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Analysis of Steel Reinforcement Ratio for Bent Pile Structures
Considering Column-Pile Interaction
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ABSTRACT In this study, an interactive analysis considering column-pile interaction is performed on the basis of an equivalent

base spring model for supplementing virtual fixed point design of bent pile structures. Through this analytical method, the
application of the minimum steel reinforcement ratio of the pile (0.4%) is analyzed by taking into account the major influencing
parameters. Furthermore, the limit depth for steel reinforcement ratio is proposed through the relationships between column and pile

conditions. To obtain the detailed information, it is found that an interactive analysis is intermediate in theoretical accuracy between
the virtual fixed point model analysis and full-modeling analysis. Base on this study, it is also found that the maximum bending
moment is located within cracking moment of the pile when material nonlinearity is considered. Therefore, the minimum steel

reinforcement ratio is appropriately applicable for the optimal design of bent pile structures. Finally, the limit depth for steel
reinforcement ratio (Las—vs) 1S proposed by considering the field measured results. It is shown that the normalized limit depth ratio for
steel reinforcement ratio (Las—/Lp) decreases linearly as the length-diameter ratio of pile (Lp/Dp) increases, and then converges at a

constant value.
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Fig. 1 Modeling methods for pile bent structures
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1) Analysis of column by fixed condition of ground surface
2) Calculate reaction force in fixed boundary

Step -2 v

1) Analysis of pile by considering reaction force
2) Construct 6x6 stiffness matrix at column-pile joint
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Step -3

1) Re-analysis of column in boundary by 6x6 stiffness matrix
2) Re-calculate reaction force at column-pile joint

uoneI|

Step -4 v

Check the convergence of internal force and deflection
at structure interface

Step -5 Yes

A 4

1) Calculate bending moment and lateral deflection
2) Analyze the behavior of pile

Fig. 2 Flow chart for interactive analysis of column-pile
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Table 1 Material properties (case histories)
Lateral load
‘e Subsurface profile tr];;;,g:r » 3 o | @ X, . r |1, |p. D, (kN)
Tymes | Depth (| analysis | (V)| GPa)| ) | (MPa/m) (m) | m) | M) | Working | Ultimate
load load
Soft clay 0~4.0 O’Neill 17 60 | - - 0.01
Seoul |Dense sand| 4.0~13.5 | O’Neill 18 - 30 38.0 - 9.2 | 19.1 2.5 320 750
Hard rock | 13.5~24 | Bi-linear | 21 10 | 33 | 480.0 -
Dense sand| 0~10.5 O’Neill 19 - 30 62.7 -
Jeolla-do — 9.0 | 152| 25 430 840
Hard rock | 10.5~22 |Bi-linear | 20 30 | 31 505.0 -

Note) ¥ is the total unit weight; ¢, is the undrained shear strength; @ is the internal friction angle; K is the modulus of
subgrade reaction; & is the strain at 50% maximum principal stress difference; L. is the column length; L, is the pile

Fig. 3

length; D, is the column diameter; D, is the pile diameter.
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Table 2 Material properties for evaluating the steel
reinforcement ratio

Soil trzr(i:lt(}er v G | @ K, e
" 3 o 50
condition analysis (KN/m”) | (kPa) | (°) | (MPa/m)
l soft | O’Neill | 17.6 40 - 20 0.02
cla
Y stiff | O’Neill | 18.6 | 120 | - 136 | 0.005
loose | O’Neill | 18.1 - 32 5.5 -
sand
dense | O’Neill | 19.1 - 40 34 -
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Fig. 4 Bending moment and crack-bending moment subjected
to minimum reinforcement ratio (0.4%) in sand

Bending Moment (kN-m)
2000 o 2000 4000 6000
» . ) I

+ Soft clay(300kN) - Dia. 2.0m
! O Soft clay(380kN) - Dia. 2.0m
10 —| | —A— Stffclay300kN) - Dia. 2.0m
O Stiff clay(390kN) - Dia. 2.0m

I

I

!
i >
__ D
'
!
'
A . .
ol |
i
. s
i
I
-20
5 My of shaft |
1 .
i
i
30

1 0.4%

Depth (m)
3
1

(a) D=2000 mm

Bending Moment (kN-m)
-2000 o 2000 4000 6000 8000 10000
2 T T Ll |
| —+— Soft clay(300kN) - Dia. 2.5m
! —O— Soft clay(680kN) - Dia. 2.5m
10 : —A— Stiff clay(300kN) - Dia. 2.5m
—F Stiff clay(720kN) - Dia. 2.5m

Depth (m)
|

M of shaft |
i

|
0.4%

(b) D=2500 mm

Fig. 5 Bending moment and crack-bending moment subjected
to minimum reinforcement ratio (0.4%) in clay
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reinforcement ratio (0.3%) in sand

Soil profile Material properties
Site Type Depth Vi @ Cu K,
(m) (MPa) (KN/m”) (©) (kPa) (MPa/m)

Pile - 24600 24.5 - - -

Busan . . Sand 0.0~12.0 17.5 28.0 0.0 10.7
Soil Silty clay 12.0~23.0 17.0 - - 3.3
Weathered rock 23.0~70.0 21.0 33.0 10.0 480.2

Pile - 24600 24.5 - - -

Fill 0.0~3.0 17.0 18.0 0.5 2.7

Ulsan Soil Weathered soil 1 3.0~4.5 19.0 22.0 2.2 27.0
Weathered soil 2 4.5~8.0 19.0 27.0 2.1 614
Weathered rock 8.0~21.0 21.0 32.0 4.0 456.6

Pile - 26000 24.5 - - -

Residual soil 0.0~1.0 16.7 22.0 0.5 2.7

Incheon 1 Soil Silty sand 1 1.0~5.0 16.8 27.0 2.0 6.79
Silty sand 2 5.0~8.0 16.7 28.0 2.1 24.4

Weathered soil 3 8.0~22.0 19.4 27.0 2.2 61.0

Pile - 25000 24.5 - - -

Sand 0.0~4.0 19.0 30.0 0.0 62.7

Incheon 2 Soil Clay 1 4.0~18.0 18.0 0.0 70.0 18.7
Clay 2 18.0~33.5 18.0 0.0 100.0 22.0
Weathered soil 33.5~46.0 19.0 31.0 15.0 276.2
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