While Table 4.5 shows the properties of
some wind deposits after Peck, Hanson and Thurnborn (1974) for
comparing purpose. Plate 4.15 shows the variation in colour and
some characteristics of the different soil units, Appendix B-9
gives a general summery of the engineering properties of the dif-

ferent soils after USCS.
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Plate 4.14 :

Occurance of the Tuff volcanic
soil at surface in Hada Region.
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Table 4.5 : Index Properties and Engineering Classification
. of Representative Windblown Deposits.*

wee AASHO  Unified

Soil Type and Location wy PI (Ib/cu ft) (%) Classification Classification
1. Plainfield fine sand, Pulaski Co., Ind. — NP 107 10 4-3(0) SP
2. Valentine fine sand, Hall Co., Neb. — NP — —  4A-3(0) SP-SM
3. Colby loam, Dundy Cao., Neb. 2% 3 = — A4 ML
4. Naichez silt loam, Claiborne Co., 27 4 108 16 A-4(3) ML
Miss.
5. Palouse silt Ioaln, Walla Walla Co., 6 105 18 A4-4(6) ML
Wash,
6. Muscatine silt loam, Livingston Co., 10 112 16 A-4(9) CL
nm
7. Marshall silty clay loam, Washington 42 18 107 © 19  4-7-6(20) CL
Co., Neb. ’ ;

* NP = Nonplastic,

*(After Peck Hansen and Thurnborn, 1974).




Plate 4.15 + Different studied soils

a) Dark stiff lean clay

b) Redish to 1ight brown loess

c) Cemented gravelly sand with silty

matrix and pebbles .

d) Stiff brown sandy clay

e) Sandy silty clay with sharp cemented
_gravel of sand stone.

f) granular colour and form variations.
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Chapter §

SOIL COMPOSITION AND SOIL FABRIC

The properties of any soil rely directly on environmental
effects, mineralogical and chemical composition, texture and soil fab-
ric. In the present study the soil composition was analyzed by the
following methods:

1) Grain size analysis as the most useful qualitative and semi-

quantitative method as indicated in the previous chapter.

2) X-ray diffraction as a .powerful tool in identifying both non-
clay and clay minerals.

3) X-ray fluorescence spectrometer in order to find out the
chemical composition in terms of mineral oxides.

4) Wet chemical analysis for determining cation exchange
capacity, pH,‘ organic matter, soluble salts, etc; and
finally;

5) Scanning electrone microscope study for identifying the

microstructure of the soil.

The results of the soill composition and soil fabric are discussed

in the following sections.

5.1 Mineral Composition of Soil Samples from X-Ray diffraction (XRD)
Analysis

Fig. 5.1 shows some of the standard X-ray diffraction diagrams
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which are used in analyzing the available minerals in the tested sam-
ples by comparing their X-ray diffraction patterns with these dia-
grams. This techniques is used in identifying both nonclay and clay

minerals as follows:
5.1.1 NonClay Minerals:

Figs. 5.2, 5.3, 5.4 and 5.5 show the X-ray diffraction patterns
of the main natural mineral composition for the untreated powder sam-
ples. These figures showed that the predominant non-clay minerals
of both coarse and fine sofls are quartz, calcite, aragonite and
albite. Augite, hematite and maghemite are found specially in the
coarse soil. Fig. 5.6 shows how the standard diagrams of quartz,
calcite and albite were used to identify the available minerals within
the above indicated pattern. Quantitative analysis indicated the rare
existance of some minerals within the granular samples such as
judeite (6%) in station 39, and afwillit (4%) and cancrinite (3%)  in
station 34. A representative computer analysis print out of the
sandy silty clay with gravel (station 38 at 4.5m) sample including
peaks characteristics such as intensities of the peaks, basal spacing,
the heights of the peaks, etc. is shown in Appendix C-1. This
analysis technique gives an acceptable quantitative analysis with 95%

accuracy.

Table 5.1 shows the quantitative analysis of nonclay minerals
for the different types of soils. The table indicates an increase in

the calcite with depth for the fine silty and clayey soils samples from
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a) Station: 34
Unit : 2
Depth : 2.5

20.0

x103.
3.00 7

2.70 1
2.40 T
2.10
1.80 |
1.50 1
1.20 1
0.50 ]

‘Peak Intensity

3.0 .  40.0 50.0 60.0 20.0 80.0

b) Station: 39
Unit : 1
Depth : 3.0

26

20.0

30.0 40.0 S0.0 60.0 20.0 . 80.0

Fig. 5.3 : X-Ray patterns of nonclay minerals of:

a) Well to poorly graded sand with gravel
b) Well to poorly graded gravel with sand:
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stations 33. In case of granular soil with fines less than 5%, calcite
is not found as shown from samples of stations 34 and 39. In con-
trast, the albite exists in the granular soil more than the in fine
soil. Furthermore, it decreases with depth in fine soils regardless
the fine soil type as shown in the table. This is because the deeper
the soil the longer weathering time the soil is subjected to. Augite
is also common in. granular soil rather than in fine soil. This is
related to the stability of the minerals and their resjstance to weath-
ering and decomposition. The more basic is the mineral, the less
stability of the mineral is. Bear (1964) gives the order of crystalli-

zation and stability of soil minerals as shown below,

Olivine Increasing Increasing BYTANITE
Basicity Stability
Enstatite J Labradorite
Augite Andesine
Ht}nblende Oliéclase
/
Biotite 4 Albite

l§> Quartz 4‘.,

Potash Feldspar

Zeolite

Bear (1964) indicated that the stability of the minerals to
weathering and to decomposition is found to be as: quartz > albite >

augite. Augite and albite are less stable than quartz because of the
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. decrease in the linkage of the tetrahedrons in case of the augite,
while in case of albite it is due to an increase in the number of alu-

mina tetrahedrons (Bear, 1964).

The following sub sections describe quartz, calcite and albite,

| the common nonclay minerals within the study area soil.

5.1.1.1 Quartz SIOZ: Quartz is composed of a silica tetrahedral

grouped in a spiral form. The silica tetrahedral structure has a high
stability. Moreover, the spiral form results in a structure without
- cleavage planes. Quartz is already an oxide, so there is no weakly
bonded ions in the structure, and it has a high hardness. All these
factors account for the high stablility of quartz as a non-clay fraction
of soils (Mitchell, 1976). .Quartz is inherited mainly from sandstone,
basalt, granite, etc. as shown in Table 5.2. Quartz in powder form
can be less than 2 pym. , clay size, and this accounts for its appear-
ance along with calcite within the quantitative analysis of clay miner-
als.. "Quartz is common in the clay size grade and is sometimes fine

enough to have colloidal particles" (Gillott, J., 1987).

§.1.1.2 Calcite (CaCO 3): The most abundant carbonate mineral of

soils is calcite, which forms in sub-humid and more arid regions.
Calcite is inherited mainly from limestone, marl and chalk rocks as
well as from marble parent materials. Since limestone has an average
43% of calcium ,it is mostly the main source of calcite. Limestone

formation which spreads widely in the northern part of the study
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area, Amran Formation, represents the main source for calcium carbo-
nate. Calcite is found in the form of a bulky particles, or shells.
Specimens viewed by scanning electron microscope exhibited the nee-
dle form of aragonite and the bulky particle of calcite coating or
precipitating on silt and coarse particles as shown in Fig.5.7. Ara-
gonite is found in the surficial samples up to 2.0m bellow the surface

while calcite exists at any depth.

During precipitation, the leaching results in depletion of

CaCoO 5 from the more highly leached soils, while during evaporation

of water calcite precipitates in the lower layers. Indeed, calcite was
found to increase with depth as observed at station 33. At certain

depths, calcareous soils contain as high as 20 to 50 percent CaCO a3

The proportion of these to other constituents are greatly affected by
the chemical weathering and leaching (Bear, 1964). The hardness of

calcite is low and the cleavage planes appear in three directions.

The existance of calcite within the soil plays a very important
role in profile formation, cementation and decementation. Removal of
calcite from soil causes slight consolidation. In addition, calcite dis-
solves in water, so it contributes in gaining or loosing clay particles
and it is one of the main reasons which controls the collapsing

mechanism in loess soil.
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Table 5.2 : Common Nonclay Minerals (Mitchell, 1976)

Mineral Name

Composition

Rock Occurrences

Quartz

Orthoclase feldspar

Plagioclase feldspar

Muscovite (mica)

Calcite

Dolomite

Gypsum

Amphiboles and
pyroxenes

Sio,

KAIlSi;0,
NaA’Si;OrcaAlzsizOQ
KAIl{Si;ANO,(OH). -
CaCO;

Ca - Mg(CO»),

CaS0, - 2H,0

Variable

Granite, sandstone, shale, etc..

Granite, sandstone, shale, etc.

Granite, sandstone, shale, basalt

Granite, sandstone, shale, schist

Limestone

Dolomite

Gypsum, shale

The heavy dark minerals in
granite, basalt, etc.
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5.1.1.3 Albite (NaAISIaOs): Albite is one of the plagioclas feldspars

series. It is common in pigmatites and metamorphic rocks, but does
occur in granite and some igneous rocks. Its weathering rate is slow
and occurs commonly in the temperate climatic zones. The crystal
structure of albite as any plagioclas feldspar, consists of a three
dimensjonal framework of silicate minerals. Some of the silicon are
replaced by aluminum resulting in excess negative charge, which is
compensated by sodium cation. The higher the cation compensation,
the lower the stability of structure unit because of the formation of
an open structure with low bond stress between units, As a
sequence, there are cleavage planes in two directions, the hardness
is moderate and albite as feldspar is relatively easily broken down.
Therefore, the appearance of feldspar minerals in soil is lacking com-
paring to their existance in igneous rocks (representing 60% by

weight of igneous rocks), (Mitchell, 1976).

5.1.2 Clay Minerals: According to Bell (1981) "Clay deposits are
principally composed of fine quartz and clay minerals The latter rep-
resents the commonest breakdown products of most of the chief rock
forming silicate minerals”. Clay minerals of the study area were
identified by X-ray diffraction analysis. In addition, some properties
of the clay minerals were indirectly used to ensure the identification.
Some of these properties are: Catjon Exchange Capacity (CEC),
activity , and the change in X-ray pattern after subjecting the min-

eral to heating up to a certain degree.
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- 5.1.2.1 Clay Minerals Identification: X-ray diffraction analysis were
carried out upon four oriented samples (as described in Chapter 3).
Figure 5.8 shows the X-ray patterns of two fine oriented samples.
The quantitative analysis of the samples is shown in Table 5.3. From
the computer analysis of these patterns, kaolinite is found to be the
predominant clay mineral. Quartz and calcite appeared among clay
minerals although they are nonclay minerals. In fact this is related
to the possibility of quartz and calcite to exist in clay fraction size,

less than 2 um.

The crystalline structure of kaolinite changes to amorphous at
550 .- 600°C. Taking the advantages of this property for further
identification, two samples out of the above four were chosen to sat-
isfy this property. They were heated upto 575°C and retested by
X-ray diffraction. The resulted pattern was imbricated upon the
previous pattern of the same sample as showﬁ in Fig. 5.9. At 20
equals 12.0 a reduction in the intensity of kaolinite peak is noticeable
due to the transference of kaolinite to amorphous. This confirms the

exitance of kaolinite as a clay mineral in the tested soil.

One of the most important properties of clay minerals is the
exchangeable cations required to balance the charge deficiency of
clay. This property is termed the "Cation Exchange Capacity" (CEC)
and is usually expressed ‘as milliequivallents per 100 grams of dry
clay (Mitchell, 1976). Table 5.4 shows the values of CEC of differ-

ent clay minerals. The cation exchange capacity was utilized for
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identifying the clay minerals of the soil within the study area. The
wet chemical analysis and the CEC values ,are presented in Table
(5.9). Al the CEC values are almost in the range of 6 - 16 meq/100

gm, which is almost the same range of kaolinite (3- 15 meq/100 gm).

Another indirect identification method is by making use of the
activity of the soil, which is the ratio of the plasticity index to the
amount of the cla& fraction (percentage by weight of particles finer
than 2um). Tables 5.5 gives values for the activities of different clay
minerals. The activities of some soil samples from the study area are
listed in Table 4.4. Comparing the values in both tables indicates

the following:

- The soil of the study area is inactive soil as indicated in
Table 5.5.b after Gillott and et el. (1987). This means the
effect of clay on the properties of the soil is not that much.
"The higher the activity of a soil, the more important the
influence of the clay fraction on properties" (Mitchell, 1976).

- The activities of the soil of the study area are mostly in the
range of the activity of kaolinite(0.5). This identification
coincides with the X-ray diffraction and CEC identifications,
except for the dark stiff fissured lean clay, top layer, which
has an activity of 0.64 greater than 0.5. This means it may
contain some illite(0.5-1.0), which does not coincide with the
other identification methods.

- Finally, the existance of montomorillonite has not been shown

158




159

Table 5.4 : Cation Exchange Capacity of Clay Minerals
(After Joseph E. Powels, 1984).

Clay Exchange capacity. meq 100 g
Kaolinne 3-15 '
Halloysite (4H,0) 10-40

Hinte 10-40

Vermiculite 100-150

Montmorillonite $0-150

Table 5.5: Clay & Clay Mineral Activities

a: Activities of Various Minerals
(After Mitchell, 1976).

Mineral Activity*
Smecctites 1-7
Illite 0.5-1
Kaclinite 0.5
Halloysite (2H,0) 0.5
Halloysite (4H,0) 0.1

" Attapulgite 0.5-1.2
Allophane 0.5-1.2

Plasticity Index
% <2 pm

*‘Activity, 4 =

b: Classification of Clays in terms of
Activity ( After Gillote and et al.

1987).

Description of clay Activity
Inactive < 0.75
Normal 0.75-1.25

Active » 1.25
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by comparing the activities values method as well as by the

other methods.

5.1.2.2 Kaolinite OHBSI4AI4010:

Kaolinite mineral is the most important clay mineral. It is prin-
cipally formed as an alteration product of feldspars, feldspathoids
and muscovite as a result of weathering. Kaolinite mineral is com-
posed of 1:1 alternating silica and octahedral sheets as indicated dia-
grammatically in Fig 5.10. Its appearance in soil is very common in
successive layers pattern, strongly bonded by both Ven der Waals
forces and hydrogen bond as shown in the Figure. That is why kao-
linite does not exhibit an inter-layer swelling. The shown chemical
composition gives an indicator to the different available components
within the shown picture. The heights of peaks in Fig. 5.10.c are
proportional to each other. The higher the peak the predominant the
element is. The peak under sy;nbol AU represents the gold which
was used in coating the specimen which is not original mineral within

the sample.

The type of absorbed cations influences the behavior of the
soil. The greater their valency, the better the mechanical proper-
ties. The higher bonding between layers and the high Al content
reduce the adsorption of water. The cation exchange capacity (CEC)
of kaolinite is in the range of 3 - 15 meq/100 gm which is very low

value comparing with the other clay minerals. As the cation
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exchange capacity of a cohesive soil decreases so does its plasticity
index. The lower the plasticity index and the tendency, the lower
the compressibility and the higher the strength. The CEC values of
the study area soils varies from 6 - 16 meq/100 gm. It is in the
high range because of the alkalinity of 'the soil (pH > 7). The spe-

cific gravity of kaolinite is about 2.6 - 2.68, while its specific area is

10 - 20 m%/gm.

5.2. Soil Chemical Analysis

Soil chemical analysis was done by X-ray fluorescence (XRF) ,

energy dispersive spectrum (EDS) and wet chemical analysis as

described in the following sections.

5.2.1 Soil Chemistry by Energy Dispersive Spectrum & X-ray

Fluorescence:

Fig. 5.11 shows some representative patterns of the available
elements, Ca, Ti, K, Mn, Fe, etc. within the studied soils as they
detected by EDS . The figure shows also some of the scanning elec-,
tron microscope (SEM) of the minerals which contain those elements.
The intensity of peaks in the EDS patterns give an idea of the ele-
ment concentration with respect to other elements. Fig. 5.11.a
shows the calcium carbonate in the needle form of aragonite. EDS

analysis of the same figure shows the relative bhigh calcium con-

tents(Ca). Fig. 5.11.b shows the existance of titanium which
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occures primerly in a coarse- grained crystals of free TIO2 such as

rutile, antase or ilmanite (Bear, 1964). EDS -pattern of the same fig-
ure indicates also the manganese existance which was found in the
dark rounded particales attracted to the clay particales as shown in
the SEM figure (Fig. 5.11.b). Fig. 5.11.c. shows the iron oxide

covering a platy sheet as detected by SEM.

Tables 5.6 énd 5.7 show the chemical composition of granular
and fine solls in terms of element oxides percentages. Comparing the
composition of the different soils of the study area with the natural
average chemical composition of the earth's crust, as shown in

Appendix C-2 (Bear, 1964), the following can be stated.

- All soils contain high calcium oxide content (17% - 31%) with
respect to the natural calcium content (5.1%) . Consequently, the
higher the calcium in the soil, the higher the calcium carbonate
content (calcite or aragonite). The high calcium carbonate in
form of calcite has been resulted from the albitic plagioclase (felds-
par), igneous rock, metamorphic rocks and mostly from limestone.
Bear, (1964) indicated that "As the weathering intensity and time
factors increase, the calcium supply can ’progressively be obtained
from the more albitic plagioclase".

- The soils of the study area contain higher values of Feaoa (6.6% -

22.7%) than natural values (3.7%). High stability of soil aggre-
gates and high soil porosity are usually associated with high iron

oxide contents (Bear, 1964). Iron oxides are inherited from
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parent rock, sedimentary and igneous rocks.

= All solls within the study area exhibited higher values of 7/0 2

with an average value of 4% than the natural values ( 1%) .
- Finally, all the other eclements oxides of the different soils are in
the range of the average values, except MnO of the clayey sand

soil.
5.2.2 Wet Chemical Analysis

Table 5.8 shows the cations or anions concentrations of the
chemical elements ofthe different soils expressed in mg per liter.
These concentrations were obtained from extracted solutions of 1:4 or
1:2 (soil to water). The tabulated values were converted to 1:1 soil

to water.

As can be observed from table 5.8 most of the study area soils
contain high percentage of calcium carbonate. The sulphate content
ranges between a maximum of about 352 mg/lit within the sandy silt
soil to a minimum of about 25 mg/lit within the poorly to well graded

gravel with sand. The maximum sulphate content of the silty soil of

the study area can be expressed as almost 18 SO 5 parts per 10"5 of

167

1:2 water to soil extraction. After M. J. Tomlinson (1980) this value .

is less than 30 SO3 per 10'5 » So normal portland cement ( type I)

can be used and no need for high sulphate resistant cement (type

V).
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Table 5.9 gives some of the chemical engineering properties
which were obtained either by direct chemical analysis such as pH,
organic matter and cation exchange capacity (CEC), or by applying
certain formulae such as sodium adsorption ratio ( SAR), exchangeable
sodium ratio (ESP) and total dissolve salts (TDS). TDS can be
obtained by direct chemical methods, but for the identification of dis-

persion phenomena purpose it is derived using the following formula:

+4+ ++ .
TDS = [Ca'’, Mg**, Na*, K|

where concentrations are in milliequivalents per liter (meq/

lit). The sodium adsorption ratio is equal to:

Na*
ca'’ + mgtt 1,2
(=1

SAR =

The exchangeable sodium ratio is defined by

100 [ -0.0126 +0.01475(SAR) |

ESP = 147 ~0.0126+0.01475(SAR) |

Since the values of pH greater than 7, the soils under the
study are alkaline soils. The value of pH effects the CEC values,
The higher the pH, the higher the CEC. As shown in the table the
organic .matter percents are very low so it has no significant effect

on soil behavior.

170




171

: Inspected erosion of top surface

Plate 5.1

layers of an open excavation.



5.2.3 Dispersive Soil

Plate 5.1 shows a surficial erosion due to rainfall effect on an
open and vertical excavated side in sandy sijt soil. Erosion of fines
from the soil structure upon wetting has a significant effect on the
soil fabric and its cohesion . This will discussed in the following

section.

Dispersive solls are defined as soils which are structurally
unstable and have hjgh susceptibility to erosion. Dispersive soils are
mostly clayey sofls. The repulsion forces between particles exceed
attraction forces which cause colloidal particles on the outer surface
of a soil mass to spring out into suspension (Sherard and Deker,
1876 and Spanguler and Handy, 1984). The leaching of fine particles
in this way may cause a collapse in the fabric of the soil as dis-

cussed in next section.

The principal difference between dispersive soils and the non-
dispersive soils is the nature of the cation in the pore water. Dis-
persive solls have higher content of sodium, while ordinary soils have
higher content of calcium and magnesium cations in the pore water.
Taking the advantages of this characteristics, simple tests can be
used directly to identify dispersive soils.

- The first simple identification test is the crumb test (Rallings, R.
A. ,1966). In this test a small crumb of sofl at natural water con-
tent is dropped into a baker of water (150 ml) and the dispersion
is observed directly by observing the tendency of the clay parti-

cles to go into colloidal suspension after 5 - 10 minutes of immer-
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sion. The presence of these colloidal clouds indicates the tendency
of dispersion. In fact all fine soils within the study area exhibited
this cloudy colioidal forms upon immersion, but this way of identi-
fication interferes with the way of identifying the collapsing soils.
In other words, this colloidal clouds may be due to dispersion or
collapsing. So the following identification systems are more reliable
than the previous one.

Exchangeable sodium ratio (ESP) is a good indicator of particles
dispersion. Different studies showed that soils with ESP greater
that 2% are susceptible to dispersion, and clays with ESP greater
than 10-15% will disperse instantly, (Mitchel, 1976 and Sherard and
Deker, 1976). Considering the ESP of the study area sofls in
Table 5.9, the following results can be derived: All fine soils are
not susceptible to dispersion, but the fine portions within the
granular soils are susceptible to dispersion as they were deposited
by leaching and evapoxja,tingT These fine contents exist within
clayey sand, silty clayey sand with gravel and within well to
poorly graded soil having ESP values greater than 2.0 (table 5.9);
finally:

Soluble salts in pore water test is a standard test of agricultural
soll scientists. In this test the percent sodium is used as an
indicator to dispersion. It is defined as:

+ +
Percent Sodium = Na_x100 _ — Na +)(,'100
(Ca" + Mg~ +Na* K*)

TDS
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where concentrations are in meq/lit. The higher the percent
sodium, the more the tendency of the soil to dispersion.

Sherard and Deker (1976), constructed a relationship between per-
cent sodium, sodium exchangeable ratio and total dissolved salts.
Different zones were used to identify the susceptibility to colloidal
erosion as shown in Fig. 5.12. The required parameter of the dif-
ferent soils were calculated and plotted in the figure as shown.
All soils plotted in zone B which means that all soils within the
study area are nondispersive soils. This means that they are not
highly erodeable according to the dispersion definition, but they
still have the tendency to erode at low rates as detected from the
fabric and shear strength analysis. The clay and colloidals act as
a cementation agent to other partléles. The analysis indicated the
softening of cementation upon wetting is associated with slow rate
of eroding. These softening and erosion are the main reasons for
collapsing and losing strength upon saturation which have been
proved by laboratory testing as will be shown latter. For further
studies, in future, of the dispersion phenomenon, pinhole tests

shoixld be done (Sherard and Decker, 1976).
5.3 Soil Fabric
5.3.1 General

The fabric sometimes decisively affects the engineering prop-
erties of soils such as sensitive clay deposits, loess deposits, etc.

According to Bates and Jackson, 1980, fabric is defined as "the
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Soils in this zone may be
dispersive or nondispersive

Fig. 5.12: Relationship between dispersibility (susceptibility 1o colloidal erosion) and dissolved
pore water salts based on pinhole tests and experience with erosion in nature. From Sherard, Dun-

Na

nigan, and Decker, 1976b. SAR = ,
4/0.5 (Ca + Mg)

valid only when eroding water is relatively pure. (Mitchell, 1976).

all in m. eq./liter, Note: Relationship shown is
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physical nature of a soll according to the special arrangement of
its particles and voids". Primary fabric f;;rms develop on deposi-
tion time , while secondary fabric forms develop later on due to
the effect of deformation-consolidation and shear, crystal growth,
moisture movements, ete. The term "structure"” has a broader
meaning of the combined effects of fabric, composition, and inter-
particle forces. The term "microstructure" is often used to show
the effect of interparticle forces as well as fabric on soil proper-

ties.

Many scientists and authors have given different descriptions
and expressions for the soil fabric. At an early time, Terzaghi
suggested that some soils were composed of individual grains of silt
and flocculated clay arranged in an arching skeleton enclosing
large voids. This arrangement has been termgd honey-combed by
Casagrande (1932). Lamb and Martine (1953) predicted parallel
type of arrangement of clay particles for fresh water deposits. In
recent work it has been suggested that clay minerals are more

often deposited as aggregates than as single crystals (Gillott,
1987).

In this study the microstructures of soils were identified
according to the descriptions depicted in Fig. 5.13a given by Van
Olphen (1977). This type of fabric depends on the inter-particle
repulsive and attractive forces, and commonly used to describe the

clay fabric. In case of loess deposits, the fabric is shown in Fig.
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’ (a)Modes of particle association in clay suspensions, and terminology.
(AfterGiHutea 197&);' .
(A) "Dispersed® and “deflocculated.*
(B) "Aggregated" but "deflocculated” (face-to-face association, or parallel or
oriented aggregation).
(C) Edge-to-face flocculated but “dispersed.”
ng Edge-to-edge flocculated but “dispersed."
E) Edge-to-face flocculated and “aggregated.”
(F) Edge-to-edge flocculated and "aggregated.”
(G) Edge-to-face and edge-to-edge flocculated and “"aggregated."
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CONTACT

BOND BY SURFACE . N o
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PRECIPITATE BOND BY CLAY
OEPOSITED FROM
PERCOLATING WATER

L (b) Schematic of collapsing soil (Adapted from Dudley, 1970:.Barden et
al., 1973),after Gillute, 1978). P ¥a B30

Fig. 5.13: Soil fabric



178

5.13.b after Dudley (1970) and Barden et al (1973).
5.3.2 Fabric of Studied Soils

The fabric or microstructure of the study area soils included
sandy silty soil, sandy silty clay with gravel soil (loess deposits),
lean clay and lean clay with sand soil. The loessial soils exhibit a
metastable structure, while lean clay soils exhibited a preferably
oriented fabric. The microstructures shown in this section were
selected out of sixty pictures in order to present the predominant

and representative fabric.

5.3.2.1 Metastable Fabric (Collapsing Soils): "Metastable fabric or
collapsing soils are defined as any unsaturated soil that goes
through a radical rearrangement of particles and great loss of vol-
ume upon wetting with or without additional loading" (Clemence and
Finber, 1981). Soils with collapsible grain structures may be resi-
dual, water éeposited, or aeolion (Dudley, 1970). Water and wind
deposited collapsing soils are usually found in arid and semi-arid

regions (Mitchel, 1976).

The collapsing soils within the study area are mainly of loess
soils. Fans, mud flow, volcanic tuff and alluvial flood plain depos-
its may produce -collapsible soils (Gillott, 1987). The natural
structure of aeolian deposits contain clay cement binder. Upon
saturation this clay binder loses its strength causesing structure

collapse. Figs. 5.14 and 5.15 show the microstructure of the loess
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Fig. 5.14 : a) Loess microstructure of air-dried,
vertical section, sandy silt. Station 33
at 1.8m.
b) ED -spectrum of the loess specimen shown in

(a).
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ngo
(b) Connectors

Fig. 5.15: a) Metastable fabric of sandy silt, loess soil,
(Station 33, at 1.8m.)

b) Schematic representation of particle assemblages
(Collins and McGown, 1974).
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collapsing soil of sand silty soil type taken from 1.8 m below the
ground surface at station # 33. These figures indicate the large
voids and its distribution among the soil fabric either in the form
of pores within the agglomerations or interparticle pores between
individual particles and agglomerations. In addition, the energy
dispersive spectrum (EDS) (Fig. 5.14.b) shows the existance of
binder agents such as calcite and iron oxides. These open fabric
and cementation binders, besides the higher silt contents (55%) and
lower clay percentage (15%), led to a metastable structure that

tends to collapse easily upon wetting.

The basic concept of collapsing phenomena is of an open fab-
ric of bulky shaped grains, often in the silt to fine sand size
range, held together by some bonding maferia]s or forces. Differ-
ent types of bond may be available such as flocculated clay but-
tress, capillary forces in case of silt-silt and silt-saqd bonds,
chemical precipitations and clay bridges (Fig.5.13.b)and clothed by
clay interaction. A certain fabric may possess one or more of
these bonding systems. The following microstructure figures show

the metastable fabric with different types of bond.

Fig 5.16 shows the clay assemblaged, .clothed silt and sand
particle and inter assemblage pores. Aragonite, as a cementation
agent, appears in needle forms. This figure represents the open
clothed granular interaction of the sand silty soil from station #

33. Fig. 5.17 represents the same fabric of sandy silty clay with
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Fig. 5.16 : a) Microstructure of clothed silt and sand particles
of undisturbed sample, air-dried and vertical section.

b) ED-spectrum, Station # 33 at 1.8 m.




(a)

AGGREGATED CLAY
GRAIN

CLAY BOND Clothed interaction

(b)

Fig. 5.17 : Open fabric of clothed granular interaction type.
a) Microstructure of vertical undisturbed sample,
air-dried, b) schematic representation for the
above fabric, (after Collins and McGown, 1974)
and Bradle, 1970.

183




184

gravel from station 31. The cementation agent ,calcite, in Fig.5.17
is found in a bulky white form, compared .with the needle form of
aragonite in Fig. 5.16. Upon saturation the grains slide over one
another, moving into vacant spaces. Moreover, during the sliding
mechanism the clay coating represents a lubrication agent by which
grain to grain friction is reduced and excessive collapsing takes

place.

Fig.5.18 shows another open fabric known as honeycombed
structure. The honeycombed is the main type of the metastable
fabrics. Clay precipitation represents the connectors between
sand, silt and clay assemblage. The particles and assemblages are
sustained stable by calcite, iron oxides and aggregated clay bond.

Upon saturation the fabric collapses.

Another open fabric is formed by keeping the silt and sand
grains in positions without grain to grain contact by supports or
bridges as shown in Fig.5.19. These bridges consist of clay hav-
ing high calcium carbonate (caleite) and iron oxide contents as
shown from the X-ray spectrum figure. The percentage of calcite
of the same soll, sandy silty clay with gravel from station # 38,
reached 28% as detected by X-ray diffraction (Table 5.3). Upon
wetting the softening bridges govern the collapse of the structure

into the open cavities.

The relatively high rate of chemical precipitations as shown

in the microstructure figures (5.17.a, 5.18.a, 5.19.a, 5.20.a etc.)
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Fig. 5.18 : a) Honeycombed open fabric stfucture of sand silts,
loess deposit (Station # 33),
b) Structure of open fabric after Casagrande (1932)
and Mitchell (1976).
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may be due to the effect of high rates of evaporation and leaching
in the region due to drying and wetting which permit high chemical
precipitation. This cyclic weathering ‘process of drying and wet-
ting may cause little collapse within the initial fabric results in
forming a secondary fabric form. This secondary fabric form has

the tendency to collapse upon saturation and loading.

Fig. 5.20 shows the precipitation of flocculated clay on the
cusp buttressed of grains. This picture gives another collapsing
mechanism; upon wetting of this metastable structure (Gillott,
1987). Fig. 5.21 shows the flocculated clay that is rich in calcite
as a predominant cementing agent within loess soils. The clay
particles itself consist of face to face aggregated and flocculated.
The collapse mechanism will take place not only in the cusp but-
tress, but also in the flocculated microstructure itself. The dis-
solving of the. cementation agents will contriBute to this collapse
but in a slow rate compared to the collapsing of grain due to slid-

ing into vacant voids.

5.3.2.2 Oriented Fabric of Lean Clay Soils: Oriented fabric is
very common in water deposits. Stiff dark Jean clay and stiff
brown sandy lean clay are the soils which exhibited such fabric.
The microstructure fabric of these soils is characterized by close-
packed arrangement and close-packed face to face aggregation with
less pores, both inter-assemblage pores and interparticle pores, as

shown in Fig.5.22.
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(a)
7 a—CLAY
BUTTRESS
FLOCCULATED
CLAY BOND
(b)

I Fig. 5.20 : a) Microstructure of clay buttres selected
from Station 36 at 2.0m.

b) Schematic of the fabric after Dudely,
1970 and others.
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(b)

Fig, 5.21 : a) Scanning Electronic Microscope of Flocculated
face to face clay structure.

b) EGS of flocculated clay bonded by calcite and
kaolinite.
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(a)

(b)

Fig. 5.23: High clay precipitation within silt particles of
a) Sandy lean clay, and b) lean clay, Station 36
at 4.0m and Station 33 at 0.7m. respectively.
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- Fig.5.23 shows the granular close-packed arrangement with
high chemical and clay precipitation, and less interparticle voids.
These precipitations are rich in calcite in case of sandy lean clay
(30%) and rich in kaolinite in case of lean clay (39%), (Table 5.3).
Ironoxide, potassium oxide and titanium oxide as chemical precipi-
tation were also found in both soils as detected by X-ray spec-
trum. These chemical precipitations, which are the main source of

bonding and cementation, give a complete clothed particle interac-

tion fabric.

Fig. 5.24 shows the clay fabric of both soils. Edge to edge
of the face to face aggregation is the common fabric. Smalley and
Caberera (1969) described such arrangement by stepped face to
face aggregation (Gillott, 1987). This pattern possesses an open
structure and uneven edges. Sometimes edge to edge arrangement
is not clear due to clay coating with chemic;'tl melting of calcite,
iron oxide, etc. Sandy lean clay exhibited better orientation
because it is located at larger depth which reduces the effect of

weathering.

Freezing and thawing, wetting and drying and pressure
effects are thought responsible for development of cracks, cleavage
and fissures. Since the lean clay soil is the top soil, it is sub-
jected to weathering processes more than other layers. In addi-
tion, this layer acts as a crust protection for those layers

beneath it. Moreover, it preserves the natural structures of the
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(a)

&

X1, 890 18rn W39

Fig. 5.24 : a) Well oriented face to face aggregation with edge
to edge of sandy lean clay soil, Station 38 at
4.5m.

b) Layering in face to face aggregation bonded by chemical
precipitation of lean clay. Station 33 at 0.7m.




layers beyond it by stopping the seepage of lafge quantities of
water. The weathering effects on particales of this top layer are
very clear as can be seen in Fig 5.23.b. The cloudy shape repre-
sents the edges of the weathered particles. Comparing this with
the microstructure of sandy lean clay in Fig. 5.23.a, the weather-
ing effect is very minimum. This is because the sandy lean clay

layer is at depth of 4.5m which is far away from the seasonal

weathering effect.

The cloudy fabric, of the top lean clay soil, depicted in Fig.
23.b , is similar to the fabric of swelling soils which possess smec-
tite (montmorillonite). This top soil exhibits a small swelling char-
acteristic especially under low pressure, although the X-ra diffrac-

tion of this soil did not show any smectite minerals.

Fig.5.25 shows also the fabric of lean -clay soil. A cloudy
form with stepped face to face aggregation can also be seen. This
may be due to weathering effects of swelling and shrinking. This
swelling is related to the slightly over-consolidation property which
this soil has. It is also related to the relative high clay content
(32%), low natural water content (14%) and low calcite content
(4%). These factors cause a swelling within the soil mass upon
wetting and not within the intercrysal structures (octahedral and
silica sheets) as smectite minerals do. The effects of these factors
on swelling were discussed by, Altschaeffl (1982), Bull (1964) and

(Gillott, 1987). The figure (5.25.b) shows the lower portion of
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~Fig. 5.28: Structure fabric of lean clay, Station 33 at 0.7m.
‘ a) Scanning Electronic Microscope of air-dried

undisturbed sample.
b) ED8 of lean clay soil.
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calcium as cementation agent and the higher of iron oxides and

titanium oxides in the lean clay soil as detected by EDS.

5.3.2.3 Clayey Sand Fabric: This soil was found in a very limited
area. It was found at station # 23 and it may be found in levees
zones on the sides of streams. It exhibited not only different
chemical composition, but also different microstructure characteris-
tics. Fig.5.26 shows the fissures, sand and silt particles as
shown in white, and clay matrix as indicated in black. This fabric
is greatly similar to the fabric of Cazenga clay (Angula) which was
detected by Silva, J. A. (1971). This clayey sand soil may
exhibit swelling characteristics and further study is advised to
find its distribution and formation, and its shear strength and
deformation characteristics. In this present study, mineralogy,

composition, fabric and classification and index properties of this

soil were studied.

5.3.3 Cementation

Many soils such as sandstone, shales, loess are essentially
cemented soil material. Such soils are most widly occur in semi-
arid and arid region and in humid regions (Bear, 1964). The soils
of the study area are either loess or alluvial soils containing mainly
calcite, silica, aluminum and iron oxide, in form of hematite and
maghemite, as cementation materials. Removal of this cementation

material results in disaggregation of material as known by disce-

mentation.
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(a)
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Fig. 5.26¢ Microstructure of clayey sand, Station 23 at 4.5m
a) SEM of air-dried, vertical section of undisturbed

sample.
b) EDS of clayey sand.
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(a)
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]
| venede ! (b)

Fig. 5.27: a) SEM of well cemented sand and silt particles
by cementation agents.
b) EDS of cementation agents. Station 38 at 4.5m.
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Fig.5.27 shows the microstructure of the cemented particles.
The cementation is in the form of a thin film coating the particles
of silt and sand and joining them through contact points or in the

form of platy particles interaction.

Cementation has important effects on the behavior of many
soils. Cementation may result in an apparent over-consolidation.
If the pre-consolidation is greater than the true applied pressure,
a marked reduction in cohesione is observed (Mitchel, 1976). That
is why some soils of the study area exhibited a slightly over-con-
solidated behavior. Upon saturation the soil loses its cohesion
property. A noticable volume decrease is measured due to weaken
the cementation by wetting. In contrast, the cohesion is higher
and the deformation is less in case of undisturbed unsaturated
cemented soils. For cemented soils the lower the water content,
the greater the bond strength (Clemence, 198]). The rate of los-
ing cementation effectiveness relys upon the amount of incoming
water and the applied stress. The higher the saturation and the

higher the applied stress, the higher the rate of lossing the
cementation (Gillott, 1987).

The most common soil fabric types including metastable fab-
ric, well oriented fabric and the conglomeratic fabric of the
cemented sandy gravelly soil are all summerized in table 5.10. The
table also indicates the different forms of each soil fabric as well

as the cementation agents.
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Chapter 6

SOIL DEFORMATION & SHEAR STRENGTH CHARACTERISTICS

6.1 General

This chapter deals t‘vith the compressibility and deformation
properties, obtained from one dimensional consolidation tests and the
shear strength and stréss strain behavior, obtained from consolidated
undrained triaxial tests. The results will be shown in both conven-

tional and critical state model forms.

6.2 'Consolidation and Collapsing Properties
€.2.1 Results of Consolidation Tests:

Twenty one one-dimensional compression lests were performed
on representative specimens from different fine soils selected from

different depths. Figs. 6.1-6.3 show e-log c'v curves of some

selected soils. The rest of the curves are shown in Appendices D1
to D3. Appendix D-4 shows the computer program which was used in

calculating e and o'v values. The figures (6.1-6.3 and D1-D3) show

different patterns according to the soil type and its stress history.
The natural water content (We), the specific gravity (Gs) and the

initial void ratio (eo) are also shown in the figures. The pre-consoli-
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Fig. 6.1: e-Log ¢'_ curve of sandy silt soil selected from
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dation pressure crp were determined by using Casagrande's method.

The field curve was drawn for each sample using Schmertmann

graphical method. The compression index Cc was determined from
the slope of the straight portion of the laboratory curve. The coef-
ficient of volume compressibility m  was evaluated from the change in
voids ratio corresponding to a pressure increase of about 150 KN/m2

from the first 50 KN/m® loading of the lab curve. The swelling

index, Cs was determined from the average slope of the unloading

reloading curve. The values of these parameters are shown in Table
6.1. The table shows also the values of the coefficient of consolida-

tion CV which is determined by the square root of time method. The
average value of Cv’ of the following load increment (25, 50, 101,
203 and 407 KN), was considered. The overburden pressure G'vo

was calculated according to the natural in-situ state. The values of

o
over consolidation ratio (0.C.R) defined as ?-E— are also shown in
vo

Table 6.1.

The different parameters of compressibilily from laboratory
tests can either be ap'proximatly evaluated by applying certain formu-
lae or corrected by using certain suggested methods. The field val-

ues of the compressive index Cc' and the coefficient of volume com-

pressibility mv' were obtained using the field curve. These values
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are shown in Table 6.2. Comparing the laboratory and the field val-
ues, the following remarks are driven:
- A maximum approximation of about 17% results in case of using

the following suggested relation by Terzaghi and Peck (1967):
Cc' = 1.3 Cc
where Cc' : is the compression index resultes from the field vir-
gin.
The empirical relation:

Cc' = 0.009 (LL - 10)

after Terzaghi and Peck (1967) is applicable for clay soils such as
lean clay in this study, while a difference of about 50 % was

noted in case of using this relation for the silty soil (loess).

The coefficient of permeability was calculated from one-dimen-
sional consolidation results by using two different methods. A third
empirical relation was also used. In the firsi method the following

relation was used:

= - sec
K Cvmvyw m/

where Yo = 9.8 KN/ms and CV is the coefficient of consolidation.

The computed values of K are shown in table 6.2 as K . In the sec-
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ond method the square root of time depicted in Fig.6.4 was used to

get the coefficient of permeability, K‘,‘2 in Table 6.2 (Young, R. N.

and Townsend, F. C. 1986). Different values were obtained corre-
sponding to different load increments. The average values were con-
sidered. In order to compare the obtained values of the coefficient

of permeability from oedometer test to other values, the Hazen rela-

tion was used as follows:
2
K = C(Dlo) cm/sec

where C = 100 as an average value, since it depends on the soil type

and D10 is the effective diameter in cm. This method is more suit-

able for sands. The computed values of K using Hazen felation are

shown as Ks in Table 6.2.

6.2.2: Critical State Results:

To compute the critical state parameters, one need to calculate

the mean effective pressure p as

_ 1 . . '
p. == (Gv 1 2(yh)

where: o'v = the effective vertical stress and o'h is the effective

horizontal stress. Hence, the effective horijzontal stress ( cr'h )

needs to be estimated, because it is not measured in the usual one

dimensional test. The horizontal effective stress G'h is related to the
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AXIAL COMPRESSION, Ah,mm

11?1E,‘/?, min

K - initial height of specimen (mm)

—— AN, Ah,- tomp. after 0% primary cons. (mm)
Ahgy- comp. after 90% primary cons. (mm)
lyp - time for 90% primary cons. (min)
Ap - load increment (kN/m?)

-AhM ANy = AR)
K = 0.126-9.81 1~ AN Ab - AN (m/year)

Ap-f”

Fig. 6.4 : Coefficient of permeability k from time-
compression curve.

(After Young, R.N. and Townsend, F.C., 1986).
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effective vertical stress by

where k is the coefficient of lateral earth pressure (Atkinson, J. H,
and Bransby, P. L. , 1978). The coefficient at which no lateral
movement in soil mass is called the coefficient of earth pressure at

rest ko’ This relies upon the soil characteristics at natural condition

which is very difficult to assess. So, two different empirical rela-

tionships were used to evaluate an average value of ko. The first
relationship, ko depends on the internal friction angle (¢) of normally

consolidated clays (Bowles, 1982). It is definécl as:

k,, = 0.95 - Sing

The second relation ( Bowles, 1982) depends on the plasticity index

PI is defined as:

k02 = 0.19 + 0.233 log PI.
An average value of kol and koZ were considered in calculating kave‘

The critical state parameters for each soil type were obtained
according to the following steps:
- For each vertical load increment of the odometer test, the
final void ratio e is recorded.

- The horizontal stress is computed as:
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°h < (ko)ave v
- The critical state parameters required the calculation of the

mean pressure p as:

’

. g
p = -3—(0'v + 20’h)

- For each void ratio e, the specific volume v is calculated as

v=1+e
- The data are plotted in v In p space and the following criti-

cal state parameters can be obtained:

A = slope of the normal consolidated line
k = slope of the swelling line

Vo, = [Initial specific volume = 1 + e,
No = specific volume at p' = 1.0 kpa

The previous steps were repeated for all soils. Table 6.3 shows
an example of how to obtain these parameters for the sandy lean clay
soil (Station # 36 at 4.0m). Figs. 6.5 - 6.6 show the v — In p plots

of some soils and the rest of the plots are shown in Appendices D-5

and D-6,

For one dimensional consolidation test the following relations

were used to get Cc, Cs and m_ from ) and x as follows:
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Cc = 2,303 A
Cs = 2.303 «
A
m =
v ;
(o‘V X V)

The coefficient of volume change m_ was calculated at specific volume

corresponding to different vertical stresses. The vertical stress

equals 203 kip gave the average values of m,. All the above data

results are summarized in Table 6.4

6.2.3 Analysis of Results:

Volume change in soils either compression or expansion have a
great effect on changes of soil strength and deformation. Generally,
changes in volume may result from changes in pressure, temperature
and chemical environment. Since the study afea is arid region, the
volume changes of the study area soils are greatly effected by the
chemical and environmental factors. Referring to Table 6.1, the
stress-history of the clayey solls is predominantly normally to slightly
overconsolidated except for the top layer soil, lean clay which exhib-

ited a relatively high O.C.R. =10 .

The slightly overconsolidated soils within the study area
(O.C.R. = 1.5 - 3.5) have been predominantly influenced by fluctua-
tion in ground water table and soil composition. The water table was

known to be about 2.0 to 4.0m below the ground surface twenty-five
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years ago, while it is now about twenty meters below the surface.
This movement of the water table led to densification or hydroconsoli-
dation of the soil (Mitchell, 1976). The second significant and pre-
dominant factor is the chemical and environmental effect. The leach-
ing and precipitation of chemical, clay and colloidal materials resulted
in forming certain structures with high chemical precipitations as
cementation agents, as shown earlier in chapter 5. This cementation
may result in an apparent preconsolidation pressure. Removal of iron

compounds, the cementation agents, from sensitive clays led to a

decrease in apparent preconsolidation pressure of 30 ton/m2 (Mitec-
hell, 1976). The cementation effect was also noted by Bjerrum (Mite-
hell, 1976). This preconsolidation could be a quasi-preconsolidation

effect similar to the one noted by some investigators (Fadlul, 1982).

According to the above it is clear that most of the studied
soils, below the dark top layer, are normally consolidated soils. The

appearance of lightly preconsolidation of some soils are mainly related

to soil composition.

The stiff fissured lean clay, top layer, exhibited relatively
high overconsolidation ratio (0.C.R. = 10), as shown in Fig. 6.7.
This is greatly related to the cycle of swelling and shrinkage which
this layer has been subjected to as a result of wetting and drying.
preserves the layer beneath it against the weathering effects. Since
this layer is a surficial layer, a dynamic loading effect may be con-

sidered as another factor which causes preconsolidation. The
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overconsolidation of this layer may also be related to the internal
water tension between particles or more specifically referred as the
soil moisture tension. This soil is characterized by its cracks .and
joints which ,in time, may be filled with debris and are no longer
obvious. Such clay soil is known as desiccated clay. Upon wetting,
this soil relaxes leading to ‘a release of the internal tension between
particles, subsequently, an expansion to a certain limit occurs. The
expansion or compression of this soil is a function of the initial water

content, the applied pressure and the swelling pressure of the soil

(Spanglar and Handy, 1982).

The coefficients of volume compressibility m_ of the soil units

are in the range 0.17 to 0.51 mz/MN. According to Tomlinson (1380),

the lean clay and sandy lean clay identified as medium compressible

soil (mV = 0.1 - 0.3 ma/MN), while the other soils were described

as highly compressible soils (mV = 0.3 - 1.5 mz/MN). Something has

to be noted in the identification of the compressibility between this
system and the plasticity chart identification, Appendix B2. Both
systems gave the same result in case of lean clay and sandy lean clay
soils, while different identifications were obtained in case of loess
and sandy soils. Since soils were tested in saturated condition, high
compressibility is expected, specially from loess soils. Cpnsequently,
the identification of the compressibility of loess is low when they are

partially saturated, but upon saturation high compressibility in form
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of collapsing is expected. The collapsing of loess soil will be
described later.

The compressibility of any saturated soils having different clay
minerals increases in the order kaolinite < illite < montmorillonite

(Mitchell, 1976). The values of the compressibility index Cc , the
coefficient of volume change Cv and the swelling index Cs of the dif-

ferent clay minerals have been reported by Cornell University, 1951,
as shown in Table 6.5 (adopted from Mitchell, 1976). The soil com-
position can be identified indirectly by using these parameters.
"Since compressibility and hydraulic conductivity are strongly func-

tions of soil composition, the coefficient of consolidation C v should
also be related to ;oﬂ composition, because Cv is directly propor-
tional to hydraulic conductivity K and inversely .proportional to Cc"
(Mitchell, 1976). The values of the compressibility index Cc , the
coefficient of volume change Cv and the swelling index Cs of the

studied soils (table 6.1) are within the range of kaolinite values.
The kaolinite was directly identified by using the X-ray diffraction

method as discussed in section 5.1.2.1.

The average values of the coefficient of permeability K, Table

6.2, are in the ranges of 6.0 x 10 °m/sec 1.0 x 10 2m/sec for silty,

10

sand and clayey matrix and 7.0 x 10-10m/sec 1.0 x 10 ""m for clayey

soils. Low values of k are observed in comparison with the ranges
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Table 6.5: Values of Cc and Cv of Clay Minerals*
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Cc Cv Cs
Clay Mineral X 10-4 cm?/sec
Kaolinite 0.19 - 0.28 12 - 90 0.05 - 0.08
Montmorillonite| 0.50 - 1.10] 0.03 - 2.4 0.31 - 0.37
Illite 1.00 - 2,60{ 0.06 - 0.3 0.34 - 1.53

Table 6.6: Order-of-magnitude values
soil and by Unified Classification, m/s

14

for permeability k, based on description of

10° 102

. GM

10-3 10°° 10-4
Clean gravel Clean grave! and Sand-silt Clays
GW, Gp sand mixtures mixtures
Gw, Gp SM, SL, SC
SW,SP .




of k in Table 6.6 after Unified Classification (Bowles, 1982). These
low values of k reflect the influence of clay and colloidal particles
which exist coating the granular particles. The clay contents influ-
ence the soil behaviour even if it exists in a smaller percentage com-

pared with the other percentages of the soil (Mitchel 1976).

The soils exhibited a low tendency to swelling, except the stiff
fissured lean clay soil as shown in Fig. 6.7. The average values of

the swelling index Cs is about 0.022 for almost all the soils tested
except for the lean clay soil, which CS is 0.042. Under low stress

this soil exhibited a swelling potential. When a specimen of this soil
was loaded by about one psi then saturated (using ASSHTO Proce-
dure) it exhibited a swelling potential. Further identification was
done by using plasticity index, activity and clay content of the soil.
Referring to Table 4.4, the stiff fissured lean clay is classified as a
swelling soil with medium swelling potential (2.6%), as shown in Fig.
6.8. Table 6.7 shows the approximate ranges of the swelling poten-

tial and total expansion according to the plasticity index of the soil.

The swelling characteristics of the stiff fissured lean clay is
mainly due to the climatic and environmental effects rather than to
the existance of any swelling mineral, such as smectite. Altschaeffl
(1982) indicated that swelling occurs under low pressures upon wet-
ting the specimen. Many investigators (Seed and Chan, 1959; Mitc-
hell, 1976) indicated that some soils which exhibit swelling behaviour

due to factors such as stress history, low natural water content,
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Very High

welling Potential = 25%

Swelling Potential = 5%
Swelling Potential = 1.5%
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Fig. 6.8
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Percent Clay Sizes (tiner than'0.002 mem)

: Classification chart for swelling
potential (Mitchell, 1926).

223




224

Table 6.7° : Approximate relationship between total
expansion, swelling potential, and
p]ast1g:1ty index, ?Mitche]], 1976).

Plasticity Swelling Total
Index Potential Expansion’

(%) . (P (%)
10 0.4 1.5 4.5-10.0
20. : 2.2- 3.8 13.5-18.7
30 5.7-12.2 21.4-18.0
40 11.8-25.0 28.0-35.0
50 20.1-42.6 33.040.0

« For samples compacted at optimum water content
using the standard AASHO procedure and .allowed to
swell under a surcharge of 1 psi.

b Air dry to saturation under 1 psi surcharge.




fabric, chemical and organic environment, shearing resistance, etc.,
are not necessary to contain expansive minerals in their crystals
structure. The suction which is defined as the internal water tension
between particals is the main factor that contribute to the swelling

behaviour. Upon wetting this tension forces relax causing expan-

sion.

Although the sandy lean clay possesses the same plasticity
index, activity and clay content, as lean clay soil, it did not show
any swelling behavior as the lean clay soil. This in fact reflects the
effect of the stress history and the seasonal variation or climatic
effect. The sandy lean clay has lower O.C.R. and it exists at a

depth of 4.0 m, at which the soil is not subjected to the seasonal

variation effect.

The studied stiff fissured lean clay has no expanding minerals

as detected before. The swelling index CS was used indirectly in

identifying the clay minerals as shown in Table 6.5 (adopted after

Mitchell, 1976). The values of CS of this stiff fissured lean clay soil

is in the range of the kaolinite values as shown in Tables 6.1.

The swelling pressure of the lean clay soil is about 90 kpa as
calculated from Fig. 6.7. This swelling pressure may cause a damage
for basement and floors of structures. Furthermore it may cause also
damage to one or two-storey houses, as can be seen in Plate 6.1

which shows cracks in a house having a foundation of a bearing wall
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type placed at 0.5 m. The indicated cracks are within the boundary

zone of the minimum and maximum stress on the soil.

The computed values of Poison's ratio i from the relation

defined by the coefficient of earth pressure at rest, kave in Table

6.4, are in the range of the typical values of the different soils

(Bowles 1982)as can be seen in Table 6.8.
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Table 6.8 : Typical range of values for Poissen's

ratio p(Bowles, 1982) -

Type of soil n
Clay, saturated 0.4-0.5
Clay, unsaturated 0.1-03
Sandy clay’ 02-0.3
sit 0.3-0.35
Sand (dense) 02-04
Coarse (void ratio = 0.4-0.7) 0.15
Fine-grained (void ratio = 0.4-0.7)  0.25
Rock 0.1-0.4 (depends somewhat on
typé of rock)
Loess 0.1-0.3
Ice 0.36
Concrete 0.15
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Plate 6.1

: Failures on masonry bearing wall of
one floor building resting on the
expanding lean clay, 'Merriah‘.
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6.2.4 Collapsing soils

6.2.4.1 General: The sandy silt and sandy silty clay with gravel
soils were classified earlier as loess deposits. In their natural condi-
tions, low moisture content, these deposits possess high apparent
shear strength; however, it is susceptible to large reduction in void
ratio (collapse) upon wettir;g. This reduction in voids can occur gt
fairly low levels of stress. In contrast to consolidation, where the
reduction in void ratio is the result of the time-dependent due to
expulsion of pore water, the settlement of a collapsing soil is more or

less immediate and coincides with the intake of moisture by the soil.

Shrinkage, swelling and collapsing are influenced by the fabric
and structure of the soil. The loess deposits and the silty clayey
sand with gravel, the alluvial deposits of the study area, are having
metestable structures as explained in the previous chapter. Such
fabric identifies the collapsing soils that undergo Jarge volume change
upon saturation. Further identification of the collapsing behavior
was carried out upon the different types of soils using the void ratio
relationships at natural density and liquid limit. In addition, labora-
tory testing on a representative samples was carried out to detect the

soil susceptibility to collapse as discussed in the next section.




6.2.4.2 Qualitative and Quantitative Methods for Predicting Soil
Collapse:

Many investigators have suggested different qualitative methods
to predict the soil susceptibility to collapse. Some of these methods
(Denisov, 1951; Gibbs and Bora, 1967) which employ the void ratio
relationships at natural density and liquid limit for predicting the
qualitative susceptibility to collapse, the first and the second methods
in this section. The third method is a laboratory testing, suggested
by Jennings and Knight (1975), was used to get a quantitative pre-

diction of soil collapse (ASTM, 1978; Spanglur and Handy 1982).

Qualitative Methods:

First Method (Gibbs and Bara, 1967): This method is a reliable and

convenient method to detect collapsible loess. Tt relies upon the
basis of liquid limit and bulk density of the.soil. If the moisture
content at saturation of any soil, having a certain bulk density, is
more than the liquid limit, the soil is considered as collapsible. This

water content at saturation is defined by the following relation:

W = Vs Yy 10 _ Yw Gg ~ g 1)
¢ Yq Yq G
where
Vs : volume of solids
Y unit weight of water = 9.8kn/ m3
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Gs : specific gravity of the soil
Tq ° in-situ dry density of the soil
Wc : water content at saturation

To prove the previous relation, let the total volume (V) of the repre-

sentative prism of the soil is (V = 1 m3), then

v v
e = =
Vs vs
where e = the void ratio
VV = the volume of water at saturation
therefore,
- 1.0 . 2
A T o . (2)
since
- Yw Gs
Yq 1 + e
then
Yq X 1.0 3
1.Oxyd=was Vs oer=-—§—G— (3)
w S
1 - VS
\'%
. - ex1.0 _ 5
at saturation: W G G




232

YaYw Gs
X Tq _ (tw Gs ~— 1) Yy
Yw Gs Gs Yo c?'s - Ya
W o= W G5 ~ 14
¢ Gs yd

If Wc is greater than LL (liquid limit), then soil is most likely collap-
sible, but if Wc is less than LL (liquid limit) then soil is not. The

following example indicates the identification of the sandy silt soil,

Station # 33 at 1.8 m (Spanglur and Handy, 1982).

The in-situ dry unit weight of the sandy silt is 12.6 kN/ m3

and the liquid limit is 28. Gs = 2.73, then

W = 9.8 x 2.73 - 12.7

= 00 = 4
c 12.7 x 2.73 x 1 1

Since Wc is greater than LL, then the soil is most likely collapsible.

The other soils were analyzed in the same way. The results
are summarized in Table 6.9. This method is presented in a diagram

as shown in Fig.6.9, (after Clemence, 1981).

The Second Method: It relies upon the voids ratio relationship (Den-

isov, 1951). In this method a subsidence factor Kc is defined as:
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where

e;, is the void ratio at liquid limit, and e is the natural voids ratio.

Ke = 0.5-0.75: Highly collapsible soil
Ke = 1.0 : Non-collapsible loams.
Kec = 1.5-2.0 : Non-collapsible soils.

In order to compare the limits of Kc with the values of Kc of the
studied soils, the loams have to be identified. Terzaghi and Peck,
(1967) defined loess loam as a type of the modified loess, which lost
its characteristic due to chemical and other factors. "Through chem-
ical decomposition produces loess loams, . characterized by greater
plasticity than other form of modified loess" (Terzaghi and Peck,
1967). The surfical studied loess soils still possess their natural
characteristics. Modification by chemical changes, temporary satura-
tion, erosion, etc., as discussed by Terzaghi and Peck (1967) may
coincide on lean clayey soils in station 33 and 36. Since no loess
loam was observed, the subsidence K for collapsing soils is in the

range 0.5-0.75, while the non-collapsible soils have the value of K

above this range.

The following example clarifies the identification of collapsiblity

of the sandy silt soil of the previous example. The initial voids ratio

e is 1.37.
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At saturation S = 1.0

e = Gsch
For LL = 28%

er, = Gs + LL = 2.73 x 0.28 = 0.76

Since the value of Kc in the range 0.5 - 0.75, the sandy silt soil is
highly collapsible as defined also by the first method. The values of

ey ©r, and Kc for all the fine soils of the study area are shown in

Table 6.9. The table shows that both methods give the same identi-

fication.

Quantitative Methods - The third method (Jennings and Knight,
1975):

This method is a laboratory experimental method by which the
quantitative collapsing potential of a soil can be obtained. An undis-
turbed specimen, preferably a block specimen cut by hand, is cut to
fit in the odometer ring and loads are applied progressively each 24
hour, until 200 kpa is reached. At the end of loading, water is
added and left for a day. The consolidation test is then carried on
till its maximum loading limit. The resulting curve of a tested speci-
men from the sandy silt soil selected from Station # 42 at 1.3 m, is

shown in Fig. 6.10. The collapsing potential is defined as:




ez - e 1
C = e— = .
p 1 o x 100 = 7.2

in which ey and e, are the void ratios before and after wetting; and
e is the initial void ratio. Jennings and Knight (1975) have sug-
gested some values for collapse potential shown in Table 6.10 (Das,

B., 1984). According to the results of the tested soil, Fig. 6.10:

c - 103 - 0.88
P 1+ 1.08

x 100 = 7.2

Referring to the above table this sandy silt soil, loess soil, has trou-

ble collapse potential.

The previous three different méthods gave the same results in
identifying the collapse potential of the surficial sandy silt. Table

6.9 shows the collapsing identification of all the soils according to the

first two methods.

6.2.4.3 Mechanism and Settlement of Collapsing Soil: The collapsing
mechanism is greatly affected by the soil fabric, natural moisture,
cementation and applied stress. The interparticle bond help to main-
tain the metestable structure. Upon wetting and loading the bond is
weakened and the grains may assume a more closely packed arrange-

ment with decrease in the bulk volume of the soil. This volume

decrease may result from moisture uptake since on saturation inter- -

particle tension disappears and hence there is a decrease in overall
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Table 6.10 : Relation of Collapse Potention to
the Severity of Foundation Problems
(after Clemence and Finbarr (1981).

C,(%) Severity of problem
0-1 No problem .
1-5 Moderate trouble
5-10 Trouble

10-20 Severe trouble
20

Very severe trouble




contribution to bonding. Bonds due to clay or cementation agents
may be weakened due to the removal of these materials by water
uptake. Plate 6.2 shows the collapse in the bonding agents of the
sandy silt soil (Station # 40 at 2.5m), as resulted from the odometer
test and detected by SEM. Moisture uptake by clay lumps with sof-
tening and distortion has been considered a factor in the hydroconso-

lidation of partly saturated soils by Dusseault et al; (1985).

According to Silva, J., (1971) "the collapsing settlement should
not be regarded as a consolidation settlement, since it does not follow
the consolidation theory and should rather be considered a microsh-
ear-strength problem, which degenerates afterwards in volume
change". Palka, J. and Naborczyk, J. (1985) indicated that the
considerable part of settlement takes place during time of construc-
tion in the first period of exploitation, and the increase in consolida-
tion settlement does not end even after the‘ 30-year period. Most
specimens of the study area soils exhibited an increase in weight
after consolidation test compared to the weights of specimens before
tests due to the intake of water, since they were at low moisture
before the test. This intake of water caused a rapid or immediate
settlement directly after applying the load. Such phenomena was
indicated by Houston et al, (1988), who related the settlement of col-

lapsing soil to be more or less immediate and caused by the intake of

moisture by the soil.

The analysis of the time-compression data of the different soils

240
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of the study area indicates that from the total consolidation, 50 to 65
per cent is initial (reading after one minute), 25-35 percent is pri-
mary (reading up to two hours), and 10-15 percent is of a secondary
nature (reading up to 24 hours). These ranges are within the aver-
age values of all the fine soils of the study area over all the stress
ranges (25 kpa - 320 kpa), except for the lean clay soil. It exhib-
ited a swelling at a lower stress. Reconsolidation of this soil gave a

lower rate of initial settlement (25%) and a higher primary consolida-

tion (60%).

iAccording to the above analysis, the settlement of the collaps-
ing soils has to be calculated in a different way that the conventional
consolidation method. The following method explains -the procedures
of obtaining the settlement of collapsible soils. Sandy silt soil
selected from Station # 42 at 1.3 m deep was chosen as an example to

calculate the settlement of normally consolidated soil (cr'p/o’vo = 3).

Procedure for Calculation of Collapse Settlement

Das, B. M. (1984) have used the following laboratory proce-

dure to determine the settlement of structures on collapsing soil due

to saturation.
1) Obtain two undisturbed soil specimens for tests in a stan-
dard consolidation test apparatus (odometer).

2) Place the two specimens under 1 kN/ mZ pressure for 24

hours.
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3)

1)

5)

6)

7)

8)

)

10)

After 24 hours, saturate one specimen by flooding. The
other specimen is kept at natural moisture content.

After 24 hours of flooding, resume the consolidation test
for both specimens by doubling the loads (same procedure

as the standard consolidation test) to the desired pressure

level.

Plot the e vs. log o' graphs for both of the specimens

v
(Figs.6.11.a and 6.11.b).

Calculate the in-situ effective pressure, G'vo' Draw a ver-

tical line corresponding to the pressure ¢' Vo

From the e vs. log o, curve of the soaked sample, deter-

mine the preconsolidation pressure, rr'p.If G'p/cr’vo =

0.8-1.5, the sofl s normally consolidated; however if

o sub p / sigma vo > 1.5, it is preconsolidated.

Determine e, corresponding to o'vo from the e vs. log 0"V
curve of the soaked sample.

Through the point o'vo’ e'o draw a curve that is similar to
the e vs. log c'v curve obtained from the specimen tested

at natural moisture content.

Determine the incremental pressure, /_\o'p on the soil

caused by the construction of the foundation. Draw a

vertical line corresponding to the pressure of Ulvo + Av'
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11)

in the e vs. log c'v curve.
Now, determine Ae1 and Aez. The settlement of soil with-

out change in the natural moisture content is

Ae
_ 1
Sl = < (H)

1 + e,

Also, the settlement caused by collapse in the soil struc-
ture
Ae2

S, = —2 _ (H
2 1+e'o()

“where H = thickness of soil susceptible to collapse.

Using the above procédure, two samples of sandy
silt loess were tested by odometer as shown in Fig. 6.12.
The figure indicates the tendency to collapsing . The col-
lapsing potential value, Cp, can be evaluated from the
figure at any loading stage. The collapsing potential is
8.6% for specimen with 6% initial water content. Fig. 6.13

shows the evaluation of S1 and Sz according to Fig.

6.10.a(normally consolidated state). Tor an average thick-

ness of 1.0m these values are as follows:

Ae1 = 0.04
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Ae2 = 0.24
Therefore :
_ 0.04 -
S1 T+ 1D x 1.0 x 100 1.9 om.
0.24
S, = > . = . .
2 T+ 1D x 1.0 x 100 11.42 cm

According to the above example, it is noticable that the amount

of settlement due to collapsing by saturation, 82 , is six times the
settlement at natural moisture content, S1 ,under the same load.

The expected amount of collapsing can be estimated by using field
odometer simulation which is a valuable tool for assessing the amount

of collapse to be expected (Jones, D., and Van Olphen, G., 1980).
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6.3 Strength Properties

6.3.1 Introduction

The deposits of the study area, an arid region, are character-
ized by having low natural moisture content. Such deposits show the
tendency of changing their mechanical properties upon saturation
due to changes in water table or seepage condition. In order to
have the best simulation of the strength characteristics of these

deposits, two conditions have to be considered

- The actual field condition at the natural moisture, and

- The worst possible condition at the full saturation state.

To satisfy the above conditions, the soils specimens were subjected to
consolidated undrained triaxial tests on both remolded partially satu-
rated samples and undisturbed saturated samples. The test results

along with their analysis and correlations are discussed in the follow-

ing sections.

6.3.2 Results

The saturated and partially saturated samples of each soil type
were tested under different confining pressures. The total confining

pressures (oc) of the saturated specimens were 50, 40 and 30 psi.

The corresponding internal back waler pressure was almost kept con-

stant to give a net initial confining pressures (05 = 0'3) of 30, 20 and
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10 psi (207, 138 and 69 kpa) respectively. The back pressure was
sometimes raised up to 30 psi with rising the confining pressure in

order to achieve a higher degree of saturation almost 94 t0 100 per

cent.

Fig. 6.14 shows representative stress-strain relationships of
the sandy silty clay with gfavel for both saturated and partially sat-
urated conditions. Three undisturbed and three disturbed samples
were tested as shown in Fig. 6.14a which indicates no great differ-
ence between those two types of samples. The slope of elasticity was
found using the initial modulus of the stress-strain curve (Bowles,

1982). Since Es may be affected by the stress history, density,

water content, confining pressure etc.; average values of ES were

obtained from the best fit for the initial tangent of the different:

curves as shown in the figure. In case of saturated samples the val-

ues Es of clay (unit 4 and 7), sand (unit 3) and silty loessial soils

(unit 5 and 6) are in the ranges 16.5 to 44 Mpa, 13.0 to 31.3 Mpa
and 18.2 to 31.0 Mpa respectively. In case of partially saturated

samples, the same ranges of Es were 63 to 97.3 Mpa 20.1 to 476 Mpa

and 40.0 to 74.7 Mpa respectively.

For fully saturated tests, the strain at failure varies from
almost 4% to about 13% with an average of 7%. While, the partially
saturated samples showed strain at failure reaching values beyond 20%

as can be seen in Fig. 6.14. The rest of the stress strain curves of
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different soils are shown in Appendices D-7 and D-8. The values of

Es for saturated soils are shown in Table 6.11 while the values of

partially saturated soils are shown in Table 6.12,

Fig. 6.15 shows the pore water pressure versus the axial
strain aslong with stress-strain of the saturated sandy lean clay spec-
imen (station No.36 at 4.0m depth). Since no water dissipation (no
volume change) was allowed during the shearing stage, a considerable
positive pore water pressure was developed as shown in the figure.

The final pore water pressure 'Uf is a function of the confined pres-
sure, initial pore water pressure Uo’ stress history etc. The
increase in the final pore water pressure AUf were 44.8, 100 and 141

kpa corresponding to the net confining pressures 69, 139 and 207
kpa respectively. The coefficient of pore waler pressure at failure

was defined after Skempton, 1954, as

AU
A, = £
£ A(ol—o

g

The values for the sandy lean clay soil was found to be in the range
0.57 - 0.62 which is in the range of slightly over consolidated soil
(O.C.R = 2.7) as detected before. The values of AU, , A; are

shown in Table 6.13.

Fig. 6.16 shows the effective stress path (E) and total stress

path (T) of the lean clay soil (Station # 33, depth 0.7 m) in term of
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Stress path of the lean clay soil (Station 33 at

0.7m)
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the p-q and p'-q' space, where q and p coordinates are defined

according to Atkinson, J. H. and Bransby, P. L. (1978) as:

9 =03 - 03
=(crl+2<53)

P 3

q =q

PP=p-u

where u is the pore water pressure.

The figure indicates the developed pore water pressures and
the stress variation in soil during shearing. The total stress paths
rise at a constant slope of 3 to 1 while effective stress paths are

shifted along the horizontal axis by the magnitude of the developed

pore pressure.

The computer program used in calculating the different parame-
ters resulted from the triaxial tests is shown in Appendix D-9.

Appendix D-10 shows a representative output for the lean clay soil

shown in Fig. 6.16.

The straight line that passes through the failure points of the
effective stress paths is the critical state line,CSI.. This line is
defined by its unique slope M as a boundary line on which the soil
fails under any stress combination (Atkinson, J. H. and Bransby, P.

L., 1978). The slope is defined by:
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= 1 1
M qf/pf

where q'f is the deviatoric effective stress at failure and p'f is the

mean effective stress at failure.

The behavior in q'- p' and v-p' spaces for each soil was
required in order to detern;ine the critical state model parameters of
each soil. Since A is a constant, v of each specimen is a constant in
the undrained shearing stage ( A and v were defined in section

6.2.2) and the values of q'f and p'f of each specimen are known,

then the intercept of the CSL in v In p' space with the reference

vertical line at p' = 1.0 kpa can be obtained as follows:

Vo = Vg
— — '
ve =T klnpf

where I' is the slope of CSL in v-lnp space.

Similarly the intercepts N of the normal consolidation line NCL

with the same reference line at p' = 1.0 kpa is defined as
v=N=)Inp'

The values of N of the different soils were evaluated at p' =
138 kpa. Fig. 6.17 shows a representative plot including the NCL,
CSL along with the effective stress paths in both q'- p' and v - p'

spaces as resulted from an undrained triaxial test.
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The previously mentioned parameters of the critical state model
of the different soils under study are summarized in Table 6.11.
The indicated values of the internal friction angles in the table were

obtained according to the following relation:

' o syl M
¢ =S ETY

where M is the slope of CSL in q', p' space, (Atkinson, J. H. and
Bransby, P. L., 1978).

Each fine soil of the invéstigated area exhibited its own shear
strength characteristics. The variation in these characteristics of
each soil formed upper and lower Mohr envelopes as boundaries.
Fig. 6.18 shows a representative plot of Mohr cir.'cles in terms of both
total and effective stresses. Fig. 6.19 indicates the effect of the
moisture content in developing these upper and lower Mohr envelopes
of the same soil. The upper boundary represents the Mohr envelope
of the partially saturated specimens (at natural water content), while
the lower boundary represents the Mohr envelope of the fully satu-
rated specimens of the séme soil at the same dry unit weight. These
boundaries affected by the soil density, moisture condition, soil type,
the activeness of the cementing bond between the particles, etc.
Mohr's envelopes of each soil were plotted to end up with these
boundaries taking into consideration the above factors which affect
the strength of the soil. Table 6.13 shows the summary of the

results obtained from the triaxial tests carried out on fully saturated

261




262

*adotanug s,Iyoy pajeinies AT[nJ pue pajleinies A11ReTIIRd :67°9 'TT14

.

.

(edy) o ‘tp ssauys (ewiou {ejo)

059 00§ 00b . 00t 002 001 0
L 1 1 ] 1 ) (1
1 74
||\L
[ - 05
o8 * i R —
. 001
- 051
=
\ 002
\\
*(ssaoT) 1L4s Lpues umoaq Y647
‘woy yadag £C 7 uvojieys
I I N v 052
(%001 = S) Pajeanjes AN} ——e—eee
(ZE€ = §) pajeanyes A{|Pllded ——— ~00¢

(edy) yibuaays aeays



263

S$S3X315 9ATI093¥9 (q)
"o §S9I18 TERl0L (®)
:30 swxal ur sadoTaAua aanyIeJ pPuUB SOIDITD S, IYOW :81°'9 "S1J

00s oot 00€ 002 oot 0s
1 i 1 1 1 H
9°LL2 | eUest 8et Sve
b'ece | €12l 8tl 92 -
b 101 b e9 8el £02.-
(q)
Awaxv (edy) | (edy) (edy)
drep- 0 D na,
n |*soso)] O [Toaeo oSE = Y :
. edy 8E1
(edy) 0 *o ssauys [ewtou |ejo0) ~A Oy >
(®)

. 2
81 = ¢

{oAeab ygm Le(d L31)1s Apueg

‘W gTp yadag

8¢ f ucjiels

0§

oot

0st

0§

oot

0st-

(ed¥) 1 ssauys aeayg



300

—— : Natural moisture.
———- Soturated condition.

250 .
: { —— Snady soil
200- /;/’////)' —— Loess soil |
////,» —— Lean clay

7+

Shear Stress ( Kpa)
N

—

(=]

[
2

-
-
- =

-
-
o -
o =

L] ) ¥ L] T L ] L)

0 50 100 150 200 250 300
Total Normal Stress { Kpa)

Fig. 6.20 : Mohr envelope boundraies of the
different soils for both natural and
saturated conditions

264




250

200-

—
e
[ =]

M 5

—
[
[ ]

2 PYOR Y

Shear Stress ( Kpa)

A

7

50

z

Fig. 6.21

L ) ¥ ¥ L) v L]

50 100 130 200 250
Effective Normal Stress ( Kpa)

: Mohr envelope boundraies of the

different soils in term of the
effective stresses

265




specimens, while Table 6.12 shows the same results of the same tests
carried out on partially saturated specimens. The variation in shear
stress and the total normal stress of the two tests conditions were
plotted in Fig. 6.20 for all the different soils. Fig. 6.21 shows this
variation for soil, units (3, 4, 5, 6 and 7) in terms of the effective
stress. There is no great  variation in the effective friction angle.

This variation of loess soils in term of the effective stresses is shown

in Appendix D - 11.
6.3.3 Analysis and Correlations

The pattern of the stress-strain and pore water pressure-strain
curves were found to be similar to those of normally to slightly over
consolidate-d soils, as found by many investigators such as Bishop
and Henkale (1962), Atkinson and Bransky (1974). Soils which poss-

ess Af in the range 0.7 to 1.4 are normally consolidated, while those

which have values in the range 0.3 to 0.7 are slightly over consoli-
dated (Fadlul allah, 1985). These observations coincide with the
stress history of the different soils as detecled by one-dimensional
consolidation tests mentioned in Section 6.2. The effective stress

path exhibited mostly positive pore water pressure even for lean clay
- soils,
The strain at failure Ep resulting from partially and fully satu-

rated sample for the lean clay, sandy lean clay and silty clayey sand

with gravel is approximately the same (5%), while it is different for
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loessial soils, sandy silt and sandy silty clay with gravel. It is
higher for the partially saturated samples (20%) than the fully satu-
rated samples (7%). This may be due to the structure, fabric and
the disturbance effects. The bond strength of the saturated undis-
turbed samples is weakened by wetting. Upon shearing, these sam-
ples fail through the weakened points. The remoulded loess samples
which were tested in partially saturated condition lost their natural
fabric. That is why they failed at low strain. In addition, those
remoulded samples were more homogeneous than the undisturbed
ones. In other words, the péres and particles arrangements existed
in & more uniform state. Subsequently, the rearrangement of parti-
cles during shearing required large deformation before reaching fail-
ure. Most of the remoulded samples fail by bulging, while some of

the natural samples fail in a brittle way which indicates the homoge-

neity effect (Plate 6.3).

The values of Es of the different investigated soils obtained

from both tests conditions are within the ranges reported by Bowles

(1982) as can be seen in Table 6.14.

Since the measurements of both air and pore water pressures
,during the undrained shearing stage, are greatly difficult to obtain
in case of the partially saturated soils, total normal analysis was used
(Das, B. ,1984, Peck, Hanson and Thurnbofn ,1974 and Bishop and
Henkle, 1962). Fig. 6.20 shows the total normal stresses of both

partialy and fully saturated tested soils. Refering to the figure
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Plate 6.3 : Two failure types of triaxial compression
' specimens.
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Table 6.14:

269

Typical Range of Values for the
Static Stress-Strain Modulus E

for Selected Soils (Field valuds
depend on stress history, water
content, density, etc.(Bowles,1982).

E,
Soil kel Mpa
Clay
Very soft 50-250 2-15
Soft 100-500 5-25+
Medium 300-1000 15-50
Hard 10002000 50-100.
Sandy 500-5000 25-250
Glacial 6ll -«
Loose 200-3200 10-153
Dense 3000-15 000 144-720
Very dense 10 000-30 000  478-1440
Loess 300-1200 14-57-
Sand
Silty 150-450 7-21,
Loose 200-500 10-24
Dense 1000-1700 - 48-81
Sand and gravel .
Loose 1000-3000 48-144.
Dense 20004000 96-192
Shale 3000-300 000 14414 400
Silt 40-400 2-20




(6.20) the different soils exhibited a relative high shear resistance
when they were tested at their natural moisture content. On con-
trast, the figure indicates also a lower shear resistance of the same
soils when they were saturated before testing. Moreover, the figure
indicates certain generalized trends which may be pointed out. The
solls which were tested under saturation conditions are concentrated
in the lower part of the figure having a consistent slope and are
within a narrow range. On the other hand, the soils which were
tested at natural moisture are concentrated on the upper part of the
chart within a wider range.‘ The silty clayey sand with gravel
(sandy soil) exhibited a different trend due to its different composi-
tion. It exhibited a considerable drop due to wetting in the total
internal friction angle from 42° to 21°, whereas the clayey and loes-
sial soils exhibited a reduction in the total of both cohesion and fric-
tion angle. The reduction in shear resistance of the loessial soils
affected also by its dry density, loessial soils of a higher dry den-
sity exhiﬁited a higher reduction in the total cohesion and a lower
reduction in the total internal friction, while the opposite is true with
respect to the loessial soils of low dry density as shown in Fig. 6.22.
The stiff lean clay soils exhibited a high drop in both total cohesion

. (155 kpa - 24 kpa) and total internal friction angle (37° - 129).

The reduction in dry strength due to wetting can be related to
some interference factors. The soil composition (including, cementing
agents , percentage of the different texture, fabric, etc.) and the

capillary forces between particles (the natural moisture content) are
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the most factors affecting the reduction mechanism.

The grain particles of the fine soils are kept in a bulky grains
forms either by the accumulation of the clay particles in the junction
of the grains giving a buttress type of support and/or by chemical
precipitation which cemented the particles together. Holtz and Gibbs
(1951) indicated that this Bond is of high strength when dry and of
low strength when wetted. Clemence (1981) explained these weak-
nesses in bond strength due to collapsing in the bonding mechanism
as water is added. He observed that, the lower the water content,
the higher the bond strength. Clemence (1981) found that the col-
lapse in strength is more immediate in the case where the grains are
held together by capillary suction (as lean clay soil), slow in the
case of chemical cementing and much slower in the case of clay bgt-
tresses. Plate 6.2 shows the failure in the bonding agent due to

saturation and loading as detected by SEM from the sandy silt soil

(loess).

The other main factor which reduces the dry strength upon
wetting is the capillary forces or the internal water tension between
particles. Since the soils within the study arca (semi arid region)
commonly possess low water content, the particles are held strongly
together by these capillary forces. Upon wetting, these forces are
lost and the particles relax causing a moderate swelling within the
soil. The clay particles that coat the coarser materials act as a

lubricating agents. Upon wetting the coating materials are softened
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and capillary forces are rapidly lost. During shearing stage for the
wetted samples, a great reduction in shear strength was observed as
detected in the stiff lean clay soil (Spanguler and Handy, 1982).
Clemence (1981) defined the strength results from capillary tension as
a temporary strength. He stated that for the densest packing of

uniform spherical grains, the maximum capillary forces occur at 10%

moisture,

Fig. 6.21 shows the variation in the effective shear strength.
The effective shear resistance of the different soils is relatively
high. The soils exhibited low cohesion and relative high internal
friction angle in terms of the effective stress. The consistent slope
of the failure envelopes seems to be varied in a narrow range from
32% to 39“. The cohesion varies from almost 0.0 to 14 kpa. This
relatively high shear strength in terms of the effective stress is more
related to the soil composition. Most of the .studied soil composition
contain high quartz, kaolinite and calcite. Quartz and kaolinite give
high shear strength, as shown in Fig. 6.23, while calcite may be
destroyed or weakened by wetting and loading. In the natural mois-
ture condition calcite, as a bonding agent itself, contributes to high
bond strength. In the saturated condition, upon loading in the con-
solidation stage, the bond due to calcite may breakdown and parti-
cales may become closer leading to a higher shear strength in term of
the effective stresses. This high friction angle and low cohesion
stress reflect the effect of consolidation processes in breaking down

the particle bond, fabric structure, thus allowing for more close
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Plate 6.4

: Failures on masonry bearing wall of
one floor building resting on the
expanding lean clay, 'Merriah‘.
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particle contact. This contact becomes more pronounced in the soils
containing higher coarse material contents such as the silty clayey
sand with gravel and the sandy silty clay with gravel. Plate 6.4
shows this type of grain to grain contact, resulted from the break in
bond strength as detected in the failure surface of the triaxial speci-
men (saturated sandy silty' clay with gravel soil). It indicates also
the dilution and leaching of cementing agent, calcite, out of the con-

tact surface as shown by the white colour.

The obtained values of (p.cu from consolidated undrained triaxial

tests for natural conditions in term of the total stresses are within
the ranges of the internal friction angle obtained from SPT as shown
in Table 6.15. Holtz and Gibbs (1951) carried extensive research on
Loess soils. Generally, all the obtained engineering properties in
‘this study are within the limits of the results obtained by them.
Table 6.16 indicates the index properties of some loess soils along
with the variation in the internal friction angle as water content
varies. These results coincide with the obtained values of internal

friction angle from both partially and fully saturated conditions.
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TaB]e 6.15 : Embirical-va1ues‘for ¢, Dr and unit weight of

. granular 'soils based on the standard penetra-
- tion number with corrections for depth and for
fine saturated sands. (Bowles, 1982).

Very

Descriptioa Vexy loose . Loose Medium Dense dense
Relative density D,* 0 0.15 035 - 0.65 0.85 1.00
Standard penctra- - I l

tion po. N $-10 3-15 10-40 20-0 >35
Approx. angle .

of interna)

fricion ¢°¢ 25 -30° 273 30-35° 35-40" Is-43°
Approz. range

of moist unit

weight y, pof 70-1003 90-115 110-130 110-140 130-150

(kN/m?) {11-16) (14-18) (17-20) 17-22) (20-2))

* Depends on p, ranging from 70 10 500 kPa. Low value of N corresponds 1o lesser p,.

t After Meyerhof (1956). ¢ = 25 + 25D, with more than S percent fines and ¢ = 30 + 25D, with less than §
percent fines. Use larger values for granular material with $ perceat or less fine sand and silt. See also Eq. (4-10) for
estimate of §. . )

$ 1t should be noted that excavated material or material dumped from a truck will weigh 70 10 90 pdf.

Material must be quite dense and hard to weigh much over 130 pef, Values of 10510 115 pef for nonsaturated soils
are common. :
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Table 6.16 : Characteristics of China Loess
' (After Wu Zhi-hui and Xie Ding-yi,
ASCE, 1987).

Index Lanchow Xian Loess Lowchuan ,
Loens No.l No.2 Loess
Dry density oe  [11.8-13.7 | 12.3-13.8 [13.1-17.2 h2.7-13.1
Initial vater % 16.3-28.7 | 19.1-23.0 {14.2-31.0{ 9.7-12
content
Void ratte . 0.96-1.30 | 0.96-1.20 | 0.58-2.01 1.00-1.20
Plastic Mait o [16.3-19 17-19 19.7
Liquid Mmdt w  |24.0-32 30-32 30.7
Shear strength C, kps 16-26 2 30-80
P degrees| 16-18 2 J2-34

-
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Chapter 7

DESIGN CONSIDERATION AND SITE IMPROVEMENTS

The observed soil distribution within the study area require
great care to chose the most appropriate foundation design. The
existence of stiff fissured clay as a medium expansive soil in the top
surface followed by sandy silt as a collapsible loess complicates the
problem. In addition, the existence of fine soils interbeded with or
sometimes mixed with coarse §oﬂs demands more investigations and
great cautions to select the strength and consolidation properties and

subsequently the suitable foundation design.

The occurrence of the stiff dark fissured lean clay in the first
meter below the ground surface makes the removing of this layer
beneath the foundation the best economical and‘ practical solution even
in case of one story light structure. In some cases, this soil may
extend to a greater depth and in rare cases it may occur again at
about 3.0m below the ground surface as found in Station # 17. If
that is the case, the applied stress resulting from the dead loads of
the super structure must be greater than the expected swelling pres-
sure. The suspended ground slab should be used to avoid direct
contact pressure between slab and soil which allow for expansion of
soil. Fallure in the basements or light structures resting on this
soil, were observed as shown in Plate 6.1. Since this soil exists

mostly on the top layer it causes a great trouble for highway and
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roads pavements. The replacement of this soil by another suitable
material is the best solution. Lime treatment and compaction on the

wet site of optimum could be used to reduce the swelling potential of

such surficial soil.

Some structures have been supported by foundations resting on
two or more different leve‘als. This leads to different interaction
between the bearing layers and the superstructure according to these
different soils. For example many structures may have part of the
foundations resting on this lean clay soil and the other foundations
resting on the sandy silty loess or granular soils. Such conditions

have to be considered and suitable safe design has to be considered.

On the other hand, the existence of loessial collapsing sois,
including the sandy silt and the sandy silty clay with gravel repre-
sents the major problem and the most difficult soil as a foundation
material in the region. Problems of consolidation and stability are
frequent in loessial deposits and other collapsible soils. The high
degree of consolidation (or settlement) of such soils when loaded or
wetted can be a considerable problem that has to be considered in
designing structures on loessial foundations. Controlling settlement
is the main problem in such design because shear resistance is
dependent upon the consolidation that takes place. The settlement
and subsequently the shear resistance are dependent upon the mois-
ture content, the dry density and the plasticity of the loess (Braja,

D., 1984). The moisture content is the Ffirst main factor which con-




trols the design considerations in case of loessial soils of the sandy
area as well as other loess deposits. The design considerations of
structures resting on loess (collapsing) due to moisture condition
have to be analyzed in two phases. The first phase is the low mois-

ture content and the second phase is the wetted condition or rela-

tively high moisture state.

The dry loess, in general, has high bond strength and is often
capable of supporting relatively large loads without excessive settle-
ments. Clevenger (1956)and Clemence (1981) indicate that natural
loess soils can support the normally assigned loadings with less set-
tlement when they have moisture content below 15% regardless of den-
sity. The caution of the sudden failure in loess due to the break-
down in the bond strength has to be considered. Such sudden
failure can take place if the applied load exceeds the critical load.
Such sudden collapse was shown by Peck, Hansen and Thornburn,
(1974) by carrying out the plate load tests on different loess soils
having different moistures as shown in appendix E-1. They indicated
the effect of moisture content in controlling the value of the critical
supported loads. For moisture content 13% about 870 Kpa was the
ultimate while it dropped to about 250 Kpa at 29% moisture content.
" The spread footings can be built on collapsible loess if great cautions
are taken to prevent the rising in moisture under structures. This

rise in moisture can take place in any of the following forms (Cle-

mence, 1981):
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1) Local or shallow wetting resulted from water source as pipe-
lines or uncontrolled drainage of surface water.

2) Intense, deep, local wetting of soil caused by water dis-
charge of industrial effluents or irrigation.

3) Rise in water table resulting from water source outside the
collapsing soil area.

4) The change of evaporation condition due to a surfical

obstruction that cause a condensation of steam and accumu-

lation of water.

These general forms cause either a slow and uniform rise in
moisture or localized and may cause rapid rising in moisture which
develope the differential settlement problem. The last situation was
detected within the study area. Four adjacent masonry buildings
exhibited severe crackes in the internal and the external bearing
walls in Moammr area, Old Sana'a city.* These cracks resulted from
the collapsing in the soil structure beneath the bearing walls as a
result of seeping the water from a broken pipeline into the soil
beneath the collapsing sides. Damage resulting from the differential
settlement in form of hair cracks within the reinforced structures
baving isolated foundation were also observed. Plate 7.1 shows the
cracks in the reinforced concrete wall of a new one story building
that has rested on the top of the sandy silt layer in Hada area (new
Hada city). The hair cracks in finishing of beams, slabs and walls

*The Prominent was the consultant for the owners.
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Plate 7.1 : Cracks on a reinforced concrete wall of one
floor building resting on surficial collaps-
ing soil in Hada Region.




are common in most of the available structures. A main source of
increase in the moisture within the study area is the existence of the
septic tank of each structure (pit hole) nearby the building.
Another significant factor is the increase in the planted area, of most
houses, that surrounds the building or located at the side of the
building. Another contributing factor for the damage of structures
resting on collapsing soil is the dynamic loads effect. An area of 100
km away of the study area (Thamar area in 1983) was subjected to an
earthquake which was felt in Sana'a area. Palka, J., (1985) indi-
cated that when dynamic. loads-are encountered, shearing strength of
loess soils decreases by about 40% as humidity increases. Generally,
keeping the soil at its pnatural low moisture is di_fficult to control.
During site investigation some soil samples had a water content
higher than 15%. Consequently, design based on the natural dry
strength of the loessial soils would be in error if the foundation ever

becomes wetted (Holtz and Gibbs, 1951).

The second moisture content phase is the wet state, at which
wetting of the loess causes the most pronounced settlement condition.
Rise in moisture may result in two different considerations, either low
bearing capacity may reach 25 kpa (Bowles, 1982) with restricting
the settlement to minimum or an excessive settlement associated with
increase in bearing capacity. The last situation is the most common
and such excessive settlement upon wetting has caused concern to
designers and has made research imperative (Holtz and Gibbs, 1951).

The problem comes into the picture as a high possibility for the
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differential settlement to take place. Holtz and Gibbs (1960), indi-
cated that when the natural moisture content is expected to reach
more than 20 percent, the moisture at which the bond between parti-
cles relatively highly weakened, the differential and total settlement
have to be considered. For such condition using continuous footing
to minimize the differential settlement is safer than using the isolated
footing. Fig. 7.1 shows a typical strip footing that is used on col-
lapsible solls (Clemence, 1981). The figure shows the using of a
stiff continuous footing in one direction to transfer the columns loads
into soil while longitudinal load bearing beams are used to minimize
the differential settlements and increase the foundation stiffness (Fig.
7.1.a). In case of heavier structure, the strip footing with stiffness
in two diro:ctions is desirable as shown in Fig. 7.1.b (Zeevaert,
1972). In the situation where the area of strip footing becomes close
to 50 per cent of the projected area of the building, it is more eco-
nomjc to use a continuous mat foundation. Clemence (1981) and
Bowles (1982) suggested, that if large settlements are expected under
building heavy structures, drilled-pier and pile foundations may be
considered to control settlement. The selection of the suitable bear-
ing layer demands more experience and deeper site investigation since
the bed rock is very deep. The geological studies showed this great
variation in depth of the quarternary sediments (alluvial and aeolian
deposits) from non-existance to almost 300m thick. Heavy structures
on loessial soils collapse easily due to heavy load or wetting. The

water content affects greatly the value of the critical stress. That is
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Fig. 7.1 : Continuous strip footing in collapsing soil:

a) Continuous in one direction with load bearing
beam, (After Clemence, 1981), and

b) Continuous in two directios, (After Zeevaret,
1988).
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why wetting is considerably more effective in breaking-down the bond
than loading. However, the foundation must be proportional in such
8 manner that the critical stresses are not exceeded. A factor of
safety of 2.5 to 3.0 should be used to calculate the allowable soil
pressure (Das, B. 1984), |

The collapsing problem due to wetting or breaking down the
bond strength under high loading arises mainly in soils having low
densities. Holtz and Gibbs (1960) and Bowles (1982) indicated that

the probability of extreme settlement is not great for densities above

90 Ib per cu ft (14.8 gm/em®) and voids ratio less than 0.85. The
surfical loess soil which exists mostly below the first meter down from

the ground surface is characterized by having low dry density (about

13.4gm/cm®) while the loess soils have higher dry unit weight. When
loess is compacted, relatively high density is obtained, bond strength
is destroyed and grain to grain becomes more in contact. Conse-
quently, a higher strength, less consolidation and less tendency to
collapse are achieved. Most of the foundations within Sana'a area
have been constructed at 1.0 to 2.0 m below the surface which are in
the range of the collapsing soil. If it is suspected that the upper
layers of sojl may get wet and collapse at some time after construc-
tion of the foundations, several improvements may be considered.
Table 7.1 summarized the general suggested improvement techniques
(ASTM, 1978). Improving the soil can be done either by causing a

collapsing in the bond strength before construction or by increasing
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the bond strength by injection certain materials or solutions specially

in case of the already available structures.

The existance of those highly collapsible soils in the first three
to four meters below the surface makes the use of the conventional
compaction improvement more economical and more effective after
removing the top soil than t.he other methods. Ponding of or flooding
with water before roller compaction is expected to give high improve-

ment results (Beles, A. A., and Schaly, 1976).

The sample of the sandyv silt (Station # 40 at 2.5 m) exhibited
a relatively higher dry unit weight (15.0 kpa) and lower void ratio
(0.92). The layer from which this sample was obtained was subjected
to truck movement during the excavation o'f the trench. This type of
movement caused, to some extent, a compaction of this layer. When
a specimen of this layer was tested in the oedometer test, it did not
show the tendency for collapse as shown in Fig. 7.2. A low value of

the collapsing potential Cp equal to 1.0 was obtained (Table 6.10).

This identification coincides with the other identification shown in
Table 6.9. The tested specimen of the sandy silt (Station # 42 at

1.2m) gave a value of Cp equal to 7.2 as shown earlier in Fig. 6.10.

) 3
This last sandy silt sample had a low dry density (12.8gm/cm’).
Comparing the results of these two tested specimens (both of which
are sand silt loess) indicates the effect of compaction in increasing

the density, reducing the voids ratio and subsequently reducing the
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tendency to collapse. The use of grout injection methods may not be
more economic due to the existence of granular materials in between
the loess deposits which may require large amount of grouts. Sev-
eral investigators recommended the use of flooding by ponding in
order to stabilize surficial loess. Beles, A. A. and Schally (1967)
indicated that prewetting by ponding can be used with good technical
and economical results. They also indicated that preflooding is an
effective method of compacting slumping soils characterized by low
cohesiveness and a predominance of structural bond, not only in the
lower but also in the higher hbrizons. A layer of 17m thick of Terk-
kum loess which is similar in its composition to the loess of the study
area exhibited a slump of 110 cm after the first two months of flood-
ing the surface as indicated by Balaev, L. G_. (1967). Hé indicated
also that preliminary flooding of such loess soils in combination with
surface compaction is convenient stabilization. method. The thermal
stabilization method has been used successfully in stabilizing loessial

soils. This method was used to raise the bearing capacity under-

neath a collapsed warehouse from 8 kg/cm2 up to 25 kg/cma. The
warehouse is now in normal service after improving the loessial soils
down to 5.0m beneath the foundations (Vorobkov, L., Kasperskii, O.

and Karpienko, V., 1967).

If the collapsible soil is improved, the behavior of the soil is
modified and medium to low compressibility capacity may be obtained.

The allowable bearing capacity for improved deposits ranges from
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1 kg/em® to over 4 kg/cm? (Zaeevaert, 1972). The ultimate bearing

capacity reached up to 25 kg/cmz, when loess deposit was improved
by thermal stabilization (Vorobkov, L. et al, 1967). However, the
settlement should be estimated in accordance with the new stress-
strain characteristics of the soil encountered and environmental
hydraulic conditions at the. proposed site. When major changes in
humidity under the foundations of high buildings (of heavy loads)
are expected to take place, a great caution and deeper site investiga-

tion are essential to arrive at the most appropriate solutions,
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Chapter 8

SUMMARY AND CONCLUSION

Based on the field and laboratory investigation programs that

were carried out on Sana'as area, the capital of Yemen Arab Republic,

the following conclusions are drawn:

1)

2)

3)

4)

The available Quaternary sediments within Sana'a Plain
mainly resulted from both the alluvial depositional system
in forms of alluvial fans, flood plain and wadi deposits and
wind depositional system in the form of wind-laid deposits.
A relative regular soil profile is common condition, in spite
of the great variation in the available snil types. The rel-
atively regular profile is mostly a repetitive layering sys-
tem of both water-laid and wind-laid. deposits.

The available granular soils have different colours, tex-
tures and forms. They vary from well to poorly graded
sand and gravel with or without silty clay matrix. While
most of the fine soils are of the loess formation type -

majnly of the prime loess type within the first three to
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four meters below the ground surface and of modified

loess, secondary type, below the previous type.
The most common nonclay minerals are quartz, albite, cal-
cite, aragonite, augite and hematite, while the predominant

clay mineral is kaolinite.



o)

6)

7)

8)

The chemical analysis indicated that all soils are alkalin
with high, calcium carbonate and iron oxide contents and
low organic matter and sulphate contents. So no specia_l
treatment for foundation is needed. The silty clayey
matrix within the granular soil and the stiff fissured lean
clay soil, top layer, are moderately erodeable.

The microstructure and the fabric of the fine soils varies
from an open metastable fabric, collapsible fabric, with
high chemical precipitations in loess soil to well oriented
fabric of close-packed‘ arrangement in form face to face
aggregation with edge to edge and high clay precipitations
in lean clay soils.

The de-formation characteristics of the fine soils are of two
different types. A swelling behavior of medium type is
the characteristics of the over-consolidated dark stiff fis-
sured lean clay which exists mostly as a top layer, with a

maximum thickness of 1.5m. It exhibited a swelling pres-

sure of about 1.0 kg/cm2 and a swelling potential of 2.6%.
The second deformation type, loess form‘ations exhibited a
moderate to high collapsing behavior under wetting and
loading.

The stress history of the fine soils are within the range of
the normally to slightly over-consolidated state except the
stiff fissured lean clay which exhibiled a relatively high

over-consolidated stress history.
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9)

10)

11)

Generally all soils are characterized by having high shear
strength when they have low moisture content and drastic

decrease in strength as moisture contenl increases, so the
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foundation design in dry state may be in error whenever

the foundation becomes wet.

Critical state parameters were established for the different
fine soils in the saturated condition.

Great caution has to be considered in the foundation
design to overcome both the expansion in case of con-
struction on stiff fissuréd lean clay soil, top layer, and

collapsing in case of loessial soils.

Future Research

For future research, the following researches are sug-

gested:

1)

2)

3)

1)

Identification of the boundaries of coarse and fine soils for-
mation in the horizontal direction.

Site improvement for both the lop expansive soil from the
transportation aspects and for the collapsing soils from geo-
technical point of view.

Most appropriate foundation system for collapsing soil uuder
the available layering system, such as a strip continuous or
mat foundation, (Clemence, 1981).

The deeper site investigation in case of special structures.
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A-1
Triaxial Test Set-up

The test set-up consisted ofthe following units:

1)

i)

1i)

iv)

vi)

vii)

A 10 ton -capacity compression machine was used for
applying the deviater stress to the specimens during
shearing stage.

Triaxial cell from Wykeham France Ltd. were used to test
specimens.

Two self-compensating mercury systems were used for
applying the water back pressure, while in case of the
gas back pressure a cylinder tube under a high gas
pressure was used to feed a smaller one (through a reg-
ulator) from which CO2 was obtained through another
regulator.

The cell pressure was obtained from a water tank which
was obtained from a cylinder tube through a regulator.
This cylinder tube was supplied by the air pressure from
a compressor through another regulator.

An indicator was used to measure the pore water pres-
sure inside the specimen during the shearing stage.

A null indicator filled partially with mercury was used to
check the degree of saturation before consolidation and

shearing stage.

Auxiliary items used in the test set-up included standard
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filter paper, pours stones, rubber membranes, and a
vacuum pump. Both top and bottom ends of a specimen
were covered by porous stone along with a filter paper
between the specimen and the porous stone to prevent

clogging of the porous stone by fine particles.
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A-2
Triaxial Test Procedure:

This test is not yet standardized. The procedure that was followed

is similar in principle to that described by Bishop and Henkel (1962).

The CIU-Test was conducted using the following steps:

1)

ii)

1i1)

vi)

The specimen was prepared and its actual height,
weight and diametér were recorded.

A porous stone was placed on the pedestal followed by a
filter paper and the specimen.

The rubber membrane was put arpnnd the specimen with
the help of the membrane stretcher so that the mem-
brane covered the pedestal and. there was sufficient
length available at the upper end to cover the top cap.
Two rubber O-rings were placed successively over the
membrane covering the pedestal.

The sides of the specimen were gently rubbed by the
palm of the hands from down upward to remove entraped
air without disturbing the specimen.

A filter paper, a porous stone and the top cap was
placed on the specimen. The upper end of the mem-
brane was pulled up to cover the top cap, and finally a

pair of O-rings were placed over the membrane over the
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vii)

viif)

ix)

xi)

top cap.

The cell body was placed in position and sealed to its
base by turning the three fixed screws while the piston
was allowed to touch the top at its central groove.

The cell was filled with distilled water while air was
allowed to escape.

The cross arms of the compression frame along with the
proving ring was lowered to allow the proving ring to
touch the piston. The strain gage was set in position.
Taking the advantages ‘of carbon dioxide being heavier

than the air and its ability to dissolve in water, CO2

was inserted into the specimen under a continuous con-
stant pressure. This pressure was less than the cell
pressure with one psi at least (7 to 9 psi), in order to
remove the air from the specimen.

After one hour in case of silty sandy specimens to three
hours in case of silty clay ones, gas pressure was
stopped and the back water pressure was applied (9
psi). The cell pressure and the back pressure were
raised simultaneously in steps of % psi keeping the dif-
ference about one psi at least (cell pressure higher than
the back pressure). A time gap of about 5 minutes
were allowed in each of these steps. The degree of
saturation were checked by using the null indicator till

the desirable degree of saturation was reached.

308




xii) After reaching the full saturation the cell pressure was
rajised into the required confining pressure (Cell pres-
sure minuse back pressure). The drainage valve was
opened to allow the consolidation stage till the pore
water inside the specimen was equal to the back pres-
sure (u = 0).

- The specimen was loaded in a constant rate of about
0.002"/min., taking the reading of the deviater stress, the
deformation and the pore water pressure till the failure took
place, the back pressure ahd the cell pressure were brought
to zero.

- The specimen was removed from the cell and the final dry
weight of the specfmen was determined.

- The above procedures were repeated for the other two speci-

mens from the same soil under two different confining pres-

sures.
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1)

2)

3)

1)

5)

6)

7

A-3

Consolidation Test Procedures
The empty ring was weighed and its internal diameter was
measured.
The specimen was cut and trimmed into ring, then the
ring and specimen were weighed. The trimmed soil was
used to obtain water content and specific gravity of the
same sofl.
A filter paper was placed over the bottom porous stone,
then the sample was placéd in the consolidation cell over
the filter paper.
The cell was fit in load frame and loading yoke was set
up.

Adjusting the beam and setting the dial gage were done

before adding the first load increment to weights hunger.

The specimen was saturated by adding water, then first
load was applied on specimen.

The specimen was loaded incrementally starting either from
0.31 kg/em? or 0.26 kg/em? and continued up to 10.1
kg/em®* or 8.32 kg/cm? followed by wunloading to 1.26
kg/em? or 1.04 kg/cm2, then finally reloading again to
10.1 kg/cm? or 8.32 kg/cm2. The period of consolidation
under each loads increment was 24 hours and the load
increment was unity (1.e. every load except the first one

was double that was applied before).
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8)

9

10)

11)

12)

During consolidation under each increment of loads the dial
readings were taken along with time in minutes at 0.25,
0.5, 1, 2, 4, 8, 15, 30, 60, 120, 240, 480 and 1440.

After the final reloading the cell was drained and the
specimen was removed and weighed.

The specimen was dried in oven under 105 + °C then its
dry weight was obtained.

The obtained dial readings were plotted against the square
root of time on arithmetic scale and the coefficient of con-
solidation was determined- by wusing initial straight line
portion of the plot (Taylor, 1942).

Finally, the void ratio was plotted against the logarithm of
effective pressure allowing the determination of c;ompres~

sion index ( Cc ), swelling index ( Cs ) and the precon-
solidation pressure ( o'p ) which was done using Schmert-

mann method (Bowles, 1982). These results are shown in

the following chapters.
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APPENDIX B

: Flow Digram of the USCS.

: Plasticity Cha.rt

: Table of AASHTO Classification System.
: Digram of ASSHTO classification System.
: Tables of Coarse'Soils After USCS.

: Tables of Fine Soils After USCS.

: Soil Correlation Using N Values.

: Field Soil Identification.

: Summery of Engineering Properties(USCS).
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B-7: Penetration Resistance and Soil Properties on Basis
of the Standard Penetration Test
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Sands Clays
(Fairly Reliable) (Rather Unreliable)
Number of Blows Relative Number of Blows
per ft, N ~ Density perft, N Consistency
Below 2 Very soft
04 Very loose 24 Soft
4-10 Loose 48 Medium
10-30 Medium 815 Stiff
30-50 ~ Dense _15-30 Very stiff
Over 50 Very dense Over 30 Hard

B-8: Qualitative and Quantitative Expressions for Consistency

of Clays
Unconfined Compressive
Consistency Field Identification Strength g,
(tons /sq ft)
Very soft Easily penetrated several inches by fist Less than 0.25
" Soft Easily penetrated several inches by thumb 0.25-0.5
Medium Can be penetrated several inches by thumb 0.5-1.0
with moderate effort
Stiff Readily indented by thumb but penetrated 1.0 -2.0
only with great effort
Very stiff Readily indented by thumbnail 2.0 4.0
Hard Indented with difficulty by thumbnail Over 4.0
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cC-1:

cC-2:

APPENDIX C

Computer Out Put of the X-Ray Analysis
of Sandy Silt Soil Station 33 at 1.8m.

Natural Chemical Composition of the Earth Crust.

321




(o}
!

1.
FEAKE

X-ray Computer Output

09-NUV-57 14:45
Listed I'I file name ¢ GACGHE3.I!
Kaw dats file name : GAONE3.EI
Sample identificstion : GAONE3GASOUSHEZTED
Iate of measurement : 1-NGY-87
Ga2nerator settings : 45 kY, 20 mA
Step size, count time : 0.010 degy, 1.00 s
Angle range (2theta) : 3.005 - 79.995 deq
Al, A2 wavelengths ¢ 1.54056, 1.54435 ang
Kange in d-spacing : 1.1984 < 29.3770 Ang
vonochromator used : Yes
Maximum peak counts : 784. cts, 784. cps
S.E.C. function applied :
n .
0.00003 & 2theta + ~0.00412 % 2theta + 0.15866
Peak Arngle Tip width Peak Racks DI spac I/Imax Type Qual
no (deq) (deq) (cts) (cts) (Ang) (%) Al A2 0Ot
1 7.1700 0.00 62. 114. 12.2187 7.96 X X 1.26
2 8.81590 0.80 990. 135. 10.02Z22 11.351 X X 5.37
3 17.5975 0.32 S3. 135. 35.0257 6.20 X X 1.15
4 19.6850 0.32 289. 169. 4.5061 36.86 X X 6.92
5 20.782% 0.1¢ 188. 169. 4.2706 23.94 X X 1.81
6 21.7650 0.48 55. 227. 4.080¢ 6.98 X v 1.66
v 22.7578 0.64 S9. 276. S.74Zi .7.56 A A t.2o
8 25.2750 0.24 67. 310. 3.5208 8.58& X X 1.48
9 26.5700 0.16 784, 313. 2.3520 100.00 X X 11.48
10 27.7525 0.64 199. 372. 3.2118 25.36 X X 9.59
11 33.122% 0.22 9¢. 266. 2.7016 12.25 P 4 4.37
12 34.647%5 0.24 156. 269. 2.95868 19.93 X X 1.12
13 28.5925 .24 273. 342. 2.5202 34.73 X X 2.88
14 35.955¢ 0.36 228. 342. 2.4957 28.70 X X 4.57
15 37.2950 0.2 48. 335. 2.4090 6.07 roX 1.20
16 '27.8325 0.12 237. 323. 2.23760¢ 30.2% X X 2.57
17 29.422%5 0.232 21. 2g9. 2.2828 2.70 X X 1.48
18 40,1275 0.40 108. 231. 2.24%3 13.80 X X 2.63
19 41.8979 0.40 102. 259. 2.1%944 13.01 X X 2.51
20 42.4125 0.12 48. 272. 2.,1295 6.07 X X 1.07
21 43.2100 0.48 12. 269. 2.0874 1.56 X X 1.15
22 44.0309 0.16 28, 269. 2.0549 3.58 £ X 1.02
23 45.5850 0.64 3z. 240. 1.28284 4.14 X X 1.48
24 48,100¢ 0.48 3. 225. 1.3901 4.00 X 1.358
24 $9.1200 0.12 102, 225, 1.ele2 12.01 X X 1.09
26 94.0850 0.56 132, 234. 1.6942 16.58 X X 3.95
27 94.892% 0.40 128. 234, 1.67:2 16.29 R 4 1.66
28 $2.5800 0.2 117, 259. 1.5434 14.89 X X 1.78
29 61.2375 0.96 a6. 299, 1.5124 12.25 X X 2.04
30 62.4925 0.48 10. 35%7. 1.4850 1.21 ¥ X 2.2
381 64.0075 0.32 32, 230. 1.4534 4.14 X X 1.8
32 68.1300 0.24 108. 272, 1.27%2 12.39 X X Lo
33 71.7500 0.96 45, 279. 1.3144 $5.73 XX 2.09
34 75.5850 0.48 35. 282. 1.2570 4.44 X X 1.7
39 77.7050 0.48 10. 253, 1.2279 1.21 X X 1.09

35 peaks identified
35 erystalline

0 amorphous
All listed
PERALIC
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C-2 : Average chemical composition of the
Earth's crust (after Bear, 1964).

Chemical composition of crust® -

Element % Oxide [
(o) 406.5 810, 59.07
Si 27.6 Al:0, 15.22
Al 8.1 1“010; 3.10

.Fe 5.1 FeO 3.71
Ca 3.6 Cu0O ‘ 5.10

g 2.1 MgO 3.45
Na 2.8 Na.:0 3.71
K 2.6 K,0 .
Ti 0.6 TiO, 1.038
P 0.12 .0, 0.20
Mn 0.09 MnO 0.11
S 0.06 11.0 1.30
Cl 0.05
C 0.04




10: A represetative Computer Out Put

11:

APPENDIX D

e log P curve of Sandy Lean

clay (Station 36 at 4.5m)

e log P curve of Sandy Silt
(Station 33 at 1.8m)

e log P curve of Sandy Silty

Clay with Gravel (Station 38 at 4.0m)

Computer Program of Calculating

Oedometer test results

V - Ln p' of Sandy Silt
(Station 40 at 2.5m)

V - Ln p' of Sandy Lean Clay
(Station 36 at 4.0m)

: Stress Strain of The Sandy Soil

: The Triaxial Computer Program

Boundaries of Mohr Envelopes of Loess

: Pore pressure of The Sandy Silt Soil
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D-1: e-Log o' curve of sandy lean clay soil selected from
station 36 at 4.0m.
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at 1.8m.
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0.80 Gs = 2.69 |
Ye = 8 % |
o 0.70
= 0.60
Eo.so
0.40 \\
6.30

1E+01 2 3 456 1E402 2 3 456 1E4D3 2 3 456 1E404
effective pressure (kpa)

D - 3 : e-Log 0O'y Curve of sandy silty clay with gravel
selected from station 38 at 4.5m.
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D-4

The used computer program in calculating
the e vs. P values as resulted from

consolidation tests.

$JOB

DIMENSION P(12),R(12),E(12),DELH(12),HD(12)
CCm==— Number of tested samples = M -—--cmmemucoo

M=29

DO 40 J = 1,M

READ, N, EO, HS, FR,HIN
CCmm===— Input data incloding : —«cecmcmmccmaa-
cC-- N : number of points = = amaa-
cc-- Eo: Intial void ratio = = aa-aa
cCc-~ Hs: Thickness of the soild part -----
cCc-- FR: Dial reading factor @ = = ce---
cc-- HIN:Intial thickness of the sample----
CCCm~m—mrmmemcre mececdccmmee e e

DO 10 I1=1,N

READ,P(I),R(I)

10 CONTINUE
PRINT6

6  FORMAT(5X, 'PRESURE (KPA)',5X,'VOIDS RATIO')
PRINT,'  cmmcmmemccce e '

X1l = 0.0




DO 20 I=1,N
DELH(I) =R(I) *FR
HAV = HIN -((DELH(I)+X1)/2)
HD(I)= HAV/2
X1 = DELH(I)
DELE = DELH(I)/HS
E(I) = EO - DELE
20 PRINT5,HD(I),P(I),E(I)
40 CONTINUE
5 FORMAT(3(4X,F10.3))
STOP
END
$ENTRY
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Spesific Volume(v)

Spesific Volume(v)
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1] -u-07= 89 Kpeo
:f e i) e 07 = 138 Kp
ZE )(‘{ ¢ 0 = 107 Kpe

Q00 025 050 075 100 125 M50 175 .10 .135 .10
Straln (1)

a) Saturated condition

120 ;
O s s - 0= 207 Kpe
F-Fo s o .
B '\!l-x--dh 8 Kpe
— N
2
=
5 iy
Lod
-
=
e

000025 .05 075 .100 .125 .150 .175 200 .35 .350 .215 300
Axlal Straln (1)

b) Partially saturated condition

Stress strain relation of the Silty

clayey sand with gravel (Station 41 at
2.0m).
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- 7= 68 Kpo
3 & 07 =207 Kps
5 e 07=138 Kpe
e
-
-
o
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-
[ 4
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.
]

000 025 050 .075 100 125 .50 175 200
AxTal Strain (1)

a) Stress strain

- 0= 6 Ko

& fo'=107 Kpe
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bl
-»

—
wn

Pore Nafer Fressro (psi)

—
=

A0 B35 050 ATS .00 035 IS0 405 .00 .25 .2S0
Axial Strain (1)

b) Pore water pressure vs. strain

Stress Strain relations of the sandy
silt soil (Station 35 at 4.5m)
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D-9

The used computer program in calculating the

different parameters resulted from triaxial test.

DIMENSION DEFR(45),U(45),SEG1(45),Q(45),PTOT(45), PEFE (45)
+,DEVST(45), LOADR(45) , STRAIN(45),ACOR(45) , SEGC (1), SEG3 (45)

CHARACTER*40 TITLE(45) |
REAL LOADF, LOADR |

 CCmmmmm—- Number of tested samples = m -~--c-ccecccmen-
READ,M
DO 100 J = 1,M
READ3, TITLE (J)

3 FORMAT(A40)

PRINT4, TITLE(J)

i 4 FORMAT(' ',A40)

READ ,HO,AO,DEFF,LOADF,N,SEGC(l)

?C --------------- Inout data ~---mmcmmmee
%CC -------- HO : Intial hight of the sample -—--ceececaaa
s e A0 : Intial area of the sample =--=-meeoo-
icc --------- DEFF: Deformation factore = =  —coeoeoeoo-
fcc --------- LOADF:Load factore @ = ccccmcmcao
:cc --------- SEGC(1): Confined pressure = =-eeemee---
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PRINT11,HO,AO0, DEFF, LOADF,N, SEGC(1)
11 FORMAT(1X,'HO = ',6F5.3,2X,'A0 = ',F5.3,2X, 'DEFF
+="',F5.3,"IN',2X, 'LOADF = ',F5.3,'LB’,
+ 2X,'NU.POINTS= ',I2,2X,'SEGM CON.= ', F7.4)
DO 10 I=1,N
READ , DEFR(I),LOADR(I),U(I)
10 PRINT 20 , DEFR(I),LOADR(I),U(I)
20  FORMAT (3(4X,F10.4))
PRINT 6,J

Ccs FORMAT (' ',8X,'==mem-—u- THE INPUT OF BL8 ( ',I2,' )--')
| IF ( J .EQ. 1 ) PRINT,80
80  FORMAT (///1X,'SAMPLE OUTPUT OF TRIAXIAL TEST RESULT'
+/1X, 'STIFF FISSURED LEAN CLAY SOIL'
+/1X,'STATION : 33 AT 0.7 METER'//)
PRINT, "~ == e e R el

PRINT 9
PRINT7

PRINT, "= e e e e e e e e e e

7 ~ FORMAT(4X,'PSI',éX,'PSI',6X,'PSI',6X,' % ',5X,
+'PSI',7X,'PSI',7X, 'PSI')
9  FORMAT(3X, 'SEG 1',4X,'SEG 3',3X, 'WAT.PRE.',2X,

+ 'STRAINR',BX,'PTOT',SX,'PEFE',4X,'SEG1-SEG3')
DO 30 1=1,N

STRAIN(I)=(DEFR(I)*DEFF) /HO




+

30

100

40

ACOR(I)=A0/(1-STRAIN(I))
DEVST (I)=(LOADR(I)*LOADF)/ACOR(I)
SEG3(I)=SEGC(1)

SEG1(1)=DEVST(I)+SEG3(I)

Q(I)=DEVST(I)
PTOT(I)=(SEGL1(I)+2*SEG3(I))/3

PEFE(1)=PTOT(I)-U(I)

PRINT 40,SEG1(I),SEG3(I),U(I),STRAIN(I),PTOT(I),PEFE(I)
/Q(I)

CONTINUE

CONTINUE
FORMAT (7(2X,F7.3))
STOP

END




336
D-10

Computer out put of the triaxial

g reuslts of the stiff lean clay

-unit VI, (Station 33 at 0.7m).
i‘***************************************************************
HO = 3.000 A0 = 1.767 DEFF = 0.001IN LOADF = 0.598LB
'SEGM CON.= 40.0000 NU. POINTS= 18

SEG 1 SEG 3 WAT.PRE. STRAINR PTOT PEFE SEG1-SEG3

.000 . 40.000 20.000 0.000
.002  42.816 19.316 8.447
.003  44.272 18.772 12.817
.007  45.715 17.965 17.145
.010 46.366 17.116 19.097
.017  46.656 15.656 19.967

.020 46.633 15.133 19.899

.033 46.652 13.652 19.956

.040 46.606 13.106 19.818

59.543 40.000 33.750 .053 46.514 12.764 19.543

59.723 40.000 33.750 .060 46.574 12.824 19.723

59.615 40.000 34.000

0
0
0
o
o
o
o
60.094 40.000 32.500 0.027 46.698 14.198 20.094
o
o
o
0
0.080 46.538 12.538 19.615
o

59.945 40.000 34.000 .093 46.648 12.648 19.945



60.105
60.098
60.424

60.588

40.000
40.000
40.000
40.000

34.000
34.000
33.750

33.500

***************************************************************

337




i
/////

0 50 100 150

Effective Normal Stress ( Kpa)

D - 11: Upper and lower boundrais of Mohr envelopes of Loess

in term of the effectuve stresses

200

230
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E-1T:

APPENDIX E

Effect of Moisture on The Critical

Stress of Collapsing Soil
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Load, fons/sq r+
4

0 0 / 2 3 £ -3 7 8 4
BN(JJ Ashton, Nebr, ,,a/,,,,',/
't Newdon, Towa 7N 13) =
(We29%) = 7 Princefon, \
Towo
\ (W—23%) (4) Ashton, Nedr. |
2 Prewetted (W—218%)
N
4
£
-3 . (6) Columbus, Nebr.
$ H (W—=13%)1T
lE» -~ b—1(2) Monfour, Iowa 'I
< (w—27%) T
v 4
w | . |
. 5
s T S
b
6
7 A

E-1: Effect of moisture content in the critical stress
.of collapsing soil.

(Peckm, Hanson and Thﬁrnborn, 1974).
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