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(ABSTRACT)

The Cone Penetration Test (CPT) was developed originally in Holland in the l930’s as a de-

vice which provides a small scale model of a pile foundation. Early versions were simple cone

points for which the only measurement was the thrust required to push the point through the

ground. Over the past 20 years, the cone was standardized to a tip area of 10 cmz, and an electrical

version was produced, which allows for continuous measurement of the cone tip resistance and

sleeve friction along with a computer based data acquisition system. The electical cone represents

a significant step forward for the CPT, since it provides a contiuous profile of information that can

. be used to identify soil type and define important engineering parameters. More recently, the CPT

has shown considerable potential for calculation of settlements of footings on sand, determination

of pile capacity, assessment of ground pressures, and evaluation of liquefaction potential for

cohesionless soils.

Along with the widening application of the CPT, new varieties of cone penetrometers have

appeared, with different sizes than the standard. Smaller cones are used for instances where rela-

tively small depths of soil need to be penetrated, and larger cones have been developed for pene-

trating dense and gravelly soils. With the introduction of the new cones, there has been a tendency

to assume that the methods for reducing CPT data for the standard sized cone can be extrapolated

to the other sizes of cones. That is, it is assumed that there are no scale effects in cones of different

sizes. While this may be true, to date, little direct evidence has been produced to support this view,

and the issue is an important one from two points of view:



1. The present data analysis technology is based on that primarily from testing with a standard

cone. lt is important to know if any changes are needed in this approach, or if the existing

methods can be used with confidence for any size cone.

2. If it can be shown that no scale factor exists, then this will allow the use of new, smaller_cones

in experimentation in modem calibration chambers with the knowledge that the test results

are applicable for the cones that a.re more widcly used in practice. The smaller cone offer se·

veral advantages in this type of work in that they facilitate the research considcrably by re-

ducing the effort involved in sample preparation, and they are less likely to produce results

influenced by boundary conditions in the chamber.

One of the major objectives of this research is to develop an insight into the issue of the scale

factor caused by the use of different sizes of cones. This is accomplished through an experimental

program conducted in a new large scale calibration chamber recently constructed at Virginia Tech.

Many of the latest developments in cone penetration testing have been forthcoming from

testing done in calibration chambers where a soil mass can be placed to a controlled density under

known stress conditions. To conduct the experimentation of this work, it was necessary to design,

fabricate, and bring to an operational stage a calibration chamber. The Virginia Tech chamber is

one of the largest in the world. A significant portion of the effort involved in this thesis research

was devoted to this task. In particular, attention was devoted to the development of a system for

placement of a homogcneous soil mass in the chamber, and the implementation of a microcom-

puter based data acquisition unit to record and process the test results.

The scale effects investigation was performed using three different sizes of cone penetrometers

in a test program conducted in the calibration chamber. Of the three cones, one is smaller than the

standard with a tip area of 4.23 cmz, one was a standard cone with a tip area of 10 cmz, and one

was larger than the standard cone with a tip area of 15 cmz. A total of 47 tests were carried in the

chamber using two different levels of confining stress and two different sand densities. The test

results show that while a scale factor might exist, the degree of its influence on interpreted soil pa·

rameters for a practical problem does not appear significant.
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Chapter I

Introduction

The cone penetration test (CPT) was developed originally in the Netherlands as a device which

provided a small-scale model of a pile foundation (Sanglerat, 1972). lt was intended primarily for

use in clays. The early versions were simple cone points for which the only measurement was the

thrust required to push the point through the ground. The past 20 years has seen a rapid devel-

opment of the technology of the CPT (De Ruiter, 1971 and 1981). The introduction of the elec-

trical cone which allows for continuous measurement of the cone tip and friction sleeve resistance

represented a significant step forward. A section through a modem electrical cone is shown in

Figure 1. The basic elements consist of a tip, and a friction sleeve. The tip measures the resistance

to cone penetration, and the friction sleeve measures the adhesion between the cone and the soil.

Separate sets of strain gages are used to monitor the tip and friction sleeve parameters. With this

system, a continuous record is obtained of the tip and sleeve resistance with depth. Linking the

apparatus to an automatic data logger or data acquisition unit allows for performance of the test

efliciently, and for economic transfer of the data to report form.

A modern cone also is often equipped with other devices which allow the capabilities of this

apparatus to be expanded. For example, an inclinometer can be incorporated into the body of the
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cone so that the inclination of the cone from the vertical can be deterrnined. Other additions allow

for the measurement of the pore pressure, acoustic emissions, seismic velocity in the adjacent soil,

and soil temperature. Combining these types of capabilities gives the CPT an edge over other types

of geotechnical testing tools.

The CPT is applied today to most varieties of soil types, not just the clays for which it was

originally developed. In fact, one of its most useful features is in the identification of soil types

through the continuous profile obtained in the test. Other applications for the CPT are:

1. Estimation of soil compressiblity and in situ density of cohesionless soils.

2. Assessment of the undrained shear strength, stress history and consolidation parameters of

cohesive soils. _

3. Evaluation of liquefaction potential for cohesionless soils.

4. Calculation of settlements of footings on cohesionless soils.

5. Determination of pile foundation capacities in all types of soils.

6. Assessment of ground water pressures.

One of the interesting trends in development of the CPT is the appearance of cones of sizes

that are different than the accepted standard. The standard cone is defined in ASTM Standard

D344l as having a cone apex angle of 60°, a projected tip area of 10 cmz, and a friction sleeve with

an area of 150 cmz. Nonstandard cones of both larger and smaller size have been proposed for use

in practice. The smaller cones are usually designed for application where the penetration required

is shallow. Problems in this category include pavements, footings for lightly loaded buildings, and

liquefaction evaluations. Larger cones were initially proposed to allow use of heavier sections which

could penetrate soils and weak rocks which could not be tested by the standard cone. More re-

cently, larger cones have found application in a new approach to testing where an expansion
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pressuremeter is adapted to a cone penetrometer. In this case, a small pressuremeter is located in

a unit which trails behind the cone penetrometer. After the cone is used to obtain its normal data,

the penetration is halted, and the trailing pressuremeter unit is expanded. This allows for infor-
V

mation to be obtained on the soil that supplements that from the CPT. _ _

The use of the cones with different sizes poses the question of the possibility of scale effects.

This is particularly important in that much of the basic interpretation technology that exists for the

cone penetrometer is empirical, and it is largely obtained from testing with the standard cone. If

there is a scale effect, then there is a need to either recreate the interpretation data base for the

nonstandard cones, or to establish a means to modify the standard interpretation data base for the

nonstandard cones. As an altemative, it is also possible that there is no scale effect, and establishing

a sound basis for this is important, since the practicing engineer could then have confidence in using

_the conventional data analysis base.

There is also a major side benefit in the area of research from a fmding that there is no scale

factor. Many of the recent advances in cone penetration testing have been obtained through ex-

peximentation in large calibration chambers. These devices house a soil mass of significant di-

mensions which is placed to a predefrned density, and subjected to known stress conditions. One

penetration into the soil mass with a standard or larger cone in even the largest of the chambers

has been shown to cause enough disturbance to force the investigator to rebuild the soil sample.

Because of the sheer size of the soil sample, this is a major task, often requiring a week or more.

If a small cone can be used, it is possible that for some soil conditions, multiple tests can be con-

ducted in one soil sample, greatly improving productivity in cone research.

A second important reason for wanting to use small cones ir1 research in calibration chambers
I

is the possible influence of the lateral boundary of the sample on the results of the cone tests.

Recent work has shown that in spite of the fact that the new calibration chambers have large di-

ameters (often greater than one meter), the results of the test with the standard or large cone are

affected by the proximity of the sample lateral boundary. In essence, during the cone penetration

process, the sand is pushed aside to such a degree that the soil even at the extremity of the sample

is affected. This means that the type ofboundary condition applied to the sample is important, and
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since there is no way to exactly model the infinite soil medium of the real world in the chambers,

the results of the tests are subject to question. Some work on the effects of the boundary conditions

in the chambers has shown that the tip resistances from tests in dense sands in the large chambers

can be affected by as much as a factor of 50% by the boundary effect. The same data suggests that

most chambers will not have lateral boundary influences on the results if a cone about half the

normal size is used. Thus, if one could depend on the fact that results from a small cone can du-

plicate those for standard and large cones, i.e., no scale effect exists, then chamber testing can be

done using the small cone, and the results can be relied upon not to contain errors due to lateral

boundary effects.

The question of scale effects in penetration of soils is not new. It was raised in regard to the

use of the cone tip resistance values in the design of prototype sized piles. Information in the lit-

erature shows that there are different opinions on the subject:

l. Van der Veen and Broesma (1957) suggested that there is no scale effect based on comparative

testing of cone penetrometer and piles in the same field.

2. De Beer (1963) found that there was a scale effect, but that it only was significant for depths

of penetration less than 30 times the diameter of the cone.

3. Sanglerat (1972) performed in situ tests with different size cones and reported no scale effect.

4. Schmertmann (1978), based on calibration chamber test results of several cone sizes (5 to 40

cmz) and also field data, suggested that there should be no scale effect for this range of cone

sizes as long as the soil particles are small relative to all the cone diameters.

5. Muromachi (1981) tested different size cones (up to 20 cm; projected tip area) in clays and

reported slight decrease in point resistance for larger cones.
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6. Last (1984), in calibration chamber tests showed that there was a scale effect between a cone

smaller than the standard cone and the standard cone, but that the effect varies with soil density

and stress level.

7. Sweeney (1987) published evidence for scale effects between a small cone and a standard cone

for dense sands in field tests.

Part of the reason for the different opinions about the scale effect lies in the lack of existence

until recently of the kind of facilities where controlled tests could be perforrned to sort out the key

variables which affect the problem. In many cases, evidence to support a particular viewpoint was

based on comparison of cone penetration resistances, and pile tip capacities detemuned from pile

load tests. Such comparisons are difficult to make accurately, since it is not often obvious what the

exact pile tip capacity is from a pile load test. There have been few direct comparisons of the tip

or sleeve resistances from different sized cones, per se. It is one of the major objectives of this in-

vestigation to assess this issue through tests in the new large scale Virginia Tech Calibration
1

Chamber. ·

The research effort required considerable development work before the actual calibration

chamber tests could be performed. During the course of preparation for the investigation, the cal-

ibration chamber was designed and built. Design of the basic chamber was the subject of a related

research program by a fellow student (Sweeney, 1987). This investigator was involved in other

complementary aspects of this major project, includingi

1. A study of the methods required to prepare a uniform specirnen in the calibration chamber.

2. Design of the full-scale equipment to allow sample preparation for the calibration chamber (the

soil placed in the chamber weighs about 4540 kg, or 10,000 lbs).

3. Development of the automated data aquisition system for the calibration chamber, monitoring

system.
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4. Implementation of the calibration chamber system with the attendant modifications that were

required (following delivery of the basic chamber equipment, approximately 9 months were

needed for assembly and preliminary evaluations before the first satisfactory test was per-

formed). ·
n

·

In regard to the study of the soil placement issue, two types of small scale test programs were

designed and carried out. These studies allowed for a deterrnination of the proper methods for

placing the soil in the chamber so that selected densities could be obtained with homogeneous

properties. Subsequent full scale tests were also perforrned in the calibration chamber.

In the scale effects investigation, tests were perforrned in the chamber using three different sized

cones, with tip areas of 4.2, 10 (the standard), and 15 sq cm. The tests were conducted in sands ·

prepared to a loose a.nd densc configuration, and at two different levels of stress simulating condi-

tions which might exist at 4 and 8 m (12 and 24 ft) depths lll the ground. A total of 47 tests were

performed in the chamber. The results are believed to provide a new understanding of the scale

elfects issue.

The thesis is divided into seven chapters, of which the first is the introduction. Chapter Two

presents a review of cone penetrometer technology, and the information in the literature available

on scale effects. The subject of procedures for forming large specirnens of sand for calibration

chamber testing are given in Chapter Three, a.nd from this, the method known as pluviation is se-

lected for this investigation. Results of the two experimental programs designed to study pluviation
i

are also given in Chapter Three. Chapter Four gives a discription of the calibration chamber ex-

perimental arrangement. This includes the chamber itself, the sand raining device, the loading

frame, the data acquisition system and the axuiliary equipment. The basic test procedure is also

given with a brief discussion of each step of the operation. In Chapter Five the test results of the

sand raining device (prototype) are presented. These results are compared with the model test re-

sults. In Chapter Six the calibration test results with three different cones are given. This section

includes an analysis of the data for the purpose of establishing a relationship between the cone size,

the cone resistance, the sample state of stress and the specimen relative density. Also, a relationship
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between the cone resistance and the sample relative density is established through vertical effective

stress for the test sand. The calibration chamber test results are then compared to the predicted

values by the existing models as well as the calibration chamber testing by other investigators.

Finally, in Chapter Seven the summary and conclusions of this study are given. _
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Chapter II

I Literature Review .

2.1 Introduction

The cone penetration test (CPT) was introduced in Holland in the early l930’s and since then

it has been used extensively in Europe to ir1vestigate the properties of soil deposits in situ. Although

the standard penetration test (SPT) has been more widely used in the United States, the cone

penetration test is gaining popularity rapidly based on the following advantages:

• It is quick, easy and economical
•

It provides a continuous profile of soil resistance
•

It allows for a more rigorous analytical interpretation

•
It can be integrated with an automated data acquisition system

• It is paxticularly good investigative tool for sands where undisturbed sampling is difiicult.
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A contributing factor to the irrcreasing interest in the CPT is the important role that electronics

have played in the performance of the test during the last decade. This has enhanced the accuracy

of the results (De Ruiter, 1982). _

2.2 Com: Pemztrometer Descrqrtion

The basic idea of the cone penetration test is to advance a cylindrical rod with a conical tip

vertically into the soil and measure the forces required to produce such advances. The current ac-

cepted standard for the cone penetrometer is a cylindrical probe with a cross sectional area of 10

cmz and a conical tip with an apex angle of 60° (ISSMFE 1977, ASTM 1979). Since the invention

of the friction sleeve by Begemann in 1965, it became a standard part of the cone penetrometer.

Typically, the friction sleeve is located above the conical tip with a surface area of 150 cm:.

Basically, there are two forces to be measured during the CPT, the soil resistance to advance

the cone tip, called the cone resistance (q,) and the friction between the soil and the cone along the

side of the sleeve, called the sleeve friction (ß). A typical plot of q, and jj versus depth is shown in

Figure 2. These forces are used to determine soil properties and strength. The measurement of the

side friction has improved the value of the information obtained from the CPT since the ratio of

f; and q, , called the friction ratio (FR), enables the identification of the soil type (Begemann, 1965,

Schmertmann, 1975).

Literature Review 10
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2.3 Types Of Cone Peuetrometers

Since the l930’s a number of cone penetrometers have been developed that differ in shape,
_

size, and mode of operation (Sanglerat, 1972). According to the method of operation, cone

penetrometers can be classilied into two basic types: mechanical and electrical. ASTM standard

D344l includes two standards, one for mechanical, and another for electrical cone penetrometers.

2.3.1 Mechanical Cone Penetrometers

The most widely used mechanical cone, designed by Begemann in 1965, has a sleeve located

behind the tip that can move independently of the cone tip using a telescoping mechanism. The

mode of operation for this cone is shown in Figure 3. Once the cone is advanced to the desired

depth, the inner rods are pushed down to advance the tip at a rate of 2 cm/sec. The maximum force

required to advance the rods is read using a load cell gage and recorded as the cone tip resistance.

Further advancement of the inner rod engages the friction sleeve and both the tip and the sleeve

are advanced. The combined value of the cone tip resistance and the friction sleeve is recorded.

The sleeve friction is obtained by subtracting the cone resistance from the combined value. This

assumes that the cone tip resistance does not change in the process. Finally, the outer rods are

pushed down to the next depth interval, usuaHy 20 cm, and the process is repeated. This process

allows values of q, and jj to be obtained at 20 cm depth intervals.

Mechanical cones have the advantages of low cost and simplicity of operation, while they

suffer the following disadvantages:

• A potential lack of results consistency, since the two measurements, q, and f}, are not taken

at the same level. The difference in levels of 20 cm can be a cause of errors in data interpre-

tations specially in thin layered deposits.
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• Quality of data is dependent on the operator’s experience.

•
The friction developed between the inner rods and the outer rods will add to the values meas-

ured. ‘

•
The data recording process is done manually.

2.3.2 Electrical Cone Penetrometers

Electrical cones, Figure. 4, have the same basic dimensions as mechanical cones. They are

pushed into the ground continuously with a hydraulic system at a constant rate of 2 cm/sec without

interruption except to add another push rod to the string. The hydraulic systems are often mounted

on heavy trucks to provide the required reaction load. There are two load cells in the cone itself

that measure separately the cone tip resistance, q„, and the sleeve friction, f; . Strain gages are most

commonly used for load cells for their simplicity, ruggedness and stability (De Ruiter, 1971, Schaap

and Zuidberg, 1982). An electric cable through the push rods connects the cone penetrometer with

the recording equipment at the ground surface. In recent years recording systems have been de-

veloped to include analog to digital (A/D) converters so that the analog signals coming from the

cone can be directly converted to digital form for data logging (Robertson and Carnpanella, 1984).

Data can be stored on magnetic tapes or diskettes and transfered to an office computer for analysis

and plotting.

The electrical cones offer several advantages over the mechanical cones:

1. They give results that are accurate and repeatable in a range of soils.

2. They allow a high degree of strata resolution due to the continuous read out.
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' 3. The determination of the friction ratio is accurate since the cone tip resistance and the sleeve
i

friction are measured separately.

4. They are very useful for offshore applications (De Ruiter, 1975, Lunne and Kleven, 1981).

5. A variety of sensors can be incorporated in the electric cone to carry out a spesiiic task such

as:

.•
Pore pressure transducers and a porous element to measure excess pore pressure gener-

ation and dissipation on the interface of the soil and the cone during penetration —

(Senneset, 1974, Schrnertmann, 1974, Campanella and Robertson, 1982). Due to the

importance of this cone, the piezocone, it is discussed in more detail in the next section.

• lnclinometers to check the verticality of the rods during penetration (Van de Graaf and

Jekel, 1982).

• Ternperature sensors to provide some insight in the heat conductivity of the soil (Marr,

1981, Campanella and Robertson, 1981).

• Microphones to monitor the acoustic response of soil during penetration since noise level,

spectrum ar1d frequency are a function of soil type and density (Tringale and Mitchell,

1982, Muromachi, 1981).

• Seisometers to perform downhole or crosshole tests for the evaluation of shear wave ve-

locity and thus the dynamic shear modulus (G„„,,) (Campanella and Robertson, 1984,

Campanella et al., 1986).

• A radio-active source with a detector can be located near the tip to measure the gamma

radiation back scatter which is a function of the soil bulk density (Ledoux et al., 1982,

Nieuwenhus and Smits, 1982).
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2.3.3 Piezocone Penetrometers (CPTU)

The most commonly used piezocone penetrometer has a 60° apex angle and a cross-sectional

area of 10 cmz, Figure 5(Torstensson, 1975, Wissa et al., 1975). The filter, or the porous stone,

measuring the pore water pressure (11,,,,,,) is in general in one of three locations: at the tip of the cone,

at the middle of the cone face or immediately behind the cone (Aas et al., 1986). Intemational

standardization has not yet been achieved. To perform a test, the peizocone is pushed into the soil

at a constant penetration rate of 2 cm/sec. This standard rate assures (Jamiolkowski et al., 1985):

• Practically undrained penetration conditions in homogeneous cohesive deposits.

• Almost drained penetration conditions in relatively clean sands.

The measurement of the pore pressure in addition to the cone tip resistance and the friction

sleeve has significantly enhanced the use and interpretation of the CPT data (Wissa et al., 1975,

Torstensson, 1975). Based on the measurements of the pore water pressure Semieset et al. (1982)

proposed the following ratio as a soil property index :

UITIHX

_

u0
B 1 ———-i-———

q qT
_

ovo

where

B, = CPTU pore pressure coefficient

um, = penetration pore pressure

u, = hydrostatic pore pressure

0*,, = total overburden pressure

qr = total cone resistance corrected for unequal end area effect

This coefficient is found to reflect not only the type of soil but also its stress histony and its stiffness

to strength ratio. When the steady penetration in cohesive soils is stopped, the dissipation of the

excess pore pressure with time yields an approximate value of the coefficient of consolidation
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(Battagüo et al., 1981). The piezocone data are also used in the assessment of the ground water

conditions and the evaluation of the liquefaction susceptibility of sand deposits (Norton, 1983, Kok,

1983, Robertson and Campanella, 1984).
i

2.4 Interpretation of CPT Data

The cone penetration test induces complex changes in stresses and strains around the cone tip.

No one has yet developed a comprehensive theoretical solution to this problem (Robertson and

Campanella, 1983). Therefore, the interpretation of the cone penetration data is achieved through

combination of theory and empirical correlations.

2.5 Soil Classüication and Stratigraplzic Logging

The CPT is well suited for use in site investigation and profiling (Baligh et al., 1980), even

though there is no sample recovered for visual inspection. The CPT logging method often indicates

critical areas that need more specialized testing or sampling. A useful chart for soil classification

was proposed by Douglas and Olsen (1981) as shown ir1 Figure 6. lt correlates CPT data, cone

resistance (q,) and friction ratio (FR), with other soil type classes as defined by the Unified Soil

Classification System. A simple altemative to the Douglas and Olsen (1981) chart was developed

by Robertson and Carnpanella (1983) (Figure 7).

The two charts use the friction ratio, FR = (il;) >< 100% , as one of the keys for soil iden-

tification. However, this ratio can be misleading in certain cases. For example, in the case of

overconsolidated sands, the in situ initial effective lateral stress, o',„,, is higher than the normally
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consolidated sands. This factor, which reflects the stress history of the penetrated sand, is known

to influce _/Q more than q, (Schmertmann, 1978, Baldi et al., 1983), resulting in a higher value of

FR . Problem of this nature arises in sensitive clays also, where large reduction of o’,,, is caused

by the cone penetration. This will lead to-a measured value off; close to zero and a value of FR

that is questionable (Jamiolkowski et al., 1985). .

The piezocone, when properly designed, calibrated, and thoroughly de-aired, represents the

most sensitive tool presently available for soil profiling and identification. The CPTU enables de-

tection of thin lenses that are few centimeters thick, as opposed to 20 centimeters for the CPT.

Using the pore pressure ratio, B,, and total cone resistance, qr , Senneset et al. (1982) and Senneset

a.nd lanbu (1984) proposed a tentative soil classification chart shown in Figure 8. This chart is
l

based on pore pressure measured immediately behind the cone tip.

From their experience, Robertson et al. (1986), found that it is not always possible to clearly

identify a soil type based entirely on B, and qr. Sometimes changes in soil type are better reflected

in changes in FR . Therefore, they recommended the use of the three variables, qr , B, ar1d FR to

define the soil type. The suggested system is shown in Figure 9.

2.6 Relative Density of Sands

The cone tip resistance, q,, provides an indicator of the relative density of sands

(Schmertmann, 1978). Recent work in large calibration chambers by Veismanis (1974),

Schmertma.nn (1978), Parkin et al. (1980), Chapman and Donald (1981), Baldi et al. (1981) and

Villet and Mitchell (1981) has generated a number of correlations between cone resistance (4,), soil

relative density (D,) and in situ effective stress for different sands. The initial vertical effective stress,

o',,, was used in these correlations for normally consolidated sands, while the in situ initial hori-

zontal effective stress, o’,,,, was used for overconsolidated as well as normally consolidated sands.

ln forementioned correlations, the curves are all similar in shape and show the same trends, i.e. at

Literature Review 20



l¤Ü° „„ ‘ 8
—

soo iq
P &#Q;g

400Ce

200 Mm ~r ~·é;

III
100 ••o••o¤••ss•vs "<’s

§
A an counsscuumso „

U; 60
U 4U „°„„„ ‘
Z GOAIS¢!fNvä
3 sms cnauus

20 1%*
\

sms cumso_ c"’U:

10 ssusmvs umso '
'“

Lu B TH.}Z 6 nurl‘
usmvs
cuß

•0.lßb¤
-

1 2 3 4 5 6
FRICTION RATlO,FR,°/• ·

1 bar = 100 kPa z 1 kg/cm?

Figure 6. Soil Classiücation Chart For Electrical Cones (aller Douglas and Olsen, l98l)

Literature Review 21



IOOO

'Io
.¤

cr

tb
Z
0:
<I
Lu
ID IO

—

Z
O
U .

I I
O I 2 3 4 5 6 7 8

FRICTI ON RATIO (°/¤I

Zone Oc/N Soil Behevtuur Type

1) 2 eenetttve Fine gruined
2) 1 orgontc •n¤r.er1¤1 ”
3) 1 clcy
4) l.5 •tlr.y cley ee clcy
5) 2 cleyey etltz to etlty cley
6) 2.5 •¤ndy etlr. co clcyey etlt
7) 3 etlty •¤nd te •¤ndy eilt
8) 4 eend to etlty •¤nd
9) 5 ecnd .

10) 6 grevelly •¤r·¤d to •¤nd
11) 1 very ettff Fine gretned (•)
12) 2 eend to clcyey eend (•)

(•) overccneoltdeted or cemented

Figure 7. Simplified Soil Classification Chart for Electrical Cones (after Robertson and Campanella,
ws:)

Literature Review Z2



qt¢MN/I'T121 — 1er qt
14 “<>

Umax

12

" Egägggig um Uä??§E§€'
osuss °¤=——la“_°8 SAND

°*
”
°"°

64
Ewsbuumi il s‘n1=r= c1.Av
;QSAND??;:i $11.1*

suu2···· · -1-- 1 Msouum CL%Y.____,}__' son 1.Av
0 ·—...£., vznv son
0 02 0.4 0.6 0.8 1.0 12 Bq

Figure 8. Tentative Soil Classification Chart Based on CPTU Pore Pressure Coeilicient and Total
Cone Resistance (Senneset and Janbu, 1984)

Literature Review 23



1000 _
IZ

I I
T 6
3
—·..1o0 °
J
E
Z
4

E IO ÄW
‘

6 s
2
O

° 1

. ' .0 1 2 6 6 6 6 7 6FRICTION amo 1•7.11000 _
IG

qe q
.•

A..l•ru.,"

· \/;.. 100 a
’„_______

J
‘ °}°"••

E
Z
4
In

U
2

U
I° A

~c.2 0 0.2 0.4 0.6 0.6 1.0 1.2 1.4
sons massen; awo, 6,

Zone Dc/N Seti Behevteur Type

1) 2 eeneiuve Fine gr-uxned
2) 1 er-gerne neterxel
3) 1 cley
4) 1.5 etlty cley te e1¤y
5) 2 eleyey exit te etlcy cley
8) 2.5 eendy eti: te eleyey eilt
7) 3 etlty eend te •¤·1dy eiltB) 4 eend ee •11r.y eend
9) S und

10) 0 g1·¤ve1Iy eau! ze eend
11) 1 very ettff Pine gretned (•)
12) 2 eend ze cleyey een-1d ¢•)

¢•)
everceneeltdeted er ceeented

Figure 9. Proposed Soil Classification System from CPTU Data (after Robertson et al., l986)

Literature Review 24



the same depth, the cone resistance increases as the relative density increases. However, most of

these correlations show considerable differences depending on the type ofthe sand tested. This is

attributed to the effect of other factors on q, such as:

l. Soil compressibility. The effect of this parameter on the value of the q, is demonstrated in

Figure 10 (Robertson and Campanella, 1984). At the same relative density, sands with lower

compressibility show higher cone resistance.

2. Stress history. The experimental evidence obtained from testing cone penetrometers in a large

calibration chamber (Figure 11), shows that tip resistance in sand is almost independent of

, strain history when a specimen is subjected to rcpeated loading along k, line, yet the sample

stiffness increases appreciably (Bellotti et al., 1985). '

3. Moisture level. Peizocone testing of saturated samples in a large calibration chamber shows

that cone penetration occurs under virtually drained conditions. Cone tip resistances measured

in saturated specimens are slightly lower than q, measured in dry samples, see Figure 12

(Lhuer, 1976, Bellotti et al., 1985). The effect of the last two factors on cone resistace appears

to be much less than the effect of the first factor.

4. Cementation has a pronounced effect on cone penetration resistance of sands (Rad and

Tumay, 1986). lncreasing the cement content increases the tip resistance and the sleeve fric-

tion, Figure 13, even though the density is not changed.

In conclusion, a universal relationship between relative density, cone resistance and effective

stress for all sands is not attainable. However, for any particular sand a unique relationship can

be established. A summary of the available correlations of effective stress, relative density, and cone

resistance with the corresponding charts are given in Table 1.
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Table I. Available Correlations between Vertical Stress, Relative Density and Cone Resistance

Correlation Reference Figure Comments

q, vs. G', Veismanis Figure 14 q, is a linear function
as f(D,) (1974) of G', up to grain crushing

q, vs. G', Schmetmarm Figure 15
as f(D,) (1978)

q, vs. G', Villet and Figure 16
as f(D,) Mitchell (1981)

q, vs.
G’„

Baldi et al. Figure 17 * use G'„ for NC soils
or (1982) * use G',,, for OC soils

q, vs. G',„ * the plot is never linear
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2. 7 Sand Strength y

The deduction of soil strength from the results of a cone penetration test is usually based on

the idea that the cone penetrometer is a small deep foundation. The ultimate soil resistance at the

cone tip , qc, is known, a failure mechanism is assumed and accordingly an estirnate of soil strength

mobilized along the assumed failure surface is computed. Methods for evaluting the soil strength

using the measured cone penetration resistance use theoretical failure mechanisms and empixical

correlations based on field or laboratory data obtained under controlled conditions in large cali-

bration chambers. The theoretical approaches can be divided into two categories: bearing capacity

theories and cavity expansion theories.

2.7.1 Bearing capacity theories

Several investigators have proposed the use of the bearing capacity theory for the analysis of

cone penetration results, e.g. Meyerhof (1951, 1961, 1974), Vesic (1963), Janbu and Senneset

(1974), Durgunoglu and Mitchell (1973, 1975), and Senneset et al. (1983). These theories com-

monly use the assumption that a logarithmic spiral describes at least some portion of the failure

surface the as ir1 (Figure 18), and that the soil behavior is similar to that of a rigid-perfectly plastic

material. Since the cone penetration is an axisymmetric problem, plane strain solutions developed

for strips and wedges are modified by empirical shape factors.

Based on laboratory test results and the assumed failure mechanism shown in Figure 18

Durgunoglu and Mitchell (1973) suggested the following general expression for cone resistance in

sand:

qc = Nvqävqßl

where _ _
Literature Review 35



A I I 1
' I1IQ , 1 1

'•* w 14"•*“
· 0•I•u I•••1••••••v ulI ' ' {

g{“·_·§°Q
•’&Zi„..• ...2

""““
Iungu

0
/F { I
a' I

I
ß

:v•••I••I·

"{ W ·
IF • 1

‘

4 .4

‘
}\

¢
&••••• I•••• I••• _1 4

l‘„,
# I$FI"lä"' "‘

m
*‘:·•°;·*“••~4

¤••=••·•••¤• •••4 nuennu
$l•·•::IäY•s•h,

lll

Figure 18. Assumed Failure Surfaces For Bearing Capacity Theories

Literature Review 36



Nv, = bearing capacity factor based on soil friction angle (tp), friction angle between soil

and cone (é), lateral earth pressure coeflicient (k,) and the relative depth of cone (—·%)

iv, = shape factor for circular footings

B = cone diameter · ·

Y = unit weight of soil

Durgunoglu and Mitchell provided the correlation in Figure 19 for the prediction of friction

angle of cohesionless soils from the CPT data. Work by Villet and Mitchell (1981) and Baldi et

al. (1981) demonstrated that Durgunoglu and Mitchell correlation gave reasonable agreement be-

tween the predicted and the measured friction angle at failure stress level approximately equal the

average stress around the cone tip. However, this theory neglects both the curvature in the strength

envelope of sands, which accounts for the effect of the confining stress on friction angle, and the

compressibility of the soil. Accordingly, the proposed correlation tends to' underestimate the fric-

tion angle of sands by a small amount. Although this theory has a B term (cone diameter) in the

proposed correlation, the q, value predicted is independent of the cone size once the ratio ig- is

larger than 20. This due to the fact that both Nv, and iv, are function of and not B.

On the other hand, the theory proposed by Janbu and Senneset (1974) tends to slightly over-

estirnate the friction angle of sands, see Figure 20. This theory assumes a local shear failure pattern

nearly identical to that proposed by Durgunoglu and Mitchell ( as in Figure 18) except that the

angle ß = + l5°. The angle ß is about -15 for Durgunoglu a.nd Mitchell theory. Robertson and

Campanella (1983) proposed an empirical relationship shown in Figure 21. This correlation was

developed by taking the average of the values of the friction angles predicted by the forementioned

two theories.

Since the theory of Durgunoglu a.nd Mitchell accounts theoretically for the cone penetrometer

apex angle, diameter, and the roughness, it is used later in Chapter Six to evaluate the measured tip

resistance of the different size cone penetrometers tested in the calibration chamber.
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2.7.2 Cavity expansion theories

Vesic (l972,l975,1977), Al-Awkati (1975), Baligh (1975,1976), Baligh and Levadoux (1980) used

theories involving the work required to expand a cylindrical or spherical cavity around the cone tip

as it is driven into the soil to obtain the cone capacity. These theories incorporate, in some cases,

soil compressibility and volume change characteristics in the analysis but not cone geometry. The

work of Baldi et al. (1981) showed that this theory appears to model the measured cone response

well. However, the cavity expansion analysis is complex and requires considerable input data re-

garding soil compressibility and shear strength. This leads to a need for special laboratory tests that

have to be run on "undisturbed" or recompacted samples, which largely defeats the purpose of the

test.

Vesic proposed the following expression for cone resistance, q, , in sand:

1 + l

. q,

=where

K, = coefficient of earth pressure at rest

o', = initial vertical effective stress

N; = bearing capacity factor

The bearing capacity factor is function of the friction angle of the soil, ep, and the reduced rigidity

index I„ as shown in Figure 22. The reduced rigidity index accounts for the compressibility and

stiffness of the soil and is evaluated from the following expression:

I[ = _._._....i..E = [ = lr" *20 + wie + qm«p'> *
’ 1+ A1.

where

§, = volume change factor incorporating the average volumetric strain in plastic zone

E = Young’s modulus = 2G( 1 + v)
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v = Poisson’s ratio

q = initial octahedral effective stress

c = soil cohesion

rp' = drained friction angle of soil
i

A = average volumetric strain at failure in the plastic zone

I, = rigidity index

The rigidity index is defined as the ratio of the shear modulus, G, to the shear stress at failure using

a Mohr·Cou1omb criteria. In other words, it is the inverse of the shear strain at failure. Vesic used

the initial effective octahedral stress as a reference stress. This would incorporate the effect of the

initial horizontal stress on cone resistance, a factor known to have pronounced effect on measured

tip resistance (Veismanis, 1974, Schmertmann, 1978, Villet and Mitchell, 1981). Baligh (1975,

1976) developed Vesic’s theory further to incorporate the curvature of the strength envelope to ac-

count for the effect of the confming stress on friction angle.

2.7.3 Empirical methods

Trofrmenkov (1974), Schmertmarm (1975, 1976) and Been et al. (1985) proposed empirical

methods for the deduction of the friction angle, rp , from the CPT data. Trotimenkov’s method is

based partly on theory and partly on experience. Trofrmenkov presented the chart shown in

Figure 23 for determining the friction angle, rp, as a function of overburden pressure and cone tip

resistance. Schmertmann proposed an indirect method for estirnating friction angle (<p) based on

relative density, D, (Figure 24). This is based on calibration charnber test results of normally

consolidated medium to fine sands. lt assumes that first D, is deterrnined, and knowing D, the value

of rp can be estirnated from the correlation in Figure 24

Another empirical method has been developed by Been et al. (1985), where the cone resistance

in sands is related to a state parameter, xy, (Figure 25). The state parameter is in turn correlated

to the angle of friction, tp , (Figure 26). Hence, krrowing rp or q, the other parameter can be eval-

Literature Review 42



N:=(Nä-1)c01¢
Ä200 a= ·§-( |+2K„)qv •• Ä

Illlä100 ·
‘

-I-lluumm
ZZunnuuumm40IlllßßäG IIIIMEKQ 20 Ä,Ä 4,

I;KKIIÄXXK1 ·6 4 Ilmylllll
4 IMMII 1,
IW!2 ' 4 4 G I

WI!10
5

110
15 20 25 30 35 4IO 45

ANGLE OF SHEARING RESISTANCE ¢

Figure 22. ä;:1;c$Zs;7%unction of Reduced Rigidity Index and Angle of Internal



uated. The state parameter, xy, is defmed as the change in void ratio due to shear under constant

octahedra.1 stress from the current state to the steady state line.

2.8 Scaling Eßect In Cone Penetration Testing

The primary interest of geotechnical researchers in the scale factor for the cone penetrometer

arose because of the use of the cone tip resistance for defming the tip resistance of a prototype pile.

Only in recent years have diffrerent sized cones been used,and questions been raised about the

possibility of scale factors between cones. Thus, the discussion which does exist about scale factors

focuses almost exclusively on tip resistance, and not on any possible influence on skin friction

measured in the cone test.

In the review of the various methods used to reduce cone penetration data little reference is

made to the effect of the size of the cone. In fact, no theoretical approach account for the effect

of the cone size on the cone tip resistance. Accordingly, most investigators base their conclusions

on the existence and nonexistence of a scale factor on empirical evidence. There are basically three

schools of thought on the subject. The first suggests that at least for practical purposes, there is

no scale factor. For example, Van der Veen and Boersma (1958) reported that one could directly

use cone penetrometer tip resistance for analysis of prototype pile tip resistances. Shields (1981),

Sanglerat (1972), and Schmertmann (1978) state that except in specia.1 cases, cones with tip diam-

eters of 5 to 40 cmz should all have about the same tip resistance. Schmertmann (1978) supple-

ments this with the comments that:

1. A small cone can be more sensitive to the presence of layers in a soil mass than a large cone.
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2. If the grain size of the soil being penetrated is large relative to the cone tip, then the cone will

"over-register", and yield too high a resistance becuase some of the data will reflect the cone

pushing against a large particle of the soil.

Schmertmann (1978) and others who are of the school that there is no appreciable scale effect do

suggest that there is still some uncertainty in this area. As a result they argue that in design of piles

no cone penetration tip resistance higher than 150 kg/cm: should be used. Since cone tip resistance

often exceed this value, this appears to be a concession that a scale factor axists.

In the second school of thought about scale effect, it is stated that a scale factor exists, but only ·

for shallow penetrations. Thus, in this case, beyond some depth, there is presumably no difference

in tip resistance of different sized cones. Tcheng (1961), Kersiel (1958, 1961), De Beer (1963, 1964),

Vesic (1965) present studies with this type of conclusions. Most of the results Suggest that a depth

of penetration of 20 diameters in dense sand, and 10 diameters in loose sand is enough to eliminate

any scale factor. Figure 27 shows the variation of tip resistance with depth for pile ranging in size

from 4.2 cm to 32 cm. Kerisel (1964) concluded from this figure that for small size piles the tip

resistance is higher than that of a larger size. This effect is more pronounced in denser sands,

However, if enough embedment is reached, the final penetration resistance is independent of the

pile size. Since cones are of relatively small diameter, a penetration of less than one meter should

normally be enough to eliminate any scale factor between cones of different sizes based on these

data.

There is evidence for a third approach to the scale factor issue. Recently, Last (1984) in cali-

bration ehamber tests presented data which suggested that a scale factor does exist, and that the

degree of this effect is greatest for dense sands, and at higher levels of overburden pressure. His data

are shown in Figure 28. In an independent field study with a miniature cone, Sweeney (1987)

found that the miniature cone gave higher resistances than that observed for a standard cone in

denser soils, and at depths of penetration greater than about 4 to 5 m. These conclusions are

consistent with those of Last (1984). In conclusion, the findings to date are not definitive con-

ceming the issue of the scale effect in cone penetration testing in granular soils.
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2.9 Sample Size and Boundary Ejfects in Calibration

Chambers

Testing under controlled conditions in calibration chambers, investigators (Parkin et al., 1980,

Parkin et al., 1982, Bellotti et al., 1985) showed that the influence of the sample size on measured

cone tip resistance is a function of sample density, diameter ratio, boundary conditions, stress his-

tory and sand type (Figure 30). The diameter ratio is defmed as the ratio of sample diameter to

the cone diameter. In Figure 30 the attainment of a plateau, i.e. curve convergence, at large di-

ameter ratio indicates the independence of cone resistance from boundary conditions. In the case

of loose samples, it is evident that the cone resistance is essentially independent of boundary con-

ditions, over consolidation ratio or stress history and R, within the range of diameter ratios studied.

However, in the case of dense sand, the boundary effect is a function of soil type, and the applied

boundary condition. These boundary conditions are defined in Figure 29. For example, for Ticino

sand (a compressible sand) the boundary effect is negligible, while for the Hokksund sand (a more

rlgid sand), this effect is more pronounced.

2.10 Summary

The cone penetration testing is becoming increasingly more popular as an in situ test for site

investigation and geotechnical design. Recent developments include the use of different cone sizes

other than the 10 cmz standard cone, such as the 15 cmz cone for hard or sensitive soils and the 5
cmz portable cone for shallow dcpth testing in loose soils and remote areas. In spite of the growing

V

application of different size cones, little study has been applied to the issue of possible scale effects

between cones of varying sizes.
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There is conflicting information conceming the effect of cone size on the measured tip and

sleeve friction resistance. Some investigators report no scale effects in the measured resistance for

a range of cone sizes, while others report the opposite. Further work is needed in terms of testing

under controlled conditions to determine the actual influence of scale effect.
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Chapter III

Development of Parameters for Design of a Sand

Raining System

3.1 Introduction

This study uses as one of its major components the performance of full scale in situ tests in a

calibration chamber. The soil mass in the chamber is sand, and a large volume is needed to fill it

(2.64 m’). One of the most important aspects ofthis type of testing involves forrning the sand mass

to a homogeneous condition with a specified density, using a process that can be repeated many

times without variation of the sand properties other than as chosen by the investigator. It is also

necessary to be able to form small specimens of the sand by the same process to allow laboratory

testing for determining sand properties.

ln this chapter, a review is presented of the possible mechanisms that can be used to form sand

samples. Of these, a technique called pluviation is chosen as the best approach for this work.

Details of this method are given later, and work is described was done in the course of this inves-
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tigation to improve the results of the procedure. Basically, pluviation involves dropping sand par-

ticles through air or water in a controlled manner. This method is for the use in this work because

of its simplicity, the lack of need for mechanized equipment, its utility, and the fact that it can be

used for either small or large sand masses with equal effectiveness.

3.2 Review ofPrevious Work

The idea ofproducing specimens by allowing the sand to fall as a rain goes back to 1948 when

y Kolbuszewski showed experimentally (Figure 3l) that a wide range of sample densities in dry sand

could be produced using this process. He found that the parameters which controlled the sample

porosity were the intensity of deposition and the height of fall of the sand particles from sieves to

the sample surface. He defrnes the intensity of deposition as the weight of sand deposited per unit

area per unit time. For a given height, an increase in the intensity increased the porosity (decreased

the density), while for a given intensity, an increase in the height of the fall decreased the porosity

(incrcased the density).

For fomring large sand specirnens by pluvial deposition, three types of devices have been used.

The first is the travelling sand spreader used by Walker and Whitaker (1967). This spreader uses a

roller to control the intensity ofdeposition. In this device the specimen is formed in a series of thin

layers by a rain of sand falling from a hopper which passes forwards and backwards on a rail across

the container. An opening between the two sloping plates forming the hopper base is closed by a

3 inch diameter horizontal steel roller with an adjustable steel cut-off blade positioned above the

center of the roller (see Figure 32). As the roller tums the sand is drawn out of the hopper with

an initial horizontal velocity, but a plate in front of the roller deflects the sand to fall vertically.

The sand falls in a narrow band spanning the container. The width of the band can be varied to

obtain a_ range of specimen densities. l
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Walker a.nd Whitaker, using the travelling sand spreader with a roller arrived at the same re-

lationship between intensity of deposition and porosity as Kolbuszewski. On the other hand, they

found that the height of fall was relatively insignificant factor within the range of 50-70 cm that they

were forced to work with due to height lirnitatiom where they carried out the experiments.

The second type of equipment is the traveling sand spreader used by Chapman (1974) and

Laier et al. (1975). This spreader is very similar to the one already described except that the hopper

has perforations at the base through which the sand rains out as shown in Figure 33. So the sand,

in this case, falls with zero initial vertical velocity. By altering the size of the perforations, a range

of sample densities can be obtained.

The third and final type is the mass sand spreader developed by Jacobsen (1976) and used by

Bellotti et al. (1979) (Figure 34). The hopper in this device is stationary with the same size as the

chamber. The base of the hopper is perforated and these holes can be opened and closed by an-

other perforated plate, called the shutter plate, which is moved by an air cylinder. Once the per-

forations of the two plates are aligned the sand will fall in the form of jets that are diffused by two

steel sieves before raining down to form the sample. The two sieves are kept at a fixed height from

the sample surface and lifted up as the sample grows.

Jacobsen (1976) found that as long as the height of fall is within 20-40 cm the formed samples

were uniform and repeatable, but if the height of fall exceeded 60 cm the sand flow became "un-

stab1e”. According to Bellotti et al., 1982, the advantages of the mass sand spreader‘over the trav-

elling sand spreaders are as follows:
l

1. Preparation of the specimen without the interuption of the sand deposition.

2. Verticality of the sand jets.

3. Reduction of the horizontal encumbrance with no increase of the total height.

4. Easier mounting and dismounting of the mass sand spreader.
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5. Simpler control of dust contamination.

In 1976, Bieganousky and Marcuson, working with sand rainers arrived at a different conclu-

sion than .lacobsen's.· They showed that the dry density increased as the height of fall increased, „

Figure 35. That led them to the conclusion that density can be varied by controlling the height _

of fall from the sieves to the sand surface.

Recently Rad and Tumay (1986) working with a small sand rainer model, Figure 36, found

that the shutter porosity, i.e. the dcposition intensity, is the main controller of the sample relative

density, D,, (Figure 37). However, they suggested that the falling height, the diffuser sieve size and

the shutter hole pattern has little effect on D,, while the the sand height in the container, the falling

distance, the distance between the dilfuser sieves have negligible effect on D, . They also suggested

that the falling height should be kept as constant as possible or above a predetermined falling height.

Considering all the information in the review, the following parameters apparently affect the

density of the formed specimen:

• The height of fall of sa.nd parlicles from the diffuser, the two sieves, to the sample surface.

• The intensity of dcposition which is related in the sand mass spreader to the size and number

of holes in the base of the hopper.

It would appear that there are other parameters related to the raining system that might affect

the density of the fonncd specirnen which have been given little or no attention. Of these param-

eters are: the distance between the two sieves forming the sand diffuser, the fall height of the sand

jets before being diffused into a rain, the sieve size used, the sand head in the hopper, and particle

size of the sand used.

Furthermore, in many cases, height lirnitations in the space available for operating the

pluviation or raining system makes it desirable to rninimize the vertical dimensions of the sand

rainer. Tl1is investigation is carried out to examine the effect of varying each parameter on the l
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density of the specimen. The results will help in choosing the minimum possible dimensions while

designing a raining system.

3.3 Sand Rainer Models For The Calibration Chamber

For the purpose of understanding the relationship between the different parameters mentioned

previously and the specimen relative density, two models of a sand rainer were constructed.

3.3.1 Description Of Sand Rainer Model I

Sand rainer model 1 is constructed out of sections of steel stove pipe 20 cm in diameter

(Figure 38). It is designed so that all important parameters can be varied. The model consists of

the following parts as illustrated in Figure 39.

1. A sand hopper (45 cm high) which can hold up to 14000
cm’

(0.014 m’).

2. The base of the hopper, which is made out of wood, is perforated. It has five holes, see

Figure 40, and the size of these holes can be varied using metal bushes with different sizes.

The bush sizes used are 9.91, 15.625, 19.84, 25.4, 30.48 and 35.56 mm. These are precisely
‘

machined to insure a smooth flow of sand jets, a factor known to be imprtant in the deposition

process.

3. The sand diffuser consists of two standard 20 cm sieves. These sieves are kept at 45° of each

other to ensure the diffusion of sand jets.

4. The sand collector (45 cm high) where sand is collected as the resultant sample.
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5. Stove steel pipe sections (15, 20, and 50 cm high) that can be mounted on top of each other.

These are used to vary the key dirnensions of the rainer: F, S and H, which are shown in

Figure 39.

The entire assemblage is shown in Figure 41.

3.3.2 Description Of Sand Rainer Model II

This model, with half a circle cross sectional shape, has a transparent side where the whole

sand raining process can be seen and video taped, Figure 42. Model II has the same basic com-
I

ponents of model I: the hopper, the perforated base, the sieves, and the sand collector. The dif-

ference between this model and model I, beside the transparent front, is that the distances F, S, H

can be varied by moving the perforated base and the two sieves along the height of the model using

wooden pins, while in model I extra stove pipe sections are added or removed.

3.3.3 Parameters Affecting The Specimen Relative Density

Based on the foregoing review of the raining process, the following parameters are expected

to alfect the specirnen relative density in the model tests:

1. H: the distance between the bottom sieve and the sand sample surface.

2. S: the distance between the two sieves.

3. F: the distance between the perforated hopper base and the top sieve. These three variables

H, S and F can be_ varied using the steel stove pipe sections mentioned before in model I.
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While in model II these are varied by changng the positions of the perforated plate and the

sieves.

4. Perforation hole size, which can be varied in both model using different size bushes.

5. Sieve opening size, which can be varied using the different standard sieves available.

6. Height of sand in sand hopper. The effect of this parameter on D, can be examined by pre-

paring samples with the hopper full of sand and comparing the relative density of the resultant

specirnen with that formed with the hopper half full. This procedure is also used to check the

uniforrnity of the formed sample since D, is evaluated for a 45 cm high specirnen and compared

with that of a 22 cm high ( half height specirnen ).

7. Mean diameter of sand particles used. The effect of this parameter on the sample relative

density will be checked by using three types of sand with different particle sizes.

3.4 Properties Of The Test Sands

Monterey No. 0/30 sand, a commercially available washed and sieved beach sand, is selected

as the standard test material-for this investigation since its physical and strength properties are

known (Ishibashi et al., 1983, and Muzzy, 1983). This uniform subrounded to subangular sand is

produced by Lone Star Industries, San Mateo, Califomia. The sand is classified as SP according

to the Unified Soil Classification System. The grain size analysis performed for this program on

Monterey #0/30 sand is shown in Figure 43. Results of minimum and maximum index density

tests perfomed according to ASTM standards D4253-83 and D4254-83 are given in Table 2, where

it can be seen that the test results compare well with those of Muzzy (1983) and Milstone (1985).
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For the purpose of examining the effect of the mean particle diarneter, D50 , on the sample

relative density two additional types of sand are used. These are Monterey #1/20 and Monterey

#60 sand. The grain size distribution for all three types are shown in Figure 43. Monterey #1/20

sand is coarser than Monterey #0/30 sand, while Monterey #60 is finer. Both Monterey #1/20 and

#60 sand are uniform and classified as SP according to the Unified Soil Classification System. The

physical properties for all three types of sand are compared in Table 2.

3.5 Test Procedure

All the tests are carried out according to the following procedures:

1. Choose one of the parameters to be a variable.

2. Fix the other variables.

3. Form the sand specinren by pouring sand into the sand hopper and allowing it to pass through

the perforated base. The outcoming jets will fall the F height before being diffused by the

sieves. The resultant rain leaving the bottom sieve will fall the H height and into the collector

to form the sample.

4. The volume V of sand collected and its weight WQ is measured.

5. Volume of solids is calculated as:

WVs = --6S
sYw
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Table 2. Comparison of Monterey #0/30, Monterey #1/20 and Monterey #60 Sands Index Properties

SAND ~ Monterey #0/30 #1/20 #60

STUDY Muzzy Milstone This This This
(1983) (1985) Study Study Study

Specific gravity, G, 2.65 2.65 2.65 2.65 2.65

Uniformity coefficient, C„
¤

1.37 1.58 1.67 1.65

Mean particle diameter, D,„_mm 0.45 0.45 0.45 0.75 0.32

1
Maximum void ratio, e,,,,,, 0.803 0.833 0.817

Minimum void ratio, e,,,,,, 0.563 0.559 0.544 0.530

Maximum dry unit weight, 7,,,,,,, pcf 105.80 107.10 108.10

Minimum dry unit weight, 7,,,,,,, pcf 91.70 91.30
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where

7,, = water unit weight

G, = specific gravity of sand particles

6. Volume of voids is calculated as K = V — K.

. . . K7. Void ratio IS calculated as e = 7/-.

8. The specimen relative density is calculated as:

e — e‘
D =

ITIZX Qr emax
_

cmin
X 100 A

and this value is plotted against the parameter value.

9. Finally, the selected parameter is varied and the whole process is repeated until a satisfactory

number of points are plotted.

3.6 Test Results

For the purpose of establishing the relationship between the different parameters (metioned

before) and the sample relative density, thirteen sets of tests were carried out. A total of 118 tests

were perfomed in all.
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3.6.1 Effect of the H distance

The H distance between the bottom sieve and the sand surface in the collector affects the ve-

locity with which the sand particles impact the sand mass, which rises in the collector as the spec-

imen is formed. Ideally, H should be large enough so that all the sand particles which fall in the

rainer should reach a terminal velocity. The fall height required for the sand particles to reach a

terminal velocity is called the critical fall height, 1-1,,,,. Thus, the last particle is the most critical,

because it reaches the sand surface with the least fall height. Those particles which go before it have

larger than H for a drop height since the sand falling in the rainer gradually fills the collector, hence,

shortens the fall height for the succeeding particles (assuming that the sieves are fixed in place and

not moving). Thus, in theory, the H distance (the drop height for the last particle) has to be at least

equal to the critical fall height, H„,,. To illustrate this, consider the case of an H distance which is

too small. As the raining process starts, the first part of the specimen is formed with particles that

have a fall height large enough to reach a temiinal velocity. Tl1is part of the specimen would have

a certain relative density. As the sample is formed and the collector is filled, a condition is reached

where the fall height is less than the critical fall height. Accordingly, the succeeding particles will

impact the sand mass with a velocity less than the terminal velocity causing that part of the speci·

men to have a lower relative density. And this condition worsens, as the particles impact the sand

mass with less and less velocity. In other words, each subsequent layer will have even smaller ve-

locity at impact, leading to a continuous decrease in the dcnsity in the portion of the sample where

the the fall height of the sand particles is less than the critical fall height. For example, if two tests

are run with different H values, but both are still smaller than the critical fall height, it is expected

that the sample formed with a larger H would have a higher dcnsity since the portion of that sample

formed with particles that have reached terminal velocity is larger,_see Figure 44.

Test results confirm what is suspected (Figure 45). Namely, as H increases from small values,

the relative dcnsity of the specimen increases, until a condition is reached where increasing H will

not affect the specimen relative density. At this point, it is expected that the H distance is larger
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than the critical fall height, where even the last particle impacts the sand mass in the collector with

the terminal velocity. This H value is to be used when forming the sand specimens. For Monterey

No. 0/30 sand H„,„ = 50 cm if F = 30 cm.

A The test data also explain the results of Bieganousky and Marcuson (1976). As suggested, as

the fall height increases, the density increases. However, it is important to note that this occurs only

as long as H„„ is not reached, and until H„„ is reached, the sample density in unlikely to be uniform.

Then, the distance H should not be used to control density.

The forementioned discussion will apply only to a seivc system that is fixed in place during the

sampleformation process. However, in the case of a moving diffuser system, which means that the

diffuser is kept at a constant height from the sample surface and raised as the sample grows, it is

expected that H height can be less that H„„ and still produce uniform and repeatable samples. ln

this case, all the particles are impacting the sand mass with the same velocity, althought it is less

than the tenninal velocity. This is true as long as the diffuser is kept at the distance from the sample

surface and raised at the same rate the sample grows.

3.6.2 Effect of S distance

A set of tests were carried out in model I to establish a relationship between the S distance

(distance between the two sieves) and D, . The test results showed that S has no effect on D,, as

seen in Figure 46. However, it was noticed during the test that the sample surface was not level

for S = 5 cm but has a peak in the middle. As the value of S distance was increased to 10 cm the

sample surface became leveled. To explore this phenomenon, sand rainer model II was used and

the whole process was video taped.

The video tape showed clearly that when S is small, less than l0 cm, the sa.nd rain leaving the

bottom sieve is not uniform across the rainer. The sand rain has a higher intensity at the middle

than at the edges of the model causing the sample to grow at the middle faster than at the edges.

lt seems that is due to the short distance between the two sieves which did not allow for a uniform
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diffusion of the sand jets. As S is increased to 10 cm and 25 cm it can be seen on the video tape

that the intensity of the resultant sand rain became more uniform and the sample surface would rise

more evenly. When a third sieve was added to the diffusing system it did not have any effect on

D,, but it had the same effect as increasing the distance between the sieves, and that is to make the

sand rain more uniform,as in Figure 47. This problem might be due to the small number of holes,

three holes in this case, and will vanish with large number of perforation holes in the sand rainer

prototype.

3.6.3 Effect of F distance

The distance between the hopper perforated base a.nd the top sieve, F, is the height through

which the sand jets fall before being diffused. So F affects the specimen relative density during the

pluviation process in two ways: l

l. F affects D, directly. If F is less than the critical fall height of the sand jets, the height required

for the sand jets to reach a terminal velocity, the smaller the F the lower the value of D, for

the same H as seen in Figure 48. But if F is larger than the critical fall height, found to be

45 cm in this case, its effect on D, is very small.

2. F affects the distance H. As the value of F increases, the required H for the sand rain to reach

tenninal velocity is smaller, as seen in Figure 49. When F was 15 cm the required H was 60

cm, but as F was increased to 60 cm the required H decreased to 40 cm. This can be expected

since the velocity of the sand jets upon hitting the sieve depends on the value of F distance,

and consequently this will determine the initial velocity of the sand rain leaving the bottom

sieve. This initial velocity will determine the value of H. The higher this initial velocity the

smaller the H value. ln other words H and F distances are inter-related since both control the

terminal velocity of the sand rain. The effect of F on H will diminish once F exceeds 45 cm.
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Also it was noticed that in the first case the maximum obtainable D, was 77%, while in the

second case when F was increased to 60 cm D, increased to 87%.

In conclusion, in pluviation systems where the sar1d diffuser is lifted up as the sample grows,

F should not be less than 45 cm at any time.

3.6.4 Effect Of Sieve Opening Size

The purpose of the two sieves ir1 a pluviation system is to diffuse the incoming sand jets into

a uniform sand rain. The selection of the sieve size has to be based 'on two conditions. First, all

sand jets falling should be diffused. If a condition occurs where some jets are diffuscd and some

are not, the resultant D, will be inconsistent. This explains the test results in Table 10 and

Table ll in Appendix A, where the sample density increased and decreased irrespective of the H

value. Second, the sieve opening has to be large enough such that no sand is accumulated on the

sieves. Otherwise, the sieve opening size becomes the controlling factor for D, value and not the

perforation hole size as desired.

ln many cases, where the perforation hole size is large enough, many sieve sizes can be used

and still all jets would be diffuscd with no accumulation. In these cases the sieve opening size se-

lected will affect the specimen relative density, as shown in Figure 50. For the same perforation

hole size, the larger the sieve opening size the lower the specimen relative density. For the case at

hand where the perforation hole size is 15.6 rnrn, the matching sieve opening size would be 6.35

or 12.7 mm.
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3.6.5 Effect Of Perforation Hole Size
”

For the study of the perforation hole size in the bottom of the hopper, the other parameters

values were fixed as follows:

1. H = 50 cm

2. S = 5 cm

3. F = 45 cm · .

4. Sieve opening = 6.35 mm (0.25")

r With these variables fixed the perforation hole size is the controlling parameter of the specimen

relative density. The resulting relative density is inversely proportional to the perforation hole size.

The smaller the perforation hole diameter, the higher the specimen relative density (Figure 51). ln

other words, the higher the intensity of deposition, the lower the specimen relative density. With

a 9.91 mm hole diameter a specimen with D, = 105% is obtained, while with a 35.6 mm hole a

specimen with D, = 5% is obtained. Specirnens with a wide range of relative densities, 5% to

105%, can be preparcd repeatedly with the sand rainer model.

3.6.6 Effect of Mean Particle Diameter on Hcrit

Theoretically, if a sa.nd particle is falling through air with the gravitational force acting down-

ward and air resistance acting upward, the fall height required for this particle to reach a terminal

vclocity is a function of the particle mass. The larger the particle mass the larger the fall height.

Hence, it is expected that the mean particle diameter will affect the value of H„,,. The coarser the

sand, the larger the required H height, and the fmer the sa.r1d the shorter the required H height will

be.
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The test results confirm this. The H„„ for Monterey #0/30 sand (D50 = 0.45 rnrn) is 50 cm,

where for the coarser sand, Monterey #1/20 sand (D50 = 0.77 mm), 65 cm is required as seen in

Figure 52. The relationship between H and D50 is presented in Figure 53. It was reported in the

literature that the value of H„,, for Monterey #0 sand (D50 = 0.36 mm) is 25 cm (Rad and

Turnmay, 1986). The data for Monterey #0 sand are included in Figure 53.

Tests performed with the fme sand, Monterey #60 sand, in model I, gave inconsistent results.

In these tests, as H was increased, the sample relative density would decrease or increase. Also, the

sample density was not repeatable for the same H value. Hcnce Model II was used. The tests

carried out with Model ll using Monterey #60 sand showed that air currents are the cause of the

inconsistent results, see Figure 54. It seems that for fme soils the rainer would perfonn best if

r vacuum was applied to reduce air currents.

3.6.7 Uniformity Of Specimen

Up to this point only the average relative density of the specimen is considered. The variation

in density within a specimen is checked by comparing the D, of a 45 cm high specimen with that

of a 22 cm height. Using the previously recommended values of S, F and sieve opening, a set of

tests was carried out using one bucket of sand instead of two as used in the previous sets. During

these tests the H value is used as a variable and plotted versus the specimen relative density. This

way the results of this set of tests can be compared to the results of the first set of tests where the

effect of the H distance on D, was examined. The test results, Figure 55, shows that once H dis-

tance exceeds 50 cm, increasing H does not affect the relative density. And this is the same result

of the first set of tests. And even the value of D, obtained using one bucket of sand is almost the

same as that obtained using two buckets of sand. The result of this set of tests indicates two things:

First, the relative density is uniform as long as H exceeds 50 cm. Second, the sand head in the

hopper has no effect on the specimen relative density. So using one bucket of sand and comparing
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the results with that of two buckets of sand is a means to check two parameters at the same time

instead of one.

3. 7 Summary And Conclusions

In the effort of understanding the behavior of the sand rainer, the parameters that affect the

specimen relative density are identified and their effect on D, is examined. The test results show that

these parameters can be divided into two categories: conditional parameters and unconditional pa- _

rarneters. Conditional parameters are those whose effects can be eliminated if a certain condition

is set. These parameters are H, S and F distances. For this investigation as long as H is greater than

50 cm, S is about 10 cm and F is greater than 45 cm, theseparameters do not affect D, . Also, the

grain size of the sand used is considered under this category, since the sand grain size affects the H

value. Larger H values are required for sands with coarser grains. Unconditional parameters are

those which any change in them will cause a change in D,. For these parameters an arbitrary value

has to be chosen such that the resultant D, value is the desired value. These parameters are the

perforation hole size and the sieve opening size. Decreasing the size of any of these two parameters

will cause D, to increase.

Finally, the main conclusion of this part of the work is that using the pluvial deposition

method represented in the sand rainer system, it is possible to produce sand specimens repeatedly

that are uniform with a range of relative density of 5% to 105%.
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Chapter IV _

Equipment, Data Acquisition System and

Operational Procedures

4.1 Introduction

One major component of the experimental setup of this investigation is the calibration cham-

ber, which houses a sand sample that is 1.5 m high and 1.5 m in diameter. It operates much the

same as a very large triaxial cell, in which the lateral and the vertical pressures are applied inde-

pendently. There are a variety of calibration chambers in existence. Some are very simple, being

cylindrical vessels with frxed walls and no control over the lateral pressures. On the other hand

there are sophisticated chambers where lateral and vertical pressures are accurately controlled to

simulate a variety of boundary conditions such as shown in Figure 29(Parkin et al., 1980, Bellotti

et al., 1982)

The Virginia Tech calibration chamber used in this study is somewhat a compromise between

the forementioned two cases (Sweeny, 1987). The lateral and vertical pressures are applied inde-
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pendently. However, only constant stress can be applied laterally to the sample with the present

setup. Fortunately, as will be shown subsequently, this does not present a problem because of the
A

large size of the sample used in the Virginia Tech chamber.
i

4.2 Test Equipment

As mentioned above the calibration chamber is one of the major components used in this

study. Other components include the loading frame, the sand raining device, the cone

penetrometers, the data acquisition system and the supporting equipments.

4.2.1 Calibration Chamber

The calibration chamber is described in detail by Sweeny (1987). A general discussion is

provided here to aquaint the reader with the device. The calibration chamber wall is made out of

2.9 cm (1.13 in) steel plate rolled into a cylindrical shell that is 1.7 m high and 1.6 m in diameter.

This shell is designed to withstand a maximum pressure of 7 kg/cmz (100 psi). A cross section of

the calibration chamber in shown in Figure 56. There are two openings in the side of the shell.

The first serves as an inlet for the lateral air pressure. To the second, an air pressure gage is attached

to moniter the applied lateral pressure.

The shell is bolted through the bottom flange to the 7.5 cm (3 in) thick base plate with 42

bolts. Near the bottom of the chamber, the sample bottom plate provides a level suface for the

base of the soil specimen. This steel plate is 2.5 cm (1 in) thick and has the same diameter of the

sample (1.5 meters). On the underside of this plate there are three air bags which load the sample

vertically. Compressed air is supplied to each bag separately through three channels in the base

plate. The vertical movement of the sample bottom plate due to the application of the vertical
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pressure is measured using a linear variable displacement transducer (LVDT) mounted at the center

of the base plate. Access to the LVDT is possible through a removable lid at the center of the

sample bottom plate. Another function for the sample bottom plate is to hold the sample former

concentrically at the bottom, while at the top it is held concentric by the membrane clamping ring.

The sample former is constructed from perforated sheet metal with a diameter of 1.5 meters.

The former diarneter is less than the chamber inner diarneter leaving an annular void around the

sample for radial air pressure to be applied. This device serves as a forming jacket for the sand

sample during pluviation and before the application of the confining pressure. Once a confming

pressure large enough to hold the sample is applied a hinge pin along the side of the former is

pulled. This allows the former to spring away from the sample since it is rolled to a larger diameter

than the sample.

The sand sample is contained in a PVC membrane that covers the bottom and the sides of the

sample. The top part of the membrane folds into an O·ring groove in a
3/4”

top lid as in

Figure 57. This lid is bolted to the top plate using 6 bolts to provide an air tight seal around the

sample. The top plate is 7.5 cm (3 in) thick and is bolted to the top flange of the chamber shell

with 42 bolts same as the base plate. Due to the thickness of the top and base plates the deflection

at the center of the plates are kept to minimal preventing non·uniform stress state from developing

near the sample ends. There are four groups of holes drilled ir1 the top plate

• 6 holes to hold the top lid to the top plate

•
1 hole to pull the pin of the former jacket hinge

• 7 holes for different cone insertion positions allowing multiple cone testing in loose samples

• 3 sets of holes to allow for three mounting position for the loading frame
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4.2.2 Loading Frame '

The loading frame consists of two parts:

1. A hydraulic piston with a stroke of 1.5 meters to push the cone into the sample. The speed

of this piston is controlled with a flow control valve. It is set at the standard speed of 2 cm/sec.

Refer to Appendix B for the calibration chart for the piston speed.

2. A steel frame attached to the top plate of the calibration chamber, see Figure 58. The top
i

plate provide the required reaction to push the cone into the soil.

The hydraulic piston is mounted on a trolly which allows for mobility ofpiston along the top {lange

of the loading frame, (Figure 59). Also the frame itself can be rotated and attached to the top plate

in three different positions. This arrangment allows for the insertion of the cone into the seven

testing positions. Also attached to the loading frame is a position transducer which is connected

to the cone rod for -the measurement of the cone depth during testing.

4.2.3 Sand Raining Device

The sample is prepared with a sand rainer utilizing the concept of pluviation discused in

Chapter 3. The design of this rainer is based on the results of the model study done in the course

of this investigation. The sand rainer (Figure 60) is comprised of four components:

1. A sand storage bin, or hopper, which can accommodate 2.7 m3 of soil.

2. The rainer bottom plate (2.5 cm or 1 in thick steel plate) which is perforated with a series of

precision holes to achieve various relative densities. There are two plates available for this

study.
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a. The dense sample plate with 156 holes each is 1.9 cm (0.75 in) in diameter arranged in a

10 cm (4 in) grid.
i

b. The loose sample plate with 421 holes each is 2.16 cm (0.85 in) in diameter arranged in

a 6.4 cm (2.5 in) grid.

3. The diffuser mechanism. This consists of two sieves with 0.63 cm (0.25 in) opening and 20

cm (8 in) apart. The sieves are rotated 45° relative to each other. The function of these sieves

is to disperse the sand jets coming out of the perforated plate into sand rain. The diffuser is

kept 60 cm above the sand sample surface and is raised continuously as the sample grows using

steel cables and a pully system.

4. A shutter system which uses a wooden plate on the underside of the perforated plate with a

matching hole arrangement. Aligning the holes in both plates starts the sand raining process.

An air cylinder with a stroke of 1.25 in is used to align the holes in the two plates.

The air cylinder, model number 3.25"-C-2AU14A—l.25", is manufactured by Parker Fluidpower.

In conjuction with the air cylinder, an air control valve is used to switch the direction of the piston.

The valve is produced also by Parker Fluidpower under model number 422BA0l1D53.

This shutter system was designed recently to replace the grid system. The previous system

consisted of a series of interconnected angles that was placed over the holes in the perforated steel

plate to prevent the sand from raining. Sand raining was initiated by pulling the grid up with a

crane. This procedure was found to be cumbersome because of the following:

•
High precision is required in covering up the holes with the angles

• The magnitude of the force needed to pull the grid through all the sand in the hopper is large

•
lt is difficult to pull the grid leveled causing the sand to rain from some holes before the others.
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4.2.4 Cone Penetrometers

Three cones are used in this investigation to study the phenomenon of scale effects ·

(Figure 61 and Figure 62). The miniature cone was developed at Virginia Polytechnic Institute

and State University (Sweeny, 1987). The standard cone was donated to this study by Earth

Technology Inc., California. The large cone was donated to this study by Hogentogler & Com-

pany, Inc., Maryland. The miniature cone has a diameter of 2.32 cm while the standard cone has

a diameter of 3.57 cm and the large cone 4.37 cm. The dimensions of these cones are compared

in Table 3.

Both the miniature and the standard cone have the typical cross section of the friction cone

shown in Figure 63. In this type of cone, the end bearing causes compression in the cone load cell

(C) and the friction puts the sleeve load cell (S) into tension. This causes independent reading of

the q,and j;. The large cone represents a new form of the subtraction cone. In tl1is design, the end

bearing is sensed by compression in the cone load cell (C) and the combined force of the cone

bearing and the friction is sensed in the rear load cell (C+ S), Figure 63. The friction is then ob-

tained by subtraction of the cone bearing from the combined value. This subtraction is done

electronically inside the cone by the addition of the electronic board seen in Figure 62.

All three cones were calibrated for this study to find the relationship between the output

voltage and the applied load. The calibration charts for the three cones, for both the tip and the

sleeve, are available in Appendix C.

4.2.5 Axuiliary Equipment

These systems include the following:
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Table 3. Comparison Between the Miniature, the Standard and the Large Cone Penetrometers

Miniature Standard Large
Cone Cone Cone

Projected Tip Area (cm') 4.2 15
A

Sleeve Surface Area (cm:) 63 150 225

Cone Diameter (cm) 2.32 3.57 4.37

Apex Angle at Tip(degree)Load

Capacity (kips) 2 20

Tip Calibration Factor (kg/Mv) 207 428.3 2003.61

Sleeve Calibration Factor (kg/Mv) 163.4 124.4 296.85

Equipment, Data Acquisition System and Operations.! Procedures 112



1. A 2 HP air compressor with a 60 gallon reservoir. It serves to:

a. Drive the shutter plate to initiate the sand raining process

b. Provide compressed air to the three air bags at the bottom of chamber for the application —

of the vertical pressure

c. Supply air to the chamber shell to provide the sample lateral stresses

d. Drive the air impact wrench during the chamber assemply and disassemply

2. A 2 Hp Hydraulic pump which provides the pressure to drive the hydraulic piston on the

loading frame during the cone insertion into the sample.

3. A 10 HP motor, used to vacuum the sand out of the calibration chamber and into the storage

bins.

These supporting equipment are operated from a controlling panel shown in Figure 64.
i

4.3 Instrumentation

During a calibration chamber test the signals from five devices are recorded by the data

aquisition system. These devices are:

1. An LVDT, model No. 244-000 manufactured by Trans-Tek Inc., mounted below the sample

bottom plate to monitor the vertical deformation of the sample during application of vertical

pressure.
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2. A position transducer, model No.PT·lll-75 manufactured by Celesco Transducer Products

Inc. (Canoga Park, California), to measure the depth of cone penetration in the chamber.

3. A 12 kip (5448 kg) load cell installed between the piston and the cone rod provided to measure

the total insertion force.

4. The cone tip load cell.

l

5. The sleeve friction load cell.

4.4 Data Acquisition System

Developing a specially tailored data acquistion system for the calibration chamber tests was

one of tasks of this study. The system was developed with the following features :

l. Acquire data from five test sensors.

2. Have acquisition rate of five readings/per channel/sec.

3. Display test result on screen as test progresses.

4. Accomodate the different stages of the calibration chamber test.

5. Plot Final drawings of q, and j; vs depth using the personal computer and a plotter.
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4.4.1 Data Acquisition Hardware

The hardware used as part of the data acquisition system consists of the following:

l. Zenith 140 PC microcomputer with 640 K Ram memory and monochrome moniter.

2. Metrabyte Dash-8 board which is installed with the microcomputer.

3. Two Metrabyte Universal Expansion Interfaces model No Exp-16.

4. A 10 VDC power supply for all live electronic devices, except the cone tip and the friction

sleeve load cells of the large cone. These two load cells are powered by an adjustable dual

tracking power supply (manufactured by Micronta, model No. 22-121). The tip load cell of -
the large cone works on + 12 VDC, while the sleeve load cell works on -12 VDC.

5. HP 7470 Plotter for producingthe linal graphs.

The Metrabyte Dash-8 board is an 8 channel 12 bit high speed analog to digital (A/D) con-

verter and timer. The Dash-8 board is only 12.5 cm long and all connections are made through a

standard 37 pin D male connector that projects through the rear of the microcomputer

(Figure 65). The full scale input of each channel is :1: 5 volts with a resolution of 2.44 millivolts.

The A/D conversion time is typically 25 microseconds and depending on the speed of the software

driver thoughputs of up to 30,000 channels /sec are possible.
i

The two multiplexer amplilier EXP- 16 boards (Figure 66) are comiected to the Dash-8 board.

All connections to EXP-16 analog inputs one made through screw texminals. Each EXP-16 board

has 16 dilferential analog input channel capability. It provides signal amplilication, liltering and

conditioning. lt olfers the user switch-selectable gains of 0.5, 1, 2, 10, 50, 100, 200 and 1000. Up

to 8 EXP-16 boards can be connected to a single Dash-8 board allowing for a total of 128 channels.

This capability is very conveinent since each EXP- 16 board can have only one gain so for each gain
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setting needed a different EXP-16 board is used. One of the two EXP-16 boards used in this study

has a gain of 0.5. The two channels connected to this board is the LVDT and the position

transducer since their output is :1: 10 volts. The other EXP-16 board has a gain of a 1000. The ~

other three channels (cone tip, friction sleeve and load cell) are connected to this board since their

output range is :£: 5 millivolts. These two boards draw the voltage needed from the personal com-

puter through the Dash-8 board.

4.4.2 Data Acquisition Software

The software used for the calibration chamber tests is a combination of a specially written

programs for this investigation and a commercial package named Labtech Notebook ( a trademark

l of Laboratory Technolgies Corporation, 328 Broadway, Cambridge, Mass. 02137). This combi-

nation allows for the use of the graphical facility in the Labtech Notebook and a specially tailored

program to satisfy the repuirements of this study. A detailed explanation of the programs used is

given in Appendix B.

4.4.3 Data Acquistion Process.

The data acquired are processed in four phases:

• Phasel: data logging.

• Phase2: data reduction.

• Phase3: data evaluation.

• Phase4: obtaining plots from the HP 7470 plotter. .
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The data logging process, diagrarmned in a flow chart form, is shown 111 Figure 67. During the test,

data are obtained in three stages. In stage one, only one channel, the~LVDT, is scanned during the

application of the confining and vertical pressures. ln this case, the movement of the sample bot-

tom plate is monitored on the screen. The final sample vertical deformationiis used in the calcu-

lations of the soil modulus and fimal relative density. After the sample is consolidated under the

desired stresses, the initial voltages of all the five channels are recorded during the second stage.

These initial voltages are subtracted from the values recorded in stage three, where the cone pene-

tration test is performed. In stage three the output from the five channels is recorded but only two

channels, cone resistance and sleeve friction, are monitored on the screen. These two channels

monitored on screen are a measure of the test success.

After the test, the data are reduced and recorded in a file with a name indicating the type of

cone used, test number and the hole number pushed in. For example, test M1N24D is a rniniature

cone test number 24 in hole D (-· Figure id
’d4’

unknown --). In phase three, the user examines

the test data and interprets the validity of the data based on testing procedure and observation.

Finally, the data are sent to the HP plotter for the final graphs.

4.5 Sample Size and Boundary Conditions

The primary concem with the sample size is what effect the boundaries will have on the test

results in the chamber. Although the Virginia Tech chamber is designed to accommodate a large

sample, it is still finite. Previous studies (Parkin et al., 1980, Parkin and Lunne, 1982, Bellotti, 1984,

Bellotti et al., 1985) have shown that the influence of size of sample on cone resistance is a function

of sample density, diameter ratio, boundary conditions, stress history and sand type The diameter

ratio is defined as the ratio of sample diameter to the cone diameter.

ln the Virginia Tech calibration chamber the sample is subjected to constant lateral and ver-

tical pressures. This corresponds to the BC1 boundary condition. For the three cones tested in this
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study the diameter ratios based on chamber sample size to the cone size are 65 for the miniature

cone, 42 for the standard cone and 34.3 for the large cone. Based on Figure 30 in loose samples,

the boundary effect on q, for any of the three cones is expected to be negligible. For normally

consolidated dense samples the test results of both the miniature and the standard cone are expected

to be free of boundary effects, while an under-registration of 35% in the results of the large cone

are expected due to boundary effects under vertical pressure of 0.5 kg/cmz This percentage would

increase with increasing vertical pressure.

4.6 Test Procedure

Performing a test in the calibration chamber involves five major steps. These steps are:

1. Forming the sample.

2. Applying the desired stresses

3. Cone penetration test (cone insertion).

4. Sand removal.

5. Chamber maintenance.

4.6.1 Sample Preparation

Starting with the chamber empty the former jacket is placed inside and held concentric at the

bottom by the sample bottom plate and at the top by the membrane clamping ring. The membrane
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is placed and llattened out aßst the former jacket and fold at the top into a lip in the membrane

clamping ring. The sand raining device is placed on top of the chamber and bolted to chamber

shell. The shutter plate is closed. The sand is then weighed and placed in the rainer hopper. Next,

the diffuser is lowered into the. chamber to the proper elevation and maintained at 60 cm above the

sample surface during raining. To start the raining process the shutter plate is moved aligning the

holes in the perforated plate and the shutter plate. This allows the sand to fall into the chamber

in form of jets that are dispersed into rain by the diffuser forming the sample. After the sample is

formed, the raining device is removed along with the membrane clamping ring. The sample top is

leveled off by removing the excess sand and weighed. The total weight of sand went into the

chamber is calculated and therefore the sample density is deterrnined. Next, the 3/4 in thick top lid

is placed on the sand surface and the membrane is foled over into an O-ring groove, and held there

by an O-ring. Finally, the 7.5 cm thick top plate is placed on top of chamber and bolted to the top

lid to provide an air tight seal for the sample. The top plate is then bolted to chamber flange by

42 bolts, which are tightened using an air wrench.

4.6.2 Sample Consolidation

Initially, a small confining pressure of 0.3 kg/cmz (4 psi) is applied to hold the sample in place.

This allows for the removal of former hinge pin causing the former jacket to spring away from the

sample against the chamber wall. The conlining and vertical pressures are applied simultaneously

along a predeterrnined stress path. For normally consolidated samples, the pressures are applied

maintaining the ratio of confrning to vertical pressure equal to k,. During this stage the vertical

deformation is monitored on the screen. The final vertical deformation is recorded and used in the

calculations of the soil after consolidation density and strain niodulus. The magnitude of the

pressures applied would produce the stress level required at the rnid-depth of the sample.
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4.6.3 Cone Insertion

Prior to this stage, the loading frame is placed on top of the charnber and bolted to the top

plate. The cone and the drive rod are attached to the piston. Before insertion the data acquistion

system is used to obtain the initial readings for the five channels ( cone tip, friction sleeve, load cell,

position tansducer and LVDT.) The cone is then pushed into the sample at the rate of 2 cm/see.

During the test the tip resistance and sleeve friction versus depth are plotted on the screen. This

gives the operator immediate information about the test results. After the test, the cone is pulled

from the sample and moved to another test position if applicable. This can be accomplished either

by moving the piston along the loading frame or rotating the loading frame or a compination of

both.

4.6.4 Sand Vacuuming

After the test is done the loading frame is taken out and all the pressures are released. The top

plate is unbolted from the chamber and removed as well as the top lid. Finally the sand is vacu-

umed from the chamber and stored in the storage bins. The vacuuming process in shown in

Figure 68. . ·

4.6.5 Chamber Maintenance

This stage includes going through the following maintenance checklist:

1. Patching any holes in the PVC membrane.

2. Cleaning the inside of chamber from sand.
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3. Cleaning the O-ring grooves from sand.

4. Cleaning the vacuum bucket from the fmcs and dirt.
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Chapter V

Sand Rainer Tests in Full Sized Calibration

Chamber

5.I Introduction

A series of samples were prepared in the Virginia Tech Calibration Chamber using the proto-

type sand rainer discussed in Chapter Four. The main objective of these tests was to find the re-

lationship between the plates porosities available to this study and the sample relative density. The

porosities of the plates were designed based on the sand rainer model test results reported in

Chapter Three. The correlation between the relative density of the samples prepared in the cali-

bration chamber with the forementioned plates porosities are compared with the same relationship

obtained in the model sand rainer to check the validity of the model test results.
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5.2 Sand Rainer Testing Program

Based on the model test results two plates were designed, fabricated and used in this investi-

gation. Plate A, the dense sample plate, has 156 holes each 1.91 cm (0.75 in) in diameter drilled in

a 10 cm (4 in) gxid yielding a plate porosity of 2.76%. Plate B, the loose sample plate, has 421 holes

each 2.16 cm (0.85 in) in diameter drilled in a 6.35 cm (2.5 in) gzid. Tl1is yields a plate porosity

of 9.08%. According to the model test results,. samples prepared using plate A are expected to have

about 85% relative density, while samples formed using plate B are expected to have about 35%

relative density. This is assuming that H height, the height between the bottom seive and the

sample surface, is more than 50 cm, the F height, the distance between the perforated plate and the

top seive, is not less than 30 cm, and the distance between the two sieves (S distance) is about 20

cm (8 inches).
i

To ensure the validity of the application of the model test results to the full sized sand rainer

in the calibration chamber, tests with the following variations in the key parameter H are carried

out

1. Form samples with the diffuser kept at an H height of 60 cm from the sample surface (H„,„

= 50 cm ), F = 30 cm and S = -20 cm. In this case the diffuser is raised gradually during

sample forming.

2. Form samples with the diffuser fixed in place below the perforated plate in such a position that

when the top of the sample grows to its final elevation, the H distance is 60 cm. F and S are

kept at 30 and 40 cm respectively. This type of test is to check the effect ofmoving the diffuser

system on the sample relative density.

3. Form samples with the diffuser is raised during pluviation and kept at an H height of 45 cm

from the specimen surface, with F not less than 30 cm and S = 20 cm. This H height is less
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tha.n H„,, of 50 cm found in the model testing, and the test is done to verify if the H„,, in the

full sized sand rainer is the same as that of model rainer.

A minimum of three samples are prepared with each plate to ensure the repeatability of the

sample formation process. The approach used to evaluate the homogeneity across the calibration

chamber sand specimen is to compare miniature cone results from a series of tests in one sample.

This is done in loose samples only to ensure that each cone insertion is conducted in an undisturbed

area of the sample. The variations in the cone resistance along the middle 90 cm of the sample

height is used to assess the sample uniformity in the vertical direction. This is done in dense as

well as loose samples. The sand used for this testing program is Monterey No. 0/30 sand, the same

sand used in the sand rainer model testing program. The physical properties of this sand are pre—

sented in Chapter Three. ·

5.3 Test Results

A total of 23 samples were prepared using the calibration chamber sand rainer. Seventeen

samples were prepared using the dense sample plate A, and 6 samples using the loose sample plate

B. The test results of the 23 samples are summarized in Table 4.
I

·

ln the preparation of the dense samples l through 6, the diffuser system was kept at a constant

height of 60 cm from the sample surface and raised as the sample grew. The H value used is larger

than the model test H„„ of 50 cm. The resultant samples had an average relative density of 74.3%

. All six samples had relative density within 3.7% of the average value, a finding suggesting that

the pluviation process yields repeatable results.

Sample 7 in Table 4, was prepared with the diffuser fixed in place, so that the final drop of

sand into the chamber was at least 60 cm. The sand sample had a relative density of 72.06%, a

very close value to that obtained for samples prepared with the moving diffuser system. However,
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it seems that the structure of the samples formed with the diffuser moving is different than those

formed with the diffuser system fixed in place. The cone penetration test conducted using the

standard cone in sample 5 (prepared with the diffuser fixed in place) and sample 7 (prepared with
i

a moving diffuser) showed a marked difference in both the tip resistance and sleeve friction under

identical stress conditions (Figure 69 and Figure 70). The cone tip resistances at the sample mid

height obtained in sample 5 and 7 respectively were 189.8 kg/cmz and 135 kg/cmz, while the sleeve

friction values were 1.17 kg/cm: and 0.93 kg/cmz. The reason for this difference is not fully un-

derstood. However, it is felt that when the diffuser is fixed, and the sand rain is forced to fall

through a large distance, air currents can be formed due to the formation of an air pillow in front

of the raining soil. These currents can then cause nonhomogenieties in the soil mass.

Eight samples were prepared using plate A with the diffuser system kept at a height of 45 cm

from the sample surface and raised as the sample grew (samples 8 through 12, 22 and 23). As noted,

this H value is just slightly less than the H„„ of 50 cm, from the model tests. In the case of the

samples formed in this manner, they had an average relative density of 62.9%, with all eight samples

were within 2.5% of this average value.

The results are qualitatively in agreement with those obtained in the model rainer. The sample

relative density increases as the H height is increased until H is equal to H„„. The H„„ for Monterey

0/30 Sand in the full sized rainer appears to be essentially the same as that in the model rainer.

However, the samples produced in the full sized rainer of the calibration chamber have relative

densities that are consistently lower than those predicted by the model test results, as seen

inFigure 71. It is speculated that this due to the larger number of holes involved in the sample

preparation process in the prototype, causing the terminal velocity of the sand rain attained through

the H height to be lower than that in the case of the model rainer.

Six samples were prepared using plate B and a moving diffuser system. These samples had

an average relative density of 23.2%. All the six samples had relative densities within 1.8% of this

average value. In the preparation of these samples the diffuser is kept at a height of 60 cm (larger

than H„„) from the sample surface.
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The repcatability of the sample preparation process is consistent in all cases. Both loose and

dense specimens were prepared with no more then i3.7% variation in relative density. It will be

shown in Chapter Six that the samples also appeared to be homogeneous. The results lead to the
1
conclusion that the sand pluviation process is a satisfactory one for the purpose of the calibration

chamber testing.

5.4 Summary

p The sand rainer model produced data that were used in the design of the full sized sand rainer for_

the calibration chamber. The test results from both the model and the prototype are in excellent

agreement. Two plates were available to this study with 2.76% and 9.08% porosities. These plates

produced samples with relative densities of 74% and 24% respectively. Overall, the pluviation

system functioned very well in producing repeatable sand samples at various relative densities.
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Table 4. Sand Rainer (Prototype) Test Results

Porosity Relative Density
A 2.76% 70.96%

2
“

A 2.76% 78.03%
3 A 2.76% 74.26%-—

A 2.76% 76.75%
6 A 2.76% 74.00%

A 2.76% 74.23%
7 A 2.76% 72.06%

_;

A 2.76% 64.26%
A 2.76% 64.14%

10 A 2.76% 63.75%
A 2.76% 61.45%

12 A 2.76% 62.74%
13 A 2.76% 61.45%
14 A 2.76% 65.08%
15 A 2.76% 60.04%

000% 00-00%
17 9.08% 24.53%

000% 24-00%
000% 22-00%

20 9.08% 21.38%
2l 9.08% 21.91%
22 A 2.76% 61.33%
23 A 2.76% 60.27%
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Chapter VI

Cahbration Chamber Test Results

6.1 Introduction

One of the principal aims of this investigation is to study the phenomenon of scale effect in

cone penetration testing under controlled conditions in the calibration chamber. This is accom-

plished by testing three cones with different sizes under a variety of stress conditions 3.Ild sample

densities. Up to this time, all the charts and correlations related to cone penetration testing are

based on data obtained using the standard cone size of l0 cmz. Once a scale factor relationship is

established, the users of cone penetrometer with sizes other than the standard, such as the 5 cmz

cone or the 15 cmz cone, would have access to the available CPT data base.

The calibration chamber test data obtained in this study is compared with cone penetration

testing results obtained from other calibration chambers carried out by other investigators. Also,

the data obtained in this study will be compared with predicted values of cone tip resistance by

different theories and empirical methods, specifically Durgunoglu and Mitchell Bearing capacity
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theory, the expansion cavity theory by Vesic and the Been et al. empirical procedure. This will be

done for the three different sizes of cones.

A secondary aim of this study is to establish an empirical relationship between cone tip re-
_

sistance and relative density for Monterey No. 0/30 Sand as a function of vertical effective stress.

This can be used to check against similar results for other sands to insure that the results of the

present study are reasonable.

6.2 Testing Program

The calibration chamber testing program focused on the following parameters:

l. Cone size

2. Sample relative density

3. Vertical stress level.

Three sizes of cones are used. The miniature cone has a cross-sectional area of 4.23 cmz, while the

standard cone has a projected tip ares of 10 cmz and the large cone with an area of 15 cm:. Each

cone is tested in two different sample densities, in loose samples with a relative density of 24% and

medium dense samples with a relative density of about 63%. In each density range each cone is

inserted into samples under vertical stress levels of 1.0 and 2.0 kg/cm'. All samples were norrnally

consolidated.

In all the calibration chamber tests, the confining pressure applied to the sample, o',,, is set

equal to K,o', where K, is computed from the following expression:

K, = 1 — sin(<p')

where
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<p’
= angle of internal fxiction of sand

The values of angle of intemal friction for Monterey No. 0/30 sand used in evaluating K, are 33°

for the loose samples and 39° for the medium dense case. These values of <p' were determined form

triaxial laboratory tests conducted by Milstone (1985) and Muzzy (1983). Using these values of

friction angle results in k, values of 0.45 for the loose samples and 0.37 for the medium dense case.

All the pressures are applied to produce the desired stress level at the sample mid—height, where the

sample size and boundary effect are considered to be negligible as discussed in Chapter Four. Ac-

cordingly, all the stress values reported in this study are those at the specimen mid·height.

In each sample only one test is carried out in the center hole. One exception to this is the case

of the miniature cone penetrometer tested in loose samples. In this case seven tests are perfonned

in the same sample. The first test is always conducted in the center hole (hole M) and the other

six tests are carried out in the periphery holes (holes A, B, C, D, E a.nd F), which are located on a

radius of 38 cm from the center hole and spaced 60° apart in plan view (Figure 72). This setup

results in a diameter ratio, ratio of tested soil diameter to cone diameter, of 17, a value that is known

to insure test results free from boundary effects (Jamiolkowski et al., 1985, Bellotti et al., 1985).

Since the first test is conducted in the center hole it is used as a reference value. The test results

obtained form the other six periphery tests are compared with that of the center hole. Equal values

will indicate no boundary effect while lower or higher values of the periphery tests will indicate

boundary effect.

6.2.1 The Test Sand

The test sand used in this part of the study is Monterey No. 0/30 sand. The physical and index

properties of this sand were reported earlier in Chapter 3.
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6.3 Calibration Chamber Test Results

The testing program for this study involved a total of 47 cone insertions in the calibration

chamber. In total, 23 samples were prepared. Of these, no tests were conducted in two samples
A

(samples 4 and 6), because of air leakage in the PVC membrane, and the results of twenty one tests

conducted in the first three samples were disregarded as they were mainly to device proper testing

procedure. Also, test number MIN29M had a short circuit in the cone tip and friction sleeve strain

gages wiring. As a result, only the results of 23 tests are available for the purpose of exploring the

scale effect phenomenon.

Twelve of the 23 good tests were conducted with the miniature cone, seven with the standard

10 cmz cone, and four using the large cone. The results of the cone insertions are summarized in

Table 5. Values of tip resistance and sleeve friction given in this table are those recorded at mid-

height of the sand sample, unless otherwise specified. The cone tip resistance and sleeve friction

readings at mid-height are considered to be free from the upper and lower plates boundary condi-

tions. The full logs of cone tip resistance, qc, and sleeve friction, L, versus depth for all tests are

given in Appendix D.

In general, the logs of qc andL versus depth for all the three cone sizes tests can be divided into

three sections by depth of penetration. In the initial section that includes the top 30-40 cm of the

sample, the tip resistance as well as the sleeve friction readings are affected by the proximity of the

top plate. The penetration resistance readings in this section increase from zero to a maximum

value at a depth of about 35 cm where the top plate does not influence the readings any more.

The second section, or the central section, includes the next 80 cm of the sample. In this section

the penetration resistance is nearly constant, except for possible nonhomogeniety in sample density.

The last section includes the bottom 30-40 cm of the sample. In this section the values of q, and

L are affected by the proximity of the bottom plate. An increase or decrease in the values of the

tip resistance and sleeve friction is recorded depending on the relative stiffness of the bottom plate

and the sample. ,
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Upon extracting the cone penetrometer from the sample at the end of a test, a column of

crushed sand was often noticed in the location of the test. Crushing of sand particles occurred in

every test, where the cone tip resistance exceeded 100 kg/cmz. This would exclude tests conducted

. in loose samples subjected to 1.0 kg/cm: vertical effective pressure. The crushed sand was observed

to be liner at higher stress levels. During the vacuuming process to remove the sand from the

chamber, much of the crushed fine sand was trapped by the filter of the vacuum cleaner. Thus,

most of the lines are collected and removed after vacuuming.

6.3.1 Miniature Cone Test Results

A total of twelve miniature cone penetration tests were carried out in the calibration chamber.

Typical penetration logs of q,and jjversus depth in loose samples (D, = 24%), medium dense

samples (D, = 63%) are shown in Figure 73 and Figure 74. Both these samples were subjected

to identical stress conditions of 1.0 kg/cmz vertical effective stress and 0.45 kg/cmz conlining pres-

sure.

As expected the results of the miniature cone penetrations shows increased values of tip re-

sistance and sleeve friction for the denser sample. The same trend is true in samples with the same

densities but subjected to higher stresses. The results of the miniature cone tests are summarized

in Figure 75 and Figure 76. In Figure 75 the tip resistance is plotted against vertical effective

pressure as a function of relative density, while sleeve friction is plotted in Figure 76. Both these

ligures show that q, and _/Q increase as the vertical effective stress or the sample relative density is

increased.

Each log of tip resistance and sleeve friction obtained for the miniature cone can be divided

into three distinctive sections as discussed earlier. However, in the central section little variations

are observed specially when the miniature cone is tested in medium dense samples. These variations

are attributed to slight variations ir1 the sample relative density. These variations are more pro-

nounced in the miniature cone tests than that of the standard or the large cone as will be seen later.
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Table 5. Calibration Chamber Test Results

TEST CONE Sample vd D, cr', K, D1, q, f; FR
No. AREA No. kg/ma % kg/cm: cm kg/cmz kg/cmz %

1v11N24M 4.23 1608.2 64.26 Q 0.37 0.68 191.96 1.24 0.65
M1N26M 4.23 1607.9 64.14 E 0.37 @ 195.53 1.22 0.62
MIN27lVl 4.23 1601.5 61.46 Q 0.37 0.38 188.98 1.45 0.77
M1N29M 4.23 13 1601.7 61.45 1.0 0.37 0.27 ga
MINBOM 4.23 ß 1609.9 65.08 Q 0.37 0.28 190.15 1.22 @
M1N31M 4.23 1598.2 60.04 2.0 0.37 0.64 350.88 2.07 0.59
1v11N32M 4.23 1619.0 24.0 ß 0.45 0.46 70.04 gu
1v11N33A 4.23
“

1519.0 24.0 Q 0.45 0.46 70.00 0.51 0.72
M11~134c 4.23 1519.0 24.0 E 0.45 0.46 66.21 Q-
M1N36E 4.23 1519.0 24.0 ß 0.45 ß 71.21 0.67 0.94 °
MIN3613 4.23 1519.0 24.0 2.0 0.45 0.85 123.26 0.98 0.80
1v11N371= 4.23
“

1519.0 24.0 2.0 0.45 0.85 124.54 0.94
MIN38D 4.23 1519.0 24.0 2.0 0.45 0.85 125.59 0.88
STD26M Eu 1600.6 60.98 Q 0.37 0.41 156.24ßß
STD28M 12 1604.6 62.74 2.0 0.37 0.44 257.75 2.16 0.83

l
sT1>391v1 E 17 1520.3 24.53 E 0.45 0.45 65.05 0.66 0.841 sT1>40A IQ 17 1520.3 24.53 ß 0.45 0.45 26.39 0.32 1.22
STD41D
“

17 1520.3 24.53 ß 0.45 0.45 37.68 0.44 1.16
sT1>42M [Qu 1520.4 24.66 2.0 0.45 0.74 111.72 1.03 0.93
sT¤46M ß 21 1514.8 21.91 2.0 0.45 0.78 101.63

__

LR646M 15 22 ä 61.33 Q 0.37 0.32 111.36 0.48 0.43
1„RG47M 15 23 1598.9 60.27 2.0 0.37 156.36 0.82 0.52i
LRG43M l5 Q 1520.4 22.82 ß 0.45 0.74 50.18 0.27 0.53
LRG44M 15 20 1620.4 21.38 2.0 0.45 0.74 87.22 0.56 0.62
*D,, = the height by which the sample was compressed during the application of the vertical

_and conlining pressures.
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It would be safe to conclude that the miniature cone is more sensitive to small variations in soil

conditions, while the standard and the large cones tend to give more of an average value. This

sensitivity is caused by the relative ratio of the sand grain size and the cone diameter.

The miniature cone test results are useful to assess the calibration charnber sample homoge- .

neity and repeatability. Sample homogeneity was evaluated by comparing the results of multiple

cone irrsertions in the same loose sample. This was perrnissible since the ratio of the tested soil

cylinder diameter to cone diameter was about 17 (Figure 72). Four insertions were conducted for

this purpose. The first test was carried out in the center hole. Three other tests were performed

in periphery holes spaced l20° apart in plan view. These tests are labeled MlN32M (center hole)

and MIN33A, MIN34C and M1N35E ir1 the periphery holes. The plots of tip resistance and sleeve

friction versus depth for these tests are included in Appendix D.

The values of q, recorded at rnid-height of the sample are 70.04, 70.0 , 56.2 and 71.21 kg/cmz.

Three of these values are obviously very close and suggest repeatability. Even in the case of the low

value, the interpreted relative density is no more than 2% different from that obtained using the

other three higher values. ln the same sample, the vertical pressure was subsequently raised to 2.0

kg/cm: and three more tests were conduct in the remaining periphery holes. These tests are labeled

MlN36B, MIN37F, and MlN38D. The values of q, recorded at sample rnid-height are 123.3, 124.5

and 125.6 kg/cmz These values are close enough to indicate the homogeneity of the sarnple.

Homogeneity and repeatability can also be assessed by comparing the q„ and f; values obtained

from the same cone size inserted in different samples with the same relative density and stress con-

ditions. Tests MlN24M, MINZSM, MlN27M and MIN30M are miniature cone penetrationtests

in medium dense samples subjected to the same stress conditions of 1.0 kg/cm: of vertical effective

pressure and 0.37 kg/cmz of confming pressure. The values of the tip resistance for the four tests

are 191.95, 195.50, 188.98 and 190.15 kg/cmz respectively as reported in Table 5. The average

value of the four tests is 191.65 kg/cm:. All the four tests are within 2.0% of this average. This

is an indication of the consistency of the sample preparation procedure.
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6.3.2 Standard Cone Test Results ° ·

A total of seven standard cone penetrations were conducted in the calibration chamber. Two

tests were carried out in medium dense samples (D,= 63%) and five tests in loose samples. A plot

of tip resistance and sleeve friction versus depth for the standard cone in Monterey No. 0/30 sand

sample with a relative density of 63% in shown Figure 77. Tip resistance and sleeve friction values

increased for denser samples subjected to the same stress conditions. Sirnilarly, the cone resistance

increased with higher applied stresses at samples with the same densities. The test data for the

standard cone in the calibration chamber are summarized in Figure 78, where tip resistance is

plotted versus vertical effective stress as a function of the sample relative density. Figure 79 pre-

sents the same relationship for the sleeve friction.

The data obtained in this study are compared in Figure 80 with three correlations proposed

by Schrnertmann (1978), Villet and Mitchell (1981) a.nd Baldi et al. (1982). In this figure the tip

resistance is plotted as a function of relative desity and effective vertical pressure. The q, relation-

ship shown in this figure for 30 and 60% relative density curves were extrapolated from Figures 15,

16, and 17 in Chapter Two. The data from the tests of this research agree closely with those of

Villet and Mitchell. This is reasonable since Villet and Mitchell developed their relationship based

on experiments in Monterey No. 0 Sand, which is similar to the Monterey No. 0/30 Sand used in

this study. The other correlations by Schmertmann and Baldi et al. are based on calibration

chamber tests using more compressible sands than Moterey No. 0 or 0/30 sand.

6.3.3 Large Cone test Results

Four tests were carried out in the calibration chamber with the 15 cmz cone (the large cone).

Two tests were conducted in loose samples with first a vertical effective pressure of 1.0 kg/cmz, and

second, a vertical effective stress of 2.0 kg/cmz and the same k„. The other two large cone tests were
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canied out in medium dense samples (D, = 63%) with the same vertical stress conditions men-

tioned before for the loose samples. A typical test result in medium dense sample for the large cone

in shown Figure 81. The cone tip resistances is higher for samples with higher stress conditions

as well as for denser samples. For example, in loose samples, the cone tip resistance was 50 kg/cmz

at o', = 1.0 kg/cmz, and it increased to 87 kg/cmz as the vertical pressure was increased to 2.0

kg/cmz. The cone tip resistance in a medium dense subjected to a vertical pressure of 1.0 kg/cmz,

was lll kg/cmz. The tip resistance results of the four large cone tests are summarized in

Figure 82, and Figure 83 presents the relationship for the sleeve friction.

6.4 Possible Iryluence Of Chamber Boundary Conditions
I

On Test Results

As was noted in Chapter 4, a question of major importance to the validity of the calibration

chamber tests results is the possible influence of the presence of the lateral boundary of the chamber

sample. Based on the information in Chapter 4, it was suggested from tests in other chambers in

loose sands, that a ratio of chamber diameter to that of the cone of 20 or more is required to min-

imize the effects- of the boundary. In dense sands, it was shown that the required ratio depend on

the compressibility of the sand under the same stress conditions. In more compressible sands, the

diameter ratio of 30 appeared to be adequateto insure minimal boundary effects. However, in less

compressible sands, the required diameter ratio was on the order of 50. As a matter of reference it

is noted that the chamber to cone diameter ratio for the cones of this investigation are 65, 42, and

34 for the rniniature, standard, and large cone respectivley.

Obviously, the possible influence of the lateral boundary condition in the chamber on the cone

tests of this investigation is of significance, particularly in regard to the sorting out of the scaling

factor issue. Referring to Chapter 4, it can be seen that the test results on the boundary effects
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suggest that as the chamber to cone diameter ratio decreases, the measured cone tip resistance de-

creases. Perhaps concidentally, and perhaps not, this effect follows the same trend as that shown

by some investigators for cone size (Last, 1984). Thus, if one were testing in a chamber where the

boundary effect existed, a larger cone would give a lower cone tip resistance than would a smaller

cone. In return, this might erroneously be interpreted as a scale effect, which, in fact, would not

exist in an infmite soil medium. ·

How then do the data of this investigation fit with the boundary effects concept? First, it is

useful to examine the results obtanied with the small cone, since the diameter ratio for this device

is 65, one which is large enough that, on the face of the evidence presented by other investigators,

should not exhibit anf influence of the lateral boundary in the Virginia Tech chamber. Of the dif-

ferent soil density conditions, the loose sample should be most immune from the boundary effect.

Evidence that this is true is obtained from the series of multiple small cone penetrations made in

the loose sample (MlN32M, MlN33A, MlN34C, MINSSE, MlN36B, MlN37F, MlN38D). As

was noted earlier in this chapter, the penetrations made at the same confming pressures in this series

of tests gave very uniform results. This suggets that multiple penetrations did not cause stress or

soil fabric changes which had any influence on each other, and that the boundary had no influence.

The latter assertion can be made since the cone test in this series in the center of the soil is over

twice as far from the sample boundary as the others, yet there was no difference in the tests results.

Another, means of considering this point is that the ratio of the diameter of the "cylinder of influ-

ence” for each of the penetrations (see Figure 72) to the cone diameter was 17 for these tests. This

ratio is in line with the value of 20 shown in Chapter 4 as needed to minirnize the influence of

boundary conditions for loose samples.

In regard to the use of the small cone in dense sand, the diameter ratio of 65 that existed sug-

gests that there should be minimal influence of the boundary on the small cone tests if only one

was to be perfotmed in the center hole of the chamber. However, tests in the periphery holes could

be influenced inasmuch as the tests is performed close enough to the boundary to be within the

diameter ratio fo 50 required for relatively incompressible sands. The present chamber tests bear

this ftnding out, since attempts to perform multiple penetrations in dense samples using the small
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cone led to quite different cone resistance in the tests from the central hole and those in the pe-

riphery holes.

To compare the test results of this investigation to those of others relating to the boundary

effect, Figure 84 was developed. ln this case the tip resistance from the tests are plotted versus the

diameter ratio of the chamber to the cone used in the tests. The points shown in the plot for this

program are in most cases averages of a number of tests. All of the points represent single pene-

trations of the cone, except for the point shown at a diameter ratio of 17. This point represents the

results of multiple penetrations with the small cone in loose sands, and the diameter ratio for this

case is that obtained by comparing the diameter ratio of the cylinder of influence for the cone to

the cone diameter.

The results in Figure 84 show that the data for dense sands obtained in this work follow a

similar trend to that found by other investigators for Hokksund sand, although there appears to be

an even more pronounced dependency of the data for Monterey No. 0/30 sand on the diameter

p ratio than is the case for Hokksund sand. Assuming that the data for the dense sands in

Figure 84reflect only the influence of the lateral sample boundary, it can be seen that it is important

to be able to test with the small cone inasmuch as it is the only one for which the lateral boundary

does not affect the test result, and no correction is required to the data. Note that this finding is

particularly important to those using smaller chambers than the Virginia Tech version, since in their

cases, correction factors may be large enough to cause questions about the validity of the data.

In loose sand, if one neglects the point ”created” using the multiple penetrations, the data from

single penetrations appear to follow a somewhat similar trend to that for dense sand. This finding

seems to be different than that for Hokksund sand, where cone resistance was found to be i.nde~
i

pendent of the diameter ratio for loose sand. Where does the explanation for the present results lie?

There are two possible answers:

1. There is a boundary effect i.n the present case even in the loose sand, and this can possibly be

attributed to the fact that the Monterey No. 0/30 sand is less compressible than the Hokksund

sand.
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2. There is a scale effect in the results from the different sized cones, and this accounts for the

relationships seen.

Which of the two answers is correct cannot be fully resolved using only the data of this testing _

program. Indeed, it may be that the correct answer is that there is an impact of both altematives.

Note that if the effects are caused by boundary effects, testing with a large cone in a similar sand

in most calibration chambers will require correction factors, even in loose relatively incompressible

sands.

There is some circumstantial evidence supporting the possibility of a scale factor in the test

data for the loose sand. This evidence comes in the fonn of the multiple tests with the small cone

in the loose sample. lf, in fact, there are effects of the lateral boundary in loose sand at diameter i

ratios as low as 34 as suggested by the form of the single penetration tests data in Figure 84, then

the multiple penetrations in loose sand with the small cone should not have yielded the same tip

T resistance, particularly when comparing the resistance from the test in the center hole to that from

one of the periphery holes. The tests in the center test hole wae performed under conditions with

a diameter ratio of 65, and the boundary is 0.70m from the cone tip. On the other hand, the pe-

riphery holes are within 0.37m of the boundary. lf the chatnber was only 0.37m in diameter, the

diameter ratio for the periphery holes would be 17, a value which should cause the periphery small

cone penetrations to show differences with that for the center hole if there are boundary effects in

this case. Yet the tip resistance from the center test hole was almost exactly the same as those from
l

the other holes. This leads to the conclusion that one reason for the dependency of the tip resist-

ances for loose sand with diameter ratio is due to a scale factor. Of course, to keep things in

prespective, it is notable that the scale factor effects as indicated would not be significant in practical

terms, since the tip resistances from the different cones are not so different as tp produce a major

impact on the interpreted soil parameters or sand densities.

lf the argument set forth for scale factor in loose sand is true, then it may also be that not all

of the dependency of the tip resistance on diameter ratio for dense sand is due to exclusively to the

effect of the lateral boundary of the chamber. It remains a possibility that some of this dependency
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is due to scale factor, particularly in view of the field evidence produced by Sweeney (1987) for what

appeared to be a scale factor in the presence of dense sands.

6.5 Assessment of The Evidence for a Scale Eß’ect in the

Tests With Däferent Size Cones

Evidence for a scale factor in the tests of this investigation presented to this point is relatively

inconclusive. To a large degree, it hinges on the single argument made using the multiple pene-
i tration miniature cone testing in a loose sample. As noted, the data showing different tip resistances

for the dense samples can, to a large degree, apparaently be explained in terms of the effects of the

lateral boundary of the sample. In any case, it is useful to compare the results of the tests with

cones in several different formats to detemiine as completely as possible is the scale factor exists.

For reference, the tip resistances and sleeve frictions for the tests using different size cones are

shown in Figure 85 and Figure 86 respectively. In all cases, the tip resistance increases with the

decrease in the size of the cone, with the increase being the largest for the densest sand, and at the

highest stresses. Of course, it is clear from the discussion of the preceding section that a significant ~

portion of the differences between the tip resistances in the dense sand tests is due not to scale ef-

fects, but to lateral boundary effects on the sample. It is however, possible that the loose sample

tests show a true scale factor, but even here, the difference in tip resistances may be more due to

boundaxy effects than scale effects.

Interestingly, the sleeve friction values show the same trends of that seen for the tip resistance,

with the sleeve frictions decreasing with increasing cone size. There is no consitency in the results

that would suggest that the differences in sleeve friction change with stress, but the effect is larger

for the dense sands than for the loose sands. The higher sleeve resistances for the smaller cones can

be explained, and this is done in the next section of the thesis.
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' As a fmal point of reference, Figure 87 presents a comparison of the cone resistances from this

investigation with those obtained by Last (1984) in calibration chamber tests using Hokksund sand.

lt may be remembered from the review in Chapter 2, that the data of Last seemed to show evidence

for a scale factor. As seen in Figure 87, the results from this investigation shows a very similar

trend with those of Last (1984). However, in considering the results of Last (1984), the possibility

again arises that there are lateral sample boundary condition effects which mimic that of a scale

factor as was realizsed by Last. The tests of Last were performed ir1 a calibration chamber with a

diameter of 1.2 m. The diameter ratios for his small and large cones are 48 and 34 respectively.

This immediately causes concem about his tests in dense sand, since the published data for

Hokksund sand showed the influence of the sample boundary to exist for dense sand for diameter

ratios less than 50. In fact, the degree of difference in his tip resistances in dense sand can be fully

interpreted as being caused by the boundary effect.
_

In loose sand the evidence suggests that he should have no boundary effect for diameter ratios

as low as 20, and his cone tests exceed this limit. Notably, a careful review of l..ast’s data for the

loose sands gives only modest support for the notion of a scale factor. Thus, as in the case with

the data of this investigation, Last’s results are inconclusive although it is apparent that if there is

a scale factor, it has only a small influence.

6.6 Explanation For The Presence of The Apparent Scale

Factor In Sleeve Friction, And Additional Support For The

Boundarv Eßfect

lf the scale factor exists, then there should be an explanation for the phenomenon. ln this

regard, one may reasonably ask what, if any, differences were observed in the process of testing with
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the different sized cones. The only difference was in the nature of the sand near the cone pene-

tration hole after the tests. In the case of the higher density sand, there was always a zone of

crushed sand adjacent to the penetration hole for all of the cones. This was evidenced during the

vacuuming process used to remove the sand from the chamber. The crushed zone would tend to

stand in a small column above the normal sand. The existence of the crushing effect-was not

surprizing in that this has been observed by others. Schmertmann (1978) notes that he observed

crushing in tests performed where the tip resistance exceeds 100 kg/cmz. This is consistent with the

present work in that the tip resistance ir1 the dense sands exceeded 100 kg/cmz.

The difference in the nature of the crushed sand from tests to test was that the sand in the case

of the rniniature cone was throughly crushed into a fine powder with almost no evidence of sand

sized particles. On the other hand, in the case of the large cone, the crushed sand was coarser, with

fragrnents which were still in the sand sized range. A reasonable explanation for this finding is that

the flexible lateral boundary of the sample influences the tests of the large cone, but not the small

cone. The argument is made on the basis that if the small cone does not push the soil aside enough
l

to impact on the boundary, then the sand particles will be relatively tightly held in place, and hence,

they will be subject to crushing since they have no way to move out of the way of the shearing

process induced in the soil. However, if the soil is pushed aside by the larger cone to such a degree

that the lateral boundary actually yields even a small amount, then the soil particles have an op-

portunity to move away from center of the shearing action of the cone, and, hence, undergo less

crushing.

The fact that the sand particles in the case of the large cone are less crushed in the penetration

process, and that they are predominately crushed in the dense sand, and not in the loose sand is

consistent with the sleeve friction measurements. Remember that the sleeve resistance for the

rniniature cone was larger than that for the large cone, and that this effect was primarily seen in the

dense sands. It is logical that this phenomenon reflects the fact that the sand that is crushed by the

tip will eventually end up adjacent to the sleeve of the cone as the cone penetrates the sand. The

observations in the chamber sand showed that more fmely the sand was crushed, the more apparent

cohesion it exhibited. This apparent cohesion is likely due to capillary tension, or true paxticle at-
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traction due to broken bonds at the pa.rtiele boundaries. In any event, the "cohesive” nature of the

crushed particles will generate a higher sleeve resistance than is observed for uncrashed particles.

Since in dense sand, the rniniature cone crushed the sand more than the large cone, the sleeve re-

sistance of the small cone would naturally be higher than that of the large cone. Further, since there

was little crushing in the loose sand, the sleeve friction of the different size cones would be essen-

tially the same in this case.

The end results of the apparent scale effect in sleeve frictions is that they too are functions of

the sample boundary effects as is the case with the tip resistance. In fact, the crushing phenomenon

and the sleeve resistances present another reason to believe that if there is a scale effect in the dif-

ferent cones, it is small.

6. 7 Measured versus Predicted Values

Three methods relating cone tip resistance to the angle of intemal friction were presented in

Chapter 2. These approachs are the bearing capacity theory, the cavity expansion theory, and the

empirical approach. In this section the cone tip resistance predicted using these three approaches

are compared with the measured values in the calibration chamber for the three cone penetrometers.

Durgunoglu and Mitchell (1973, 1975) developed a method based on bearing capacity theory

for the interpretation of the CPT data. This approach was presented in section 2.7.1. A computer

program is written, by the investigator, based on this approach for the prediction of q, values given

the values of ip angle, effective overburden pressure, and soil density. The angle (tp) values used are

based on triaxial tests data of Monterey 0/30 sand. The predicted q, values are compared with the

measured values in Table 6. The data show that this method predicts the same value of cone tip

resistance regardless of the cone size. The Durgunoglu and Mitchell’s approach underpredicts the

miniature cone tip values by 50%, the standard cone tip values by 40%, and the large cone tip

values by 15% on the average, in Monterey No. 0/30 sand. Keaveney (l5)5) also reported that the
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values of q, predicted by the Durgunoglu and Mitchell theory are lower than the measured values

in Monterey No. 0 sand in the calibration charnber.
A

The second approach that relates q, to tp, is based on expansion cavity theory. This method

developed by Vesic (1975, 1977) is presented section 2.7.2. To use this approach it is assumed

that the rigidity index is equal to the reduced rigidity index. This is a valid assumption for soils

with low compressibility. The values of the reduced rigidity index are computed from Figure 88,

which relates octahedral stress, reduced rigidity index and sample relative density. This Figure was

developed for Monterey No. 0 sand based on triaxial test data (Durgunoglu and Mitchell, 1973, and

Keaveny, 1985). A similar Figure for Monterey No. 0/30 sand is not available. However,

Monterey No. 0 and 0/30 sands have almost the same grains composition. The q„ values predicted

using this approach are independent of the cone size (Table 6), since the theory does not take into

account the cavity size. This method overpredicts the q, values for the miniature cone by 8%, the

standard cone by 28%, and the large cone by 76% on the average.

The two forementioned theories predict the cone tip resistance in an infinite soil mass, where

there are no boundary effects. This condition matchs that of the miniature cone tested in the cali-

bration chamber, where the boundary effects are minimal. Hence, the predicted values would best

fit those measured by the miniature cone, as seen above.

The third approach, proposed by Been et al. (1985), is used as an empirical method to predict

the q, values. However, this approach is based on data obtained using the standard cone.

Figure 89 presents an average relationship between the angle of intemal friction (rp) and the cone

tip resistance. The predicted values in Table 6 underestimates the the cone tip resistance for the

standard cone by about 30% on the average. However, the agreement between the measured and

the predicted values improves at higher pressures and higher sample densities.
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Table 6. Measures versus Predicted Values of Cone Tip Resistance

CONE Miniature Standard Large „

Stress
D,, % 24 63 24 63 24 63 Level

kg/cmz

Measured Values 70.4 191.7 65.1 156.2 50.1 111.4 1.0
(kg/cmz) 124.4 350.9 106.7 257.7 87.2 156.4 2.0

Durgunoglo and 32.2 92.4 32.2 92.2 32.2 92.1 1.0
Mitchell (1973) 64.4 185.2 64.4 185 64.4 184.9 2.0

Vesic 94.5 174 94.5 174 94.5 174 1.0
(1975) ~ 152.4 290 152.4 290 152.4 290 2.0

Been et al. 30.7 120.3 1.0
(1985) 61.5 242.6 2.0
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s Chapter VII

Summary and Conclusions

The next two sections will outline the major goals and conclusions of this research effort.

7.1 Summary

The cone penetration test (CPT) was developed originally in the Netherlands as a device which

provided a small-scale model of a pile foundation. It was intended primaxily for use in clays. The

early versions were simple cone points for which the only measurement was the thrust required to

push the point through the ground. The past 20 years has seen a rapid development of the tech-

nology of the CPT. The introduction of the electxical cone which allows for continuous measure-

ment of the cone tip and friction sleeve resistance represented a signilicant step forward. Other

additions allow for the measurement of the pore pressure, acoustic emissions, seismic velocity in the

adjacent soil, and soil temperature. Combining these types of capabilities gives the CPT an edge

over other types of geotechnical testing tools.
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The CPT is applied today to most varieties of soil types, not just the clays for which it was

originally developed. In fact, one of its most useful features is in the identification of soil types

through the continuous profile obtained in the test. Other applications for the CPT are:

l. Estimation of soil compressiblity and in situ density of cohesionless soils.

2. Assessment of the undrained shear strength, stress history and consolidation pararneters of

cohesive soils.

3. Evaluation of liquefaction potential for cohesionless soils.

4. Calculation of settlements of footings on cohesionless soils.

5. Determination of pile foundation capacities in all types of soils.

6. Assessment of ground water pressures.

One of the interesting trends in the development of the CPT is the appearance of cones of sizes

other than the accepted standard. The use of such cones with different sizes poses the question of

the possibility of scale effects. This is particularly important in that much of the basic interpretation

technology that exists for the cone penetrometer is empirical, and it is largely obtained from testing

with the standard 10 cmz cone. There is conflicting information conceming the effect of cone size

on the measured tip and sleeve friction resistance. Some investigators report no scale effect in the

measured resistance for a range of cone sizes, while others report the opposite.

One of the major objectives of this investigation is to assess the issue scale effects through tests

in the new large scale Virginia Tech Calibration Chamber. This investigator was involved in other

complementary aspects of this major project, including:

1. A study of the methods required to prepare a uniform specimen in the calibration chamber.

2. Design of the full-scale equipment to allow sample preparation for the calibration chamber (the

soil placed in the chamber weighs about 4540 kg, or 10,000 lbs).
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3. Development of the automated data aquisition system for the calibration chamber, monitoring

system.

4. -. Implementation of the calibration chamber system with the attendant modifications that were

required.

In regard to the study of the soil placement issue, two types of small scale test programs were

designed and carried out. These studies allowed for a determination of the proper methods for

placing the soil in the chamber so that selected densities could be obtained with homogeneous

properties. Subsequent full scale tests were also performed in the calibration chamber. The sample

repeatability and homogeneity are assessed through multiple testing of the miniature cone in loose

samples.

In the scale effects irnvestigation, tests were performed in the chamber using three different sized

cones, with tip areas of 4.2, 10 (the standard), and 15 sq cm. The tests were conducted in sands

prepared to a loose and dense configuration, and at two different levels of stress simulating condi-

tions which might exist at 4 and 8 m (12 and 24 ft) dcpths in the gound. A total of 47 tests were

performed in the chamber.

7.2 Conclusions ~

The followirng conclusions are drawn from this research:

1. Sand pluviation was found to be the most appropriate procedure for sample preparation in the

calibration chamber.
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2. Model sand rainer testing showed that the following parameters affect the sand raining process:

H, S, F distances, sieve size, perforation hole size, and the mean particle diameter of the test

Ä sand.

3. The H, S, F, sieve size and the mean particle diameter were found to affect the terminal ve-

locity of the sand rain. Once these parameters exceed a critical value or assigned a value, the

controlling parameter of the sample density is the perforation hole size or perforated plate

porosity. The higher the porosity of the perforated plate, thellower the sample density.

4. In the sand rainer model study, it was found that to minimize the effect of H, S , and F on

sample density for Monterey No. 0/30 their values should exceed 50, 10, and 45 cm re-

spectively. These values are different for different sands depending on the grain size. Coarser

sands than Monterey 0/30 require larger heights, and finer sands require less height.

5. The model testing program produced uniform and repeatable samples with relative densities

ranging from 5% to 105%.

6. Sample densities prepared in the full size rainer of the calibration chamber showed the same

trend as that obtained in the model tests when plotted versus plate porosity. However, the

values of sample densities in the chamber were lower than those predicted by the model testing

program. This may be due to the large number of holes involved in the sample preparation

in the chamber.

7. Multiple cone testing with the miniature cone in the same sample was used to assess the sample

uniformity. These tests yielded almost the same values of cone tip resistance showing that the

sample is uniform. Comparing results of cone insertions in different samples assured the re-

peatability of the sample density and the consistency of the sand raining process.
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8. Cone insertions in the calibration chamber using three different cone sizes produced consistent

test results. Data from the three cones showed that both cone tip resistance and sleeve friction

increased for denser samples and higher stress levels.

9. The log of cone resistance versus depth from any cone insertion in the calibration chamber can

be divided into three sections. In the upper and lower sections, the cone resistance is affected

by the proxirnity of the top and bottom plates. In the cental section the resistance was almost

constant.

10. The data produced in this investigation agree well with other investigators data specially that

of Villet and Mitchell.

11. In dense samples cone tip resistance was lower for larger cones. This is attributed to the

boundary effect on the measured resistance.

12. In loose samples cone tip resistance followed the same trend as that in the dense samples. This

attributed to either the boundary effect or the scale effect or even a combined effect. The data °

from this study cannot fully resolve this problem.

13. Even if the difference in cone tip resistance is explained in terms of sclae factor effects, it still

will not be significant in practical terms as to produce a major impact on the interpreted soil

parameters or sand densities.

14. Accordingly, the miniature cone would be the most fit cone size to use in calibration chamber

testing since it produces test results free from boundary effects and thus no correction is re·

quired to the data.

15. The apparent scale effects in sleeve frictions for different cone sizes are functions of the sample

boundary effects as in the case with the tip resistance.
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Appendix A

Sand Rainer Models Test Results



Table 7. Data set I: H versus Dr (F == 32.0 cm)(Model I)

TEST No. H, cm VOID RATIO D,, %

A

1Hl 0.618 76.90

2H2 · 11.43 0.607 81.69

3113 21.92 0.608 81.26

4H4 35.56 0.597 85.80

SHS 47.63 0.595 86.50

6H6 50.80 0.595 86.65

71-17 58.75 0.600 84.67

8118 69.85 84.12

9H9 96.22 0.594 87.20

126.52 0.596 86.05
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Table 8. Data Sct 2: S vcrsus Dr (Model l)

TEST No. VOID RATIO D,, %

ISAII ‘ 5.08 0.590 88.80

2SA12 19.05 0.587 89.88

3SAl3 29.85 0.597 86.00

4SA14 43.18 0.579 93.13

1 5SA15 54.99 0.576 94.51
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Table 9. Data set 3: S versus Dr (Model ll)

TEST No. VOID RATIO ‘ D,,
5.08 0.581 92.30

2SB 17 5.08 0.578 93.96

3SB18 5.08 0.580 92.73

4SB19 12.70 0.575 95.17

58820 12.70 0.584 91.35

6SB2l 25.40 0.578 93.67

7SB22

V

25.40 0.574 95.40

881323 38.10 0.574 95.44

9SB24 38.10 0.577 93.96
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Table 10. Data set 4: F versus Dr (Sieve Size= 12.70 mm)(Mode| I)

TEST No; l F, cm VOID RATIO D,, %

' 1FA25 5.08 78.10
2FA26 19.05 0.596 86.15

3FA27 32.00 0.595 86.65

4FA28 43.82 0.590 88.80

SFA29 59.06 0.592 88.11

6FA30 73.66 0.602 83.76

7FA3l 89.23 0.579 93.27

8FA32 100.33 0.573 96.04

9FA33 116.21 0.605 82.68
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Table 11. Data set 5: F versus Dr (Sieve size= 25.40 mm)(Modcl l)

TEST No. F, cm VOID RATIO D,, %

IFB34 5.08 0.602 ' 83.95
2FB35 15.88 0.599 85.18
3FB36 15.88 0.581 92.49
4FB37 15.88 0.640 67.74
5FB38 30.48 0.629 72.32
6FB39 30.48 0.600 84.77
7FB40 30.48. 0.577 94.25
8FB41 30.48 0.643 66.71
9FB42 45.72 0.594 87.23
IOFB43 45.72 0.602 83.63
IIFB44 58.42 0.647 64.86
12FB45 58.42 0.606 81.89
13FB46 88.27 0.599 85.13
14FB47 88.27 0.604 82.81
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Table 12. Data set 6: F versus Dr‘(Sieve Size= 6.40 mm)(Model l)

TEST No. F, cm VOID RATIO D,, %

1FC48 15.88 0.603 83.45
2FC49 15.88 ß 84.08
3FC50 30.48 0.579 93.30
4FC51 30.48 0.577 94.27
5FC52 43.82 0.583 91.77
6FC53 43.82 0.596

9
86.15

7FC54 60.96 0.587 90.00
8FC55 60.96 0.581 92.38

' 9FC56 83.82 0.579 93.39
10FC57 83.82 0.584

“

11FC58 109.86 0.577 94.11
12FC59 109.86 0.574 95.25
13FC60

‘
136.53 0.575 94.90

14FC61 136.53 0.578 93.77
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Table 13. Data set 7: H versus Dr (F= 15.24 cm)(ModeI 1)

TEST No. VOID RATIO D,, %
lFD62 15.24 0.632 71.41

ZFD63 15.24 0.63271.153FD64

27.94 0.630 72.20

4FD65 27.94 0.627 73.44

SFD66 43.18 77.93
6FD67 43.18 0.603 83.44

7FD68 58.42 78.89
8FD69 58.42 0.623 74.85

9FD70 81.28 0.612 79.74

10F197l · 81.28 0.619 76.54

11FD72 109.22 0.616 77.73
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Table 14. Data set 8: H versus Dr (F= 62.23 cm)(Model 1)

TEST No.

E

H, cm VOID RATIO D,, %

~

IFE73 15.24 0.627 73.28

ZFE74 15.24 0.636 69.39

3FE75 27.94 0.626 73.83

4FE76 27.94 0.612 79.64

SFE77 39.37 0.587 89.97

6FE78 39.37 0.603 83.30

7FE79 57.15 0.596 86.44

SFE80 57.15 0.592 88.06

9FE81 81.28 84.06
1OFE82 81.28 0.587 90.17
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Table 15. Data set 9: Sieve Size versus Dr (Model I)

TEST No. SIEVE SIZE, mm VOID RATIO V D,, %

1SV83 6.35 0.578 93.95
2SV84 12.70 0.590 88.80
3SV85 15.88 0.603 83.32
4SV86 19.05 80.45
SSV87 25.40 0.614 78.91
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Table I6. Data set I0: Perforation Hole Size versus Dr (Model I)

‘ TEST No. HOLE SIZE, mm POROSITY, % VOID RATIO 4 D,, % · l

1PH88 0.550 105.43

ZPH89 15.88 3.05 0.592 88.12

3PH90 15.88 3.05 0.583 91.55

19.84 4.77 0.628 72.94

SPH92 19.84 4.77 0.637 69.03

6PH93 25.40 7.81 0.686 48.67

7PH94 25.40 7.81 0.696 44.71

SPH95 30.48 11.25 0.745 24.11

9PH96 30.48 1 1.25 0.746 23.75

8PH97 30.48 1 1.25 0.745 24.11

llPH98 35.56 15.31 0.788 6.26

12PH99 35.56 15.31 0.791 5.08

I
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Table 17. Data set 11: H versus Dr (Uniformity check)(Model l)

TEST No. H, cm V VOID RATIO D,, %

1U100 0.636 69.57
•

2U101 11.43 0.623 74.81

3Ul02 36.20 0.599 85.06

4Ul03 47.63 0.583 91.84

5Ul04 60.33 0.595

l

86.65

6Ul05 69.85 0.591 88.16

7Ul06 95.76 0.594 87.18
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Table l8. Data set I2: H versus Dr (For Monterey #l/20 Sand)(Model I)

TEST No. H, cm VOID RATIO D,, % ·T
ICGRIO7 0.599 80.87
2CGR108 12.70 0.572 90.38
3CGR 109 27.940.5674CGR1

10 0.567 l 92.02
5CGR111 58.42 0.556 95.91
6CGR112 85.09 0.555

—

7CGR1 13 107.95 ‘ 0.556 96.00
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Table I9. Data set I3: H versus Dr (For Monterey #60 Sand)(Model l)

TEST No. H, cm VOID RATIO D,, %

IFGRII4 7.777 77.77
21=GR1 15 15.24 0.783 11.76

3FGR1 16 27.94 0.744 25.60

41=GR117 41.91 0.784 11.44

5FGR1l8 58.42 ° 0.710 37.45
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p Appendix B

Equipment Calibration Charts



Standard Cone Tip Calibration Chart

6 Calibntion Paetor
-

428.30 kg/mv

5;

4
E
Ä 3

§
•• 2
Q¤•
u
5

0 _r

..1 ‘

_ 0 0 1 ‘
1 Z Z 2_ (Thauundn)

Load, kg

Figure 90. Standard Cone Tip Calibration Chart
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Staudard Cone Sleeve Calibration Chart

2
Calibration Paetnr

-
124.30 kg/mv

1.9
1.0

1.7
1.6
1.5 /

* 1.4
8 1.3

E 1.2
S 1.1
g 1

0.9••
I 0.0•2 0.7
0 0.6

0.5

0.4
0.3

”

0.2
0.1

0
0 40 00 120 160 200 240

Load, kg

Figure 9l. Standard Cone Friction Sleeve Calibration Chart
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Large Coue Tip Calibratiou Chart
Calibration Factor ~ 2003.61 kg/v4

1

3

' 2
6
" .

• g 1
0
5ß „
"

‘
,S ¤ ·—

-1 ;,
i

-g I
0 2 4 6 0 10(Thousands)

Load, kg

Figure 92. Large Cone Tip Calibration Chart
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Large Coue Sleeve Calibratiou Chart

5
Callbratiun Paetor

-
296.85 kg/v

4.

3F

6
I
.1 = =II§
ii 1 =I••
5
0 °
7-1 .;

-g
I

0 0.2 0.4 0.6 0.0 1 1.2 1.4
(Thousands)

Land, kg

Figure 93. Large Cone Friction Sleeve Calibration Chart -
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CHLIBBHTION TEST FUB THE MINIRTURE CONE
CONE TIP TEST N0. 9 5/29/85

1ggg_ CHLIBBHTION FHCTUB = U50.82 LB/MV
T-INTEBCEPT = ·0.77 LBS
CHLIBBRTIUN BRNGE IS 0 TO 0 LBS

800.

U7 .
ZZ 600.
D
D
CL

U00. ·

200.

0. ‘

0. 0.50 1.00 1.50 2.00

M I L L I V 0 L T S

Figure 94. Miniature Cone Tip Calibration Chart
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CHLIBBRTION TEST F08 THE MINIHTURE CONE
FHICTIUN SLEEVE TEST N0. 12 5/30/85

l000_ CRLIBHRTIUN FFlCTOF| = 3*40.73 L8/MV
T—INTEBCEPT = 8.*46 LBS
CBLIBHRTION HRNGE IS 0 T0 617 L8S

800. .

U')
Q

+BÜO. +
C? +l

+
+*100. ·

+
+

+
+200. +

+

0. ‘

0. 0.50 1.00 _l.50 2.00

MILLIVOLTS E

Figure 95. Miniature Cone Friction Sleeve Calibration Chart
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LVDT Calibraticu Chart
u Calibration Panter ¤ 3.07 mm./v
10
9
0
7
6
5

} 4
g 3

E 2
§ o
Q

—1

Q -2
ä -3
0 -4

-5
-6
-7
-0
-9

-10
-11

Displaeement, em ‘

Figure 96. LVDT Calibration Chart
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Load Cell Calibration Chart
Factor - 280.25kg/mv16

15
‘

14 "
13

E 11
{ 10••

:1 9
i Z0
ä 6

L2 6
4

3

2

1

0

-1
0 1 2 3 4 5('l'h¤u••¤.d•)

Load, kg

Figure 97. Load Cell (l2K) Calibration Chart

Equipment Calibration Charts 206



Position Transducer Calibration Chart
B Calibration Factor -19.536

//
F ,
6 5 /°/
l

3 .§ 6
er
H
B' a
0

~

1

0

0 20 40 60 00 100 120 140
Displacamant, cm

Figure 98. Position Transducer Calihration Chart
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Pistou Speed Calibratiou Chart
170160

150

140

130

120 ·

E 110

J 100
E 90
g 00
.2 70
3 60 ·
¤ 50

40
30

20

10

° .
° 2° *9 60 00

‘!‘1m•, ••0

Figure 99. Hydraulic Piston Speed Calihration Chart
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Appendix C

Data Aquisition Software

C.] Introduction

The software used for the data acquisition system is a combination of a Basic program and a

commercial package available with the Metrabyte board called Labtech Notebook. This combi-

nation allows the data acquisition system to be flexible enough to accommodate the specific re-

quirements and the different stages of the Calibration chamber tests. Besides, it will make use of

the facilities available in the forementioned package such as the graphical capabilities and the

channels setup as will be explained later.
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C.2 Basic Program

Three programs were written that are similar, each is used for a specific cone size. The difference

between the three programs is the values of the physical dimensions of the cones and the calibration

factors. The program for the miniature cone is shown in Figure 102. This program is structured

such that it includes five modules:

l. The main menu. .

2. Stage one: Application of confining and vertical pressures.

3. Stage two: Reading initial voltages.

4. Stage three: Penetration testing.

5. Stage four: Reviewing the data on screen or obtaining a hard copy.
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10 DIII ?EI10),?10) '
20 IEY OPI'•CL030 BIELI,*A1' ‘
gg p|[[1• 1·A|(|)••••••••••••••••••••••••••••••••••••••••••••

50 PIII? ?AI10)*• DATA AOUISITIDII SYSTEII POI IIIII COIE
00 PIII? TA010)*• IY IALID EID „„ APIIL 1900
70 PIII? ?A010)'•••••••••••••••••,•••••••••••••••••••••••••

00 PIIIT1PIlIT
90 PIII? ?A010) 'IAII IIEIIJ 1*
100 PIII? ?A0115) *11) APPL! COIFIIIIO A VEITICAI, PIESSUIE'
110 PIII? ?AOI15) *12) IEA0 IIITIAI, V0?AGES*
120 PIII? ?A0115) *13) IUI A IEV TEST'
140 PIII? ?AI115)*14) 'IEAD L PIIIT'0ATA*
150 PIII? ?A0115)*15) EXIT PI®IA|I'
100 LOCATE 20,5
170 IIPUT'EI?EI 0P?IOI DESIIE0 11,2,3,4 OR 5) •',0P1'
100 0I OP? OOSUI 1000,2000,3000,4000,5000
190 OOTO 20
1000 '···•··•···•···············-··-~-·•·-•------•~•-·-----~•1010 CLS1PIII?
1020 PIII?'S?AOE OIE .„„ APPLIIII COIPIIII0 0 VEITICAL PIESSUIE'
1030 PIII?1lIPU?'EI?EI TIE TEST IUIIIEI ¤*,F0
1040 PIIIIT¤IIP|J?°EI?EI TIE TEST DATE 1',DT0
1050 PIlIT1IIPU?'EI?EI IIAI VEITICAL PIESSUIE Iklc) 1*,VI
1000 PIII?|IIPU?'EITEI IIAI COIPIIIIO PIESSUIE 1k|¤)•',|II
1070 PIII?1lIPU?'EITEI IEIGI? OP SAIPLE 1kg) 1*,IT
1000 0PEI '0',01•'IAII,TEIl'
1090 PIII? 01,P0
1100 CLOSE I1 ·
1110 II-I..490G•I~.74931PI•3.14159270
1112 PIII?|IIIPU?'AIE YOU USII0 TII PIEVIOUS CIIAIIIEI SETUP T"|A0
1114 IP A0¤'Y" OI

A0•*y'
TIEI 1220

1120 SIIEI,L*h1*
' 1130 S)1EI„L'COPY SETUP\VER\R?SETI„IP.PII I?SE?UP.PII*

1140 SIELL'COPY SETUP\VEI\DFSETUP.PII DPSETUP.PII*
1150 SI|ELL'COPY SETUP\VEI1\VP_SE?UP,PII VP_SETUP„PII*
1100 SIELL"COPY SETUP\VEI\?l_SET1.|P.PII TI_SETUP,PII

'1170 CLS1PIII?'APPLY VEITICAL 1 COIPIIII0 PIESSUIE II STAOES*
1100 PIII?1PIII?'I1? IETUII IIEI READY TO APFLY PIESSUIES'
1190 A0•IIIEY01IP

A0•"
TIIEI 1190

1200 SIELL '00'
1210 SIELL*A|*
1220 OPEI*YEI„PII* POI IIPUT ASII
1230 IIPU? 01,00
1240 IIPUT 01,00
1250 IIPU? 01,A
1200 POI 1•1 TO 590
1270 IIPU? 01,00
1200 IEI? I
1290 IIPU? 01,0
1300 CLOSE 01
1310 vD1$¤A|st|-A1
1320 CL01PIIIT*0?AOE DIE OUTPUT DATA

•*

13I PIII? TA015)*SA|IPI,E IS COIIPIESSED DI •',YOIS,*¤¤'
1340 ¤II1•I‘I’/1I•I•I•PI)
1350 PIII? TA015)'1IITIAL SAIIPLE DEISITY ¤',0III«'Ig/I3*
1555 VDISIHYDIS/100
1360 0PII¤I?/1PI•I•I•(I-VDlSII))
1370 PIII? ?AI15)'PIIAL SAIIPLE DEISITY •',0PII,'kg/I3*
1300 0PEI'0*,01,P0
1390 PIII? 01,Pl
14% PIII? 01,DTI
1410 PIII? 01,I?,YIl,IIl,0IIl,0PII .
1415 PIII? 01,VOIS
1420 CLOSE 01
14N LOCATE 10,5
1440 PIIIT'IIT AIY IEY TO COI?IIUE*
1450 A0¤IIIEYO•1P

A0•"
TIEI 1450

1400 IETUII .
2000 '·········—·········-··--··—····••-•-~-•-~·-·--•-2010 |'I.A0¤0
2020 CLS1PIlIT 'ITAOE TI0 ,„,, IEAD IIITIAL YOLTAOES'
2030 0IELI,'l1*
2040 IP PLAO•1 TIEI 2090
2050 SIELIJCOPY SE?UP\III?\I?SE?UP„PI|1 ITSETUP,PII*
2000 SIELL'COPY SETUP\IIIT\0PSETUP.PI)1 DPSETUP.PII'
2070 IIELIJCOPY SE?UP\II1T\YP_SE?UP.PII VP_SETUP•PII*
2000 SIELL'COPY SE?UP\III?\?0_SE?UP,PII ?0_SE?UP•PII'
2090 LOCATE 10,5
2100 PII)IT*II? IETUII IIIEI IEADY TO IEAD IIITIAL Y01,?A11ES'
2110 A0•IIIEY011P A0•" TIEI 2110
2120 9IE1.L'0O'
21E SIELL'A|'
2140 POI I•1 ?0 5
2150 ?1I)•01
2100 IEIT I
2170 CLSIOPEI 'l',01,'IIl?.PII'
2100 LIIE IIPUT 01,00
2190 LIIE IIPU? 01,00 „
22X POI I•1 T0 20
2210 IIPU? 01,TEII11),?EII12),TEI(3),?E)I14),?EII15)
2220 POI

J•1 TO 5
2230 ?1J)•T1J)•TEI1J)
2240 IEI? J
2250 IEI? I

Fngurc I00. Mmnaturc Con: Data Acquusmon Program

Data Aqursntron Soßwarc 2} [



2260 FON l•1 TO 5
2270 TflI•TfI)l(·20I
2200 NENT I
2290 PRINT TAO(5I'TIP' TAB|15I'SLEEVE' TAlf30)"LOAD' TARf40I°LVDT' TAOt50)'POS'
2300 PRINT TAI(6I'nV' TAB(I7)'nV' TAIf3I‘)'nV'TAIt41I'V'TAlI51)'V'
2310PRINT1PRINT2320

Tl4)•TI4I/2¤TI5I•1'I51/2
2330 CLOSE I1
2340 PRlNTsII|PUT'0O YOU LIKE TNESE IIIITIAL VALUES (Y ON NI'I',Y•2350 LOCATE 10,5 ^
2360 IF

Y4•'Y' OR Y0·'y' YIIEN RETURN
2370 FLAO¤hO0T0 2020
3000

'---•-----·•~~----·•--·-----·~--·•-~·--——·—-—-----3010 CLO•PNINT'0TAOE TNREE „„„ PENETNATION TEOTINO'
3020 SNELL'0•'
3030 SNELL 'COPY SETUP\TES1'\R'I'SETUP.PRN RTSETUP.PRN'
3040 INELI. °COPY SETUP\TEST\DFSETUP.PNN DFSl'.TUP.PNN'
3050 SNELL 'COPY SETUP\TEST\IIP_SETUP.PNN VP_SETUP.PRN'
3060 SNELL 'COPY SETUP\TES'I‘\TI_SETUP.PNN TI_SETUP„PRN'
3070 OPEN 'I',I1,'RTSE‘|'UP.PRN'
3000 OPEN 'O',I2,'RT„TEN'
3090 FOR

1’•1
TO 21

3100 INPUT I1,A0
”

3110 PRINT I2,A0
3120 NENT I
3130 INPUT I1,A,AI
3140 LINE INPUT I1,II
3150 PRINT I2,Tf1I,A0
3160 PRINT I2,0•
3170 FOR

I•2
T0 5

3100 FOR J¤1 TO 17
3190 LINE INPUT I1,A0
3200 PRINT I2,AI
3210 NEXT J
3220 INPUT •x,A,A•
32x LINE INPUT I1,I0
3240 PRINT I2,TfII,A0
3250 PRINT I2,lI
3260 NEXT I
3270 LINE INPUTI1,A0
:I2e¤ PRINT

•2,A•
~

3290 LINE INPUT I1,AI
3300 PRINT I2,A0
3310 CLOSE I1:CLOSE I2
3320 SNELI. 'COPY RT,TE|I RTSETUP.PRII'
3330 SNELL 'ERASE NT.TE|I'
3340 SNELL 'Nl'
3350 SNELL 'At'
3360 CLSIPRINT'PLEASE NAIT UNTIL ALI. DATA IS IRITTEN T0 DIEN'
3370 PRINT"AN0 ENJOY TNE IIUSlC'V
3300 |lARYO•'GFE-FBGB'
3390 PLAY'|I0 T100 O3 L0;N!IARYI;P0 FFF4'
3400 PLAY °00·I·4|NI1ARYI;GFFG!'E·.'
3400 PLAY '00-B-4;NNARYI;0FFGFE·„'
3410 OPEN "I',I1,'NA!l„TE!I'
3420 INPUT I1.FI
3430 CLOSE I1
3440 OPEN 'I',I1,'TEST.PRN'
3450 OPEN 'A',I2,|·'|
3460 LINE INPUT I1,A0
3470 LINE INPUT

•1,A•

3400 FOR I¤1 TO 400
3490 INPUT II,A,l,C,0,E
3500 PRINT I2,A,l,C,D,E
3510 NEXT I
3520 CLOSE IIICLOSE I2R 3530 RETURN -
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4000
'···•·····-·—•~·•·--·—--···-··-·······••••·'•••·•4010 CLSJINPUT 'PLEASE ENTER FILE NANE TD READ x',Fl

4020 PRINT¤PRINT'IF YOU IANT A NARDCOPY 0F TNE DATA NIT C¢|'1LP!£$¤ [ RE‘I’URN'4030 A••l|IItEY•¤lI' A•~"1’|IIN 4030
4040 OPEN 'I°,O1,FI

~4050 INPUT O1,FFO“
4060 INPUT OI,DTl
4070 PRINT 'TEST NUNDER I 'IFF0
40I0 PRINT 'TEST DATE I ';DT|
4090 INPUT |I,IT,YN,NN,0IN,0FN,VD
4100 PRINT 'NEIGNT OF §A|IPLE,kq I

‘xVT
4110 PRINT 'NAXIIIUII VERTICAL PRESSURE,IlIc I 'XVII4120 PRINT 'NAXINUN CDNFININD PRESSURE,k|¤ I '|NN
4130 PRINT 'INITIAL DENSITY,kq/l3 I '|0IN4140 PRINT 'FINAL DENSITY,kg/•3 I ';0FN
4150 PRINT 'SAIIPLE IS CONPRESSED IY,cl I '|VD ¤PRINT
4160 PRINTIPRINT'DEPTN,¤I' TAI(15)'TIP,kI¤' TAI(30)'SLEEYE,kI¢' TAI(45)'FR,X' TAI(60)'LOAD,kq'
4170 PRIIT'•···•···'TAI(10I'····—•~'TAI(30)'•-·-·~·---'TAI(45I'·

······'TAI(60)'·
4100 FON II1 T0 400
4190 INPUT II,A,I,C,D,E
4200 PRINT A,I,C,(C•100/II,D
4210 NEXT I
4220 CLOSE OURETURN
$000 END
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C.2.1 Main Menu

This module consists of lines 10 through 190. This section offers the operator five choices as

seen in Figure 103. Choice 5 will exit this program. At the end of each stage the menu screen will

retum for the next choice.

C.2.2 Stage One-Application Of Confining and Vertical Pressures

Choice 1 of the menu will start this stage of the program. This section includes lines 1000-1460.

ln lines 1000=1070, the operator is prompted for the test data such as the test number, the test date,

the vertical pressure applied as well as the confrning pressure and the weight of the sample. The

test number is stored in a file (Nam.Tem) in lines 1080-1100. Lines 1112-1114 is a check if the test

is in the same sample as the previous test. In cone of multiple testing the stage of pressures appli-

cation is not repeated. ln lines 1120-1160 the four setup files of this stage for the LabTech Note-
1

book are copied from the subdirectory in drive B into the main directory. The setup files for this
1

stage are named VER. Once these files are copied, the pressures are applied. ln line 1200 program

GO.EXE is loaded and ran to acquire the data. This stage last for 15 minutes. This is to ensure

that the pressures inside the chamber have stablized. The plot on the screen of the LVDT move-

ment versus time reaches a horizontal asymptote, this is an indication of no more movement. At

the end of this stage the program calculates the total movement of the LVDT, the sample initial

density, and the sample final density. This done in lines 1320- 1370. These output data are stored

in a file labeled with the test number. In line 1460, the program returns to the main menu.
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* DATA AOUISITION SYSTEM FOR MINI CONE *
* BY WALID EID .„. APRIL 1986 •
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MAIN MENU :
(1) APPLY CONFINING & VERTICAL PRESSURE
(2) READ INITIAL VOTAGES
(3) RUN A NEW TEST
(4) READ & PRINT DATA
(5) EXIT PROGRAM

ENTER OPTION DESIRED (1,2,3,4 OR 5) =

Figure l0l. Main Menu of the Data Acquisition Program
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C.2.3 Stage Two-Reading Initial Voltages

Choice 2 of the main menu will start this stage. In lines 2050-2080 the setup files for this stage

named INIT, are copied from the setup sub-directory into the main directory. Upon hitting the

retum key (Lines 2109-2710) the program GO.EXE will acquire the initial voltages of the five

electronic channels. Twenty reading per channel are acquired, averaged and printed as the initial

values. At this stage these values are compared manually with values measured with a voltmeter.

If both values don’t match the operator is offered the choice of repeating this stage. At the end of

this stage the operator is retumed to the main menu (line 2360).

C.2.4 Stage Three-Penetration Testing

Choice 3 in the main menu will initiate this stage. At the beginning, the setup files for this

stage (called test.) are copied into the main directory (lines 3020- 3060). In lines 3070-3330 the

initial values measured in stage two are inserted in the proper place in the test setup files. In line

3340 the Noteßook program is loaded and run. The operator will be prompted by a plot of re-

sistance vs time on the screen. Acquiring data is started by hitting the retum key. This is done as

. soon as the cone penetration testing is started. The measured values of tip resistance and sleeve

friction in kg/cmz are plotted on the screen as the test proceeds. Once the test is over, the data are

written into a file labeled with the test Number. During this part, the operator is entertained with

a back ground music (Lines 3380-3400). At the end of this stage, the maine menu appears on the

screen.
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C.2.5 Stage Four- Reviewing Test Data

Choice 4 will start this stage lines 4000-4220 will allow the operator to review the test data onU
the screen or obtain a hard copy of the data.
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Appendix D

Calibration Chamber Test Results
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Figure 109. Calibration Chamber Test Number MlN30M
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Figure 116. Calibratiou Chamber Test Number M1N37F

Calibration Chamber Test Results 233



Sleeve Frictian, ksc0 l 2 3 4 5Tip Resistance, ksc
0 0 _ 100 200 300 400 5001[] rar uam lnxummc um
20 uunam am

n, - zen:31] «-, · 2.¤ luc .'
rh - 0.90 luc4050

5 60

E 703*
¤ 80 V90 p l

100 1
1_10 ä °120
130 qc ,140
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Figure H8. Calibration Chamber Test Number STD39M
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Figure 124. Calibration Chamber Test Number STD45M
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Figure 125. Calibration Chamber Test Number LRG46M
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Figure l26. Calibration Chamber Test Number LRG47M
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