Behavior and Analysis of Laterally Loaded Model Pile
in Nak-dong River Fine Sand
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ABSTRACT

This paper shows that there are the results of a series of model tests on the behavior of
single steel pipe pile which is subjected to lateral load in Nak-dong River sand. The purpose of
the present paper is to estimate the effect of Non-homogeneity, constraint condition of pile head,
lateral load velocity, relative density, and embedded length of pile on the behavior of single pile.
These effects can be quantified only by the results of model tests. Also, these are compared
with the results of the numerical methods (p-y method, modified Vlasov method: new 7
parameter, Characteristic Load Method:; CLM).

In this study, a new ¥ parameter equation based on the Vlasov method was developed to
calculate the modulus of subgrade reaction (E,=n,z.) proportional to the depth. The p-y
method of analysis is characterized by nonlinear behavior, and is an effective method of
designing deep foundations subjected to lateral loads. The new method, which is called the
characteristic load method (CLM), is simpler than p-y analysis, but its results closely
approximates p-y analysis results, The method uses dimensicnal analysis to characterize the nonlinear
behavior of laterally loaded piles with respect to be relationships among dimensionless variables.

The modulus of subgrade reaction used in p-y analysis and meodified Vlasov method obtained
from back analysis using direct shear test {(DST} results. The coefficients obtained from DST
and the modified ones used for the prediction of lateral behavior of ultimate soil reaction range
from 0.014 to 0.05, and from 0.2 to 0.4 respectively. It is shown that the predicted numerical
results by the new method (CLM}, p-v analysis. and modified Vlasov method {new parameter)
agree well with measured results as the relative density increases. Also, the characteristic load
method established applicability on the Q-M.,, relationship below y/D =0.2.

Keywords . Laterally loaded pile, CLM, Model test, parameter, Non-homogeneity, P-y

analysis, Back analysis

1. Introduction

Pile foundations of the majority of buildings and structures and when used as foundations for
retaining walls, bridge abutment, piers, fenders dolphins, anchor for bulkheads, waterfront and
offshore structure, and unbalanced machines will be subjected to lateral loads. The response of a
pile to lateral loads and moments is a typical example of the seoil-structure interaction.

The analysis of this problem is complex due to the high non-linearity of the soil stress-strain
behavior. Morever the lateral pile response is also non-linear, even for low levels of applied load.
This has been shown in previous experimental studies (Budhu and Davies, 1950: Matlock,
1970, Georgiadis and Butterfield, 1982; Murchison and O Neill, 1984; Ting. 1987 Abendroth
and Greimann, 1990: Kim et al, 1997) and has led to the use of non-linear methods of
analysis. Yan and Byrne (1992) studied the effect of various factors on the soil-pile interaction

with p-y curves under a simulated field stress condition using the Hydraulic Gradient Similitude
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{HGS) technique in fine Ottawa silica sand.

Analysis methods in which the soil around the pile is treated as an elastic continuum have
been developed by Douglas and Davis (1964), Spillers and Stoll (1964), Lenci et al. (1968},
Matthewson (1969), Banerjee and Davis (1978), and Poulos (1971). Douglas and Davis {1964)
presented solutions for the displacement and rotation of a thin. rigid vertical plate subjected to
a lateral load and moment in an elastic half space. The solutions presented by Poulos {1971)
were for flexible vertical strips. Analyses of this type model the continuity of the soil around
the pile and are therefore useful for examining the interaction between closely spaced piles.
Determining values of soil modulus used in such analysis is not a straightforward procedure,
however, because the soil modulus varies from relatively low values near the pile. where the soil
is not highly stressed. to relatively high values away from the pile, where the soil is not highly
stressed,

The p-y method, devised by MecClell and Focht (1958). appears to be the most practically
useful procedure for the design of deep foundations under lateral loading. The reaction of the
soil against the pile is related to the deflection of the pile by means of nonlinear p-y curves.
Because numerical analyses are employed, this method can be used to analyze conditions where
the properties of the scil or the pile vary in any fashion with depth. Methods for estimating p-
v curves for various tvpes of soil and loading conditions (static., cyclic) have been developed by
Matlock (1970) for soft clay, Reese et al. (1975) for stiff clay below the water table, Reese and
Welch (1975) for stiff clay above the water table, Reese et al. (1974) for sand, and Sullivan et
al. (1979} for a variety of conditions.

Because p-v analyses are capable of representing a wide variety of soil and loading conditions
in a realistic manner, and because the resuits of p-y analyses have been found to be in
reasonable agreement with results of field loading tests in many cases, these analyses represent
the state-of-the-art for analysis of single laterally loaded piles and drilled shafts.

The characteristic load method (CLM: Evans and Duncan, 1982) closely approximate the
results of nonlinear p-y analyses. It was developed by performing nonlinear p-y analyvses for a
wide range of free-head and fixed-head piles and drilled shafts in clay and in sand, and
representing the results as relationships among dimensionless variables. The method can be used
to determine pile response.

To evaluate the effectivity of embedded pile length, relative density of foundation. lateral
loading velocity. constraint condition of pile-head. and layered sand soil on the lateral pile
behavior, a series of model tests in Nak—dong River sand on the model piles subjected to lateral
load were performed. The experimental resuits (bending moment. deflection. yield and ultimate
lateral load. yield bending moment) compared with numerical predictions on the basis of the p-
v relationships proposed by Konder (1963) of other researchers for piles in cohesionless soils.

In this study. the modified Vlasov model that is developed a unigque iterative technique to
determine a consistent value of the ¥ parameter on the modulus of subgrade reaction constant
was modified to calculate for the modulus of subgrade reaction proportional to the depth. Also,

the numerical results (p-y method. modified Vlasov method; new parameter, Characteristic
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Load Method: CLM) were compared with experimental results by using laboratory apparatus.

2. Modei Tests

The experimental program included model tests on two stainless steel pipe (E=214%10
t/m*) model piles of various length embedded into the sand soils so that a soil thickness of at
least six pile diameters was available below the tip to minimize the influence of model box base.
The outside diameter, flexural stiffness and wall thickness of the piles are given in Table 1.
Broms (1964) showed that a laterally loaded pile behaves as an infinitely stiff member when
the dimensionless length factor §L is less than about 2.0 and as an infinitely long member when
7L exceeds about 4.0.

Table 1. Physical properties of model piles
Dia. Wall Embedded 7L Flexural
{mm) thickness length stiffness
{mm) (cm) D.=32/8% 61.8% 90% (107t X m®)
12.0 0.25 21 1.84 1.99 2.80 3.41
12.0 0.25 51 4.48 4.83 6.81 3.41
7=m,/El : E=214X10"t/m’ | I=moment of inertia of pile cross section

n,=the coefficient of subgrade reaction at z=D, ie. 1,442¢/m*{D,=90%). 260t/m"'(D,=61.8%},

178t/m*(D, = 32.8%)

To minimize the effect of soil particle size on the test results, a uniformly fine dry sand
having an effective grain size of 140pgm and a uniformity coefficient of 2.0 was used in the
experiments. In order to maintain a reasonably uniform sand ground, the traveling spreader was
used to rain the sand into model box. The sand was readied to a three kinds of relative density
of 32.8(low dense), 61.8{(medium dense), and 90%/ high dense). respectively, in layers of about
200mm thickness using traveling spreader method, with the model pile held firmly in position as
the vertical state.

For the compute of the relative density. limiting density test (ASTM standard) was
performed and then maximum void ratio and minimum void ratio are found to 1.19 and (.88,
respectively. As the traveling spreader method which can control the relative density with the
drop height and hole size of drop apparatus, the relationship between hole size and relative
density is given in Table Z.

As the traveling spreader method, in this study, the average difference between the mesasured
and calculated relative density is shown to £3%. In Table 2, the average dry unit weight and
the angle of internal friction of the sand were determined from the volume and the weight of

the box content and measured in triaxial tests, respectively. In the experimental program on the
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non-homeogeneous soil, model tests are used to the model foundation which has difference
between above and below of half of pile length(H/L =0.5).

Tabie 2. Effect of drop height and hole size on the relative density

Hole size Drop height Unit weight Internal Relative density
(mm) (em) (g/cm?®) friction angle{") (%)
10.0 125.6 1.40 40 90.0
18.0 125.0 1.34 35 61.8
25.0 125.0 1.28 27 32.8

The model experimental setup is shown in Fig. 1. The model box was 800mm in height and

300 by 500mm in plan, with the lager dimension in the pile loading direction. Lateral loads were

applied to an aluminum pile cap through a steel cylinder pushed by a electric motor. The

applied load is measured by a 200N capacity load cell. Pile deflections were measured at two

different levels along the length of the pile above the soil surface.

These deflections were used to compute the pile rotation and lateral deflection at ground level,

taking into account the applied load and the flexural stifiness of the pile. Each of the piles was

instrumented along the surface of pile with eight strain gauges, to provide the variation of the

bending moments along the pile length, The depths at which the strain gauges were placed are

shown in the bending moment diagrams.
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Fig.1 Schematic of the test setup
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3. Model Test Results

Mayne and Kulhawy (1991) and Mayne et al. (1995) proposed the lateral load (Q) - pile
deflection (¥y) relationship to hyperbolic function in the case of the rigid pile. But. in Nak-dong
river sand. the Q-y relationship is shown to second polynomial function (up to R*=0.9) which
agree with mode] test results better than hyperbolic funetion. as shown in Fig. 2. For a
deflection before the ultimate lateral load. the difference of lateral load between second
polynomial function and hyperbolic function is few and the ultimate lateral load from model
tosts, in the case of D,=90%, is 2.2 times larger than the hyperbolic function suggested by
Mayne and Kulhawy (1991) and Mayne et al. (1995).
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Fig.3 Relationship between relative density and
ultimate lateral load for fix and free-head,
Fig.2 Q-y relationship under model tests nonhomogeneous soil, and L/D=17.5, 425

Figure 3 shows the effects of relative density, non-homogeneous soil, embedded pile length,
and constraint condition of pile on the ultimate lateral load. In the case of L/D =425, the
effect of constraint condition increases more at high dense than at low dense,

From the model test results, the experimental equation for the ultimate lateral load is fitted

to exponential function as follows
Qu = g & (1)

where D, is relative density and a. b are constants which have, respectively, the range of
0.41-2.42 and 0.009-0.023 for this study.

A comparison between measured ultimate lateral load and predicted one from Broms is
shown in Fig. 4. It is shown that. in the case of L/D =425, the predicted result is 2.13 times
larger than the measured ones and, in the case of 1./D =17.5, about half the measured ones. At
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shallow depths(less than about 5m) the API subgrade modulus, K, is close to the maximum
soil Young s modulus, E,.. At grater depths, however, the K, value becomes lager than the E.
value because it is specified to increase linearly with depth (Yan and Byrne, 1992).

Thus, in practice. the distribution of subgrade reaction of the fleld is different from the
proposed one at a depth and then the ratio of predicted Q, to measured Q. of short piles has a

reciprocal relationship with that of long piles.
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3. 1 Relative Density and Loading Velocity Effects

Typical results of pile response and pile bending moment distribution under different relative
density and loading velocity are shown in Figs. 5 and 6, respectively. These figures illustrate
the influence of relative stiffness between soil and pile on the lateral pile response to monotonic
pile head loading.

It can be seen that the larger the relative density and the higher the loading velocity, the
stiffer the pile response. And the relationship between lateral load(Q) and normalized deflection
{y/D) is linearity. But at the low dense (D,=32.8%) the pile response (Q-y/D relationship)
for loading velocity of 0.47em/min is close to that for 1.6cm/min. Therefore, the effect of
loading velocity is few for low dense of sands. The lateral loading velocity does not affect the
depth of maximum bending moment .

The smaller the relative density, the deeper the depth of maximum bending moment. And
the depth of maximum bending moment moves to the pile tip from 9 to 13 times pile diameter
because it is specified to decrease the fixity effect of the pile tip by decrease of subgrade
reaction near pile tip. Figures 6 and 7 show, respectively, the effect of relative density on the

lateral load and maximum bending moment at y/D =5, 10%.
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It appears from Figs. 6 and 7 that the larger the deflection ratio (y/D). the larger the effect
of relative density on the lateral load and maximum bending moment.

In this paper. for the conditions of free-head and L/D = 42.5, the lateral load (Q) at a
deflection. vield lateral load (Q,), maximum bending moment at the yield lateral load (MBM,},
and maximum bending moment at a deflection (MBM])} are fitted to exponential function
including relative density and deflection ratio. These can be expressed as

Q= [0.03421%) X EXP[0.0MS X EXP[—0.0025 %)D,} (2)
Qy =1.1085 x EXP[0.0062D, ] (3)
MBM = [0.593%) X EXPK0.0IZ ~896x10°° log%)Dr} ()
MBMY =22.791 x EXP[0.0017D, ] (5)
where, v is deflection of pile head and d is diameter of pile and D, is relative density of
gand.
30 '
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g - T T - @ y/d=10% “
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£ [ owassw e B B L 2.7
= 15 e - . = ‘....--'" , Ri=0.52 ," -
£ g ol i -
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: Tt -
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5 ' .
Q0 i l 1 _L L__L A J 'l 0.0 i I ' ] A l A | 1
0 20 40 60 80 100 0 20 40 60 80 100
Relative Density. Dr(%) Relative Density, Dr(%)
Fig.6 Relative density-Max. bending moment Fig.7 Effect of relative density on lateral
relationship load

3.2 Pile Head Fixity Effects

Most field load tests are conducted in a free-head condition. In practice, however, few piles
are connected to the superstructure in a free-head condition and some constraints are always
pregent. Although many theoretical studies have shown that pile head fixity has a significant
effect on pile response, little experimental data are available to quantify this effect, especially
regarding the soil-pile interaction. Herein, the results of this model study are presented to

evaluate the pile head fixity effects on pile response.
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Figure 8 compares the pile responses of low and high dense under free-head and fix-head
conditions. The pile response for a fix-head appears more linear and the deflection is about half
of that for the free-head condition (Yan and Byrne, 1992). Similarly, for Nak-dong river sand.
it is shown from Fig. 9 that the pile response for fix-head appears non-linear for D, =32.8%
and linear for D, =90%. Also, the deflection for Q=2kg is about 0.66 times of that for the
free-head condition. The lateral load at the large deflection{up to y/d=30%) has about the
range of 1.34-1.75 times of that for the free-head condition.

Table 3 compares the bending moment distributions of low and high dense under free-head
and fix-head conditions. At a deflection (y/D =5%), the maximum bending moment for fix-
head condition is 0.81 (at D,=32.8%) and 0.83 (at D,=90%) times of that for free-head
condition.

By Yan and Byrne (1992), for a given applied load the fixed head reduces the peak positive
bending moment below the ground to about half of that for the free head condition.

It is shown from Table 3 that the bending moment for unloading {y/D =0%) state is close
to that for loading state below the depth of 21.6D {(at D.=90%) and 262D (at D,=32.8%)
because of the collapse of foundation as the loading and unloading are performed. Also, at the
depth of from 10D to 17.9D, for the fix head condition under unloading state the bending
moment changes from negative moment to positive moment and it can be illustrated that the

depth of foundation collapse is the range of from 10D to 17.9D.

3.3 Embedded Pile Length Effects

Typically, for a given stiffness of pile (EI,} and relative density, the differentiation between
rigid pile and flexural pile is caused by embedded pile length. Figure 9 shows the effect of pile
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Table 3.

Comparing of bending moment distribution under free-head and fix-head condition

Pile head Relative at y/D=5% at y/D=10% Depth of Max.
Test | constraint Density Lateral Max. Bending Lateral | Max. Bending Bending

ugde cond. (%) Load(kg) | Moment{kg X em) | Load(kg} | Moment(kg Xcm)| Moment{cm)
DTZ2-16| Free 50.0 0.762 17.1 1.239 19.32 9.0
DT2-12| Free 61.8 0.421 12.93 0.685 15.94 9-13
DT2-26| Free 32.8 0.318 9.2 0.01% 12.05 9-13
DT2-27| Free |90.0(D*)6L8(U*)| 0.433 11.12 0.704 13.06 §-13
BT3-05] Free |6L8(D*)32.8(U*)| 0.379 7.97 0.619 9.78 13
DT3-06| Free |90.0(D*}32.9(U*)| 0.412 6.67 0.667 12.0 13
BT5-20 Fix 32.8 0.427 7.46 0.698 9.78 21.5
DT5-21)  Fix 90.0 1111 8.2 1.813 1608 | 913

*D and U are down and up of two layer sand, respectively.

length on the initial slope of Q-y relationship and the pile response. It is shown from Fig. 9-(a)

that for D,

=90% the ultimate lateral load is 3.5kg at more than y/D =045 and for D,

=32.8% the ultimate lateral load is about (0.7kg at more than v/D =0.35 and there is no well
defined ultimate lateral load with L/D =425, Thus, the ultimate load of short pile occurs at

more than y/D =035 and the pile response appears much more non-linear. Also, as the relative

density

L/D =175 is five times of that of low dense.
In Fig. 9-(b), it is shown that the higher the relative density(D, (61.8%) the larger the

value
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Fig.9 Effect of pile length on the initial slope of Q-y/D relationship and pile response
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on the initial slope of Q-y relationship is smaller than that for low dense. In this paper, for the
conditions of long pile (L/D =42.5), the initial slope of Q-y relationship is suggested as

exponential function(RE:O.QS) including relative density. These can be expressed as

(Q/Y) i = 3.13@ 0507 "

3.4 Non-homogeneous Effects

Most of field states are close to non-homogeneous state. However, in practice. most of model
tests are performed to homogeneous soil state. In this paper, the model tests are performed to
two layer(H/L =0.5) sand soil which has different up and down on the relative densities of
foundation prepared by traveling spreader method.

Figure 10 shows the effect of non-homogeneous soil on the pile response (Q-y relationship) for
L/D =425 and EI,=341X10"tXm® Comparing of homogeneous and non-homogeneous scil for
the pile response, the response is shown in the curve with second polynomial function on the
homogeneous soil of upper and lower dense of layered soil and non-homogeneous soil.

In figure 10-(a), it iz shown that in case of non-homogeneous soil (D,=32.8%:. Up,
D,=90%: Down), the response for non—homogeneous soil is close to that for homogeneous soil
of upper dense rather than of lower dense. Also, the yield of lateral load is much the same as
the ones of homogeneous soil of upper dense at non-homogeneous soil.

In figure 10-{b). it is shown that in case of non-homogeneous soil{D,=32.8%; Up. D,
=61.8%: Down). the response for non-homogeneous socil is between that for homeogeneous soil of
upper dense and of lower dense. Also, the yield of lateral load, as well as in case of non-

homogeneous soil (D,=328%: Up, D,=90%: Down}, is much the same as the ones of
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Fig.10 Comparing of homogeneous and non-homogeneous soil on Q-y/D retationship

Jour. of KGS 35



homogeneous soil of upper dense at lavered soil.
Consequently, for the ultimate lateral load and pile response, the larger the difference between

upper and lower dense of non-homogeneous soil. the more approach the result of homogeneous
soil of upper dense at layered soil

4, Numerical Analyses for Pile Response

4.1 A New Parameter

A brief account of the Vlasov model is given here. The subsoil is assumed to have uniform
thickness resting on a hard layer, or rock. The derivations are made for a long slab of finite

width resting on an elastic foundation in plane strain conditions as shown in Fig. 11

q{x)

- %_Elastic Beam
Elastic jo—1., X
Foundation

| ]

pA u
» ‘
WH) =0 w——
Rigid Base (H)

Fig.11 Beam on the elastic foundation

Using the minimum potential energy theorem, the governing equation is driven as following

M= JL EbIb

[(:l (20} +— j“j‘ (6,€, +0,€, + T,,¥,, )dzdx — j q(x)o(x)dx (7)
X

where, E.I.. L, b, and H are flexural stiffness of the beam, length of the beam. width, and
height of the soil model, respectively. o, 0, r.. €, &, ¥, are components of stress and strains
at a point in the soil, respectively.

By minimizing the function M with respect to @ and ¢, the following equation iz obtained
for the beam 0{z{L. (Vallabhan & Das, 1991).

dx E, I, — pm: 2tGlx + ko =qg(x) (8)
where,
JuH E.b(l-v) [dq)} ;  ot= IH Eb ¢2dz
0 A+wvi(1-2v)[ dz ¢ 204w
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Vallabhan and Das (1988) obtained parameter ¥ by the differential equation of I with
respect to ¢ and boundary conditions. Detailed process of these equations are presented in
Vallabhan and Das {1987, 1991). Vallabhan and Das (1991) developed a new technique to
determine a consistent value of the parameter on the modulus of subgrade reaction (E,}
constant. In this study. however, this model is modified to the calculate on the modulus of
subgrade reaction (E,} proportional to the depth. The following expression for the wvalue of is

obtained

b4
, l-2vf [d“’J dx + VF @’ @+o’ @)
¥l . dx 2 for k, = const. (D

20-v)f, @'dx + E[Ez(m + EZ(L)]

Lo (dm Y kw2 5| Paaty eV A" ngn- DL
1-2v4 [ ES[E;J dx + ny, E-t-m (Lye V2] St e | L e —
k 2 E 2 5 4-—
. 25 2 2 2t
&) -
"T - “k n-} n-2
Miy| Cn+bh e E. o’ n{n-pLt

201 -V [VE, 0 dx + nyo (Lye ! o | L T B
2 k 2 k 2 IE 4—
2t \’21 2t 2t
for kn=n,z*/D (10)

To predict the pile response to lateral loading, a computer program was developed, which
utilizes the finite differential method. by the author and treats the pile as an elastic beam on
non-linear soil springs{Kim. et al., 1997).

4.2 Nonlinear Analysis

Generally, the p-y criteria of Reese et al. (1974), Konder {1963), Scott {1980), Det Norske
Veritas (1980), Norris (1986}, and Murchison and O Neill (1984) were used in the evaluation
of the behaviors of laterally loaded pile (Georgiadis et al, 1992). The most widely employed
approach for non-linear analysis appears to be the p-y approach developed by Konder (1963),
The solution requires input a series of “subgrade reaction to p-y curves for various points
along the pile. The approach (p-y curve) is presented by the following hyperbolic function

P=7 > y (11)
—
kh Pu
where k, is the initial stiffness of p-y curve and pu is the ultimate soil resistance.
For piles in sand, the value of k, which increases proportionally with depth (Terzaghi. 1955},

is presented by the following linear function
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k, = n, z/D (12)

where z is the depth below ground surface and n, is a coefficient that depends on the density
of the sand.

However, comparing measured data with the results from linear function (k,=n.z/D} and
parabolic function (k,=n,z"/D), which is obtained by shear strength test. on the pile response,
it is shown that the results from parabolic function agrees very well with the ones from model
tests (Kim et al,, 1997}.

4.3 Characteristic Load Method (CLM)

This method (Evans and Duncan, 1982) closely approximates the results of nonlinear p-y
analyses. It was developed by performing nonlinear p-v analyses for a wide range of free-head
and fix-head piles and drilled shafts in clay and in sand, and representing the results in the
form of relationships among dimensionless variables.

The use of dimensionless variables make it possible to represent a wide range of real
conditions by means of a single relationship. To form these dimensionless relationships. loads are
divided by a characteristic load P, moments are divided by a characteristic M. and deflections
are divided by the pile width D. The characteristic load and moment that form the basis for

the dimensionless relationships are given by the following expressions:

For clay @ P, =734D’(E,R,XS,/ER))"" (13)
For sand : P, =157D*(E,R,)XyD¢K, /E R;)* (14)
For clay : M, =3.86D*E_R)S,/E,R)™ (15)
For sand @ M, =1.33D(E R, )(YDOK, /E R,)*¥ (16)

where, P,=characteristic load:. M,=characteristic moment: D =pile width or diameter: E,=
pile or drilled shaft modulus of elasticity: R;=moment of inertia ratio, i.e. ratic of moment of
inertia of the pile to the moment of inertia of a solid circular cross section, I./Iiu.: S.=
undrained shear strength of clay: ¥ =effective unit weight of sand: ¢  =effective friction angle
for sand; and K,=Rankine coefficient of passive earth pressure,

Loads applied above the ground line induce both a load and moment at the ground line, as
shown in Fig. 12. Because the behavior is nonlinear, it is not sufficient merely to add the
deflections caused by the load and the moment. Instead, the nonlinear effects should be taken
into account by using a nonlinear superposition procedure.

The first step in the nonlinear superposition is to calculate the deflections that would be
caused by the load acting alone (y,}). and by the moment acting alone (y,), as shown
schematically in Fig. 12-{a) and (b).

The second step is to determine a value of load that would cause the same deflection as the

moment, and a value of moment that would cause the same deflection as the load{Fig. 12-c and 4).
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Fig.12 Nonlinear superposition of deflections due to load and moment:

(a)Step 1; (b)Step 2; {c)Step 3; (d)Step 4; (e)Step S: {f} Step 6

The third step is tc determine the ground line deflections that would be caused by the sum
of the real load plus the equivalent load (P, + P,). and the real moment plus the equivalent
moment (M, + M,), as shown in Fig. 12-(e) and (f).

The estimated value of deflection due to both load and moment is calculated using the

equation expressed as following:

For sand ' Ycombined = O'S(Ytpm + thp) (17)

where, Y. =estimated ground-line deflection due to both load and moment: y,,,=ground-
line deflection due to the real load plus the equivalent load; y,,,=ground-line deflection due to
the renal moment plus the equivalent.

The first step is to determine the “characteristic length, T  for the pile and soil conditions

being analyzed. The value of T is determined by solving (18) for T, by repeated trial.

1.62M
EPIP

2.43P,
EPIF'

(18)

T + L2

¥ combined =
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where, T =characteristic length: V.o =estimated ground line deflection due to both load and
moment: Vemma=Y: if P,=0 or M,=0; E,=pile or drilled shaft modulus of elasticity: I,= pile
or drilled shaft moment of inertia.

When the value of T has been determined, the bending moments in the upper part of the

pile or drilled shaft can be calculated using the following equation:

M, =A_PT+B,M, (19)
where, M,=moment at depth z. z=depth below ground line: A, =dimensionless moment
coefficient; and B, = dimensionless moment coefficient. Values of A, and B. are given in
Table 4.

Table 4, Moment coefficients A, and B, (Matiock and Reese, 1961)

Z/T A, B.. N
0 0.00 1.00

0.5 0.46 0.98

1.0 0.73 0.85

1.3 0.77 0.73

1.5 0.76 0.64

The principal limitation of the CLM is that it is applicable only to piles and drilled shafts
that are long enough so that their behavior is not affected to any significant degree by their
length. Maximum lengths necessary to satisfy this criterion depend on the relative stiffness of
the pile or shaft in relation to the stiffness of the soil in which it is embedded. Minimum

lengths for a number of different conditions are given in Table 5.

Table 5. Minimum pile lengths for characteristic load method

Type Criterion Minimum length
E.R,/8, =100,000 6 diameters

Clay E.R;/8,= 300,000 10 diameters
E.R/S,= 1,000,000 14 diameters
E.R,/8,=3.000,000 18 diameters
E,R/Y D ¢ K, =10,000 8 diameters

Sand ER./Y D ¢ K,=40,000 i1 diameters
E,R/Y D ¢ K,=2,00,000 14 diameters

5. Comparisons with Numerical Results

As regards the possibility of predicting the wvariation of the secant modulus with depth, E,
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( =k,D), the equation is rather complicated because of the influence of the different stress levels

along the embedded portion of the pile. It is shown by Reese et al.

(1969), Jamiolkowski

(1970}, and Marchetti {1977) that the secant modulus, E, is best approximated as following:

— n
E,=nyz

where, n increasing from 1 to about 2 as the pile deflection increases.

{20)

Therefore, in the paper, the secant modulus {E,psn) and ultimate soil resistance (p.psm)} are
determined from direct shear test (DST) for the best predicted results and are specified to

increase non-linearly with depth as shown in Fig. 13. It can be expressed as following:

—— - n
E, = 0Epgr, = 0ny;z

P, = BPu(DST) =PBpyz™

{21)
{22}

where, & and B8 are modified coefficients used to predict the lateral behavior, and n, py D

and m are coefficients.

These values are summarized for each relative density and given in Table 6. The modified

coefficients, @ and B, for the secant modulus and ultimate soil resistance obtained from DST

obtained from back analysis for the best agreement with numerical results and the range of
0.014-0.05 and 0.2-0.4, respectively.

Table 6, The values of coefficients on relative density

Dr a n, Pm ﬂ n m

32.8 0.014 11.46 0.473 0.200 0.597 0.421

61.8 0.017 13.72 {0.155 0.315 0.604 0.734

90.0 0.05 26.28 (.352 0.400 0.513 3.551

250F 4 200 T . r—Or—— 200 Y —r—

g8 1 8 ¢ F g 3 { 8
g 3 1 2 = 3 1 &8 &g g
2 Z00F p g 2 1s0f o {3 g 2 150 ] g
2 150k 1P 3 | {3 % ]
= L 1 = = 100f o2 = = 100 42 =
2 100F Yo 1] 8 8 3 2 8 a
™ o R .2 Q G : b @ G ] @
© : { s ° sof 1w ° 50 1 =
 9OF /rf O Khl E 5 F OKh 4" g o S Okn | &
=3 o - = o b ; = =3 =
S oopgl, O s p o Qr 58 A Or 45

0 20 40 &0 & 200 40 60 B0 20 40 60 B0

Depth. z{cem)

Depth, z{em}

Depth, z(ecm)

{a) D,=90.0% (b) D,=61.8% (e} D,=32.8%

Fig.13 Change of coefficient of soil resistance(K,) and ultimate soil resistance(P,) with depth
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Equation 21 and 22 are used to predict the pile response. The experimental and numerical

predicted pile responses from D,=32.8, 61.8, and 90%, respectively, were compared with pile

responses computed using p-y curve method which is expressed as hyperbolic function and

modified Vlasov method which use a new ¥ parameter,

A comparison of the pile responses (Q-y relationship, Q-M,,., relationship} for L/D =425 and

free condition at both the top and tip of pile is presented in Figs. 14 and 15, respectively. It

can be shown from Fig. 14 that the predicted results from nonlinear analysis (p-y curve:

hyperbolic function) and new y parameter for the modulus of subgrade reaction proportional to

the depth are in good agreement with measured results.
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Fig.14 Comparing of measured and predicted
method on pile response (Q-y relationship)
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modified Vlasov method by new ¥ parameter is very good agreement with measured results
within elastic zone {(y/D =5%: D,=90%) because this method is based on the linear stress -
strain relationship. But. in the case of D,=32.8%. the predicted result is over-estimated below
v/D =0.25.

[t can be shown from Fig. 15 that the predicted results from nonlinear analysis and CLM on
the Q-M,,., relationship show agreement with measured results as the relative density increases.
In the case of Dr =90%. within y/D =0.13, the predicted results of both p-y analysis and
CLM are very good agreement with measured result. But, in the case of D,=32.8%, the

predicted Q~M,,, relationship is under-estimated beyond y/D =0.15. In the paper, the secant
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Fig.15 Comparing of measured and predicted resuits from CLM and p-y method on pile response
(Q-Mmax relaticnship)
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modulus (E,pen) and ultimate seil resistance (p.psm) are determined from direct shear test
{DST) and these values are used for the evaluation of load - deflection relationship. However,
these values are obtained from soil - soil relationship, but, in practice, the p-y curve depend on
the pile - soil interaction relationship. By the reason, the load - deflection relationship is very
good agreement with measured result, but the difference of predicted and measured results occur
as the y/D increases.

Thus, the predicted pile responses by numerical analyses {p-y analysis, modified Vlasov, and
CLM) show good agreement with measured results as the relative density increases. The

characteristic load method established applicability on the Q-Mmax relationship below v/D =0.2
6. Conclusions

Using laboratory apparatus, a series of tests were performed on single instrument model piles
embedded in a Nak-dong river fine sand undergoing lateral movement. Lateral load tests were
performed to evaluate the effects of constraint condition of head, pile geometry (L/D =175 -
42.5), ground condition (D,=328-90%), and one-way cyclic loading on lateral load-deflection
response of steel piles.

Based on these test results, the following can be concluded regarding the lateral response of
rigid and flexural piles in intact fine Nak-dong river fine sand and measured results and
numerical results (p-y anaiysis, modified Vlasov, and CLM) were compared on the pile

response:

1. The lateral load -~ deflection relationships are linear as the relative density increases, but it
can be represented by second polynomial function.

2. Ultimate lateral capacity can be represented adequately by parabolic function including the
relative density. Comparing measured and predicted (Broms theory) value of the ultimate
lateral load, the ratic predicted lateral load to measured one will have the range from 0.5
to 2.13 for EI=33,460kg X cm? free~head, and free-tip conditions.

3. The ratio of maximum bending moment for fix-head to free-head is (.81 and 0.83 for D,
=32.8% and D,=90%, respectively. The effect of unloading for bending moment is few
below depth of 21.6-26.2 times pile diameter because of the collapse of foundation.

4, The ultimate lateral load of the short piles occurs at more than y/D =035 and pile
response appears non-linear.

5. The pile response for non-homogeneous soil is close to that for homogeneous soil of upper
density as the difference between upper and lower relative density of non-homogeneous soil
increases,

6. The modified coefficients, and , for the secant modulus and ultimate soil resistance obtained
from DST are obtained from back analysis for the best agreement with numerical results
and the range of 0.014-0.05 and 0.2-0.4, respectively

7. In the paper. for elastic theory, it is developed new parameter to predict the pile response
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for the modulus of subgrade reaction proportional to the depth. The predicted pile responses
by numerical analyses {p-y analysis, modified Vlasov, and CLM} show good agreement
with measured results as the relative density increases. The characteristic load method
established applicability on the Q-M,,, relationship below y/D =0.2.
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