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Behavior of reinforced foundation under uplift and push-in loadings —
model tests and analyses
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ABSTRACT: A pile foundation with reinforced bars has been proposed by Matsuo and Ueno and is put prac-
tical use for increasing uplift bearing capacity of transmission tower and others. For investigating the mecha-
nism of such type of reinforced foundations under not only uplift loading but also push-in loading, two- di-
mensional model tests and the corresponding numerical analyses were performed. Model tests and numerical
simulations are done with different stiffness of reinforcements and different insertion direction of reinforce-
. ments. It is shown through the experimental and numerical study on uplift bearing capacity that though the

a flexible reinforcements works as the tensile reinforcements, and the stiff reinforcements as the bending rein-
forcements, the reinforcements protruded diagonally downward is the most effective for both cases. On the
s other hand, the experimental and analytical results show that the foundation with flexible reinforcements is
. not so effective against push-in loading, though the stiff reinforcements protruded diagonally downward work -
most efficiently.

1 INTRODUCTION the behavior under push-in loading, the following
) two points are newly considered in the present

Foundations with reinforcements protruded diago-  study: one is to employ an elastoplastic constitutive

nally downward were developed and put into prac-  model for geomaterials which takes into account the

tice in order to increase the uplift bearing capacity of  influence of the ‘density and/or the confining pres-

electric transmission tower and others (Matsuo und - sure as well as the soil dilatancy and others more

Ueno, 1989; Tokyo Electric Power Company and  elaborately, and the other is to measure the axial

Dai Nippon Constuction, 1990). Numerical simula-  forces and the bending moments of the reinforce-.

tion was also carried out to investigate the mecha-  ments with the strain gages in the model tests.

nism of reinforcement, and its results were presented

at the previous symposium in 1996 (Nakai and

Ueno, 1996). The numerical results shows that the = 2 DESCRIPTION OF MEDEL TESTS

reinforcements protruded diagonally downward are

the most effective regardless of the stiffness of the  As shown in Figure 1, the foundation with the length

o] reinforcements. In the symposium, there were active  of 23cm and the wide of 6cm is set up in the 2 di-
comments and questions from the floor about the  mensional ground. The penetration depth of the
most effective direction of the stiff reinforcements -  foundation is 18cm. The ground is made of a mass

They were that the most effective direction of the  of aluminum rods in which two kinds of rods having
stiff reinforcements should be diagonally upward, diameter of 1.6 and 3.0mm are mixed in the weight
being different from the numerical results. 3:2. Such model ground exhibits the behavior like
After then we carried out small scale model tests  dense and/or medium dense sand with negative and
as well as numerical analysis and showed experi-  positive dilatancy. The dots in Figure 2 show the ob-
mentally that the reinforcements protruded diago-  served stress-strain-dilatancy relations of biaxial
nally downward are the most effective against uplift  tests on the aluminum rods mass under constant mi-
load regardless of the stiffness in the same way as  nor principal stress ( 5)=19.6kPa) and constant ma-
the numerical analyses (Nakai et al., 1999). jor principal stress ( ©,=19.6kPa). The reinforce-
In the present study, we perform the model tests  ments with the length of Scm are protruded to three
and the elastoplastic finite element analyses not only  different directions from the lower part of founda-
under uplift loading but also under push-in loading  tion at three levels (see Fig. 1(b)). Two kinds of
to investigate the influence of the stiffness of rein-  thickness (3mm and 0.2mm) of aluminum plate are
forcements and the insertion direction of reinforce- used as the reinforcements. Aluminum plates on
ments on the effect of reinforcements. In addition to ~ which aluminum rods of 1.6mm in diameter are

593




clectric motor

fouandation

(a) Apparatus
7 | fem ﬁcm] Gem ‘ Gem I

19.6cm

3.5cm

diagonally downward herizontal diagonally upward

(b) Arrangement of reinforcements

Figure 1. Outline of model tests.
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Figure 2. Stress ratio and volumetric strain vs. deviatric strain
in bi-axial tests on aluminum rods mass.

glued at equal spacing of lcm are employed. The
friction angle between the reinforcement and the
model ground is about 20°.

Upward or downward displacement is imposed
continuously to the foundation. Displacement and
uplift or push-in load of the foundation are measured
by a displacement transducer and load cell. Axial
force and bending moment of the reinforcement can
be measured by the strain gages that are glued at the
both sides of the reinforcement (The positions of the
strain gages are lcm, 2.5cm and 4cm from the side of
the foundation). The measured data are recorded in a
personal computer though a data logger. The move-
ments of ground as a whole can be known by taking
photo with a digital camera.

3 METHODS OF ANALYSIS

Plane strain finite element analyses under drained
condition are carried out in the same scale as the
model tests. Finite element meshes for the three
cases are shown in Figure 3. Elastoplastic constitu- -
tive model for sand named subloading t;~ model
(Nakai et al., 2001) is used. This model can describe
properly the following typical characteristics of sand
in the same way as the previous model named t;~-
sand model (Nakai, 1989), regardless of small num-
bers of parameters:
(i) Influence of intermediate principal swess on the
deformation and strength of sand.
(ii) Influence of stress path on the direction of plastic
flow.
(iii) Negative and positive dllatancy.

In addition to these points, the new model can take
into consideration

(iv) Influence of density and/or confining pressure.
The values of soil parameters of the new model

for the aluminum rods mass are listed in Table 1.

The solid curves in Figure 2 are the calculated re-
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Figure 3. Finite element meshes for three cases.
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Table 1. Values of soil parameters for aluminum rods mass.

Py 0.008

K 0.004]

enc ( p =98kPa) 0.3
Res (comp.) 1.8

: B 1.2)
a 1300

sults corresponding to the observed ones, and the
dotted curves are the calculated results in which the
initial confining pressure is assumed to be two or-
ders'smaller in magnitude. This is because the initial
confining pressure in model tests is much smaller
than that in the bi-axial tests. We can see that the
constitutive model describes strain softening behav-
ior as well as the influence of the confining pressure.
The initial state of the model ground is created by
simulating the one-dimensional self-consolidation.
The foundation is assumed to be an elastic mate-
rial with enough stiffness. The reinforcements are
simulated by beam elements: Axial stiffness and
bending stiffness are assumed as EA=8.44 x 10°%kN
and EI=2.81 x 10%kPa for flexible remforcements
and EA=1.27 x 10°kN and EI=9.50 x 10°kPa for stiff
reinforcements, respectively. In order to evaluate the
friction between the foundation and the ground and
between the reinforcements and the ground, an elas-
toplastic joint element is inserted between them
(Nakai, 1985). The elastoplastic joint element can
describe the slip behavior on the interface between
structure and soil, which is described schematically
in Figure 4. Here, (ps and px) are the shear and nor-

mal stresses on the interface, and (ws and wy) the

shear and normal relative displacements on the inter-
face. The friction angle & used in the analysis be-
tween the foundation and the ground is determined
to be 14°, and those between the reinforcements and

W ./
A i"' -
Ps/Pp =tan 6 e
-
A e PP <tan §
e
A
Al 0 o
0 Pn
&
]
(=¥
©
=
3
0 ' Wg

Figure 4. Schematic slip behavior at interface.

figures indicate the self-weight of the model foun-
dation. Not only computed results but also experi-
mental results show that the foundation with rein-
forcements protruded diagonally downward is the
most effective agamst uplift load in every case. In
diagram (b) and (c) in Flgures 7 and 8 with flexible

-reinforcements, though the bending moment is al-

the ground 20° from the slip tests of the foundation -

and the reinforcement on the aluminum rods mass.
Upward or downward displacement is increasingly
applied on the top of the foundation in every case.

4 RESULTS AND DISCUSSIONS

Figures 5 (a)-(c) show the observed results of uplift
test of the foundation with stiff reinforcements.
Here, diagram (a) is the relationships between uplift
load P and upward displacement d of the foundation,
diagram (b) is the distributions of axial force in the

most zero in every case, tensile axial force of diago-
nally downward reinforcements near the foundation
is the largest. We can then see experimentally and
numerically that the flexible reinforcements protrud-
ed diagonally downward work most effectively as
tensile reinforcements. From dlagrams (b) and (c) in
Figures 5 and 6 with stiff reinforcements, we can see
that the reinforcements work as bending reinforce-
ments as well as tensile reinforcements. Although
the mechanism of reinforcing of stiff reinforcement
is different from that of flexible reinforcement, rein--
forcements protruded diagonally downward are the

‘most effective against uplift load, in the same way as

reinforcement and diagram ‘(c) the distribution of -

bending moment in the reinforcement. Figures 6 (a)-
(c) are the corresponding computed results. Further,
for the cases with flexible reinforcements, respec-
tively. The self-weight of the model foundation is
ncluded in the observed uplift load in Figures 5 and

7. The dotted horizontal lines in the observed uplift .

load - displacement relation (diagra'm (a)) in these
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the flexible reinforcements.

Figures 9 and 10 show the observed and comput-
ed results of push-in tests of the foundation with stiff
reinforcements, respectively. Figures 11 and 12 are
the results of push-in tests in case of flexible rein-
forcements. The resistance against push-in loading -
becomes larger when the reinforcements are pro- .
truded horizontally or diagonally downward in the
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Figure 5. Observed results of foundation with stiff reinforcements under uplift loading.

P B o e e e & — :
g ({{a)computed stiff | _[(b)computed _ Z 04[ (c)computed |
: aogl uplift % ° % T '
% \>.<J 3 P o X 0.2%
B0} - E 1874
g 5 s - a o o
I - o o o g1 15 © - e
0.4 SR F—f—%—= 2o g
Tw [ . 1%z} L
0.2 {8, stiff | 3 stiff -
¥y 12 oo uplifty 04r uplift
) 02 04 g 0.8 0 1 2 3. 4 5 0 i 2 3 4 5
! ‘ 15p lecerrient{cm}) distance from foundation(cm) distance from foundation(cm)
‘3 (a) Load-displacement relation (b) Distribution of bending (c) Distribution of axial force
i moment in reinforcement
Figure 6. Computed results of foundation with stiff reinforcements under uplift loading.
o 1 ——re——E ——— —— ~ —
Z [(a)observed ] S . (b)ob_gerved i N = 0.4l (C)observed
S8} . Ny : ® e |
\1 0 I o2
Tos! £ ¥
: - g 12 o .
| 0.4 {8 S !
: 0.3 - &0 ] g-0.2 :
02 flexible{ g 51 flexible flexibl
‘ _ L _  uplift 12| . _uplife | 04f . uplift
0 02 04 06 - 08 1 0 T .2 3. 4 S 0 1 2 3 4 5
! displacement(cm) distance from foundation{cm) distanc from foundation(cm)
: (a) Load-displacement relation (b) Distribution of bending (c) Distribution of axial force
: moment in reinforcement
Figure 7. Observed results of foundation with flexible reinforcements under uplift loading.
Al - I £ — o~ —_—
§08 (2)compute flexible ; . (b)computed % 04 | (c)computed
X {g X 02 ]
s X ¥l .
; Tt 181 S O ee——p——p—p |
[ 0.4 g g . i
| P -0.2| o
02 % : flexible
PR b o4y . . uphft ]
0 02 04 06, 08 1 0 1 2 3 4 5 0 1 2 3 4 5
displacemient(cm) - distance from foundation(cm) - distance from foundation(cm)
(a) Load-displacement relation (b) Dist ibution of bending (c) Distribution of axial force

moment in reinforcement
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Figure 9. Observed results of foundation with stiff reinforcements under push-in loading.

’ [(a)computed

load( X 9.8N)
o (=]

2
displacement(cm)
(a) Load-displacement relation

)

S [bcomputed siff. |§ +f(@odmpuia”

S push-in|g

% % .\g,.‘Zt L . 4:‘//

S100, {18 o=

AR S R a—

w [ 1 5_2_ .

) =) ] stiff

Al e pushiim
0 1 2 3 4 5 0 1 2 3 4 S

: ~ distance from foundation(cm)
(b) Distribution of bending
moment in reinforcement

distance from foundation(cm)
(c) Distribution of axial force

Figure 10. Computed results of foundation with stiff reinforcements under push-in loading.
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Figure 11. Observed results of foundation with flexible reinforcements under push-in loading.
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Figure 14. Movements of ground under push-in loading.

analyses and the model tests. On the other hand, we
can see from the experimental and computed results
that the flexible reinforcements are not so effective
against push-in loading regardless of their insertion
direction, even though the tensile force acts on the
reinforcements. i.e., The tensile force of reinforce-
_ ments to increase bearing capacity of foundation
works more effectively against uplift loading ‘than
against push-in loading. The bending moment is ef-
ficient push-in loading as well as uplift loading.

_ Figure 13 shows the observed and computed
movements of the ground, when the foundation with

598

the stiff reinforcements protruded diagonally down-
ward is pulled up from 0.0cm to 1.Ocm. Figure 14
shows the observed and computed movements when
the same foundation is pushed down from 0.0cm to
2.5cm. The observed movements are shown as pho-
tos that are taken by means of multiple exposures.
The computed movements show the distributions of
the magnitude of total displacements. We can see
that there are good qualitative agreements between
the observed and the computed movements.

5 CONCLUSIONS

Experimental and numerical study on uplift and
push-in bearing capacity of reinforced foundation
has been done. The numerical results in which me-.
chanical behavior of the soil and the reinforcement
and frictional behavior between the soil and the rein-
forcement are taken into account properly describe
well the experimental results.

The flexible reinforcements work as tensile rein-
forcements, and the stiff reinforcements as tensile
and bending reinforcements. The reinforcements
protruded diagonally downward are the most effec-
tive against uplift loading regardless of the stiffness
of reinforcements. On the other hand, the stiff rein-
forcements protruded horizontally or diagonally
downward are effective against push-in loading, but
the flexible reinforcements are not so effective.
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