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Abstract

Mechanism of point resistance of pile in sand was investigated mainly from the viewpoint
of the particle-crushing of sand at the pile tip. It is shown that the work dissipated in the
particle-crushing of sand is as large as 66 percent of the total work done by the external force,
hence the point resistance of a pile in sand greatly depends on the particle-crushing property
of the sand. It is also shown that the relationship between point resistance and vertical pressure
of a pile can be predicted from the triaxial compression tests in a particle-crushing region.

Introduction

A number of studies on the pile in sand have been made and thereby suggested that
the mechanism of the point resistance of piles closely relates to the particle-crushing of
sand around the pile tip. However, relatively few studies had mentioned the effect of
particle-crushing of sand on the point resistance of piles. The present study carried
out loading tests on a model pile in sand to examine, from the energy balance viewpoint,
how the particle-crushing zone develops around the pile tip and how the particle-
crushing affects the point resistance of the pile.

Experiments

(1) Sample tested

Sand sieved through 2 mm openings and having following main properties was
used for the test: specific gravity=2.66, maximum void ratio=1.07, minimum void
ratio=0.627. The grain size distribution of the sand was as shown in Fig. 1. The
internal friction angle of the sand was determined to ‘be 46.8 deg. in a dense state by a
series of drained triaxial compression tests under confining pressures of 100 kPa to
300 kPa.

(2) Sand container

Figure 2 shows the schematic diagram of the apparatus used for the pile test.
The sand container is an assembly of two pieces of cylindrical walls, a bottom and
ceiling plates. The steel model pile is 3.5 cm in diameter and 33 cm in length. The
pile test sample was prepared by the following procedure; to decrease the wall friction,
grease was thinly coated on the inner wall of the cylinder, and double layers of vinyl
sheets (soapy water between them) were attached to the wall. Air-dried sand of water
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Fig. 2 Sand container for the model pile test.

content of 0.3-0.5 percent was compacted in 28 cm thick in a dense state (void ratio of
0.60, wet density of 1.66 g/cm3) in the sand container, and using a supporting frame
the model pile was placed on the sand surface, thence an additional layer of 8 cm thick
sand was filled in. Thus, a 8 cm deep buried-pile model was prepared. The ceiling
plate was set, and as shown in Fig. 2, two rubber bags were inserted through holes for
applying the vertical pressure to the sand surface.

(3) Loading test

For the pile loading test, the sand container was set on the compression machine as
shown in Fig. 3. The pile load was increased in controlled steps, with each step being
approximately one-twentieth of the contemplated maximum load. At each step, the
load was sustained until the rate of settlement became 0.01 mm/min, and then the incre-
mental load was applied for the next step .

(4) Sampling of sand

After the loading test, for convenience of sampling, the container sand was wetted
with water so that it can stand itself by capillary force, then the sectional sampling was
made as follows: a CBR mold with cutter head was placed at the center of the sand
container and pushed into the sand as illustrated in Fig. 4(a). The CBR mold was
then set in a sample extruder as seen in Fig. 4(b) to sample using thin-wall rings of
diameters 10 cm, 6 cm and 4 cm respectively. The sections for sampling are shown
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Fig. 3 Front view of the loading machine. (a) (b)
Fig. 4(@a) Sampling of the sand using a CBR mold.
Fig. 4(b) Sectional sampling by thin-wall ring.

in later in Fig. 7. The sample from each section was then dried for 24 hours to
measure the specific surface area S,,.

Experimental Results

(1) Stress-settlement curve

Figure 5 depicts the pile stress-settlement curves for three vertical pressures. All
the curves continue to slope as the case of actual pile load tests, in other words, there
is no general shear failure. It seems that the yielding load p, is not proportional to
the magnitude of ¢,. This characteristics of p,~¢, curve will be discussed later from
the viewpoint of particle-crushing of sand around the pile tip.

(2) Particle-crushing distribution

The value of surface area S of the sample is calculated by S=8S,, x p;, where p,
indicates the dry density of the sample of each section in the sand container. The value
of S, was evaluated by sieving and Blaine method, details of them are given else-
where®. Unfortunately, the measured value of p, was unreliable, then p, had
to be estimated from the p;~S, curve determined by the triaxial compression test
(Fig. 6).

It is assumed that the value of S determined by the above method represents the
value at the center of each section (Fig. 7), and the changes of S in depthwise direction
(y-direction) and radial direction (x-direction) were as shown by Fig. 7. This result is
for the case of 6,=200 kPa and the final settlement 6 ,=1.8 cm; the broken lines represent
either extrapolation or interpolation. The values of S in x_,-direction are less than
the original value, which suggests that the samples in this direction experienced little
particle-crushing, and also that the density of each sample decreased due to the cavita-
tion caused by the penetration of the bulb developing around the pile tip. From the
y~S and x~S curves, the contour lines of equi-amount of particle-crushing around
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the pile tip can be depicted as shown by Fig. 8. It can be seen that a strongly crushed
region of cone shape grows just below the pile, and the surfaces of equi-amount of
particle-crushing extend spherically around the cone.
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Fig. 8 Contour lines of equi-amount of particle-crushing around the pile tip.

(3) Work dissipated in particle-crushing

To investigate the mechanism of the point resistance of a pile from the energy
balance viewpoint, the work dissipated in particle-crushing at the pile tip was estimated
on the basis of S~w curve, where w is plastic work done per unit volume (J/cm?3).
The S~w curve was determined by the drained triaxial compression tests under
constant confining pressure (Fig. 9). The drained triaxial compression test carried out
on a 5Scm diameter and 12.5 cm height specimen with a void ratio of 0.61 to 0.65 as
being the nearest possible to the void ratio of container sample. Test conditions
were; strain rate=0.2%/min and confining pressure g;=0.5 MPa to 4.0 MPa.

Fig. 9 Drained triaxial compression test on sand specimen.

The stress strain curves obtained are represented in Fig. 10, and the failure enve-
lope appears in Fig. 11. The shear tests were ceased at various strain levels and the
samples were taken out from the triaxial chamber to examine the specific surface
area S,. The dry density p, corresponding to the S,, value was determined on the



134 Norihiko Miura
Initial
’\10 " void ratio 63=4MPa T
ks 20=0.60
=
~8r 3MPa :
o
o
Iv—4
o
6 J
» 2MPa
"
@
-
5
«v -y
sl 1MP
s a
-]
IS
[
(=] 2 - -
0 A i n I n A L A 4 I A L A
_ 5 10 15
3 o -
~ Axial strain £ (%)
> 2 F -
= o -4
= 1MPa
<
54 ]
w
e T x .
5 6t 64=4MPa i
@
13
=] o e
2 8
Fig. 10 Stress strain curves in drained triaxial compression test
at constant confining pressure.
] N PP P S s s
7-5F Initial void ratio 7 X107L So=81x107 (m%/n%) (3MP3) (15% )
_ . -~ 6,=2MPa 15%
€= 0.60 ﬁ.o £ 180 (1MPa) (53—15% )
Eg= 15 ~ 0.5MPa 1 .
~ = 15% = i ( 15%) 15%
% 5.0 k »
140 [ fo5MPa
: (5% )
w © [ 63=3MPa)
2.5}F v -
. S 100} ) €,=10%
T
i . ) 60 n 4 " " 2 1
0 2.5 5.0 7.5 10.0 0 0.2 0.4 0.6 0.8 1.0
é (MPa) Plastic work done per unit volume w (MN-m/m
Fig. 11 Failure envelope of the tested sand. Fig. 12 Relationship between surface area S and

plastic work done per unit volume w.

1.2

3

basis of the volume change during shear, and with these values the surface areas were

calculated from S=S,, x p,.
The plastic work done per unit volume w is given from the area of the stress strain

curve and volumetric strain v as,

w= S (01d81 + 20'3d83)
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= (qdo+pav) (1)

where, g=06, —03, p=(0,+203)/3, de=de; —(dv/3) and dv=deg, +2de;, respectively.

The above equation neglects the elastic component since it occupies only a few
percent of the total work.

The author reported that there is a unique relationship between the surface area S
and the plastic work done w independent of the stress level and the magnitude of the
confining pressure. This is also true for this sample as seen in Fig. 12.

Now, the plastic work done per unit volume w; corresponding to the each value of
AS in Fig. 8, can be read on the curve in Fig. 12. The summation of the product
of w; and the volume of each section V; in Fig. 8 gives the total work dissipated in
the particle-crushing of sand, W,, as

W.=2> wYV, | )

For the case of Fig. 8, the value of W, becomes 63.7 J.

(4) Work done by the external force

The total work done by the external force W, was evaluated by the enclosed area
of the pile stress-settlement curve shown in Fig. 5, and for the case of ¢,=200 kPa and
5,=1.80 cm, W, becomes 101.7 J.

A part of the work W, might be dissipated in the frictional work between pile shaft
and sand. This frictional work W, was estimated as follows. The horizontal stress
acting on the pile shaft o, may be expressed using the Jaky’s equation for the coefficient
of lateral pressure at rest Ko=1—sin ¢,, as,

0= O",K 0 | (3)

Assuming that the frictional angle between pile and sand is ¢ =2/3¢,, then the coeffi-
cient of friction is
Let the diameter of pile, D, buried length L and final settlement d, the frictional work
W, is
Substituting D=3.5 cm, L=8.0 cm, 6,=1.80 cm and ¢,=46.8° for the case of ¢,=200
kPa, we obtain W,=5.2J. Thus the total work done by the vertical force at the pile tip,

W=W,—W, )

To this value, the rate of the work dissipated in particle-crushing W, of 63.7 J occupies a
percentage as large as 66 percent. The above-mentioned results clearly indicate that
the point resistance of pile in sand greatly depends on the particle-crushing property
of the sand.
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Characteristics of Load Settlement Curve

(1) Mathematical model
Shioi et al. presented a mathematical model for simulating the pile load-settlement

curve as follows.
P=Pmax(1—e—‘a/as) (7)

where, P is pile load,  is settlement and J, is the basic settlement (the settlement corre-
sponding to the yielding load P,). Eq. (7) is similar to the equation proposed by C.
van der Veen”. ‘
P=Pmax(1 _e—ay) (8)
The regression equation is expressed using an error term ¢ as
P=P,,(1-e"%/%)+¢ ©)
The expression for the square difference SSR is,
SSR=3 8} =3 [P;— Ppyy(1—e7 /%) (10)

Calculation was carried out to find the value of P,,, and J, to minimize SSR. The
reliability of the model to the experimental curve was evaluated by,

1 /SSR
VV=pNIy (11)
Yielding load of pile P, is defined by
Py=(1-eY)P,.,=0.63P_,, (12)

Pile stress p (kPa)
0 2 4 6 8 (x10%)

0.2 dv=200kPa

p=82.5(1-e"5/065)

(cm) |

0.4}
6,=150kPa
o p=69.8(1-¢"5/065)
-
s 0.6
E
@
%
)
& 0.8}

1.0 [ 6,=100kPa
p=55.6( 1-¢~ 97065y

Fig. 13 . Analytical curve of pile stress and settlement compared with the experimental curve.
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(2) Result of analysis

The result of analysis in Fig. 13 shows that the curve of the Eq. (7) well agrees with
the experimental curve. Calculated values of py, pma, and J; are summarized in Table
1. The Eq. (7) have proved to be applicable to the practical pile load-settlement curve,
hence it can be said that the present model pile curve fairly represents the practical pile
behavior in sand.

Table 1. Calculated values of p,, pm.. and d,.

Test No. o, O Os Dy Pmax SSR |44
(kPa) (cm) (cm) (kPa) (kPa) (kPa)*
505 100 1.98 1.30 5670 9000 177050 0.027
507 150 0.52 0.50 4100 6500 19660 0.012
508 150 1.81 1.40 7560 12000 127250 0.017
506 200 1.80 1.20 7560 12000 219740 0.023
Discussions

The relationship between the ultimate bearing capacity pp,, and the vertical pres-
sure o, is depicted in Fig. 14 using the values described in Table 1. This curve shows
that p,,. is not proportional to the magnitude of ¢, that is known as a characteristic
of the practical pile. On the other hand, the conventional equation for the point
resistance of a pile in sand is expressed as

Prax=0,N, 13)

where N, is the coefficient of bearing capacity. Equation (13) leads to a conse-
quence that the value of p, is proportional to the magnitude of the vertical pressure.
However, this is not true for the characteristic of the practical P,~¢, curve.

In the previous paper, the authors proposed a method for evaluating the P,,,~0,
relationship based on the high pressure triaxial compression tests¥). The Pp,~0,
curve for the present sample obtained by applying the same method is compared with
the curve shown in Fig. 13.

The ¢4~ 0, curve shown in Fig. 15 depicts the triaxial compression tests on sand
where o, is the major principal stress at failure. Here g, is assumed to be the same as
the yielding stress of the pile, i.e., 6, ,=Pp,,/A4,. Substituting this Py, into Eq. (12),
the yielding load P, may be estimated by,

P,=0.630, 4, (14)

Now, among a number of N, ~¢, curves proposed, the Vesi¢’s curve®) can be
formulated as,

log N, =0.07425(¢h; — 30) + 1.415 (15)
q

Combining the above equation with the ¢,~o,, curve, the N,~P,,,, relationship is
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obtained, from which we can depict p,,,~0, curve as shown in Fig.14. In this
figure, the experimental curve of Fig. 13 is also drawn for comparison. The similarity
of the two curves indicates that the method of estimation of p,,,~0, based on the
triaxial compression test is appoximately reasonable.

Conclusions

For making clear the mechanism of the point resistance of pile in sand, especially
from a particle-crushing viewpoint, a series of model pile tests were carried out from
which the following conclusions were obtained.

(1) At the tip of model pile, a bulb-shaped particle-crushing zone develops in a
dimension of about twice the diameter of the pile.

(2) The work dissipated in the particle-crushing of sand is as large as 66 percent
of the total work done by the external force at the pile tip.

(3) The point resistance of a pile in sand greatly depends on the particle-crushing
property of the sand. :

(4) Pile stress-settlement curve can be simulated reasonably by a mathematical
model proposed by Shioi et al..

(5) Relationship between point resistance and vertical pressure of a pile can be
predicted from the triaxial compression tests in a particle-crushing region.
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