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Abstract

At 1est lateral stress in soils is an important parameter in geotechnical appli-
cations.  In the past decades, much work has been done on the investigation of
the lateral stress in sands.  However, little information regarding lateral stress in

cernented sands has been reported.

I"his thesis presents the results of a laboratory study on the at rest lateral stress
and coeflicient of at rest lateral stress (K,) of cemented sands. A state of the arl
literature review is presented, in order to provide a background to the static and
dynamic hehaviours of cemented sands. A modified oedometer ring was used to
measure the at rest lateral stress in cemented and uncemented sands. Test materials
were No. 3 Ottawa sand and a marine sand, and portland cement. The specimens
were prepared by the method of undercompaction using 0, 0.5, 1.0, 2.0, 4.0 and 8.0%
ol cement by the weight of dry sand. The water content of the specimens was 4% of
dry sand and cement. The test program was designed to investigate the influences

of cement content, vertical stress, sand density, curing period and stress history.

The test results indicate that the lateral stress in cemented sand decreases signif-
icantly with increasing cement content. The value of K, increases with increasing
vertical stress. The lateral stress decreases with increasing sand density and curing
period.  Stress history also has a significant influence on the behaviour of lateral

stress in comented sands.
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Chapter 1

Introduction .

Lateral (or horizontal) stress in soils is an important parameter for the design
of carth retaining structures and pile foundations and is a component. of soil in-situ
stress state which affects the static and dynamic propertics of the soils.  When
lateral deformation is not allowed, tlie ratio of lateral stress, oy, 10 vertical stress,

oy, is commonly defined as the cocflicient of at rest lateral siress, expressed as

K, =2 (1.1)

Gy

and in this case oy, is called the at rest lateral stress. It should he noted that all

the stresses mentioned in this thesis refer to eflective stresses.

K, is affected by soil physical properties (Andrawes and El-Sohby, 1973) and
stress history (Brooker and Ireland, 1965; and Mayne and Kulhawy, 1982). Labo-
ratory investigations have indicated that in many soils /{, remains constant during
vertical loading and increases during unloading with increasing overconsolidation
ratio (OCR). Mayne and Kulhawy (1982) have suggested that K, is only a function

of the effective stress friction angle (¢} and OCR, and can be approximated by the



exXpression,

K, = (1 - sing)(OC R)*? (1.2)
For normally consolidated soil, OCR = 1, and equation 1.2 becomes
K,=1—gsin¢ (1.3)

liguation (1.3) is identical to that proposed by Jaky (1944). However, published
investigations of K, have been limited to uncemented soils. Little informnation

regarding lateral stress in cemented sands has been obtained.

Cemented sands exist naturally or are made artificially. Stabilization of sands
using cement has been used to increase the liquefaction resistance of foundations
(Dupas and Pecker, 1979). Many naturally cemented sands occur in the marine
environment due to the precipitation of calcite cement and are found in coastal and
oflshore arcas (Murff, 1987; Clough et al., 1981; and King et al.,, 1980). The time-
dependent stiffness and strength increases in freshly deposited or densified sands
may be also due to the development of cementation bonds among the sand parti-
cles (Mitchell and Solymar, 1984; Mitchell, 1986; and Charlie el al., 1992). The
behaviour of cemented sands have been shown to be different in many ways from
those of uncemented sands, especially at low strain and stress. In the past decades,
much attention has been drawn to the studies of the behaviours of cemented sands
for geotechnical applications. Laboratory tests were carried out to study the static
stress-strain behaviour (Clough et al., 1981), the low strain dynamic properties (Acar
and El-Tahir, 1986; and Saxena et al., 1988} and the cyclic strength and liquefaction
resistance (Dupas and Pecker, 1979; and Clough et al., 1989). Some parameters of

cemented sands at low strain, such as the maximum shear modulus, cyclic strength
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and liquefaction resistance, are much greater than those of uncemented sands.  How-
ever, at high strain cementation bonds are broken and at high confining pressure

the effect of friction is more important than that of cementation cohesion.

In offshore engineering, the studies of the behaviour of cemented sands are espe-
cially important because it is recognized that in many arcas, continental shelves are
covered with calcareous sediments which are often cemented. Extensive investiga-
tions, summarized by Murff (1987), have indicated that driven piles in calcarcous
sands can develop much lower friction resistance than in silica sands due mainly
to the lack of latcral stress development. However, a clear understanding of the
influence of cementation on pile capacity has not been achieved. To further compli-
cate matters, many cemented marine sediments arc overconsolidated due to erosion
and/or glaciation. Stiudy of the lateral stress response of cemented sands as well as
the effect of stress history is of importance in predicting the in-situ stress state of

cemented sediments.

To provide more insight into the behaviour of cemented sands, this thesis presents
and analyzes laboratory test results in which measurements of lateral stress in two
artificially cemented sands under K, conditions were carried out.  The following
chapter will present a general review of the behaviour of cemented sands.  The

experimental program and results will be introduced later.



Chapter 2

Behaviour of Cemented Sands

Cemented sands exist naturally (Murff, 1987; and Saxena and Lastrico, 1978), or
are made artificially to stabilize soil foundations (Dupas and Pecker, 1979; and Kolias
and Williams, 1984). In recent decades, extensive investigations of the dynamic
and static behaviour of cemented sands have been carried out. It is recognized
that the behaviour of cemented sands is quite different in many ways from that
of uncemented sands.  Although little information directly related to the at rest
lateral stress in cemented sands is available, this chapter will present a review of the
available studies of cemented sands in order to provide some insight to the generzl
behaviour.  This review is believed to be helpful to comprehend the lateral stress

behaviour in cemented sands to be presented later in this thesis.

2.1 Cemented Sands under Static Loading

2.1.1 Stress-strain behaviour

Clough et al. (1981) studied the stress-strain relations and volume change

of artificially and naturally cemented sands in triaxial shear tests. Four naturally



cemented sands were used, two of which were weakly cemented, one was strongly
cemented and the other was termed moderately cemented.  During sampling, the
strongly cemented sand had to be cut by a power saw. The weakly cemented sands
could be easily cut by hand trowel and broken by light finger pressure, A sand
with medium grain size of 0.75 mm was artificially cemented using 2 and % of
portland cement to study the effect of density and cementation. Ihe authors fonnd
that for both artificially and naturally cemented sands, the stress-strain behavionr
is influenced by the degree [ cementation and the confining pressure.  Based an

the test results, they concluded that:

(1). The stiffness and peak strength increase with increasing confining pressure,

(2). The post-peak response depends highly on the degree of cementation and
the confining pressure. There is a transition from brittle to ductile failure as the
confining pressure increases. Sand with a lower degree of cementation demonstrates
the transition at lower confining pressure.

(3). The cementation bonds are broken at low strain and the frictional compo-
nent is developed at larger strain.

(4). Compared with uncemented sands, cemented sands generally demonstrate

volumetric increases during shear at a faster rate and at a smaller strain.

Stress-strain behaviour of natural slightly cemented sands was presented by Sax-
ena and Lastrico (1978). Typical results of undrained triaxial compression tests
have indicated that the maximum deviator stress at failure increases with increas-
ing confining pressure. Most of the stress-strain curves showed lincar behaviour up

to about 1% axial strain. At approximately 1% axial strain, the cementation bonds



break and a transition to a purely {rictional resistance begins. They also noted that

high hydrostatic confining pressure could also destroy the cementation.

In the studies of the effects of reinforcing elements on the behaviour of cemented
sands in the plane strain test, Li and Mitchell (1988) noted that failure of weakly
cemented sands developed at strains of 0.5-1%, while mesh element reinforcements
and anchored wire reinforcements increased the shear strength and the ductility of
weakly cemented sands.  Reinforced cemented sands could sustain strains of 4-6%

before failures developed.

2.1.2 Strength

Unlike uncemented sands of which the internal friction angle is the only strength
paramecter, the strength of cemented sands results from both cementation cohesion
and friction. The contribution of cementation or friction to the strength depends
mainly on the degree of cementation and confining pressure (Clough et al., 1981;
and Saxena and Lastrico, 1978). Cohesive shear strength appears to be destroyed
al strain of less than 1%; subsequently the frictional strength becomes predominant.
Strength parameters of cemented sand are effective cohesion intercept ¢ and effective
internal friction angle ¢'. Clough et al. (1981) observed linear relationships between
deviator stress and mean effective principal stress at failure in triaxial compression
tests for uncemented sand and artificially cemented sand. Similar results were also
obtained for naturally cemented sands. The friction angles appeared not to be
significantly affected by the degree of cementation; the cohesion intercept increases

with incrcasing amount of cement.



Table 2.1: Strength Parameters of Cemented Monterey No. 0 Sand
(After Acar and El-Tahir, 1986)

Cementation | Density Index | Colicsion intercept | Friction Angle
(%) (%) (kPa) (degree)
0 31 0 33

43 0 35
7 0 39
1 25 5 33
35 T 34
50 9 BH
80 14 38
2 25 12 3
35 17 35
50 20 36
80 30 39
i\ 60 123 29
75 143 35
90 153 41

Acar and El-Tahir (1986) reported the cohesion intercept and internal friction of
uncemented and artificially cemented Monterey No. 0 sand; the results are listed on
Table 2.1. The cohesion intercepl and friction angle on Table 2.1 were determined by
a straight line approximation of peak strength in CIU tests with confining pressure
range of 35-345 kPa. The cohesion intercept increases with increasing cementation
and the internal frictional angle is not significantly affected by cementation. The
results are in accordance with those reported by Clough el al. (1981). However,
the increases in friction angles of cemented soils were also reported, although the
increase is relatively small. Wissa et al. (1965) observed that cementation leads to
increases in friction angles of up to 5°. In the studics of the effects of cementation

in frictional soils, Lade and Overton (1989) concluded that an increasing degree of
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cementation results in increasing cohesion intercept as well as increasing friction

angles al low confining pressures.

Correlation of unconfined compressive strength from cohesion intercept was ob-
tained by Acar and El-Tahir (1986) for artificially cemented Monterey No. 0 sand

with cement contents of 1, 2, and 4%. The expression is given by
qr =2.1c (2.1)

. . ! . . .
where ¢ is unconfined compressive strength and ¢ is cohesion intercept.

Residual strength of artificially and naturally cemented sands was reported by
Clongh ¢t al. (1981). The residual strength was determined from stress-strain data
where the curves leveled out after the peak strength. It was found that the residual
friction angle was not influenced by the degree of cementation, although there was a
small residual cohesion intercept. It was concluded that the residual strength of a
cemented sand is close to that of an uncemented sand and the degree of cementation
has no significant effect on the residual strength. It appears that failure of cemented
sands can completely eliminate the cementation effect. The results of Clough et al.

(1981} is in accordance with those of Wissa et al. (1965).

Due to the cementation bonds among soil particles, cemented sands exhibit the
ability of sustaining small tensile stresses. Investigation of the tensile strength
is of importance in engineering practice because theoretical and field evidence has
indicated that failures in steep cemented sand slopes are often initiated by tensile
splitting in the upper portion of the slopes (Sitar and Clough, 1983). Clough

el al. (1981) performed tension tests on cemented sand and found that the tensile
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strength of cemented sand is approximately 10% of unconfined compressive strength.
Similar results were also observed by Kolias and Williams (1984) from the test data

of cement stabilized soils.

2.1.3 Deformation modulus

In the studies of naturally and artificially cemented sands, Clough et al. (1981)
reported that the initial tangent modulus from drained triaxial shear test could be

expressed as

no— e p(23ye 9
B = K P(7) (2.2)

where, £; is the initial tangent modulus; K is the intercept at a3/FP, = 13 nis a
constant parameter; o3 is confining pressure; and P, is atmospheric pressure, The
K value increases with degree of cementation, while the n value decreases with

increasing cement content.

2.1.4 Pore pressure during undrained shear

From the undrained triaxial test results of naturally cemented sands, Saxena and
Lastrico (1978) have found that the developed pore pressure reaches a peak value
within one percent of axial strain and then decreases with increasing strain. This
behaviour is similar to that of dilating or dense sand, and the cementation creates an
“apparent high density” performance. The dilating behaviour of cernented sands is
also reflected by the volume increase during triaxial shear tests conducted by Clough

et al. (1981) and Saxena and Lastrico (1978),



2.2 Dynamic Properties of Cemented Sands

The dynamic modulus of soils decreases with increasing amplitude of strain.
A relationship between dynamic shear modulus and the amplitude of shear strain is

given hy (Hardin and Drnevich, 1972a)

G 1
= 2.3
Gmaz 1+ Yh ( )
where the hyperbolic strain, 44, is determined from the relationship
= L1+ aensor) 2.4)

while ¢/ is the shear modulus, G, is the maximum shear modulus, 4 is the shear
strain, 7, is a reference strain, and a and b are constant parameters. Although the
above two equations were originally proposed for uncemented soils, they appear to
be suitable for cemented sands (Acar and El-Tahir, 1986). The reference strain, ¥,,

is defined by Hardin and Drnevich (1972a) as

Tmar
= 2.
7" Gmar ( 5)
where,
Tmez = Eosz'nqS' + ¢ cosd’ (2.6)

and the maximum shear modulus of uncemented sands is expressed as (Acar and

El-Tahir, 1986)
5
0.3+ 0.7¢?

in which, S is a stiffness coeflicient, e is void ratio, &, is mean effective confining

Gmar = (Pa)l_"(ao)n (2'7)

stress, P, is atmospheric pressure.

10



2.2.1 Maximum shear modulus of cemented sand

Acar and El-Tahir (1986) carried out torsional resonant column tests to study
the effect of cementation on dynamic properties of Monterey No. 0 sand.  The
rmaximum cement content was 4%, and the maximum confining pressure was 100
kPa. A tamping method was used for preparing uncemented sand specimens and

the pluviation method was used for cemented sand specimens.

Table 2.2: Paramecters for Maximum Shear Modulus of Cemented Sand
(After Acar and El-Tahir, 1986)

Density index | Cementatior | Stiffness Coellicient Exponent
Ip (%) CC(%) S or 8, n (Mean value)
25 0 621 0.42
1 867 0.43
2 1,122 0.43
4 1,396 0.43
39 0 638 0.4
1 918 0.43
2 1,184 0.12
4 1,481 0.12
50 0 624 0.43
1 1,028 0.42
2 1,318 0.42
4 1,586 0.13
15 0 658 0.43
1 1,115 0.42
2 1,387 0.42
4 1,651 0.41

It is found that for maximum shear modulus, the stiffness coefficient, of cemented
sand, S, increases with increasing cementation, while the exponent, n, appcars not

to be affected by the amount of cement. The test results are shown on Table 2.2,
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From the data listed on Table 2.2, maximum shear modulus of the cemented
sand 15 revised as
S

- Y » B 0.57¢— 10.43 2.8)
Cnae = B g7 (P (3) (28

where (},,, is the maximum shear modulus of cemented sand; R is the stiffness
ratio (S./9); S. is a dimensionless stiffness coefficient of cemented sand; and S isa
dimensionless stiffness coeflicient of uncemented sand (the mean value of S is 831
for the Montercy No. 0 sand). The stiffness ratio, R, which is a function of cement

content, CC, and void ratio, e, is expressed as
R=1+(CC)*° —20(CC)*e6 (2.9)
and correlation of the stiffness ratio with the unconfined compressive strength yields
R=0.61¢}% (2.10)
where I? is a dimensionless parameter; the unit of ¢y is kPa.

Saxcna, Avramidis and Reddy (1988) also used Monterey No. 0 sand to study
the effect of cementation on the dynamic properties at low strains. The resonant
column device used was modified for cemented sands in order to increase the overall
stiffness of the apparatus. All the specimens were prepared using undercompaction
(Lauld, 1978). The maximum shear modulus of cemented sand, G, ..., is expressed
as

Graz = Gmasr + AGmaz (2.11)

where Ghgr is the maximum shear modulus of uncemented sand; AGmnmer is the

increcase in maximum shear modulus due to cementation. Based on regression

12



analysis, when CC is less than 2%, AG e, can be obtained from

AGmaI _ 172
P. 7 (e—0.5168)

Co

P,

(coP

)(0.5]5(‘—0.]3&'-{-0.'285) (A). I..Z)

and when CC is between 2 and 8%, AG,... is given by

T
P, e

(CC)l.2(%)(U.B!)Hc-l).()-lcc—u.'l) (.) [:‘)

where CC is expressed as a percentage. The maximum shear modulus of uncemented

Monterey No. 0 sand is given by

428.6

Cimaz = (0.3 + 0.7¢)

(Pa)*%(z, )" ™ (2.14)

Saxena, Avramidis and Reddy (1988) also discussed the results of resonant col-
umn tests on a cement-treated sand reported by Chiang and Chae (1972). The

maximum shear modulus is expressed as
G oe = [Gumaz — 0.343CC(7,)*")(7, )¢ (2.15)

where, G..,., Gmsz and @, are expressed in psi (1 psi=6.89 kPa), and CC is in
percent. To calculate Gp,z, relations proposed by Hardin and Drnevich (19724, b)

were recommended. For round-grainea sand,

(2.17 ~ e)?

maz — 2630
G (1+e)

(7,)"° (2.16)
where Gmar and @, are in psi.

Another study of low strain shear modulus of cemented sands was reported by
Chang and Woods (1992) and the degree of cementation was expressed in terms

of percent void filled with cementation. The test results indicate that the shear

13



modulus of cemented sand is related to the degree of cementation and the properties
of the sand. It is concluded that the cffective grain size (Do) and coefficient of
uniformity (C,) are the most important index properties controlling the cementation
effeet.  The low strain shear modulus of cemented sand increases with increasing

(', and decreases with increasing Dyo.

The resonant column technique was widely used to evaluate the dynamic prop-
ertics of cemented sands at low strain.  Because resonant column tests are costly
and complicated, correlations of dynamic moduli from static strength parameters is

very valuable for a crude estimation of dynamic properties of cemented sands.

Saxena, Avramidis and Reddy (1988) correlated the maximum shear modulus
from the static triaxial strength of cemented Monterey No. 0 sand. When the

cffective confining pressure is 49 kPa, the relation is given by

-
Gm ar

= 1109.22(a4/ P.) + 72.47 (2.17)
where a4 is the deviator stress al 1% axial strain in static triaxial drained test.

Saxena, Avramidis and Reddy (1988) also used another correlation obtained by
Chiang and Chae {1972) by conducting static undrained triaxial tests at a confining

pressure of 20 psi (138 kPa). The relation is expressed as

*
Gma:c

= 13.867 + 0.41904 (2.18)

wlhere o4 is the deviator stress at 1% strain level in psi (1 psi = 6.89 kPa) and G},

is in ksi (1 ksi = 6.89 MPa).
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2.2.2 Cyclic strength and liquefaction potential

The liquefaction potential and cyclic strength of uncemented sands are mainly
influenced by sand density and confining pressure. For cemented sands, the resis-
tance to liquefaction is significantly increased and only a small amount of cement. is

required to prevent liquefaction (Dupas and Pecker, 1979).

Saxena, Reddy and Avramidis (1988) used an artificially cemented Mounterey
No.0 sand in stress-controlled cyclic triaxial tests. The cement contents were 1,
2, 5, and 8%, and the confining pressure was 98 kPa. The initial tests indicated
that samples with 5 and 8% cement were not susceptable to liquefaction, and fur-
ther studies were carried out on the samples with 1 and 2% cement.  Dupas and
Pecker (1979) also found that sand samples with 5% ol cement are not liquefiable

in laboratory tests.

Test results of Saxena, Reddy and Avramidis (1988) have indicated that cyclic
strength and liquefaction resistance of cemented sand increases significantly with
increasing cement content. The behaviour of cemented loose sand is similar to
that of uncemented dense sand. Increase of density and curing period leads to the
increase in liquefaction resistance. The relationship between ratio of cyclic deviator
stress to confining pressure, SR, and the number of cycles to liquefaction, Ny, can

be expressed as

SR = a(N)° (2.19)

where @ and b are constant parameters depending on sand density and cement

content.
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From the test results, Saxena, Reddy and Avramidis (1988) also found good
correlation of cyclic strength from maximum shear modulus of the cemented sand.
The correlations make it possible to estimate the cyclic strength of cemented sand
from the measured maximum shear modulus or shear wave velocity, although the
correlation is dependent on the type of sand, degree of cementation and effective

confining pressure,

Another study of the influence of cementation on liquefaction potential of ce-
mented sand was presented by Clough et al. (1989). They used both triaxial and
cubical cyclic shear devices to investigate the effects of cementation, unit weight
and stress path on liquefaction of cemented sands. The test results were used to
scparate the effects of cementation and unit weight. It was found that increases in
cementation and unit weight lead to an increase in liquefaction resistance. When

cementation reaches a critical value, it trends to override the effects of unit weight.

Cyclic triaxial shear tests of undrained cemented sands were also conducted
by Frydman et al. (1980) and Dupas and Pecker (1979). The results indicate
thal cementation can considerably increase the cyclic strength and the liquefaction

resistance.

2.2.3 Dynamic damping

Based on resonant column tests on cemented Monterey No. 0 sand, Acar and
I2l-Tahir (1986) obtained quantative assessment of dynamic shear damping ratios.

It was concluded that an increase in cementation leads to a decrease in damping
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ratio at all strain levels.

However, the test results of Saxcna, Avramidis and Reddy (1988) are quite il
ferent. They also used Monterey No. 0 sand in resonant column tests to study
the behaviour of dynamic damping and expressed shear damping ratio of cemented
sand as

D: =D, +AD, (2.20)

where D, is the shear damping ratio of uncemented sand, and A7), is the change
of damping ratio due to cementation. D, is related to confining pressure and shear

strain, and is expressed as

To

D, =9.22
9 (Pn

=038 ;)0-33 (2.21)

in which v is the amplitude of shear strain. Damping value of cemented sand also
depends on strain level. When the shear strain () is approximately equal to 1077%,

based on test results, AD, at the lower range of cementation is given by
AD, = 0.49(00)1-07(%2 )=0:36 (2.22)
a

Saxena, Avramidis and Reddy (1988) have emphasized that the above equation
for damping is only available for lower ranges of cementation, as decreases in shear
damping ratio were observed at higher ranges of cernentation. Although they were
not able to find the exact threshold of cement content at which the shear damping
ratio reaches the maximum value, their tests data have indicated that the above
equation is suitable for cement contents at least up to 5%. It is also stated that the

relation is in agreement with the experimental results of Chiang and Chae (1972).
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2.3 Cemented Sands in Offshore Engineering

Noorany (1989) classified marine sediments into three major groups: terrigenous;
biogenous; and hydrogenous. Biogenous sediments cover about one half of the conti-
nental shelves and they are primarily calcareous or siliceous sediments. Calcareous
deposits also exist in hydrogenous sediments due to the precipitation of calcium
carbonates. [t is recognized that a large portion of continental shelves is covered
with calcarcous sands containing calcium carbonates (Noorany, 1989; Poulos, 1988;

and Murfl, 1987).

Calcareous sands originate from biological precesses or chemical precipitations
(Noorany, 1989; Poulos, 1988; and Murff, 1987). One important property of cal-
carcous sands is the carbonate content. Although there is no explicit relationship
between the carbonate content and engineering propertics, it is recognized that soils
with carbonate content greater than 50% are often troublesome (Murff, 1987). An
important feature of calcareous sands is the presence of cementation bonds among
soil particles (Poulos, 1988) and calcareous sands without cementation bonds are
uncommon (Murfl, 1987). The cementation usually results from the precipitation
of calcite cement (Saxena and Lastrico, 1978). The assessment of cementation in
the brittle and crushable calcarcous sands is very difficult. Sampling for laboratory
tests, especially by offshore percussion, may clearly destroy the cementation bonds,
and sample trimming also results in additional disturbance (Murff, 1987; Saxena
and Lastrico, 1978; and Frydman et al., 1980). In situ standard penetration tests
by Frydinan ef al. (1980), Angemeer et el. (1973) and Hagenaar (1982) and in situ

conc penetration tests have also brought confusing interpretations (Murff, 1987),
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although laboratory cone penetration test of artificially cemented sand (Rad and
Tumay, 1986) has indicated that the tip resistance and the sleeve friction increase

with increasing cement content.

Calcareous sands are often troublesome to the construction of uifshore facilitios,
especially for driven piles. Extensive investigations have indicated that deiven piles
in calcareous sands develop much lower skin friction than in silica sands (Angemeer
et al., 1973; Datta et al., 1980; Dutl and Cheng, 1984; Ismacl, 1989; McClelland,
1974; Noorany, 1985; Nauroy and LeTirant, 1985; and Poulos and Chua, 1985).
The skin friction is typically only 20-25% of that used for silica sands (Murlf, 1987).
Although the understanding is limited, there is a consensus that the lack of laleral
stress is the main cause of the low skin friction (Angemeer ¢ al,, 1973; Noorany,
1985; and Murff, 1987). The low lateral stress results from the high compressibilily
and the presence of cementation of calcarcous sands. Nauroy and Le'Tirant (1085)
have indicated that shaft resistance decreases with increasing compressibility of soils.
However, this result seems to fit best to non-cemented soils which are not typical
for calcareous sands (Murff, 1987). Many investigators agree that cementation is
very important to the shaft resistance (Angemecr et al., 1973; Datta et al., 1980;
Dutt and Cheng, 1985; Hagenaar, 1982; and Nauroy and LeTirant, 1985), but the
mechanism remains unclear. It is suggested that well-cemented calcarcous sands
develop high skin friction, while lightly, or irregularly cemented sands result in low
shaflt resistance, as lightly cemented calcareous sands have more open structures
(Murff, 1987). However, due to the difficully to assess the degree and distribution

of cementation in calcareous sands, the understanding of the effect of cementation
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on the skin friction of driven piles is still limited.

2.4 Closure

Extensive investigations of the behaviour of cemented sands have been carried out
in the past decades. The effect of cementation is very prominent in the behaviour
of cemented sands at low strain or low stress. The parameters of cemented sands
at low strain, such as the maximum shear modulus and cyclic strength, are much
grealer than those of uncemented sand. However, at high strain, cementation
honds are broken, and at high pressure internal friction in more important than the
cementation cohesion. Due to the difficulty of sampling and the uncertainty of the
cementation in naturally cemented sands, much work has been done in laboratories
with arlificially cemented sands. For offshore engineering, due to the difficulty to
assess the degree of cementation, the influence of cementation of calcareous sands

on the hehaviour of piles is still unclear.

To provide more insight to the behaviour of cemented sands, the following sec-
tions of this thesis will present an experimental study of the lateral stress in two

artificially cemented sands under K, conditions.
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Chapter 3

Experimental Program

The purpose of this thesis is to study the behaviour of lateral stress in cemented
sands under K, conditions. To do so, a modified ocdomneter ring was developed
to measure the at rest lateral stress in cemented and uncemented sands in order to
investigate the effect of degree of cementation. Materials used were No. 3 Ottawa
sand and a marine sand with type 10 portland cement. Sand specimens were
prepared by the method of undercompaction using 0, 0.5, 1.0, 2.0, 4.0 and 8.0% of
cement by the weight of dry sands. All specimens were prepared at a density index
of 50% and were cured for 10 days before tests were carried out, except for those

used to investigate the effects of sand density and curing period.

3.1 Measurement of Lateral Stress

Devices for measuring lateral stress under K, conditions can be divided into two
main categories (Ofer, 1981); one uses triaxial cells, and the other employs modificd
oedomeler rings. In some cases, simple shear devices were also used { Budhu, 1985;

and Youd and Craven, 1975). Bishop and Eldin (1953) introduced at rest lateral
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stress measnurement in a triaxial cell.  Using this technique, it is possible to maintain
the lateral strain of the soil specimen at zero by adjusting the cell pressure. Similar
triaxial devices were developed by Boyce and Brown (1976), El Ruwayil (1976),
Campanella and Vaid (1972), Andrawes and El-Sohby (1973), Kochi and Tatsuoka
(1984), Feda (1984}, Lo and Chu (1991), and Tsuchida and Kikuchi (1991).

Modified ocdometer rings for measuring lateral stress in soils can be divided into
Lwo sub-categories: thin wall oedometer rings and thick wall oedometer rings. The
first type of rings were used by Brooker and Ireland (1965), Calhoun and Triandafil-
idis (1969), Edil and Dhowian (1981), and Ofer (1981). Using this technique, strain
gauges are cemented to the oedometer ring to measure the lateral stress which
causcs small lateral deformation of the ring. Thick wall oedometer rings were used
by Abdclhamid and Krizek (1976) and Thomann and Hryciw (1990), in which small
horizontal holes were made in the midheight of the ring walls through which pistons

were used to measure the lateral stress in the soils of zero lateral deformation.

It is believed that lateral stress under true K, conditions can be measured in
both the triaxial cells and thick wall oedometer rings. However, the devices and
imeasurement systems and the test procedures are complicated for the adjustment
of zero lateral strain. For thin wall oedometer ring, lateral deformation may affect
the test results.  However, as described later in this chapter, the effect of lateral
deformation of thin wall oedometer ring on the measurement of lateral stress is not
significant. Because of the convenience of operation, a thin wall oedometer was

used in the tests described in this thesis, as shown in Figure 3.1.
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Figure 3.1: Device for Lateral Stress Measurement

The oedometer ring has an inside diameter of 61.3 mm, an outside diameter of
94.0 mm and a height of 70.0 mm. The thickness of the thin wall is 1.5 mm. Strain
gauges were cemented on the thin wall to measure the hoop strain of the ring caused
by the lateral stress in the sand specimen. Measurements were carried out using a

strain indicator.

3.1.1 Arrangement of Strain Gauges

Soil lateral stress causes the thin wall of the oedometer ring shown in Figure
3.1 to deform laterally. By measuring the lateral deformation of the thin wall,
lateral stress in the soil can be obtained. Electrical resistance strain gauges were
cemented to the thin wall to measure thin wall hoop strain induced by the soil lateral

stress. The strain gauges were of foil type. The gauge resistance was 120+0.15%
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1,2: active gauges 3,4: compensation gauges

Figure 3.2: Wheatstone-bridge Circuit for Strain Measurement

ohms, and the gauge factor was 2.045:+0.10%. Two strain gauges were horizontally
cemented 180° apart at the midheight of the thin wall to measure the Loop strain
induced by soil lateral st -ess. These two strain gauges were called active gauges. In
addition, two other strain gauges providing temperature compensation were bound
to the bottom part of the oedometer ring where no measurable deformation occurred
during tests. The two active gauges and the temperature compensation gauges were

connected together to form a full Wheatstone-bridge circuit, as shown in Figure 3.2.

This arrangement has two advantages. The strain sensed by each active strain
gauge is added together and the accuracy of lateral stress measurement is enhanced.
The second advantage is that it can provide temperature compensation with which

changes of temperature in the gauges resulting from environmental factors or exiting
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clectrical current through the gauges, or both, will not affect the results of the
measurement, Temperature compensation is very important to obtain stable and

accurate measurements.

Careful attention was paid to the bonding of the strain gauges, lor the proper
functioning of a strain gauge depends completely on the bond between the gauge
and the structure undergoing tests (Perry and Lissner, 1961).  The surface where
a strain gauge would be bound was rubbed with sand paper and cleaned using an

acid and then using a neutral liquid before bonding the strain gange,

3.1.2 Effect of lateral deformation

The thin wall thickness of 1.5 mm of the oedometer was chosen by the eriteria
that the wall should be thin enough to achieve reliable measnrement results and
be thick enough to satisfy the K, conditions. One of the main disadvantages using
a thin wall cedometer ring is that deformation of the ocdometer necessary for the
measurement of lateral stress may influence the test results. It is necessary to
investigate if the slight lateral deformation will significantly influence the result. of

lateral stress measurement,

Ofer (1981) constructed a oedometer ring which could measure lateral stress
either with or without lateral deformation. The test results show that under true
K, conditions of zero lateral strain, lateral stress is higher than that when a smail
lateral strain occurs. However, the conclusions of other investigators are different.
Calhoun and Triandafilidis (1969) used several rings with different wall thickness

to study the effects of lateral deformation and concluded that lateral stresses arc
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influenced by small lateral strain but not significantly. Tests results by Andrawes
and El-Sohby (1973) using a triaxial cell show that small deviation of lateral strain
from zero will not significantly affect the lateral stress measurement. In the test
of Ofer (1981), the thickness of the thin wall was only 0.8 mm, which may be the
main cause for the lateral stress measured with lateral strain being smaller than
that when no lateral deformation was allowed. Another questionable aspect of the
results of Ofer (1981) is that the value of K, both with or without lateral deformation
decreased significantly with increased vertical stress, especially in the case of zero
lateral deformation when the vertical stress was less than 300 kPa. The value of
K, decreased approximately from 0.7 to 0.45 when the vertical stress changed from
50 to 300 kPa. It is well known that K, of soils remains constant during loading

(Mayne and Kulhawy, 1982).

For the new oedometer ring, the thickness of the thin wall is 1.5 mm. According
to actual measurement, within the applied lateral stress in the tests, the lateral
strain in the soil caused by the lateral deformation of the oedometer was less than
the order of 108, This strain is significantly less than the value required for the

lateral siress to drop to the active state (Edil and Dhowian, 1981).

3.1.3 Calibration

The oedometer ring was calibrated by applying a known air pressure to the
inside of the ocdometer and the output of the strain gauge system was read. The
relationship between the chamber air pressure and the output reading was linear.

No hysteresis effects were observed during loading and unloading.
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3.2 Test Materials

Tests were performed on No. 3 Ottawa sand and a marine sand.

The

main properties of the two sands are summarized on Table 3.1 and the grain size

distribution curves are shown in Figure 3.3. The cement agent. was type 10 portland

cement.
Table 3.1: Soil Properties

Sand Type No. 3 Otlawa Marine
Specific Gravity: 1 2.65 2.65
Maximum Dry Density: kqg/m? 1780 1750
Minimum Dry Density: kg/m3 1530 1490

| Maximum Dry Unit Weight:  kN/m® 17.64 17.17
Minimum Dry Unit Weight: kN/m? 15.01 14.62
Maximum Void Ratio: l 0.73 0.88
Minimum Void Ratio: 1 0.49 0.55
Mean Grain Size, Dso: mm 0.54 0.33
Effective Grain Size, Dyg: mm 0.42 0.20
Limited Grain Size, Dgg: mm 0.52 0.34
Uniformity Coefficient, Cy: 1 1.24 1.70

e |
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Figure 3.3: Grain Size Distribution

The two sands were used to study the effect of soil type on the lateral stress
in cemented sands. Both were silica sand. Some physical properties of the two
sands are different. The Ottawa sand is coarser in particle size (Dsp = 0.54) and
more uniform in grain distribution (Cy = 1.24). The marine sand is a medium-fine
sand, The mean diameter {Ds) is 0.33 mm, the uniformity coefficient (C\,) is 1.70.
Another difference between the two sands is that the Ottawa sand is round-grained

while the shape of the marine sand grains is more angular.

The maxirmum and the minimum dry densities of the two sands were determined
using a mold of 1000 cm? in volume. The minimum dry density was obtained by
placing a tube in the mold, filling the tube with sand, and carefully withdrawing

the tube (Bowles, 1986). To obtain the maximum dry density, the sand was put
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in the mold, a load of about 150 N was applied to the confining plate on the top
of the sand according to the recommendation of Bowles (1986). The mold was
then vibrated on a shaking table. Different levels of acceleration of vibrations were

applied to achieve the maximum density.

3.3 Specimen Preparation

There are two main methods for cemented sand specimen preparation: pluvi-
ation (Acar and El-Tahir, 1986; and Clough et al., 1989) and compaction (Saxcna,
Avramidis and Reddy, 1988; and Clough et al, 1981), Using the pluvial method,
the sand mixed with cement is pluviated to the specimen mold, and then the mold
is tapped along its length to obtain the sand density required (Acar and El-'Tahir,
1986). Two significant problems associated with this technique are the segregation
of particles and the difficulty of obtaining uniform density specimens (Ladd, 1978).
For cemented sands, great care should be taken to prevent segregation of cement and
sand particles during pluviation (Acar and Tahir, 1986). To minimize the influence
of specimen preparation on test results, all specimens described in this thesis were

prepared using undercompaction.

The technique of preparing test specimens using undercompaction was intro-
duced by Ladd (1978), initially for cyclic triaxial tests. It is well known that when
a sand is compacted in layers, the compaction of the succeeding layer can further
densify the soil under it. The method of undercompaction uses Lhis fact and applies
the concept of undercompaction to achieve specimens of uniform desity. Using this

method, a soil layer is compacted to a lower density than the final required value by
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a prescribed amount which is defined as degree of undercompaction, U. The first
layer (bottom) has the maximum value of U, and the 7" value of the last layer (top)
is (usnally) zero. For the ith layer, the degree of undercompaction is given by

i—1

Ui:Ul(l—.Nt—l

) (3.1)

where U; is the degree of undercompaction of ith layer, U; is the degree of undercom-
paction of the first layer, and W, is the total number of layers. Once the NV, value
is chosen, U is the only parameter to be selected. The height of specimens in the
ocdometer ring shown in Figure 3.1 is 52.0 mm, so the specimens were compacted
in four layers (N, = 4) in which each layer was 13.0 mm in thickness. With a proper
selection of U value, the specimen prepared could have a uniform density. The U,
value is related to the density of specimen. The looser the specimen, the greater

the Uy value.

To date, there is no effective method for selecting the {/; value of cemented
sands.  According to the experiences of Ladd (1978) and Saxena, Avramidis and
Reddy (1988), for tests described in this thesis, U/ values of 14% and zero are chosen
for specimens with density index of 20% and 90% respectively. Linear change of U/
valuc between 14% and zero is selected for specimens with density index betweeen

20% and 90%, that is
Ip — 20)
70

where Uy is the degree of undercompaction of a specimen with a density index of

Uy = 14(1 — (3.2)

Ip. Both Uy and Ip are in percent. For example, a specimen with a density index
of 50% will have a U, value of 8%. The procedure for specimen preparation of

cemented sands is summarized as follows.
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(1) Determine the total weight of air-dried sand according to the density require-
ment of the specimen. Divide the sand into four equal groups and put them in four

containers.

(2) For each container, weigh the amount of type 10 portland cement according
to the required cement content by the weight of air-dried sand. Mix the saud with

the cement throughly using a spatula.

(3) Add 4% of water to each container by the weight of the sand and the cement.,
Mix them throughly to obtain a uniform sand-cement-water mixture.  Although
Clough et al. (1981) and Saxena, Avramidis and Reddy (1988) used 8% of water for
the specimen preparation of cemented sands, il was found that using 4% of water
was more convenient for the specimen preparation.  Actually, 4% of water could
keep the specimens in a very damp state in order that there was enough moisture

for the hydration of the cement.

(4) Put the sand-cement-water mixture from one of the containers into the oc-
dometer ring and compact it to the prescribed degree of undercompaction. A very
thin layer of grease was applied to the inside surface of the oedometer ring to prevent,
cementation between the sand mixture and the ring. The height of first layer before

the second layer is compacted is given by

i Uy q
[11 - Ng(l + 100 ('}'J)

where U, is obtained using equation (3.2).

(5) Compact the following layers one by onec using a similar method as for step
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(4). The height of the specimen at the top of the ith layer is calculated by

H, . U
H; = —A-Tt(z-f-m (34)

where I is the beight of the specimen, /V; is the number of layers (V; = 4 here),

and {J; is the degree of undercompaction of the ith layer calculated using equation

(3.1).

(6) After the last layer (top) is compacted, put the loading cap (see Figure 3.1)
on the specimen in the oedometer. Make sure the loading cap fits well with the

ocdomeler ring.  Seal the small gap between the cap and the oedometer ring with

grease.

(7) Cure the specimen for a required period (under temperature of 224:-2°C).
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Chapter 4

Experimental Results and
Analyses

In the past decades, much work has been done on the investigations of lateral
stress in uncemented sands (Brooker and Ireland, 1965; Anrcawes and EFl-Sohby,
1973; and Fukagawa and Ohta, 1988). The coefficient of lateral earth pressure al

rest with zero lateral deformation is expressed by equation (1.1) as

1ﬂ,=gi

Oy

where o), is the at rest lateral (or horizontal) stress and o, is the vertical stress.

The value of K, usually remains constant during loading and increases during
unloading with increasing OC R (Mayne and Kulhawy, 1982). In the tests performed
for this thesis, the at rest lateral stress in No. 3 Ottawa sand and a marine sand
was measured using the oedometer ring shown in Figure 3.1. The results of the
lateral stress and K, value of the two uncemented sands with a density index of
50% are shown in Figure 4.1 and Figure 4.2. During loading, K, of the two
sands remains constant, that is, the value of K, 1s not affected by the vertical

stress. However, during unloading, K, increases with decreasing vertical stress and
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Figure 4.1: Lateral Stress in Uncemented sands (Ip = 50%)
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Figure 4.3: Relation between K, and OCR (Uncemented Sands, Ip = 50%)

increasing overconsolidation ratio (OCR). The relationships between OCR and K,

of the two sands are shown in Figure 4.3.

K, of normally consolidated sand decreases with increasing density index. This
behaviour was clearly demonstratca by Bishop and Eldin (1953) in tests using a
triaxial cell. For the Ottawa sand and the marine sand tested using the oedometer
ring shown in Figure 3.1, the relationships between K, and Ip are shown in Figure

4.4. K, of the Ottawa sand is a little smaller than that of the marine sand.

Although extensive laboratory investigations of at rest lateral stress in unce-
mented sands have been done, little information on the lateral stress in cemented

sand has been obtained. Therefore, tects on cemented Ottawa sand and marine
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Figure 4.4: Relation between K, and Ip of Uncemented Sands

sand were performed using the oedometer ring to measure the lateral stress. From
the test results, it is found that the behaviour of lateral stress in cemented sands
are quite different from those of uncemented sands. The details are described in

the following sections.

4,1 Effect of Cement Content

To investigate the influence of cement content on lateral stress in sands, No. 3
Ottawa sand and the marine sand were tested at a density index of 50%. Specimens
were prepared using 0, 0.5, 1.0, 2.0, 4.0, and 8.0% of portland cement by weight of
dry sand. The curing period was 10 days. The relationships between lateral stress

and vertical stress are shown in Figure 4.5.
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The common characteristic of both cemented sands is that the lateral stress
decreases significantly with increasing coment content. 1t can also he seen that at
the same cement content, lateral stress in the marine sand is smaller than that in
the Ottawa sand; that is, cementation is more effective in reducing lateral stress
in the marine sand than in the Ottawa sand.  The cffect of cementation on the
lateral stress depends on the type of sand.  As deseribed in chapter 3, the physical
properties of the two sands are different. The Ottawa sand is coarser in grain size
(Dsg =0.54) and more uniform in grain distribution (C, =1.21). The marine sand is
a medium-fine sand, the mean diameter (Dgp) is 0.33 mm, the uniformity coctlicient
(Cy) is 1.70.  Another difference between the two sands is that the Ottawa sand is
round-grained while the marine sand grains are more angular. It is believed that the
differences in the grain size and the angularity are the main causes of the difference
of the cementation effect on lateral stress in the two sands. It is understandable
that the marine sand with finer particle size and wider range of grain size has more
surface area for particle contact and the cementation among the sand particles is
stronger. In addition, the cementation in the marine sand is more effective due to
the more effective interlocking of its angular particles (Clough et al., 1981). 'The
test results are in accordance with the fact that cementation in sands increases with

increasing C, and decreases with increasing Do (Chang and Woods, 1992).

An important characteristic of latcral stress in the cemented sands is that the
relationship between lateral stress and vertical stress is nonlinear, as shown in Fignre
4.5. This characteristic is more clearly demonstrated in Figure 4.6 by the values

of K, derived from the results shown in Figure 4.5. K, of the cemented sands is
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influenced not only by cement content, but also by vertical stress. In the study of the
dynamic propertics of cemented sand, Saxena, Avramidis and Reddy (1988) treated
the cement content of 2% as a critical value to distinguish the different behaviour
between highly and weakly cemented sand, This critical cement content of 2%
scems also applicable to the lateral stress differences in cemented sands, shown in
Figure 4.5 and Figure 4.6. In the range of applied vertical stress, the lateral stress
and I, of both sands with cement content greater than 2% arc less influenced by
vertical stress. Tor the weakly cemented sands with cement content less than 2%,
lateral stress and K, are significantly influenced by vertical stress, especially at low
stress level. The higher the vertical stress, the higher the K, value. The increase
in K, with vertical stress indicates that the effect of cementation is weakened with
increasing vertical stress, which is certainly due to the breaking of cementation

honds among soil particles.

In the cemented sand under K, conditions, shear stress can be expressed as

T= ‘—1;(0',,—0;.) (4.1)
2

where o, is vertical stress and o}, is lateral stress. Using equation (1.1), the above

equation becomes

T = %(1 — K)oy (4.2)

The shear stress which resulted in shear strain in the sands should be the main ciuse
of the breaking of cementation bonds (Clough et al.,, 1981; and Li and Mitchell,
1988). In addition to the shear stress, high confining pressure may also destroy the

cementation bonds (Saxena and Lastrico, 1978).
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it should be noted that the effect of vertical stress on K, depends on the cement
content, For weakly cemented sand at low vertical stress, K, increases rapidly with
increasing vertical stress, o,. It can be seen from Figure 4.6 that for the sands with
cement. contents of 0.5% and 1.0%, K, is less influenced by vertical stress when o,

is greater than approximately 100 kPa and 200 kPa respectively.

The stress-dependence of the value of K, and the elimination of cementation
bonds can also be illustrated by the deformation behaviour of the Ottawa sand

shown in Figure 4.7 and Figure 4.8.

It can be seen from Figure 4 7 that the vertical strain decreases rapidly wvith
increasing cement content. The vertical deformation modulus shown in Figure 4.8

is derived from the data shown in Figure 4.5(a) and Figure 4.7 using

Ty
D= Y 4.3
’ (43)

where o, is the vertical stress and ¢, is the vertical strain.

The deformation modulus increases with increasing cement content. It is also
dependent on stress level. For the sand with zero cement content, the deformation
modulus increases with vertical stress. For the weakly cemented Ottawa sand
with cement contents of up to 2%, the deformation modulus decreases rapidly with
vertical stress, especially at low stress levels. The rate of decrease in the deformation

decreases with vertical stress.

Because the tested sands were under K, conditions, vertical strain resulted in

shear strain in the sands. It is widely recognized that shear strain leads to the
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breaking of cementation bonds of cemented sands (Clough et al,, 1981; Saxena
and Lastrico, 1978; and Li and Mitchell, 1988), and the cementation bonds are
usually destroyed within the range of strain of 1%. For the cemented Ottawa
sand, at the same strain level, the higher the cement content, the higher the vertical
stress.  For sand at low cement content, the strain leading to the breaking of
cementalion bonds was achieved at low vertical stress, It is obvious that the
deformation modulus of the Ottawa sand with cement contents of 0.5% and 1.0%
decreases significantly with vertical stress within the value of approximately 100 kPa
and 200 kPa respectively. Therefore, the deformation behaviour shown in Figure
4.7 and Figure 4.8 is in accordance with the lateral stress behaviour shown in Figure

4.5(a) and Figure 4.6(a).

4.2 Effect of Stress History

In the previous section it has been shown that K, of cemented sands decreases
with coment content and increases with vertical stress. In addition, tests were
performed to study the effect of stress history on lateral stress response of cemented
sand. The specimens were prepared using No. 3 Ottawa sand with cemented
contents of 0, 0.5, 1.0, 2.0, 4.0 and 8.0%. The density index of all specimens was
50%. Each specimen was cured for 10 days before the tests were performed. Lateral
stress in cach specimen was measured during the loading-unloading-reloading cycle.
The specimens were fully unloaded, that is, after the vertical stress was applied to a
required value, the specimen was vertically unloaded to zero and than reloaded. A

typical result of the measured lateral stress as a function of vertical stress is shown in
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Fignre 4.9. The coeflicient, K, during loading, unloading and reloading is shown in
Figure 4.10. More complete test results for the Ottawa sand with different cement

contents are shown in Figure A.1 to Figure A.24 in Appendix A.

Test results shown in Appendix A indicate that the effect of stress history on
lateral stress in cemented sand is influenced by the cement content. For uncemented
sand, the lateral stress is reduced to zero with the full unloading of vertical stress.
[lowever, there s a residual lateral stress in cemented sand after the full unloading of
vertical stress.  The residual stress depends on cement content and preconsolidation

stress.

The stress path during reloading of cemented sand is different from that of un-
cemented sand. In unce.aented sand, the lateral stress can be fully unloaded; there
is no residual lateral stress after full unloading of vertical stress, as shown in Figure
4.1. The stress path during reloading is actually indentical to that during virgin
loading. That is, the stress path of uncemented sand during reloading is not sig-
nificantly affected by preconsolidation stress. However, there is a residual lateral
stress in cemented sand after the full unloading of vertical stress; the stress path
during reloading is affected by both cement content and vertical preconsolidation
stress.  During reloading, the stress path joins the virgin loading path when the

vertical stress reaches the value of the preconsolidation stress.

The stress path of cemented sand during unloading is also influenced by cement
content and preconsolidation stress. The effect of cementation on the residual

lateral stress and the stress path during loading, unloading and reloading will be
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discussed in details in the following sections.

4.2.1 Residual lateral stress

Lateral stress in cemented sands increases with increasing vertical stress. When
the vertical stress is reduced, the lateral stress decreases. Unlike uncemented sand
which has no significant residual lateral stress after the full unloading of vertical
stress, cemented sand exhibits a residual lateral stress after the vertical load removal,
After full unloading of vertical stress on the sand, there is still a lateral stress in the
cemented sand. The residual stress is influenced by vertical preconsolidalion stress
and the degree of cementation. The greater the preconsolidation stress, the greater
the residual stress. The test results shown in Figure 4.11(a) indicates that the
residual lateral stress increases with preconsolidation stress at all levels of cement

content.

As shown in Figure 4.11(a), the effect of the degree of cementation on the residual
lateral stress is complicated and is significantly influenced by the level of preconsoli-
dation stress. At low cement content, the residual stress increases with cementation.
However, with further increase in cementation, the residual stress begins to decrease,
as shown in Figure 4.11(b). At a constant preconsolidation stress level, there is a
critical cement content (CC,) at which the residual stress reaches the maximuin
value. When the cement content is smaller than CC.,, the residual stress increases
with cementation. When the cement content is greater than CC.,, the residual

stress decreases with cementation.
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4.2.2 Lateral stress during unloading

For uncemented sand, the relationship between K, and OC R during unloading
is independent of the preconsolidation stress, as shown in Figure 4.12(a). However,
test results in Appendix A indicate that the behaviour of lateral stress in cemented
sand during unloading is different from that of uncemented sand. The relationship
between K, and OC R is not unique for a given cement content. L is influenced
by the preconsolidation stress, P.. This relationship is also influenced by cement
content. Typical relationships between K, and OC R of cemented sand are shown

in Figure 4.12(b).

The influence of preconsolidation stress magnitude on the relation between A,
and OC R of cemented sand is related to the vertical stress dependence of i, during
loading, and to the existence of residual lateral stress. For uncemented sand, the
ratio of lateral stress to vertical stress, K, is constant during loading and there is
no residual lateral stress after the full unloading of vertical stress. In cemented
sand, /{, during virgin loading is not constant. [t increcases with increasing vertical
stress, as shown in Figure 4.6. Furthermore, after the full unloading of vertical
stress, there is a residual lateral stress in the sand. The residual stress depends on

the degree of cementation and the level of preconsolidation stress.

The test results in Appendix A indicate that K, of cemented sand during un-
loading increases with OCR. A typical result is shown in Figure 4.12(b). To
demonstrate the influence of preconsolidation stress and cement content, the re-

lationships between K, and cement content at different levels of preconsolidation

stress, when OCR = 5 and 10, are shown in Figure 4.13. It can be scen that the
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value of K, decreases rapidly when cement content is up to 4%. It is also obvi-
vus that when the cement content is between 0.5-4%, the effect of precorsolidation
stress on the relationship between K, and cement content is significant. Without
cementation, preconsolidation stress has no influence on the value of K,. When
the cement content is 8%, the influence of preconsolidation stress on K, is not im-
portant, because the value of K, at all preconsolidation stress is very small. The
influence of preconsolidation stress on the relation between K, and cement content,
shown in Figure 4.13, is similar to that of 7, on the relation between residual lateral

stress and cement content, as shown in Figure 4.11.

4.2.3 Lateral stress during reloading

Dhe to the existence of residual lateral stress resulting from the preconsolidation
stress, the lateral stress in cemented sand during reloading is greater than that during
virgin loading. owever, the stress path during reloading is similar to that during
virgin loading. When the vertical stress during reloading reaches the value of the
preconsolidation stress, the reloading stress path joins the virgin loading stress path.

Lateral stress during reloading can be normalized as

g
0',: = Ohrl — O'hrs(l - '["JE) (4-4)

where o, < P, 0, is the vertical stress, P, is vertical preconsolidation stress, o, is

the lateral stress during reloading, and o,y is the residual lateral stress.

The relationships between o} and ¢, at different preconsolidation stresses are

shown in Figure 4.14. It can be seen that at the same vertical stress and the same
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cement content, o}, is not significantly influenced by P,. That is, al the same vertical

stress and the same cementation,
d; =04 (4.5)

where o}, is the normalized lateral stress during rcloading and oy, is the lateral stress

during virgin loading.

Using equation (4.4) and equation (4.5), lateral stress during reloading can be
obtained from

Oy
Ohel = Oh + ahn(l - 73'") (46)
c

That is, for a cemented sand, the lateral stress during reloading depends on the
lateral stress during virgin loading, the residual stress, the vertical stress level and

the preconsolidation stress. Equation (4.6) is applicable only when ¢, < P.. When
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7, = I’ the stress path during reloading joins that obtained during virgin loading.
The residual lateral stress, o)., in equation (4.6) can be obtained from Figure 4.11.
It depends on the degree of cementation and the level of vertical preconsolidation

stress. The lateral stress during virgin loading, oy, is shown in Figure 4.5(a).

The coefficient of lateral stress at rest during reloading is defined as

L (4.7)
Ty
and it is given by
Ohrs Ty
Kot = K, l—-— 4.8
Cort = Ko + == ( Pc) (4.8)

where Kyt is the coefficient of at rest lateral stress during reloading and K, is the

cocflicient during virgin loading.

4.3 Factors Affecting Test Results

There are many factors affecting at rest lateral stress in cemented sand. As
deseribed above, the lateral stress is influenced by the degree of cementation, the
vertical stress, stress history and sand type. The lateral stress decreases significantly
with increasing cement content. The effect of cementation is more important at
low vertical stress than at high vertical stress because more cementation bonds are
broken at higher stress. Stress history has a significant effect on the lateral stress.
Cementation bonds are stronger in the marine sand than in the Ottawa sand due

to the different physical properties of the two sands.

In addition to cement content, vertical stress, stress history and sand type, lateral
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stress in cemented sand is also influenced by the density index of the sand and the

curing period. The effects of sand density and curing period are discussed next.

4.3.1 Sand density

The test results described above are for the specimens with a density index
of 50%. However, the behaviour of cemented sand is expected to be affocted by
the sand density. To investigate the influence of densily index on the lateral stress
in cemented sand, three specimens with density indexes of 30, 50 and 80% were
prepared and tested. The cement content was 2.0 % and the curing period was 10

days. The results are shown in Figure 4.15.

It can be seen that the lateral stress and the value of K, decrease with incereas-
ing density index (Ip). It is also obvious from the shape of the curves that the
relationship between K, and vertical stress is affected by Ip). The comparison of
the results shown in Figure 4.15(b) with those in Figure 4.6 implies that the K,
behaviour of loose sand with more cementation is similar to that of dense sand with
less cementation. The results in Figure 4.15 indicale that at the same cement,

content, cementation bonds are stronger in denser sand than in looser sand.

These results are in accordance with the conclusion of Chang and Waoads (1942).
In the study of low strain shear modulus of cemented sands, Chang and Woods
(1992) defined the degree of cementation in terms of percent voids filled with cement
in the sands. It was found that the shear modulus increases with the degree of
cementation. It is obvious that when the cement content by the weight of dry sand

is the same, the percentage of voids filled with cement is higher in dense sand than
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in loose sand.

4.3,2 Curing period

As described above, most of the specimens were cured for 10 * vs before tests
were carried out. For cemented sands, the cementation bonds among soil particles
become stronger with vime due to the hydration of cement (Saxena, Avramidis and
Reddy, 1988). To study the effect of curing period on lateral stress in cemented
sand, 5 Specimens with a density index of 50% and cement content of 2% were
tested after being cured for 0, 1, 5, 10, and 30 days respectively. The test results

in Figure 4.16 indicate that the lateral stress and K, decrease with curing period.

The decrease in lateral stress with curing period indicates that cementation bonds
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in the sands become stronger with time. It can be seen from Figure 4,17 that the
value of A, decreases dramatically when the curing period is less than 5 days.  After
3 days of curing, K, of cemented sand decreases more and more slowly with curing

period.
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Chapter 5

Conclusions

A modified oedometer ring was used to measure the at rest lateral stress of

cemented sands.  Based on the test results described in this thesis, the following

conclusions can be drawn.

1. The behaviour of at rest lateral stress in the artificially cemented sands is
different from that in uncemented sands. At rest lateral stress and K, of cemented
sands arc related to soil Lype, cement content, vertical stress, stress history, sand

density and curing period.

2. Latcral stress and &, of cemented sands decrease significantly with increasing
cement content. They are influenced by soil type and vertical stress. Cementation
is stronger in sand with smaller grain sizes and greater uniformity coefficient, and
hence the lateral stress is smaller. Due to the break down of cementation bonds
with increasing vertical stress, the relationship between vertical stress and lateral
stress is nonlinear; the value of K|, increases with vertical stress, especially for weakly

cemented sands at low stress.
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3. Stress history has a significant influence on the behaviour of the lateral stress,
Cemented sand exhibits a residual lateral stress after the full removal of vertical
stress. The residual stress increases with the vertical preconsolidation stress (/1).
The cffect of cement content on the residual stress is complicated. At given 1%, there
is a critical cement content at which the residual stress reaches the maximum value.
During unloading, K&, of cemented sand increases with OCR.  The relationships
between K, and OCR are affected by cement content and P.. "The lateral stross
during reloading is related to the preconsolidation stress level, residual lateral stress,

lateral stress during virgin loading and vertical stress.

4. K, of cemented sands is also influenced by sand density and curing period.
[t decreases with increasing density index and with increasing curing period. The
lateral stress behaviour in a loose sand with higher cement content is similar to that

in a dense sand with lower cement content.
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Appendix A

At Rest Lateral Stress and K,
during Loading, Unloading and
Reloading

The at rest lateral stress (o) and K, of 24 specimens during loading, unloading
and reloading are shown in Figure A.l to Figure A.24 respectively. The specimens
were prepared using No. 3 Otlawa sand with cement contents of 0, 0.5, 1.0, 2.0, 1.0
and 8.0%. The density index of all specimens was 50% and the curing period of all
cemented specimens was 10 days. The results and analyses in section 4.1 and 1.2,

chapter 4, are based on the data shown in the following figures.
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