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Numerical Analysis for Evaluating Rigidity Effect on Settlement
of Shallow Foundations
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1. Introduction

Generally, the rigidity of shallow foundations significantly affects the settlement. However,
conventional methods for predicting settlement assume the foundations to be perfectly flexible or
perfectly rigid, because the practical and reliable methods for the rigidity correction of footing have
not been proposed.

Several researches have been performed for evaluating the effects of the footing rigidity. Brown
(1969) proposed the correction factor of a circular footing resting on a semi-infinite elastic medium
by numerical analyses. Mayne and Poulos (1999) proposed a practical chart for evaluating the factor
based on the Brown’s result. Fraser and Wardle (1976) suggested the correction factor for
rectangular footings with different aspect ratios and various stiffness factors. As seen above, the
chart developed by Mayne and Poulos has been widely used for practical applications, which is
available only for circular footings. In addition, the Fraser and Wardle's method used the stiffness
matrix that combines the Boussinesq theory with plate bending finite elements for FEM analysis.

The purpose of this paper is to provide a practical chart for taking account of the rigidity
correction factor of footings, which can be applied for various aspect ratio of rectangular footings
and the location on the footings. To achieve this, the commercial software FLAC 3D were used.
The numerical modelling was verified by comparing with the chart of Mayne and Poulos, and then
the verified model was applied to evaluate the rigidity correction factor for the rectangular footing.
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2. Review of Previous Researches

Mayne and Poulos (1999) proposed an equation for the settlement calculation of shallow footings
as

1-0°
I1.1.1
E clrlE (1)

where, Ao= applied stress on footing

p, =AocB

B = diameter of circular footing or the equivalent diameter of rectangular footing
v = Poisson’s ratio

Es; = Young's modulus of founded soil

I; = factor for considering the variation of Es with depth

Ir = rigidity correction factor

Ir = embedment correction factor

The footing flexibility Kr and the rigidity correction factor Ir are defined by Equations (2) and
(3), respectively.

Kf :(Efdn /EVSAV)(t/d)3 (2)

1

S S
4 (46+10-K,) (3)

where, d = diameter of circular footing or the equivalent diameter of rectangular footing
t = footing thickness
Er = Young's modulus of footing

The limiting values of the rigidity correction factor are Ir=1 for the perfectly flexible footing and
Ir=n/4 for perfectly rigid footing. The rigidity correction factor curve proposed by Mayne and
Poulos (1999) are shown in Fig. 1, which was originally proposed by Brown (1969). The following
categories for flexibility was made: (i) perfectly rigid with Kr > 10; (il) intermediate flexibility with
001 < Kr < 10; and (i) perfectly flexible with Kr < 0.01.
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Fig. 1. Footing rigidity correction factor (Mayne and Poulos, 1999)

In addition, Mayne and Poulos (1999) suggested the settlement ratio at the edge and at the corner
of the circular and square footings as
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Pae | 1.533

pcenter o (46+10Kf) (4)
pcamer ~ 1 _ 23
pcenter (46+10Kf) (5)

where, Pienters Pedger Peorner = Settlements at the center and edge of circular footing, and the corner

of square footing, respectively.

However, the chart proposed by Mayne and Poulos can be applied only for the circular or square
footings, although they insisted that the equations can be used for the other geometries by using
the equivalent area concept.

Fraser and Wardle (1976) proposed the rigidity correction factor for the rectangular foundation by
performing FEM analysis, in which the stiffness matrix used was combined the Boussinesq theory
with plate bending finite elements.

Fig. 2 shows the comparison of the rigidity correction factors between the Mayne & Poulos and
Fraser & Wardle methods. It shows that for a circular footing, the flexibility correction factor at
L/B=1 on the Fraser & Wardle curve is much lower than that of the Mayne & Poulos curve. It is
probable that the difference in the factors is due to the assumption adopted for the ground in the
Fraser & Wardle analysis.
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Fig. 2. Comparison of rigidity correction factors between existing methods
(L, B = length and width of footing, respectively)

3. Analysis Method

3D finite difference analyses were performed by using FLAC 3D program for this study. Linear
elastic materials were used for the footings and founded soils, which have a constant value of
Young’'s modulus with depth. Table 1 shows the used input parameters. A proper mesh which
insignificantly affect the calculated settlement was found, and then applied for the analysis. Fig. 3
shows an example of the used meshes for the circular and rectangular footings. The footings with
smooth bases are subjected to a uniform load.

First of all, it was verified that the numerical analysis performed using the given modelling
agrees well with the results provided by Mayne and Poulos. Then, such modelling was applied for a
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number of cases of that account for the shape, location on the footing and rigidity of footing.

Table 1. Input parameters for analyses

Parameters Unit Values
] kPa 100
E; kPa 2.5x107
E, kPa 1.0x10°
Vi - 0.20
Vs - 0.25
a m 10
t m 0~ 2

Note: E¢ and vi = Young’'s modulus and Poisson’s ratio of footing

(a) circular footing (b) rectangular footing
Fig. 3. Three dimensional meshes used for circular and rectangular footings

4. Analysis Results

For the verification of this analysis, the rigidity correction factors obtained by Mayne & Poulos
and this study were compared as shown in Fig. 4. It shows that this study results relatively agree
with those of Mayne & Poulos.

Using the similar modelling to the above, the rigidity correction factors for various aspect ratios
of rectangular footings were evaluated and the results were compared with those by Fraser and
Wardle, as shown in Figs. 5 and 6. It shows that both results have a similar trend with a small
difference, exceptionally indicating a big difference at L/B=1. Meanwhile, Mayne and Poulos
suggested that the rigidity correction factors of square footing are extended to the rectangular
footing that has the same area. However, it can be seen that the rigidity correction factors vary
with the aspect ratio. In addition, at the same Kr value, the Ir value increases with increasing the
L/B ratio. Mayne and Poulos suggested that for Kr > 10, the footing should be considered as a
perfectly rigid footing. However, for the large aspect ratio (IL/B=5), the Ir value decreases
continuously with the increase of Kp.
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Fig. 4. Comparison of footing rigidity factors of Mayne & Poulos and present study

Fig. 6 shows the correction factors at the center, side and corner of the footing. The present
results shows a similar trend to those of Fraser and Wardle, while the Ir value at L/B=1 (Fig. 6.
a.) is different from the value at the Krg > 0.01. It is probable that the difference occurred due to

the unreliable assumption for the ground modelling in the Fraser & Wardle analysis.
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Fig. 5. Comparison of footing rigidity factors for various aspect ratios of rectangular footings
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Fig. 6. Footing rigidity factors with location
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5. Conclusions

The following conclusions were drawn from this study.

(1) The rigidity correction factor of footing varies depending on the aspect ratio of the rectangular
footing, so that the curve proposed by Mayne and Poulos is inappropriate to use for the
rectangular footing with large aspect ratios.

(2) For the large aspect ratios (L/B>b), the Ir value decreases continuously with the increase of
K, although Mayne and Poulos suggested that for Kr > 10, the footing was considered as a
perfectly rigid footing.

(3) Comparing with the present study, the rigidity correction factors proposed by Fraser and Wardle
gave a different Ir value at the center of square footing, and thus they may underestimate the
settlement
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