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ABSTRACT

The Flat Dilatometer (DMT) has been used for 30 years in Europe and other parts of the world, but
has only recently been introduced to New Zealand. This study compares the DMT test with the
more established Cone Penetration Test (CPT) at 10 sites in the upper North Island. The purpose of
the study was to compare the results and interpretations of the CPT and DMT tests in general terms

and also to undertake analysis of the data to investigate possible correlations between the two tests.

The DMT tests were carried out next to the CPT tests with a total of 16 CPT-DMT pairs included in
the study. Some of the data was found to be unreliable due to uncertainty of the positioning of some
CPT tests that were done previous to the DMT tests. The more reliable data was analysed using the
artificial neural network method of general regression neural network (GRNN) and good
correlations were obtained between the CPT results and the DMT parameters. However, robust

validation of the networks was hindered by the lack of reliable data.

Other correlations between CPT and DMT recently reported in the literature (Robertson 2009b)
were tested on the data from this study and found to perform less favourably. Slight adjustments are

suggested to these correlations that were shown to give some improvement.

The study shows promising results that suggest possible CPT-DMT correlations. However, further
research is needed to validate or improve these correlations. The relative success of the GRNN

analysis in this study gives confidence in the technique for use in further research in this area.
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1. CHAPTER 1: INTRODUCTION

1.1 GENERAL

The flat dilatometer (DMT) has been used extensively throughout Europe and other parts of the
world over the past 30 years, but has only recently been introduced to New Zealand. The test gives
a measure of soil parameters such as density, undrained shear strength, modulus values,
overconsolidation ratio and coefficient of earth pressure at rest. The test also gives an indication of
soil type by way of a material index. The added seismic module provides shear wave velocity,
which allows low-strain shear modulus values to be obtained. The test has applications in

settlement estimation, liquefaction assessment, predicting slip surfaces and compaction control.

The test is potentially a powerful insitu testing device that may provide useful information on New
Zealand soils.  The test is particularly sensitive to stress history, prestraining, aging,
cementation/bonding and structure. These are factors that are often difficult to measure in the soil,
but can greatly affect soil behaviour. Various interpretations and correlations have been established

for the test, but these are yet to be validated on local soils.

1.2 PROJECT BACKGROUND

As the device is so new to New Zealand, only limited local field data exists. There is insufficient
data to date to allow a comprehensive study comparing soil parameters derived from the DMT with
those obtained from reliable laboratory reference tests. However, many DMT tests have been
undertaken adjacent to cone penetration tests (CPT). This provides a lot of data as DMT tests are
undertaken every 200mm depth and CPT tests provide near continuous results with depth. Given
this available data, a comparison between the results of the two side-by-side tests provides an

appropriate initial study of the DMT in New Zealand. Recent research by Robertson (2009b) has



compared the results of side-by-side CPT and DMT tests from overseas sites and proposed

tentative correlations between the CPT and DMT, subject to further research.

1.3 RESEARCH OBJECTIVES

The purpose of this study is to compare the results of the DMT and CPT tests carried out to date in
New Zealand. Given the relatively small database of available test information, it is not intended to
develop precise numerical correlations between the two tests or to analyse in detail the tests
interpretations. Instead the intention of the study is to provide an initial insight to the comparative
results of the two tests. The correlations between the two tests is to be investigated as a
continuation of the research by Robertson (2009b) along with the application of artificial neural
networks to help develop potential refined correlations. In summary, the objectives of this study

are:

1. To subjectively compare the results of the side-by-side CPT and DMT tests.

2. To compare soil parameter interpretations from the CPT and DMT tests by commonly used
correlations.

To compare the results with the Robertson (2009b) correlations.

To analyse the data using artificial neural networks

To suggest potential refined CPT-DMT correlations

A

To make suggestions for further research in this area



2. CHAPTER 2: LITERATURE REVIEW

2.1 THE FLAT DILATOMETER (DMT)

2.1.1 Description of the DMT Apparatus

The flat dilatometer (DMT) is an insitu soil testing device developed in Italy circa 1980 (Marchetti
1980). The device is pushed into the ground using a cone penetrometer test (CPT) rig. The updated
seismic dilatometer comprises a combination of a mechanical flat dilatometer (DMT) blade and a
seismic module located above the DMT blade (Monaco et al. 1997). The combined DMT and

seismic module is referred to as the seismic dilatometer (sDMT).

WORKING PRINCIPLE
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Figure 1. DMT blade Figure 2. Internal mechanism of DMT blade

The DMT blade is a stainless steel blade approximately 15 mm thick and 96 mm with a 60 mm
diameter circular membrane on one side (Figure 1). The blade is connected to a pneumatic-electric

tube that transmits both gas pressure through the flexible nylon tube and an electric current through



a single wire that runs through the tube. The tube runs through the penetration rods to connect to a
control box at the surface. Nitrogen gas is connected to the control box, which controls and records

the pressure delivered to the blade.

The internal mechanism of the blade is illustrated in Figure 2. With the circular membrane pushed
flat against the blade, the membrane closes an electrical circuit that runs along the single wire
through the tube to the control box. This closed circuit causes a buzzer to activate on the control
box. When the membrane is inflated, it ‘lifts off” its seating, breaking the circuit and causing the
buzzer to deactivate. When the membrane has been inflated by a set displacement of 1.1 mm from

the blade, the internal mechanism reconnects the circuit and the buzzer reactivates.

The DMT blade is pushed into the ground using a CPT rig. At 200 mm depth intervals, penetration
is stopped and the membrane inflated. When the membrane ‘lifts-off’, the buzzer goes off, and the
pressure required to do so is recorded by the operator from the dial gauge reading on the control
box. This is the ‘A’ reading, which is corrected by membrane calibration to give po, the corrected
first pressure reading. Inflation of the membrane is continued until the buzzer reactivates, which is
when the membrane has inflated by a distance of 1.1 mm. This is the ‘B’ reading, which corrects to
p1, the corrected second pressure reading. The gas pressure is then released and the test procedure
repeated at the next 200 mm depth interval, and so on. The procedure is illustrated in Figure 3. In

basic terms, the test gives two values, pp and p; at each test depth interval.

Z ;:: pO p,,
i 1.1mm
O
Figure 3. Schematic of DMT test Figure 4. Control box, laptop computer and DMT blade

with seismic attachment



The seismic part of the equipment is a separate add-on test carried out in combination with the
DMT test. Figure 4 shows the seismic module attached to the DMT blade. The red and blue marks
on the photo in Figure 4 represent the geophones, which are 500 mm apart on the module, with the

centre point between the two geophones being 500 mm above the centre of the membrane on the

DMT blade.

TRUE
INTERVAL

S2

{Vs = (S2-S1) / At]

Z,

Figure 5. Schematic of seismic test

The seismic test is carried out at 500 mm depth intervals. The test is illustrated schematically in
Figure 5. A beam on the ground surface is struck with a hammer to generate a shear wave that
propagates through the ground. The shear waves are recorded by the geophones in the seismic
module. The geophone signals are sent back up to a computer on the ground surface as
seismographs. The seismographs are automatically re-phased by a computer program to obtain a

true-interval shear wave velocity.

The sDMT tests presented in this study have been carried out using a Pagani TG63-150 track
mounted CPT rig. Most of the CPT tests presented in this study have also been performed with this
rig. A photo of the rig is shown in Figure 6.

Figure 7 shows the sSDMT set up on the rig, with the DMT blade and seismic module ready for
insertion into the ground. The yellow box on the left hand side of the rig is an electrically operated
Autoseis Hammer (Mayne and McGillivray 2008), which is designed to optimise shear wave

generation and provide consistent energy for each hammer activation. A pressure transducer



seismic box was used with the DMT control box connected to a laptop computer for automatic

recording of the DMT and seismic tests using the Marchetti software, Sdmt Elab (Figure 8).

Figure 6. Pagani TG63-150 CPT rig Figure 7. sDMT set up on rig

Figure 8. sDMT Control box and computer



2.1.2 Development of the DMT

The flat dilatometer (DMT) was first developed in the mid 1970’s (Marchetti 1975) as a tool to
investigate soil modulus values for laterally loaded driven piles. Further experimental work was
undertaken to determine other practical applications for the test to obtain empirical correlations with
geotechnical parameters (Marchetti 1980) and the equipment was further refined. Since 1980,

however, the mechanical DMT equipment has remained relatively unchanged.

The seismic DMT (sDMT) was first developed by Hepton (1988) as a prototype with a single
triaxial geophone located just above the standard mechanical DMT blade. A later single horizontal
velocity transducer positioned just above the DMT blade was introduced in 1996 (Kates 1996). The
sDMT was subsequently improved at Georgia Tech, Atlanta, USA (Martin and Mayne 1997, 1998;
Mayne et al. 1999), but only one geophone was still used (Figure 9). The current sDMT was
developed in Italy (Monaco et al. 2007) in which the seismic module above the DMT blade has two
geophones (Figure 4).

SDMT Test Setup
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Impulse by .
Sledge Hammer SHwaves L
T
DMT .
Tubing o
Receiver ¥ . Recelver Geaphon
— paone
Gu_)p‘;onc Cable .
o Removable Plate for P <.__.| Receiver Geophone
Receiver . Insertion of Receiver N oy
Geophone : Geophone DO @ (—"T‘ ‘DMT Blade
Oriented e . t
Parailel to See

Plank
Membrane

Figure 9: Early sDMT Setup (Mayne and Martin 1998)



2.1.3 Reduction of DMT Data

Two readings are obtained from the DMT; reading ‘A’ (at ‘lift-off”) and reading ‘B’ (at ‘expansion’
of 1.1 mm). These readings are corrected for membrane stiffness in order to determine pressures po

and py, as follows:
po=A+AA (D

pi1=B-AB 2)

,where AA = the external pressure which must be applied to the membrane in free air to
keep it in contact with its seating on the blade. AB = the internal pressure which, in free
air, lifts the membrane 1.1 mm from its seating. These are determined by calibration before
and after conducting the test.

The difference between the two pressures (p; — po) can be converted into a modulus of elasticity of
the soil using elastic theory. For this problem a solution is available if the space surrounding the
dilatometer is taken to be formed by two elastic half spaces in contact along the plane of symmetry
of the blade. For an elastic half space, having a Young’s modulus, E and Poisson’s ratio, v, the
solution is:

5= 2D.(p1 = po).(1 = V)/(T.E) (3)
For a membrane diameter D = 60 mm and sp = 1.1 mm, becomes:

E/(1 —Vv*) = 34.7(p1 - po) 4)

The term E/(1 — vz) is defined by Marchetti (1980) as the Dilatometer Modulus, Ep. Two other

index values were also defined. The three index parameters are (Marchetti 1980):

Material Index: Ip = (p1 — po)/(po — up) (5)
Horizontal Stress Index: Kp = (po — up)/cy’ (6)
Dilatometer Modulus: Ep =34.7(p1 — po) (7)

,where uy = the insitu porewater pressure prior to insertion of the DMT blade
o,’ = insitu effective vertical overburden pressure



2.1.4 Correlations to Soil Parameters (Marchetti 1980)

The original correlations undertaken by Marchetti (1980) considered eight test sites, mostly in Italy.
The sites represented variable soil types ranging from sands through to clays, and of variable stress
history. The dilatometer index parameters (Eqns 5-7) obtained from these sites were empirically

correlated to known soil parameters. These are summarised below.

2.1.4.1 Material Index

It was found that the Material Index, Ip closely relates to grain size fraction, with Ip increasing
rapidly as the amount of soil fines decreases, irrespective of soil stress history (Marchetti 1980).
Although the Material Index was found to closely relate to grain size, it cannot provide detailed
information on grain size distribution. For example similar I, values were found for 100% silts and
for clays containing a small sand fraction (Marchetti 1980). In this way, the value I, was considered

to be a function of the mechanical consequences of the grain size distribution as a whole.

It was suggested that the Material Index can be regarded as a ratio of soil stiffness (as measured by
p1 — po) and soil strength (as measured by po — up). The independent parameters of soil stiffness and
soil strength provide the wide range of Material Index values reflecting the basic behavioural
qualities of different soil types by grain size. Interestingly, no correlation was found between

plasticity index (PI) and Ip. Table 1 shows the soil classification system based on Ip.

Table 1: Soil Classification Based on I, (Marchetti 1980)

Peat or Clay Silt Sand
sensitive Clay Silty clay Clayey Silt Sandy silt | Silty sand Sand
clays silt
€9) 2) 3) “) (&) (©) @) ®)
Ip values 0.10 0.35 0.6 0.9 1.2 1.8 3.3




2.14.2 K, and OCR

The ‘lift-off” pressure, pp (and therefore Kp) is influenced by the horizontal pressure developed by
the insertion of the blade and, therefore, Kp is not a direct measure of the horizontal insitu stress, Oy,.
Insitu K, values were plotted against Kp measured at the test sites, which showed the data to plot

well along a single curve (Figure 10). This results in the following relationship:
K, = (Kp/1.5)* - 0.6 (8)

It should be noted that this is a purely empirical relationship based on uncemented clays. The
correlation was not considered relevant for clays that have experienced aging, thixotropic hardening,

cementation, etc. In such soils, Kp probably reflects the additional strength contributed by these

factors (Marchetti 1980).
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In terms of the overconsolidation ratio (OCR), the experimental points were found to fall within a

narrow band, which is fairly well defined by the expression:

OCR = (0.5Kp)"° 9)

This relationship only applies to clayey soils (Ip < 1.2). In cohesionless soils, there appeared to be a

different relationship based on limited experimental data.

It was also found that Kp in the range of 1.8 — 2.3 (=2) represents a clay in a normally consolidated

state.

2.1.4.3 Constrained Modulus, M

There was considered to be no unique relationship between constrained modulus (1/my) and the
dilatometer modulus, Ep, as Ep is dependent on a large number of factors. However, the Material
Index, Ip and the horizontal stress index, Kp contain information on the soil type and stress history,
respectively. By considering Ip and Kp, it was found that a relationship appears to exist between the

dilatometer modulus, Ep and vertical drained constrained modulus, M (=1/m,), as:

M =Rwm Ep (10)

,where Ry; = a dimensionless non-constant factor dependant on Ip and Kp,

From the experimental data (Figure 11), the following formulae for Ry were derived:

IfIp <0.6 Ry =0.14 + 2.36 log Kp;

IfIp>3.0 Ry = 0.5 + 2 log Kp;

If0.6<Ip<3.0 Rm = Rmo+ (2.5 = Rwmyp) log Kp, where Ry 0=0.14 + 0.15 (Ip — 0.6);
If Ip > 10 Ry =0.32 + 2.18 log Kp;

If Ry < 0.85, then set Ry = 0.85 (11)
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If was noted that the scatter in the correlation was considerable but it was considered that at least

some of the scatter is probably due to the uncertainty of the M values used as reference. However, it
was considered that the margin of uncertainty in obtaining the correlation of data (Figure 11) is
probably acceptable given the reliability of alternative methods and the accuracy normally expected

for M.

The reference values of M used for establishing the correlation are local tangent values, therefore
the correlated M values from Ep are also local tangent modulus values. This means that the M
value is applicable in settlement analysis provided that the increase in stress increment is small. If
stresses exceed pre-consolidation stresses (and on to virgin consolidation), the estimated M values

from the dilatometer may be too small.

© SAND (CHAMBER TESTS)
A SAND (INSITU) -
e CLAY

4 M= TAN'GENT' MODULUS = 1/my
(a)

LENNL N} T

Figure 11: Ry vs. Kp from Experimental Data (Marchetti 1980)

2.1.4.4 Undrained Shear Strength, c,

The estimation of undrained shear strength from the dilatometer test is based on the relationship:

(Cu/cv’)OC = (CU/GV’)NC' OCR"™ (12)
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This relationship assumes the ratio ¢,/c,’ in the normally consolidated (NC) state can be factored
up to provide an overconsolidated ratio of ¢,/6,” by the overconsolidation ratio (OCR) to the power
of a factor m, which is approximately 0.8, according to Ladd et al. (1977). By equating Eqns. 9 and

12, the relationship becomes:
(/) )oc = (/6. Inc-(0.5 Kp)' > (13)

The experimental data (Marchetti 1980) of c,/6,” against Kp are plotted on Figure 12 (for cohesive
soils, Ip < 1.2). The dashed line on Figure 12 represents a value of (c,/c,")nc = 0.22 as suggested by

the literature (Mesri 1975), which presents a reasonable fit to the data. This then gives:
c,=0.22 6, (0.5Kp)'*? (14)

The dashed line gives a lower strength than the average of the experimental data and should
therefore represent a fairly conservative estimate of the insitu c¢,. It was noted that there is
indication (Marchetti 1979) that the correlation represented in Figure 12 (and Eqn 14) applies even
if the clay is apparently overconsolidated for reasons other than removal of overburden (e.g. aging,
thixotropic hardening, cementation, etc). This would imply that a high Kp corresponds to a high

c,/0,” no matter what the origin of Kp.
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Figure 12: Correlation between c,/o,” and Ky (Marchetti 1980)
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2.1.4.5 Summary of Marchetti Correlations

The empirical correlations by Marchetti (1980) form the basis for the current reduction data
commonly used for interpreting the flat dilatometer.
correlations (Totani et al. 2001). The table includes a correlation for friction angle (¢) in sand (not

discussed above), which represents a ‘lower bound’ estimate of ¢ based on Kp (Marchetti 1997).

This applies only to sands (Ip > 1.8).

A chart for determining the soil type and unit weight from Ip and Ep was developed by Marchetti
and Crapps (1981), which is given in Figure 13. This chart is considered to be a good average for
‘normal’ soils. However, the intention of the chart is not an accurate estimation of unit weight, but

more a method of approximating the insitu effective vertical stress (6,”) required for other reduction

formulae.

Table 2: Marchetti DMT Interpretation Formulae (Totani et al. 2001)

Table 2 below gives a summary these

SYMBOL DESCRIPTION BASIC DMT REDUCTION FORMULAE
Po Corrected First Reading po=1.05 (A - Zm+ AA) - 0.05 (B - Zm - AB) Zn = Gage reading when vented to atm.
- e If AA & AB are measured with the same
P1 Corrected Second Reading P1=B-2Zu-A8 gage used for current readings A & B, set
Zm = 0 (Zm is compensated)
Ip Material Index Ip = (p1 - pa) / (po - up) ug = pre-insertion pore pressure
Ko Horizontal Stress Index Ko = (po - uo) / c'wo o'\ = pre-insertion overburden stress
Eo Dilatometer Modulus Ep =34.7 (p1 - po) Epis NOT a Young's modulus E. Ep
should be used only AFTER combining it
with Kp (Stress History). First obtain Mpur
= Rum Ep, then e.g. E = 0.8 Mpur
Kc| Coeff. Earth Pressure in Situ Kopur = (Ko / 1.5)*7 - 0.6 forlp<1.2
OCR | Overconsoclidation Ratio OCRowt = (0.5 Kp)'*° forlp<1.2
(o Undrained Shear Strength cupmr =0.22 'y (0.5 KD)‘LZS forlp<1.2
@ Friction Angle DaatepuT = 28° + 14.6° log Kp - 2.1° log’ Kp | for Ip > 1.8
Ch Coefficient of Consolidation choMTA = 7 cm® / thex thex from A-log t DMT-A decay curve
Kk Coefficient of Permeability ki = cn fw/ M (Mn = Ko Mpwr)
v Unit Weight and Description (see chart in Fig. 16)
M Vertical Drained Constrained Mpwmr = Rm Ep
Modulus iflp<06 Rm=0.14 + 2.36 log Kp
iflpz3 Rm=05+2log Kp
if06<Ip<3 Rm=Rmo*(2.5-Rmg)log Kp
with Rmp =014 + 0.15 (Ip - 0.6)
ifKp>10 Rm=032+218log Kp
I Rm < 0.85 set Rm = 0.85
U, Equilibrium Pore Pressure Up=p2=C-Zu+ AA In free-draining soils
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Figure 13: Chart for Estimating Soil Type and Unit Weight (Marchetti and Crapps 1981)

2.1.5 Verification of Marchetti Correlations

Since the initial work by Marchetti (1980), much research has been done to compare and verify (or
otherwise) the Marchetti correlations (Table 2). That research is summarised below for the various

soil parameters considered.

2.1.5.1 Material Index

There appears to be little research done on comparing the dilatometer material index, I to other soil
classification tests or descriptions. Nor is there much available literature comparing measured soil
unit weights with those assessed by the dilatometer. The Building Research Establishment (BRE) in
the UK, however, undertook a comparison of the DMT to known soil properties are various test

sites throughout the UK (Powell & Uglow 1988). As part of that work, the dilatometer modulus, Ep
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and the material index, Ip of the soil types tested were plotted on the Marchetti classification chart

(Figure 14). Some of these soils were correctly identified by the chart (silty clays and clayey silts),

but others, which were >60% clay, appeared to be incorrectly plotted close to the clay/silt border on

the chart. It was suggested that this may be due to the very high degree of overconsolidation and

relative age of those soils affecting the material index value.

The comparison with unit weights also gave mixed success with the assessed weights generally

underestimated the measured values (Figure 15). However, the assessed unit weights provided a

good comparison to measured values for some soil types and showed the trend of variation in unit

weight, albeit overemphasising that variation.
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Figure 14: Soil Classification Chart

(Powell & Uglow 1988)
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Figure 16: Fines Content vs. Material Index, I, (Iwasaki et al. 1991)
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Research by Iwasaki t al. (1991) on soft alluvial clays in Japan showed a reasonable relationship
between fines content and the dilatometer material index, Ip (Figure 16). The 50% fines content

point corresponds to an Ip of 1.8, which is the boundary between silt and sand.

2.1.5.2 Kjpand OCR

The research undertaken by Powell and Uglow (1988) considered the overconsolidation ratio (OCR)
and K values of various UK soils plotted against the dilatometer horizontal stress index (Kp) and
compared them to the Marchetti correlations (Table 2). The resulting plots are shown on Figure 17

and Figure 18.

The results show tended to show that the more heavily overconsolidated clays tended to plot above
the Marchetti correlation curves in both the Ky and OCR plots with the softer and younger clays
tending to plot below the correlation line. The plots however, do show the same general trend as the
correlation and it was suggested that site specific correlations could be developed. For the ‘young’

clays, the following correlations were suggested:

Ko = 0.34 Kp"%° (15)
And
OCR = 0.24 Kp'*? (16)

For the older and heavily overconsolidated clays, OCR estimation is difficult from oedometer tests,
due to the very high preconsolidation pressures and so relationships based on these are difficult to

establish.
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Marchetti et al. in the Report to the ISSMGE Technical Committee 16 (TC16 2001) suggested that
the research by Powell & Uglow (1988) indicates that:

e The original correlation line is intermediate between the UK data points

e The data points relative to each UK site were in a remarkably narrow band parallel to the
original correlation line

e The narrowness of the data points band for each site is a confirmation of the remarkable

resemblance of the OCR and Ky, profiles, and the parallelism of the data points for each site

to the original line is confirmation of its slope.

The research by Iwasaki et al. (1991) on soft alluvial clays in Japan showed good comparison
between the dilatometer and other tests for estimation of Ky (Figure 19). The dilatometer results fall

generally midway between the other test results and are in close agreement with the self-boring

pressuremeter and triaxial test results.

Wong et al. (1993) also showed good comparison between DMT and self-boring pressuremeter

assessed Ky values, also on soft alluvial soils (Figure 20).

-18 -



' 4
0 02 04 06 08 10 02 | Ko 2 3
5 1 1 1 1
. &> & o
+ +0
5| %a%°
+¢ O
+ O
o *
Ti0{a® ¥
©r ' - =e o SBP
- £ sa + DMT
£ a [ )
3 a s .0
& +€ O
oo o o #0O
¥. 0
5 201 5 &%°%0
1 AA o a
®* 0O
4] Dﬂ
25 o
o
: 30
Figure 19: K, obtained from various tests vs. Figure 20: Comparison of K, values from SBP and DMT
depth (Iwasaki 1991) (Wong et al. 1993)

Close comparison to Ky values between DMT tests and self-boring pressuremeter tests were also
found by Aversa (1997) based on research carried out at Bothkennar, UK (Nash et al. 1992) and at
Fucino, Italy (Burghignoli et al. 1991), shown in Figure 21.

0 1 Ko , 0 1 Ko ,
0 ¥ o ] 1]
a) i
e
F Y
5f 4 &r
a DMT i
-
16 |
1001 _—
- E |
E ~
] 24 I
15k B
a Spade cell
= SBPM 21
20L_H C

Figure 21: K from DMT vs. K, from other methods (Aversa 1997)
a) Bothkennar (Nash et al. 1992) and, b) Fucino (Burghignoli et al. 1991)
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The original Marchetti (1980) overconsolidation correlation with Kp (Eqn 9) was compared to a
comprehensive collection of data by Kamei and Iwasaki (1995). The plot of data is shown on

Figure 22. From this plot, they suggested an alternative relationship as:

OCR = (0.47 Kp)"*# (17)

This is remarkably similar to the original Marchetti (1980) equation: OCR = (O.S.KD)I‘5 6 (Eqn 9), as
illustrated on the plot on Figure 22.

100 [ T T T T T TTT T T T T \_
B 1.56, 1.06 1
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| (Marchetti, 1980) ~~ / ]
OCR [ 1
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(Kamei & Iwasaki, 1995) .
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Figure 22: Correlation of Kp and OCR for Cohesive Soils all over the World (Kamei & Iwasaki 1995)

The Kp — OCR relationship was also confirmed by Finno (1993) considering the three dimensional

strain path method (Baligh 1985) and anisotropic bounding space model (Figure 23).
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Figure 23: Theoretical Ky vs. OCR (Finno 1993)
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2.1.5.3 Constrained Modulus, M

Powell and Uglow (1988) compared the dilatometer modulus, Ep with high quality oedometer tests
from various UK test site. The resulting plot is shown on Figure 24. The results indicate a linear
relationship between Ep and M, but at different gradients for different soil types. This suggests that
a relationship does exist between M and Ep, as the Marchetti (1980) correlation suggests (M =
Rm.Ep) (Eqn 10). However, the factor, Ry, is not a unique proportionality constant, but is
dependent on both the material index, Ip, and the horizontal stress index, Kp (Eqn 11). It is not
known what the Ip and Kp values are for the data used by Powell and Uglow (1988) so the full

Marchetti correlation is not tested.
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Figure 24: Constrained Modulus vs. DMT Modulus (Powell & Uglow)

Constrained modulus values obtained from high quality oedometer tests (where Moeq = 1/m,) were
compared to constrained modulus values estimated from the dilatometer using the Marchetti (1980)
correlation (Eqns. 10 and 11) by Lacasse (1986) and also by Iwasaki (1991). These studies were
both undertaken on soft clays. The results of those comparisons are shown on Figure 25, which

generally show good correlation.
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Figure 25: Comparison between M determined from DMT and from Oedometer Tests

Failmezger et al. (1999) compared the constrained modulus by oedometer and DMT on both alluvial

soils and residual soils in Virginia, USA. The results showed good correlation (Figure 26).
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2.1.5.4 Undrained Shear Strength, c,

The research undertaken by Powell & Uglow (1998) on various UK soils showed good correlation
of horizontal stress index, Kp, and the ratio of shear strength over effective overburden stress
(Figure 27). The Marchetti (1980) correlation formula for ¢, (Eqn 14) plotted on the graph in Figure

27 shows a straight line through the centre of the data points, suggesting a good correlation.
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Figure 27: Shear Strength/effective Overburden Stress vs. Ky, (Powell & Uglow 1988)

Much research has been carried comparing c, assessed from DMT (Eqn 14) and those obtained from
other laboratory and in-situ tests on a variety of clay soils in different parts of the world. The results
of some of this research are illustrated below in graphical form vs. depth in Figure 28. The results

generally show the DMT assessed c, values to fall in between the values obtained by other methods.
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Figure 28: Comparison of Cu from DMT and from other Tests
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2.1.5.5 Discussion on Marchetti (1980) Correlations

The original Marchetti (1980) interpretations were based on empirical correlations at 11 test sites,
mostly in Italy. Despite the limited data and the empirical nature of the relationships, it is surprising
that these original correlations, in many cases, show such good agreement with a wide range of soil
types throughout the world. However, the wealth of research information on cross-comparisons
between other reference tests has shown local variations and the development of new or improved

relationships (e.g. Powell & Uglow 1988, Lacasse & Lunne 1988 and Lunne et al. 1992).

Mayne and Martin (1998) undertook a comprehensive review of the available comparative studies
on DMT correlations. Table 5 in Appendix A gives a summary of some of the comparative studies
completed and reported in the literature at that time. In this table the studies are organised
according to individual soil parameters with brief comments and derived relationships listed for
each study, along with the literature reference. Full details of each of the relationships are not
discussed as this is beyond the scope and intent of this thesis, but the table is indicative of the

wealth of research that has been undertaken in this area.

The complexities of the blade penetration, disturbance effects, membrane inflation and deflation,
uncertainty in boundary and drainage conditions, rate effects, and other factors preclude a rigorous
and exact method of interpretation for any soil parameter. Instead the correlation to soil parameters
is heavily dependent on empirical relationships and, as such, variations can be expected in different

soil types and geological units.

The computer program that accompanies the DMT uses only the standard Marchetti relationships
(Table 2) without the ability to easily amend the correlations for local conditions. The use of this
information should, therefore, be taken with some caution and with appreciation that the
correlations may not be completely applicable for the particular soil type being tested. However, the
Marchetti correlations (Table 2) provide a useful first approximation to soil parameters, which can
be obtained in a quick and inexpensive manner. The results of the test (in the absence of other
reference tests) may be adequate depending on the nature of the project concerned. However, the
test should ideally be undertaken in conjunction with other reliable insitu or laboratory tests to
confirm the correlations or develop new relationships, particularly in new soil types and for projects

where the accuracy of the soil properties is crucial for design.
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2.1.6 Shear Wave Testing using sSDMT

The addition of a seismic module located above the mechanical DMT blade creates the ‘seismic
dilatometer’ (sDMT). The two tests (DMT and Seismic) are separate tests that are undertaken
together in the same sounding. The DMT tests are typically carried out every 200mm and the
seismic test every 500mm depth. The addition of the seismic module allows shear wave velocity
(Vs) to be obtained. The seismic module is equipped with two geophones spaced at 500mm vertical
distance. The ‘true-interval’ test configuration avoids possible inaccuracy in the determination of
the ‘zero time’ at the hammer impact, sometimes observed in ‘pseudo-interval’ one-receiver
configurations. Furthermore, the two seismograms recorded by the two geophones at a given depth
correspond to the same hammer blow and not to different blows in sequence, which are not
necessarily identical. Hence the accuracy and repeatability of Vs measurements are considerably

improved with observed Vg repeatability typically 1-2% (Marchetti 2008).

Figure 29 shows an example of seismographs obtained by sDMT tests at various depths at the
research site at Fucino, Italy (Marchetti 2008). The two seismographs (relating to the two
geophones) for each hammer blow are plotted together (left hand side of Figure 29) and then re-
phased to bring the seismographs together (right hand side of Figure 29). Thus the delay time (At)
in the arrival of the impulse from the first to the second geophone can be determined. This allows

the shear wave velocity to be calculated simply as:

Vs =(S, - Sy)/At (18)

Where, (S, — S;) = different in distance between the source and the two geophones

The small-strain shear modulus (Gy) is determined from the relationship:

Go = p(Vs)® (19)

,where, p = ¥/g., ¥ = total soil unit weight, g, = gravitational acceleration (9.81)
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Figure 29: Example of Seismograms Obtained by SDMT at the Site of Fucino, Italy (Marchetti 2008)

Vs measurements by SDMT have been validated by comparison to those obtained by other methods
at various research sites (Marchetti 2008). Figure 30 shows Vg comparisons at the research site of
Fucino, Italy. This shows the sSDMT derived Vg values (2004) to be in good agreement with those
obtained by seismic CPT, Cross-hole and SASW in previous investigations (AGI 1991). Similar
favourable comparisons are reported by various authors, for example, by Hepton (1988),

McGillivray and Mayne (2004) and Mlynarek et al. (2006).
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Figure 30: Comparison of Vg obtained by sDMT and by other methods at Fucino
(Marchetti 2008)
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The seismic test in combination with the DMT test allow both small strain modulus values (Gy) and

larger strain (‘working strain’) modulus (Mpwyr) to be determined from the sounding.

Research by Marchetti (2008) shows that the ratio of Go/Mpwmr 1s highly dependent on (at least) both
soil type (represented by Ip) and stress history (represented by Kp). Plots of Go/Mpwmr vs. Kp for the
three soil types (clay, silt and sand) from experimental SDMT data are given in Figure 31. These

show a general trend represented by the following equations:

Go/Mpyr = 26.177 Kp 1006 for Ip < 0.6 (20)
Go/Mpur = 15.686 Kp*2! for 0.6 <Ip< 1.8 (21)
Go/Mpyr = 26.177 Kp 1006 for Ip > 1.8 (22)

It is suggested that if points fall significantly above the lines represented by Eqns 20 to 22 in Figure

31 (i.e. Gop and Kp are high in relation to Mpwmr) this may then represent bonding in the soil material.

o) 30 30
Go |5, CLAY Go | SILT Go | SAND
MDMT - lp<0.6 MDMT L 06<Ilp<1.8 MDMT L Ib>1.8
20 * 20 *
10 & 10 |
0 F
0 10 20 KD 30 0 10 20 KD 30
Go/MDMT =26.177 K|)‘1'°°66 Go/MDMT =15.686 KD'°'921 Go/MDMT =4.5613 KD'°'7967
R2=0.61 R2=0.81 R2=0.65

Figure 31: Ratio Gy/Mpyr vs. Kp for Clay, Silt and Sand (Marchetti 2008)

The working strain shear modulus, Gpyr can be determined from elastic theory as follows:

G = M/[2(1-v)/(1-2v)] (23)
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Assuming an ‘average’ value of v = (0.2, Eqn 23 then becomes:

Gpwmr = Mpmt1/2.67 (24)

The ratio of Gpm1/Go (modulus decay ratio) can then be determined. Plots of Gpm1/Go are shown

on Figure 32. These show a general trend represented by the following equations:

Gpmt/Go = -0.0002Kp> + 0.022Kp-0.0173 for Ip < 0.6 (25)
Gpumt/Go = 0.0241Kp>" for 0.6 <Ip< 1.8 (26)
Gpm1/Go = 0.0826K 7! for Ip > 1.8 (27)
1 1
CLAY SILT
Gomr lp<0.6 Gowr 06<Ip<1.8
Go GO
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Figure 32: Decay ratio Gpy /G, vs. Kp for clay, silt and sand (Marchetti 2008)

The decay ratio (Gpm1/Go) could be used to derive a G-y curve by the tentative method suggested by
Marchetti (2008). This method involves determining Gpm1/Go from the relationships described

above and plotting on ‘reference typical-shape’ laboratory curves at an appropriate strain value.
Mayne (2001) suggests the DMT moduli represents an intermediate strain level of ¥ = 0.05-0.1%.

Plotting Gpm1/Go at this strain level will help select the most appropriate standard curve for use in

further analysis. A similar approach is described by Mayne et al. (1999).
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Figure 33: Example of G, and G/G, from sDMT plotted with Reference Typical-Shape Laboratory Curves
(Marchetti 2008)

The shear wave velocity can also be used to assess liquefaction potential of sandy soils (Andrus and
Stokoe 2000). The horizontal stress index, Kp, obtained from the DMT test in the same sounding
can be used to provide an alternative method for assessing liquefaction (Monaro et al. 2005). Thus

two totally independent evaluations of liquefaction potential can be made from the sDMT results.
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2.2 CONE PENETRATION TEST (CPT)

2.2.1 Development of the CPT

The cone penetration test (CPT) was first developed in the Netherlands in the 1930’s as a
mechanical test using a 35mm dia. cone attached to a steel inner rod inside a 35mm dia. gas pipe
(Figure 34). The test was performed by pushing the inner rod with cone through the outer ‘casing’
pipe a distance of 150mm and measuring the force required to do so. The casing was then pushed
down to the cone and then both the casing and the inner rods were pushed down together until the
next test depth. Improvements to the system were made by Vermeiden (1948) by adding a conical
part just above the cone to prevent soil from entering the gap between the casing and the rods
(Figure 35). Begemann (1953) significantly improved the Dutch cone test by adding an ‘adhesion
jacket’ behind the cone (Figure 36). Both the Vermeiden type cone and the Begemann cone are still

regularly used today in some parts of the world.

In 1965 an electric cone was developed by Fugro (de Ruiter 1971), the size and shape of which
forms the basis for all modern day CPT cones. The main improvements relative to the mechanical

cone penetrometers were:

¢ Elimination of incorrect readings due to friction between inner and outer rods and weight of
inner rods.

e Continuous testing with continuous rate of penetration without the need for alternate
movements of different parts of the penetrometer and no undesirable soil movements
influencing the cone resistance.

e Simpler and more reliable electrical measurement of cone resistance and sleeve friction.

Cone penetrometers that could also measure pore water pressure (piezocone) were introduced in the
1970’s (Janbu and Senneset 1974). The pore water pressure was measured through a porous filter
located in the probe. Numerous variations of the piezocone were developed with the porous filter in
different locations, half-way up the cone (u; position); just behind the cone (u; position) and; above
the friction sleeve (u3 position). Gradually the practice has changed so that the recommended (and

most common) position is just behind the cone, i.e. the u, position (ISSMFE 1989; Figure 37).
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Figure 34: Early Dutch Mechanical Cone System used in the 1940’s (after Delft Geotechnics)

Figure 35: ‘Vermeiden’ Type Cone Figure 36: “Begemann’ Type Cone

Different size piezocones are available (Figure 37) but the most common size is 10 cm?, which is
the ‘standard’ size, although the larger 15 cm” cone is sometimes used in harder ground (Robertson

and Cabal 2010).
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Figure 37: Electric Piezocones with Porewater Pressure Filter in the u, Position

2.2.2 CPT Test Procedure and Basic Results

The CPT probe is pushed into the ground at a constant rate of 20 mm/s + 5 mm/s (ISSMFE 1989).
The sensors in the cone produce continuous analogue data of cone resistance (q.), sleeve friction (f;)
and pore water pressure (uy) that is converted to digital form at intervals of between 20 mm and 200

mm, depending on the equipment and test standard used.

Due to the inner geometry of the cone the ambient water pressure acts on the shoulder behind the
cone and on the ends of the friction sleeve. This effect is often referred to as the unequal end area
effect (Campanella et al., 1982). Figure 38 illustrates the key features for water pressure acting
behind the cone and on the end areas of the friction sleeve (Lunne et al. 1997). In soft clays and silts
and in over water work, the measured . must be corrected for pore water pressures acting on the

cone geometry, thus obtaining the corrected cone resistance, q:

G=qc+ux(l-a (28)

,where ‘a’ is the net area ratio determined from laboratory calibration with a typical value
between 0.70 and 0.85.
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Figure 38: Unequal end area effects on cone tip and friction sleeve

The basic test results are usually plotted as graphs of q. (or qy), f, u; and Ry against depth, where R¢

is the friction ratio (=fy/q).

2.2.3 CPT Interpretation

2.2.3.1 Soil Behaviour Type Index

The CPT can be used as a soil profiling tool for identifying soil type. Typically, the cone resistance,
(qe) is high in sands and low in clays, and the friction ratio (R¢) is low in sands and high in clays.
The CPT cannot be expected to provide accurate predictions of soil type based on physical
characteristics, such as, grain size distribution but provide a guide to the mechanical characteristics
(strength and stiffness) of the soil, or the ‘soil behavior type’ (SBT). CPT data provides a repeatable
index of the aggregate behavior of the in-situ soil in the immediate area of the probe. Hence,
prediction of soil type based on CPT is referred to as Soil Behavior Type (SBT) (Robertson & Cabal
2010).
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A soil classification chart was developed by Robertson et al. (1986). This was further adapted by
Robertson (1990) using the following normalised CPT parameters to identify soil behaviour type.

t = ((h - Gvo)/Gvo, (29)
Fr = [fs/(qt - Gvo)] (30)
Bq = (112 - uo)/(qt - GVo) (3 1)

,where o,, = pre-insertion in-situ total vertical stress, 0,,” = pre-insertion in-situ effective
vertical stress, u, = pre-insertion in-situ equilibrium pore water pressure

The normalised soil behaviour type chart developed by Robertson (1990) is shown in Figure 39.
Robertson (1990) also suggested another chart based on pore pressure ratio (By) to eliminate
potential errors with sleeve friction measurements, but recommended that the Q; — F; chart was

generally more reliable.
Jefferies and Davies (1993) identified that a SBT index, L, could represent the SBT zones in the Q;
— F; chart. Robertson and Wride (1998) modified the definition of Ic to apply to the Q; — F; chart, as

defined by:

I = [(3.47 —log Q)* + (log F; + 1.22)*]%7 (32)
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8 Very stiff sand to clayey sand* N/A

9 Very stiff, fine grained* N/A

Figure 39: Normalised SBT Chart for CPT (Robertson 1990)

* Heavily overconsolidated or cemented

2.2.3.2 Undrained Shear Strength

Various theoretical and empirical correlations have been reported in the literature (Lunne, et al.

1997). The basis for all theoretical relationships are fundamentally in line with classical bearing

capacity theory (Terzaghi 1943),

dc = Ne.Cy + Oyo

,where ¢, = undrained shear strength; N. = bearing capacity (cone) factor

such that:

For CPTu tests, this can be re-arranged to give:

Cu= (qt - Gvo)/ N

,where Ny, = cone factor relating to corrected total cone resistance
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Teh (1987) developed a theoretical solution for Ny, based on strain path theory (Baligh 1985) as
shown on Figure 40. This figure shows that the penetration resistance is affected by the undrained

shear strength (s,), in-situ stress (6o, Ko), rigidity index (I;) and cone roughness coefficient (o).
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Figure 40: Theoretical Solution for Nkt (Teh, 1987)

Cone penetration is a complex mechanism dependant on many factors. As such, theoretical
solutions do not provide a complete answer as assumptions need to be made to account for the

various factors. Hence empirical correlations are generally preferred, but the theoretical solutions

provide a basic framework for empirical relationships.

From numerous empirical correlations with field and laboratory tests, Ny typically varies from 10 to

18, with an average of approximately 14 (Robertson and Cabal 2010).

Aas et al. (1986) showed that Ny tends to increase with increasing plasticity and decrease with

increasing soil sensitivity (Figure 41).
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Figure 41: Computed Cone Factor, Nkt vs. Ip (Aas et al. 1986)

Lunne et al. (1997) showed that Ny varies with pore pressure ration. B4, where Ny, decreases as B

increases. When By = 1.0, Ny, can be as low as 6.

In very soft clays, where there may be some uncertainty with the accuracy in q;, estimates of ¢, can

be made from the excess porewater pressure as follows (Lunne et al. 1997):

Cy = Au/Nyp, (35)

,where Au = excess pore pressure = u; — ug; N, = excess pore pressure cone factor

Based on cavity expansion, Ny, is theoretically shown to vary between 2 and 20. Lunne at al.

(1985) found Ny, to correlate well with By (Eqn 36) and Ny, was found to vary between 4 and 10.

Nau = BgNi (36)
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2.23.3 K,and OCR

For overconsolidated clays, the following general relationship exists:

(CU/GV’)OC = (Cu/Gv’)NCo OCR" (37)
This relationship assumes the undrained shear strength ratio ¢,/6,” in the normally consolidated
(NC) state can be factored up to provide an overconsolidated ratio of c,/G,’ by the overconsolidation
ratio (OCR) to the power of a factor m, which is approximately 0.8, according to Ladd et al. (1977).
Critical state soil mechanics presents a relationship between (c,/6,’)nc for normally consolidated
clays under different loading directions and effective stress friction angle, ¢’. For normally

consolidated clays (Robertson & Cabal 2010):

(co/0y’ )ne =0.22 (38)
,in direct simply shear (¢’ = 26°)

From Eqn 33:

(Cu/s’vo) = [((h - Svo)/th]/s’vo = Qt/th (39)

Combining Eqns. 37, 38 and 39, gives (Robertson 2009):

OCR = 0.25 (Q)'® (40)

Kulhawy and Mayne (1990) suggested a simpler method:

OCR = kQ, (41)
for Q, < 20, where k = 0.2 to 0.5, average 0.3

OCR (and Kj) can also be estimated using the correlation by Anderson et al. (Figure 42).
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Kulhawy and Mayne (1990) suggested a much simpler approach, using:

Ko=0.1 Q (42)
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Figure 42: OCR and K, from s,/6,,” and I, (Anderson et al. 1979)

2.2.3.4 Constrained Modulus

Constrained modulus, M can be estimated from CPT results using the following empirical

relationship (Senneset et al. 1982, 1989):

M = atm(qe ~ Gvo) (43)

,where oy, = empirically derived dimensionless factor

According to Senneset (1989), ow varies between 4 and 8. Sangrelat (1972) suggested that o
varies with plasticity and natural moisture content for a wide range of fine grained soils and organic
soils. Meigh (1987) suggested that oy lies in the range 2 — 8, whereas Mayne (2001) suggested a
general value of 8 and Kulhawy and Mayne (1990) a value of 8.25. Robertson (2009a) suggested

that o varies with Q, and I, such that:
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When I, > 2.2, use:
O = Qt’ when Qt <14

o = 14, when Q; > 14

When L. < 2.2, use:
o = 001881007+ 1691

Lunne et al. (1997) warned that total stress undrained measurements from the CPT are difficult to

correlate to drained parameters without the addition of pore pressure measurements. The prediction

of consolidation deformation based on cone resistance may be in error by as much as + 100%.

2.2.3.5 Small Strain Shear Modulus

The small shear strain modulus, Gy , can be determined from CPT using the following equation

(Robertson 2009):

Go = 0ig(gr — Ovo) (44)

,where, o = shear modulus factor

The shear modulus factor, 0 can be estimated from the SBT index, 1. as follows (Robertson 2009):

oG = 0.0188[ 10331+ 1:68)) (45)

Hence:

Go = 0.0188[10+ 19 (q, — 6y0) (46)

Robertson (2009) notes that this relationship may be less reliable for use in fine grained soils

(I>2.6) due to the influence of soil sensitivity on fg, and hence F..
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2.3 COMPARISON OF CPT AND DMT

2.3.1 Insertion Effects

During the initial work by Marchetti (1980) consideration was given to the insertion effects of the
DMT blade. It was considered that the displacement effects by the blade insertion (approx. 15 mm
thick) are much lower than that of the conical tip of a CPT (36 mm). Figure 43 illustrates the
comparative strains caused by insertion of wedges and cone (Baligh 1975 and Baligh and Scott
1975). During penetration there is a concentration of shear strain near the edges of the blade so that

the soil facing the membrane undergoes comparatively lower shear strain (Marchetti 1979).

The soil at the face of the membrane has been prestained during penetration and, although the shear
strains in this area are comparatively low, soil stiffness is sensitive to prestrains. Correction factors
are therefore required to evaluate the modulus of the original (undisturbed) soil. Marchetti (1980)
makes the point that, in sensitive soils, alterations to soil properties due to penetration are generally
large and undefinable, so that the original soil properties cannot be traced back. However,
Marchetti (1980) does not undertake any further analysis of such insertion effects, but bases his

correlations to soil parameters empirically from experimental data.

Figure 43: Soil Deformation due to Wedge Penetration compared to Cone Penetration (Baligh and Scott 1975)
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Hughes and Robertson (1985) analysed the horizontal stresses against the CPT sleeve in sands.
They showed that at the level of the conical tip, 6, reaches very high values, while behind the tip, oy,
undergoes a large stress reduction. Thus a zone of high residual stress is created some distance from
the sleeve, as a sort of arching phenomenon. However, the ‘plane’ tip of the DMT probe should
reduce arching and improve the possibility of sensing 6. Also the stress reduction after the wedge

is likewise considerably smaller due to the streamlined shape in the transition zone.

More detailed analytical studies of insertion effects have been undertaken by Finno (1993)
considering the three dimensional strain path method (Baligh 1985). Cavity expansion analysis has
been considered by Yu et al. (1993). Yu (2004) considered and compared the theoretical analysis of
the blade insertion by both the strain path and the cavity expansion methods in clays as well as the
discrete element method in sands. The conclusions were that the flat cavity expansion method and
the strain path method prove to be useful theoretical frameworks for modelling the installation of
the dilatometer. It was considered that three dimensional finite element methods would be required

to model the expansion of the dilatometer.

Lehane et al. (2004) compared field measurements of DMT tests in sand to numerical analyses of
the inserted blade and expanded membrane. In this study, the DMT test was conducted in test pits
that were backfilled with sand. The results were compared between tests where the blade was
pushed into the backfilled sand and tests where the sand was backfilled around the blade.
Numerical analyses were also carried out to model both the insertion effects and the membrane
expansion. It was concluded that the Ep value measured following insertion into sand is about 2.5
to 3 times higher than that measured in the backfilled sand. A similar effect was obtained from the

numerical analysis.

Ahmadi and Robertson (2005) illustrated by numerical analysis how the cone resistance is affected
by the soil ahead and behind the cone. They found that the cone can sense a soil interface up to 15
cone diameters (i.e. 540mm for a standard 36mm cone) ahead and behind the cone. This means that
in the transition zone between, say, a sand and a clay, the cone may give misleading results as it will
be influenced by both the sand and the clay. Robertson (1990a) suggests that these transition zones
may be identified by rapid changes in the soil behaviour type index, I, when plotted in depth
profile. He suggests that where these transition zones are identified, they should be removed from

the data.

_43 -



2.3.2 CPT - DMT Correlations

There are very few published studies that comprehensively compare CPT and DMT tests. An early
study by Campanella and Robertson (1991) considered a specially developed research dilatometer
based on the standard Marchetti DMT. The research dilatometer was identical to the standard DMT
except that it was able to measure porewater pressure, deflection of the centre of the membrane and
penetration force by way of a load cell located just above the blade. The penetration stress, qp, of
the blade installation was compared to the CPT cone resistance, . in sands and the following

relationship was found:

gp=1.1qc A7)

,where qp = trust force/cross-sectional area at the end of the blade.

The 10% increase in the DMT penetration stress over the cone resistance was considered to be due
to frictional stresses on the sides of the blade. Figure 44 shows plots of the DMT lift-off and
expansion pressures (pp and p;) and the DMT horizontal stress index, Kp against penetration
resistance, qp (normalised for the Kp plot). These plots show an approximate linear relationship
between penetration resistance and the values of py, p; and Kp. By combining the equations

obtained from these linear relationships with Eqn 47, the following correlations with CPT q. were

obtained:
Ep =2.63 qc (48)
qe/6’vo = 33 Kp (49)

TC16 2001 suggests the following broad cross relationships based on various experimental studies:

Mpmr/qe =5 - 10 in NC sands (50)

Mbpwmt/qe = 12 - 24 in OC sands (51)

The increasing ratio of M/q. with overconsolidation is a reflection of the DMT’s sensitivity to

compaction.
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TC16 2001 suggests the following broad cross relationships based on various experimental studies:

Mpmt/qe =5 - 10 in NC sands

Mpmr/qe = 12 - 24 in OC sands

(50)

D

The increasing ratio of M/q. with overconsolidation is a reflection of the DMT’s sensitivity to

compaction.

Mayne and Liao (2004) compared CPT and DMT tests in Piedmont residual soils that comprise silty

fine sands and fine sandy silts. Figure 45 shows the relationship obtained in this material between

the DMT modulus and the CPT cone resistance. This suggests a linear relationship of:

EDzsqt

(52)

The DMT material index, Ip, relates to the grain size of the soil, as does the CPT friction ratio, F;

(normalised friction ratio). Thus a relationship may exist between these two values. Figure 45

shows a general trend between I and F,, such that:

Ip=2.0-0.14 F,
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Figure 45: Relationships between DMT Ej and CPT ¢, in Piedmont Residual Soil (Mayne and Liao 2004)

DMT Material Index, Ip

CPT Friction Ratio, FR = fJ/(qi-0y) (%)

Figure 46: Relationships between DMT I, and CPT F, in Piedmont Residual Soil (Mayne and Liao 2004)

The third DMT index value, the horizontal stress index (Kp), can be obtained from the first two

indices as follows:

Kp = (po — u,)/6’vo = Ep/(34.7 Ip 6’ o) (54)

By combining Eqns 52, 53 and 54:

Kp =q¢/[(13.88 - 0.97 F;) 6’y0] (55)

Thus, all three DMT indices can be obtained from conversion of CPT data by way of Eqns 52, 53

and 55. This approach of converting CPT data to DMT indices was validated by Mayne and Liao

(2004) by using the DMT indices converted from CPT to obtain M values by the usual Marchetti

data reduction equation (Eqn 10) and comparing to the M values obtained from the direct
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application of the actual DMT obtained values. Figure 47 shows a plot of the direct DMT derived
M values in comparison to those obtained by the conversion of CPT data. This indicates a

reasonable comparison, thus suggesting that the CPT conversion approach has some validity.

800 : : :

1 B GA ! !
= 1 | |
| = I I

1l oA L__________ N
g o0 N
- 1 1 |
s o NC m .
- - | |

S a0d--——— — _Qm, 7 _____ e
S 4 | | |
© | | |
2 | @ | |
I |

= 2004 ———-— A~ ______ Fomm e Ammm e
2 1 e ! : |
| | |
| | |
0 $ $ —

0 200 400 600 800

CPT- Evaluated M' (bars)

Figure 47: Validation Check on CPT-DMT Conversion for Piedmont Residual Soil (Mayne and Liao 2004)

Mayne and Bachus (1989) investigated the relationship between DMT and CPTu readings and
found that the initial contact pressure, py, was closely related to the peak penetration porewater
pressure obtained in the CPTu test for clays. Figure 48 shows the results of their study with a

general trend of:

Po ~ Umax (56)
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Figure 48: Trend between CPTu Porewater Pressures and DMT p, (Mayne and Bachus 1989)
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Mayne (2006) considered interrelationships of DMT and CPTu readings in soft clays. Three sites
were considered; Amherst, MA; Evanston, IL and; Bothkennar, UK. All three sites comprised
lightly overconsolidated intact clays with 1 < OCR < 2. Figure 49 shows of plot of py vs. uy, which
shows a similar trend to that found by Mayne and Bachus (1989) with py = u, for all three sites.

1 1
m Evanston, IL

1000

sood-4°© Amherst, MA L -

< Bothkennar UK

600

4004 -----r--—— @l

Contact Pressure, po (kPa)

200 F -

0 200 400 600 800 1000
Porewater Pressure, u, (kPa)

Figure 49: Relationship between DMT p, and CPT u, (Mayne 2006)

Robertson (2009b) undertook a literature review of published records of documented sites where
adjacent CPT and DMT results are available. Table 3 shows a summary of published information
on a wide range of soils. The range of different soil types provided an opportunity to consider the
correlations between the DMT material index, Ip, and the CPT soil behaviour type index, I.. Figure
50 shows a plot of the Ip vs. I¢ values. Although there is a large amount of scatter with this plot,

there is a general trend suggesting:

I.=25-15loglp (57)

or

Robertson (2009b) found that the relationship in Eqn 53 proposed by Mayne and Liao (2004) for the

Piedmont residuum was not supported by the published data (Table 3) over a wider range of soils.
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Table 3: Published Records from Adjacent DMT-CPT Profiles (Robertson 2009)

Depth DMT DMT DMT CPT CPT CPT
range range range range range range range
No. Site Soil Reference (m) Ip Kp Epla, [4 F, (%) I
la MeDonald’s Farm, BC, Canada Deltaic sand Campanella and Robertson 1991 512 3.0-80 2-6 200-600 40-120 03-0.6 16-19
b MecDonald’s Farm, BC, Canada Soft silty elay Campanella and Robertson 1991 17-30 02-03 2-3 14-30 2-4 15-25 3336
2 Bothkennar, UK. Soft clay Mayne 2006 3-15 0.3-04 2-3 15-35 45-6 1020 29-32
3 Ambherst, MA, US.A. Soft varved sensitive clay Mayne 2006 6-10 0.2-03 355 20-40 4-6 1025 3.1-33
4 Ford Center, IL, US.A Soft glacial clay Mayne 2006 7-16 0.1-03 3-5 10-40 4-6 15-3.0 3.1-33
Sa Venice Lagoon, Italy Medium dense sand Marchetti et al. 2006 4-5 4.0-60 3-6 400-600 80-100 04-0.6 1.6-18
3b Venice Lagoon, Italy Soft clayey silt Marchetti et al. 2006 29-30 0.3-05 2-3 20-50 57 2.0-3.0 3.0-33
6 Zelezny Mine, Poland Loose silty sand—tailing Mlynarek et al. 2006 5-20 20-40 1.2-25 130-200 40-80 0509 1.8-2.1
7 Hydraulic Fill, Brazil Loose silt and fine sand—fill Penna 2006 4-8 0.2-03 2-3 14-30 5-8 15-3.0 2933
8 Baton Rouge. LA, US.A. Stiff fissured clay Mayne 2006 10-30 0.5-0.8 4-10 B0-175 10-20 25-3.0 2.8-3.0
SHfT silty sand to sandy
¢ Georgia Piedmont, U.S.A. silt—residual soil Mayne and Liao 2004 4-12 12-18 2.7-5.0 110-300 25-55 14-22 2.3-25
Stiff silty sand, sandy
107 Alabama Piedmont, U.S.A. silt—residual soil Mayne and Liao 2004 2-10 L.1-1.6 4-5 150-250 35-45 40-5.0 2527
SUff silty sand to clayey
n* North Carolina Piedmont, U.S.A silt—residual soil Mayne and Liao 2004 2-12 0.7-09 3-6 T0-180 12-30 7.0-9.0 2932
12 Cooper Marl, SC, US.A. Stiff cemented silt Meng et al. 2006 20-30 0.2-04 6-10 40-140 15-20 0.9-1.2 2527
C. H. Juang and D.-H. Lee,
13 Tainan, Taiwan Silty sand personal communication, 2008 6-12 1525 4-8 300-500 80-150 09-1.0 1722
C. H. Juang and D.-H. Lee,
14 Tainan, Taiwan Silty clay personal communication, 2008 4-8 03-06 2-4 30-50 8-12 23 2931
15 Cowden, U.K. Powell and Uglow 1988 4-10 0507 5-10 100-150 20-60 15-25 2527
16 Brent Cross, UK. Powell and Uglow 1988 2-10 04-08 5-15 100-200 20-45 20-35 26-28
17 Madingley, UK. Very stiff clay Powell and Uglow 1988 2-12 0508 816 100-300 30-50 35-6.0 2629
M. Jamiolkowski,
18 Pisa Clay Soft sensitive clay personal communication, 2008 12-20 02-03 34 30-50 5-7 04-10 2931
19 Univ of Central Florida, U.S.A Sand to silty sand Anderson et al. 2007 3-5 20-5.0 4-8 300-800 80-150 04-10 15-18
"Sites where digital data for both CPT and DMT were available.
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Figure 50: DMT I, vs. CPT 1. (Robertson 2009b)

Robertson (2009b) surmised that there would likely be a relationship between DMT Kp and CPT Q;
given that both parameters are strongly influenced by OCR with only a small influence from soil
sensitivity in fine grained clay-like soils. The relationship proposed by Marchetti (1980) between
OCR and Kp, is given by Eqn 59:

OCR = (0.5 Kp)'*¢ (59)

Kulhawy and Mayne (1990) proposed a simplistic relationship between Q; and OCR shown in Eqn
60, whilst a slightly modified correlation is given by Eqn 61.

OCR =0.24 Q% (60)
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OCR =0.3 (61)

By combining these relationships between OCR and Q; (Eqns 60 and 61) with the relationships

between OCR and Kp (Eqn 59), the following two alternative correlations between Q; and Kp can

be derived:

Kp = 0.88 Q% (62)
And

Kp=0.8 Q" (63)

Mayne and Bachus (1989) and Mayne (2006) showed that the DMT py is related to the excess
porewater pressure around the DMT probe, which is similar to the excess pore water pressure
behind the CPT cone at u,. Schneider et al. (2008) developed a series of relationships between
Awy/6’ o and Q, for insensitive clays based on critical state soil mechanics and cavity expansion

theory, which are in the form:

Au/o’ o = B(Q)*” +1.05 (64)

,where [ varies between 0.2 < < 0.5, with an average value of 0.3

Assuming that the lift-off pressure py is equal to the excess porewater pressure from the CPT, uy,

then:

Kb = (U — ug)/G’vo = Aus/G’vo = 0.3(Q)**° + 1.05 (65)

Hence, it is expected that Kp should show similar values as the CPT Au,/G’yy in soft clays.

Schneider et al. (2008) also developed a relationship for sensitive clays:

(Kp =) Aup/c’ v = 0.67(Q)™"" + 1.1 (66)

Robertson (2009b) plotted the published records of Kp against Q; (Figure 51) along with the derived

correlations between Kp and Q; given in Eqns 62, 63, 65 and 66. From this plot, it was considered
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that Eqn 65 provided the best fit over the full range of data. The relationship represented by Eqn

66 for sensitive clays plots close to the sites 1b, 3 and 4, where the clays are somewhat sensitive.

I > 2.60

Figure 51: Comparison of CPT Q; and DMT Kj, in fine-grained soils (I. > 2.60) (Robertson 2010)

Robertson (2000b) did not develop any relationships between Kp and Q; for sand-like soils, but

considered that there may be a possibility that, in coarse grained soils, Kp varies with both Q; and

F..

Mayne and Liao (2004) suggested the relationship given in Eqn 67 for Piedmont residual soils:

Ep=5q (67)

Based on the data on which this relationship was derived, Robertson (2009b) considered that the

data fits equally well in terms of net cone resistance, hence:

Ep = 5(q: - ov) (68)

With the normalised form being:

Ep/6’vo =35 Q (69)

Figure 52 presents a summary of the published records for all soils. This shows that Eqn 69

provides a reasonable fit to the data.
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Figure 52: Comparison of CPT Q; and DMT Ep/c’,, (Robertson 2009b)

Since Ep/c’ is also a function of Ip and Kp (Eqn 54), it follows that:

34.7IpKp = 5Q; (70)
Hence:
Kp =0.144 Q/Ip (71)
Using the correlation between Ip and Ic (Eqn 58), this becomes:
(72)

Robertson (2010) suggested that this relationship (Eqn 72) may represent a framework for future

refinements as more comparison data becomes available. In the meantime, the relationship

represented but Eqn 65 is considered the most appropriate. The proposed correlations are then:

Kp = 0.3(Q)"*° + 1.05 ,when L. > 2.60 (74)
Ep/c6’vo =5 Q (75)
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The suggested correlations by Robertson (2009b) for Kp and Ip, are plotted on the normalised CPT
SBT Q; — F; chart in Figure 53. The contours of Kp shown on Figure 53 indicate a possible
transition zone in the region of 1.2>Ip>0.60, which represents silt-mixture soils that may be

influenced by possible drainage during the pause between penetration and testing.
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Figure 53: Proposed Contours of DMT KD and ID on the CPT Normalised SBT Qt-Fr Chart (Robertson 2009b)

Robertson (2009b) considered a site at Moss Landing, California, where two CPT tests and one
DMT test were carried out in close proximity (1m apart). The directly measured DMT index values
(Ip, Kp and Ep) were compared to those predicted by Eqns 73 to 75 from the CPT data. A
comparison between the measured and predicted DMT parameters is illustrated on Figure 54. In
general, the comparison between measured DMT parameters and those predicted by the CPT using

the proposed correlations show reasonable trends.

Robertson (2009b) concluded that the proposed correlations are approximate and will likely be
influenced by variations in in-situ stress state, soil density, stress history, age, cementation and soil
sensitivity. It was suggested that the correlations may provide further insight into future correlations
for the DMT with other geotechnical parameters given the more extensive theoretical background

and larger database provided by the CPT, with further research.

Recent studies comparing DMT and CPT tests in soft organic soils and alluvial soils (Bihs et al.
2010, Mlynarek et al. 2010 and Aykin et al. 2010) showed generally good correlations between the
two tests. Mlynarek et al. (2010) found that the DMT soil type classification system (Marchetti and

Crapps 1981) seemed to provide a reliable system for identifying organic soils.
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Figure 54: Comparison Between measured DMT parameters and those predicted using CPT (Robertson 2009b)

McNulty and Harney (2010) compared effective friction angle derived from 47 CPT (CPT and
SCPT) and 13 DMT (DMT and sDMT) tests on clayey and silty sands. The CPT derived fiction
angle, ¢’, compared well with laboratory measurements and DMT results below the water table.
Above the water table, CPT derived ¢ values were significantly higher than laboratory
measurements. The DMT derived ¢ values general compared well with other data sources, except

in the looser layers.

Marchetti (2010) considered the sensitivity of both the CPT and DMT to stress history and aging in
sand. Two cases where CPT and DMT tests in calibration chambers were reported, which showed
the DMT to be considerably more sensitive to the simulated prestressing and aging than the CPT. A
full scale embankment study was also reported where a 6.7m high embankment was constructed, the
ground allowed to consolidate and then the embankment removed. CPT and DMT tests were
conducted before and after embankment construction and then again after complete removal of the
embankment. The results indicate much greater sensitivity in the DMT results (Kp and Mpy) than
in the CPT. This suggests that the DMT Kp is a better parameter than CPT q; for assessing the
behaviour of sands to liquefaction, which is affected by stress history and aging. This also suggests

that correlations between CPT and DMT derived parameters may not be valid in some soils.

-54 -



24  ARTIFICIAL NEURAL NETWORKS

2.4.1 General

Artificial neural network technology uses mathematical algorithms to create patterns to match an
existing data of set output and input values so that predictions of outputs can be made for new sets
of input data. They operate in a similar way to that of the biological neural functioning in the brain.
Just as humans apply knowledge gained from past experience to new problems or situations, a
neural network takes previously solved examples to build a system of ‘neurons’ that makes new

decisions, classifications and forecasts.

Neural networks take a set of known solved data and learn the pattern between the input and output
information for a selected set of the data. This is called ‘training’ and the data to which the training
is applied is called to ‘training set’. Once a pattern is obtained in this way, the network is applied to
the untrained part of the solved data. This is called ‘testing’ with the data so tested called the ‘test
set’. The network can also be applied to the combined training and test sets. The outputs obtained
by the neural network are compared to the actual output values. Results should be evaluated by
consideration of the correlation coefficient and also in terms of the percentage of correct answers

that result from the model.

Neural networks excel at problem diagnosis, decision making, prediction, and other classifying
problems where pattern recognition is important and precise computational answers are not
required. This makes neural networks ideal for the comparison of geotechnical parameters, where

there may not be exact solutions, but patterns between the data can be more helpful.

There are many different types of artificial neural network systems. Figure 55 illustrates a simple
network structure. The basic building block of the neural network technology is the simulated
‘neuron’, depicted as the circles in Figure 55. The network processes a number of inputs from the
outside world to produce an output. The neurons are connected by ‘weights’ (depicted as lines in

Figure 55) which are applied to values passed from one neuron to the next.
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Figure 55: Neuron Network Structure
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A group of neurons is called a ‘slab’. Neurons are also produced into ‘layers’ by their connection to
the outside world. For example, if a neuron receives data from the outside the network, it is
considered to be in the input layer. If a neuron contains the network’s predictions or classifications,
it is in the output layer. Neurons in between the input and output layers are in the hidden layer(s).

A layer may contain one or more slabs of neurons.

Input values in the first layer are weighted and passed to the second (hidden) layer. Neurons in the
hidden layer ‘fire’ or produce outputs that are based upon the sum of weighted values passed to
them. The hidden layer passes values to the output layer in the same fashion, and the output layer
produces the desired results. The network ‘learns’ by adjusting the interconnection weights between
layers. The answers the network is producing are repeatedly compared with the correct answers and
each time the connecting weights are adjusted slightly in the direction of the correct answers.
Eventually, if the problem can be learned, a stable set of weights adaptively evolves and will
produce good answers. The real power of neural networks is evident when the trained network is

able to produce good results for data which the network has not ‘seen’ before.

For this study a type of artificial neural network called ‘General Regression Neural Network’

(GRNN) has been used. This network system is discussed in more detail below.
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2.4.2 General Regression Neural Network (GRNN)

The general regression neural network algorithm was developed by Specht (1991). It is a four layer,

single pass model with a parallel structure. The architecture of GRNN is illustrated in Figure 56.

$'(x)

i Output
Input ~ Pattern ; Units
Units Units  symmation
Units

Figure 56: Schematic diagram of GRNN architecture

The GRNN is composed of four layers; input layer, pattern layer, summation layer, and output layer.
The total number of parameters equal the number of input units in the first layer. The input
variables (xj, Xp, etc) are scaled from their numeric range into the numeric range that the neural
network can deal with efficiently. In this study a tanh scaling factor was used which uses a
hyperbolic tangent function (tanh) to scale the data between -1 and 1. The scaled values then pass
to all the neurons on the second layer (pattern layer). Each pattern neuron is dedicated to one
training pattern and its output measures the distance of the input from the stored patterns. The
square of the differences are fed into a nonlinear activation function. The output from the pattern
units are passed to the summation units. Each pattern layer unit is linked to the two neurons in the
summation layer (the S-summation neuron and the D-summation neuron). Here, the sum of the
weighted outputs of the pattern layer is calculated by the S-summation and the unweighted outputs
of the pattern neurons is computed by the D-summation. The linkage weight between the S-
summation neuron and the ith neuron in the pattern layer is yi; the target output value corresponding
to the ith input pattern. The linkage weight for D-summation is unity. The output layer just divides
the output of each S-summation neuron by the output of each D-summation neuron, supplying the

predicted value to an unknown input vector X as:
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The number of training patterns is indicated by n and the Gaussian D function in Eqn 76 is

explained as:

(77)

Where p shows the number of input elements. The xj and xij values represent the jth elements of x
and xi, respectively. The value C is the spread factor or smoothing factor. In this study, the
smoothing factor was determined using a genetic algorithm. If the spread becomes larger, the
function approximation will be smoother. If the spread is too large, then a lot of neurons will be
required to fit a fast changing function. Too small a spread means many neurons will be needed to
fit a smooth function, and the network may not generalise well. The genetic algorithm uses a
‘fitness’ measure to determine which of the individuals in the population survive and reproduce
(Goldberg 1989). The measure of fitness for the GRNN is the mean squared error of the outputs for

the entire data set. The genetic algorithm seeks to minimise this squared error.

2.4.3 The use of ANN in Geotechnical Engineering

The ground is a natural product consisting of variable soil and rock materials which are created in a
variety of different complex geological processes. This creates a material, whose properties and
behaviour is difficult to predict and is influenced by many factors. Conventional geomechanics
attempts to predict soil and rock behaviour by applying theories and creating models that must make
assumptions about the numerous factors affecting that behaviour. ANNs only consider the numeric
data only without concern about any theoretical justification between the particular variables. This
allows the relationships between the variables to be fully utilised in order to determine the

underlying pattern that defines the ground model. This makes ANNSs ideally suited to geotechnical
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problems as solutions may be found that conventional models may not be able to predict because

of the unknown influence and interaction of the various factors that may be involved.

Consequently, artificial neural networks (ANN) have been used successfully for many geotechnical
applications. Shahin, et al. (2001) provides a summary of ANN applications to various geotechnical
problems provided in the literature. Reference is made to over 70 studies involving the application
of ANNs to problems involving pile capacity, settlement of foundations, soil properties and
behaviour, liquefaction, site characteristics, earth retaining structures, slope stability and tunnels.
The most successful applications appear to be predicting driven pile capacity, liquefaction and soil
properties and behaviour (Shahin et al. 2001). For example, Abu-Kiefa (1998) successfully utilised
the GRNN method to predict the capacity of driven piles in cohesionless soils. Goh (1995) used
ANN to model the correlation between relative density and CPT cone resistance. ANN was also
used by Goh (1994) to model the complex relationship between seismic and soil parameters in order
to investigate liquefaction potential. There are many other examples described by Shanin et al.

(2001). In many of the cases, the ANNs performed better than conventional methods.

Abuel-Naga (2001) used the ANN architectures of GRNN and GMDH to model the correlation
between dynamic cone penetration test (dynamic probe) and the standard penetration test (SPT) in

cohesionless soils.

Conventional methods generally rely on assuming the structure of the model in advance. This
requires assumptions to be made on the relationships between the variables involved based on
known theory. ANNs however work only with the data and the model is developed by training on
input and output values to determine the pattern of the model. Furthermore the model can be
improved at a later date by adding new data and re-training the network. The model is not inhibited
by any preconceived theory. The downside of this is that the underlying mathematical relationships
behind the ANN model is not known and can not be validated theoretically. Shanin et al. (2001)
concludes that despite the limitations of ANNs, they have a number of significant benefits that make

them a powerful and practical tool for solving many geotechnical problems.

From review of the literature the ANN method does not appear to have been used specifically for
determining correlations between CPT and DMT. However, there are many examples of the
successful use of the technique in similar problems. Consequently ANN is considered to be a

suitable method of analysis for this study.
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3. CHAPTER 3: METHODOLOGY

3.1 METHODOLOGY

3.1.1 In-situ Testing

Dilatometer (DMT) and CPT tests were carried out next to each other at various sites. The DMT
and CPT tests were carried out using a Pagani TG63-150 push rig (see Figure 6). In some cases the

DMT tests were carried out close to previous CPT tests done by others.

The CPT tests were carried out in accordance with ASTM standard D5778-07. The DMT tests were
carried out in accordance with ASTM D6635-01(2007) and TC16 (2001). The CPT tests were all
piezocone tests (CPTu) using 10cm® cone with the porewater pressure element at the u, position.
The DMT tests were carried out with the seismic module to measure shear wave velocities (sDMT).

An electric Autoseis hammer (Mayne and McGillivray 2008) was used to generate the shear waves.

The standard Marchetti data reduction computer program (Sdmt Elab) that accompanies the DMT
was used to acquire the data obtained from the sDMT tests. The CPT field data was uploaded using
the Pagani TGSWO03 software.

In accordance with standard practice, DMT tests were generally carried out at 200mm depth
intervals with the seismic tests carried out every 500mm. Continuous data with depth is obtained
from the CPTu testing, which is processed at 10mm intervals by the software program (TGSWO03).
Where CPT tests were carried out previously by others, similar data acquisition software producing

data at 10 mm intervals were used.
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3.1.2 Interpretation of Results

The standard Marchetti Sdmt Elab software was used to reduce the sDMT data to create plots of
material Index (Ip). constrained modulus (M), undrained shear strength (c,), horizontal stress index
(Kp) and shear wave velocity (V). The software also interprets and tabulates data and correlations
for po, p1, unit soil weight (), effective overburden pressure (G’y,), insitu porewater pressure (u,),
Ip, Kp, Ep, at-rest earth pressure (Ky), overconsolidation ratio (OCR), angle of friction of sands (¢’),
undrained shear strength of clays (c,),Vs, small strain shear modulus (Gy) and a soil description

based on Ip. The interpretations to index values and soil parameters are based on the Marchetti

(1980) correlations (see Table 2).

The data from the CPT tests were input into the computer program CPeT-IT (by Geologismiki
Geotechnical Software). This software has been developed in association with Professor Robertson
using the correlations by Robertson (2009a) and Robertson and Cabal (2010), which have been
described in Section 2.2.3 of this Thesis. The software presents the basic CPT data, normalised data
and interpretation of soil parameters in various graphical forms as well as in comprehensive tabular
formats. Of relevance to this study are the basic parameters, qy, fs, Uz, ¢, Uo, q’vo, the normalised
parameters, Q; and F,, and the soil behaviour type index, I.. Also the interpreted soil parameters c,,

M, Go, OCR and ¢

The tabulated data from the interpretation software were collated into an excel spreadsheet. Side-
by-side or overlaid Graphs were then generated in order to compare the results and interpretations
between the CPT and DMT data. The Robertson (2009b) correlations (Eqns 72 to 75) were also

overlaid on the graphs of Ip, Kp and Ep for comparison purposes.

3.1.3 Analysis

The data was reduced by averaging the CPT results over 200mm depth increments (moving
average). The basic test results (qc, fs, u, and q;), the normalised parameters (Q, F;) and I. were all
averaged in this manner. The DMT data was not reduced as it is already at 200mm depth

increments. The CPT data in between the DMT data points were then removed so that the data set
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includes only points where both the CPT and DMT data exists at the same depths (i.e. 200mm

depth increments).

The results in graphical form were examined and the results between the CPT and DMT data
compared. From that examination, the data that was considered the most reliable was selected for

more detailed analysis.

The selected reduced data was analysed using the general regression neural network algorithm
(GRNN) to investigate possible correlation from the CPT data to the DMT data. The computer
program, NeuroShell 2 by Ward Systems Group Inc. was used to run the GRNN in this study. The
results were presented in a tabular format with the best error results shown graphically to assist in
the selection of the successful network. The successful network was applied to the whole of the
data (including the data rejected in the data reduction process) to investigate the correlations with

the ‘unseen’ data.

The GRNN results do not provide an equation or known mathematical formula that represents the
successful network algorithm. In this respect it is a ‘black box’. So, despite the apparent success of
the GRNN, its equations are hidden. The actual formulas are expected to be highly complex and not
easily validated theoretically. To provide added value, the results of the GRNN were also compared
to the Robertson (2009b) correlations to compare and co-validate the successful GRNN and
Robertson correlations. An attempt was made to refine the Robertson correlations in line with the

GRNN results on theoretically reasonable input parameters.
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3.2 DESCRIPTION OF TEST SITES
3.2.1 Location of Sites

The in-situ testing was carried out at ten sites of different geology within the upper half of the North
Island of New Zealand. The locations of the test sites are shown in Figure 57. The sites are project

sites rather than specific research sites.

MZ‘»’ ‘ Whangarel

\"‘ N ¥ w — Teraunul N
w Wamama: u 3 <
"J Plklwahme 7 5

gaville ~—

-

Renhutaio Rua?angl _
Landmn ) ".:‘ lete 4 Kalwaka
Site 3: Maungaturoto e X! -
F ' Site 5: Matakana
Wai a

) Y ;

O Slte 1: St. Heliers
‘ g ) ¢ “ Kalmke

X )
adon Site 2: Flat Bush ﬁm

ol Joglas

Faoron Waihi

\ Wallok. Walm “Beach
™ Kutlka!l
Te Aroha g

Site 8: Hamilton

Figure 57: Location of Test Sites

3.2.2 In-situ Testing

Table 4 gives a summary of the tests carried out at each test site. At least one DMT test and one
CPT test were carried out close to each other at each test site. At two sites (Hamilton and
Ngaruawabhia), four pairs of CPT and DMT were carried out. In total there are 16 CPT and DMT
pairs. In Table 4 the test sites have been number 1 to 10, with each pair denoted by a letter (a, b, c,

etc) for each site.
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Table 4: Summary of Test Sites

Site Location CPT/DMT Depth* of Depth to Geology Soil Type(s)
Pair Number sounding water table
(m) (m)
1. St. Heliers 8.0 1.5 Alluvium Silty clay, organic clay
2. Flat Bush 10.2 4.0 Alluvium Silty clay, clayey silt
3. Maungaturoto 43 1.0 Alluvium Silty clay, clay
4 Kaiwaka a. 7.4 5.0 Residual Layered silty clay, clayey
Soil silt, sandy lenses
5. Matakana a. 8.0 1.0 Residual Silty clay, clayey silt
Soil
6. Pohuehue a. 6.6 2.0 Residual Layered silty clay, clayey
Soil silt
7. Herald Island a. 9.0 34 Residual Layered clayey silt, silty
Soil clay, silt, sandy lenses
8. Hamilton a. 19.0 1.75 Volcanic a. Layered silty sand/sand,
Soil clay lenses
b. 15.6 6.7 b. Clayey silt, clay, sandy
silt
c.¥E 17.2 4.8 c. Layered silty clay,
clayey silt, silty sand
d.** 16.0 2.3 d. Layered clayey silt, silt,
silty sand
9. Ngaruawahia a.k* 6.0 2.0 Volcanic a. Layered sand, silty sand,
Soil silt, clayey lenses
b.** 15.0 2.0 b. Layered silty sand, silt,
clayey lenses
c.¥E 10.4 2.0 c. Silt, sandy silt, silty sand
d.** 14.4 3.0 d. Layered silt, sandy silt,
sand
10. New Lynn a.k* 15.0 1.7 Alluvium Silty clay and clayey silt

*Depth relates to the depth of the DMT test (corresponding CPT test may be deeper at some sites)
**CPT carried out by others previous to DMT test

Some of the CPT results are from CPT tests carried out by others some time previous to the DMT

tests. The digital information from these CPT tests (other than for New Lynn) have been supplied.

Digital data was not available for the New Lynn site, but the data was manually estimated from the

hard copy plot.

In most cases, the DMT test was carried out within 3m horizontal distance of the CPT test.

However, where the CPTs were carried out previously by others, the exact location of those CPTs

were not known and so the distance between the DMT and the CPT is not known. It is likely that

these tests will be within approximately 10m of each other, but they could also be further apart. The

CPT at Herald Island was carried out approximately 6 months prior to the DMT test. These are

approximately 2m apart.
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The elevation of the ground surface (relating to depth = 0) of the CPTs and DMTs are not known. It
has been assumed that the depth = O point of each pair of soundings is at the same elevation,
although this may not be the case. It is expected that the elevation difference between pairs of

soundings are within 200mm, but that difference may be greater in some instances.

3.2.3 Ground Conditions

In some cases, boreholes have been drilled next to, or close to the DMT and CPT pairs. The logs
from these boreholes have been examined to confirm likely soil types and geology as well as to
estimate the depth to the groundwater table. This information and the material index parameters (Ip
and I¢) of the DMT and CPT tests have been used to provide a general description of the soil type
and geology in Table 4. The water table depth indicated in Table 4 has been estimated from nearby
borehole/piezometer information. Where borehole or piezometer information does not exist, a

reasonable guess of the likely water table depth has been made.

The borehole information, where available, has not been included for simplicity reasons. The
borehole information has only been used as a guide to estimate geology and water table information
in general terms. This study is specifically limited to the comparison between DMT and CPT tests.
The comparison with borehole information is considered outside the scope of this study and so the
borehole information has been excluded. Although the comparison between soil descriptions given
on borehole logs and the material indices (Ip and I¢c) would be interesting, borehole logs are not
available in all cases and the boreholes are, in some cases, some distance away from the
DMT/CPTs. It would also be of value to compare of soil parameters determined from laboratory
testing of borehole samples to those determined by correlation from DMT/CPTs. However this
laboratory testing information is extremely sparse and of limited value in this study. Consequently,
any borehole information or laboratory testing has been excluded and the study focused only on the

direct comparison between DMT and CPT tests and their respective interpretations.

The geology given in Table 4 is generalised and may not be strictly correct geologically. For
example, the soils at the sites in Hamilton and Ngaruawahia (sites 8 and 9) are derived primarily
from volcanic ash and ignimbrite (pumiceous materials from the Taupo eruptions), however, much

of these soils have been redeposited as alluvial soils (Puketoka Formation) or may be layered
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alluvium, ash, and ignimbrite. For simplicity, the geology for these sites has been referred to as

‘Volcanic soils’ as this relates best to the origin of the material. Similarly some of the sites
described as ‘alluvium’ may include volcanic derived soils or run into residual soils at depth.
Consequently, the geological descriptions in Table 4 provide a general guide rather than an exact
geological classification. No attempt has been made in this study to investigate the results in
reduced groups based on geological origin. There is possibly geologically specific correlations, but
the size of the available data base and the difficulty in classifying the data in appropriate geological
units makes such comparisons too specific for this study. Instead the study has been restricted to

general comparisons across all the various geological origins presented.
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4. CHAPTER 4: RESULTS

4.1 RESULTS AND INTERPRETATIONS

4.1.1 Presentation of Data

The CPT test measures data continuously and records information at 10mm depth intervals.
Consequently, the CPT test creates a huge amount of data. In the 16 CPT tests presented in this
study, there are over 20,000 groups of data at 10mm depth increments. It is not feasible to present
the complete data in tabular form, as this would take up hundreds of pages. Instead the data has
been presented in graphical format and attached in Appendix B. Here the various parameters are
plotted against depth in a series of graphs with the DMT and CPT data plotted side-by-side or
overlain on the same graphs. A set of graphs has been produced for each test site. As an example,

Figure 58 and Figure 59 show the format of the data presentation from one of the test sites.

For each test site, two pages of data are presented. The first page (represented by Figure 58) shows
the basic results with the top row of graphs showing the basic raw data of q., f; and u, from the
CPT, and po, p1 and Vi from the DMT. Note that the shear velocity, V, is obtained from the
seismic module added to the DMT (sDMT). The CPT data is shown in blue and the DMT data in
red. The lower row of graphs in the results page gives the normalised CPT cone resistance, Q;, the
normalised friction ratio, F;, and the soil behaviour type index, I, from the CPT. Alongside that is
the DMT material index, Ip, the horizontal stress index, Kp and the dilatometer modulus, Ep. Again

the CPT information is in blue with the DMT alongside in red.

The second page (Figure 59) presents common interpretations of the basic data to estimates of soil
parameters. The soil parameters considered are undrained shear strength, c,, constrained modulus,
M, small strain shear modulus, Gy, overconsolidation ratio, OCR and angle of internal friction, ¢’.
These parameters have been interpreted using the computer software CPeT-IT for the CPT data and
the standard Marchetti dilatometer software, Sdmt Elab for the DMT. The derivation of these
correlations is discussed in previous sections. These are commonly used correlations, primarily

based on Robertson (2009a) and Marchetti (1980).
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CPT - DMT RESULTS SITE: 8T. HELIERS PAIR No. 1a
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CPT - DMT INTERPRETATIONS SITE: 8T. HELIERS PAIR No. 1a
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The soil parameters obtained by correlation from the DMT are shown in red, whilst those from the

CPT are shown in Blue.

The lower row of graphs on the interpretations page are the DMT index values (Ip, Kp and Ep
shown in red) along with the Robertson (2009b) CPT-DMT correlations overlain in green and blue.

These correlations have been discussed in previous sections. In summary, they are:

ID — 10(1.67—0.67Ic) (78)
Ip=20-0.14F  (Mayne and Liao 2004) (79)
Kp = 0.144 Qu[1067-067c) (80)
Kp = 0.3(Q)* + 1.05 ,when I, > 2.60 (81)
Ep/6’v0 =5 Q (82)

To be consistent with convention and with Robertson (2009b), the DMT indices Ip and Ep have

been plotted on a logarithmic scale, whereas Kp is plotted on a natural scale.

The data has been presented in the way described above so that a visual comparison of the graphical
results can be made. The visual examination of the graphical data is discussed for each of the test

sites in the following sections. The purposes of such visual examination are:

(a) To obtain an initial ‘feel’ for the data

(b) To compare the soil types predicted by the CPT and DMT (by 1. and Ip)
(c) To compare the estimates of soil parameters derived from the two tests
(d) To compare the Robertson (2009b) correlations with the DMT results

(e) To select reliable data for further analysis

It should be noted that the visual examination of the data is not intended to be a rigorous analysis,
particularly for the derived soil parameters (i.e. ¢y, M, etc). Analysis of the derived soil parameters

would necessitate reliable independent reference tests (e.g. laboratory tests). It is not the purpose of
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this study to consider the correlations with soil parameters, but they have been included to help

provide a comparison of the capabilities and responses of the two tests. Bearing in mind that this is
the first time DMT and CPT tests have been compared in New Zealand soils, it is of interest to
examine and compare the derived soil parameters. This all leads to a better understanding of how

the DMT (and CPT) tests behave.

A comparison between DMT py and the excess porewater pressure, u,, measured by the CPT are

compared separately following the individual observations of other parameters for each site.

4.1.2 St. Heliers

The CPT shows low q. values with a layer of higher values at around 4m depth and harder ground
below about 7.5m-8m. The Q, and F; plots show occasional spikes in the upper 4m and these spikes
are also represented in the soil behaviour type index (I.) plot with the graph hovering around the
silt/clay boundary (at I. = 2.95). At around 4.5m, the I plot spikes distinctly into the sand region (I,
< 2.05), after which it returns to a distinctive clay layer. At around 7.5m it goes into the silt region,
zigzagging between the sand boundary and the clay boundary. The CPT thus suggests soft silty clay
over the upper 4m with the soil layered with variable silt and clay content, a sand layer at around

4.5m followed by soft clay down to a competent stratum below about 7.5m (probably sandstone).

The DMT material index (Ip) plot is less spiky than the L. plot. It shows similar soil type in that
silty clay and clay is shown in the upper 4m or so, but the plot distinctly moves well into the clay
region (Ip < 0.6) and with a silty/sandy layer around 2.5m returning back to the clay zone at about
3m depth, before showing a silty sand layer at about 4.5m, below which, the plot goes well into the
clay layer and is described by the DMT software as ‘mud and/or peat’. The plot goes into the silt
zone at about 7.5m, tending towards the sand boundary. In general it would appear that the CPT 1.
and DMT I are in agreement with respect to the general soil profile. Although the shapes of the
plots vary, their interpretation of the soil types matches reasonably well. The biggest difference is
the apparent more layered and variable silt/clay mixture indicated by the CPT in the upper 4m or so.
It should be noted, however, that the DMT Ip, plot is on a log scale, which may distort the shape of
the plot, by exaggerating the lower values. This may explain to some extent the apparent

differences in the shapes of the two plots.
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Observation of the derived soil parameters, shows that the undrained shear strength (c,) and the

constrained modulus (M) derived from both the CPT and DMT compare very well, the only
significant variation being a higher M value predicted by the CPT in the sand layer at 4.5m. The
small strain shear modulus (Gy) as predicted by the CPT also compares reasonably well with that
measured by the SDMT. The Gy from the sDMT has been obtained from the shear wave velocity
measured directly from the seismic module of the test equipment and so would be considered to be
more accurate. Considering that the Gy from the CPT has been estimated from q; and I, the results
are very similar to the sSDMT results, although they are consistently higher than the measured sDMT

results, except near the bottom of the sounding where the SDMT Gy spikes early.

The overconsolidation ratio (OCR) has also been very similarly predicted by both tests. The results
show overconsolidation (probably by desiccation) at the surface and the two tests do vary in their
predictions over this upper layer. However, from about 1.5m and below, the two tests provide a
very similar prediction of OCR. The results suggest that the soil is lightly overconsolidated between
about 1.5m and 4m and approximately normally consolidated from about 5m to 7m. This is
mirrored by the Kp plot, which shows Ky approaching 2 between these depths (suggesting normally

consolidated).

Where the tests indicate sandy soil, the friction angles predicted by both tests compare well.

The plot of Ip with the Robertson (2009b) correlations superimposed, show a generally poor direct
correlation between Ip and Ic, although the general soil type interpretations are similar. The log
scale may be exaggerating the difference, however. The Mayne and Liao (2004) correlation with F;

does not compare well at all.

Apart for some deviation in the upper 1m, the Robertson (2009b) correlations with Kp compare very
well to the measured DMT Kp values, albeit slightly lower that the measured values. The
Robertson (2009b) correlation for Ep, however, does not compare as favourably to the measured
values, although they do follow the same general trend. The log scale, again, may be distorting the

difference somewhat.

In summary, the estimated soil types from Ip and Ic compared reasonably well and the derived soil

parameters from each tests compared favourably. The estimated Kp values from the Robertson
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(2009b) correlations compared well, but the correlations for Ip and Ep were not as favourable,

although the general trends were followed.

4.1.3 Flat Bush

The L. and I plots indicate silt in the upper two metres and then follow the silt/clay boundary down
to about 6.5m depth. The two tests agree reasonably well over this depth range (to 6.5m). Below
6.5m, the DMT Ip indicates sandy silt and sand becoming more silty below about 9m, whereas the

CPT I. indicates silt soil below 6.5m becoming slightly more sandy with depth.

There is a small blip in the q. and f plots at around 2.5m depth, which is mirrored in the DMT pg
and p; plot also. Both tests indicate a harder layer (likely sandstone) at around 10m depth. The
predicted undrained shear strength corresponds well in both tests in the upper 6.5m, after which the
CPT suggests a very stiff clayey soil, whereas the DMT is interpreting the soil to be sandy (¢’ =
35°). The constrained modulus, M, estimated by the DMT is higher than that of the CPT in the
upper 3m and is lower than the CPT predictions below about 7.5m depth. However, between about
3m and 7.5m, the two tests show similar estimates of M. The measured Gy by the SDMT compares
very well with that predicted by the CPT in the upper 7m. Below 7m, the CPT predicts generally
higher Gy values than measured by the sDMT. The OCR predicted by both tests compares
favourably in the zone between 3m and 7m, but the DMT estimates higher OCR in the upper 3m

(due to desiccation).

With respect to the Robertson (2009b) correlations, the estimated I, from CPT follows more-or-less
the same trend as the DMT measured Ip over the upper 7m or so. Below 7m, however, the CPT
estimated Ip does not match well being on the clayey side of the silt range, whereas the DMT Ip
indicates sandy soils. The Mayne and Liao (2004) correlation with Fr does not compare well, but

comes closer to the measured Ip values in places below 7m depth.

The two Robertson (2009b) correlations to Kp compare very well between themselves, but are lower
than the DMT Kp values to about 7m depth, after which they become slightly larger than the
measured Kp values. However, the estimated Kp values do follow the same shape and fit

reasonably well with the measured values, particularly between 4m and 7m depth.
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The Ep values estimated from CPT by the Robertson (2009b) correlation generally follow the same
profile of the measured DMT Ep, values, but are lower. The two curves come closer together below

about 8m depth, but the individual depth values compare relatively poorly in general.

In general, the derived soil parameters (c,, M, Gy and OCR) from both tests compare reasonably
well, except below about 7m depth. This may be due to a different geological unit being
encountered. Below this depth the DMT and CPT have interpreted different soil types. The
Robertson (2009b) correlation for Kp plotted reasonably closely to the DMT Ky, curve, however the

correlations for Ip and Ep were less favourable.

4.1.4 Maungaturoto

The I. and Ip plots show similar results, with the graphs falling mostly on the clay side of the
silt/clay boundary with more clayey material between about 1.5m and 2.5m depth. At the base of
the soundings, both material indices go strongly to the sand side. This represents a hard layer at the
base of soft clay deposits. The undrained shear strengths vary with the CPT generally predicting
slightly higher values, but the two curves follow the same general trend and the comparison is
reasonable. The constrained modulus, Gy and OCR show similar comparisons between the two
tests. The undrained shear strength is generally between 20kPa and 50kPa suggesting a soft to firm
soil consistency and a c,-depth profile that would extrapolate to the origin of the graph. This would
suggest a possible normally consolidated state, but the OCR estimated from both tests is generally
greater than 5. The soils do become softer below about 3.7m depth where c,, M and OCR all reduce
and the OCR reduces to about 2 to 3. However, the OCR does appear high considering the nature

oft the other derived soil parameters.

The tests appear to be out-of-phase with the DMT results needing to shift up approximately 300mm.
However, the end depth on the hard stratum is the same in both tests. The variation could be

explained to some extent by variations in the ground conditions between the soundings.

The Robertson (2009b) correlation to Ip shows the same trends as the measured DMT Ip, with the
plots falling into the same soil categories. The numeric values vary, but the numbers do look more
closely related below about 2.5m depth. Very similar shaped plots to those of the Ip graph are
shown on the Ep graph with similar variations. It appears that the DMT has picked up a soft layer at
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around 2.2m depth that has not been picked up by the CPT. The estimated Kp values from both
correlations provided by Robertson (2009b) show reasonable agreement with the trend of the

measured Kp plot, but with generally slightly higher estimated values.

In summary, the CPT and DMT derived soil parameters and Robertson (2009b) correlations showed
similar trends on the graphical plots but the numerical values at the depths points are significantly

different in places.

4.1.5 Kaiwaka

The material index plots of the two tests do not relate well at this site. The DMT I, plot is highly
variable with the Ip values zigzagging across the sit zone from clay to silt. This suggests that the
soil is a variable layered material of alternating silty clays and silty sands. Apart from the upper 2m,
this is not reflected in the CPT I plot that shows a more-or-less consistent clayey silt soil between
2m and 5Sm depth. Above 2m and below 5m, the I; plot is variable, but the variations do not appear

to correspond to those of the Ip plot.

The estimates of undrained shear strength vary greatly between the two tests but are more closely in
alignment between about 2m and 4m depth. But above and below this depth range, the CPT
estimated c, values are approximately twice those of the DMT predictions. A similar relationship
exists for the estimates of constrained modulus, with the two estimates agreeing reasonably well
between 2m and 4m, but the CPT M values are higher above and below. The CPT estimated G, and
measured DMT G, show reasonable agreement, except through the zone 3m to Sm, where the DMT
Gy values are higher. The OCR predicted by the CPT shows reasonable agreement with that
predicted by the DMT between about 2.5m and 4m, but again tends to be higher above and below.

The Robertson (2009b) and Mayne and Liao (2004) correlations to Ip compare extremely poorly to
the DMT Ip. The Robertson (2009b) predicted curve plots along the clay/silt boundary, whilst the
Mayne and Liao (2004) plots along the silt/sand boundary and the measured DMT I, curve zigzags
in between the two predictions. The Robertson (2009b) correlation for Ep also compares poorly to
the DMT Ep. Although the two curves follow the same general trend, the values at the individual
depth points vary greatly. The Kp plot, however, generally shows a better comparison between the

Robertson (2009b) correlation and the DMT Kp, particularly below 3m depth.
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In summary, the DMT and CPT tests, interpretations and correlations generally compare poorly to
the extent that they could be measuring completing different soil. The only exception is that the
Robertson (2009b) correlation with K appears to fit reasonably well with the measured DMT Kp

values.

4.1.6 Matakana

The Ip and I¢ plots show similar responses and predictions of soil type. They both show silty soil in
the upper metre followed by clay along the silt/clay boundary with hard sand/silt at the base
(probably sandstone). The undrained shear strength, constrained modulus and G predictions from
both tests are reasonably close, except below about 6m depth where there is some variation with the
CPT derived values tending to plot higher. The OCR predictions are less compatible, although they
do follow the same general trend.

The Robertson (2009b) correlations plot relatively well for I, but less so for Kp and Ip, although the
general trend is followed between the predicted and measured values and the correlations become

better below about 6m depth.

In general, the correlations and derived soil parameters compare reasonably well between the CPT

and DMT at this site, but the trends show closer approximation than the numeric values.

4.1.7 Pohuehue

The Ip and I plots compare well with both index values giving approximately the same soil type
interpretations, except the DMT is indicating a silt soil at around 4m depth (as opposed to the clay

from the I.) and a sandier material at around 5.5m to 6m, whereas the CPT indicates silt.

The soil parameters c¢,, M and Gy estimated from the CPT and DMT tests showed reasonable
comparison, except at around 3.5m to 4m depth where there is a distinct variation in the estimates
for cu and M. The Gy estimates compare remarkably well, although they vary below about Sm

depth. The OCR estimates from the two tests are slightly different and more so in the approximate
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depth range of 3.5m to 4m depth. The DMT estimated OCR is higher than the OCR estimated
from CPT.

The Robertson (2009b) correlations for Ip, Kp and Ep are reasonably good, except in the zone of

approximately 3.5m to 4m. The Mayne and Liao (2004) correlation with I, does not match well.

In general the relative estimated soil parameters and correlations are reasonably good between the
two tests at this site. There is a consistent variation across the parameters at around 3.5m to 4m

depth, which is likely to be due to natural variation between the two soundings at this depth.

4.1.8 Herald Island

The plots of 1. and I, are relatively compatible with the curves plotting mostly along the silt/clay
boundary. However, the Ip curve spikes into silty and sandy soils at around 4.2m and again at about
Sm, which do not appear to be picked up by the CPT I.. Another sand layer identified by Ip at 7m is
picked up by the CPT I, but, whereas the I is clearly within the sand zone, the L. remains in the silt

zone (sandy silt rather than sand).

The estimated c, values from both tests compares very well on the graphical plot, except at the
upper 2m where the values estimated by the CPT are significantly higher. This may be a result of
changing moisture content (and suction) in the soil due to summer desiccation and winter wetting.
The CPT test was carried out in summer and the DMT in winter. The constrained modulus
predicted by the DMT is higher than CPT estimated values, particularly in the upper 3m. The Gy
values are closely approximated by the two tests, but the measured DMT values are lower in the
upper 2m and higher below about 6m in relation to the CPT derived values. The OCR estimated
from DMT is higher than that estimated by the CPT, but the relationship is fairly close and the same

trend is followed.

The Robertson (2009b) correlation to DMT I, is fairly good at this site, except at around 4.2m and
5m, where the CPT did not recognise sand layers. The Mayne and Liao (2004) correlation from F;
compares very poorly (no correlation) with the I, plot. Both the DMT Kp and Ep, curves plot higher
than those estimated from CPT using the Robertson (2009b) correlations, but the same general trend

is followed.
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At this site, the undrained shear strength values derived from both tests compared very well. For the
remaining soil parameters and correlations, the DMT data tended to plot slightly higher than the

CPT information, although the same trends were followed.

4.1.9 Hamilton

4.1.9.1 Pair 8a

At this location (Pair 8a) the raw data (qc, fs, 2, po and p;) show very spiky curves suggesting
significant variability with depth. The L. and Ip curves, however, appear to mirror each other very
well with the soil mostly sand or near the sand/silt interface with distinct clay lenses picked up by

both indices.

The estimated soil parameters M, Gy and ¢’ compare well between the two tests. The Robertson

(2009b) correlations of Ip, Kp and Ep compare well at this location.

4.1.9.2 Pair 8d

The Ip and L. plots show similar general trends with silt over the upper 4m, followed by clay and
sandy silt below 14m. However, the Ip plot shows greater variability in the clay layer (4m to 14m)

with silty soils identified between 10.5m and 12m, which is not seen in the L plot.

The estimated undrained shear strength from the two tests compare reasonably well, except around
3m and 5m where the DMT estimated values are higher and below 10m, where the DMT parameters
are lower. The M values derived form the two tests compare well, except over the upper 4m, where
the DMT derived values are higher. The derived Gy values compare well below 8m, but vary
greatly above 8m depth. The measured DMT values are significantly higher than the CPT derived
values in this zone. The OCR estimates are higher from the DMT than the CPT, although the two

are fairly similar below about 6m depth (where they appear to show a normally consolidated state).
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The Robertson (2009b) correlations with Ip, Kp and Ep compare well to the DMT values in places
and poorly in others. The Ip correlation fits reasonably well, except between about 10m and 14m,
where the DMT has identified silt and the CPT clay. The Mayne and Liao (2004) correlation fits
poorly except below 10m, where it seems to correlate well. The Kp correlations are reasonable
below about 6m depth. The Ep correlation is relatively close to the measured DMT values at this

location, except at between about 7m and 10m depth.

4.1.9.3 Pair 8c

Here the CPT and DMT parameters, correlations and interpretations compare poorly. It is possible
that the distance between the CPT and DMT was large enough that the there is significant natural
variation in the ground conditions between the two soundings. The CPT was done by others

previous to the DMT test and so the exact position of the CPT is not known.

4.1.9.4 Pair 8d

The L. plot here indicates silt soil to about 8.5m depth, after which the soil is shown to be clay down
to 14m. The Ip plot, however, shows silt tending to the sand side over the same depth range of the
clay (8.5m to 14m). The undrained shear strengths estimated by the DMT is approximately half that
estimated by the CPT. The M values are shown to be fairly close over the depth range Sm to 14m,
but the measured sSDMT Gy values are significantly higher than the CPT derived values, although
they follow the same trend. The OCR derived from the DMT reduces rapidly down to a normally
consolidated state below about 5Sm depth, whereas the OCR derived from the CPT remains slightly
higher.

The Robertson (2009b) correlation with DMT Ep, is reasonably good at this location, although the

correlations for Ip and Kp are less favourable here.
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4.1.10 Ngaruawahia

4.1.10.1 Pair 9a

At this location the I and L. plots compare quite well with both tests indicating sand close to the silt
boundary with spikes indicating occasional clayey layers. The estimated M values from the two
tests compare reasonably well considering the varied layered nature of the ground. The estimated
Gy values from the CPT test, however, are significantly higher than those measured using the

sDMT.

The Robertson (2009b) correlations for Ip, Kp and Ep from CPT compare reasonably well with the
DMT values. However, the same intensity of the spikes in the DMT data is not matched by the CPT
correlations. There is also an apparent lag or out-of-phase element of the plots, which is probably
due to natural variations in the layer thicknesses and elevations and the relative ground elevations at
each of the soundings may also affect this out-of-phase feature. However, the lag is not consistent
and so it is not possible to simply shift the data up or down. Rather the positioning of the spikes

due to the layers is variable.

4.1.10.2 Pair 9b

Here the CPT and DMT parameters, correlations and interpretations compare poorly. It is possible
that the distance between the CPT and DMT was large enough that the there is significant natural
variation in the ground conditions between the two soundings. The CPT was done by others

previous to the DMT test and so the exact position of the CPT is not known.

4.1.10.3 Pair 9c¢

At this location the Ip and I. plots both show predominantly silt soils (on the sand side) down to

about 5m, after which the I, plot moves into the sand zone, but the I, stays within the silt boundary,
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albeit slightly closer to the sand boundary. Below 8m, the DMT I shows variable layers of silt
and sand, which is not identified by the 1.

The raw CPT q. plot shows the cone resistance to increase from about Sm to about 7m, reaching
approximately q. = 20 MPa, which continues until the end of the sounding. The porewater pressure,
u,, becomes negative below about 8m depth. This would suggest a dense sand, which creates a
suction due to dilation as the cone penetrates the ground. However, over at the same depth (8m) the
DMT po and p; show a dramatic reduction, which is not consistent with a dense sand. The
measured shear modulus, however, from the sSDMT shows increasing values with depth, consistent
with a dense sand and also consistent with the estimated Gy from the CPT. There appears to be
some inconsistency in the DMT data between 8m and 10m, which is affecting the correlations with
CPT. By ignoring the DMT over this depth range, the Robertson (2009b) correlation for Ep
compares reasonably well with the DMT Ep. The Correlations with Ip and Kp are, however, less

favourable. The inconsistency of the DMT results here makes this set of data unreliable.

4.1.10.4 Pair 9d

Here the CPT and DMT parameters, correlations and interpretations compare poorly. It is possible
that the distance between the CPT and DMT was large enough that the there is significant natural
variation in the ground conditions between the two soundings. The CPT was done by others

previous to the DMT test and so the exact position of the CPT is not known.

4.1.11 New Lynn

The I. and Ip plots compare relatively well with mostly clay soils being identified with a silty layer
at about 7m depth. At the same depth, the raw CPT q. shows a large spike (up to about 20 MPa),
which is not picked up as increased strength in the DMT py or p;. Consequently, this spike is
carried through to the interpretations of the CPT, but not in those from the DMT. It is possible that
there is a natural variation in the soil between the soundings such that that layer does not exist at the
DMT location or is less significant. The CPT was done some time previous to the DMT and the

exact location of the CPT is not known, hence such natural variation is possible.
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By ignoring the effects of that spike at 7m depth, the correlations and interpretations from the CPT
are not particularly good, although, in places, comparisons between the estimates of c,, M and Gy
are reasonable between the two tests. The Robertson (2009b) correlations with Ip, Kp and Ep show

the same general trends as the DMT plots, but are off-set somewhat, particularly below 7m depth.

Digital data was not available for the CPT at this location, so the data has been manually extracted
from the hard copy CPT plot. Considering this and that the exact location of the CPT in relation to

the DMT is not known, this data set would be considered unreliable.

42  COMPARISON BETWEEN CPT u; AND DMT p,

Mayne and Bachus (1989) and Mayne (2006) found that the DMT lift-off pressure, py, approximates
to the porewater pressure measured behind the CPT cone, u; in soft clay soils on the assumption that
the excess porewater generation due to inserting the cone and the DMT blade are the same. The
data in this study includes some soft clays so it is of interest to investigate the possible relationship

between these parameters.

The py and corresponding u, data have been plotted against depth for each data pair. The resulting
graphs are given in Appendix C. The plots from sites containing soft clays (taken as cu < 50 kPa)

have been reproduced in Figure 60.

From Figure 60 and from the other plots in Appendix C, there is no apparent relationship between
u, and po with the data in this study. The plots in Figure 60 show some places where u, is close to
po, particularly in the upper Sm of the Kaiwaka site (c), the central zone of the Matakana Site (d),
around 4m deep in the Maungaturoto site (b) and in the Sm to 7m zone of the St. Heliers site (a).
These are generally the softest zones of these soundings. The relationship therefore is only expected
to be of relevance in very soft mud like soils. Much of the data in this study comprises silt mixture
soils, usually variable alternating layers of sandy silts and clayey silts. These soils are unlikely to
act in a completely undrained manner (nor completed drained manner) and so some degree of
drainage (to an indeterminate extent) is likely to occur in response to the insertion of the cone or
DMT blade such that full excess porewater pressures are unlikely to be generated. Consequently,

correlations of the data in this study using the CPT u, values are likely to be ineffective.
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(d) Matakana

The data in this study comprises sites with a wide range of soil types. However, as discussed above,

the bulk of the soils are layered silt mixtures, i.e. a variable mixture of silty sands, sandy silts,

clayey silts or silty clays. This is typical of much of the North Island soils. Robertson (2009a) has

suggested that soils within the transition zone between layers of different soil types should be

ignored due to the influence of the soil ahead and behind the cone (which can be as much as 15

times the cone diameter =~ 500mm or so). So in layered soils where interbedded layers of sandy and

clayey soils of 500mm or so layer thickness occur, the cone results may be constantly affected by

the influence of the soils in vertically adjacent layers. Furthermore the drainage characteristics of

these soils are such that the soils below and around the cone are at constantly changing degrees of

drainage as the cone is pushed through the various silty layers. In much of these soils, the soil is

neither in a completely undrained state nor in a completely undrained state during the CPT test, but
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some where indeterminately in between. Similarly the drainage around the DMT, both during

plate insertion and testing, may be in an indeterminate state. Furthermore the degree of drainage
occurring during the CPT test may be different to that during the DMT test in the same soil. Both
the DMT test and the CPT test assume that clay soils will be in a completely undrained state and
sands will be in a completely drained state during the test. Partial drainage may affect the results

and interpretations of the tests.

As a further complication with the data is the variability of the soils between the CPT and DMT
locations. The soils in this study are generally highly variable and, even if very close together, the
ground conditions may vary between the two test locations. Also the elevation of the ground
surface at each test may be different. Considering that the CPT measures at 10mm depth intervals,
the variation in the data comparisons due to subsoil variations and/or ground elevations can be
substantial in a variable layered soil. Some of the graphical data in this study shows possible lags in
the spikes between the CPT and adjacent DMT results, which may be the result of ground surface

elevation differences or natural ground variability.

There is also variation simply in the nature of the tests themselves. The CPT is a large plastic strain
vertical penetration test, whilst the DMT is a smaller strain modulus test in the horizontal direction.
A direct theoretical solution between the two tests is not immediately apparent. So it would be

expected that the tests may not necessarily be exactly compatible.

Despite the inherent difficulties in comparing the CPT and DMT in this study, the results discussed
in detail above do show reasonable comparisons between the results and interpretations of the two

types of test. The main subjective observations of the test comparisons are:

(a) The material indices of CPT I, and DMT Ip generally show similar soil types, although
spikes indicating thin layers of differing soil type are often identified by one and not the
other.

(b) The soil parameters of c,, M, Gy, OCR and ¢’ derived from the CPT using CPeT-IT software
(based on Robertson 2009a) and those derived from DMT using the Marchetti software
(based on Marchetti 1980 and TC2001) generally show reasonable agreement.

(c) Values of ¢, appear to compare very well between the tests (using Ny, = 14 for the cone

factor).
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(d) The modulus values of M and Gy also generally show reasonable agreement. Values of Gy
are remarkably similar considering that the Gy from the CPT is primarily derived from the
cone resistance, whereas the Gy from the DMT in this study have been obtained by direct
measurement of shear wave velocity.

(e) In almost all cases the OCR estimated from the DMT is higher than that estimated from the
CPT, although they show similar results in general.

(f) The Robertson (2009b) correlation between CPT I. and DMT Ip generally does not correlate
well with the data in this study. Although the Ic derived Ip and the DMT Iy, usually indicate
similar soil types, they do not compare well numerically.

(g) The Mayne and Liao (2004) correlation between CPT F; and Ip does not correlate well with
any of the data.

(h) The Robertson (2009b) correlation of I, and Q; with DMT Kp generally plots close to the
DMT Kp curve, but the CPT derived values are often too low in the upper few metres. This
is probably because the Kp is derived from the CPT relationship with OCR (see (e), above).

(i) The Robertson (2009b) correlation with Ep usually plots to show a similar trend, but is
mostly significantly off the mark numerically.

(j) Some of the data pairs do not correlate at all. These seem to be mostly sites where the CPT
was done some time previous to the DMT and the exact location of the CPT is not known.
In these cases, there may be natural variation in the ground due to a possible larger distance

between the soundings. Consequently some of the data can be considered unreliable.

Based on the knowledge of the sounding locations and observation of the test results, the most
reliable data is considered to be at the sites of: St. Heliers, Flat Bush, Matakana, Herald Island,
Hamilton (8a) and Ngaruawahia (9a). These six sites represent a wide range of soil types, geology
and geographical locations. Two of the sites are in Alluvial Soils (St. Heliers an