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Development of an Empirical Equation for Estimating
Load Transfer Curve for Micropile in Weathered Soils

x 7 F Roh, Kang-Koo
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Abstract

Micropiles have been used for underpinning or rehabilitation of existing foundations, and direct structural support
system as well. However, relatively few studies have been done on the load-transfer mechanism of micropile systems
in Korea. In addition to that, only the limited information is available for estimating the side friction values on micropiles
installed in weathered soils. In this study, a full-scale test on an instrumented micropile is performed in order to establish
the load-transfer curves based on a hyperbolic function. Then, an empirically derived equation that correlates the
load-transfer curve of micropiles with the N values from field standard penetration tests is proposed. The results from
all procedures are presented in this paper. Finally, back analysis using a finite difference method and the published

field data are adopted for examination of a developed skin friction equation of micropile in weathered soils respectively.
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Rock Socket Roughness with Drilling Tools
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Abstract

Rock socketed drilled shafts are used as foundations for bridges and other transportation structures because of their
load carrying capabilities. However, only limited information is available in the literature on the effects of roughness
on the unit side resistance of rock socketed drilled shafts. The objective of this study is to investigate the effect of
drilling tools on the socket roughness in soft clay shale in Texas. Field study showed that the drilling tools, auger and

core barrel, produced different roughness in the boreholes.

Keywords : Drilling tools, Rock socketed drilled shafts, Roughness, Side resistance

1. Introduction effect of drilling tools on the roughness in the soft clay

shale in Texas.

The demand for carrying higher loads coupled with the

geological conditions has resulted in placing the drilled 2. Design Method Considering Socket Rough-
shafts in rocks. Rock socketed drilled shafts are ness

_increasingly used as foundations for bridges and other

structures.

Numerous design methods for rock sockets have been
developed throughout the world. Most of these methods
use unconfined compressive strength (g.) as a measure
of rock capacity. Only a few studies have considered
socket roughness along the sides of the socket in any

explicit. The objective of this study is to quantify the

Several models, including those of Horvath et al
(1983), Rowe and Armitage (1987), Kulhawy and Phoon
(1993), O’Neill and Hassan (1993), and Seidel and
Collingwood (2001) appear appropriate for developing
relations between g, and maximum unit side resistance
(fmax) for soft rock sockets.

Seidel and Collingwood (2001) performed a parametric

I Member, Senior Researcher, Dept. of Geotechnical Engrg., Highway & Transportation Technology Institute, Korea Highway Corp., msnam@freeway.cokr
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study using ROCKET, a model for predicting the shea-
ring resistance of the side of a rock socket using a
simulation program developed at Monash University, in
Australia, sufficient to define a method for producing
socket side shear-displacement relationship to assist
designers to compute load-settlement behavior without
rigorous numerical analyses. They proposed a shaft
resistance coefficient (SRC), and it was represented as

follows (Seidel and Collingwood, 2001).

SRC= 1 _n__ A4 1)
°(14+v) D,’
D, (1+v)SRC
Ary= ——7——, @
URL

where 7. = construction method reduction factor, equal to

1 for socket with clean unbonded concrete-
rock interface but possibly less than 1 for
sockets with smear or residual mudcake from
mineral drilling muds,

v = Poisson’s ratio of the surrounding rock,

n = ratio of rock mass modulus to unconfined
compressive strength of the rock (E./q.),

Adr. = effective asperity roughness height, and

D, = socket diameter.

Using a data base of rock-socket load tests, Seidel and
Collingwood (2001) developed relationships between
back-calculated values of 4dr, and g,, and the results are

shown in Figure 1. The results in Figure 1 contained

50 Joreoeeeeenene A (}
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: A PILES - Full shaft resistance not mobilisad
40 Forrrorenrreriresismrdsnnsensnnnen] % ANCHORS (D < 450mm)
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[ Seidel ot al, (1998) - Proposed roughness bounds
— Proposed upper & lawer bound roughness guidelines

B0 s ol .......

20

Effective Roughness Height (mm)

s bl L st 1 i e
2 3 45 1 2 3 458 10 2 3 458 100 z 3

Unconfined Compressive Strength (MPa)

Fig. 1. Back-calculated values of Ar. (Seidel and Collingwood,
2001)
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many types of rock, including shale, mudstone, sandstone,
schist, chalk and limestone. Specific results, however, are
not identified according to rock type. Drilling tools, and
their effect on socket roughness, likewise were not
identified. Also, other models, including those of Horvath
et al. (1983), Rowe and Armitage (1987), Kulhawy and
Phoon (1993), and O’Neill and Hassan (1993) are not
specific about rock type and drilling tools.

3. Borehole Roughness Profile Device

A laser borehole roughness profile device (LBRP) was
developed during this study in order to be adapted with
the Kelly bar of a drill rig. The LBRP was based on the
laser triangulation principle to measure the roughness.
The hardware included a laser generator, a position
sensitive device (PSD) as laser detector, signal processing
circuits, laser control circuits, data acquisition, and digital
control units. A block diagram of the hardware is shown
in Figure 2 (Liang, 2002).

In order to measure the borehole roughness, the laser
device was attached to the Kelly bar and lowered into the
borehole to measure the roughness. A distance measure-
ment device was attached to the Kelly bar to record the
vertical distance. The LBRP measured the roughness at a

speed of 100-kilo samples per second while the Kelly bar

Optical
Subsystem
Laser
Diode
Voltage J'
l__— Signal Denth
Processi | Onboard ept
:?ircsjil;1 g Clock ] Encoder
Voltage
Signal Sample
Y Trigger
Data
Acquisition |«
Hardware
Distance
Data
4

Fig. 2. Overall schematic of laser borehole roughness profiling
system (Liang, 2002)



moved up from the bottom of the borchole (Figure 3).
Four vertical profilings were measured, 90 degrees apart,
at 6, 9, 12, and 3 o’clock positions in the borehole (Figure
3). The roughness measurement accuracy was better than
0.5 mm in both the vertical and radial directions (Liang,
2002). '

The important part of the LBRP system is the laser
device shown in Figure 3, which is based on the laser
triangulation principle. The laser device consists of three
parts: a laser diode module, convex lens, and a position
sensitive detector (PSD). Figure 4 shows the laser
triangulation distance measurement device. The laser
diode module emits a laser beam to produce a light spot
on a diffusive surface, and then the convex lens collects
part of the reflected light and converges it to an image

spot on the PSD. If the distance between the measure-

Data Acquisition
Computer

Rock Socket
Roughness

Fig. 3. Physical arrangement of LBRP system (Liang, 2002)

Laser

Socket
Roughness

Fig. 4. Laser triangulation distance measurement device (Liang,
2002)

ment device and the object surface changes, the position
of image spot on the PSD will also be shifted. According
to the position and the light intensity of the image spot,
the PSD can output current signals to the electronic
circuit. This is the basic principle of the laser triangula-
tion distance measurement device as shown in Figure 5.
Also, Figure 5 shows detail mathematical formulae used

in determining the roughness height.

4. Construction of Test Sockets and Rough-
ness Measurements

In order to investigate the effect of drilling tools on
socket roughness, four test sites [Hampton (HT), Denton
Tap (DT), Rowlett Creek (RC), and Texas Shafts (TS)]
were selected in North Central Texas where soft rock
formations are upper Cretaceous formations, including |
the Eagle Ford (clay shale) and Austin (limestone) forma-
tions. The test sites consisted of two clay shale sites (HT
and DT) and two limestone site (RC and TS).

Two common types of rock drilling tools were used

at the test sites: (1) an auger and (2) a core barrel to

Laser
Diode

L

[‘a——’l Laser
3 Beam

Basic Optics:
L= (O~ f)L sina’
Lcosasing + f sina
._Lsinad _ flsina X(O—f)(O-Lcosa—f)

I-I  O-Lcosa~f fiLcosa’
1=———0f and 1,________‘/’(0—Lcosa)
o-f O-Lcosa-f

L’ 15 sensed on the position sensitive detector (PSD): f'is the known focai length of
the lens, a (angle) is a designed property of the profiler (constant): the above three
equations are solved simultaneously using software in the data acquisition system to

obtain L.

Fig. 5. Principle of operation of laser borehole roughness pro-
filing {(Liang, 2002)
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quantify borehole roughness. The auger was 724 mm in
diameter and 1674 mm in height with heavy blunt flat
blade teéth on double cutting edges and double flights.
Outside tooth was turned slightly to the outside perhaps
to give slightly larger outer diameter than 724 mm as
shown in Figure 6 (a). The single-walled core barrel
(CB-3610) had a diameter of 762 mm and height of 1270
mm with slightly out-sided heavy blunt conical teeth on
the bottom of the single wall as shown in Figure 6 (b).
Two boreholes were drilled in close proximity at the
site.

Each borehole was profiled at 6, 9, 12, and 3 o’clock
positions using the laser borehole profiling system as
described before. The borehole roughness profile at each
profile line was measured at 0.25 mm intervals (vertical
distance), and all roughness profiles at each site are
shown in Figures 7 to 10. Occasional spurious signals as
very sharp spikes of very short wave length were filtered
out of the data set. It must be noted that roughness
profiles shown in these figures are referred to an arbitrary

zero radius. That is, these profiles were not an indication

of true borehole diameter.

T

Side view Bottom view

(a) Auger (Diameter of 724 mm and height of 1674 mm)

Bottom view

Side view
(b) Core Barrel {Diameter of 762 mm and height of 1270 mm)

Fig. 6. Drilling tools
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Graphically based on roughness profiles as shown in
Figures 7 to 10, it was revealed that the type of drilling
tools had significant effect on the borehole roughness.
That is, the borehole roughness of core barrel test hole
was consistently and relatively rougher than the auger
test hole for all sites. Actual photos of boreholes at Texas
Shafts’ site, as shown in Figure 10, reinforce that the
auger test hole was smoother than the core barrel test
hole. This phenomenon may be caused due to the
following reasons: (1) flat blade teethes of the auger

resulted in smoother borehole than conical teethes of the
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(a) Roughness by auger {b) Roughness by core barrel

Fig. 7. Roughness profiles at HT site
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Fig. 8. Roughness profiles at DT site



core barrel [Figure 6 (a)], and (2) discontinuous drilling
processing of the core barrel due to rock coring produced

a rougher borehole.
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Fig. 10. Roughness profiles at TS site

(a) Auger Test Hole

(b) Core Barrel Test Hole

Fig. 11. Photos of boreholes excavated by auger and core barrel
at TS site

5. Analysis of Socket Roughness

5.1 Roughness-Length Method

The roughness-length method (RLM), a simple pro-
cedure for estimating the fractal dimension of self-affine
series and proposed by Malinverno (1990), was applied
to analyze the socket roughness statistics in this study.
Using the concepts adopted from fractal geometry of
self-affine series, it was possible to analyze these rough-
ness profiles using the RLM to obtain roughness statistics
such as mean roughness and standard deviation of the
roughness. For a self-affine fractal profile, the window
length w (as shown in Figure 12) was used to relate to
the standard deviation of the roughness profile height as

follows,

s(r) = AWH, 3)

where s(r) = standard deviation of the roughness profile
height,
w = spanning length of the profile,

H = Hurst exponent can be estimated from the
slope of the plot between logarithm of s(r)
and logarithm of w and,

A = proportionality constant also can be estimated
from the intercept of the plot between logari-

thm of s(») and logarithm of w.

Linear Least-Squares
Trend Lines

Original Roughness Profile

Variable Local Linear %...
Least-Squares Trend Line, / _’_0-59'6 . Variable
8850 Roughness
° Profile
°o-o‘ -2 g‘\ Residual Height, r;
! Constant Window Length, w !
Mean Roughness Height = = -—1—2
H, i
. IES
Standard Deviation of r = s(r) = RMS(r) = —-Z e Ze - z)
n, S\ m -2/
Fig. 12. Main characteristics of the RLM (after Kulatilake and Um,

1999)
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Malinverno (1990) proposed the relation between s(r)
and w, the s(r) (using RLM) calculated as the root-
mean-s.quare (RMS) value of the profile height residuals
on a linear least-squares trend line fitted to the sample
points in a window of length, w, as shown in Figure 12

according the following equation

s(r) = RMS(r) = =-33 | —

m;— 2

(-2, @
JEw;
where n,, = total number of windows of length w,

m; = number of points in window w;,

z; = residuals on the trend and,

z= mean residual in window w;.

Based on Figure 12, mean of absolute roughness

height, = = 4r was also calculated as below,
_ 1 &
r= _E|Ti|:ATa (5)
My i=1

This process was carried out using the Microsoft Excel
spread sheets to analyze roughness profile by traversing
the profile with the constant window length, w. This
process was performed for various constant window
lengths (10 to 80 mm with 10 mm intervals) up to

approximately 10% of the socket diameter (76.2 mm =
80 mm) as suggested by Seidel (2000).

8 T T T T
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§ -~ Core Barrel

0 1 1 1 ]

0 20 40 60 80 100

Constant Window Length, w (mm)

(a) Ar versus w

5.2 Socket Roughness Analysis by RLM

The results of roughness analysis are shown in Figures
13 through 16. As described in the previous section,
mean borehole roughness height due to the core barrel
was higher than the auger drilling. For the HT site as
shown in Figure 13, the mean roughness height of the
core barrel test hole was approximately 40% higher than
the auger test hole for the various constant window
lengths. Also, the standard deviation of the roughness
profile height of the core barrel test hole was approximately
30% higher than the auger test hole along with various
constant window lengths.

For the DT site as shown in Figure 14, the mean
roughness height of the core barrel test hole was appro-
ximately 10% higher than the auger test hole along with
the various constant window lengths. Also, the standard
deviation of the roughness profile height of the core
barrel test hole was approximately the same as the auger
test hole along various window lengths.

For the RC site as shown in Figure 15, the mean
roughness height of the core barrel test hole was
approximately 20% higher at the window length of 10
mm than the auger test hole, and then gradually increased
up to 70% at the window length of 80 mm. The standard
deviation of the roughness profile height of the core

barrel was approximately 40% less at the window length

10 —
—~
E
E ]
< 1
wy
—&— Auger
== Core Barrel
0.1 : T
10 100

Constant Window Length, w (mm)

(b} s(r) versus w

Fig. 13. RLM analysis results for the HT site
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Fig. 14. RLM analysis results for the DT site
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Fig. 15. RLM analysis results for the RC site

of 10 mm than auger drill which reduced with increased
window length.

For the TS site as shown in Figure 16, the mean
roughness height of the core barrel was approximately 20%
higher than the auger drill. Also, the standard deviation of
the roughness profile height produced by the core barrel
was approximately 30% higher than the auger drill.

The results of socket roughness analysis using the
RLM for all test sites are summarized in Table 1. Based
on Table 1, it was evident that the roughness of the
borehole was affected by the drilling tools. The rough-
ness caused by the core barrel was about 30% rougher

than the auger drill in overall. However, the socket

roughness was not much related with rock types (clay
shale and limestone) and their unconfined compressive
strengths,

Average socket roughness values in the Table 1 were
compared with the back-calculated values of effective
roughness height proposed by Seidel and Collingwood
(2001) (Figure 1), and the result of the comparison is
shown in Figure 17. It was noted that the unconfined
compressive strength (g,) for TS site was assumed as 8
MPa in Figure 17. The socket roughness in this study
was close to the lower limit proposed by Seidel and
Collingwood (2001), and had similar trend with their

lower limit.
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Fig. 16. RLM analysis results for the TS site

Table 1. Socket roughness heights (Ar) based on cord lengths (w)

) Rock o Ar for corresponding w {mm) Overall
Sites Tyoe / G Types of Drilling =10 V-3 V=0 = 70 Average Values Al s
Ara 1.0 2.1 3.2 3.8 2.5
Clay Shale .
HT /1.2 (MPa) Are 1.5 3.3 4.4 55 3.7
ars | A 1.4 1.6 1.4 1.5 1.5
A 1.4 3.3 4.7 6.0 3.8
Clay Shale P
DT /2.1 (MPa) Arc 1.5 35 5.2 6.7 4.2
Are | A 1.1 11 1.1 1.1 1.1 i3
A 1.2 2.0 2.5 3.1 2.2 '
Limestone P
RC /10.0 (MPa) Are 1.5 31 4.2 . 5.1 3.5
Arc | A 1.2 1.5 1.7 1.7 1.5
Am 1.6 2.8 3.6 4.4 3.1
Limestone .
TS / N/A Are 2.1 3.4 4.5 5.3 3.8
Are | A 1.3 1.2 1.3 1.2 1.3

"dn is roughness by Auger and Az is roughness by core barrel.

20 ; . e 6. Conclusions
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was about 30% rougher than that by the auger in
overall.

(4) The socket roughness was affected with the types of
drilling tools. However, the socket roughness was not
related with rock types and also their unconfined

compressive strengths.
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End Bearing Capacity of Pile Tip-enlarged PHC Piles in Weathered Rock
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Abstract

Recently a concept of pile-tip enlarged PHC pile (Ext-PHC pile), for use in the auger-drilled construction method,
has been developed and is being implemented in practice. A series of field axial load tests on both PHC and Ext-PHC
piles were conducted at an experimental site. In addition, a parametric study on a number of influencing factors was
made using a validated finite element model. The field axial load tests indicated an enhanced load-settlement
characteristics for the Ext-PHC piles compared with the PHC piles, giving approximately 50% increase in the end bearing
capacity. Also found in the results of the parametric study was that the increase in the end bearing capacity of Ext-PHC
piles slightly varies with the mechanical properties of supporting ground as well as pile length, in the range of 1.25
to 1.4 time that of PHC. Overall, the results of the field tests as well as the numerical study confirmed that the end
bearing capacity of PHC pile can be improved by the concept of*Ext-PHC pile.
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Estimation of Settlement on the Crest of CFRD Subjected to
Earthquake Loading Using Sensitivity Analysis

3 o Ha, 1k-Soo

Abstract

In this study, quantitative sensitivity analysis on rockfill material influencing the dam crest settlement of CFRD
(Concrete-Faced Rockfill Dam) subjected to earthquake loading was carried out. The purpose of this study is to indicate
the most important input parameter from the results of sensitivity analysis, to show the quantitative variation of settlement
at the crest of CFR type dam during earthquake with this input parameter, and to recommend the approximate estimation
method of the settlement on the crest of CFRD subjected to earthquake loading. The statistic characteristics of rockfill
parameters which were obtained from large triaxial tests were evaluated. The total 108 dynamic numerical analyses (2
input earthquake, 2 magnitudes for each earthquake, 27 rockfill material property combinations) on CFRD were
conducted. The global sensitivity analysis was carried out using the results of numerical analysis. From the sensitivity
analysis, It was found that the crest settlement of the CFRD subjected to earthquake was absolutely affected by the
shear modulus of rockfill material irrespective of the input earthquakes and the magnitude of input acceleration. On
the contrary, it was found that the effect of cohesion and friction angle of rockfill was negligible. From the results
of sensitivity analysis and numerical analysis, the approximate estimation method of the settlement on the crest of CFRD
subjected to earthquake loading was recommended on condition that the rockfill shear modulus and simple dam

information was known.
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Ultrasonic Reflection Imaging for Discontinuity Detection of Rock Mass
- Laboratory Study

o] & A' Lee, Jong-Sub 7 4% A’ Kim, Seung-Sun
7 % & Kim, Dong-Hyun 7 % o' Kim, Uk-Young
o] 9 B’ Lee, In-Mo

Abstract

The purpose of this study is the development and application of a high resolution ultrasonic wave imaging system
to detect discontinuity plane in lab-scale rock models. This technique is based on received time series which capture
the multiple reflections at interface. This study includes the fundamental aspects of ultrasonic wave propagation in rock
mass, the selection of the optimal ultrasonic wave transducer, data gathering, a signal processing, imaging methods,
and experiments. Experiments are carried out by the horizontal movement and rotation devices. Experimental studies
show the discontinuity is well detected by the horizontal movement and rotation devices under water. Furthermore, the
discontinuity and the cavity on the plaster block are identified by the rotation device. This study suggests that the new

method may be an economical and effective tool for the detection of the discontinuity on rock mass.
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Keywonds : Cavity, Coupling, Directivity, Discontinuity, Impedance, Reflection, Signal processing, Transducer,
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.M E

g9 Ak} AlE2 kA AZA A REE FA
SAZA g 7hA] A o] wet AAIHIL JITHE=A]
gEEes] 1997). A AYDA oA FHEE AR 2
ArgAel e FY 2AE L AR AE 2AL EF AL
aE)m @ A AE 52 2T HY AlE S
A F7H& AR AE37] $iste] B Aol st
of 2|2 W (mapping), AZ4HE 3, Tunnel Seismic
Prediction(TSP) S5-3} Z+-& ofg] 71A] RuERAL 438
=3 otk AR Wigo] e HPAolal Algdo] w2
U ukzkel giof Z3tEo] Bld Ao di&oie A
7t o, AN 3 B Ae wog AY &st
= Aol qlont dAMUAH QA A ORE FHFQ
HILE A&7 o3, B2 A7k 7o) HlE
o] 285 Tyo] vk T8 TSP A% Hd &
2 gt 59 ghetoll feistal =A H7E vjnF
A, FFolv 43 deje] o] ofPal wAdut 4l
< {EA LTE o] &3jjof FirtE TRl itk

1% (e ©YTE o83t dfEAQ1 g M
o) Sl TSP S Eojfal QIri(o]l= ¢
2002). TSP ¥olAE 1% 1@t 2ol of2] FHe) st
S(source)e]] thste] Aok & WutE AAJste] THE LAY
A7, EAEHOZRE EEol2 SRS shel 4=
Al ofla] BEste] EH4 Hofl gt AHE E53t=
o)t dvbd o & TSP o] g5 9le 100m o)
Al A& dejA Utk TSP WrdolAl= oo s
ot Wahs o] gstn g oyt B WEko R HMubE
2 244 79 S AsiA BT 7go] T asi.

A THP-wave)Q] Fuk7} 20kHzol 4ol 250

Discontinuity plane

Receiver

Sources  Tunnel face

(a) TSP method

O3 1. 2R =3

52 2RSS =28 H23H HiE

i

pm

(ultrasonic wave)Z}1l Edw 27t Aut=|HA of
A} Q=¥ 2 (impedance) 9] Ao]7h WAT AA WA
2&97F oA dRAbE]o] ElEol 2ThRichart et al
1970; Aki and Richards 1980). ]9} 22 /g o83}

459 AgRolE 2 vln A Y Melntire 1991),
FZoA Fedy 23S 55 55 P3N (underwater
navigation), S{geHdat Bral(Waters 1992) 5ol AA8&
Hg53 ok Bt oplal 2gte] Fuieg Mz
o2 g8 ostiolofA Hote] A FE AYEGo=
o gHlslA L5 QItH{Gomm and Mauseth 1999).

B dFoMe 3 1(b)et 2ol #53u 2lehE
ofol A EE 28T BAPES HY U AYRAL
Ags517] Yo AWAEES S+ F, o) WA
$A2 YN 28T EBAFAE ol gele] TAD
A G BE HAYA7| I EAL Ao REEH HE
obe WhAlTHE YESHE WEE o)8F ol

B =R Es ERLFAE HEsto HEHH &
Aol ©EuE ZARE] AHE AeE EdaR
Mol FAT ohe] A&7 HAHES} B Eel B
H ERAFTAY EAS $4 AT ERARA
oflAl el o] A H(near field)} A2 H(far
field)o| A F&t, dAZAANA A& (directivity) S
2Aelgch 22T B A SAEE A7 490 A
Aok wiah ERARAS AEA Aolo) ASYE

2,
>
kl
i_:“
o
o
e
e
&
1B
s
2,

|
3 Eee] oiEt SlHolE AWE 3
ek, hAgreR £Ho|E B)HoE UYL

AAE olu A Bl AT

Discontinuity plane

Ultrasonic transducer
Source and receiver

.

Tunnel face

(b) New ultrasonic reflection method

£ YT TSP RS



2. ERHA T M(Transducer)

ERAFAE A UEE W18 A2, E
H714 U E 7)1 A% AER o] S AR o]t
o] A 4 852 4

£ 2ou g3 A 9o $4l3 4
gHth 283 ERAFAQ o]§ A Fujso] ufe} 3

A% 9 w5 At et

2.1 EMARAMO 7Y

ERWLTAE I8 29} Zo] T2 WA= i
ZHpiezoelectric element)@} #|o]4(casing), tfA oo
(matching layer), 7] #jo]o{(backing layer), Aol1&, &
g 5o 2 FAEe] QItiLee and Santamarina 2004).

E | 2.1.1 M7} #lo]oJ(Backing layer)
— Hol A o Fuls Qlsle] BAL 2pAY Fupiod T
5 sk 2(ing) WAro] glck oW ojnel 27 WAL
: ] HE X
: ! ERAGAH YAt Hol NG BAR 29T
il d B2l 0} 0f et o3 HAE E4-L wh7) #o]oj(backing layer E
= backing block)e} &t} 17 33 o] Hx)e B
Bl &K o] Lom A5 o] A& A7 HolAA| H AE
OHE alolof st =9, W2 o] JAe B8 AMSd
T8 2. EUASAS] 74 A30| A4 A7 Aol T ML Zhate HTHWells
Damping Sound pulse Bandwidth
Broad
®
Short 5
(2]
]
High damping ‘g‘
Q
£
<
Frequency
_ Intermediate
Intermediate P
2
[/}
B
Intermediate damping €
£
<
Frequency
- Narrow
Long g
Ry
7]
“6 .
Low damping 'g
£
<
Frequency

T2 3. ol okso| X[SA[ZH e Fojeo| i (Wells 1977: Zagzebski 1996)
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1977). A& A& Ao FeF ERLFTAY = 3
AEE Z7HIE ¢ J2BR BEdd AU g3

Aot B AR 7H ERARAE Apgof wick

2.1.2 wiA #le]o(Matching layer)

w3 glojols EMATAY wifA] Ate]d] F1HE
Yz EUARAS RET B9 ohfeh EAAFAHS}
Ul Abo] 22 ofFof| A EMATA AloJof|A] mho] &
Aol LS S RO EUATA s
(bandwidth) ¥} 17 =of G w|Hch jAjet Eals
F4 Afole] 2 AnE Hol WAIES 2A o]
gzof, St WA Wi Holol= vtEE o F=
SRER S S CEREEE TEEEEEEE
ERAFA | M= = &1 AL EoFA Heh E
IARAE QeHo2 shte] Fmart ofe} el
Fuppolng uy dolols F4 e mije oat
£ St} &, band-pass filter &3 1A HrHZagzebski
1996). 913 Blolofe] 71 HAF T mape] 1ol
ot A glojole JuEies EMATALL WA Alo)
of 37 @& =S ARG ¥ vjde) AnEs
7 2,01 ERARAS uEAT} 2,2 B, o7 7
olofe] YMELT} 5, = 7, %7 2 A Y EEA
Ql Zlod &&A QIti(Hadjicostis et al. 1988). 1j3] |
ojojo] AL XFFd FEolAM AFT A= HA
JFe FA Bk

22 EfARMEl SE

22.1 =% A&7

#}2] Al5o] AREtEE ARHRE Btk ARMER| 9] Zo]
& 3Pg9] &A1 7K pulse duration)o]e} gttt mhatel 2]
ARY }01 @—ﬁi o g2 EE5E 7 3ge] A&ARE
o] dE F2 M Fuk dige A FdHE 3).

222 A=
At 213k S)AFE (axial resolution)Q} =
A} (lateral resolution) T+ 7}A| £77} ok Sukek
Abe = Wo] gl Higke 2 o da} thE o)A
(anomaly) 714 0] 01‘— 7957/]-1] ZH o] 713}
B Seoln|, &
o2 oA o)
(Zagzebski 1996).
o A% Ak & E

EWLFAQ) Sl opet EAAFA ) 2o}
Ao whek gebA)A ek &, el Zo oja) A%

ek mhof 4157} o] Zubgtolut 2akolA 2] o

2 9HolA HhalElole 457} e

B A2 A 29 49 on1 ALY

7 s AAA ek 2y g

ol BAES ehith web B A4

. Direction of Scan éi ‘ Direction of Scan
I

Resolved

Not resoived

(@) 54 4z
I3 4. EMARMS

54 S=XLEES| =2

X232 M1E

Sol4=st

—— Resolved

Not resolved

(b) W fa
EallAlzo| BAlE(zagzebski 1996)



W TS ST NGRS B B &

S8 ol8e 4 :a} 71E 48T 43 w2 93
2 7M1 BALFAE ALgSO] 39l H4A)

208 7] o] IS ol oIS NUEE 3

g oAt YYAUAE 2FORA FE 3o} Tk

(damping)-&

2.2.3 &3 Al%(Skin depth)

FolA wjAe] o] H2 RIZE(sensitivity) Lol A]
A o] S-S Y 5 U TS 459 1UFo)
2R Stk WfEE A oUA7t 2AY 52
A7|18 EHEot o= o] A7|7F & o dFEch wet
A HEARTO] UEL- 74 o &F FE 7HeRE A Zoldd
5 4% (skin depth, Sq)of] @t oA Hct. &S 4
= 4] ()3} o] FH P tSantamarina et al. 2001).

1 14

%= T oDy O

7|4, VE 223 45, D& 3 H|2(damping ratio)

Near field !

o]

5, £ Fubaolch. Fo47t F7hgl whet SAE
£ FhAE BEdsts das) ek

2.3 E-MARA{S| Me]

H =R AMEE A2EA= 29 (focal type)
9] EEH/\‘:/\-](Panametncs A3441)%} v] 23" (nonfocal
type)2] E#M AL A(Panametrics V318)8, & £79 E

AEFAZE ARE R F EfAFAE 2F 0] 19mm,
FRAFAET} 500kHzE TUsHH EFF BE 523004

ALE-3}710] A3H3t immersion type©)th.

3.1 7|12 0|8

3.1.1 23 AWNear field)s} LA 2| A (Far field)
H| 27 Ao EfAFA = OH 59 Zo] dibao

Far field

2 2
NEL~T_ TS
A V

Near Field

Side lobe
sin@ = ﬂ
d
Far Field

A

\

1 T

0.5

Relative Amplitude

U !

I 1

0 0.5 1

15 2 2.5 3
Relative distance from transducer (zA/r?)
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2 % /A2 FREE Ul 720] ok 1 F e
T3 near field)2t YA (far field)olth. ZHAE
Fresnel Zone @} % &}, YA 2]A-& Fraunhofer Zone
gk 3tk 234% F7HNear Field Length, NFL)& o2}
Al ()¢} ZrtHKrautkramer and Krautkramer 1990).

2 2

e
NFL = —=

A

S~y

@

<

o ERARAY ¥, AE B, £ F04,
293 VE 287 Sxolth 2N AZE F
Ao we W Bolthh X 2adhA ek 1
oI ol HAE AseY 44 ARE ol AL
ohUth EHARAS] A7o] AU Fuivt Be E
AAEAS A% 2UY a0l AolAA Hek

3.1.2 2] 2|34 (Beam directivity)

ERAFAZRY YA R = vh= AgFo 2 HHibst
A At e Ao AMEEE ERAFAE OY S
o} Zo| FFoE A|FFsto] WASHA &= FEjo|th
o] uh= BN O R Hlod4E X7} AL
o] AREA|A "ok ole} o] 2AtEE g B
(lobe)etal 3t} w7} oj= Hr o] Ze 2 Wiksh= A
£ Uehlie 2ol Agd(directivity)o]ch. ¥ A 2ol A

<

backing Convex type
material piezoelectric
element
a[¥R
v A 2y
h
F
a: EfARAS B4
R: AKX 232 Ht&
F: =8 Hel

(@) 252 UM AXEE ALST M WA F =8 Az

WAZRE Th 4] (3)T 2rhZagzebski 1996).

sinf = =— 3
o714 61 WA, A 51, db ERARAS HAE
olnlgich, WAZHE mjAe] £E7 AAY ERARA
o] #umsrt AAY, HHol ZE A AN A,

3.2 K|z (Directivity)2] &k

EALFA) AP P4
o 92 8% 4 k. ojnf 2
spgch ofg 37 ohe Aol %
U it & SalssAel 4 &
A& BHoz WEol We WEAINE B3 za
6(b)9F 2ol ERATA O] G dxh Qo] A=
stof A|3PAS AAAITIE Wie] STk Twe) ¢
A% A% HS 1Y 6@k Zo] 2 Ae F
Ao EAY % AT, A= Bake Aol 19
6(b)} ol 24 A7t % Mo UEuA b 27
Frroz A ol dxel Bur 287 S5
7 whe 713E Wele) TRS AAESHe Zo] Aol

oh AZE A B9, EDLFAL FUFOENE

backing piezoelectric

.material element

38 6. EMARAML =X dAlnl =F J{2|(Krautkramer and Krautkramer 1990)
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5% ool wnt AW ANS

27 Bt} 22 M2 Ui

Nk

o} ol b7} 0.IR ol3h2)
ZT(Wells 1977).

_t;_L

F=R/(1-1/n)

4714 n=VyV,0)5] V2 dRo||A 9] 287 Lol

£, Ro| W= FE ¥l
207} 2HZoletn @ o), Wz FHoERY 9
A9, 27 A F the

23 A=(F) o=

41094

AR

4)

Vo AY wifR e L0} Lxolct A ool Tl 23 A X (matching lens)S F2HA)Z

a9 72 EAARAY APHe B A Aax T ROH T A T 8o 2o T8 809 2ol

ojch AgpY AL Boll A A7 2417] Atole] 24 A2 74T AP EILFAY AP0 45
Y ANG DAY F BB EALFAT Sy O BHIL Rolen
4 EIE Al TEAR

Source | gfgﬁ T2 A2HE ol 8sto] BULHS BN o

? A B35 AZ Y (sampling) 2.2 Q13 JAH4IT ]

. hdistance  Agrel B2 B AIZHY o delol(aliasing) 315

iy X ofof wek. o Aol e WEY Fuldet Y2 114

[y AL & xeiw A 129 & Aok Led EALRA

e o ERAFAHR JH AL 71AH Ass =

J8 7. A& A8 J12T(Lee and Santamarina 2004) g
X=150mm X=150mm
y 1.0
t‘A ) f;‘" 1;‘\
s 105 0.5
....»‘" ) S . . \\,"‘-M« )
-50 -30 -10 10 30 50 10 10 30 50
X=100mm ¢ o X= 100mm 1 0
7 los, ,«"" 0.5
e *“"”. .'\”““ m—/ \\"“‘*--v
-50 -30 -10 10 30 50 -50 -30 -10 10 30 50
X=50mm / 10 X=50mm 1_'0
0.5 ; 0.5
gy — s N
-50 -30 -10 10 30 50 -50 -30 -10 10 30 50

h-distance(mm)

(a) =X YAI9| EHATA(A3441)

h-distance(mm)

(b) H[ZH YWAlo| ERARA(V318)
J8 8. E-MARA XEY A Zy

OlB} 2010

El=
ad! =

ijo

EAZHA o] WEE 2yt @_@o
2o EdA
HV318)E
o 29 8@et 2o 24 W49 &
% 8bye ol w2y
o} wAbE|R] ghe
HRA H T} 2|3EAlo] 2o
EFARA V3I89) XA A7) He) EdA

TAI(A3441)9} v w2
Agsto] 19 83 22 AE ¥
WATA A34410]
HRAlO] EF AL A V318 WlE

Qth &, A4k o] u]z}_:]

& welgr @ 2 d A

o of 2
=2 =

belie 18R] Apolol £Ajsls A&
Z(coupling layer)2]

Ao

LS i I B

dds Fo sfdstoiof

X=150mm
£ ‘51 O
0.5
IR R W _
-50 -30 -10 10 30 50

-50 -30 -10 10 30 50
X=50mm % 10
"20.5

A

-50 -30 -10 10 30 50

h-distance(mm)

(c) BIZE RABI EMARA(V3IE)

P18t =S} EHAL OI0IX] -~ AlLjalE

Al =

-
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4.1 ¥ MYUKDirectly transmitted waves)

MG EAARAGN 4G ERAFAE A
HAYEE 1Y @ 22 VA Ass ZRA5
0] Z(noise)E F7HA171H 1 7] EFE AA HhAlm)
o] 2712 A H o= ol A7 o] AEAHHS o]
A dek AP AYES A5k A5 FH(stacking)
SHME AARA etk AW Havbl Wa 5
AB0)7) W2l 71AH FAg Xste] A B
Ark 719 92} Zo| WAIG EBATAY S41G E
WA 2 Aol Histe] WrofH(barrier or shield)E
MA S ol e of g 307 FAE YFulE
A& AMgstol 7 Bujrt whaeh A Fsto] 2t
Aes AAIA 9 o)t ol ¢ e 4TS
AsAAHY glol d& & Ugieh

4.2 HEZZE(Coupling layer)

ERATASL 273
Z3Z(coupling layer)o]ztal skl EdlALAMZH
B AIFAR 5ol TR MEE &ol7] $igte AHEH
Foz A48 tae Bgsteior Bk ABDR of
AZH Z-Fae]A(vacuum grease)Q} -2 A3t c)
EAATAS A oA Aolo]l WBIEAS Hgst

.0

_EL |

Yjo] g3 ol XA e Aol I 102
2ol uhAfste] 4157} o9 lokghe & 4 Sick L2

U o oI ERARAS 95 WA A9, 1
H 10(b)} Zo] BhAMte] Al 7} AFs] FEsHA| LE}
U ES & 7 Atk JAFLLE o83 ERAF

AE PR S A EHeR 3 ddn
(directly transmitted wave)7} WAYsle) F9] slojof 3t
o ¢ AZHT R S ARSI PodlE HA|T

Cross-talk
5
§' 0 ..-.......—L__/\/-\H/"g_/mm_w_q
O S /
Direct wave Reflection
- { 1 ! l
-20 0 20 40 60 30 100 120
Time [us]
(a) 27} Qe B2
Receiver Source
Shield

Cross-talk
5
Refizction Water
_ I L { ! {
-20 0 20 40 60 80 100 120

Time Jus]

(b) 27| A= A2
gl 9. AF MElE HA 4MH(Lee and Santamarina 2004)
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0.02

0.01 {
-0.01
-0.02

Output
o

1 1
0 100 200 300 400
Time [us}]

(@) & 02|~ - UE Y7 LR F2

0.02
5 0.01 |
§_0 0(1J W/\HWMWM‘WM’\WWW““““ T
' Direct wave
-0.02 :
0 100 200 300 400
Time [ps]
{b) TS D2~ - U HEWJ| E2 H2
0.02
5 0.01
g— 0 it ‘Yﬂu" W AANAAAALN A
© 001
-0.02 .
0 100 200 300 400
Time [us]
© 8
J% 10. ETARAMCL AIRS| HEZS mE SiAlEl §Y

=7}t Boj 7|7
A8
= Aol o FAE I HEHE £
21% o] 2gHd Aom L}E}W

9] %LL] ‘]__(1mpedance)— A
AHgatE o] oA Wgole 71 £8HY
fos weiHel it BIIEE SUT HeAnE
Abgste] WlskE sk Tei olst 2

H2s ABRFOR A48T A9, WY wA
Feto] wiAlote] RIZESL 28)8 Facks AYE B
STk olsh 2 o]42 2 ATolAE EALFASL I
A ABA Aole] ABABLRE B A

gxE Ase 2e A5E TRt gon, Bua
3 vielo] AE7t 2T 3 Aol uet 4 @
Ao o8] A5 1Zo] ZAEA ek, Wby wEE

e dotlla B] A wgsty] f8) 415 H=|7}
[ttt A% A7 Ee 2A FES Sole H,

55 FENATE B, AeE dFste 3 27
B3t she Yo R UHA =t

o g oft

K

.5

51 &g =F

njo

AT A& Fo7] Yol 7 Fa%t REZ 'S Al
of &Y & 4= Q= WA Z-2(white noise)S H gt &
oA ZAslof Stk Aotk WA FE-& 7MY a4
o2 AAT 4= Qe HHL Al ZH(stacking) O E A
B Ao 1709] signal traceS G7] ¢J5te] 102474
o] Az E FHs ol HFE B3 1Y 1@<} 2

B 54l 2k Tey 24 84
(attenuatlon)P_ e =A% Alze] vigr= u$ &
=

AN Azl w2 B4t

(TGC) W& -85t} (Zagzebski 1996). ©] RHAF vb
2 Aol mhE U Fa(gain curve)E Fof AHE
ZIWN AL oz 79 11(b)Y 22 logsigrs
2 ARSIt 19 11(a)e 22 YA E 19 1)
9] logsig¥tet Foto] 17 11(c)2} Zo] BAfo] o] F

Z, Time Gain Compensation

5.3 £1& 8K Demodulation and Rejection)

BAfo] o] Rojzl AEe] GAIBI} A= BAL ol
a7l 317] $haiA we—z— el o] Wasit, of
A AT ek 32 4 8 Rretification), ©]FHt
(moving average), threshold& &

7} 2= A, AE AFE AT 377k A7)
i8] Alzo] Arhzke AL Yoz 1Y 11@)54
Ze A5 d& 5 Utk A, olsBelA= (120,
2/20, 4/20, 6/20, 4/20, 2/20, 1/20]2} kernel- S Z-8-3}%

3k A% Zﬂ7-](rejection)
AlE

et SEIEMH EES 9IF SO BHAL 0101X] - AlLHAE 59



Output
o
‘1;
=
1

1
0 50 100 150 200 250 300 350

Time[us]

(a) & M=

1 T T T T

(LS

Output

1 F| 1 1 1 ]
[ 50 100 150 200 250 300 350

Time{us)

(b) Logsig &=

0.01 T T T T T T
P =t |
—o01 1 | L | 1 1
0 50 100 150 200 250 300 350
Time[us]
(c) M& B
0.01 T T T T T T
é 0.005 [~ -1
[S]
1 ] Ll j\L m Aol
Yo 50 100 150 200 250 300 350
Time[us]
(d M= 357
0.01 T T T T T T
é:" 0.005 [~ AAA -
, . . A A M
0 50 100 150 200 250 300 " 350
Time{us}
(e) OIZ B
0.01 T T T T T T
CZ:: 0.005 [~ A —J
0 1 1 1 h n A A |
0 50 100 150 200 250 300 350
Timelus]
{f) 4= HA
a8 11, AlE X2 oY
S n(Santamarina and Fratta 1998) 13 11(e)} &2 2
B8 9L 5 9t oo s A AAL 94 njw
AT FEE AsoA Fae YR ZHSHA] &
et ddEo] AAsFE WHoR & AFolM=

Fof AZA 10%~20% v]te] A5 = A At 1
d 1NH 2= LAk

5.4 QAE|

AB AL B3t ABE HAlSKimaging)o] HL

60 EIXBIS=2E H23A A1z

st Fakst BHE T 7 S 233 TH(Zagzebski
1996). A, Amplitude mode(A-mode) 24 B-Z&% HEA}
25 4159 Z(amplitude)ol] wheh o) EA|T=
oz Aol weh W& 27|18 HoAF= Yol
o} o] WhE-E whamel 9i4F Wste} Aol pmel B
AE A737] 4l whgolcth spAuk o] WS A5 E
3hLtel Adatel £ Slo] MA|2 A5 E Hrloje Y
1R kom AT o] A ojH HRZFQ HHos AL
Z&= Hieolth £, Brightness mode(B-mode) 244, 4l
59 95E S99 [7)2 ol ol Yo BHs

7 & REe oy ko HE

N
>
=
la
o2t
>
19

Z2SUE o18% =
A& T3t A4S F7shAnh ol AR
% 4 A5 ;
i £ ok 35 22 EdSd 95 Y
3AlolE AdS 2o H8A4 F7h Y
Alolnf Fuba=7} S00kHS] A3441 EN
8skaith

6.1 5 TiEfE BUIAH EES U3t A0S A

%o] 7 35mme] 1A mebue A $ 1Y
(2et 1201 B Ae] EALTAS 2 oot 1
S EA 3T %zzya-?: B0 Ueoiye
1&t7] Yot Imm(TH A=3mm)=Z A3t &=
At AdzXe AHS §3 }04 a2 12 2ol

A-mode = 13 12(c)2} Zo] B-mode= e AT
AN ERAFTA Y Aol 2 BAE A-mode 3
B-mode 5 et o] A4 91X WS & e
itk E3F 10mm FA|9 £+ vigE YR F F
A 9T T 4 Utk 1Y 129 Zo| Mol
= "in:#:r ME AR wEoll A2 ol Al
A A-g3kal Y= FATHE T migration(A}
B2 Yilmaz 1988; Sheriff and Geldard 1995)%}
<]ﬂ _7_}.7(4 glojx A]—El—o] A5} o] ] ZE AL

=2 &=



Transducer

Water ‘]'//X g
[0}]
ii | 300m E . -
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NSS 245 flat DMTS| 3XH 242 A

An Analysis of Flat DMT Penetration Based on a Large Strain Formulation

(B

2

9 & Byeon, Wi-Yong
= 9

o) Lee, Seung-Rae

Abstract

Flat DMT penetration was analyzed using a finite element model based on a large strain formulation. The
ABAQUS/Explicit, a commercial finite element method, was used to study the flat DMT penetration in soils. Then,
because the very large mesh distortion occurred due to the penetration of flat DMT, the adaptive meshing technique
was utilized to maintain a high quality mesh configuration. The undrained shear strength obtained from the flat DMT
is estimated using only the horizontal stress index (Kp) and so it became necessary to examine using the analysis results
obtained from the penetration of the flat DMT. Analysis results show that in normally consolidated region of Kp=2,
the results obtained from the correlations proposed by Marchetti show good agreement with those estimated from the
finite element method. The present analysis also shows that in overconsolidated region of Kp>2, the results obtained
from the relationships proposed by Kamei and Iwasaki show good agreement with those provided by the penetration

analysis.

2 X
B e Teld GHALUS ol §ate] fla DMTY 339 AL BASITh 4§ Z2aYew e gel
ABAQUS/ExplicitE ©]-8-5}0] flat DMTQ| 324 #Q] 3j4& 3stgon] Hel =Fof BYEE= & a4 ¥
8 43}7] I3}o] adaptive meshing 7]¥& =951 ct 3f4 A= vl o 2, flat DMT Al o 2 HE] Hojxj=
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p=2%! AU D AR A= Marchetti(1980)7F A|ISE HH A ATTA AT, Ko7t 2014408 HALE = IR APt
H‘_ Kamei & Iwasaki(1995)7} A|¢tet @A AAATA A & AX|sl= 2E ATt

mlo ™,

21

Keywords : Flat dilatometer test (DMT), Finite element method, Penetration, Undrained shear strength
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1 B39, d=037)ed A4 9 3373 A4 A7 (Member, Post-Doc, Dept. of Civil & Environmental Engineering, KAIST, dyuran@hanmail.net, 34142}
2 54, d=geried A4 2 #3FI WS (Member, Prof, Dept. of Civil & Environmental Engrg., KAIST)
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Marchetti(1980)&= A|QteE 37k2] F7HR4(4] (1)E
0] 8-3}o] flat DMTZHE 2|Hte] of2] HAEPES o
Sl A Al S AQtstdct. £3] flat DMTEHE|
T 52 e o] AARSE Fof skl vl Mgt
7} = Marchetti(1980)0]] 98 22 Aok=]gl 0w OCR
3 flat DMT25E] 181 Kp 7He] 484 AaiA|2)(4]
(2)= Ladd 5(1977)°] A3t 2l(4] )& 7122 34|

oy

68 E=AgtEsE=2d MH23A HiE

S ARG THA] (4)). ESF (s/0%0Nnc= Mesri(1975)

7 AU ATREE A 0228 ARESIACE
Ip=(p1 = po)/(po ~ o) (1a)
Kp= (po—uo)/0"0 (1b)
Ep=34.7(p: — po) (1c)

A7|1A, b= AEA4, Ko %38 A5, Epe dila-
tometer modulus, up= #Q] A AR 74, po
= 27] A&5YY, p2 Limm B4 48, o A3
a-g-2olrh 18|3 o)F A2 R E F45+= OCR gkt
Hlufje MG ABEA AL oh3d ZTHMarchett,
1980).

OCR = (0.5Kp)" 2
(5/60)oc = ($u/0"w0) nc OCR"® 3)
=0.220"0(0.5Kp)"* 4

?51'-}_4_ Kamei & Iwasaki(1995)&= & x| HofjA] 4=3§
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su=0.350%0 (0.47Kp)"" (5)
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3.1 ABAQUS/Explicitl M2 SAFZ{64l(quasi-static
analysis)

Explicit 3[4 ¥ Ex15E BA 9] Lol implicit )
o] M BSAS B2 Yokl AAEEQITh Sun $(2000)
< 53¢ EA|(dynamic problems)ol tfdled implicite}
explicit ®HSE v 231320 Rebelo S(1992)-2 explicit
So] Hleido) T AR AL 2 BT SAle) A
sl sl oh: 2T BAIS| A implc
S AR FEo] el whet a4 ulgo] FAsHA
75 Hal E4RE o713 4 9lckSn 5 2000). 17
U explicit W8e] A9 AZF 229 271 oAb EA9]
B3l o8l A== o] ok} element dimensionit
AR AR St B aieby dubdo g it
HZ 270 ©)3) QI Wx| SF=THHibbit 5, 2005).

Explicit dynamics 3}4] 4o A= lumped element
mass matrices& ARE-SHH B9 F2UE YeliE 4]
-2 explicit central-difference integration rule& &-&8hc}
(Hibbit &, 2005).

U1y = ) + 5 ug) (6a)

wgrny = wgy + digeytenn (6b)

o714 j= increment number, v WQ], 23T A= A
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A 13} 5, 29} 6, 37} 7, 2|3 49} 8 Afole] TYUFH
7VE X (weights) & AT whela] 28 FA-o 9
A= thaat 2k

() = ©)
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H 1. E/s, H2l0| WE X6l dat

E 0'vo Sy Ko s,/ 'vo

3000.00  10.00 20.00 8.12 2.00
3000.00 20.00 20.00 4.46 1.00

E/s,=150
3000.00  30.00 20.00 3.24 0.67
3000.00  40.00 20.00 2.71 0.50
6000.00  10.00 20.00 8.98 2.00
6000.00  20.00 20.00 4.98 1.00
E/s,=300
6000.00  30.00 20.00 3.65 0.67
6000.00  40.00 20.00 3.01 0.50
9000.00  10.00 20.00 9.61 2.00
9000.00  20.00 20.00 5.34 1.00
E/s,=450

9000.00  30.00 20.00 3.94 0.67
9000.00  40.00  20.00 3.19 0.50

# 2. E/0'=15021 =& SHiM2| +XIsHA &}

E G'vo Su Kb Su/6'vo

3000.00 20.00 5.00 2.20 0.25

3000.00 20.00 10.00 3.02 0.50
E/o'vw=150

3000.00 20.00 15.00 3.79 0.75

3000.00 . 20.00 20.00 4.46 1.00

4500.00 30.00 10.00 2.47 0.33
E/ow=150 4500.00 30.00 15.00 3.03 0.50
4500.00  30.00 20.00 3.47 0.67

6000.00  40.00 10.00 217 0.25
E/o’w=150 6000.00  40.00 15.00 2.59 0.38
6000.00  40.00 20.00 3.01 0.50
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Normalized undrained shear strength, s /o',
n

P : E/s,=150
> : E/s, =300
#* - E/s =450

* : ANN data 54/0',6=0.35(0.47Kp)"

(Kamei & Iwasaki, 1995) L

$,/0"=0.22(0.5K )%
(Marchetti, 1980)

$,/6",9=(0.14~0.33)(0.5K p)! %5
(39 & 7, 2004)
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B : E/c’ ;=6000/40=150
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* : ANN data 8/6",6=0.35(0.47Kp) 14
(Kamei & Iwasaki, 1995)
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Normalized undrained shear strength, s /o',
1

® : E/c’ =E/30=150 O : E/c’ =E/30=100

% : ANN data
s,/0' (=0.35(0.47K p)! 14
(Kamei & Iwasaki, 1995)
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(A48 5, 2004)
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E 3. E/ow HE0| WE XA Za}
E 0'vo Su Ko Su/0'vo
3000.00  20.00 5.00 2.20 0.25
3000.00 20.00 10.00 3.02 0.50
E/o"vw=150
3000.00  20.00 15.00 3.79 0.75
3000.00 20.00 20.00 4.46 1.00
3000.00  30.00 10.00 2.31 0.33
E/o'w=100 3000.00 30.00 15.00 2.84 0.50
3000.00  30.00 20.00 3.24 0.67
3000.00  40.00 10.00 2.01 0.25
E/o'w=75 3000.00 40.00 15.00 2.39 0.38
3000.00  40.00 20.00 2.7 0.50
10y W :E/o =150
i @:E/c =100
A E/c' &75 L .
oA ooy
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4. s/0'07b 1.02} 0.591 = SHfiMe 4=xIs1AM At (Marchetti, 1980)

Normalized undrained shear strength, s /o',
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E o'vo Su Ko S/
3000 20 20 446 1.00
sJow=1.0 3000 30 30 416 1.00 ) /" ¢=(0.14~0.33)(0.5K ;)! 25
3000 40 40 4.01 1.00 . g T . ..........(.?%%%’ 2004)
3000 20 10 3.0 0.5 1 2 LA A S
su/o'=0.5 3000 30 15 284 0.5 Kp
3000 40 2 27 05 2% 13, E-o'u-s0 TE SR EIh
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