
Corrigenda

Page x. ÁB : "external pressure" should be replaced by "internal pressure"

Page xi.

t&CNC)l : ratio of stress increment corresponding to normally consolidated range.

t&(OC)] : ratio of stress increment corresponding to overconsolidated range.

Page 3, Line 1. Replace "Barantsen" with "Barentsen"

Section 2.2,Page 7,3rd dot. calibration factors are ÂA and ÂR, not A and B

Page 8, Para 5, Line 4. should read as, "should stop unambiguously at 0.05 mm

expansion and resume at 1.1 mm expansion."

Page 10, Para 1. Reyna et al. (1991) conducted the dilatometer tests on fills to
observe their settlement.

Page 10, Para3, Line 3. "it's" should be replaced by "its"

Page T2, Equation 2.5(a). The insitu pore water pressure, Uo, is directly calculated

from the depth of the ground water table (0.9m below ground level).

Section 2.2.3, Page 13, Last dot. As the test sites at Torre Oglio and Damman consist

of similar sand deposits, there is close similarity in their various profiles.

Page 14, Para 4, Line 1. Prediction of soil unit weights from DMT is based on Io, Eo

Chart (Schmertmann, I 986)

Page 15, Last Para. Evaluation of constrained modulus, M, from DMT - Laboratory

tests by Mokkelbost et al. (1991) indicate that Marchetti (1980) correlations slightly

overpredict the M values for OCR: 1, and considerably overpredict the M values for
OCR between 1.4 and 5.5.

Page29, Last Line. "crushers" should be replaced by "crushing".

Chapter 3. In order to correctly measure the depth of the dilatometer blade during the
tests a device referred to as the seebox

I



Corrigenda

The depth box consists of a metallic wire which is wound round a drum. Prior to test

commencement the wire is stretched and attached to the hydraulic ram. During the

penetration of the dilatometer blade the hydraulic ram goes down and the wire is

wound around the drum and for every V500th revolution of the drum a pulse is

generated. By counting the number of pulses it is possible to correctly determine the

depth of the dilatometer blade.

Section 3.7 .4, Page 62. According to the Fugro (1979) classification system the test

site consists of very weakly cemented and endurated to firmly cemented and

endurated carbonate sand and gravel.

page 62, Table 3.2. Determination of bulk density in laboratory - Based on four

laboratory tests on recovered soil, the average bulk densitY, Tu: l'7 tlm3 for depths

ranging between 0 and 0.9m.

page 62, Table 3.2. The organic content of the soil was determined by heating a small

portion of dried soil mass in a crucible up to 800"C and then determining the

percentage loss in weight. In addition, the Eo profìles shown in Fig 5.8 show decrease

in the Eo values at lm below ground level due to the presence of organic substance'

Section 4.2, Page 78, Last para. The stiffer soil layers impose more horizontal

pressure on the dilatometer membrane during penetration eompared to loose layers.

Section 4.4, Page 81, Para 4, Line 2. "pore pressure is not consistent with depth"

should read "pore pressure does not increase consistently with increase in depth".

Figure 4.5,Page 88. The three different curves shown in Fìgure 4.5 are to compare

the young's modulus evaluateci from two pressure readings (forrnulating Eo) with that

evaluater1 from the continuous pressure:Ceflection readings (fbrmulating Eoç."*1),

evaluated during the same test.

Figure 4.6, Page 89. Figure 4.6 compares a number of standard dilatometer tests

within a small area with a number of modifiud dilal.ometer tests.

Table 5.1, Page 96. "*" should be replaced by "Leonards and Frost (1988)"
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Corrigenda

Page 98, Para3,Line 4. Compressible layers are common in calcareous sediments and

are known as calcareous muds or oozes. In some of these layers the particle sizes can

be as small as that of clay particles (Randolph et al., 1993).

Page 105, LastPara. Evaluation of Young's modulus, Err, from dilatometer modulus,

Eo - A number of researchers (see Section 2.3.3) have established that in normally
consolidated sand the dilatometer modulus, ED, directly gives the Young's modulus

corresponding to 25o/o of the failure deviator stress level. This correlation has been

used to evaluate Errinthe present research work.

Section 5.5, Page T07,Para2,Line 4. u4u should be replaced by "49o''

Section 6.3.r, Page 136, Third dot, Line 6. '5.44MPa" should be replaced with
"0.54MPa".

Page 153. Berardi, R., Jamiolkowski, M. and Lancellotta, R. (1991). "settlement of
shallow foundations on sands, selection of stffiess on the basis of penetration
resistance," Geotechnical Special Publication, Boulder, Colorado, June l0-12, Vol I,
pp. 185-200.

Page 161, Last reference. "Geotecgnical" should be replaced by "Geotechnical"
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ABSTRACT

The present research work concentrates on the evaluation of design parameærs of

slightly calcareous offshore sand, using field and laboratory tests- The Marchetti flat

dilatomeær was used as a primary field testing device together with the electrical cone

penetrometer, both of these in situ devices being supplemenæd by standard laboratory

tests for classification, shear strength and compressibility.

Modifications of the existing dilatometer device were undertaken in order to obtain

continuous readings of pressure versus deflection during membrane inflaúon and to

provide rhe dilatometer blade resistance during penetration. A data acquisition system

was also developed for the automatic recording of data from the modified dilatometer,

Iinked through a microcomputer. A standard procedure is suggested for conducting

the modified dilatometer tests in the field. The pressure versus deflection readings

have been used to check the linearity between the dilatometer membrane pressure and

deflection readings and an alternative method for the evaluation of Young's modulus

of soil, from the modified dilatometer data, is proposed.

Results of the standard dilatometer (DMT), modified dilatometer (MDMÐ and

electrical cone penetration tests (CPT), conducted in close proximity on a marine

sand, which contained 2O7o carbonate, are also presented and compared.

The applicability and suitability of the va¡ious DMT and CPT conelations, which are

based on pure silica sand, are examined for the evaluation of design parameters of

slightly calcareous sand, with the help of laboratory tests. The in situ values of design

pa-rameters, obtained from the weakly cemented layers are found to be more reliable

compared to the highly cemented layers and recommended for design purposes'

The results so evaluated, are hnally used for the bearing capacity and settlement

calculations of foundations of different sizes and shapes and recommendations are

given for appropriate sizes of square, rectangular and strip footings founded on

calcareous sand at the test site.
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Chapter I
INTRODUCTION
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1.1 Introduction

This research work is aimed at evaluating the design properties of calcareous sand

with the help of field and laboratory tests. Calcareous sand is becoming an important

area of study as it is found in most of the offshore areas, as a result of deposition of

sea sediments. In Australia most of the coast-line is calcareous in nature (Poulos,

1980; Jewell, 1993). Due to increases in the world population, lack of space and

diminishing resources globally, there is a trend for growth towards the coastal

regions. The rate of construction in the offshore regions has increased considerably

and the design parameters of calcareous sand need to be thoroughly examined in

order to make the construction safe and durable.

Even though calcareous sand may consist of a high percentage of silica particles, its

behaviour differs from that of normal silica sand owing to the presence of different

types of carbonates (Poulos, 1980). These carbonates are usually present in the form

of calcium and magnesium carbonates, causing cementation.

As a result of natural cementation, calcareous sand deposits behave differently to the

ordinary sands and the design parameters need to be evaluated independently.

However, due to varying degrees of cementation, differences in origin, age and types

of binding materials, as well æ sampling disturbances, it is not possible to establish

1t
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calcareous sand. Therefore, the best option is to use the existing laboratory and in

situ tests for the purpose, based on local site experience'

Geotechnical tests may be divided into two categories; in situ tests and*laboratory

t€sts. The in situ tests aim at evaluating the design properties of soil under natural

conditions in the field, without causing much disturbance to them, and a¡e getting

increasingly popular with time. On the other hand, the laboratory tests are conducted

on samples obtained from the held, thereby causing disturbance to their original

ground conditions. Many types of samplers have been developed for the purpose of

obtaining good quality samples, so that the original soil properties can be deærmined

from the laboratory tests. However, assessing the properties of cohesionless soils

using laboratory tests is not easy because collecting undisturbed soil samples of such

soils from depth is extremely difhculr Even with the utmost care and using the most

sophisticated of samplers, soms soil disturbance is bound to occur. Accordingly,

there is more reliance on in situ tests.

Various in-situ derices have been developed for this purpose. The cone penetration

test (CPT), standard penetraúon test (SPT), dilatometer modulus test (DMT), plate

load test and screw plate test are all used. Amongst these, Marchetti's flat

dilatometer is a relaúvely recent development. Marchetti (1980) and Schmertrnann

(1986) described the flat dilatometer and suggested different correlations for the

assessment of soil parameters. It has been found that compared to other tests, the

DMT is a cost-effective and time efficient in-situ testing device.

The DMT and CPT a¡e based on the principle of a penetrating wedge, or cone, of

known dimensions, into the soil and interpreting soil parameters by conelating

penetration data to laboratory measurements. The CPT and DMT conelations for

clay soils have been based directly on the laboratory hndings (Marchetti, 1980;

Campanella and Robeßon, 1983; Jamiolkowski et al., 1985; Powell and Uglow,

1988 etc), as it is possible to obtain relatively undisturbed samples of clay soils.

However, in the case of cohesionless soils, these correlations have been based on

numerous field tests and calibration chamber test results, conducted on artificially

deposiæd sand under known boundary conditions (Bellotti et al., 1979,1986; Baldi et

al., 1981, 1982,1985, 1986; Marchetti,1979,1980, 1985; Villet and Mitchell, 1981;

Lacasse and Lunne, 1986, 1988; Jamiolkowski et al-, 1986, 1988 etc-).

The CPT hæ been in use for more than half a century and is very popular for site

^rt-^r!^- ^-l -^^¿^^L-:^^1 l^-:-- 'fL^ i-+-^'{,'¡+in¡ ^f ôf/T in o pnnmico}rlp

f
I

;

ulvwl¡õ4uv¡l s¡s óww¡uuvs - ----q-

k
2



Chnpter I Inlroduction

form was as early as 1934 @arantsen, 1936). The CPT correlations make use of

effective overburden pressure together with cone tip resistance and sleeve friction for

the determination of soil parameters such as relative density, friction angle and

constrained, tangent and secant moduli. However with CPT, the direct measurement

of horizontal stress in the field is not possible.

It has been found that many soil parameters can be better correlated to the horizontal

stress acting in the soil mass rather than the vertical stress (Baldi et al., l98l; also

supported by Schmertmann, 1978; Holden, 1976; Veismanis, 7974 and others). By

doing so, the correlations can be applied to both normal as well as overconsolidated

soils, taking into account the stress history. As the CPT does not give a direct

measurement of the horizontal stress within the soil, the DMT proves to be of

immense value, as it has the capability of sensing the horizontal stress of the soil at

the point of testing. Due to this ability, the DMT proves particularly useful in the

evaluation of the coeffîcient of earth pressure at rest, IÇ.

It was also realised that simultaneous use of DMT and CPT would be more benefrcial

(Marchetti, 1985; Baldi et al., 1936) because the dilatometer directly measures the

horizontal stress in the soil which the CPT does not measure. On the other hand, the

electric cone penetrometer test gives the values of cone tip resistance swiftly and

accurately, which the DMT is not capable of. The two values recorded adjacently on

site, respectively from DMT and CPT are used to evaluate the strength and

deformation parameters of normally, as well as overconsolidated, sand deposits and

assist in the evaluation of overconsolidation ratio and preconsolidation pressure,

required for the analysis of foundation settlement on cohesionless soils

(Schmerfnann, 1986a; læonards and Frost, 1988; Berardi et al., 1991), making the

DMT one of the best available tools when used together with the CPT.

1.2 Objectives and scope

One of rhe areas that is being explored is to find out the applicability of the DMT and

the CPT in the evaluation of the design parameters of soils of different mineralogical

composition, such as calcareous sand and chalk (Power, 1982; Fahey, 1993) and

srudy the behaviour of foundations resting on these sands (Randolph et al., 1993). In

fact, attempts have already been made to apply CPT to evaluate the parameters of

calcareous sediments (Joustra and Gjit, 1982; Ortigo et al., 1986). It is still a subject

of ongoing research and results so fa¡ indicaæ that the CPT is capable of giving

3



Chapter I Introduction

The suitabiliry and adapøbility of the DMT and CPT and their standard correlations

for the identification and evaluation of parameters of calcareous sands, have not been

fully investigated. A literature review is done and a number of laboratory and freld

tests have been conducted as a part of the present research to evaluate the design

parameters of calcareous sand. Emphasis is mainly given to evaluate two of the

commonly used design parameters, namely, the angle of friction, 0, and Young's

modulus, E. The use of these parameters is illustrated in bearing capacity and

settlement calculations for several types of shallow foundations.

Another important aspect of this research has been to upgrade the existing DMT

device from manual to automatic data acquisition. The CPT æst has undergone

tremendous changes since it was first invented (Searle, 1979; Meigh, 1987) and data

acquisition systems have been developed for the automatic recording of the CPT data

through the microcomputer (De Ruiter,I97I, 1981; De Beer et al., 1988; Meigh,

1987 etc.). On the other hand the DMT device has not undergone much changes or

upgrading, in spite of its increasing popularity-

The existing DMT instrument suffers from two major limitations, namely, (a) it is

manually operated, causing human error in the data recording, and, (b) it relies on

only two readings of pressure and deflection for the interpretation of soil properties.

During the current research work, steps have been taken towards the upgrading and

modifying of the existing DMT device, in order to make it more efhcienL A data

acquisition system has been developed for the DMT test, which is a modified version

of the CPT data acquisition system currently in use at the University of Adelaide.

The continuous pressure versus deflection data, recorded from the modified DMT

test, is used for the direct evaluation of the Young's modulus of calcareous sand,

using a different approach. Evaluations of the modulus of elasticity, using both the

modified dilatometer and the standard dilatometer, have been undertaken, enabling a

comparison between the results, and advantages of using the modified dilatometef afe

discussed. Other potential advantages of the modihed dilatometer data are also

highlighæd.

1.3 Thesis layout

This thesis focuses on the usefulness of the DMT and CPT tests, for the evaluation of

4



Chapter I Introduclion

sands, such as, the angle of friction (used for the assessment of the bearing capacity

of a foundation) and Young's modulus (used for the prediction of settlement of a

foundation). Detailed description of the development of an automated dilatometer

device, and its advantages for a more realisúc evaluation of soil parameters, are also

important parts of this thesis. A layout of the thesis is as given below.

A literature review of the dilatometer and cone penetration tests in cohesionless and

calcareous sand is presented in Chapter 2, along with the cha¡acteristic properties and

classification systems for calcareous sands. At the end of Chapær 2, the methods

suggested for settlement calculations of footings resting on cohesionless soils,

utilising DMT and CPT data, are described.

Chapter 3 describes the developments for automation of the dilatometer, its

modifications and the setting up of a standard procedure for performing the modified

dilatometer tests in the field. Selection of a suitable test site for conducting the field

tests, based on the geotechnical survey reports of the Adelaide metropolitan area, as

well as held and laboratory testing programs, are also covered.

The interpretation of results from the modihed dilatometer tests are presented in

Chapter 4. A method is proposed for the direct evaluation of Young's modulus of

elasticity from the modified dilatometer data and the results are compared to those

obtained from the standard dilatometer. Subsequently, the other possible applications

of the modified dilatometer data are described.

In Chapter 5 the various DMT and CPT conelations established on pure silica sand

a¡e used for the evaluation of the parameters of slightly calcareous sand, using

laboratory tests as the basis. Different ways for detecting the layers of relatively low

and high cementation are suggested, based on DMT and CPT data.

In Chapter 6 the held and laboratory determined design parameters are used for the

evaluation of the bearing capacity and settlement of typical shallow foundations,

located at the test site.

Finally, a summa-ry of the research undertaken, the conclusions drawn from it, and

recommendations for futu¡e research, are described in Chapter 7 of the thesis.
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Chapter 2

DILATOMETER AND CONE PENETRATION TESTS ON

COHESIONLESS AND CALCAREOUS SANDS

2.1 Introduction

The flat dilatomerer is an instrument originally devised by Silvano Marchetti (1980)'

Since its invention, it has gained popularity as a handy probing instrument, capable of

giving a reasonable idea of soil properties. The dilatometer consists of a flat sæel

plate, 94 mm wide and 14 mm thick. Its cutting edge makes an angle of 1ó" into the

soil. There is a thin expandable metal membrane on one side of the plaæ.

In-sin¡ Þsting of soil using the flat dilatometer involves jacking the dilatomeær blade

into the ground with the help of a penetrometer rig and expanding the membrane in

the horizontal direction against the soil with the help of gas pressure. The pressure

readings required for prescribed movements of membrane are recorded and used in

evaluating dilatometer indices, which are subsequently related to the soil properties.

The degree of disturbances caused to the soil due to various in-situ devices was

studied by Baligh (1975). It was found that the disturbance caused during the

penetration and expansion stage of the DMT is relatively minor. This is due to the

fact that the shear stress concentration is more towards the cutting edge compared to

the side. Since the dilatometer membrane is laterally placed, it is less affected by the

shear stress concentration zone.

6



Chapter 2 Dilalom¿ter and cone penetration tests on cohesionless soils and calcareous sands

The other advanrage of the DMT is that the apex angle of the blade is 16', which is

significantly less than the 60' apex angle of most conical tips. In addition, the

dilatometer is capable of sensing horizontal stress of the soil directly because the

membrane expands horizontally into the soil. These positive aspects make the

dilatometer superior to other conical tip devices.

2.2 The DMT in situ testing device

The dilatometer assembly shown in Figure 2.la comprises of the following parts:

. Sreel blade (235 mm long, 95 mm wide and 14 mm thick) and expandable

metallic membrane (circular in shape with 60 mm diameær). Figure 2.1b shows

details of the dilatometer blade.

. Control unit with pressure read out system with pneumatic electrical

connections and valves.

. Calibration unit with pressure gauge, vacuum and pressure source for

determining A and B membrane calibration.

. Pneumatic electrical cable to transmit gas pressure and electrical continuity from

the control unit to the blade.

. Ground cable to provide electrical continuity between the push rod system and

the calibration unit.

. Equipment to push the dilatometer blade into the soil. This can be accomplished

with a truck simila¡ to the one used for the cone penetration testing, shown in

Figure 2.1c.

. Push rods and adaptors to transfer the thrust from the surface insertion

equipment and to carry the pneumatic electrical cable from the surface control

unit to the dilatometer blade, shown in Figure 2.lc'

¡ A gas pressure tank with suitable regulator and tubing, connected to the control

unit. Usually dry nitrogen gas is used for this purpose, which is cheap, readily

available and maintenance free.

2.2.1 Method of testing

In sin¡ testing with the Marchetti dilatometer consists of three ståges. The first stage

is preparation for testing; the second stage is testing; and the third stage is after

checks. Details of the standard testing procedure are given by Schmertrnann (1986).

The main features are as summarised below.
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Ctupter 2 Dilatonwter and cone penetralion tesls on cohesionless soils and calcareous sands

Stage 1: Preparation for testing

The dilatometer blade is checked to conform with the manufacturer's internal

tolerance adjustments. The blade should be free of any bends and its penetrating edge

should not deviate more than 2 mm from the axis of the rods to which the blade

attaches. The penetrating edge should be sharp and straight. The membrane should

be free of deep scratches and should expand without any popping or snapping sounds

upon pressurisation.

The pressure source and electrical cable are attached to the control box. The control

unit and cable are checked for gas leakage. For this purpose the blade end of the

cable is plugged with an appropriate htting and pressure is applied to the cable

through the control unit. Then the flow control valve is closed and the pressure

monitored to detect any pressure drop that would indicate a leakage in the system.

I-eakages in excess of 100 kPa per minute are unacceptable and require repair.

Smaller leaks may not cause problems.

The electrical cable is attached to the dilatometer and the two ends of the electrical

ground cables are connected to the control unit and blade, respectively. The centre of

the blade is pressed down untit it makes contact with the support pedestal. At this

contact the electrical or audio signal should sound. If not, appropriate repairs should

be undertaken.

The correction values ÂA and ÂB, which account for the membrane stiffness, are

determined using the calibration equipment, where À A is gas pressure inside the

membrane required to overcome the stiffness of the membrane and move it inwa¡d to

a centre expansion of 0.05 mm. Actually this is a negative gas or suction pressure,

but recorded as positive. 
^ 

B is the gauge pressure inside the membrane required to

overcome the stiffness of the membrane and move it outward to a centre expansion of

1.10 mm in free air.

ÅA and ÀB, known as membrane stiffness calibration pressures, should fall within

the tolerance given by the manufacturer for the type of membrane used and are

recorded as positive values. During the calibration test the electrical or audio signal

should stop unambiguously at 0.5 mm expansion and again at 1.0 mm expansion.

Any membrane that fails these checks, should be replaced.

8



Chapter 2 Dilatometer and cone penetration lesls on cohcsionless soils an^d calcareous sands

New membranes require nearly 20 cycles of preconditioning, expansion and deflaúon

to reach an approximately stable value of Â8. Also the ends of all the cables should

be capped immediately afær releasing from any connections. This prevents Íuly

contamination of cables and corrosion of the ærminals'

Stage 2: Field testing

A step by step procedure for tesúng is as given below'

Step 1: The vent valve is opened and the dilatometer blade is jacked to its first depth-

The push rod is kept vertical while the dilatometer is advanced into the soil. For

determining the quasi static bearing capacity of the soil, an extra reading is needed.

For this purpose, the total push or total thrust force, P, required to advance the

dilatometer blade to a new test depth is recorded. So the value of thrust required

during the last 10 mm penetration or the number of blows for each 150 mm of

penetration is noted down. If using the blow counts, to estimate the static force, an

average of the blow counts is taken for 150 mm above and below the test depth- The

rate of penetration is of secondary importance in case of sands and could vary

between 10 to 100 mm per second. In silts penetration rates ate maintained between

10 and 30 mm per second.

While advancing the blade ¿ìs per Step 1 above, an electrical or audio signal should be

produced by the dilatometer to ensure that the membrane is flush with the plane of

the blade.

Step 2: Once the test depth is reached, the static force should be removed from the

rods and the vent valve closed within 15 seconds of reaching the test depth. The gas

flow valve on the control unit is used to pressurise the membrane. The pressure

gauge reading at the instant the signal stops is pressure, P¡, which indicates the

pressure at which the membrane just lifts off its resting position. This is recorded

within 15 to 30 seconds of membrane presswisation. Then, within the next 15 to 30

seconds the gas pressure is increased until the signal returns. At this instant the

pressure reading, Ps, is recorded, indicaúng the pressure which causes l'1 mm

horizontal deflection of the membrane into the soil. V/ithout delay the vent valve is

opened in order to depressurise the membrane and the gas flow is also stopped by

closing the gas flow control valve. The procedure prevents further expansion of the

membrane which could permanently defonn it, thereby changing its calibration.

9



chapter 2 Dilatot,Eter and cone penetration tesls on cohcsionless soils and calcareous sands

Research by Reyna et al. (1991) shows that the Po and P" readings a-re influenced by

the rate of membrane pressurisation. A slow rate of membrane pressurisation

decreases the Po and P, values. However, Schmernnann (1986) recommends a time

of 15 to 30 seconds for the complete membrane pressurisation from PA to PB'

Step 3: Research work and testing (Schmernnann, 1986) has indicated that another

pressure reading, denoted by P., corresponding to the pressure against the membrane

when it deflates and returns to original lift off position, provides an approximate

measure of the initial in situ water pressure, Uo, in sands or sandy layers' For

measuring Pç, â controlled de-pressurisation from Ps to Pç is allowed within a period

of 15 to 30 seconds. A prohle of in situ water pressure, IJ6, so obtained is of value

for the geotechnical evaluation of the siæ.

At shallow depths in very weak soils, sometimes it is diffìcult to receive a signal for

recording pressure reading, P¡. This is because the horizontal pressure acting on the

membrane in weaker soils is too low to keep the membrane seated in it's resting

position. Thus another membrane with low and consistent calibration should be

chosen. Alærnatively, an initial suction pressure can be applied behind the membrane

and then the flow control valve closed before advancing to the test depth. This is

accomplished with the calibration unit. Firstly the Â A pressure reading (vacuum) is

recorded as a negative value and then P¡ upon pressurisation. If pressure Ps is out of

the gauge range, this method is not used and no test is performed until a depth is

reached where ttre initial signal is obtained-

Step 4: The steps I to 3 above are repeated for every new test depth and pressure

readings Po, P" and P6 are recorded up to the maximum depth of sounding.

Stage 3: After test checks

After completing the final sounding, the blade is withdrawn and checked to ensure

whether any signihcant damage has been caused to the membrane or cutting edge.

The calibration should be rechecked and if any deviation is found from the initial

calibrations, or any defects with the signals is detected, the defect should be rectified

and the test repeated to obtain proper pressure readings.
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2.2.2 Mechanism of DMT penetration

In order to analyse DMT results, the test mechanism needs to be understood- The

test mechanism of a dilatometer, as proposed by Marchetti (1980) is outlined below.

Penetration mechanism of dilatometer

The penetration mechanism of a dilatometer was considered by Marchetti (1980) to

be similar to a complex loading test on the soil. He compared the penetration process

to that of the expansion of a flat cavity model. The analysis indicated that the

measured horizontal total pressure against the blade was susceptible to the in situ

horizontal stress.

The dilatometer penetraúon causes a horizontal displacement of 7 mm (half the

thickness of the dilatometer blade), of the soil, originally on the vertical axis, which is

considerably lower than that caused by 18 mm conical tips. It was shown by Batigh

(1975) that penetration of the dilatometer causes more soil diSturbance near to the

edge of the blade whereas the soil facing the membrane suffers less disturbance.

Hence the modulus is likely to be more accurate.

Reduction of field measurements

In the field, pressure readings Pn and Ps, corresponding respectively to 0.05 and 1-l

mm membrane deflections, are recorded and corrected for membrane stiffness, using

the following equations:

Po=Po+ÅA
Pr=P¡-ÂB

(2.1a)

(2.1 b)

The difference Â P is computed as follows:

ÀP=P,-Po (2.2)

The value of ÂP is then used to determine the modulus of elasticity of the soil using

the theory of elasticity. The dilatometer was considered by Marchetti (1980) to be

formed of two elastic half spaces, having Young's modulus E and Poisson's ratio, F,
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used for these conditions was originally formulated by Gravesen (quoted by

Marchetti, l9S0) and is of the following form:

s"
LD.LP I-p' (2.3)

'Íc E

where,

t ,, = ED = dilatometer modulus,
(t - p')

E = Young's modulus of elasticitY,

P = Poisson's ratio,

Sr = net membrane deflection = 1'1 mm,

^P 
= change of membrane pressure causing 1.1 mm deflection,

D = membrane diarneter'

For a membrane with diameter, D = 60 mm and horizontal central deflection into the

soil, Ss = 1.1 mm, Equaúon 2.3 becomes:

-!- = 38.2ÂPr-¡t'

Marchetti (1980) termed the ratio -+,tl¡e dilatometer modulus, E¡.
l-p'

(2.4)

Further, Marchetti (1980) formulated three dilatometer indices, namely, the

dilatometer modulus (Eo), material index (Io) and the horizontal stress index (Kp),

derived from the three pressure readings, P¡, Ps and Pç, obtained during the test- The

indices Io, Ko and Ee a¡e formulated as follows:

Material index,

Horizontal stress index,

Dilatometer modulus,

I¡ = ÀP / (Po -Uo) 
,

Ko=(Po-Uo)/o,

Eo = 38.2 ÂP

(2.5 a)

(2.s b)

(2.5 c)

Where, Uo = T *.2* = PoÉ \ilater pressure prior to penetratlon'

ov = in situ vertical effective stress at point of testing,

T, = unit weight of Pore water,

Z* = depth of point of testing below the water table.

Using the indices Ip, Ko and ED at various depths from dilatometer soundings and an

12
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Chnpfer 2 Dilaloffuter and cone penelralion lests on cohesionless soils and calcareous sands

relaring the three indices to the important soil properties. Some of the typical DMT

results are discussed below.

2.2.3 Typicat DMT results on cohesionless soils

Typical results of dilatometer tests at Torre Oglio, Italy, and Damman, Saudi Arabia,

where the soil was mainly sand, are shown in Figures 2.2 and 2.3 (taken from

Marchetti 1980). The important features of these tests are discussed below:

At both the sites, the Pe profiles vary between 1fi) to 400 kPa and P¡ prohles

vary betrveen 250 to 2500 kPa. This shows that the P¡ and P1 profiles are

consistent for same tyPe of soil.

The material index (I¡) profrles, indicative of the material type, are similar and

vary between 2 and 10. Compaction does not appear to have any significant

influence on the I¡ profiles and this shows that Ip is a good material index which

only changes when there is a change in the type of soil rather than a change in

vertical or horizontal stresses.

The profiles of dilatometer moduluS, Eo, a¡e also consistent at both sites and

vary between 5 and 60 MPa. Compaction significantly increases E¡ values at

Damman, with Ee values lying between 10 and 70 MPa after compacúon. This

is quite logical as the stiffness of a soil increases with compaction.

a

a

a In both the sites Kp profiles, indicative of the horizontal stress index, are simila¡

at depths greater than 4 metres. As K¡ is proportional to Pe which increases with

compaction, there is a significant increase in the Kp values after compaction.

Po, P,, Io, Ko and Ep profiles at the Torre Oglio test siæ resembles to the

respective prohles of the Damman test site. As both sites were of similar sand

deposits, the similarities of the profiles is justified and shows that DMT gives

consistent results.

2.3 Original DMT correlations

Once the required soil data were available, along with corresponding Io, IÇ and Eo

values, Marchetti (1930) established various conelaúons relating the dilatometer

in situ evaluation of soil

t3
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Chapter 2 Dilatomcter and cone penetration lests on colusionless soils and calcareous sands

of the original DMT correlations for predicting the in situ soil prop€rties a¡e

described below.

2.3.1 Determination of soil type (Ip)

The dat¿ indicaæd that the material index Io was closely related to the grain size or

soil type and as the soil fines decreased, the value of Io increased. Marcheni (1980)

recommended in Table 2.I for the assessment of soil type based on grain size'

Table 2.1 Soil classification based on dilatometer material index, Io (after

Marchetti, 1980)

The chart suggested by Schmertmann (1986) for identifying the type of soil and

density is shown in Figure 2.4. According to this figure, soils could be classifred in

terrns of type, unit weight and consistency, based on their position in the Eo versus Io

chart. A number of researchers (Schmertmann, 1982; Lacasse and Lunne, 1986;

Lutenegger and Kabir, 1988; Bogossian et al., 1939) have found that Io is a reliable

material index which changes only with the material type and is not affected due to

compaction or saturation of soil.

powell and Uglow (1938) had mixed success in identifying certain soil types and

predicting their densities. It was thought that the high degree of overconsolidation

and age of the soil deposits might have affected the Io values. Moreover, it was

found that the unit weights determined from the DMT under estimated the true

values, and large increases in the assessed unit weights were recorded for small

increases in actual unit weights. It was concluded that the DMT indicated the

variations in the unit weight but overestimated the variations.

2.3.2 Correlation between constrained tangent modulus (M) and

dilatometer modulus( Eo)

Marchetti (1980) investigated whether a correlation existed belween the constrained

modulus, M, and E¡. Reference values of M were evaluated from CPT using the

correlation M = 2.5 q" (based on Mitchell and Gardner, 1975) and also from standard

ClaySiltSandType of soil

I. < 0.60.6<I^<1.8I^ > 1.9I^ values
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Chapter 2 Dilafometer and cone penetralion tests on cohesionless soils and calcareous sands

penetration test @'Appolonia et.al., 1970), for uniform and normally consolidaæd

soils.

Comparisons of the DMT based Eo prohles, CPT based M prohles and SPT
E

evaluated +- profiles showed similar trends.
l-p-

lr{a¡cherti (1980) introduced another ratio R" (lvvEo¡ and proposed the following

correlations for the evaluation of R¡4 in sand. Once R¡4 is known, M can be easily

evaluated,asM=Rr.Eo.

For 0.6<ID<3
Rr = Rv,o + Q5 - R",o) log,oKo

where Ru,o = 0.14 + 0.15(ID - 0.6)

For ID > 3.0

Rv=0.5+2logroKo

For KD > 10

Rru = 0.32 +2-lS log,oKo

(2.6 a)

(2.6b)

(2.6 c)

a

a

a

The computed value of R" should always be equal to or greater than 0'85'

Figure 2.5 shows the following facts:

Rv = M / Eo is not a constant and an additional parameter, Ko, is necessary for

establishing a relation between M and Eo.

Io has no influence on the correlation, except at low Ko values.

Calibration chamber tests by Bellotti et al. (1979) revealed that Equations 2.6

(a-c) gives good results in the case of sand possessing intermolecular atÚaction,

(mainly due to cementation).

l-acasse (1985) and Lacasse and Lunne (1986, l9S8) compared the values of M

evaluated from the Marchetti (1980) conelation to that predicted from the cone

penetraúon tests, screw plate tests and the actual settlement of silos and came to the

conclusion that Marchetti (1980) conelations give genuine M values in case of loose

sand deposits. However, large scale laboratory test results by Mokkelbost et al'

(1991), conducted on three different types of silica sands revealed that Marchetti

(1980) correlation does not correctly predict the M values in case of overconsolidaæd

sand deposits.
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2.3,3 Correlation bet$'een dilatometer modulus (Eo) and Young's

modulus (E)

Attempts have been made to rclate the dilatometer modulus, Eo, directly to the

young's modulus, Er, (conesponding to 25 Vo of the failure deviator stress), based on

laboratory and calibration chamber test data @ellotti et al., 1985; 1986; Baldi et al.,

1986; Campanella and Robertson, 1983; Robertson and Campanell4 1984;

Jamiolkowski et al., 1988; I¡onards and Frost, 1988; Berardi et al', 1991).

Their results indicate that the ratio,EulBD = RE, is close to 1 in normally consolidaæd

sands and varies up to 4 in overconsolidated sands. A summary of E'u[Eo values

deærmined for different types of sands is presented in Equations 2'7 (a-c).

NC Ticino sand

OC Ticino sand

OC Hokksund sand

R"=ErrÆo=0.88 + 0.27

Rr=ErrÆo=4.29+0.62
R" = ErrÆo =2.49 + 0.74

(2.7 a)

(2.7 b)

(2.7 c)

læonards and Frost (198s) proposed values of EulE, = 0'7 and 3'5 for normally

consolidaæd and overconsolidated sands respectively and considered these values

suitable for the settlement calculations of shallow foundations on granular soils-

2.3.4 Correlation between horizontal stress index (Ko) and

overconsolidation ratio (OCR)

For the purpose of correlating overconsolidation ratio to Ç, Marchetti used the

following equation:

OCR = 6'"**/6', (2.8)

where,

0l *,= the maximum past effective overburden pressure experienced by the

soil, determined from the oedometer tests and found to be in

reasonable agreement with the estimate based on geological history,

the current effective overburden pressure.ov

Only three experimental data were available at that time for cohesionless soils, where

r - r o ^-r ^ ¿^-¿^¿l-.^ -^l^+l^- l^a+,,,aan lVaÞ o-zl Il rrroo -rnnôQed qc chnrr¡n rn
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Figure 2.6. Further data was necessary at that stage for the establishment of a better

correlation between Ko and OCR on cohesionless soils.

2.3.5 Correlation bet\ileen coefficient of earth pressure at rest (Ko)

and dilatometer horizontal stress index (Kn)

For the purpose of correlating K" and \, Marchetti (1980) referred to K" values

evaluated by Ladd. et al. (1977) who estimated the in situ \ in the range of 0-40

+0.05 for the test siæ at Torre Oglio. Not many tests were conducted on sandy soils

at that time and on the basis of data from all types of soils, Marchetti (1980) gave a

tentative correlation between K" and Ko, shown in Figure 2'7'

Marchetti (1980) found that a single curye fitæd all the experimental data. When the

scatter of the correlation \ versus Ç was investigated, making use of the parameter

Io, it was also found that material type, or Io, had no significant effect on K" versus

Ç conelation. It was therefore concluded that the correlation is valid for all soils,

irrespective of their type. The correlation proposed by Marchetti is:

K"=(Ko ll.5)oo1 -0.6 (2.e)

Calibration chamber tests on cemented sands @ellotti et al., 1979; Senneset and

Janbu, 1982) showed that the continuous line in Figure 2.7 signihcantly overpredicted

¡ç., indicating that Ç values were affected by additional strength contributed by

cementation, besides the horizontal stress on-

From Marchetti's 1980 work it appears that more emphasis was given to clayey soils,

with little data on cohesionless soils. Not much was done on the measurement of $

and K. in cohesionless soils up to that stage.

2.3.6 Problems and amendments

Assessment of IÇ in sand is a very difhcult task, whether it be in situ determination or

laboratory testing. The in situ determination of K relies on penetrating some device

into the soil, causing disturbance. At the same time laboratory evaluated IÇ valucs

cannot be relied upon as undisturbed samples of sand are difficult to obtain even with

the most sophisticated samPlers.
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Different methods have been adopted for the measurement of K" and these can be

categorised as direct, semi-direct and indirect methods. Direct methods aim at

measuring K by direct application of instruments. Hydraulic fracturing, Menard

pressuremeter, Gloetzl total stress cell and setf boring pressuremeær (SBP) are some

of the instruments used for this purpose. But apart from SBP, others are not really

applicable for sand. The functioning of SBP has also been questioned as, according

to Fahey and Randolph (1985), penetration of even an inhniæly thin cylinder changes

the original IÇ values due to stress variation. Semidirect methods are based on the

principle of inserting a pressure measuring instrument in to the soil and then back

extrapolating the results to assess the lateral stress for zero thiclness. The stepped

blade (Handy et al., 1982) is one such instrument but it can not penetrate through

dense sand easily. Semidirect methods have also been criticised as the lateral stress

varies with factors other than blade thickness.

Because of the shortcomings with direct and semidirect methods, attention has been

focussed on indirect methods. In the indirect methods, some independent readings

are taken in the field which do not give the soil properties directly but can be related

to the soil properties, eg. pressure readings P¡, Ps, P. in case of DMT; q" and F* in

case of CPT; blow counts (N) in case of SPT (Standard penetration test), etc. Soil

properties, eg angle of friction, modulus of elasticity, grain size etc. are deærmined

by laboratory testings and then these properties are related to the independent held

readings to give correlations.

However, as pointed out, laboratory determination of design parameters of sand is

difhcult due to sampling disturbances and may give rise to misleading correlations

when taken as reference values in the indirect correlations. Still, the indirect methods

have been relied upon by many researchers, such as Marchetti (1979,1980, 1985);

Bellotti et al. (1979); Schmertnann (1982, 1983); Baldi et al. (1986); Lacasse and

Lunne (1986, 1988) etc. for the determination of K and $ using DMT- A

progressive history for the evaluation of K" and $ is presented below.

2.4 Available correlations for friction angle and coeflicient of

earth pressure at rest

In order to check the validity of K - Ko (Marchetti, 1980) correlation, ßffiY

dilatometer and calibration chamber (CC) tests were conducted on sand. CC tests by

Schmertmann (1983) proved that the K - Ko conelation changes with variations in Q
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or D, (relative density) and attempts were made to formulate K - Ko - 0 correlations

rather than K - K¡ correlation.

Various approaches were made towa¡ds the simultaneous evaluation of K and 0. A
common feature is that all of them used the bearing capacity theory of cone and

wedges, proposed by Mitchell and Durgunoglu (1973) and Durgunoglu and Mirchell

(1975). The important feature of this theory is that it takes into account the

important IÇ and Q variables. In simple terms, the D & M equation for cohesionless

soils is as follows.

9r= c N" G" + B "l , Nrrêr, (2.10)

where, 9r = ultimate bearing capacity, c = cohesion, B = penetrometer width, 1, -
unit weight of soil, N", Nrc - bearing capacity factors and €",€r, - shape factors,

derermined from Durgunoglu and Mitchelt (1975) and Brinch Hansen (1961, 1966)

equations, respectively. For simplicity, Durgunoglu and Mitchell (1975) produced a

chart giving values of shape and bearing capacity factors as a function of angle of

friction, relative depth and penetrometer to soil friction angle.

Lunne and Mitchen Qg77) worked out the product Nro'.n for a cone with 60' apex

angle, 10 sq cm tip cross section and plotted it as a function of relative depth and K.
These standard charts can be directly used if penetrometers of exact dimensions are

used under similar condiúons.

Given below is a description of va¡ious methods which have been proposed for the

evaluation of 0 and K. All these methods require the application of either DMT or

both DMT and CPT.

2.4.1 Schmertmann (1982) method for the determination of Q

Schmerrnann (1982) realised that penetration of dilatometer blade into the soil

involves a bearing capacity failure. He determined the dilatometer blade bearing

capacity from DMT thrust data by accounting for the various frictional forces and

equated it to the D & M equation. The approximate value of ( required in this

equation was calculated from the Marchetti (1980) correlation and the penetrometer

to soil friction value was assumed to be 0.5. All the other unknowns were known and

the only unknown 0 was evaluated. As the dilatometer blade penetration
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approximates plane strain conditions, (lengtMbreadth = 7), the Q yielded by this

method can be used for plane strain conditions.

Schmertmann (1982) also did a parametric study of Durgunoglu and Mirchell

equation (1975). The theoreticatly derived cone bea¡ing capacity, 9., and dilatometer

blade bearing capacity, Ç¿, wefe compared for different key variables, namely, the

angle of friction, K" ard relative depth. It was found that the theoretically derived

q/q" ratios do not vary significantly with IÇ or relative depth and varied primarily

with Q,. Such a variation of q/q with Q' led to a relation, anal¡ically represented in

the following form.

qJq"=2-3 - o-04 qp, (2.tr)

where,

q"=
90, =

00" =

cone tip reslstance,

dilatometer blade tip resistance,

effective angle of friction for plain strain condiúons.

,I
il't

¡

According to this finding, if values of qo and qc are available from adjacent locations,

0o" can be evaluated. Schmertmann's (1982) method could be in error, because it

assumes the dilatometer rod to soil friction as zÊro. Such an assumption was

necessary in order to abstract qo from DMT thrust data, as the standard dilatometer

blade is not htted with a load cell In practice, some friction dehnitely exists between

soil and push rods and neglecting it totally does not appear logical.

Schmertrnann (1982) commenred rhat the use of Durgunoglu and Mitchell (1975)

theory results in conservative values of $' and this conservatism was counterbalanced

when assuming dilatometer blade to soil friction angle as zero. This method was

recommended for further t¡ials.

2.4.2 Schmertmann Ko - Ko - Q correlation (1983)

Based on the available calibrarion chamber data, Schmertmann (1983) drew a

tentative correlation be¡ween K and K¡ with 0 as a parameter. The results of S

predicted from this correlation afe shown in Figure 2.8, superimposed over

Marchetti's (1980) correlation results It can be seen that IÇ, K¡ correlation is

different for different values of 0. The correlation betrveen K, K¡ and Q *as

expressed by Schmertmann (1983) as:
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40 + 23 K^ - 86K"(l - sinQ ",) + 152 (l - sinQ.,) - 717(I - sinQ.,)2

¿l

Ko=
192 - 7I7 (l - sinQ"*)

(2.12)

2.

3.

4.

,'}
li,J

',1:

Where, 0^ = effective angle of friction for axial strain conditions and is same as 0',

as determined from standard triaxial compression tests.

2.4.3 Schmertmann, Durgunoglu and Mitchelt method (1983)

Use of Equation, (2.12), requires the knowledge of one of the two unknowns, K or

O* . So Schmertrnann (1983) proposed a method of simultaneous evaluation of K
and O* , using DMT and CPT data, aiming at evaluating Ko from DMT and q" from

the CPT

This method consists of the following steps-

1. Ko is measured from DMT and cone tip resistance, 9., from CPT, at the same

depth.

A t¡ial value of K. is assumed. , ,

A trial value of 0^ or 0¡, is obtained from Q* = f(q.)' ot 0p" = f(qo), using D

& M equations (Durgunoglu and Mitchell,1975).

If O- is obtained from q, then K is calculated in Step 5. On the other hand, if
t,

0^' is estimated from q¿, Q- is obtained by using either Equation 2-L3a or

2.13b, relating the plane to axial strain friction angles, as proposed by

Schmer"tmann (1983).

,tt,

0* = 00" - (0^ - 32) t3 for 0^ > 32" Q'13 a)

Q*' = Q^'fo. Qo,' .32" (2.13 b)

5. Using 0* , as calculated in Step 4, IÇ is computed from Equa tion 2-12-

6. The value of K, calculated in Step 5, is compared with the trial value assumed

in Step 2.

7 . Steps 2 to 6 are repeated until the value of IÇ agrees to within I0 7o.

In order to check the reliability of this procedure, six of the earlier calibration

chamber test data (Jamiolkowski et al., 1979; Baldi et al., 1981, 1982, 1986 ; and
¡
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river, were analysed by Schmertmann (19S3). Considering ideal laboratory

conditions and artificially deposited sands, this method yielded reasonable values of

K. On the whole there is a tendency for K to be overestimaæd and the ratio of

Schmertmann K to the actual was I.22 + 0.18.

2.4.4 Marchetti compact graphical form of D & M equation

Schmertmann's method of applying the D & M equation (1983) was further

summarised by Marchetti (1985), as shown in Figure 2.9. The chart can predict

friction angle from q if an estimate of K is available.

An analysis of the chart by Marchetti showed that (a) the maximum difference

between 0¡¿v (Schmertmann, 1983) and Q predicted from Figure 2.9 was 0-2", at a

depth of 2 metres, and (b) the maximum error was 0.8o, at a depth of 1 metre. These

erïors were found in the most unfavourable zone of this chart, where 0 > 46'.

2.4.5 The compact Ko chart (Marchetti' 1985)

The Schmertmann method of applying the D & M equations involved complex

computations, and the ea¡lier chart, Figure 2.9, had two unknowns. So, Marchetti

(1985) suggested another chart in which one of the unknowns was eliminated, shown

in Figure 2.10.

This cha¡t was also obtained from the Schmertmann D & M method. In this chart,

one of the two unknowns, Q, is eliminated, leaving only one unknown IÇ. Hence this

chart is a simplified version of Figure 2.9. From this chart \ can be estimated if Ç
and q are known. Having obtained the value of K from this chart, Figure 2.9 can be

used to estimate the friction angle, 0 . The curyes in Figure 2.10 can be expressed by

the following analytical form for predicting the values of K, given in Equation 2- 14.

K" = c, + c2 KD..,{i} e.r4)

where, C' C2, C, are coefhcients experimentelly determined from calibration chamber

tests, conducted on Po river sand. Marchetti (1985) prescribed values of 0.376,

0.095 and -0.0017 respectivelY, for these constants.

tj

\l
I

I

I

þ
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Baldi et al. (1936) also conducted calibration chamber tests on the Po river sand for

different boundary conditions and modihed the coeffîcients slightly. The new values

of C1, C2, C3, as suggested by Baldi et al. (1986) were respectively (0.376), (0.095)

and (-0.0046).

In natural sands, some modifications in the values of C1, C, Cr, would be necessary

to take account of local conditions and experience. The value of K,, calculated by

Equation 2.14 can be used together with the graphical form of Marchetti (1985),

Figure 2.9,for estimating the value of Q.

2.4.6 The dual scale Ko chart (Baldi et al, 1986)

For the purpose of re-evaluating the accuracy of his compact IÇ chart, Marchetti

(1985) referred to the Po river valley sand data of Jamiolkowski et al. (1985). This

was slightly overconsolidated sand with known overconsolidation ratio ranging from

1.3 to 1.7, and IÇ ranging from 0.5 to 0.6. Some 90 pairs of adjacent DMT and CPT

soundings were available. Out of these 90 pairs, 25 pairs of values of 9" and Ko were

selected for the purpose of re-analysis resulting in Figure 2.10.

After comparing the two values of K. (the first one obtained from Figure 2.10 and the

second one obtained from the original test report of Jamiolkowski et al., 1985), it was

noted that the average IÇ predicted from Figure 2.10 was 0.92, considerably higher

than the expected value of 0.55. The cause of the high values of K, obtained from

Figure 2.10 was attributed to either (a) actualvariation of K in the ground (b) local

prestressing in the loose layers which increased K¡ and (c) local cementation.

In brief, the Po river data on plotting along with the compact IÇ chart indicated a

shift of the curves to the right, especially for the higher values of Kp, (see Figure

2.1 l, referred to as the dual scale chart).

Figures 2.9,2.10 and 2.11 appear to be the latest references available for determining

the values of IÇ and Q.

, 2.4.7 IÇ - OCR relationship in soil

;{

f Once the values of \ and S' are known from one of the methods discussed earlier,
I

I ; eshblished relationships between K" and OCR can be used to predict the OCR values.
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and simple empirical results relating K. to OCR and Q' for normally consolidaæd and

overconsolidated soils were presented.

The simplest relationship adopted was that of Schmidt (1966), which can be written

as

K-/K,*=(OCR)' (2.1s)

(2.r7)

(2.re)

where,

K*=
qo" =
c[=

IÇ during primary loading,

\ for normally consolidated soil, and

an exponent termed as the at rest rebound parameter of soil.

Schmidt (1966) proposed that the parameter "cf," was uniquely related to effective

friction angle, 0', of the soil. This approach appeared to be reasonable, based on the

general trend between ü and sinQ'. The hypothesis stated that:

Ct = sin$' (2.16)

Also, for the value of \o", several theoretical and empirical relationships have been

postulated. Amongst these, the simplest and the most widely used is the formula of

Jaky (1944).

Kon"=1-sinQ'

A statistical analysis conducted by Sherif et aJ. (197 4) ot K""" for cohesionless soils

yielded the following relationship :

Koo"= 1-0.998sin0' (2.18)

Substituting the value of û, from Equation 2.16 and K o" from Equation 2.L7, nto

Equation 2.15, the following relationship is obtained.

ocR=[fu)*

Regardless of the methods used to calculate K* and 0', OCR can be determined from

the Mayne and Kulhawy (19S2) conelation, Equation 2.19'

Schmertmann (1983), modifred Equation 2.19 to the following form:
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(2.20)

Equation 2.20 showed good agreement with the results of Hendron (1963) and was

adopted for settlement predictions, together with DMT data (l-eonards and Frost,

1988).

2.5 DMT and CPT data for settlement calculation

The dilatometer test gives soil compressibility data for the computation of foundation

settlement. Schmertmann (1986a) proposed two methods for predicting settlement

from DMT data; an ordinary method and a special method. The settlement of a

flexible foundation of a given shape, size, loading magnitude a¡d embedment depth is

calculated via a step by step procedure. The details of the two methods are given

below.

2.5.1 Ordinary method, Schmertmann (1986a)

1. A DMT sounding is performed at the site where settlement analysis is required-

profiles of the constrained tangent modulus, M, are obtained for the soil layers

of interest.

2. The compressible soil layers of simila¡ soils are divided into layers and sublayers.

3. For each layer and sublayer, the average value of M is obtained.

4. The vertical stress increase, at the mid height of each layer and sublayer is

calculaæd by any suitable method.

5. The one dimensional settlement, S, of each layer or sublayer is calculated using

the following equation:

g. = Lo"' 'H e.2r),M

where H = thickness of the layer or sublayer'

6. By adding all the contributions from the layers and sublayers in Step 5, the total

one dimensional settlement is obtained-

2.5.2 Speciat method, Schmertmann (1986a)

The Schmertrnann special method differs from the ordinary method in the sense that

here all the layers and sublayers are taken into account in calculating the settlement.

ocR=tfu)o's'"f
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stress during the loading. The step by step procedure of the special method is as

follows.

l. A DMT sounding at each settlement analysis location is done and the variation

of M with depth is obtained through the soil layers .

2. The compressible soil is divided into layers and./or sublayers of similar soil type

and stiffness.

3. The average value of M is obtained for each layer/sublayer.

4. The vertical stress increase, ÂcI" , at the mid height of each layer/sublayer is

calculated. ,
5. The initial effective overburden stress, o0 , at the mid height of each

layer/sublayer in Step 2 is calculated, before the settlement commences.

6- The value of effective stress at the time of performing DMT, or', is also

calculated at the mid point of every layer/sublayer. Generally, O o' = Oo' but

the two may differ because of excavation, surcharge, dewatering etc.

7. If oo differs from o, , then oo is used for further calculations.

8. The preconsolidation pressure, P, , is determined based on the

overconsolidation ratio.
¡1,

9. p" obtained in Step 8 is compared to (oo + 
^o, 

) to check which

compression case applies to each of the layers / sublayers. There can be three

cases,namely: , , ,
Virgin compression, where OCR = I ie. (oo + Ao" ) > p"

Recompression,whereOCR> l and (oo + Lo"') a P"'

Re compression and virgin loading, where OCR >
,,

<(oo +^o,) , , ,
10. If the preconsolidation pressure pc >

overconsolidation case is used and settlement involves recompression. On the

other hand, if (oo + Ào,') , p"' then the M value for normally consolidated

soil is used.

11. The M value hence selected in Step l0 is incorporated in Step 3 and a realistic

value of M is obtained.

12. The magnitude of settlement is obtained for each layer/sublayer using Equation

2.2t.

13. The overall settlement of the foundation is calculated by summing up the

settlement of the individual layer/sublayer.
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Schmertmann (1986a) found that the DMT provided good estimates for the

computation of settlement. The method involved the application of a simple and

general stress-strain equation for one dimensional compression. Because the DMT

determined M relates only to the in situ effective stress, using such M in settlement

analysis required adjust¡nents to the different effective stress levels applicable to the

particular problem. Effects such as pseudo-elastic senlement, structural rigidity, three

dimensional effects, creep, aging, etc, often cancel each other. Schmertmann (1986a)

found an error of l\Vo in the results predicted by this method and therefore suggested

that it could be used for most practical purposes.

2.5.3 Leonards and Frost (198S) method of predicting settlement of

shallow foundations on granular soils

The Iowa srepped blade (Handy et al., 1982), Marchetti Dilatometer (Marchetti,

1980), Screw Plate and Self boring pressuremeær (Wroth and Hughes, 1913;

Baguelin et a1., 1974) are some of the in situ testing devices for predicting settlement

of foundations. A number of researchers over the years found out that the resistances

of the various penetration devices are not fully capable of sensing the effects of

overconsolidation on the compressibility of soils (Lambrechts et al., L978;

Jamiolkowski et al., 1985, 1988; Betlotti et al., 1986 etc.) and there is need of an

inst¡ument which can directly sense the compressibility of soil.

læonards (1985) argued that amongst all these tests, the most applicable one was the

Marchetti dilatometer, as it is capable of sensing the soil compressibility directly,

particularly in loose deposits, where compressibility could cause a major practical

problem.

l,eonards and Frost (1988) presented a method, based on Schmertmann (1970)

method, for visualising the effects of overconsolidation in reducing the

compressibility of all types of soils. They proposed a general method for the

prediction of the settlement of shallow foundations, applicable both to normally

consolidated and overconsolidated sands. A step by step description of this method is

as follows.

1. At the location where settlement prediction is required, parallel DMT and CPT

soundings are performed.

2. The soil profile is divided into layers of similar characæristics.

27



Chapter 2 Dilatometer and cone penelration te$s on cohesionless soils and calcareous sands

3. From DMT and CPT data, the average values of q"f o'" and K¡ are determined

for each layer.

4. Making use of q"loi and K¡ and using the compact graphical form (Marchetti,

1985) or compact K chart (Baldi et al., 1986), Kroc¡ and Q^ for each layer is

calculated.

5. 0r"' i. converted into Q* , using Equation 2-13 a,2-l3b-

6. From Q* and Krocl calculated above, the @R is calculated using Equation

2.19 or 2.20 for each layer. 
,

The initial vertical effective stress, o" , is calculated at the centre of each layer.

8. The preconsolidation pressure, P" , ß calculated for each layer, using Equation

2.22

p" = o, x o.c.R. (2.22)

9 The stress increase ÀOu' at the cent¡e of each layer, due to the applied load, is

calculated, based on the 2:l (vertical : horizontal) load distribution assumption.

The final stress, o | , 
^tthe 

centre of each layer is calculated as

7

10.

12.

13.

ol Âo+o (2.23)

11. The portion of the load increment that falls in the OC range lnrpC¡l and the

NC range fnrllfC¡] are determined by the following equations.

(2.24 a)lt

l

S = crgoolrÂn

(Rz

Rz

oc)

NC)

-o"p

o

o

o

P"

vI

(2.24b)
6I - o''

The average value of Ep for each layer is calculated.

The value of strain influence factor I7 is determined for each layer from

Schmertmann et al.(1978) improved influence factor diagram'

The settlement of each layer is determined by the following equation:

(t

lnrçoc¡ Rz(NC)

EzWql

t4.

ln,çoc¡l
+
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where,
EZ(OC) - 3.5 ED

EZ(NC) - 0.7 ED

(2.26 a)

(2.26b)

= surface load excluding excavated earth

= estimated settlement

= embedment correction

= surface load - load of the excavated earth

= height of the sublayer

= dilatometer modulus

15. Repeat for all the layers and sum to give total settlemenl

This method of settlement analysis using DMT data is the improved version of

previous ones in the sense that it takes into consideration the effects of

overconsolidation in reducing the soil compressibility.

2.6 Literature review of calcareous soil and CPT experience

2.6.1 Origin, location and characteristics of calcareous sediments

The sea bed comprises of approximately 30Vo calcium ca¡bonate which originates

from the decay of various sea organisms and iS subsequent settlement on to the sea

bed. Hence the sediments covering the sea beds are mainly biogenetic in nature.

Due to the on going offshore developments, it has become increæingly important to

assess the properties of these sediments, as their properties differ from usual soils.

Calcareous sediments, besides being present in the sea beds, are also present in

locations which were once covered by the sea. The soil found in such locations

consist mainly of sand and silt with varying percentåges of carbonate content-

Rezak (1974) found that carbonate sediments (a) varied in size, shape and void ratio,

(b) could not be compacted to the same density as non-carbonate sediments, (c) had

lower shea¡ strength than non-carbonate sediments and (d) were suscepúble to

dissolution, cementation, bio-erosion and bacterial activity-

Poulos (1980), after a thorough review of properties of carbonate soils, concluded

that many of their properties were within cornparable timits to those of conventional

9na

s
cl

9na

^h
ED
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the case of carbonate soils play crucial role in strength and compressibility

parameters. With the va¡iations in carbonate content and degree of crushability, the

behaviour of carbonate soils change.

Datta et al. (lg7g) found that soils with a carbonate content greater than 407o

behaved like cohesionless soils. With a carbonate content less than 407o the soil

gradually behaves like cohesive soils. It was also noticed that carbonate soils with

low crushability suffered volume reduction during shear-

Joustra and Gijt (1932) performed crushing tests on many types of soils, including

calcareous soils, using a Bol apparatus. The values of the coefhcient of crushing, C",

obtained for the calcareous soils of North Rankine and Bombay High were

respectively 5.35 and 2.15. These values are higher than the C" value of a typical

qtrartz sand from Meuse river, which was 2.05. A visual study by Joustra and Gijt

(1982) revealed that the crushing resulted in more disintegration of particles in

calcareous soils, thereby causing a shift in the grain size distribution curve, making it

appear more uniformly graded.

Kaggwa and Poulos (1990) found that carbonate sediments were less resistant to

cyclic loading than the silca sands, mainly due to the greater tendency of particle

crushing.

2.6.2 Classification system for carbonate sediments

Various classi-fication systems have been proposed for carbonate sediments. These

classihcation systems have been based on the grain size, base material, degree of

induration or cementation, bedding or lamination, origin of carbonate and colour, etc.

Fookes and Higginbottom (1975) proposed a classihcation system based on grain size

and degree of cementation. Clark and Walker (1977) took into consideration the

origin of the carbonate particles, in addition to grain size and degree of induration, for

classifying them.

Fugro (1979) utilised the CPT q for classifying the various carbonate sediments, as

shown in Figure 2.12. Beringen et al. (1982), proposed a chart, based on the CPT

data to demarcate ca¡bonate sands from clays, with varying degrees of induration.

Beringen et al. (1982) also found that their line fitted well the data obtained from
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Joustra and Gijt (1982) examined the CPT data, obtained from offshore regions of

Australia and India and observed that the cone resistance, 9", was as high as 76

MN/m2 whereas unit sleeve friction, f,, remained as low as 0.50 MN/m2 n 90Vo

calcareous soil. In general the CPT data on calcareous soils revealed high cone

resistance and low friction ratios.

2.6.3 CPT experience in calcareous sediments

Ortigo et al. (1986), used CPT to calculate the values of angle of friction, 0, of

calcareous sediments at Campos Basin, Brazil. The carbonate content of this soil was

between 25 to 307o and the submerged density was approximately 8 kN/m3. The

values of Q were evaluated from CPT conelations established by Senneset and Janbu

(1982) and Campanella and Robertson (1983), for clean silica sands-

Samples were then recovered from the test site and shear box tests conducted on

these samples to deærmine the angle of friction, Q. The calculated cohesion was

small and could be neglected. The laboratory obtained Q values were compared with

CPT interpreted values. This comparison showed that the laboratory obtained

maximum and minimum values of Q fell within the limits of CPT interpreted values.

Ortigo et al. (1986) concluded that the CPT interpreted Q values in the calcareous

sediments of Campos Basin were suitable for assessment of skin friction of offshore

piles.

2.7 Discussion

The whole literature review of DMT and CPT on cohesionless soils can broadly be

summarised under two headings, namely, (a) DMT and CPT tests in pure silica sand

and (b) DMT and CPT tests in calcareous sand. A summary of both the cases is

given below.

2.7.1 Summary for silica sand

Both the DMT and CPT are simple, swift and cost effective in situ testing devices and

are excellent prohling tools (Ervin, 1985). The DMT has also proved to be useful in

providing compaction control (Schmertmann et al., 1986; Hryciw and Dowdig,

19Sg). Both the DMT and CPT conelaúons have been formulated with the help of

31



chapter 2 Dilatonwter and conc penetarion tesls on cohcsionless soils and calcareous sands

calibration chamber tests because of difficulties in obtaining undisturbed samples and

refer to clean silica sands.

The DMT has the advantage over the CPT of measuring the horizontal stress of the

soil. It can be used with CPT for recording the extra horizontal stress readings,

which is helpful in the evaluation of important soil properties, such as K.' 0, OCR

and p"'. The evaluation of K as a function of Ko ^a 
(e,lo"'), *ith the combined

use of DMT and CPT, is the best procedure at present for the determination of K in

uncemented and predominantly quarø sand'

The Dilatometer is presently the most practical tool for evaluating OCR and

preconsolidation pressures in sand. The DMT obtained values of OCR and p"' are

used for the calculation of foundation settlements and the results have been found to

be within acceptable limits of accuracy. The ratios of calculated to measured

settlements fall in the range of I.2, adequaæ for most practical purposes-

There are contradictory hndings regarding the evaluation of constrained modulus, M,

based on the M versus Eo conelation (Marcheni, 1980). According to some of the

hndings, the DMT gives reliable estimates of M in loose and normally consolidated

sand whereas others are of the opinion that it underestimates the values of M in

overconsolidated sands.

2.7.2 Summary for calcareous sand

The DMT has not been previously used in calcareous sand for the purpose of

identification or evaluation of properties. However, there is some CPT experience

available in calcareous sand. The values of angle of fricúon, $, evaluated for a soil

containing 90Vo carbonate content and assuming uncemented behaviour, was found to

be within the maximum and minimum laboratory evaluated results and was used for

pile design.

The CPT obtained values of q" and f, in calcareous sediments are found to be

respectively too high and too low compared to silica sand and therefore it can be

successfully used for their identif,rcation-

Calibration chamber tests reflect that the M versus Eo correlation (Marchetti, 1980)

corresponds well to data obtained from sand possessing intermolecula¡ attraction.
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However, the K versus Ko correlation (Marchetti, 1980) over predicts the Ç values

in cemented sands because of the extra horizontal strength due to cementation.
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To dilatometer blade
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Figure 2.1 Marchetti flat dilatometer (a) the assembly; (b) dilatometer blade;

(c) penetrating dilatometer blade.
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Chapter 3

MODIFICATIONS TO THE DILATOMETER AND

DESCRIPTION OF TESTING PROGRAM

I
l,J
t¡!

3.1 Introduction

After a literature review of dilatometer tests on cohesionless soils and subsequent

dilatometer testing on calcareous sediments, it was realised that the standard

dilatometer had certain limitations and it would be more effective if a number of

changes were made to the existing equipment. The reasons for incorporating these

changes, the way these changes have been done and the standard procedure for

conducting the modified dilatometer tests on field are described in this chapter. In

the subsequent sections the field test site selection and field and laboratory testing

programs are described

3.2 ModifÏcations to the dilatometer

Some of the major drawbacks of the standard dilatometer are as mentioned below.

(a) The greatest, and probably the most important drawback of the standard

dilatometer, is that it relies on the pressure readings at three key positions only

and presumes a universal linea¡ relation between deflection and pressure.

Therefore, the various soil properties and the modulus of elasticity, in

particular, are susceptible to error.
I
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(b) In gravelly and cemented soils, the membrane frequently encounters a gravel,

shell or crust, blocking further membrane expansion and pressure reading P" is

not achievable, thereby making the interpretation of that particular layer

impossible.

(c) In very weak and compressible soils, where settlement can cause maJor

problems, the present dilatometer occasionally fails to give the first signal at

pressure reading Po. This is because the horizontal pressure in weak soils is not

enough to keep the membrane in contact with the blade surface and the

membrane protrudes outwards to a deflection more than 0.05 mm, resulting in

no initial pressure reading Po upon pressurisation. In such a condition either a

more flexible membrane is used or a suction pressure is applied, to get the

pressure reading Po.

(d) There is no provision of measuring the dilatometer blade tip resistance which

could be helpful in the evaluation of the angle of friction.

(e) Due to the manual recording of the DMT readings, there is possibility of

operator error, and va¡iability of actual reading with different operator.

In order to make the dilatometer more effective a number of changes were done to

the existing dilatometer device. These modihcations included the addition of a load

cell, the alteration of the membrane assembly, as well as automatic data acquisition.

3.2.1 Addition of load cell

The original DMT equipment, developed by Marchetti (1980) and later standardised

by Schmertmann (1986), has no means of measuring the dilatometer blade tip

resistance, q.. However, evaluation of the angle of friction in sand by the DMT

requires, in addition to the usual pressure and deflection readings, measurement

involving bearing capacity failure, which is not available from membrane deflection.

Instead q" values from a CPT, conducted adjacent to DMT, are used. This may lead

to significanr error if the nature of soil changes abruptly. So recording directly the

DMT blade tip resistanco, Çl¿, at the same spot was considered necessary and a load

cell was installed between the top of the dilatometer blade and the push rods (see

Figure 3.1 ).
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By doing so, recording of the qo value exclusive of the frictional forces, mobilised

along the rods, is possible. Measuring qd this way is more accurate than measuring

the total thrust value because the later includes all the frictional resistance of the soil

on the push rods and dilatometer blade.

3.2.2 Alteration to dilatometer membrane assembly

3,2.2.1 Reasons and benefits of alterations

In order to examine the validity of the basic assumption that there is a linear

relationship between the dilatometer membrane deflection and pressure, it was

decided to investigate the variation of membrane deflections with pressure'

Determination of pressure versus membrane deflection relationship is useful

because:

(a) The DMT causes minimal soil disturbance during penetration and the stress

versus strain behaviour in situ can be determined with more reliability, rather than

using laboratory tests.

(b) Where the expansion of the membrane into the soil causes any failure, the

critical deflection to cause failure as well as the mode of failure, can be obtained.

(c) The deflection curve can be used to examine the behaviour of the soil,

whether linear or non-linear.

(d) The deflection curve can be used to determine the Young's modulus of

calcareous sediments, for which the existing correlations ate not directly applicable.

3.2.2.2 Provision of strain gauge and pressure transducer

In order to obtain continuous and accurate measurement of membrane deflections,

the dilatometer membrane assembly was changed. The concept of the new assembly

was originally developed at the University of Adelaide (Auricht and Sheffield,

1989). It is based on a cantilever spring, capable of moving forwards and backwards

depending on pressurisation or depressurisation of the membrane. On either side of

the cantilever spring are two electrical strain gauges. Any movement of the spring

causes a change in the length of the strain gauges, thereby changing the resistance,

in ther

M

vol which is converted to a
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digital read out to give a direct measurement of the membrane deflection. This is

illustrated in Figure 3.1

For the measurement of internal gas pressure corresponding to various deflections,

an electrical pressure transducer was connected in the pressure line to the membrane

and connected to the data acquisition system. Figure 3.2 shows a schematic of the

modified dilatometer connections, together with the data acquisition system.

The modified dilatometer with such a modified membrane assembly is capable of

emitting up to 100 intermediate readings of deflection and pressure for pressurisation

as well as depressurisation. The exact number of these readings is based on the

speed of the microcomPuter.

3.2.3 Automation of DMT equiPment

Jaksa (1990), and Jaksa and Kaggwa (1994) described the development of a data

acquisition system at the University of Adelaide for the swift and automatic

recording of CPT data. This data acquisition system uses a personal computer and a

microprocessor interface together with the electric cone penetrometer. The CPT data

comprising of cone tip resistance and sleeve friction values are obtained from the

strain gauges of the electric cone penetrometer in microvolts, in the form of analogue

signals and are received by the interface, where they are amplified and converted to

digital values. Also part of the data acquisition system is the software which

interacts with the interface in order to accomplish the following.

(a) The digital values senr by the interface between the range of 0 to 1023 is

converted to the actual values of tip resistance (0 to 15 MPa), and sleeve

friction (0 to 4000 kPa).

(b) This processed data is scrolled on the screen of the computer, mounted on the

field truck, while the test is in progress'

(c) The processed data is saved on to a disc, at regular intervals or during the

withdrawal of the cone from the soil, for post processing.

This data acquisition system has proved useful where a large number of tests are to

be done and data is to be recorded at close intervals with precision. This CPT data

acquisition systom was modified for the automated DMT as a part of this research

(Kaggwa, et. al. 1995). A number of changes to hardware and software (refer to
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flow chart shown in Figure 3.3) of the CPT data acquisition system were underhken,

so that it could perform the following tasks:

(l) When the DMT blade is being jacked into the ground, qu values are emitted

from the load cell strain gauge every 5 mm of penetration, received by the

microprocessor interface, converted to digital readings (0 to 1023),

preprocessed by DMT software and displayed in numerical figures on the

computer screen in the in the range of 0 to 15 MPa.

(2) When the jacking of the DMT blade is stopped and the membrane is

pressurised, readings of deflection and pressure are emitted from the membrane

strain gauges and received by the microprocessor interface at deflection

intervals of 0.001 mm or as specified. These readings are converted from

analogue to digital values (0 to 1023) in the microprocessor interface,

preprocessed by the DMT softwa¡e (deflection in the range of 0 to 1.1 mm and

pressure in the range of 0 to 4000 kPa) and scrolled on the computer screen in

numerical figures while test is in progress.

(3) The maximum deflection to which deflection and pressure readings are

obtained is 1.1 ffiffi, after which an audio signal is received, indicating

pressurisation is to be stopped to prevent the membrane from permanent

deformation.

(4) Immediately afær hearing the audio signal, the pressure is released and

recording of readings for depressurisation stage is done.

(5) From the computer screen display, it is determined whether the membrane

deflection has completely ceased upon depressurisation or not, after which thc

DMT data is saved to the disc and penetration resumed.

(6) Every time penetration is resumed, the previous deflection and pressure

readings are saved to a preformatted disc. Similarly, every time the membrane

pressurisation is resumed, the previous qo values are saved. This arrangement

ensures that all readings are saved onto disc, at regular intervals.

(7) Since a large amount of data is to be recorded, which includes the depth of

penetration, dilatometer blade tip resistance, membrane deflection, and

the ls
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entire random access memory of the microcomputer available for the temporary

data storage once again.

(8) The entire data is recorded on to the disc in the form of four vertical columns,

ie. depth, dilatometer blade tip resistance, membrane deflection and pressure

values.

(9) The data saved on the disc is readily transferable to IBM computer in the office

for further cleaning, data reduction, plotting and interpretation of results.

3.3 Checks of modifÏed dilatometer

3.3.1 Laboratory checks

The primary aim of the laboratory test checks of the modified dilatometer was to

ensure that the software worked effectively in conjunction with the hardware and the

signals for depth, dilatometer blade tip resistance, deflection and pressure, emitted

from the respective strain gauges were received, processed, displayed and recorded

correctly. This part of the test check was conducted in the instrumentation workshop

by connecting the various components of the modified dilatometer assembly as

shown in the Figure 3-2. The precision of the load cell and deflection strain gauges

together with the pressure transducer were also checked and calibrated.

The first few tests were conducted by burying the modified dilatometer blade in sand

and pressurising the membrane. The data displayed on the computer screen and

recorded on the floppy disc was examined. Afær a few trials and necessary changes

in the hardware and software the functioning of the modified dilatometer was found

to be satisfactory.

3.3.2 Preliminary field checks for robustness

After satisfactory functioning of the modified dilatometer in the instrumentation

laboratory, it was checked under field conditions. There are a number of problems

linked with robustness of all components of any held testing device.

For the field test checks, the same site was used where the actual field tests were

finally done. A number of modified dilatometer and standard dilatometer tests were

acent to each other. As both the dilatomeærs giveconducted
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key positions of 0.05 and 1.1 mm membrane deflections, a comparative study of the

pressure readings obtained from the two dilatometers was made possible. This also

assisæd in further calibration of the modified dilatometer membrane, as discussed in

the following sections. Some of the points noted during the preliminary field æst

checks are as follows.

(a) The modified dilatometer required setting of the membrane to a fixed

reference position prior to the commencement of any test, which is to be strictly

followed in order to get all the deflection readings with reference to that zero

position so that results from different test spots could be comparable.

(b) The zeroing of membrane deflection should preferably be done at

underground temperature as the outside temperature is different to the underground

temperature.

(c) V/hen the contact and expansion pressure readings Po and P, obtained from

the two dilatometers were compared, it was found that the expansion pressure

readings were slightly lower in the case of modified dilatometer, compared to the

normal dilatometer.

The above crucial aspects and differences of the modified dilatometer needed further

improvements for which calibration of the modified dilatometer was done with the

help of a sensitive micrometer and also calibration chamber tests were conducted in

water.

3.3.3 Calibration \ilith micrometer

For accurate calibration of the dilatometer membrane deflection, it was necessary to

check the interface generated digital readings of deflection with an accurate

micrometer. This was done in the instrumentation laboratory by putting the

modified dilatometer blade on a horizontal surface in air and placing the micrometer

on the dilatometer membrane in such a way that its tip made contact with the centre

of the membrane. The membrane was pressurised and a set of deflection readings

\ryere recorded at regular intervals from the micrometer (0 to l.l mm) as well as the

computer (0 to 1023). A plot of micrometer versus computer digital readings is

shown in Figure 3.4. This graph shows that there is a non linear relationship

between the computer digital readings and the actual micrometer deflection readings.
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For solving this problem, a polynomial function was used to obtain a regressed curve

(see Equation 3.1 below) expressing the relationship between the actual deflection

and the computer read digital values of deflection.

)=A+B(x)+C(x2) (3.1)

where, x = digital readings of deflection ranging between 0 and 1023

y = actual deflection reading in mm, measured by micrometer

The coefficients [ = - 0.45, B = 0.0026 and C =7.2 (10-t) were experimentally

determined. This equation was incorporat,ed into the computer program so that the

computer obtained digital values of deflection were automatically converted to the

regressed values and any error in reading deflection was minimised.

Such a calibration of digital deflection readings, read through the computer, was

made a routine feature as the same calibration may not hold good all the time and a

variation in the coefficients of the equation may prove necessary after repeated use

and wear and tear of the instrument.

3.4 Calibration chamber tests

Calibration chamber tests were conducted to check the functioning of modified

dilatometer under water, subjecæd to known external pressures and for studying the

membrane stiffness. The details of the calibration chamber, the method of æsting

and results are described in this section.

3.4.1 The calibration chamber

The details of the calibration chamber and its components is shown in Figure 3.5.

The calibration chamber is basically a hollow steel cylinder, made up of l5 mm thick

steel wall. It is possible to dismantle the calibration chamber into four parts, namely

a top and a bottom pedestal serving as top and bottom covers and two cylindrical

portions of equal sizes which together form the main cylindrical body.

The provision of dismantling assists in the placement of the dilatometer blade into

the chamber. The inside clear dimensions of the chamber are 500 mm high and 300

mm diamster. The top pedestal consists of (a) a central hole of 35 mm diameter

a water inlet for
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water, (c) an inlet for compressed air for maintaining a required pressure within the

chamber and (d) a safety valve which automatically opens and releases the pressure

of the chamber in case the pressure exceeds a present maximum value of 900 kPa.

Also part of the calibration chamber is a pressure read out system in the form of dial

gauges which read the pressure maintained inside the calibration chamber with an

accuracy of I kPa. For pressurising the water of the chamber a gas bottle containing

atmospheric air was used.

3.4.2 Test procedure in calibration chamber

The test procedure followed during the calibration chamber tests is described below

stepwise.

(l) The calibration chamber was filled with water, the water pressure was increased

slightly and it was checked for leakages.

(2) The modified dilatometer assembly and the data acquisition system were

connected as earlier shown in the schematic diagram Figure 3.2.

(3) All the parts except the top pedestal were first bolted together with rubber seals

in between. The dilatometer rod was inserted into the central hole of the top

pedestal and the dilatometer blade was fixed to the connecting rod and the top

pedestal bolted into position.

(4) The membrane was brought to a reference zÊro deflection position by pressing

the centre of the membrane with a straight edge and rotating the screw provided

in the RS232 port so that the deflection value displayed on the computer screen

read zero. After zeroing of the deflection reading when the membrane is left

free in air, it comes to its normal resting position, with respect to the adjusted

zero position.

(5) The modified dilatometer blade, together with the top pedestal, is placed on top

of the calibration chamber and bolted tightly. The aim of the calibration

chamber tests is to determine the deflection versus pressure curve of the

modified dilatometer membrane when subjected to a known external water

pressure. The water in the calibration chamber was pressurised to a desired

external

50

100 kPa, and the membrane was prcssurised from inside,
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using a gas bottle, causing the membrane to lift off and expand horizontally up

to 1.1 mm against the external water pressure. The deflection versus pressure

readings were recorded using the data acquisition system. The test was

repeaæd for a minimum three times for the same external pressure in order to

check reproducibility of the results.

Similarly, the test was repeated for different values of external pressures

varying between 0 to 250 kPa, every time repeating the tsst at least three times

and recording the data on to a floppy disc.

3.4.3 Results of the calibration chamber tests

The test was conducted for external pressures of 50, 100, 150, 200 and 250 kPa and

the membrane deflection - pressure readings were recorded onto a floppy disc. The

saved data was used to obtain the deflection versus pressure curves. As the

membrane stiffness is a very small value (usually in the range of 20 to 50 kPa), it is

very sensitive to the recorded pressure readings. It is important to maintain the

sxternal pressure to an exact fixed value during any single test as any fluctuation in

the external pressure may alter the internal membrane pressure readings, thereby

changing the pressure versus deflection curves.

A typical pressure versus deflection curve is shown in Figure 3.7a, obtained for an

external pressure of 100 kPa, under controlled conditions and further used for the

evaluation of membrane stiffness in Section 3.6.

3.5 Standardisation of modified dilatometer testing procedure

After all the test checks it was possible to set a standard testing procedure for the

modified dilatometer testing in order to minimise errors and obtain consistent results.

Given below is a brief description of the standard procedure, for the modified

dilatometer tests.

3.5.1 Field set up

The various components of the modified dilatometer are connected as shown in

Figure 3.2. All the joints should be checked to ensure that there is no loose

connections or gas leakage. The button provided at the back of the RS232 port
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should be switched to DMT mode. This is particularly important as otherwise the

data acquisition system would be in CPT mode.

9.5.2 Setting reference zero for membrane deflection and

initiatisation of dilatometer blade tip resistance

As mentioned before, it is important to bring the membrane deflection to aftxeÅ zerc

position so that all the deflection values are recorded with reference to this reference

position. For zeroing the membrane deflection to a reference rÊÍo position the

following routine is performed prior to every test commencement.

(a) The blade is jacked into the ground and left for approximately 15 minutes to

condition the strain gauges to the ground temp€rature'

(b) The computer is switched on and left for approximately the same time of 15

minutes for warming up, thereby avoiding any drift of readings later.

(c) After 15 minutes of computer warming up the system disc consisting of DMT

software is inserted into drive A and another preformatted disc into drive B of

the computer. The executable DMT program is run and from the menu, "Port

adjustment" is selected. The computer screen then displays four readings

corresponding to depth, dilatometer blade tip resistance, membrane deflection

and pressure respectively. Separate screws are provided on the RS232 port for

initialising the membrane deflection and tip resistance by rotating the relevant

screw in either clockwise or anticlockwise direction.

(d) The DMT blade, already conditioned to ground temperature, is withdrawn from

the ground and kept on a horizontal surface. A straight edge is placed over the

centre of the membrane, pressed firmly wi¡h a thumb and the membrane

depressed until it comes in contact with the inner steel surface. The deflection

port screw is rotated slowly to get a zgÍo deflection reading on the computer

screen. This process is repeated three to four times to make sure that the

computer consistently reads zero when the membrane is depressed-

(e) The load cell on the dilatometer is also initialised by standing the blade

vertically in free air and rotating the tip port to read zero tip resistance.
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(Ð When these adjustments are complete, then modified dilatometer blade is set

up, ready forjacking into the ground-

(g) Appropriate selection is made from the menu of the DMT softwa¡e depending

on whether the blade is being jacked or the membrane is being pressurised- As

the blade penetration and membrane pressurisation alternates, the menu

selection is changed accordingly, thereby also saving the data. Alternatively,

menu selection could be such that only deflection and pressure readings are

recorded, ignoring the tip resistance readings or vice versa.

(h) During the membrane depressurisation stage of testing, it was observed from

the computer display readings that the membrane deflates very slowly upon

depressurisation. Even after complete release of all the gas from the vent

opening, the membrane continued deflating under natural pore water pressure

for nearly 30 seconds. In order to record the entire depressurisation readings, it

is therefore necessary to delay for nearly 30 seconds, or as required, before

going to the penetration part of the test. This is particularly important for

studying the pore water pressure response.

3.6 Reduction of modifÏed dilatometer data

The reduction of modified dilatometer data mainly consists of two parts, namely the

cleaning and corrections of raw data. The process of cleaning and correcting of raw

or field obtained data is described below.

3.6.1 Processing of the raw data

The raw or field data recorded during the course of modified dilatometer testing

consists of four columns; depth, dilatometer blade tip resistance, deflection and

pressure. But the entire data is not of relevance. During the penetration stage only

the first two columns, namely the depth and tip resistance are of signihcance and

during the membrane pressurisation stage only the third and fourth columns, namely

the deflection and pr€ssure are of significance. Therefore the recorded data was

cleaned and split accordingly so that (a) the first two columns gave the depth versus

dilatometer blade tip resistance plot and (b) the last two columns gave the continuous

deflection versus pressure Plot.
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The cleaning of data was done by deleting the unwanted paru of the columns. An

example of the saved data file, as recorded directly on the field is shown in Figure

3.6, where the marked portions denote the data to be deleted'

3.6.2 Corrections to the processed data

Corrections are necessary to depth, non continuous blade penetration and membrane

stiffness.

(a) Depth correction

The tip resistance values obtained from the load cell and the deflection and pressure

readings obtained from the membrane assembly are from different depths. In order

to match the two sets of readings, a depth correction is necessary. If the load cell

position is taken as the start depth, the depths recorded against deflection and

pressure readings will lag behind by a depth of 100 mm (the distance between load

cell and centre of the membrane is 100 mm).

The depth correcrion to be applied to the depth readings depend on whether the

dilatomeær btade tip, the centre of the membrane or the load cell position is taken as

the reference depth position, when specifying the start depth value initially. During

the present field tests, the centre of the membrane was taken as reference position for

depth recording and a negative correction (equal to the distance between load cell

and membrane centre) was applied to the depth readings corresponding to the tip

resistance.

(b) Non continuous penetration correction

During the course of modified dilatometer testing the tip resistance values are

recorded in between two successive membrane pressurisations for which the

penetration is halted at regular intervals. Due to this regular halting and resumption

of penetration the first few readings of tip resistance drop to zero. This phenomenon

was noticed during the course of cone penetration testing also while adding the drill

rods and was attributed to the soil rebound or response of the electrical components

(Jaksa and Kaggwa, 1994).

Although there is provision of automaticalty deleting two such readings using the

the
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delete three to four such readings in the case of loose sand, in order to get a smooth

profile of dilatometer blade tip resistance. Alternatively such can be avoided by

conducting a few tests with the sole purpose of getting the tip resistance profile,

without stopping intermitæntly for membrane pressurisation readings. (A few tests

were conducted this way to get a quick profile of dilatometer blade tip resistance.)

(c) Correction for membrane stiffness

The pressure readings recorded during dilatometer testing are inclusive of the

membrane stiffness. The aim of the dilatometer test is to determine the pressure

required to push the soil horizontally, exclusive of the membrane stiffness.

In the case of normal dilatometer testing the membrane correction is done to pressure

readings corresponding to 0.05 and 1.1 mm. But while using the modified

dilatometer all the intermediate pressure readings need to be corrected for membrane

stiffness and a continuous curve for membrane stiffness is therefore required.

The differential pressure (= internal membrane pressure required for expansion -

calibration chamber water pressure), was plotted against the membrane deflection

and is shown in Figure 3.7b. These curves were used for evaluating the membrane

stiffness in the form of an equation by determining a regression curve through the

data points and then working out its coefficients. Following two equations were

worked out for the membrane stiffness corresponding to the pressurisation and

depressurisation stages respectively.

)=A+B(x)+C(x2)
l' = Ã' + B' (x) + C'(x2)

whcrc,

y = membrane stiffness during membrane pressurisation ftPa)

y'= membrane stiffness during membrane depressurisation (kPa)

x = corresponding membrane deflection (mm)

A, B, C = coefficients coresponding to membrane pressurisation

A', B', C' = coefhcients corresponding to membrane depressurisation

(3.2a)

(3.2b)

The experimentally determined values of A, B and C were found to be 39.53, -6.68

and -12.29, respectively, and that of A', B'and C'equal to 71.40, -60.95 and -2.41,

respectively.
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For deflections less than the nominal membrane resting position (say 0.3 mm in free

air), the stiffness was added to the field pressure values and for deflections greater

than the nominal resting position, it was subtracted. The corrected pressure readings

represent the pressure applied to the soil, and this was used to evaluate the modulus

of elasticity and other soil properties'

During the depressurisation stage the membrane moves inwards from 1.1 mm to its

normal resting position (say 0.3 mm deflection in free air) and has a tendency to

come to its normal resting position by itself, so the membrane stiffness assists in the

process of depressurisation. Hence, the correction should be opposiæ to that used

during the pressurisation stage. Therefore, for deflection values lying between 1.1

and 0.3 mm (or whatever the membrane resting position is), the stiffness correction

is positive. The case is the reverse for deflection less than 0.3 mm and the stiffness

correction is negative.

3.7 Description of testing program

The main aim of this research is to evaluate the properties of calcareous sand with

the application of field tests using cone penetration and dilatometer modulus tests.

The validity of available DMT and CPT conelations, established on clean silica

sand, are tested on calcareous sand based on laboratory evaluated results' Where

necessary, the existing correlations are modified and then used for bearing capacity

and settlement predictions.

For this pu{pose a uniform siæ of sand deposit was required which consists of a

small percentage (10 to 25 7o) of calcium carbonate and is therefore calcareous in

nature. To enhance the value of this work, the aim was to select a site which would

also be used for construction and would be useful to the community. By doing so it

would also be possible to reassess the predicted settlement results from the actual

field results.

The soils of the Port Adelaide area, South Australia, consist of calcareous sand.

These soils have caused numerouS problems with many old buildings in this area

developing cracks. In the near future, one of the most important projects likely to be

undertaken in Adelaide is the Multi function Polis (MFP), a portion of which is

adjacent to Port Adelaide area. The aim is to build up a residential and business

complex, to serve as a model for the modern age as to how people should live, earn

and learn in the first
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Because of the importance attached to this project, wide ranging surveys, including

geotechnical surveys, have been conducted, dealing with the soil stratigraphy, is

properties and implications on the proposed project. Most of the required data

related to this project is available in geoæchnical reports by Coffey Partners

International Pty. Ltd. and PPK Consultants Pty. Ltd, (PPK Consultants et. al., 1992;

coffey International, 1991) which were used to select a suitable field test siæ within

the MFP zone.

3.7.1 The MFP site

The original MFP site comprised mainly of the Gillman and Dry Creek areas to the

north of the city of Adelaide. Changes have been made in the original MFP core site

from time to tirne and according to the latest proposal, the Greater l,evels area has

also been added to the original MFP core site. Figure 3.8 shows the original MFP

core site and the latest additions. It is presently barren land, partly used as a

dumping ground. The northern part of the MFP site is mainly marshy with

mangroves. Port Adelaide river flows towards the west of this site. The eastern

border is Main North Road and the southern boundary coincides with the V/ingfield

and Enfield council boundaries.

A major part of the western part of the MFP site is covered with tidal channel sand

and marshy soils, transported by tidal action. The tidal channel sand areas,

containing carbonates, are marshy with grass covering or bare ground. Therefore

these areas were preferred for conducting the field æsts'

3.7.2 Available MFP soil data

Borehole findings of MFP site

A study of borehole data logged by Coffey International (1991) reveals that the tidal

channel sand areas are exclusively sand deposits, uniform and slightly calcareous in

nature. The western part of the MFP site was found to be the most appropriaæ as it

consists of a uniform deep deposit of sand with sea shells, carbonate sediments and

calcrete.
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Particle size distribution curves

The particle sizndistribution curves reporæd by Coffey International (1991) indicate

that the tidal channel sand and sandy shore face locations of MFP siæ consist of

uniformly graded sand with a slight percentage of fine gravel. In fact this gravel

could be in the form of sea shells and calcrete crust. All the referred particle size

distribution curves are almost identical in nature. The percentages of gravel, sand

and silt obtained from the va¡ious particle size distribution curves, all within a radius

of 500 metres from the present test location is tabulated below.

Table 3.1 Percentage of gravel, sand and silt in the soil of the test site

(based on data of Coffey International' 1991)

CPT data

The profiles of the Dutch cone soundings in the areas of interest indicate that cone

resistance varies between 0 and l0 MPa, except at a few points, where values exceed

24 MPa. It is interesting to note that these unpredictable high values of cone

resistance were associated with very low values of friction ratio. This could be an

indication of calcareous sediments with a high degree of cementation, as found by

Joustra and Gijt (19S2) and discussed in Chapter 2.

Furrher, Dutch cone profiles and corresponding borehole logging details of Coffey

Inærnational (1991) were collated. This matching showed that a calcareous layer

exisred where CPT profiles revealed high cone resistance and low friction ratio

values. The maximum depth to which borehole logging details were shown \ryas

approximately 2 metres in most of the cases, indicating that there was a crust with a

high degree of cementation at 2 metres making further boring difficult, as is the case

with calcrete.

I89103.1 to 3.45

379182.4 to 2.7

37225l.l to 2.0

331661.4 to 1.7

385t20.7 to 1.0

Gravel (7o)Sand (%)Silt (7o)Depth (m)
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3.7.3 Field testing Program

Priority was given to pinpointing an area inside the MFP site that would be used for

construction. This would permit bearing capacity and settlement predictions of

foundations on these soils to be used during the design stage. Keeping in mind

aspects such as (a) consuuction location; (b) accessibility of the site; (c) absence of

fill or dumped material; (d) presence of moderaæly calcareous sand; and (e)

uniformity of soil profrle, the western part of the MFP site was chosen for

conducting the field tests.

The field tests were conducted on a slightly calcareous, uniform and virgin sand

deposit, within the Rifle range a¡ea of the MFP site, by the side of the existing target

mound which is located on the southern part of Gillman in Figure 3.8. The final

selection of test locations was done after preliminary testing of soil samples,

obtained from this area. The preliminary tests were done for the identification and

description of the soil, thereby confirming its suitability for the current research

work.

The field tests included cone, dilatometer and modified dilatometer penetration tests.

These penetration tests were conducted up to a depth of approximately 6 metres

using a truck mounted hydraulic device, which is capable of providing a reaction up

to 4 tonnes when utilising anchors. The data from the CPT and modified DMT tests

were recorded by a microcomputer and the data for the normal DMT were recorded

manually.

The tests were carried out at rwo locations, 10 metres aparl. At both locations a

minimum of 3 CPTs, 2 DMTs, 2 modified DMTs and one continuous sampling were

done so that the tests were conducted within a circle of 5 metres diameter.

Conducting the tests in such a planned manner assisted in verifying the accuracy and

reproducibility of each type of test and comparing their results.

The test locations and pattern are illustrated in Figure 3.9, which shows that three

anchors fixed in a triangular pattern were used to provide the necessary reaction and

to give three axes for the setting up of the test truck and subsequent testing. Along

either side of the anchors and on each axis, two tests were conducted nearly half a

metre apart with different combination of tests, so that one type of test was next to
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the other type, enabling cross comparison of the results and also the reliability in

predicting the soil stratigraphy.

The combination of adjacent CPT and DMT was helpful for the simultaneous

evaluation of soil parameters. The DMT and modified DMT were conducted

adjacent to each other so that the proper functioning of the modifîed DMT could be

ascertained by matching the Po and P, prof,rles of the two tests. Similarly, adjacent

CpT and modified DMT were helpful in the simultaneous evaluation of tip resistance

and other soil parameters.

The distance between adjacent penetration tests was carefully considered to ensure

that the disturbance due to the penetration of one test did not adversely affect the

other, as well as to minimise any appreciable change in the nature of soil. The depth

interval for DMT soundings was 200 mm and at every location, the DMT was

conducted prior to the CPT with the side of the membrane orientated away from the

adjacent test holes, so that the horizontal deflection versus pressure readings of the

DMT membrane were not adversely affected due to adjacent tests.

While interpreting the results from the field data, an assessment of field density of

the soil was required for the calculation of effective overburden pressure, as the chart

suggested by Schmertmann (1986) could not be used directly. An assessment of

field density was also required for preparation of laboratory specimens at the given

density. Several samples were obtained from the site using a thin wall sampler, for

determination of the field dry density. Although obtaining high quality samples in

sand is generally difficult, it was possible to obtain a few good quality samples,

partly due to the cementation of the calcareous sand. These samples were obtained

at a depth ranging from 1.7 to 2.5 because the soil is fairly uniform below 1-5

metres.

Continuous sampling was also done to allow visual inspection of soil particles and

determination of the variation of carbonate content and particle size distribution with

depth below ground surface.

The test site consists of a 0.75 metre thick highly cemented crust between 0.75m and

1.5 m below the ground surface and penetrating through it was difficult. This crust

frequently resulted in bending of the dilatometer blade and lifting of the truck, while

testing at Location No. 1. Hence, at Location No. 2, it was decided to predrill a

and then commence the test from 1.5 metres downwards.
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3.7.4 Laboratory testing Program

According to existing correlations, many par¿rmeters of cohesionless soils can be

evaluated from the DMT and CPT correlations. However, in this research emphasis

was placed on determining the common parameters used in design. The laboratory

testing program consisæd of preliminary tests, used to help select a suitable site, and

tests conducted on samples recovered at the test site, used as reference values for the

soil parameters obtained from DMT and CPT.

Preliminary tests and results

These tests were conducted on reconstituted samples according to the Australian

testing standards (Standards Association of Australia, 1977) and British testing

standards (Head, 1990) in order to aid in the selection of the exact field test site and

to determine the basic soil properties. These tests included, visual inspection,

specihc gravity, maximum and minimum dry density, in situ dry density, organic

content and carbonate content. The preliminary test results determined for the

selected test site are tabulated in Table 3.2.

Tests conducted on recovered samples

(a) Sieve analysis

Sieve analysis was done on samples from every half metre of depth in order to

determine the particle size distribution curves, identify the soil and determine the

relative percentages of gravel, sand and silt. These results were helpful in checking

the soil stratigraphy predicted by in situ tests and also to deærmine whether the soil

is well graded, uniformly graded, or poorly graded.

(b) Carbonate content determination test

This test was performed on samples to determine the percentage of carbonates in the

sand at various depths. The calcareous sand was reacted with normal (l Normal)

hydrochloric acid, washed with distilled water, oven dried and the percentage

decrease in the dry weight of the soil calculated, which directly gives the percentage

of ca¡bonate in the given sand. The reaction involved is represented by the
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CaCOr+2HCl + CaJCtr+H2O+CO, 1 (3.3)

The variation of the ca¡bonate content in the sand with depth represents the variaúon

in the degree of cementation and is therefore helpful is examining the effects of
cementation on the CPT and DMT parameters.

Table 3.2 Laboratory tests and results for description of soil.

2.66,2.642m(9) Specihc gravity
(at2I"C)

1.728 tlm'(above water table)0.ü) to 0.90 m(8) Bulk Density
67Vo2to3m(7) Relative density
I.46 t|m'2to3m(6) Field dry density
1.62 üm'2to3 m(5) Maximum dry density
1.22,1.29,I.26 tlm32to3m(4) Minimum dry density

5.3lVo,lI.877o
l.M6Vo

lm
2m

(3) Organic content
(heating upto 8fi)"C)

23.00 7o

23.56 Vo

12.90 Vo

12.35 Vo

16.67 Vo

17.72 Vo

1m

2m
2.2 m
3.2 m
4.2 m
5.2 m

(2) Carbonate content
(reaction with Hcl)

Poorly graded sand
Poorly graded sand

1m

2m

(l) Particle size distribution
curves

Mottled brown sand with slrell
fragments
appea¡ance of cement
mortar/slurry with decomposed
shells; sand particles are held
together due to cementation;
forms dry lumps on drying
which can be broken by fingers
with moderate strength.

0 to 0.75 m

0.75 to 6 m

(1) Visual inspection
Result / RemarkSamnle DenthTest

(c) Shear box tests

Shear box tests were conducted on samples from every half metre depth intervals to

determine the angle of friction of the soil and to compare these values with those

determined from the field tests. The angle of friction obtained by this æst is for
plane strain conditions.
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These tests wel'e conducted on saturated sand samples, immersed in water during

testing in a 60 by 60 mm square shear box under drained conditions. It was noted

that calcareous sediments, on exposure to air have a tendency to harden and form

lumps and therefore if tested dry may not reflect the field conditions and may give

altogether different values of fïction angle. As the ground water table of the test site

is at 0.9 metres below the ground surface and below that the sand remains saturated,

the tests were conducted on samples saturated with tap water to prevent drying of the

soil.

(d) Triaxial tests

Consolidated drained (CD) tests were conducted on saturated sand specimens, 38

mm in diameter, prepared directly on the triaxial cell pedestal. Specimen were

prepared to the same tìeld dry density, determined in the laboratory. A minimum of

six tests were conducted. The tests involved three stages.

(a) Saturation srage, during which complete saturation of the specimen was

ensurecl. The one stage back pressure elevation technique was used for

saturating the specimen completely.

(b) Consolidation stage, during which the specimen was consolidated under drained

conditions. The coefficient of volume change, mv, was obtained during this

stage which was used for the comparison of DMT obtained constrained

modulus.

(c) Complession stage, during which the specimen was compressed axially under

drained conditions in order to cause a shear failure.

From the CD tests, the modulus of elasticity and angle of friction of the calcareous

sand were obtained. The results of all these tests are presented in Chapter 5 along

with the DMT and CPT results.

3.8 Summary

The normal dilatometer was modified to study the nature of membrane expansion
rJr

I into the soil and investigate whether such expansion is linear or non-linear. The

' modification also permits better interpretation of soil parameters, particularly the

modulus of elasticity, as continuous deflection versus pressure curves are used to

I
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determine it, allowing greater accounting for the linearity or non-linearity of the test

data. This is a significant improvement over the existing DMT and CPT

correlations, which are empirical in nature and only examine the starting and end

point of the test.

The second aim of modifying the dilatometer was to develop an instrument which

could be used in the case of calca¡eous sediments, for which formulation of

empirical correlations is difficult owing to the great deal of variation in them.

Automation of the developed instrument was done to allow swift and accurate

recording of data.

The selection of a proper test siæ consisting of slightly calcareous sand deposit was

undertaken within the MFP site and preliminary testing was carried out on the soil

samples to confirm the suitability of the selected site for the present research work.

A field and laboratory testing program was designed for the research work involving

field samples, continuous sampling, DMT, CPT and MDMT tests.
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No

Figure 3.3 Flow chart of DMT software for data acquisition
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Chapter 4

ANALYSIS OF RESULTS OF MODIFIED DILATOMETER
TESTS

4.1 Introduction

This chapter deals with the interpretation of results from the modified dilatometer test

data. As described in Chapter 3, the modified dilatometer test gives continuous

pressure versus deflection readings for horizontal membrane expansion into the soil

and also the dilatometer blade tip resistance readings for the dilatometer blade

penetration through the soil.

At the beginning of the Chapter the nature of some of the typical pressure versus

deflection curves, obtained from the modified dilatometer test data are discussed and

examined especially as to whether they are linear or non-linear. Subsequently, these

curves are used for the direct evaluation of Young's modulus. The values of Young's

modulus evaluated by standard and modified dilatometer tests are then compared to

find out the difference between the two and ascertain whether the existing procedure

for the evaluation of modulus of elasticity gives reasonable results'

A study of the pore water pressure is presented from the depressurisation stage of the

pressure versus deflection curve. The pore pressure evaluated from the membrane

depressurisation data is then compared with the pore pressure directly calculated from

the ground water table. Whether the depressurisation of the DMT membrane is

75



Chapter 4 Analysis of results of modified dilatonuter tesls

capable of giving reliable data for the direct evaluation of in situ pore water pressure

is ascertained from this study.

Finally, a comparative study of the dilatometer blade tip resistances with the adjacent

cone tip resistances is done to determine whether the two are close enough and

whether either of them could be used for the evaluation of angle of friction and

coefficient of earth pressure at rest.

4.2 Typical pressure Yersus deflection curves

Figures 4.1 to 4.4 show some of the typical pressure versus deflection curves,

corrected for membrane stiffness. Figures 4.1 represents a test depth greater than 3.5

metres, where the soil is relatively stronger or cemented. Figures 4.2,4.3 and 4.4 are

typical of the weaker soil layers and correspond to depths less than 2.2 met¡es below

ground level.

These curves consist of five distinct portions in general, namely, OA, AB, BC, CD

and DE. Figure 4.1 can be considered as a typical curve which shows that when the

blade is jacked into the ground the membrane is pressed horizontally by the soil and

the membrane remains seated on the metallic surface of the blade, corresponding to

point O of the curve. On pressurisation, the membrane lifts off its resting position,

up to point A of the curve and thereafær the pressure and deflection readings follow a

linear trend up to point B.

How soon the lust set of pressure and deflection readings are obtained after

membrane pressurisation depends upon the membrane strain gauge setting. If the

strain gauges are set to emit readings afær 0.01 mm deflection inærvals, the first set

of readings will be obtained afær 0.01 mm membrane movement into the soil.

The membrane pressure reading afær which the curve shows a fairly linear trend

(point A in Figure 4.1), is known as the lift off pressure and is of great significance as

this is the minimum pressure required for the membrane to overcome the lateral

pressure of the soil and is an indicator of the horizontal stress of the soil at that poinr

It is used to formulate the horizontal stress index, Ko, which in turn is correlated to

parameters like Ko, 0, OCR and preconsolidation pressure. In different soils and in

soils with different stress histories the lift off pressures a¡e different. A relatively

small value of lift off pressure is characteristic feature of sandy soils (Lacasse and
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The next region, AB, of the curve represents the deflection-pressure relationship

during membrane expansion. It can be clearly seen that AB is a straight line only up

to some deflection, corresponding to the low strain region, afær which it ænds to

become concave downwards, showing that the deflection - pressure relationship is

non-linear. The pressure difference between points A and B of the curye represents

the work done by the gas on the soil in the horizontal direction and is used for the

evaluation of modulus of elasticity of soil through the dilatometer modulus, Ep'

The point B of the curve corresponds to the maximum membrane deflection of 1.1

mm, at which the gas pressure is released. The portion BC of the curve shows that

after the release of gas, the pressure starts decreasing immediately but not the

deflecúon. It is only afær the pressure drops to a certain extent that the membrane

starts moving backwards appreciably. This could be either due to the unloading

stiffness of the soil or due to a vacuum, caused by the membrane expansion and

subsequent contraction, resulting in a suction pressure which restricts the backward

movement of the membrane. When the membrane pressure drops appreciably, the

outside suction pressure is overcome, enabling the membrane to deflate.

Beyond point C, there is a swift decrease in deflection with further decrease in

pressure up to point D. The portion CD is also non-linear with concavity upwards.

When point D is reached, almost alt of the gas has escaped through the vent and the

depressurisation is complete. The portion DE represents constant pressure but there

is still a decrease in the membrane deflection, caused by the application of an external

pressure, in the form of pore water pressure.

Under natural pore water pressures the membrane does not necessarily come to the

pre adjuste d zerc deflection position. The point E denotes the final deflection

position of the membrane to which it is pushed back under the influence of pore water

pressure. But on being pushed to a new test depth the membrane is once again

pushed back to the reference z.eÍo position by the lateral soil pressure and the new

membrane pressurisation curve is obtained from the zÊro deflection position-

However, in weak soils the lateral pressure is sometimes not sufficient to push the

membrane back to its reference position and pressurisation commences with some

deflection.

In stiff soils it is possible to record a small negative value of deflection corresponding
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0.1 mm). This is possible in two situations, (a) when the membrane is pressed

inwards beyond the referen ce 7Ê1o position, to which it was adjusæd prior to test

commencement and (b) due to a possible drift in the electronic digital readings

towards negative or positive side. The later could be avoided by allowing for a

suitable warm up time, necessary for the electronic components of the modified

dilatometer.

The advantage of a variable initial deflection reading (which could be on either side of

zero), is that it shows the relative inænsities of the horizontal pressures onto the

membrane prior to pressurisation. For example if the iniúal deflection reading at a

depth of I m is 0.00 mm and that at a depth of 2 m is -0.05 mm then it shows that the

soil at 2 metre depth exerts more pressure on the membrane compared to I metre

depth. The initial deflections at different depths can therefore be used as an indicator

of soft or stiff soil laYers.

4.3 Modulus of elasticity determined from modified dilatometer

data

The evaluaúon of the modulus of elasticity from the normal dilatometer is based on

the assumption that the space surrounding the dilatometer membrane is formed of two

elastic half spaces and the membrane expands within these elastic spaces' For this

condition the equation proposed by Gravesen (Marchetti, 1980) is used for the

calculation of dilatometer modulus, Eo, which in turn is related to the Young's

modulus of the soil.

The calculation of the dilatometer modulus, Ep, from Gravesen's equation relies on

membrane pressure readings at deflections of 0-05 and 1'1 mm, assuming a linear

relaúon and leads to error as most of the pressure versus deflection curves @gures

4.1 to 4.4) show a non-linear relationship between pressure and deflection- It is

therefore proposed to calculate the dilatometer modulus, Eo, from the continuous

pressure versus deflection curve, using a different approach, which involves the

following steps.

(a) Apply membrane stiffness cofrection to the raw pressure-deflection data' as

discussed in chapter 3, and plot pressure versus deflection curves corresponding

to each of the test depths-
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o) Examine each curve to deærmine the membrane lift off position and the initiat

portion of the curve, corresponding to the low strain region' where the curves

show a fairlY linear trend.

(c) Draw a straight line through the initial data points of the curve and deærmine its

slope in tetms of pressurddeflection. The plotting and inspection of all the

curyes, obtained from a number of modihed dilatometer tests, reveal that these

curves can be broadly categorised under four different types, namely:

curves from relatively stiff or cemented layers (Figures 4.1), where the slope

is higher than the slope of the line joining points A and B'

Curves from relatively weak or loose layers, where the slope coincides with

the slope joining points A and B (Figure 4'2)'

curves from marshy layers (Figures 4.3), where the slope is lower than the

slope of the line joining points A and B.

Curves from very weak soils, where no reading corresponding to point A is

recorded (Figures 4.4). The modihed dilatometer data is useful as there are a

number of pressure and deflection readings, enabling an estimate of the

Young's modulus.

(d) calculate and substitute the value of modihed slope in the Gravesen's equation

and work out the new dilatometer modulus, Eo(o*)' The original Gravesen

equation is of the following form:

a

a

a

a

2DAP (4.1)

(4.2)

so
1l

where,

E - Eo = dilatometer modulus,
(l - tl-)

E = Young's modulus of elasticitY,

tl = Poisson's ratio,

So = net membrane deflection = 1'1 mm'

AP = change of membrane pressure causing 1.1 mm deflection, and

D = diameter of membrane

Equation 4.1 can be rearranged to give the dilatometer modulus:

I E 2D l¡pl
Eo(o"*)= t¡ ttJ
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where,
(¡p7Sr) = slope of the linear portion of the pressure versus

deflection line corresponding to low strain'

For a membrane with diameter, D = 60 mm, Equation 4.2 becomes:

Eolnn¡ = 38.18 .(slope of theline) (4.3)

Various researchers have found that the standard dilatometer modulus' Eo' directly

gives the Young's modulus of soil at 257o deviator stress level (eg Belloni et al''

1985, 1986; Baldi et al., 1986; Campanella and Robertson, 1983; Jamiolkowski et al"

1988; Berardi et al., 1991). However, according to l-eonards and Frost (1988)' the

Young's modulus hence predicted is towards the conservative side' This conservatism

is possibly due to the non-linear relation between the membrane pressure and

deflection and could be avoided if the new dilatometer modulus, Eo,o*,, is used

instead of Eo.

Even though independent examination of all the curves one by one, drawing of

tangents, working out the slopes of the tangents and finally the evaluation of Young's

modulus consumes more time than the standard approach, the results so obtained a¡e

more realistic and accurate. This method is particularly useful in the stiffer, cemented

and over consolidated deposits, where the usual procedure using the standard

dilatometer gives quite conservative values'

The E, profiles evaluated from the modihed dilatomeær data using the two

approaches (first one from the modif,red slope and second from the standard slope) are

compared in Figure 4.5. The comparison indicates that the Marchetti (1980) method

under predicts the Young's modulus' except for the weaker soil layers (between 1'5

and2.5 metres of depth), where it gives reasonable predictions.

The profiles of Eã evaluated from the proposed method (using modifred slope) are

also compared with the standard dilatometer evaluated Er, (refer to Figure 4'6)' It

can be seen in Figure 4.6 that in cemented layers (between 3 and 6 metres of depth)'

the standard dilatometer modulus gives a maximum value of Ex = 35 MPa whereas

tlre proposed method gives an increased maximum value of Ex= 45 MPa'

I
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4.4 Pore pressure study from the modified dilatometer data

The membn¡¡e pressure should return to the atmospheric pressure after complete

depressurisation of the dilatometer membrane, as the DMT box vent is opened to the

atmosphere for the escape of all the gas. However, it can be seen from Figures 4'7a

and 4.7b that the frnal membrane pressure upon depressurisation is not equal to the

atmospheric Pressure.

A comparison of three pressure versus deflection curves obtained from different test

depths, shown in Figures 4.7a and 4.7b, indicate that the frnal membrane pressure

upon depressurisation increases with the depth of the ground water table' The

Figures show that the membrane pressure upon depressurisation is a minimum in the

curve of the minimum test depth and a maximum in the curve of maximum test depth-

If the membrane pressure upon depressurisation is considered to be a true indicator of

the in situ pore water pressure (Schmertmann, 1986), then the pore water pressures in

the curves representing test depths of.0.62,2.5 and 5.26 meÍres are around 0, 30, and

60 kPa respectively (Figure 4.7a), whereas the pore water pressures calculated

directly from the ground water table are 0, 16 and 45 kPa, respectively, for the same

depths. Figure 4.7b also shows a variation of nearly 60 kPa in the pore \¡/ater

pressure value for a change of nearly 5 metres in the test depth. The difference of 15

kPa is within the precision of the pressure transducer'

An examinaúon of all the final pressure readings upon complete depressurisation

indicate that the pore pressure so evaluated is not consistent with depth. This may be

due to the fact that the present test siæ consists of calcareous sand which is not

necessarily a free draining material and even though the DMTs were performed

slowly, the time may not be sufficient to ensure the complete drainage of water,

thereby giving inconsistent pore pressure values. However, in weakly cemented

layers, good agreement is obtained between the depressurisation data and the values

calculated from the ground water table position.

Before this method of evaluating pore pressure can be widely applied, further æsting

and study is needed. Modihed dilatometer tests need to be carried out on pure silica

sand to ensure compleæ drainage. The possibility of providing piezometer within the

modified dilatometer membrane should also be explore.d for a more effective

evaluation of pore pressure.
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The third pressure reading upon membrane depressurisation' obtained from the

standard dilarometer was found to be less reliable than the modihed DMT as: (a) the

DMTs were pefformed at close depth inærvals and the pore pressure variation

between two consecutive test depths was too small (approximaæly 2 kPa) to be

directly read from the pressure measurement gauge and (b) the third pfessufe reading

of the normal dilatometer is not coffected for the membrane stiffness' applicable for

the depressurisation stage.

4.5 comparative study of cone and dilatometer blade tip

resistances

The standard DMT readings do not involve a bearing capacity failure reading and q"

values recorded from an adjacent CPT are used for the evaluation of Q and K'' It is

therefore worth examining whether the qo values recorded during the course of DMT

soundings could serve the purpose of q"'

A comparative study of profrles of dilatometer blade tip resistancs' 9¿' and cone tip

resistance, q", conducted at adjacent locations show that the two ale not equal'

Figure 4.8 shows that atl three q. profiles obtained within a 5 metre diameter circular

afea are essentially similar, whereas the qo profiles obtained within the same afea vafy

significantly, and are different from the adjacent q" prohles. This difference between

the two tip resistances is not in accordance with the American penetration tesúng

experience (schmerrnann, 1986), according to which qo nearly equals the adjacent q"'

The difference between the adjacent qo and q" profiles suggest that the factors

influencing the two resistances are different A comparison of qo profiles with the Po

and P, (contact and expansion membrane pressures) prohles, recorded during the

same sounding reveal that qo profiles follow the same trend as the Po and Pr prohles

(refer to Figures 4.9a and 4.9b). That is, where Po and Pr are low, qo is also low, and

where Po and P, increase so does the qo. As the Po and P, pressures are direct

indicators of horizontal soil stress, it can be infened that qo is influenced by the

horizontal earth pressure. Similar comparisons of cone tip resistanco' 9", with the

adjacent Po and P, profiles, as shown in Figure 4.9a and 4.9b, indicate that q" profiles

are quite consistent and do not follow the trends of Po and P, pressure profiles as well

as the qo Prohles.
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This suggests that if there is a variation in the horizontal stress of the soil' the

dilatometer blade tip resistance will indicate it better than the cone tip resistance' This

sensitivity of qo to the horizontal stresses could be due to the shape of the dilatometer

blade as all the other main factors influencing qo and q" values' such as the angle of

soil friction, soil to steel friction and other in situ conditions' remain the same'

Resea¡ch by Baldi et al. (1981) suggests that the soil properties can be betær

correlated to the in situ horizontal stress (represented by the membrane pressure

readings in the case of DMÐ of the soil rather than the vertical stfess (represenæd by

the cone tip resistance in the case of CPT) because the vertical stress changes less

appreciably with the change in soil properties compared to the horizontal stress' It

can be seen that within a relatively small æst area there is appreciable variation in the

dìlatometer membrane pressures, Po and P,, (Figures 4'9a and 4'9b) and dilatometer

blade tip resistances, qd, (Figure 4.8) whereas the cone tip resistance' q" (Figure 4'8)

does not indicate this variation' It is due to this fact that the dilatomeær is proving

increasingly useful as a horizontal strength sensing device, for the in situ evaluation of

soil properties.

As the above discussion confirms the sensitivity of qo to the horizontal soil strength' it

can be correlated to important soil properties' Large calibntion chamber æsts

conducted upon the modihed dilatometer which are capable of giring the qo and Po' P'

values during the same sounding, would provide further data on this'

4.5.lEvaluationofKoandofromdilatometertipresistance

Cone penetration tests adjacent to dilatometer tests would not be necessary if the

dilatometer blade tip resistance served as an alternative to the cone tip resistance' But

the comparative study of the cone and dilatometer blade tip resistances show that the

two differ and theretbre use of qo in place of q" could lead to error' as the CPT-DMT

K" atd Q correlations are developed with q' values in mind'

However, as the dilatometer blade tip resistanco, 9¿, is found to be sensitive to the

horizontar stress of the soil, it can be used as an alternative horizontal stress index

(similar to Ç), for the direct evaluation of K4*¡. For exploring this possibility' the

\1o"¡ value5 evaluated from the dual scale chart @aldi et al, 1986) or its analytical

form, (excluding the data from the upper crust) were plotted against respective

@olo) (the new horizontal stress index) and a non-linea¡ relation was found' shown
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in Figure 4.IO- Large scale calibration chamber tests are necessary for confirming the

suitability of qo for the assessment of Ko.

Attempts have also been made to use the adjacent qd and qc values for the in situ

evaluation of the angle of friction of soil, based on D & M theory, as described in

Chapter 2. Based on the palametric study of D & M theory, Schmertmann (1982)

suggested the following equation for the evaluation of angle of friction of sand-

qJq"=2.03 - 0.04 0; Ø'4)

where, O; i. the angle of friction of sand for plane strain conditions

During the course of freld testing adjacent qo and q" values were recorded and the

q/q" ratio was used for the evaluation of 0;, using Equation 4.4. The resulting

profile of angle of friction tends to be too high for low qo/q. ratios (when q/q" < 0'5)

and too low for higher q/q ratios (refer to Figure 4-ll)' when compared to the

laboratory evaluated values of angle of friction. A number of consolidated drained

triaxial tests give an average value of þ'* = 32o and shea¡ box tests give an average of

Q'* =37o, which do not agree with the $i" prohle shown in Figure 4'11' Hence, it

can be concluded that qolq" changes due to factors other than the angle of soil friction

and therefore this theory could not be relied upon for the evaluation of angle of

friction.

4.6 SummarY

The interpretation of the in situ Young's modulus of soil, based on membrane pressure

readings, Po and P, leads to error and often gives conservative results' In loose sands

this method may give reasonable predictions of the Young's modulus but in dense or

cemented soils, with increased cementation or over consolidation, the Young's

modulus is underesúmated due to the non-linear relationship between the membrane

pressure and deflection. This underestimation would be avoided if continuous

readings of pressure and deflection are recorded from the modified and automated

dilatometer.

The modihed dilatometer dara better indicates the variation in the in sitr¡ water

pressure than the standard DMT. The present testing program was designed for

calcareous sand deposirs and further testing in free draining silica sand would be

helpful in conf¡ming the ability of the modified dilatometer for such a purpose'
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Chapter 4 Analysis ol results of nndified dilatorncter tests

Installation of a piezometer inside the dilatometer blade as well as the cone

penetrometer shaft would be of additional advantage'

The dilatometer blade tip resistance has been found to be sensitive to the horizontal

stress of the soil and attempts should be made to relate it to the imporønt soil

properties, mainly K. and $, so that DMT can be used independently.
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Chapter 5

INTERPRETATION OF STANDARD DMT AND CPT

RESULTS AND THEIR LABORATORY VERIFICATION

5.1 Introduction

This Chapter presents the reduction of normal DMT and CPT data, evaluation of

important soil properties using the established silica based correlations, presentation

of these properties in graphical form and their comparison with laboratory evaluaæd

results. Various CPT and DMT correlations, discussed earlier in the literature review

are summarised in Table 5.1 and used for the inærpretation of in sin¡ soil properties.

Since DMT and CPT conelations for cohesionless soils were proposed after a large

number of field, laboratory and calibration chamber tests, it is more realistic to check

in the laboratory the validity and suitability of these existing correlations with respect

to slightly calcareous sand and suggest the most appropriate value for the local

conditions, rather than attempt to propose new ones. This is particularly true in the

case of calcareous sands as their properties tend to vary depending on their degree of

cementation, chemical composition, depositional environment, age and biogenesis,

making difhcult the formulation of standard correlations. Therefore the exisúng

correlations can be applied for the purpose, after proper laboratory verification and

local held experience.
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Table 5.1 Summary of existing DMT, CPT correlations used for

interpretation of various soil properties.

d.
OCR, O,DMTPreconsolidation

pressure (pi)

Mayne and Kulhawy (1982)

Of'
Schmertmann (1983)

K(oq,0:'DMTOvercorsolidation
ratio (OCR)

Schmertmann (1983)

Schmertmann D& M method
(1982)

Krfi), KD

qn,q" adacent

DMT, CPT

DMT, CPT

Angle of friction
(0:)

Baldi et al. (1986)

Schmertmann (1983)

Ko, 6i, q'
adjacent

&,, qo at the
same spot, ol

DMT, CPTCoefficient of
earth pressure at
rest Kr.r,"

Baldi et al. (1986)EDDMTModulus of
elasticity (Er..)

Robertson et al. (1988)EDDMTInitial tangent
modulus (E,)

Marchetti (1980)

Miæhell and Gardner (1975)

Vesic (1970)

ID, ED, KD

(L, D,

DMT

CPT

Corutrained
modulus (M)

Jamiolkowski et al. (1988)q", o; (mean

effective
stress)

CPTRelative density
(D,)

Marchetti (1980)ED, IDDMTBulk density (To)

Marchetti (1980)

Schmertmann (1986)

Douglas and Olsen (1981)

Campanella and Robertson
(l983)

ID

ED' ID

Ç,Fr7o

DMT

DMT

CPT

Grain size or
soil stratigraphy

Reference(s)ParametersDeviceSoil
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The CPT data comprising of cÐne tip fesistance, 9", and sleeve friction, f", is reduced

to obtain friction ratio, F*, and DMT data comprising of dilatometer blade tip

resistance, g¿, ând dilatomete¡ membrane readings Po and P, reduced to obtain the

three dilatometer indices, nan¡ely the dilatometer modulus, ED, Material index, Io, and

Horizontal stress index, Ko, as described in the method of data reduction in Chapter

2.

At the beginning of this Chapær the DMT and CPT parameters are examined to furd

out their sensitivity to the presence of calcareous sediments and their effectiveness in

detecting the degree of cemeatation of different soil layers. In subsequent sections

some of the commonly used design parameters of soil, namely, the angle of friction,

relative density and modufts of elasticity a¡e evaluated by using the existing

correlations and results veriheJ by the laboratory tested results'

Further, the conelations a¡e applied for the assessment of other important soil

parameters, including coefficient of earth pressure at rest, overconsolidation ratio and

preconsolidation pressure. A-hhough it is comparatively difhcult to correctly evaluate

these parameters in the laborarory owing to sampling disturbance and loss of original

stress conditions, an attempt is made to hnd out the maximum and minimum values of

these parameters by examining the trends of these profiles and safe values are

recommend for design Purposs.

Finally, a conclusion is reached as to how the existing pure silica based correlations

could be used for the safe er'¡luation of slightly calcareous offshore sand properties,

especially for the pulpose of bearing capacity and settlement calculations'

5.2 Soil stratigraPhY

The predicúon of soil stratignphy is done by CPT as well as DMT, using cone tip

resistance and friction ratio in the case of CPT, or Eo and Io in the case of DMT' ID is

used to get an idea of the soil grain size and increases as the soil parúcles get coarser.

The trend of Po and P, membrane pressure prohles can also be used to get a fair idea

of the soil stratigraphy. A study is done to find out the response of these DMT and

CpT parameters for the case of moderately calcareous sand and discussed one by one

as below.
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5.2.1 Soil stratigraphy from dilatometer material index (Ip) and

dilatometer modulus (Eo)

The dilatometer material index, Io, is calculated from Po and P, pressure readings

using the formula, fo = (Pr - P0)/(Po - Uo), proposed by Marchetti (1980)' Various

researchers (Marchetti, 1980; Schmertmann, 1982; Lacasse and Lunne, 1986;

Lutenegger and Kabir, 1988) concluded that the material index changes only with a

change in the soil type and does not change if a change is brought about in the stress

level of the same soil by the way of compaction, saturation or drying if

Profiles of Io representing six dilatometer tests, drawn in Figure 5'1, reveal that Io

values at Location 1 are invariably more than 1.8 and at Location 2 varies between 1

and 4 below 3 metres. According to Marchetti (1980), this is an indication of sand

and silt But at Location 2, Io decreases to a value less than 0'6 above 3 metres of

depth, which would indicaæ a clay layer if only the Io value is relied upon for soil

identification.

It is therefore preferable to use Io together with another DMT index, Eo, for the

purpose of soil identification, as proposed in the Schmertrnann (1986) classification

chart. Classihcation based on both Io and Eo correctly indicates the presence of a

highly compressible muddy or marshy layer between 1.8 to 3 metres of depth at

Location 2, as Eo in this layer (shown in Figure 5.8) is less than 2 MPa. Therefore, it

is necessary to use both Io and Eo for identification of soil at the present test site, so

that a compressible muddy or marshy layer is detected rightly and not misinterpreæd

as a clay layer.

At Location 2, one of the tests at spot o2a shows Io (Figure 5.1) between 1 and 1'8

with the corresponding Eo (Figure 5.8) value more than 2 MPa, thereby suggesting

that the test site consists of silt and silry sand layers also. Hence, according to Io - Eo

based identification the test siæ consists of sand and silty sand in general with few

compressible and marshY laYers-

In cemented layers Po and P, membrane prcssure readings increase depending upon

the degree of cementation, causing variations in Io values, as the value of Io is

dependent upon Po and P, pressure readings. Hence, in case of cemented layers

(between I and2 metres at Locaúon 1 and between 1.5 and 3 metres at Location 2),

Io values can not be relied upon for correct soil identification'

.+

g
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Io values in the cemented layers can be unusually high or low depending upon whether

the Po incrcases more than P, or vice versa. If Po increases more than P, then Io

decreases. On the other hand if P, increases more than Po then Io increases' Both

these cases have been experienced during the present testing. It is therefore advisable

that an assessment of the soil stratigraphy be based on the trend of Po and P, profiles

and their variation relaúve to overburden pressure with depth, as discussed in the

following section.

5.2,2 Soil stratigraphy from Ps And P1 profÏIes

Lacasse and Lunne (1988) recommended the use of Po and Pt pressure profiles and

their respective positioning with respect to line of soil overburden pressure for getting

a fair idea of the soil type. It was noticed (Marchetti, 1980; Lacasse and Lunne,

l98S) that in the case of sand, the Po profrles nearly coincide with the line of soil

overburden pressure, o,, and the P, profiles with that of 10 o" line.

During the present DMT testing, Po and P, profiles obtained from six standard

dilatometer tests, all within a distance of 10 metres, are found to be close enough to

the O" and the 10 O" lines, respectively, (refer to Figures 5'2,5-3,5.4), except at the

depths where the soil was highly cemented. At these depths, both the Po and Pt

pråfrt". tend to shift outwards beyond the o" and 10 o" lines, respectively' The

greater the cementation the more is the shift of Po and P, profiles away from the

expected positions.

An examination of Po and P, profiles in Figure 5.2 and Figure 5.3 indicate that the æst

site consists of a highly cemented crust between 1.2 and 1.7 metres, as the shift of the

Po and P, profiles, away from the respective O" and 10 O" lines is quite pronounced'

The cemenration also increases at 3 and 5 metres of depth at location 1 (Figure 5.2).

At location 2 (Figure 5.3), one of the three tests shows high cementation whereas the

other two tests show no cementation, indicating that there are variations in

cementation, even over short distances.

An inward shift of the P, prohle, closer to the o" line, indicates an increase in the silt

content. The more the inward shift of P, profile, the larger the content of silt in sand

and more compressible the soil is. It can be seen from the Figures 5-2 and 5'3 that in

some of the tests at location 1 (eg o1a, olb at 2.2mefres) and also at location 2 (o2a

and o2c ûfter 3 mstres), the P, profiles tend to get closer to the Po proftles, indicating
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the presence of weak and compressible layers, with a possible increase in the silt

content, devoid of cementation.

Figure 5.4 shows all the Po and P, prohles combined, obtained from both the æst

locations, indicating that the site consists of variable sand and silt with varying

degrees of cementation.

5.2.3 Soil stratigraphy determined from CPT data

The prediction of soil stratigraphy from the CPT relies on the values of cone tip

resistance, g", and friction ratio, FR. Many CPT based classification charts have been

proposed for the interpretation of soil stratigraphy @ouglas and Olsen, 1981;

Campanella and Robertson, 1983; etc.). In the present study, the simplihed and

working version soil classihcation chart by Campanella and Robertson (1983) is used

to determine the soil stratigraphy of the test site.

Figures 5.5 and 5.6 show the q. and F* profiles of the two test locations. According

to the CpT classihcation system, both the test locations consist exclusively of sand

except at the following depths, where it indicates silt or silty sand layers, as q" drops

below 3 MPa with conesponding increase in F*.

at Location I (Figure 5.5):

soundings 1a,1b, lc
soundings la, lb,lc

between 1.6 and 2.4 metres of dePth

between 3.5 and 4.2 metres of dePth

at Location 2 (Figure 5.6):

sounding 2b

sounding 2a

sounding 2a

between 3.3 and 4.0 metres of dePth

between 3.8 and 4.1 metres of dePth

between 5.3 and 6.0 metres of dePth

t
I

;

In general, the test site consists of sand and silty sand according to this classification

system.

An examination of q" and F* profiles reveal that q, incrcases considerably at places of

high cementaúon whereas the corresponding F* remains quite low, an indicator of

cemented calcareous crust. For example, a value of 15 MPa was recorded during all

the cone penetration tests and reflected in the q" profiles betvieen depths 0.75 m and

1.5 m below the ground surface. In fact q" exceeds 15 MPa in this upper cn¡st but

ii
''l

þ
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chapter 5 Interpretation of standard DMT and cPT results and their laboratory verification

due to range of the CPT data acquisition system, a maximum of only 15 MPa

recorded and shown in the Figures.

5.2.4 Soil stratigraphy based on laboratory test results

sieve analysis was done on samples recovered during continuous sampling to obtain

the particle size distribution curves for the laboratory identification and classification

of soil. Figure 5.7 shows all the paficle size distribution curves obtained'

These particle size distribution curves indicaæ that the soil consists of gravelly sand

with almost negligible silt content, contrary to the in situ predicted results' However,

as the test Site is variable in nature, more sampling and sieve analysis results could

possibly confi.rm the presence of thin silty layers. The particle size distribution curves

of Coffey International (1991), from the same location and discussed in Chapter 3,

indicate the presence of a number of silty layers (up to 30 Vo silt content in some

cases; mentioned in Table 3.1 of Chapter 3) and can be used as a justificaúon of in

situ predictions.

From the study of various DMT and CPT based classihcation systems and laboratory

test results, it is concluded that the DMT and CPT give a reasonable idea of the type

of soil and the degree of cementation of calcareous sand, but the prediction of soil

stratigraphy should preferably be based on the trends and positioning of P0' P' q" and

F* profiles, instead of relying on the numerical values of Io and Eo.

5.3 Deformation Parameters

Three different types of deformation patameters can be evaluated from the DMT and

CPT, namely, the constrained modulus, M, from the DMT, the constrained modulus

from the CPT and Young's modulus of elæticity at 25 7o stress level, Err, from the

DMT. The profiles of these deformation parâmeters are discussed below one by one.

5.3.1 Constrained modutus (M) from DMT

The DMT predicted M relies on Marchetti (1980) correlations, using DMT

parameters ID, ED and Ko. A number of conelations have been proposed by Marchetti

(19g0) for the evaluation of M in soils of different types and selection of the relevant

corre.lation is hased on numerical values of Io and Ç. If Io is less than 0.6, which is

indicative of c'lay, the correlation used is based on data exclusively from clayey soils.
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Chapter 5 Interpretation of standard DMT and CPT results and their laboratory verification

On the other hand if Io is more than 1.8, which indicates the presence of sand, then

the correlation derived for sand is selected for evaluation of M.

However, as discussed under the soil stratigraphy, Io can not be totally relied upon for

the correct soil identification in calcareous sediments, making difhcult the selection of

appropriate conelation. For example, at l¡cation 2, the Io prohle in Figure 5'1 gives

a value of Io less than 0.6, indicating clay, but the Schmertnann (1986) classification

system and particle size distribution curves from the same depth reveal the presence of

marshy and highly compressible sand. Hence, the selection of a suitable conelation

based only on Io value could give misleading values of M'

Moreover, Marchetti (1980) conelations for M were based on only few reference

data points from sand and were mostly based on data from clayey soils. From recent

research regarding the current status of DMT correlations, Jamiolkowski et al.

(1988), suggesrs that M evaluated from Marchetti (1980) conelations may not give

satisfactory results even in uncemented sand, due to the lack of sand data in the

formulation of these correlations. However, prohles of M evaluated from Marchetti

(1980) correlations and shown in Figure 5.9 give a value of l0 to 50 MPa at Location

I and between 5 to 70 at Location 2,1or depths more than 3 metres.

A comparison between M and Eo profiles was undertaken to examine effects of

cementation, as both M and Eo are types of deformation pafiImeters (M is the inverse

of the coefhcient of volume change, m"; whereas Eo is related to Young's modulus of

elasúcity of the soil). A comparison of M profiles in Figure 5.9 with Eo profilas in

Figure 5.8 reveals that in weakly cemented layers (ola, olb and o2c afær 3 metres of

depth) both M and Eo range between 10 and 20 MPa. However in more cemented

layers (o2a at 1.8 met¡es of depth), the increase in M is more pronounced compared

to Eo, as this layer gives a value of M = 180 MPa, compared to Eo = 70 MPa' This

could be due to the fact that the correlations used for the evaluation of M uses the

horizontal stress index, Ko, which is sensitive to horizontal strength of the soil and

increases appreciably due to extra strength provided by cementation (refer to Figure

5.12 to see how Ko increases in the cemented layers).

For a reasonable prediction of M from the Marchetti (1980) correlation, it is therefore

advisable that (a) a relevant correlation be applied after soil identification based on

both Eo and Io parameters (Schmertmann, 1986) rather than relying only on Io, (b)

valuss of M evaluated from relatively less cemented layers should be used, as

cementation results in overprediction of M and (c) for the present test site a design
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value between 10 and 20 Mpa (after 3 metres of depth) should be taken for settlement

calculations.

5.3.2 Constrained modulus from CPT

A simple correlation, M = 2.5 q., was proposed by Mirchell and Ga¡dner (1975) for

an approximate estimate of in situ M. Other researchers (Vesic, 1970; Dahlberg et

al.,197 ;Lunne and Kleven, 1981; Baldi et al., 1982) proposed that the value of 2'5

was applicable to normally consolidaæd sand and the constant could vary significantly

in the case of overconsolidated soils. The selection of the constant is very difficult

and up to now a wide range of constants ranging betpeen 2-5 and 13, have been

proposed depending upon the value of OCR (Campanella and Robertson, 1983)- Due

to wide variations of OCR in cemented soils, selection of a proper coefficient is

difhcult, but as the site appears to be normally consolidated (discussed in following

sections), an evaluation of M is based on the correlation M = 2'5 9".

profiles of M, obtained from the above correlation a¡e shown in Figure 5.10 and give

a value bepeen 5 and 20 MPa below a depth of 2 metres. A comparison of this

figure with the Eo prof,rles, Figure 5.8, shows that the two agree and give an average

of l0 to 20 MPa below 3 meues of depth, except for the layers of relatively high and

low cementation.

As the dilatometer membrane senses the horizontal stress directly, DMT predicted Eo

values afe more susceptible to changes in horizontal stress when compared to the

CpT predicted M. For example one of the tests (spot o2c) in a higNy compressible

layeratadepthof2.0mgivesavalueofEo=0.1MPa(Figure5.8),comparedtoM

= 1.5 MPa in Figure 5.10. On the other hand at spot o2b, Eo = 30 MPa due to

increased horizontal stress whereas M = 22 MPa, proving better ability of DMT in

sensing the soil compressibility. Due to this horizontal strength sensing ability of soil,

it is beneficial to use the DMT predicted dilatometer modulus, Eo, for the direct

evaluation of Young's modulus, as discussed in the following section'

5.3.3 Young's modulus of elasticity (Er')

Due to the uncertainty in the DMT and CPT evaluated constrained moduli, M,

attempts have been made to evaluate the modulus of elasticity correspondng to 25Vo

stfess level, Er5, directly from the dilatometer modulus, \. This is a bett€r option as

cvaluation of Eo relies directly on the membrane pressttre readings required to push
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the soil horizontally and does not involve a number of complicated correlations, the

right selection of which is difficulr

According to Campanella and Robertson (1983), Eo approximately represents the

value of Young's modulus of soil at 25Vo stress level, Er' in cohesionless soils. If this

is assumed to be correct, then the Eo prolrles shown in Figure 5.8 can be directly used

for an estimate of the E' profiles.

Figure 5.8 shows that afær a depth of 3 metres Eo varies belween 10 and 30 MPa at

Location l, and between 5 and 35 MPa at Location 2. Near 1.5 metres of depth,

where a cemented crust exists, the value of Eo increases up to 70 MPa at Location 2,

and 60 MPa at Location l. This shows that the cementation tends to increase the

modulus of elasticity of soil.

An examinaúon of all the prohles combined shows that o2c is the least cemented spot

which gives the minimum value of modulus of elasticity, ranging be¡ween 5 and 20

Mpa afær a depth of 3 metres. Between 2 and 3 metres, where a muddy or marshy

layer exists, the o2c prohle gives modulus of elasticity as low as 0.1 MPa. All'the

other prohles also show a substantial decrease in Eo for this highly compressible layer.

Standard dilatometer calculated E' also has limitations as it is evaluated from Eo

which considers pressure readings at only two membrane deflection position.s and

assumes a linea¡ relationship between membrane pressure and deflection. As the

prcssure versus deflection curves obtained from the modihed dilatometer tests and

described in Chapter 4, show a non linear relationship between pressure and

deflection, it is advisable to evaluate the modulus of elasticity afær inspection of

pressure versus deflection curves, as suggested in Chapær 4.

Consolidated drained (CD) triaxial tests were conducted in the laboratory to compare

in situ Eo with the laboratory evaluatd E, values. Recovery of undisturbed samples

from cemented layers proved difficult and samples were obtained from 2 m depth,

where there was low cementation. A number of CD tests were conducted on 38 mm

diameter specimens, reconstituted at the held dry density. The tests were conducted

for different values of effective cell pressures ranging between 25 and 75 kPa and the

values of Young's modulus corresponding to 25Vo of the failure deviator stress were

evaluated. The results are presented in Table 5.2:
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Table 5.2 Results of consotidated drained (cD) triaxial tests

The CD tests give E' values between 6 and 13 MPa for different values of effective

cell pressures. This compares with the in situ Eo profiles which also give values up to

10 MPa for different test locations (refer to Eo values at 2 m test depth, Figure 5'8)

Effective cell pressures between 25 and 75 kPa during the CD tests are close to the in

situ stress conditions as the estimated effective vertical overburden pressure' ov',

varies betrveen 20.and 70 kPa and the effective horizontal earth pressufo, O¡', varies

between 10 and 35 kPa for depths between 2 and 7 m. The estimate of on' is based on

the formula, 6n' = K' . o"' (Jaky, |g44)' An estimate of o"' can be made from the field

and laboratory evaluated butk densities and K. is assumed to be nearly 0'45 for the

test site (in Section 5.4 it is shown that the values of K evaluated from weakly

cemented layers are close to 0.45). Thus oo'can be estimated for different test depths.

As the laboratory tests were conducted on reconstituted samples, which are devoid of

the original cementation, the laboratory evaluated E, is lower than to the in situ Eo'

especially in strongly cemented layers. Therefore, it appears logical to rely on lreld

profiles of ED rather than the laboratory results as it is difficult to simulate field

conditions during laboratory tests.

In summary, reasonable estimates of Young's modulus, Err, can be made from the

standard dilatometer test data. However, for a more realistic evaluation of Young's

modulus the modifred dilatometer modulus Eo(o*) should be used based on the slope

of pressure versus deflection curves (discussed in Chapter 4), as it takes into account

the non linear relationship between the membrane pressure and deflection'

6.23 NfPa13.04 MPa6.20 MPaE..

75 kPa50 kPa25 kJaEffective cell
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5.4 Coefficient of earth pressure at rest

Evaluation of K" is based on the dual scale chart or ia anal¡ical form, using the

relationship between Ko , Ko and q"/o"'), proposed by Baldi et al. (1986).

"') correlation, Ko increases with the horizontalAccording to the Ko , KD una(q,f o

stress index, Ko, and decreases with increase in the factor (n" I o "'\

As K" evaluated from the K0 , KD una(ø"|o"') cor.elation is dependent upon Ç

and the later changes appreciably due to cementation (Figure 5.11 shows that KD

increases due to cementation), an increase h Ko due to cementation results in an

increased (. On the other hand (n"f o"' ) ato increases with cementation thereby

decreasing K, to a certain extent.

An examination of Ko profiles in Figure 5.11 and corresponding Ko profiles in Figure

5.12 show that whenever Ko increases, there is a conesponding increase in Ko., except

for the highly cemented crust where, even though Ko is high, the (n"f o"') fu.,o.

increases substantially, due to very high cone tip resistance, beyond 15 MPa, resulting

in an overall decrease in the K" values.

The accuracy of K, predicted from the K0 , KD unA(e"f o,') conelation depends on

the selection of the coefficients for Ko una (q"f o"'). Due to great variations in

calcareous sand, a definite set of coefhcients can not be proposed and the existing

correlation may over predict or under predict the K. values.

Hence, in calcareous sediments it is recommended that the spots with least

cementation should be selecæd for the evaluation of q. kohles of Ps, P, or Ç can

be utilised for detecting the least cemented spot, as discussed earlier in Section 5.2.

In the present case, spots ola, olb and o2c are the least cemented and Ko profilas at

these spots, as shown in Figure 5.12, give values between 0.4 and 0.5, suggesting a

normally consolidated deposit. This is acceptable, as the site consists of soft sand

barring a few hard crusts. At other spots olc and o2b, where the Po, P, or Ko profiles

show increased cementation, the K" profiles give higher Ko values, going up to 1.5.

An evaluation of K, is also done from the angle of friction obtained in the laboratory

from the shea¡ box tests, using the corrclal'iou Ko = 1- sinO Oaky' 1944) and
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treating the siæ as a normally consolidated sand deposit (held profiles from the least

cemented spots ola, olb and o2c give K" = 0.45). A number of shear box tests give

average 0'* = 37' which is equivalent to Q- = 35o when converted to axial strain

conditions using Equation 2.13a. Its substitution in to Jaky (1944) correlation, gives

K"= 0.43, indicating a normally consolidated sand deposit'

A number of consolidaæd drained triaxial tests give an average of 0* =31o, which

when used wirh the Jaky (1944) correlation gives K. of 0.48, indicating once again a

normally consolidated young sand deposit

In summary, the K. evaluated by Baldi (1986) correlation indicates the presence of

normally consolidated deposit at spots of least cementation. Hence \ obtained from

low cemented spots should be referred to for a true prediction of Ko in calcareous

sediments.

5.5 Angle of friction

The value of q evaluated from the dual scale chart is substituted into the

Schmertmann (1983) Ko - Ko - Q conelation, to evaluate the angle of friction.

Figure 5.13 shows that the angle of friction for axi-symmetric conditions, Q-',

obtained from the above method ranges beween 32" and 39', for depths greater than

2 metres at both locations. In the upper crust (between 0 and 2metres of depth), Q^'

ranges between 39" and 45".

The least cemented layers at o2c gives Q-' values ranging between 32' and 37". The

more cemented layers (o2b afær 3.5 metres of depth) give values between 35' and

37". Anotherhighly cemented layer (olc, up to 3 metres) with a high value of Ç and

Ks, gives Q* between 34" and 4. Hence, it appears that the effect of cementation in

increasing the angle of friction is taken ínto account by the Ko - Ko - Q conelation

and a reasonable estimate of O- is obtained. The simple correlation of Jaky (lg4/l),

valid for normally consolidated soil, gives erroneous results in the cemented layers, a.s

the value of K. or Ko increases considerably with cementation.

The values of Q^ predicted by the Schmertmann (1983) method (between 32" and

39" after 2 meres of depth) agree with the shea¡ box test results (average 0'* = 37o

which is equivalent to Q* = 35o as Q,, = 0^ - (0^ - 32) t 3 for Q^ > 3z";refer to

Er¡rration 2-l3a) and consolidated drained triaxial test results (average 0- = 31'). It
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is further recommended that the angle of friction evaluated from the least cemented

layers (ola and olb at location 1 and olc at location 2), where Q- profiles give

values benveen 33' and 37", should be used for design purposes so ¿ls to obtain

conservative estimates of footings.

As the values of angle of friction determined from laboratory tests fall within the

range of the Schmerrnann (1983) method, this method can be used for an assessment

of angle of friction in moderately calcareous deposits. This method of evaluating O-

is preferable over others (Holden, 1976; Baldi et a1., 1981; Veismanis, 1974; Villet

and Mirchell, 1981 etc.), as the effect of cementation and overconsolidation is taken

into account by the horizontal stress index, Ko.

5.6 Relative densitY

Relative density, D,, is evaluated based on the CPT cone tip resistanco, 9", and mean

effective overburden pressufe, o, , making use of the Jamiolkowski et al. (1988)

correlation. This correlation is preferable over others (Schmertmattrt,I9T6; Villet and

Mitchell, 1981; Parkin and Lunne, 1982; Baldi et al., 1982; Lancellota et al., 1983;

Jamiolkowski et al., 1988) as it minimises the error caused by chamber size effects'

As all the CPT tests give almost identical q" prohles, the prohles of D. shown in

Figure 5.14, using these q" values are similar.

V/irhin the highly cemented crust (between 0.75 and 1.5 metres) a high value of

relative density (up to l00Zo) is obtained as q. in this layer is more than 15 MPa-

Beneath this crust, due to the presence of a compressible / marshy layer (mostly

between 1.8 and 2.2 metres of depth), the relative density decreases to a value as low

as IyVo (the cone tip resistance at this layer is found to be less than 1 MPa, as shown

in Figure 5.5). On the whole an average of D, - 40Vo is obtained in all the profiles in

Figure 5.14 beyond a depth of 3 metres.

It is rather difhcult to make an assessment of relative density in the laboratory due to

difhculties in correctly evaluating the values of maximum, minimum and freld dry

densities. The laboratory determination of field dry density is difficult because the

insertion of even a thin walled sampler disturbs the in situ conditions and causes an

increase in the calculated field density through compaction or compression' The

laboratory determination of maximum dry density is also difficult as compaction of

calcareous sand causes disintegratio¡r of shell fragments, which changes the grain size

distribution.
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A number of laboratory tests (conducæd on samples at depths between 2'5 and 3

metres) give values of 1.22,1.46 and L.62 tJm3 for the minimum dry density, field dry

density and maximum dry density, respectively- This corresponds to D, = 679b, which

is an overprediction, when compared to the average of D, = 4O7o ftom the field tests'

Even though these proriles can not be relied upon for an exact assessment of relative

density, they can be used as a reference as to how the relative density changes with

depth. The profiles clearly indicaæ the presence of a stiff layer between 0.75 and 1.5

metres followed by a I metrc deep compressible layer, afær which the value of

relative density stabilises giving an average of 40 to 50 % relative density'

5.7 Overconsolidation ratio (OCR)

After the evaluation of effective angle of friction, 0* , ffi estimate of OCR was

undertaken based on the SchmerUnann (1983) conelation which is a modification of

the Mayne and Kulhawy (1982) correlation. The Schmertmann (1983) conelation is

of the following form:

0.t si¡l'
(5. 1)OCR =

From Equation 5.1 it is clear that OCR is dependent upon q*' and K,1*r. As the in

situ O-' evaluated from the weakly cemented layers were comparable to the

laboratory values, they have been used in Equation 5'1'

Figure 5.15 shows profiles of OCR evaluated from the Schmertmann (1983)

correlation, based on the in situ evaluated Kn*, and Q* ' From the profiles it can be

seen that in the less cemented layers (ola and olb at locaúon I and o2c at location 2),

the values of OCR range between 1 and 2 below a depth of 3 metres. For tests at

Location o2a increased cementaúon results in an OCR betrveen 2 and 4, whereas the

maximum cemented layers at location o lc and o2b give OCR values exceeding 10'

Afær a comparative study of high and low cemented locations, it appears practical to

adopt values between I and 2 for OCR, as rEpresentative of the weakest and the least

cemented layers.
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5.8 Preconsolidationpressure(P"')

ffr¡ in situ preconsolidation pressure, P.', is evaluated using the correlation,

po = OCR X o" . A suitable value of bulk density of (1.6 t/m3¡ has been adopæd

for the calculation of o,', after comparing the in situ predicted values of bulk

densities with the laboratory evaluated values.

As discussed in Section 5.7, the values of OCR are sensitive to cementation and for

layers with least cementation OCR ranging between I and 2 is considered to be

reasonable. Therefore, the in situ OCR values evaluated from the least cemented

spots can be substituted in the above equation for a reasonable assessment of

preconsolidation pressure. o1a and olb are the least cemented spots at location I and

o2c atlocation 2, where p"' prohles indicate a value betrveen 10 and 1(X) kPa, aflæt 3

metres (shown in Figure 5.16). For layers with increased cementation (spot o2a), p"'

shows slight increase and ranges between 100 and 200 kPa, whereas the layers with

maximum cementation, at olc and o2b, give values up to 400 kPa.

For settlement predictions in sand, the preconsolidation pressure is an lmportant

parameter. Even though cementation tends to increase the apparent preconsolidation

pressure, it is preferable to ignore the cemented layers when calculating the maximum

possible settlement and design the foundation for the worst case. In the present case

the minimum value of preconsolidation pressure, obtained from 6 parallel DMT and

CpT tests, is found to be between 10 and 100 kPa for depths betrveen 3 and 6 metres

and is further used for settlement computations in Chapter 6.

5.9 Summary

Due to the inherent high degree of variability, it is difhcult to formulate standard

correlations for calcareous sediments. The laboratory evaluation of design parameters

of calcareous sediments is equally difficult due to sampling disrurbance, loss of

cementation and loss of original stress history. Therefore, the best option is to

evaluate the various soil parameters from the existing silica based conelations and

choose a correct value based on local conditions and experience.

Examination of a number of parallel DMT and CPT parameters prove the

effectiveness of these devices in detecting layers of relatively high and weak

ccmcntation by inspecting the Ps, P1, Ko and q" profiles- In order to evaluate the
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parameters of calcareous sediments using silica based correlations, it is necessary to

identify the weakly cemented layers. The response of these spots is nearer to

cohesionless soils, owing to the relative absence of cementation, thereby making best

possible use of the existing silica sand conelations. It should be borne in mind that

these conelations are capable of giving an idea of the maximum and minimum values

of the va¡ious soil properties, rather than the exact values.

As most of the soil design parameters, eg, relative density, Young'S modulus'

coefficient of earth pfessure at rest, angle of friction, overconsolidation ratio,

preconsolidation pressure etc. a¡e intenelated and in situ evaluation of one parameter

requires the substin¡tion of others, it is advisable to examine the basic DMT and CPT

profiles, eS., Qs, f,, F*, P0, Pl' ID, ED and Ko and identify the weakest and the least

cemented layers within a given area. Thereafter the soil parameters of these should be

evaluated progressively by data reduction'

A number of DMT and parallel CPT tests prove that the calcareous sand in the Port

Adelaide region is variable in nature and within a very small distance there can be stiff

as well as very weak layers. A summary of DMT and CPT evaluated design

parameters is shown in Table 5.3. These values refer to depths greater than 3 metres

below ground level and are representative of the least and most cemented layers'

However, the evaluated results from the weakest layers are recommended for

foundation design.

Table 5.3 DMT and CPT evaluated design parameters of calcareous

sediments for depths greater than 3 m below ground level'

400 kPa40 kPaPreconsolidation
pressure

8IOverconsolidation ratio
38'33'Ansle of friction

1.10.45Coefficient of at rest
earth Dressure

50 Vo40 VoRelative density

30 MPa10 MPaModulus of elasticity

13 tt^t1.6 t/m3Bulk densitv

Maximum values ( from
highly cemented layers)
below 3 metres

Minimum values (from
weakly cemented
layers) below 3 metres

Soil properties
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Figure 5.1 Profiles of dilatometer material index, Io at the test Locations.
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Figure 5.2 Profiles of contact and expansion membrane pressures at

Location 1.
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Figure 5.3 Profiles of contact and expansion membrane pressures at

Location 2.
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Figure 5.4 Profiles of contact and expansion membrane pressures at

Locations 1 and 2.
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Robertson (1933) classification charl
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Figure 5.6 soil stratigraphy from the profrles of cone tip resistance, q", and

friction ratio, F*, at Location 2, based on Campanella and

Robertson (1983) classification charl
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Chnprer 5 Interprelation of standard DMT and CPT results and thcir hboralory verificalion
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chapter 5 Interpretation of standard DMT and cPT results a¡td their laboratory verification

Figure 5.8 Profrles of dilatometer modulus, Ep, based on Schmertmann (1986)
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Chapter 5 Interprelation of standard DMT and CPT results and their laboratory verification

profiles of DMT eyaluated constrained modulus, M, based on

Marchetti (1980) correlations.
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Profiles of CPT evaluat€d constrained modulus' M' based on

Mitchell md Gardner (1975) correlation'
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chaprer 5 Interpreîation of standnrd DMT and cPT results and th¿ir laboratory verification

Profiles of dilatometer horizontal stress index' Ko' based on

Marchetti (19S0) correlation.
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chapter 5 Interpretation oJ standard DMT and cPT results attd th¿ir laboratory verificalion

Profiles of coeffrcient of earth pressure at rest, Kn*,, based on

Baldi et al. (1986) correlation.
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Chaprer 5 Inrerpretation o! standard DMT and CPT results attd ttrcir lnboratory veriJicalion

Figure 5.13 Profiles of angle of friction, 0'-., based on schmertmann (1983)
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Chnpter 5 Inlerpretation of slandard DMT and CPT results anà their laboratory verificalion

Figure 5.16 Profiles of pre consolidation pressure, P"', based on Leonards and

Frost (1988) method.
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Chapter 6

APPLICATIONS OF RESULTS FOR DESIGN PURPOSES

6.1 Introduction

This chapter presents the application of the test results evaluated during the present

research work. The bearing capacity and settlement calculations are done for some of

the typical foundations, based on the DMT and cPT evaluated results' Settlement

calculations are carried out with both the standard DMT data and the modihed DMT

data in order to hnd out the difference in the calculated settlement and prove the

usefulness of the modihed dilatometer data for a moÍB realistic assessment of

foundation settlemenL

In the beginning some of the widely accepted bearing capacity theories are discussed

and used for the assessment of the allowable bearing capacities of some of the typical

foundations. Thereafter, settlement calculations a¡e done for the same foundations'

subjected to different loading inænsities. The values of settlement, thus calculated'

are examined as to whether they are within tolerable limits from the criteria of

ma:cimum allowable settlement. Finally, an assessment is made regarding the most

suitable foundations and loads they can carry'
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Clnpler 6 Applications of results for design purposes

6.2 Bearing capacity

Bearing capacity is the pressure the soil can be subjecæd to without causing shear

failure. Ultimate bearing capacity is the least contact pressure which causes a shear

failure in the soil. Allowable bearing capacity is the maximum pressure which can be

imposed on a given soil without causing shear failure or excessive settlement (Craig,

1987;Bowles, 1988).

When the contact pressure acting on the soil exceeds the ultimate bearing capacity,

failure surfaces develop beneath the foundation. These failure surfaces spread from

the bottom edges of the foundations and move downwards and then sidewards, in the

shape of a wedge, to reach the ground surface. In general, three types of failures have

been noticed.

(a) General shear failure, where the failure surfaces emerge from the edges and moves

downwards and then sidewards to reach the ground surface as the plastic

equilibrium is reached. This type of failure is accompanied by heaving of the

adjacent ground and is characteristic of dense or stiff soils.

(b) Local shear, where the failure surfaces form but do not propagate fully and do not

reach the ground surface. This type of failure is accompanied by only slight

heaving of the adjacent ground and is characærisúc of compressible soils.

(c) punching shear, where the failure surfaces do not develop at all but the foundation

starts sliding vertically under load. This type of failure is not accompanied by any

heaving of the adjacent soil and is found to occur in highly compressible soils or in

cases where the foundations are located at great depths'

Based on the different modes of wedge failure and model tests, bearing capacity

theories have been postulated and several equations proposed for the assessment of

the bearing capacity of soil. The hrst bearing capacity equation was proposed by

Terzaghi, based on the theory of plasticity, which was the modification of Prandtl

bearing capacity theory (Terzaghi, 1943). The Terzaghi (19a3) bearing capacity

equation is of the following form:

9ut =G N.So* 9N, +0'5 TB N? Sî (ó.1)
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- bearing capacity factors given by Terzaghi equations'

= unit cohesion,

= effective overbu¡den stress per unit foundation width'

= bulk density,

= foundation width,

= shape factors-

q

^{

B
s", sï

Terzaghi's bearing capacity equation wÍts formulated mainly for the shallow

foundations, where depth of the foundation is less than the width of the foundation'

Meyerhof (1951, 1963) modihed the Terzaghi (1943) bearing capacity theory by

introducing another shape factor sn for the ærm N. and also int¡oduced depth factors

d", dq, O, ana inclination factors i", ir, ! to be used together with the bearing capacity

factors N", Nq, Nr' respectively- Meyerhof also proposed his own equations for the

calculation of all these factors depending on the size, shape and depth of the

foundation.

Hansen (1970) extended the bearing capacity theory further by accounting for the

possibility of the foundation being tilted with respect to the horizontal surface or a

foundation on a slope, by introducing the factors 8", 8q, g, and b"' bq' b, respectively'

together with the bearing capacity factors N", Nq, \. Hansen (1970) too gave his

own set of equations for the calculation of va¡ious factors, which are more

complicaæd than the previous ones.

Vesic (1973) carried on further work and came out with slightly different values for

some of the variables. There is not much difference between Vesic and Hansen

factors excepting for few changes, so that Vesic factors give less conservative results

compared to those of Hansen.

The main drawback with all these bea¡ing capacity equations is that they are mostly

theoretical in nature and there is less practical validation based on model tests' The

tests conducted on small models do not match their full scale prototypes, which are

very expensive to conduct. Therefore, for the evaluation of bearing capacity one of

these equations has to be relied upon.
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Chapter 6 Applications of results for design purposes

6.2.lBearingcapacityoffoundationsatthetestsite

Bearing capacity calculations have been undertaken for three different types of

foundations, namely, square, rectangular and strip foundations of different sizes in

order to find out which one offers the maximum allowable bearing capacity' The

different types of foundations and their sizes, considered for the study of bearing

capacity of the test site, are lisæd below:

Square 10m by 10m

4m by 4m

2mby 2m

1.5m by 1.5m

Rectangular lOm by 20m

4m by 8m

2m by 4m

1.5m by 3m

Strip 4m wide

3m wide

1.5m wide

All these foundations are assumed to be festing at a depth of 2 metres below ground

level (D = 2.0m). The following data, as evaluated during the course of the held and

laboratory tests, are used in the calculations:

effective angle of friction, Q;

field dry densitY

depth of water table

moisture content" m (assumed)

= 33o

= 1.6 t/m3

=0.9m
=157o

The value of 0í = 33o was evaluated from the weakly cemented layers and is used for

the evaluation of allowable bearing capacity. The shear box tests give an average of

0'^ = 37o, for plain strain case, which when converted to axial strain condition using

schmertmann (1983) correlation' gives Qi = 35'' A number of consolidaæd drained

triaxialtestsgive0í=3l".Thereforeaveragevalueof0;=33o'obtainedfromthe
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Chnprer 6 Appticatians of results for design purposes

weakly cemented layers during the course of in sitr¡ testing is considered suiøble for

the evaluation of bearing capacity

In the present case, the bearing capacity calculations a¡e done from the Vesic (1973)

equation, which is as written below'

gut=cN"s"d"i"B"b"+gNqSndri*8nbr+0'5 lBNïsïdï\9',br 6'2)

where,

N", Nq, \
S", Sq, Sï

dr, dq, dï

t,i.,i
8o'8q'&
b", bq, bï

- bearing caPacitY factors,

= shape factors,

= depth factors,

= inclination factors for loads not passing verúcally,

= factors for tilted foundation, and

= slopo factors.

gut = g Nn Sn dn + 0.5 TB Nï Sï dï

In Equation6.2 the first term becomes zero, as c = 0 in cohesionless soils' As the

considered problem does not involve condiúons of inclined load, últed foundation or

sloping ground, their respective factors get eliminaæd and Equation 6'2 reduces to the

following simpler form

(6.3)

For the calculation of the remaining factors in Equation 6.3, the table and equations

proposed by Vesic (1973) are utilised. In case of a square foundation, 4m by 4m in

size, the following values are worked out for the various factors'

g = 2.58 t/m3 B=4.0m
Nr = 35'19N, = 26'09

sq = l'649

d, = 1'205

SÏ

dî

= 0.6

= 1.205

These values are substituted in Equation 6.3 to get 9"r, = 1-80 MPa' If a factor of

safety = 3 is considered, then the allowable bearing capacity = 1-80/3 = 0'60 MPa-

Hence according to Vesic (1973) bearing capacity equations, the test siæ offers an

allowable bearing capacity of 0.60 MPa for a 4m by 4m square foundation.
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Chapter 6 Apptications of results for design purposes

Similarly, the allowable bearing capacities for all the foundations are calculated in

similar manner with the results tabulated in Table 6' 1'

Table 6.1 Bearingcapacityandsettlementresultsfordifferenttypesof
foundations

1.5m by 1.5m 5.80

5.80
2.40
1.00

0.50
0.25

0.23
0.20
0.15

1645.00
539.00
247.85
toz.16
29.31

22.03
14.74
0.71

2mby 2m 0.56

0.56
0.40
0.20
0.15

r32.27
85.36
27.08
t2.51

4m by 4m 0.60

0.70
0.60
0.40
0.30
0.20
0.13
0.10

187.00
157.00
99.90
70.77
4r.64
20.00
t2.50

Square

10m by 10m 0.84

0.84
0.40
0.20
0.10

235.74
106.37
48.09
18.95

foundation
of

Type Size
of

foundation

Allowable
bearing

Contact
Pressure

usr

Foundation
settlement (mm)
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t027.00
420.W
158.00
99.81
41.53
26.96
12.39

3.58
1.50

0.60
0.40
0.20
0.15
0.10

3.58l.5m wide

Strip

r37.69
t04.76
75.63
46.49

r7.35

0.51
0.40
0.30
0.20
0.10

0.513m wide

160.00
106.00
77.40
47.73
18.59

0.59
0.40
0.30
0.20
0.10

0.594m wide

1339.00
552.62
26r.24
115.55
57.27

28.14
t3.57

4.70
2.00
1.00
0.50
0.30

0.20
0.15

4.701.5m by 3m

Rectangle
r22.96
93.82
64.68
35.54
6.4r

0.50
0.40
0.30
0.20
0.10

0.502m by 4m

167.06
r02.96
44.68
15.54

0.62
0.40
0.20
0.10

o.624m by 8m

277.r8
107.30
49.02
19.89

0.98
0.40
0.20
0.10

0.9810m by 20m
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Chnpter 6 Appticalions of results for design purposes

The results indicaæ that usually the allowable bearing capacity decreases with

decrease in the length and breadth of the foundations. However, when the breadth of

foundation is reduced to less than the depth of the foundation (D/B >l), there is an

abrupt increase in the allowable bearing capacity due to increase in depth factor dr'

For example, a square foundation of size 10m by 10m and D/B ratio < I gives

allowablebearingcapacity=0'84MPa'whereasamuchsmallersquarefoundationof

size 1.5m by 1.5m and D/B ratio > I gives allowable bearing capacity = 5'8 MPa'

Similarly, the rectangular and strip foundations with DÆ ratio > 1 also give increased

values of allowable bearing capacities'

6.3 Settlement calculations

The allowable bearing capacities of foundations of different sizes and shapes, as

obtained from the above calculations, can be considered to be safe if the settlement

caused due to these pressures do not cause excessive settlement of the soil layers'

Hence, settlement calculations are carried out for all these foundations, considering

that the foundations t¡ansmit contact pressures equal to the allowable bearing

capacities.

For the calculation of foundation settlement it is necessary to know the deformation

parameter of the soil, such as the Young's modulus or constrained modulus' During

the field testings these values were evaluated from the combined use of the DMT and

the CpT. However, the DMT and CPT evaluated results of constrained modulus are

empirical in narure and their applicability for moderaæly calcareous sand is doubdul.

Therefore, the best option is to use the modified dilatometer modulus, E¡10"*,¡ , âS

discussed in Chapter 4, because it does not depend on complicated correlations and is

a direct evaluation, based on the continuous readings of pressure versus deflection'

The method proposed by tronards and Frost (1988), as discussed in Chapter 2'

makes use of the dilatometer modulus along with the DMT-CPT predicted

preconsolidation pressure, pc', and is therefore considered suitable for the purpose'

The other methods, such as Janbu (1963, 1967, 1985) and Schmertmann (1986a) use

the constrained modulus, M, and have not been used due to uncertainty in the

evaluated M values. The prohles of preconsolidation pressure, p"', presented in

Chapter 5, show great variations due to actual variation in the degree of cementation

of the test site. However, as recommended in Chapær 5, the values of p"' obtained
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Chapter 6 Applications of resulls for design purposes

from weakly cemented layers are suitable for settlement calculations' in order to

design for the worst case.

It has been shown in Chapter 4 that the standard dilatometer modulus' Eo' gives

conservative values of Young's modulus in cemented soils, compared to the modified

dilatometer modulus, Eo,o*,, due to non-linearity of the pressure versus deflection

curve. In loose or uncemented layers both moduli give similar results' Settlement

calculations are therefore done from Eo as well âs E¡4ow¡r in order to find out the

extent of the difference in the predicted results'

6.3.lExampleofsettlementcalcutationfromDMT,CPTdata

An illustration of foundation settlement calculations using læonards and Frost (1988)

with the DMT and CPT data is given below. A square foundation' 4m by 4m in size'

and a loading intensiry of 0.60 Mpa (equal to the allowable bearing capacity) is

considered for the purpose. The details of the foundation and soil data are shown in

Figure 6.1. The settlement calculations involve of the following steps'

. Divide the soil below the foundation into a number of layers depending upon the

depth intervals at which DMTs were performed (in the present case approximately

0.2 m).

. Work out the effective vertical overburden Stress, 6 u , atthe centre of each layer'

Calculate the stress increase, 
^O" 

, at the centre of each layer assuming 2 vertical

: t horizontal stress distribution beneath the foundation (Fang, 1991)' For

example, if a square foundation, 4m by 4m in size, is carrying a load intensity of

0.60 MPa then at a depth of 0.2 m below the foundation the same pressure will be

distributed over an area of (a + 0.2) m by (4 + 0.2)m size. Hence, the net increase

dúe to 0.60 Mpa pressure will be t0.60(4 x4))lÍ(4+0.2)(4+0.2)l = 5.44MPa. ',1

This method of calculating the stress increment is fairly simple and widely

accepted.

a

a Calculated the final stress, o/ ,

Ào" .

at the centre of each layer by adding o" and

Work out the values of preconsolidation pressure' P"', fof each laycr through the

data reduction procedure, as described in Chapter 2 alld 5' For thc prcsent
a
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Chapter 6 Applications of results for design purposes

calculations a profile of p"', evaluated from weakly cemented layers is directly

taken from ChaPter 5-

Deærmine the porrion of the load increment that fatls in the OC range lnrçOC¡)

and the NC range [nrllfC¡] by the following equations'
a

l(t

(

Rz

Rz

oc)

INC)

(6.4 a)

(6.4 b)

(6.s)

t
o -P"

Rz(oc)

a

6I o,

From the values of dilatometer modulus, E¡, work out the values of EZ(OC) and

EZNC) using equations E,(OC) = 3.5 Eo and E,NC) = 0'7 Eo respectively' In

the case of using the modified dilatometer data replace Eo with Eu(oo")'

Work out the values of strain influence factors, I2 for every layer using the

modified influence factor diagram (Schmertmann, 1978)'

Calculate the settlement of individual layers, S,, using the following equation'

S = clgoolzÂo

where,

ln,çoc¡

= surface load excluding excavated earth,

= estimated settlement,

= embedment correction,

= surface load - load of the excavated earth,

= height of the sublayer,

= dilatometer modulus'

Add the settlements caused due to each layer to frnd out the total settlement

below the fooúng.

The calculations in Table 6.2a show that for a loading intensity of 0.60 MPa, there

will be a settlement of 156 mm when using the modified dilatomeær modulus, E*oo*,,,

and 311 mm when using the standard dilatometer modulus, Eo, (Iable 6-2b). As the

9na

S

cl

9-r

^h
ED

a
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Chnpter 6 Appticalions of results Jor design purposes

maximum settlement in sand should not be allowed to exceed mofe than 20 mm

(Skempton and Mc Donald, 1956), the allowable bearing capacities determined from

the strength considerations have to be reduced to meet the constraint of maximum

allowable settlement. For doing so, the contact pressures are reduced gradually and

each time the settlement calculation is repeated until the calculated settlement comes

within 20 mm.

Table 6.2a Settlement calculations for a square footing (4m by 4m) with a

contact pressure of 0.60 MPa, (using modified dilatometer

modulus, En(n".)i after Leonards and Frost,1988 method)'

r56.423.12t3.236ó.150.190.540.620.38116.00223.97t72.9751.0018.905.4

153.300.8114.4672.280.190.56-0.011.01233.0023t.14182.1449.0020.655.2

152.494.1812.0360.130.190.590.720.28101.00240.06t92.0648.00r7.185.0

r48.303.5217.6988.450.200.6r0.860.1475.00248.81202.8t46.0025.274.8

t44.794.t913.3066.500.2t0.640.6ó0.34119.002û.142r5.t445.0019.004.6

140.604.1113.3066.500.170.6ó0.810.1987.00272.33229.3343.0019.004.4

136.4939.791.909.490.200.680.950.0553.00283.8724t.8742.ffi2.714.3

96.6910.616.9434.720.200.710.880.1273.00299.ffi258.0041.009.924.1

86.0812.206.0330.170.190.730.900.r067.00315.78275.7840.008.623.9

73.8820.633.9619.780.220.660.970.0348.00333.44294.M39.005.653.7

53.2528.t02.32tl.620.200.600.960.0452.N356.51318.5r38.003.323.4

24.555.r79.0945.430.170.540.860.1485.00380.05343.0537.0012.983.2

19.396.288.824.roo.2l0.480.940.0657.00402.21366.2t36.00t2.û3.1

13.112.43t7.9189.53o.2t0.420.820.18106.00432.2r398.2134.0025.582.9

10.683.909.1045.500.200.340.880.1284.00467.59434.5933.0013.002.7

6.782.7310.5052.500.r90.280.920.0871,00506.07474.0732.0015.002.5

4.052.12r0.8554.250.190.220.940.0660.00546.795t6.7930.0015.502.3

1.941.945.562'1.790.120.160.970.0348.00594.56565.5629.007.942.1

s
(mm)

si

(nvn)

Ez(NC],
(MPa)

Ez(OC"

(MPa)
Lz
(n)

IzRz (/VC)Rz(OC
P"
(l<Pa'l

6l
(lta'l

Âou

(kPa)
ov
(l<Po)

ED

(MPa)
Deptl
(m)
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Chapter 6 Applicalions of results for design purposes

Table 6.2b sefflement calculations for a squâre footing (4m by 4m) with a

contact pressure of 0.60 MPa, (using standard dilatometer

modulus, Eo; after Leonards and Frost, 1988 method)'

-'+
r[t

".i

r

311.284.549.0945.470.190.540.620.38116.00223.97172.9751.00t2.995.4

306.74t.239.5947.960.r90.56-0.011.01233.00231.14182.t449.00t3.705.2

305.515.599.00M.980.190.590.720.28101.00240.Mt92.M48.0012.855.0

299.926.929.0044.980.200.610.860.1475.00248.81202.8t46.0012.854.8

2%.m8.316.7033.51o.2l0.&0.660.341r9.002û.14215.t445.009.574.6

284.697.717.1035.500.170.660.8r0.1987.00272.33229.3343.0010.144.4

276.9914.505.2126.030.200.680.950.0553.00283.87241.8742.007.M4.3

262.4922.263.3116.550.200.710.880.1273.00299.402s8.0041.004.734.1

240.2338.461.919.570.19o.730.900.1067.00315.78275.7840.002.743.9

20t.7767.06r.226.080.220.6ó0.970.0348.00333.M294.4439.00t.743.7

134.7t54J51.226.090.200.600.960.0452.00356.51318.5138.001.743.4

79.95t3.773.4117.050.r70.540.860.1485.00380.05343.0537.004.873.2

6ó.1812.034.6123.03o.2l0.480.940.0657.00402.21366.2136.006.583.1

54.167.495.8029.O20.2t0.420.820.18106.00432.21398.2134.008.292.9

46.6735.431.005.010.200.340.880.r284.00467.59434.5933.001.432.7

tr.u4.626.2031.010.190.280.920.0871.00506.07474.0732.N8.862.5

6.623.96.3031.510.190.220.940.0660.00546.79516.7930.009.002.3

2.982.983.6118.050.120.160.970.0348.00594.56565.5629.005.162.t

s
(mm)

si
(mn)

Ez@C)
(MPa)

Ez(K)
(MPa)

Lz
(m)

IzRz(NC)Rz(OC"
P"
(wa)

or'
(tlda)

ÂCf,

(kPa)
ov

(kPa)

ED

(MPa)
Deptr:

(nr)
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Chapter 6 Applications of results for design purposes

The magnitudes of settlement calculated for different loading inænsities using the

standard dilatometer modulus, Eo, and modihed dilatometer modulus, E¡1oo^,¡, tre

summarised in Table 6.3.

Table 6.3 comparison of foundation settlement results predicted from the

standard and modified dilatometer moduli

It can be seen from the above results that due to conservatism in the standard

dilatometer modulus, E¡, excessive settlements are predicted for all the loading

intensities, which are reduced by about 50% when Eo(o*) is used in place of Eo'

6.4 Bearing capacity and settlement relation

Further, settlement calculations were undertaken for footings of different sizes and

shapes, with the results being summarised in Table 6.1 alongside the allowable bearing

capacity results. It can be seen from the results of Table 6'l that in all the cases the

allowable bearing capacities (calculated from Vesic bearing capacity equations) cause

excessive settlements and have to be reduced considerably in order to limit the

maximum settlements wirhin the permissible limit of less than 20 mm.

The values of settlement are plotted against respective contact pressures for each of

the square, rectangular and strip foundations in Figures 6.2a, 6'3a and 6'4a,

respectively. The following observations are made from these figures'

. For all three types of foundations the settlement decreases linearly with decreasing

contact pressures-

. For all three types of foundations the settlement decreases with decreasing size of

!

42200.13

824L0.20

3111560.60

3701870.70

Settlement from En

(mm)
Settlement from Ery..-r

(mm)
Contact Pressure

,t

ií

1

foundation.
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Chapter 6 Applications ofresults for design purposes

The best results are obtained with a squafe foundation, 1'5m by 1'5m' where a

contact pressure of 0.23 Mpa causes settlement of only 20 mm (refer to Figure

6.2a and Table 6.1). The second best result is obtained with a rectangular

foundation of size 1.5m by 3.0m, where a contact pressure of 0'18 MPa causes a

settlement of nearly 20 mm. All the other foundations cause comparatively more

settlement for the same values of contact pressures'

Figures 6.2a, 6.3a and 6.4a are further used to find out the exact bearing pressures

which will cause 20, 50 and 100 mm settlements in each type of foundations- These

values of bearing pressures are plotted against the respective foundation sizes in the

form of design charts, as shown in Figures 6.2b,6.3b and 6'4b' These design charts

can be used as ready references for frnding out the allowable bearing pressures for

different types/sizes of foundations and for desired loading magnitudes' From these

design charts it is evident that in order to minimise the settlement' the bearing

pressures acting on the foundation as well as the foundation size have to þ reduced

to optimum values.

In summary, an allowable bearing capacity up to a maximum value of 0'23 MPa is

acceptable for a square foundation of 1.5m by 1.5m size, from the settlement criæria'

This value also agrees with the British standard for preliminary designs (Craig, 1987)

which suggests a bearing capacity less than 0.20 MPa for loose sand and gravel'

However, in the case of larger foundaúons, the contact pressure should not be

allowed to exceed 0.13 MPa in order to limit settlement to less than 20 mm'

6.5 SummarY

The use of modihed dilatometer modulus, Eo,o*,, in place of the standard dilatometer

modulus, Eo, significantly reduces the magnitude of calculated settlement' As the

modified dilatometer modulus is obtained from the data points corresponding to the

elastic portion of the pressure-deflection curve, it is advisable to use Eo,o*, in place of

Eo for the evaluation of the Young's modulus of soil, and subsequently use it for

settlement calculations'

The allowable bearing capacity, calculated from the bearing capacity equations' causes

excessive settlement of soil layers at the Port Adelaide test site. Therefore, the hnal

assessment of the allowable bearing capacity is based on the settlement criteria rather

than the shear failure, as the test site consists of loose and compressible soil layers'
I

+

u
'.1

,;
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Chapter 6 Applications of results for design purposes

The test site consists of sand and silt with varying degrees of cementation and thus

their comprcssibilities vary significantly. Within a close space, layers of very high and

very weak cementation afe present which may cause differential settlement in case of

isolated foundations. It is therefore worth considering a raft foundation as an

alternative to the isolaæd foundations.

During the freld testing, soundings were made up to a maximum depth of 6 metres

below the ground level and a hrm stratum was not found. So, in the case of piles,

undeneamed piles would be benehcial for providing extra end bearing' Alternatively,

deeper soundings can be made with an aim to locate a firm substratum'

r t42



Cløpter 6 Applicøions of results for design purposes

-----YgPr!1Þl-e-,----- a
dry densitY = 1.6 Um 

-

effective angle offriction = 33o2.0 m

moisture content = 15%

Figure 6.1 Details of the isolated square footing considered for the ilh¡stration

of bearing capacity and settlement calculations'

0.9 m

I
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foundations of different sizes.
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foundations of different sizes.
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Chapter 7

SUMMARY

This Chapter contains a summary of the outcomes of the present research work and

recommendations for future work-

7.1 Summary

Both the DMT and CPT in situ testing devices are capable of giving a fair idea of soil

stratigraphy in the calcareous sands and are found helpful in detecting the layers of

high and low cementation. These devices can also be utilised for reasonable estimaæs

of the design parameters of calcareous sand, especially in weakly cemented layers,

where the effect of cementation is less and the behaviour of calcareous sand resembles

that of cohesionless sand.

However, the standard dilatometer suffers from a number of drawbacks. The main

drawback is that the evaluation of soil parameters from standard dilatometer relies on

pressure readings at two key membrane deflection positions, assuming a linear

pressure-deflection relationship between the two points. Therefore it is susceptible

to error if the relationship between pressure and deflection between these two

positions is not linear. Secondly, there is no provision for measuring the dilatometer

blade tip resistance in the standard dilatometer device and it is necessary to conduct

adjacent CPT tests for recording the q" values in order to evaluate I(,' Q , OCR and

po'. Moreover, due to the manual operation of the standard DMT device there is the

added possibility of operator error in data recording. In order to overcome these
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Chapter 7 Surunary

limitations the standard dilatometer was modified to give continuous readings of

membrane pressure and deflecúon. The nature of membrane expansion into the soil

was studied from the pressure versus deflection curves. Such a study made possible

better interpretation of soil parameters, particularly the Young's modulus of

calcareous sediments, using continuous deflection versus pressure curves'

Automation of the DMT was also accomplished to allow swift and automatic data

recording using a microcomputer.

A comparative study of the young's modulus evaluated from the standard dilatometer

modulus, Eo, and modihed dilatometer mOdulus, E¡1o*¡, shOws that the standard

dilatometer modulus, Eo, leads to conservative estimates of Young's modulus in

cemented layers. This is due to the fact that most of the pressure versus deflection

curves are non-linear, except in very loose sand and silt, where it is more or less

linear. Hence for a more realistic evaluation of modulus of elasticity, the modified

DN4T can be used to obtain continuous pressure versus deflection curves for each

layer. young's modulus can then be evaluated from the modihed dilatomeær

modulus, Eo,o*,, based on the initiat linear portion of the pressure-deflection curves.

The values of Young's modulus evaluated from E¡4o*, are found to be up to 507o

greater than those evaluated from Eo, especially in the layers of high cementation'

However, in weakly cemented layers the values of modulus of elasticity evaluated

from the two tests are in close agreement.

The modified dilatometer continuous pressure-deflection curves have the potential to

show the variations in the in situ pore water pressure. Further tests with free draining

sand are necessary for its full confirmation. The nature of these curves (shape and

slope) a¡e also helpful in giving an idea of different types of soil layers, such as, loose

or tough, cemented or uncemented, sand or silt, etc'

A comparative study of qo and q" profiles indicate that the two differ from each other

and the use of qo rather than q" in various correlations could lead to errot, as the

DMT-CPT correlations for Ko1*¡ and Q are developed mainly with q"' A comparison

of qo and q" prohles with corresponding Po and P, prohles indicate that the dilatometer

blade tip resistanco, 9¿, is more sensiúve to the horizontal stresses within the soil

compared to q". Therefore, it can be used as an altemative horizontal stress index in

the form of (q/o",), similar to Ko, and conelaúons can be developed between IÇt""1-

(q/o",) with the help of calibration chamber tests for the evaluation of Ko(o") h

different types of soils.
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The evaluation of other soil parameters, such as Ko, O , OCR and p"', from the DMT -

CPT conelations, make use of only the contact membrane pressure, Po, through the

horizontal stress index, IÇ. Hence, they are not affected by the non-linear

relationship between membrane pressure and deflection and their evaluation from the

standard dilatometer is acceptable. However, the in sinr prohles of K", 0' D,' OCR

and p",, should be taken as rough estimates rather than exact values, as the various

DMT - CpT correlations used for their evaluation were established using silica sands

which are devoid of any cementation.

All the in situ and laboratory test results indicate that the test siæ at Gillman, Port

Adelaide, consists of moderaæly calcareous sand and silt wirh 25Vo carbonate content

and varying degrees of cementation. There is a tough crust between 0.75 and 1'5

metres below ground level, below which there is a I metre deep higtrly compressible

marshy layer consisting of silry sand, followed by sand deposit of medium rigidity and

increased cementation.

The field test results show a great deal of variation which can be attributed to varying

degree of cementation, and the interpreted results are not repeatable' However' the

results from the weakly cemented layers aÍe repeatable and as these values

(summarised in Table 5.3), are in agreement with the laboratory results, their use is

acceptable for design purposes. In general, the test siæ is a normally consolidated

deposit of sand and silt (K":0.45), with average 0l - ¡¡o and averageBx - 20 MPa

below a depth of 3 metres.

The allowable bearing capacity calculated from the bearing capacity equations, causes

excessive settlement of soil layers at Port Adelaide test site as it consists of loose and

compressible soil layers. Therefore, the final assessment of the allowable bearing

pressure should be based on the settlement criæria rather than shear failure. Bearing

capacity and settlement calculations were canied out for different types of

foundations and it was found that the best performance is that of a square foundation,

l.5m by 1.5m, where a contact pressure of 0.23 MPa causes settlement of only 20

mm. The second best performance is that of a rectangular foundation of size 1.5m by

3.0m, where a contact pressure of 0.18 MPa causes a settlement of nearly 20 mm' All

the other foundations cause comparatively more settlement for the same loading

magnitudes. Design chars were evaluated from the bearing capacity and settlement

calculations of different types of foundations and are shown in Figures 6'2b, 6'3b and

6.4b of Chapter 6. These chars can be used as ready references for estimating the
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allowable bearing pressures for foundations of different types, sizes and loading

magnitudes so that the resulting settlements remain within tolerable limits.

7.2 Recommended future research

The present research work mainly concentrated on calcareous sands. However, the

modihed dilatometer will be of immense importance for automaúc data recording in

all types of soils. It will be interesting to conduct modified dilatometer tests in

various types of soils, such as, different types of clays, sands and silts and compare the

nature of their pressure - deflection curves. This will be helpful in the identilication of

soil stratigraphy and help in the evaluation of Young's modulus based on pressure -

deflection curves. The difference in the Young's modulus evaluated from the

modified dilatometer modulus, Eo(o*) and standard dilatometer modulus, Ep, and their

laboratory verification will be helpful in proving the superiority of Eo(o*) over Eo for

different types of soils.

Recent developments in the field of in sitr¡ testing indicate that piezometers are of

great help in an accurate study of soil stratigraphy when installed inside penetrometer

devices. It is therefore recommended to explore the possibility of incorporating a

piezometer inside the dilatometer blade and also the cone penetrometer to enable the

measurement of the in situ pore pressure during the tests-

At present it is necessary to use the CPT adjacent to DMT in order to evaluate Q, as

the correlation is developed between q,/6, - K, - 0 . It is recommended that the

measurement of qo, in the case of dilatometer tests be made a regular feature and

further calibration chamber tests be conducted with an aim to develop

qol6" - Ko - Q correlation. By doing so, it would not be necessary to conduct CPT

tests adjacent to DMT, and the DMT can be used independently.

7.3 Conclusions

In summary, the DMT and CPT in situ testing devices can be used for the evaluation

of design parameters of moderately calcareous sand, utilising the existing correlations

and local experience. High variations in the degree of cementation is a characteristic

property of calcareous sands, which leads to a great deal of scatter in the prohles of

the various evaluated soil parameters. However, the in situ parameters of weaHy

cemented layers are found to be in agreement with the laboratory evaluated results

and their use in design practice should be towards the safer side.
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The automation of the DMT is helpful in recording the test data swiftly and accurately

during the field tests. The modifications of the inærnal membrane assembly enable.s a

continuous data recording which indicates a non-linear relationship between

membrane pressure and deflection and is helpful in a realistic evaluation of Young's

modulus of soil.

The membrane depressurisation data recorded from the modihed dilatometer can be

used for the evaluation of in situ pore water pressure and the dilatometer tip

resistance, !L, can be correlated with K" due to its sensitivity to the horizontal stress

changes with the soil. However, further research is necessary to better estimate the

pore pressures during the insertion of the blade and membrane expansion'
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