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Abstract

Compared to quartz sand, the shear behavior of carbonate sand differsin appearance, origin, and kind. Carbonate sand is
found mainly in the northern coast of the Persian Gulf and the Oman Sea. In this research, a comparison is made between the
shear behavior of carbonate sand retrieved from the eastern region of the Chabahar Port, located north of the Oman Sea, and
quartz sand obtained from Firoozkooh, north of Iran. Both carbonate and quartz sands have identical and uniform particle
size distributions. A total of 4 one-dimensional consolidation tests, and 16 triaxial consolidated-undrained (CU) tests under
confining pressures of 100, 200, 400, and 600 kPa were performed with initial relative densities of 20%-80%. The results

indicated that despite their uniform properties,

including size and grading, the two types of sand can differ in other

properties as inherent interlocking, compressibility, stress-strain behavior, internal friction angle, changes in pore water
pressure and stress path. For instance, Chabahar carbonate sand has more compressive potential than Firoozkooh sand
because of the fragility of its grains. Moreover, the internal friction angle of carbonate sand is more than that of quartz sand.
Quartz sand is more affected by initial relative density, whereas, carbonate sand is influenced by inherent packing.

Keywords: Carbonate sand, Quartz sand, Shear behavior, Triaxial test.

1. Introduction

Carbonate sands are known as problematic soiliwiin ¢
engineering projects. The first problem concerrhlitese
soils occurred in 1961, during the installation dyfven
piles in Lavan Island of the Persian Gulf. Duritg tpile
driving process, a sudden free fall of the pileusoed [1].

Carbonate soils are defined as soils mainly derived
from marine plants or animals, and are often comgpasf
calcium carbonate compounds. Different origins and
deposition conditions cause carbonate soilsto have
different characteristics [2, 3, 4]. Carbonate sweits are
found in nature in many forms from non-cemented to
cemented [5, 6].

The character of biogenic carbonate sands is quite
different from that of quartz sands, yet our untisrding
of the monotonic and dynamic behavior of granutdlss

comes primarily from studies conducted on quartz
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sands of terrigenous origin. Conducting laboratests is
an appropriate method to highlight the differeniceterms

of compressibility, volume changes, pore presshenges
and grain crushing during shearing, dilation, font and
water permeation. Recent studies show that carbonat
sands have larger inter-particle and intra-parfoeosity,
lower grain hardness, and a wider range of graaps$
compared to quartz sands [7, 8, 9, 10, 11, 12148,In
addition, experimental researches show that catbona
sands mainly have higher compressibility, volumenge,
internal friction angle, and grain breakage tharartpu
sands [8, 15, 16, 17, 18, 19, and 20].

Carbonate grains generally have an angular, plady a
needle shaped structure, whereas quartz graingsaedly
spherical and bulky. The stress among particlegester
on the platy and needle shaped grains, than tiie/ bu
grains of the same conditions. Volume changedsefiore
greater in carbonate soils due to grain abrasiod an
crushing [3, 4].

Studies associated with the crushing of the carigona
soils’ particles are numerous. Many researchersrteg
that crushing reduces dilatant brittle behaviofawor of
more contractive plastic shear response and maximum
friction angles [12, 21, 22, and 23].

Several behavioral issues have been enumerated in
previous literature for this type of soil withoutrettly
comparing it with quartz sand. Because the nortbeasts
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of the Persian Gulf and Oman Sea contain carbauils

and because only few studies have been conducteideon
soil of this region [20, 21, 24, 25], a carbonatadssample
has been chosen for comparison purposes in thesmes

A comparison between the shear behavior of theocente
sand sample and a quartz sand sample of the same
particle size distribution has been conducted ughneg
consolidation and static triaxial undrained ted3tse aim
was to study the behavior of a type of carbonatel sand
assess the differences between carbonate andzquart
sands.

2. Soil Characteristics

Two kinds of reconstitute carbonate and quartz sand
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have been used in this research. The used carbsaate
was obtained from Tang Port in the northern shdériéhe
Oman Sea. Tang Port is a small port located 70 kst
the Port of Chabahar in the south eastern regiolmaoi
The Firoozkooh quartz sand was selected to complaee
shear behavior of carbonate sand and quartz sayalibe

it is a sand widely used in Iranian geotechnieakarches
(Fig. 1). The selected sample of the Firoozkoohdsaas
graded so it would have minimum difference with the
Chabahar carbonate sand. After the sieving phasee ®f
the grains were removed from the sample in order to
obtain the same particle size distribution with the
Chabahar sand. Fig. 2 shows the particle sizeilulision

of both sands (ASTM D422-63).
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Since the carbonate calcium is known as an indi¢ato
the shear behavior of carbonate sands [26], thevaqut
carbonate content in sands was determined accotding
the BS-1377 standard (Table 1). This table alsavshbe
other physical characteristics of the used carleorsaid
guartz sands such as specific gravity, minimum and
maximum void ratio, coefficient of curvature and
uniformity, and results of soils classification (N&@
D854). As seen in Table 1, the soil samples obthinom
Chabahar and Firoozkooh are classified as extremely
uniform sand by the Unified Soil Classification &ys
(USCS). In order to determine the shape of soiingrahe
electronic microscopic images (SEM) of the soilsreve
prepared as well. Fig. 3a, b shows the electronic

According to Table 1 and Fig. 2, although these types

of sand have similar gradation and equal-sizechgrahe
maximum and minimum void ratios of Chabahar sared ar
approximately 13.5% and 20% more than those of
Firoozkooh sand respectively. This emphasizes the
significance of the geometry of grains on soil pagk
Apparently, the diversity of the shape of grains of
Chabahar carbonate sand prevents the soil fromgbein
compacted. Consequently, carbonate sands hight tten
create loose structures. As seen in Fig. 3a, Himalz
sand has voluminous grains with sharp corners aandhr
surfaces, while Chabahar sand is composed of atyaof
planar grains with sharp corners and semi-sphegiahs
with relatively smooth surfaces. The illustratiohsca

microscopic images of the aforementioned sands. shows a little bit of intra-granular and biologigairosity.
Table 1 Physical properties of the sand studied
Sands € nax €.in Cu Cc USCS CaCo3 (%) Gs
Chabahar 0.982 0.697 1.13 1.54 SP 46.7 2.72
Firoozkooh 0.865 0.580 1.13 1.54 SP 1.03 2.62
: ¥ L W 15.00 mm WECALTESCAH  Sich MAG, 180y
SEMHY 1500 Y Dt 5E Dobetdn 1 mm EM HY, 15006
Erademidivk F2RTH 2 Ve B aefredhy 1 03EAT Yoo
Fig. 3 Microscopic electronic image of sands: (a) Firamizkand, (b) Chabahar sand
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3. Test Programs

To compare shear behavior between the two sands,
several one-dimensional consolidation and common
triaxial tests were performed.

3.1. Consolidation tests

The compressibility of sands is usually tested gisin
one-dimensional or isotropic  consolidation test.
Consequently, 4 one-dimensional consolidation teste
performed on Firoozkooh and Chabahar sands in doder
examine the compressibility of these sands (ASTM
D2435). Two of the tests were performed on loosely
packed samples with a relative density of 20%, trel
other tests were performed on densely packed sample
with a relative density of 80%. Cylindrical sampleih 6
cm diameters and 2.5 cm heights were built on a&rlay
using the dry deposition method. The samples were
exposed to incremental loading caused by vertitakses
up to 4 MPa.

3.2. Triaxial tests

A total of 16 consolidated-undrained monotonic
triaxial tests were performed (ASTM D7181-11). The
samples were built with relative densities of 20%
(earmarked with L in Table 2) and 80% (pre-
consolidation) (earmarked with D in Table 2) usihg dry
deposition method. The cylindrical samples had dians
of 3.8 cm and heights of 7.6 cm. In order to obtain
homogenous samples, the soil was divided into 8rtay
Each layer was separately cast with a specific hteigtio
and was built by mild strokes of a plastic hammertioe
sample mold. The samples were 95% saturated b#fere
test. In order to accelerate the saturation ofséeples,
before allowing distilled water to pass the samptbesy
were targeted by carbon dioxide and were satunaeler
a back pressure of about 200 kPa. Experiments were
carried out under confining stresses of 100, 2Q0, dnd
600 kPa. Table 2 summarizes the numbers and
specifications of triaxial tests on the ChabahaH)@nd
Firoozkooh (F) sands. In this table, each testfisrred by
a code.

Table 2 List of the triaxial performed tests

FL600 600

FD100 100
FD200 200 80%
FD400 400
FD600 600

CH=Chabahar, F=Firoozkooh, L=Loose, D=Dense

4. Test Results

The results of the consolidation and triaxial teste
provided below separately. A comparison is also enad
between the test results.

4.1. Consolidation test results

Fig. 4a, b show the compressibility of dense arm$édo
sands under one dimensional loading, as the vaid i
divided by the initial void ratio versus normalests. As
shown in these figures, the compressibility of os
carbonate sand is generally more than quartz sadédru
stressful conditions. The compressibility of desaeples
is more analogous to the quartz sand, althougthéyehd
of the loading process, carbonate sand once again
demonstrates a higher level of tendency towards
contraction. This trend is more evident as stress i
increased. When loose carbonate sand experiendgsale
stresses of about 250 kPa, its compressibilitptsnisified;
however, this trend begins under vertical stresgegout
2.5 MPa for dense samples. This behavior can brbadc
to the higher initial void ratio (Table 1) and filty of
carbonate sand grains, because carbonate sand beaie
less stiffness (hardness of 3 for calcite and 7gfaartz on
the Mohs scale) and weaker planar geometry (cordpare
volumetric geometry grains of quartz sand).

4.2. Triaxial stress-strain behavior

The deviatory stresg)| = (0, —o, ) for the two types

of sand under study is shown in Figs 5a, b, vettseisxial
strain. As seen in these figures, carbonate samd® h
generally more shear strength than quartz sandh, fbo
dense and loose states. As expected, an increade in
values of initial density and confining stress kdd an
increase in the maximum deviatory stress experibige
loosely and densely packed samples. The looseligepac

Test Code o, Relative Density Sands samples of both types of sand show hardening behavi
while densely packed samples demonstrate softening
CHL100 100 behavior. Loose quartz sand strengthens at thentiegi
CHL200 200 20% and then softens a little bit, and hardens agathetend.
CHL400 400 The sample under study, however, demonstrated a
CHLG00 600 Chabahar different behavior under confining stresses of &B@ as
CHD100 100 loose samples of carbonate sand showed very faint
CHD200 200 80% softening behavior at the end of loading.
CHD400 400
CHD600 600
FL100 100
FL200 200 20% Firoozkooh
FL400 400
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Fig. 6a provides the value of maximum shear striengt

(q) versus effective confining stresp'() at the peak point
for both types of sand under loose and densesstate
maximum obtained shear strength of carbonate sasd w
more than that of quartz sand. The strength of€dlyos
packed (Dr=20%) carbonate sand is in fact almosalkip
the strength of densely packed (Dr=80%) quartz s@hi
can be attributed to the special shapes of carbosatds
and the effect of an inherent interlocking of tlod,swvhich
yields a high level of strength even in the stafe o
looseness. According to Fig. 6a, an increase in the
effectiveness of confining stress leads to the troof
maximum shear strength of carbonate and quartzssamd
addition, a high level of confining stress redudes
increasing gradient of the Chabahar carbonate ciige

6b shows the values in Fig. 6a after normalizatmrhe

initial effective consolidation stress. This figureshich
shows the failure envelope of the soil (Hvorslevfate),
indicates that carbonate sands can generally abworb
stresses. In other words, when shear load is appbiere
water pressure variation (volume change tenderakgst
place over a wider range in carbonate sand thamtzjua
sand; so that even in a loose condition, carbosatel
exhibits a wider range of pore-water pressure tiariaand
more effect of intrinsic interlock than the quasend in a
dense condition. The resulted shear failure enwelfgp

sands is presented in Table 3. Valuesgqoénd p'are
independently calculated using Equ.1.

q=(0,-0;) p'=(0, +20;)/3 (1)

Table 3 Failure envelope results for carbonate and quards

Sands Fail

1b
Chabahar Loose q—, =162 P_

Chabahar Dense

Firoozkooh Loose

Firoozkooh Dense

q'= (0} ~0})
*p' = (0, +203)/3

ure Envelope Equation
0 Po
9 -184 P
Po Po
9 146 B
Po Po
9 =166 2,
Po Po

Table4 Stress ratios/Jpr ) of the present study

sands and some other sapdeed in literature

Relative densit
Reference y Sands
Dense loose
1.52 1.46 Kish (carbonate)
1.65 1.54 Hormoze (carbonate)
Hassanlourad et al. (2008) 1.73 1.68 Tonbak (carbonate)
1.73 1.65 Rock (carbonate)
. 1.31 1.1 Chabahar (carbonate)
This stud .
1S study 0.93 0.67 Firoozkooh (quartz)
. 151 Ledgepoint (carbonate)
Sh dl | (2006
arma and Ismail ( ) 1.46 Goodwyne (carbonate)
Vaid and Chern (1988) 12 Quartz sand
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Fig. 6 (a) Maximum shear strength versus effective camdirstress at peak point, (b) normalized sheangtheversus effective stress to
initial consolidation pressure

Fig. 7 shows the amount of strain at the peak point
versus effective confining stress. According tc thigure,
in the state of looseness, mobilization of the mmaxn
shear strength requires higher levels of strairsoAthe
strain equivalent to the maximum strength of quaerd
is more than that of carbonate sand. Accordingido F, it
seems that the effect of an increase in the deobiguartz
sand is more severe than that of carbonate sanothér
words, the growth of density in quartz sand redutes
peak equivalent strain more than the carbonate daed.
Moreover, Fig. 7 implies that an increase in thieative

confining of stress elevates the peak point strizin
carbonate sand with more intensity when compared to
quartz sand (about 2.5% to less than 1%).

Fig. 8 shows the discrepancy between the shear
strengths @) at the peak point and the end of the test (axial
strain of 20%). As seen in this figure, in bothtesaof
looseness or denseness, the strength of carbomadeis
reduced more than the strength of quartz sand; venyve
an increase in the confining stress reduces theegiancy
between strengths of the two samples.
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Fig. 7 Axial strain at peak point versus effective coimfgnstress
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4.3 Pore water pressure changes

Changes of excess pore water pressure are dependent
on the volumetric behavior of sands. Factors afigcthe
volumetric behavior of sands include: particle size
distribution, initial relative density, confining tress,
geometry and stiffness of grains, and type of dtuesit
minerals. Particle size distribution of Chabahahoaate
and Firoozkooh quartz sands are the same, whiler oth
characteristics of these sands differ from eacheroth
Therefore, these two types of sand are expectezhaov
different volumetric behaviors under different pavater
pressures. Changes of excess pore water presstiresia
sands are shown in Fig. 9a, b. As seen in thesgefg
when axial strain acts, both sands show a contecti
behavior and induce positive pore water pressurthet
beginning. Afterwards, they show dilative behavamd

400 -

™ (b)

300
200 +
7

100 +

induce negative pore water pressure. This behaviseen

in both loose and dense sand samples. Reductidhein
initial density and an increase in the confiningss levels
lead to an increase in the contraction and a dserigathe
dilation portion of the sands. In addition, loosEmples
show a volumetric behavior similar to dense samples
however, the volumetric behavior of the sands diffm
the loose samples and induces a smaller negative po
water pressure under the same amount of confirinegss
Nevertheless, the resultant behavior of all samples
found to be negative pore water pressure at theoétige
tests. The question that may be raised is: Whyhdddose
samples show dilative behavior? To answer this toues

it can be argued that loose samples show dilat@retior
because of the uniformity of their particle sizetdbution.
Uniformly distributed sands, or sands that areproperly
graded show less contraction as they are sheared.
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Fig. 9 Changes of excess pore water pressure versussgsial: (a) Firoozkooh sand, (b) Chabahar sand
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An analysis of pore water pressure changes on lfense  and quartz sands are shown for the loose and dxai®s.

packed quartz and carbonate sands indicates tHairete As seen in Fig. 11, the difference between thesstpaths
sand tends to generate more positive and negative p in loose and dense quartz sands is more than that o
water pressure than quartz sand (Fig. 10a); howéwese carbonate sands. As the relative density increathes,
samples show a slightly different behavior. It che effect of confining stress applied to quartz saeddmes

explained that carbonate sand tends to induce more more evident than in carbonate sand. Regarding the
negative pore water pressure up to maximum cormfinin carbonate sands it can be mentioned that at thiarbeg
pressure of 400 kPa, while quartz sand tends tacend of stress path, loose and dense samples show gontra
more negative pore water pressure under confining behavior and it seems that the samples are mishlace
pressure of 600 kPa (Fig. 10b). This reflects the however, the behavior of the samples is correaicalne

dominating effect of inherent interlocking on trerlmonate stress path. Apparently, the effect of relative sitgnon

sand; however, excessive confining stress (600 kaa) carbonate sand is negated because of an inherekinga

probably crush the grains of loosely packed carteosand and perhaps particle breakage. Hence, the streéks pa

and negate the effect of interlocking. loose and dense samples of carbonate sand areatii@e
than those of quartz sand. In other words, carleosand

4.4 Stress path has a tendency to show dilative behaviors evensiate of
looseness.

In Fig. 11a, b the stress patlip’' —q) of carbonate

400 - —CHD100 400 1 —CHD200
300 - -FD100 300 A

- -FD200

25

CHD200

Axial strain(%)

— EPBAGG —CHD600
300
— -FD400 - -FDL800
200
-
& 100 4\ crpao0 —
5 \ (-9
5 © L ; T Y i = o0 v . ! ' |
i “\\;10 15 20 % D .. N %‘ 10 15 20 25
EO e e e CUFDLBD) ===
200 -200
=380 Axial strain(%) i Axial strain(%)
{b)
400 - —CHL100 400 ~ —CHL200
300 - - -FL100 300 +1 — _FL200
200 1 200
- .
4 (] 4 -
T 100 g 10012
= 0 i 1 ' ! i = 0 i
=] ool cedSonae— 25 D b 25
100 L0 -100 1
-200 4 200
] . ] CHL100 . .
L Axial Strain(%) -300 - Axial Strain(%) CHL200
AT —_CHL400 400 7 —CHL600
300 + 300 +
[ CHL400
Y P - -FL400 200 1 [cHLs0R SCUFDLE0D - -FL600
I N A
T 100 M S, w© 100 2
a b o a 2
= o ; + | = 9 ‘ . ' ‘ ‘
S % 5 T-~_m__. 25 S 5 NQ___158__-Z. 25
100 + -100 3 el
200 | FL400 200 1
=300 Axial Strain(%) SR Axial Strain(%)

(a)
Fig. 10 Changes of excess pore water pressure versus taiat $a) densely packed samples, (b) loosely paclamples
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Fig. 11 Stress path of the studied sands: (a) Firoozkoahtzysand, (b) Chabahar carbonate sand

4.5 Effective internal friction angle

In order to compare the undrained shear strength
differences of carbonate and quartz sands, thectefe
internal friction angle, which is determined by
measurements of pore water pressures during teatidg
effective stress calculations, has been evaluatecdth
sands.

Fig. 12 shows effective internal friction angIéP’()

versus average effective confining streﬁs.(As expected,

the effective internal friction angle of carbonaand is
more than that of quartz sand. An increase in trdirtng
stress leads to a decrease in the internal frictiogle of

both types of sand. The internal friction angleladsely
packed carbonate sand (relative density of 20%@lrost
equal to densely packed quartz sand (relative tyensi
80%). That is to say, the inherent interlockingcafbonate
sand is as effective as the 60% increase in thegivel
density of quartz sand. On the other hand, intefnigtion
angle of the Chabahar carbonate sand is tighten tha
carbonate sands found in other parts of the Pe@idin19,

22, 23]. This can be ascribed to the uniform giadatf the
Chabahar carbonate sand compared to carbonate sands
obtained from other parts of the Persian Gulf. adidition,

the internal friction angles of both densely andskly
packed samples of Chabahar carbonate sand aretinaore
those of Firoozkooh quartz sand.
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Fig. 12 Effective angle of internal friction versus averagfective confining stress
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In general, the angle of internal friction is mage of
inherent internal friction, dilation, and grainsebkage [21,
27]. In undrained testing, the dilation parameseornitted

(&, =0) while the other two parameters are taken into

account. Since the stiffness of carbonate sandgisiless
than that of quartz sand, it experiences more lgak
Therefore it can be argued that some parts ofritegrial

friction angle of carbonate sand are related tatigar
breakage, while others to inherent friction.

4.6 Phase transformation point

Phase transformation point is the point at which
contractive behavior is replaced by dilative betwavin other
words, at this point the tendency towards posjtioee water
pressure is shifted to negative pore water pressinis point
is equivalent to the highest positive pore watesgure in the
curve associated with the changes of pore watssyre The
variation of (J /P") versus initial confining stress for the

points on the phase transformation line are showkig. 13.
According to these diagrams, the amount of positieee
water pressure exerted on loosely packed samplgeader
than the densely packed samples of any of the imadskThe
amount of positive pore water pressure for carleosand in a
dense state is more than that of quartz sand. helass, in a
loose state, this trend is inversed and the ammupbsitive
pore water pressure for carbonate sand becomehdesthat

of quartz sand. As was mentioned earlier, this estggthat
the effect of relative density on quartz sand isemthan
carbonate sand. In other words, this indicatestiigainherent
interlocking of carbonate sand is more effectivantithat of
guartz sand. An increase in the confining stressteck on
loosely and densely packed carbonate sand leadsn to

increase in the stress ratioU({ P’') at the phase

transformation point; however, the result of thatia is
almost equal in both states for quartz sand. Ehti say, an
increase in the initial confining stress does runge the
result of ratio for quartz sand.

Fig. 14 depicts the changes ofls( =%,) versus

confining stress. According to this figure, everthie state
of looseness, carbonate sand has a larger stri@sghan
densely packed quartz sand (about 1.6 times). Shand
Ismail [5] analyzed the behavior of undrained Gowuaev
and Ledge point carbonate sands and stated thatreees

ratio (7er =%,) of carbonate sands at the phase

transformation point is more than that of quartndsa
This implies that the cyclic strength of carbonssad is
more than that of quartz sand [28]. The averagesstr

ratios (7er =%') of the aforementioned sands and
other types of sands are given in Table 3.
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5. Conclusion

[1] McClelland B. Calcareous sediments: eagineering

Using the consolidation and triaxial tests, thisearch enigma: 1st International congress on calcareous
studied the compressibility and consolidated- uineh sediments, Perth, Australia, 1988, pp. 777-784.
shear behavior of two kinds of quartz and carbosatels [2] g}?ﬁ%’ igbfrl]c;?émcgm'enstloig'n;oﬁj lljrfteég'::r“soan
that had the same particle size distribution, ahitelative Chaney RC Geotechnical properti’es "behavior. and
densit)_/, confined pressure, and differen@ partistapes performance of calcareous soils, AéTM SPT’777,
and mineralogy. Results of the aforementioned @ssas American Society for Testing and Materials, USA829
follows: pp. 3-15.

1. The minimum and maximum void ratios of [3] Fookes PG. The geology of carbonate soils and racis
carbonate sand were 20% and 13.5% more than tHose o their engineering characterization and description,
quartz sand. The Specific gravity of carbonate samnd Proqeedlng International Conference Calcareous
approximately 3.8% more than that of quartz sartis T \S/;dlrznepr)wpt)s,YSF;eggé Western Australia, ISSMFE, 1988,
gif:eegsit;h;aﬁgrrosu;asg%?t;rr:irfsendency of carbosarel [4] Nooranl. Classification of marine sediment, Journal of

. . ’ S Geotechnical Engineering, 1989, No. 115, Vol. 1,2%

2. The one-dimensional consolidation test showed 37.
more compressibility of carbonate sand compared to [5]  Sharma SS, Ismail MA. Monotonic and cyclic behavior
quartz sand, especially in the loose state. This loa of two calcareous soils of different Origins, Jalrof
attributed to the fragility of the carbonate sanhimgs. Geotechnical and Geoenvironmental Engineering, 2006
However, a slight difference was observed between No. 12, Vol. 123, pp. 1581-1591. _
densely packed samples. This indicates that catbmaad [6]  Poulos H, Chua E. Bearing capacity of foundation on
has more potential for settlement than quartz sand, calcareous sand, Proceeding of 11lth International
especially in the state of looseness. Con.feren.ce on Soil .Mechanlcs and Foundation

L . Engineering, San Francisco, August, 1985, Vol. 8, p

3. In the triaxial tests, carbonate sand illustrated 1619-1622
more shear strength than quartz sand. Furthernibee, [7]  Angemeer J, Carlson E, Klick JH. Techniques andlt®su
post-peak decline in the strength (strain softening of offshore pile load testing in the calcareousdsaThe
carbonate sand is more than that of quartz sand. 5th Annual Offshore Technology Conference, Houston,

4. Due to the uniform particle size distribution of Texas, 1973.
sands under study, the behavior of the two sande we [8] Datta M, Gulhati S, Rao G. Crushing of calcareousisan
contractive (positive pore water pressure) at thgiriming during shear, 11 Offshore Technology Conference,
and were dilative (negative pore water pressure) Huston, Texas, 1979, Vol. 3, pp. 1459-1467.
afterwards. The range of pore water pressure ckange [9] Celestino TB, Mitchell JK. Behavior of carbona.te sands

.. for foundations of offshore structures, In: Prodegs,
(from po_smve pressure at the phase transfo_rmapmr_nt Brazil offshore '83, Rio de Janeiro, 1983, pp. 85-102
to negative pressure at the end of the test upig strain [10] Salehzadeh H. The behavior of non-Cemented and
of 20%) in carbonate sand was wider than that iartgu artificially cemented carbonate sand under monatoni
sand, although this trend was somewhat defied @sdo and reversed cyclic shearing, Ph. D. Thesis Unityeo$
state. Manchester, UK, 2000.

5. The discrepancy between the stress paths of dense [11] Grine K, Glendinning S. Creation of an artificial
and loose samples of carbonate sand was lesshhaoft carbonate  sand, ~Geotechnical and  Geological
quartz sand. This confirms that the effect of geihsity on Engineering, 2007, No. 4, Vol. 25, pp. 441-448.
carbonate sand is less pronounced [12] Brandes H. Simple shear behavior of calcareous and

. T . quartz sands, Geotechnical and Geological Engingeri
6. The effective angle of internal friction of 2012, No. 1, Vol. 29, pp. 113-126.
carbonate sand was approximately 5 degrees more tha [13] Fioravantea V, Girettia D, Jamiolkowskib M. Small
that of quartz sand. An increase in the confiniigsses strain stiffness of carbonate Kenya Sand, Engingeri
leads to a reduction in the angle of internal iibictof both Geology, 2013, Vol. 61, pp. 65-80.
sands. Moreover, results of the tests indicated tha [14] Shahnazari H, Rezvani R. Effective parameterster t
angle of internal friction of the loosely packedtmnate particle  breakage of calcareous sands: An
sand with an initial relative density of about 20%&s experimental study, Engineering Geology, 2013, Vol.
almost equal to the angle of internal friction ofagtz sand 159, pp. 91-105. . L
with a relative density of 80%. This may be becanfsthe [15] g;?sog;' CZ':BOZ‘;?;O;E@ ?;?gt%c?hngezcjgu?rl::ftm;ge
planar and needle shapes of carbonate sand grainara 2, Vol. 15, pp. 138-15 ’ ’
inherent interlocking. . [16] Semple RM. The mechanical properties of carbonate
The ratio of shear stress to confining pressure of soils, In: Jewell RJ, Khorshid MS. (eds) Engineeriog
carbonate sand at the phase transformation poirst wa calcareous sediments, Proceedings of the Interradtio
obtained to be 1.5 times more than that of quaatzds Conference on Calcareous Sediments, Perth, 1988, Vol.
This shows that carbonate sand has a higher Ié\asictic 2, pp. 807-836.
strength. [17] Coop MR, Airey DW. Carbonate sands In: Tan TS,
Phoon KK, Hight DW, Leroueil S, (eds) Characteriaati
and engineering properties of natural soils, 2008,
1049-108.
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