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Abstract

In the design of shallow foundations normally used in rural buildings on sand, the settlement criterion is more
critical than the bearing capacity of the soil. Likewise, it has also been found that widely used methods to estimate the
footings settlement on sand, generates differences with the observed in full scale field tests. The aim of this study was
to find a new equation based on finite element method (FEM) easy to apply to estimate the footings settlement on sand.
This new equation considers the effect of the depth of the founding level, the footing breadth, the equivalent soil stiff-
ness, the Poisson’s ratio and the net increase in the effective stress on settlement values. To obtain this equation, a
three-dimensional finite element model was generated and subsequently validated using actual footings settlement
measured during field tests. The results of settlement predictions extracted from this method are slightly better than
those obtained by other methods, but this equation has the advantage of being easier and faster to apply, which implies
a savings in computation time.

Additional key words: granular soils; rural buildings; shallow foundations; vertical displacement.

Resumen

Nueva ecuacién para estimar el asiento de zapatas sobre arenas basado en el método de elementos finitos

En el diseflo de las cimentaciones superficiales normalmente utilizadas en las construcciones rurales sobre arena, el
criterio de asientos es mas critico que el de capacidad de carga del suelo. Igualmente se ha encontrado que los métodos
mas utilizados para estimar el asiento de zapatas sobre arenas generan diferencias con los observados en ensayos de
campo a escala real. El objetivo de este estudio fue encontrar una nueva ecuacion, basada en el método de elementos
finitos (MEF) facil de aplicar, para estimar el asiento de zapatas sobre arena. Esta nueva ecuacion considera el efecto
de la profundidad de cimentacion, la anchura de la zapata, la rigidez equivalente del suelo, el coeficiente de Poisson y
el incremento neto de la presion efectiva sobre los valores del asiento. Para obtener esta ecuacion, se generé un mo-
delo tridimensional de elementos finitos y se valido posteriormente utilizando los asientos reales de zapatas medidos
durante ensayos de campo. Los resultados de las predicciones del asiento extraidos de esta formulacion son ligeramen-
te mejores que los obtenidos por otros métodos, pero esta formulacion tiene la ventaja de ser mas facil y rapida de
aplicar, lo que implica un ahorro en el tiempo de calculo con el ordenador.

Palabras clave adicionales: cimentaciones superficiales; construcciones rurales; desplazamientos verticales; suelos
granulares.
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Abbreviations used: Nomenclature: ARE (average relative errors); B, D (footing breadth and depth of founding level); Ej; E; (footing
and soil stiffness at founding level); E.., E,;,. (soil stiffness at a certain depth and increase of this stiffness per unit of depth); FEM
(Finite Element Method); f; (soil stiffness influence factor on settlement for any net increase in effective stress); f; (soil stiffness
influence factor on settlement for any breath); /, (influence factor of footing breath on settlement); 7, (influence factor of depth of
founding level on settlement); /, (influence factor of net increase in effective stress on settlement); N, (average SPT blow count).
Greek letters: a, f (soil stiffness influence on d,); d, J, (settlement in depth and in surface); J, (settlement according to the equation
proposed); dg, d;, (settlement for a certain B and for B = 1.2 m); d; (settlement according to the method of Burland & Burbidge,
1985); 0rey (settlement according to FEM); dgr (settlement according to Steinbrenner’s modified by Fox method); o,, (measured
settlement in the field test); Jy» (settlement according to the method of Mayne & Poulos, 1999); J,, diq (settlement for any net
increase in effective stress and for an increase equal to 100 kPa); 1 (soil stiffness influence on o).
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Introduction

In the design of shallow foundations normally used
in the rural buildings on sand, the settlement criterion
is more critical than the bearing capacity of soils. On
sandy soils, the elastic settlement is the most relevant
result to be considered (Shin & Das, 2011).

Most of the available methods to calculate the set-
tlement value can be classified in two categories (Shin
& Das, 2011):

1. Empirical or semi-empirical methods based on
observed settlements of structures and full scale pro-
totypes. These values are correlated with the results of
in-situ test data to quantify, in an indirect way the soil
parameters, which can be useful to predict the settle-
ment values. Among these procedures is the Burland
& Burbidge’s method (Burland & Burbidge, 1985),
which provides more reasonable estimation of settle-
ment in shallow foundations on sands, however it is
difficult to determine the overconsolidation ratio and
the preconsolidation pressure from field exploration
(Shin & Das, 2011). Sivakugan & Johnson (2004) es-
tablished that, although this method is a substantially
improved technique to estimate settlement, its results
are conservative.

2. Methods based on theoretical relationships derived
from the theory of elasticity, which has the advantage
of considering three-dimensional deformation of soil
and simplify its behaviour, considering it as elastic
material. The expressions for settlement predictions
contain the term of equivalent soil stiffness, which
introduces some uncertainty in it. Among these proce-
dures is the methods proposed by Steinbrenner modi-
fied by Fox (Das, 2006) and more recently, by Mayne
& Poulos (1999), which appears to give better elastic
settlement predictions than the above theoretical
method (Das & Sivakugan, 2007).

However, soil is far from an elastic, homogeneous
and isotropic material, as these methods consider,
which generates differences between observed and
predicted settlement. These discrepancies can be at-
tributed to the complexity of the proposed formula-
tions and the current inability to estimate a reliable
modulus of elasticity of the soil. These require review-
ing and upgrading traditional foundation design pro-
cedures and tools, using new experimental and theo-
retical findings.

In this study a three-dimensional nonlinear finite
element analysis (Comodromos et al., 2009; Eid et al.,
2009; Li & Zhang, 2009), of an axially, vertical, cen-

tred, loaded square footing on sand, has been per-
formed. The interaction soil-footing is taken into ac-
count (Breysse et al., 2005) and the soil is considered
as an elastic-perfectly plastic anisotropic material (Ma-
brouki et al., 2010; Loukidis & Salgado, 2011; Oh &
Vanapalli, 2011), which implies a better approach to
actual soil behaviour.

The aim of this study is to find a new equation
fairly simple to use based on finite element method
(FEM), which allows estimating the footing settlement
on sand.

Material and methods

Development and verification of finite
element model

In this study, the commercial finite element program
ANSYS v.10 was used. Both the footing and soil were
modelled using twenty-noded 3D solid element
SOLID95 (Moaveni, 2008).

Fig. 1 shows a finite element mesh of a sandy soil
submitted to an axially vertical, centred, loaded, 1.8-m-
breadth square footing and the surrounding landfill
surcharge. The lateral and bottom boundaries of the
mesh were located 6 m horizontally and 10 m verti-
cally from the centre of the footing base, and their
movements were restricted in perpendicular directions.

The meshing on the soil took place gradually, from
the limits of the soil model where the larger elements

Figure 1. Finite element mesh for footing field test.
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were placed with 1 m long, until reaching the minimum
size of 0.15 m just around the footing, where the most
accurate results are needed.

The symmetric nature of the foundation allowed the
generation of one half of the model only, reducing the
computational effort (Moaveni, 2008).

The models were built in two steps: one correspond-
ing to the generation of the initial state and to the
simulation of digging the excavation and the other cor-
responding to the formwork installation and the footing
loading.

The footings were considered to be rigid and rough,
as it most often is in reality and were modelled as
elastic with a much greater stiffness than the soil
(footing stiffness [E,] = 3 x 107 kPa, unit weight of
concrete [y,] = 25 kN m*, Poisson’s ratio of concrete
[v/] = 0.2). The soils were modelled with a non-asso-
ciated flow rule (Loukidis ef al., 2008) and an aniso-
tropic behaviour, which led to variable stiffness with
depth, following a linear Drucker-Prager yield crite-
rion, which assumes that soil is an elastic—perfectly
plastic material.

Although the soils are not linearly elastic and per-
fectly plastic for the entire range of load applied (Ti
et al., 2009), along with the effects of stress and strain
level on soil stiffness, in this study they has been con-
sidered as an elastic-perfectly plastic material. The
advantages of the Drucker-Prager model applied to
foundations cases like the one analysed here, in which
the nonlinearity of the load-settlement responses are
not large owing to the relatively small width of footings
used on medium dense to dense sands (Loukidis et al.,
2008), are remarkable. This makes it a favourable op-
tion as soil model.

The interface between the footing and the surround-
ing soil was modelled using a rigid-to-flexible, face-
to-face, eight-noded element without thickness or
stiffness, compound by an TARGE170 element beneath

the footing and a CONTA174 element over the soil
surface (Potts & Zdravkovic, 1999), which introduces
some nonlinearity in model (Moaveni, 2008).

The global stiffness matrix of this model was solved by
an iterative process known as the Newton-Raphson itera-
tive method, which makes small successive load incre-
ments until the difference between the applied load and
the obtained ones by solving the governing equation
systems of the model is lower than a reference value,
which is sufficiently small to assume that the analysis
has converged, giving the solution. This method allows
reducing computation time (Potts & Zdravkovic,
1999).

To verify the finite element model adopted, finite
element analysis of five cases of actual footings test,
published by Burland & Burbidge (1985) over sandy
soils, was carried out.

Table 1 shows the data from these five field tests,
where B is the footing breadth, D is the depth of the
founding level and gy is the net increase in the effective
stress. Soils compactness, according to the criteria
proposed by Terzaghi et al. (1996), were obtained from
penetration test data (N,,). The parameters of the soils
obtained by Tiznado & Rodriguez-Roa (2011) in their
works were used as representative of medium-dense
sandy soils, while the parameters proposed by Al-
Shayea & Mohib (2011) were chosen as representative
of dense sandy soils. Table 1 also gathers the geotech-
nical parameters used in each type of soil, where y is
the unit weight of the dry soil, £, is the equivalent soil
stiffness at the founding level, ¢ is the cohesion value,
v is Poisson’s ratio, @ is the effective internal friction
angle and ¥ is the dilatancy angle. To account for the
variation in soil properties with depth, the equivalent
soil stiffness was assumed to increase linearly accord-
ing to E. = E; + E,. (z-2,), where E;,. is the increase
of the soil stiffness per unit of depth z and z, is the
founding level.

Table 1. Analyses of Burland & Burbidge (1985)’s case records and soils geotechnical parameters used in model verification

Field test data

Compactness Source

B D q»\" Nav

Case o) (m) (kPa) (bft?)

4M1 12 0.6 150 28 medium-dense
4/M3 12 06 150 45 dense
44/P1 1.5 0.6 150 35 dense
4/P2 1.5 06 150 50  dense
58B 15 12 77 15 medium-dense

(
Al-Shayea & Mohib (2011)
Al-Shayea & Mohib (2011) 18 125 65
Al-Shayea & Mohib (2011)
Tiznado & Rodriguez-Roa (2011) 17 40 400

y E; E;. c 9 1 4

(kNm?) (MPa) (kPam™) (kPa) v ©) )

Tiznado & Rodriguez-Roa (2011) 17 40 400 0 02 37 7
18 125 65 0 043 3833 8

0 043 3833 8

18 125 65 0 043 3833 8

0 02 37 7
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Development of a new method to predict
the footings settlement on sand

The finite element model has been applied to nine
footings in depth and three footings in surface with
different sizes, submitted to four different loads, resting
on 18 types of sandy soils, yielding 864 settlement
values, which has allowed developing a mathematical
model that estimates the settlement values of a square
footing submitted to centred loads.

Table 2 shows the geotechnical parameters of the
18 soils used in this study and the reference used to
set their values. To analyse the influence of E,, v, D,
gy and B on settlement (J), three different footing
breadths, 1.2, 1.5 and 1.8 m, and four different footing
dephts, 0, 0.45, 0.65 and 0.85 m, were used in the
analysis. The footing thickness was equal to the depth
of the foundation, except for a depth of 0, where 0.45 m
was used.

To perform the model, a non-associated flow rule
(9 # ¥) and anisotropic behaviour of the soils were
considered. Pore pressure was neglected.

The net increases in effective stress tested in these
soils were equal to 100, 150, 200 and 250 kPa. The
applied stress was always lower than one-third of the
ultimate soil pressure. Thus, the load-settlement curve
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studied was linear, where E, at founding level, remains
as a constant value.

Results and discussion

Development and verification of finite
element model

Table 3 shows the measured settlement in footing
field tests (Burland & Burbidge, 1985) (d,,), the pre-
dicted ones by FEM (dgzy), the obtained through the
method of Mayne & Poulos (1999) (d,,») and the Stein-
brenner’s modified by Fox method (Das, 2006) (Jgy).

From settlement values gathered in Table 3, a statis-
tic analysis of relative error values of predicted settle-
ments by different methods, compared with the meas-
ured ones, has been performed [e.g. (0pzy — 0,) / Ol
The average and the variance of these relative errors,
lead to conclude that the predicted results from the
finite element model here proposed (average relative
error ARE =30.5%), reveal a good agreement with the
settlement obtained by other analytical methods (AREs
of 34.4% and 26.5% for Mayne & Poulos and Stein-
brenner & Fox methods, respectively). Therefore this
model is as good predictor of measured settlement as

Table 2. Soils geotechnical parameters used to develop the new method

Soil / Source ’ E, Eine v 0 4

fisou (kNm?) (MPa) (kPam™) © ©

Medium dense sand 16 12 1,000 0.25 35 5
(Peng et al., 2010) 0.28
0.30

Medium dense sand 16 25 688 0.25 35 5
(Peng et al., 2010) 0.28
0.30

Medium dense sand 16 34 400 0.25 36 6
(Tiznado & Rodriguez-Roa, 2011) 0.28
0.30

Medium dense sand 17 42 400 0.25 38 8
(Tiznado & Rodriguez-Roa, 2011) 0.28
0.30

Dense sand 20 80 190 0.30 40 10
(Loukidis & Salgado, 2011) 0.35
0.37

Dense sand 18 130 65 0.35 40 10
(Al-Shayea & Mohib, 2011) 0.40

0.45



https://www.researchgate.net/publication/31732897_Principles_of_Foundation_Engineering_BM_Das?el=1_x_8&enrichId=rgreq-84e8ec20ba2a6b59a0c3e472f8df603c-XXX&enrichSource=Y292ZXJQYWdlOzI2NDkzNTE2NDtBUzozMTYzNDAwNDMyMjMwNDJAMTQ1MjQzMjc1MTczNw==
https://www.researchgate.net/publication/245546479_Settlement_of_foundations_on_sand_and_gravel?el=1_x_8&enrichId=rgreq-84e8ec20ba2a6b59a0c3e472f8df603c-XXX&enrichSource=Y292ZXJQYWdlOzI2NDkzNTE2NDtBUzozMTYzNDAwNDMyMjMwNDJAMTQ1MjQzMjc1MTczNw==

A new equation to predict the footing settlement on sand based on the FEM

Table 3. Settlement prediction by different methods and sta-
tistic analysis of average relative errors (ARE)

Settlements
Case
0,(mm)  Jyp(mm) Jdgp(mm)  Jppy (Mm)
44/M1 1.3 3.32 3.00 3.27
44/M3 0.6 0.92 0.91 0.89
44/P1 2.1 1.13 1.16 1.10
44/P2 1.0 1.13 1.16 1.10
58/B 2.1 2.01 1.66 1.90
ARE 34.4% 26.5% 30.5%
Variance 0.59 0.47 0.58

the others widely used methods and so the validity of
this finite element model is verified.

Development of a new method to predict
the footings settlement on sand

Tables 4, 5 and 6 show predicted settlements from
foundations analyses on each type of soils, depending
on the footing breadth.

Taking into consideration the J values obtained from
foundation analyses, a equation to predict these settle-
ments is proposed:

5:53‘10‘111'18 [1]
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where o is the footing settlement in depth, J; is the
settlement values at the surface, and I, I, and I repre-
sent the influence of D, gy and B on 9, respectively.

Settlement values at the surface d,

Keeping in mind the J; values given in Table 4,
which correspond to a surface square footing with B
equal to 1.2 m and gyequal to 100 kPa, a linear regres-
sion analysis of these values depending on v, was
performed to obtain six different straight lines, one for
each type of soil. These lines correspond to the gen-
eral Eq. [2], where the a and f parameters, that define
each line, are described in Fig. 2, for each type of soil
analysed. The coefficient of determination (R?) in all
cases was greater than or equal to 0.99.

o=a+f-v [2]
where the o and f parameters represent the influence
of £ on J,.

Influence factor 1

From ¢ values collected in Tables 4, 5 and 6, for each
B, E,, v and gy, it is possible to appreciate that the settle-

Table 4. Settlement from foundations analyses for B = 1.2 m (mm)

E, =12 MPa E,=25MPa

qn D

E =34 MPa

E, =42 MPa E, =80 MPa E, =130 MPa

(kPa) (m) v v v v v v v v

\% v A% v v A% A% A% \% A%

0.25

0.28

0.30

0.25

0.28

0.30

0.25

0.28

0.30

0.25

0.28

0.30

0.30

0.35

0.37

0.35

0.40

0.45

100 0.00
0.45
0.65
0.85

0.00
0.45
0.65
0.85

0.00
0.45
0.65
0.85

0.00
0.45
0.65
0.85

150

200

250

6.21
5.71
5.52
5.34

10.09
931
9.02
8.73

14.24
13.10
12.67
12.24

18.62
17.12
16.56
16.01

5.69
5.25
5.09
4.92

9.25
851
8.23
7.95

13.04
12.03
11.66
11.28

16.89
15.59
15.10
14.61

5.39
4.99
4.84
4.69

8.73
8.08
7.84
7.60

12.29
11.42
11.09
10.76

16.10
14.91
14.46
14.01

331
3.07
297
2.88

543
5.03
4.88
4.73

7.66
7.07
6.85
6.63

8.72
8.10
7.87
7.64

3.09
2.86
278
2.69

5.06
4.70
4.57
443

7.14
6.64
6.44
6.25

8.37
7.75
7.52
7.28

2.87
2.67
2.59
251

4.68
4.33
4.20
4.07

6.63
6.16
5.98
5.81

8.02
7.45
7.24
7.02

247
2.28
221
2.14

4.02
3.72
3.61
3.50

5.66
5.22
5.06
4.90

7.41
6.86
6.66
6.45

2.28
2.11
2.05
1.98

3.70
343
332
322

522
4.85
4.71
4.57

6.80
6.32
6.14
5.95

2.17
2.02
1.96
1.90

3.50
3.26
3.17
3.08

491
4.56
4.43
4.30

6.48
6.00
5.82
5.64

1.89
1.76
1.71
1.65

3.02
2.80
2.71
2.63

424
3.94
3.83
3.71

5.50
5.09
4.94
4.79

1.77
1.65
1.61
1.56

2.81
2.62
2.55
248

3.93
3.67
3.56
3.46

5.09
4.55
4.62
448

1.70
1.59
1.55
1.51

2.68
251
244
2.38

3.74
3.49
3.39
3.30

4.84
4.53
4.41
4.29

0.96
0.90
0.87
0.85

1.49
1.40
1.36
1.33

2.05
1.93
1.89
1.84

2.63
2.46
2.40
2.33

0.88
0.83
0.81
0.79

1.36
1.27
1.24
1.21

1.85
1.74
1.69
1.65

237
2.23
2.17
2.11

0.85
0.80
0.78
0.76

1.31
1.24
1.21
1.18

1.78
1.67
1.63
1.59

227
2.14
2.09
2.04

0.58
0.55
0.54
0.52

0.89
0.85
0.83
0.81

1.22
1.16
1.13
.11

1.56
1.48
1.45
1.42

0.53
0.50
0.49
0.48

0.81
0.77
0.76
0.74

1.09
1.04
1.02
1.00

1.40
1.34
131
1.29

0.47
0.45
0.44
0.43

0.72
0.69
0.68
0.66

0.98
0.94
0.92
0.90

1.26
1.21
1.19
1.17
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Table 5. Settlement from foundations analyses for B = 1.5 m (mm)

E;=12 MPa E;=25MPa E;=34MPa E;=42MPa E;=80 MPa E;=130 MPa

qn D
(kPa) (m) V Y v v \% v Y v
025 028 030 0.25 0.28 030 025 0.28

v v v v v v v v v v
030 0.25 028 030 030 035 037 035 040 045

100 0.00 734 6.71 634 4.03 3.75 348 3.04 279
045 687 629 595 373 347 322 282 258
0.65 6.68 6.13 576 3.62 337 3.13 273 251
0.85 649 596 560 351 326 3.03 265 243

150 0.00 11.96 11.00 10.39 6.52 6.07 5.62 494 4.55
045 11.22 1029 9.77 6.03 5.64 522 458 421
0.65 1093 10.01 9.53 5.85 548 507 444 4.09
0.85 10.63 9.73 9.28 5.67 532 492 430 3.96

200 0.00 16.80 1539 14.50 927 8.64 8.02 691 6.37
0.45 1572 1443 13.68 858 8.03 7.46 639 592
0.65 1529 14.06 1335 832 7.80 7.24 6.20 5.75
0.85 14.86 13.67 13.02 8.07 7.57 7.02 6.01 558

250 0.00 21.86 19.99 19.00 10.46 10.04 9.62 9.04 8.30
045 2045 1875 1787 9.69 930 894 8.40 7.71
0.65 19.89 1826 1742 940 9.02 8.69 8.16 7.49
0.85 1933 17.76 1697 9.11 8.74 843 792 726

2,66 233 218 2.09 1.19 108 1.04 0.71 0.65 0.57
247 220 206 198 1.13 1.03 099 0.68 0.63 0.55
240 215 202 194 1.10 1.01 098 0.67 0.62 0.54
233 210 197 190 1.08 098 096 0.66 0.61 0.53

427 371 347 330 183 1.64 1.61 1.09 0.99 0.88
397 349 328 3.13 1.74 156 154 1.04 095 0385
3.85 341 321 3.06 171 152 151 1.02 094 0.84
3.74 332 313 299 1.67 149 148 1.01 092 0.2

599 517 479 456 252 228 219 149 133 120
5.55 488 454 432 241 217 208 143 128 1.15
538 476 443 422 236 212 2.04 140 126 1.14
521 4.64 433 412 231 2.07 200 138 1.24 1.12

791 671 628 592 326 291 279 190 1.72 1.51
732 631 594 5.62 3.09 277 2.66 183 1.66 1.46
7.10 615 581 549 3.03 271 261 180 1.64 144
6.88 599 567 537 296 265 256 176 161 141

Table 6. Settlement from foundations analyses for B = 1.8 m (mm)

E ;=12 MPa E,=25MPa E,=34 MPa E =42 MPa E, =80 MPa E; =130 MPa

qn D
(kPa) (m) V v v v v v v v
025 028 030 025 0.28 030 025 0.28

v v v v v v v v v v
0.30 025 028 030 030 035 037 035 0.40 0.45

100 0.00 822 751 7.0 4.63 431 400 354 3.25
045 777 712 675 429 399 372 328 3.02
065 759 696 6.60 416 387 3.61 3.18 293
085 742 681 646 4.03 375 350 3.08 2.85

150 0.00 13.49 12.17 11.61 7.55 7.03 6.51 575 529
045 12779 11.51 11.06 699 6.54 6.05 534 492
0.65 12.50 11.24 10.83 6.78 6.35 587 5.19 4.78
0.85 12.23 1098 10.61 6.57 6.16 570 5.03 4.63

200 0.00 18.94 1734 1635 10.65 9.92 922 8.09 7.41
045 1791 1644 1553 9.86 9.19 856 7.52 6.86
0.65 17.49 16.07 1520 9.56 891 832 730 6.66
0.85 17.09 15.72 14.88 927 8.64 807 7.09 645

250 0.00 24.51 2240 21.41 12.12 11.63 11.15 105 9.66
0.45 23.18 21.23 2030 11.23 10.74 1132 9.74 8.94
0.65 22.64 20.76 19.84 10.89 10.46 10.01 945 8.67
0.85 22.12 20.30 19.41 10.55 10.06 9.70 9.16 8.40

3.09 274 255 244 140 128 1.24 0.84 0.76 0.67
2.87 261 243 233 134 123 1.19 0.81 0.74 0.65
279 254 239 229 131 121 1.17 0.80 0.73 0.64
271 249 234 225 129 1.19 1.15 0.79 0.72 0.63

497 435 4.03 386 218 198 191 128 1.17 1.03
462 414 385 3.69 209 1.89 1.84 124 1.13 1.00
449 4.06 3.77 3.63 205 1.86 1.81 122 1.12 0.99
435 398 370 356 202 1.83 1.79 120 1.10 0.97

6.97 6.1 5.66 539 297 2.68 2.58 1.77 1.58 1.42
648 5.81 540 5.14 285 257 248 1.71 1.53 138
6.29 570 530 5.04 280 253 244 1.69 1.51 136
6.11 558 520 494 275 248 240 1.67 149 135

920 792 735 698 3.81 345 329 226 203 1.78
852 754 7.02 6.68 3.65 331 3.16 219 197 1.73
826 739 6.88 656 3.58 325 3.11 215 195 1.71
8.01 724 675 6.44 351 3.19 3.06 2.12 192 1.68

ment decreases hyperbolically with D, which implies that
increasing D leads to a greater difference between J and
J,. The main reason for this observation is the lateral
movement of soil particles under the footing edge while
it settles, which is more difficult in depth because of the
overloading of lateral landfill surrounding the footing.

Tables 4, 5 and 6 show that increasing E, leads to a
greater uniformity in the recorded ¢ for the different D
tested, which means that there are very few differ-
ences between ¢ and J,. The reason for this is that
stiffer soils resist better lateral movement of soil par-
ticles under the footing edge while it settles. Likewise,
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Figure 2. Values of a and f with regard to E\.

an increase in Poisson’s ratio, within the range consid-
ered in this study, leads to stiffer soils and lower J.
To consider the influence of D on ¢, the ratios of J;
and ¢ corresponding to the different B, E,, v, D and gy
applied, were calculated. The values of these ratios
remain within a narrow range in each type of soil and
for each B, gy and D considered, independent of v used
(variance lower than 0.01). As a result, it is possible to

Table 7. Average ratio between d, and 0 and A values
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set an average ratio independent of v for each one of
these cases, which appear in Table 7.

From these average ratios, eighteen linear regression
analyses depending on D/B, were performed, which
correspond to the different B and E, analysed, for each
one of gy applied. The coefficient of determination (R?),
in all analysed cases, was greater or equal to 0.99. The
mathematical fit of this linear regression analysis cor-
responds to the following equation:

5
S 142
s (

where A is the rate of decrease of 6 with D/B, shown in
Table 7.

Because the 4 values obtained on each E, for the
different B and gy applied, are within a narrow range
(variance < 0.006), this rate can be considered as a
constant value for each type of soil, independent of B
and ¢y used. Therefore, it is possible to establish an
average rate (A for all possible combinations of
B and gy used on each type of soil. This method relies
on the fact that the errors in predicting J through

D

7

(3]

B=12m

B=15m B=18m

qn D

(kPa) (m) /P

E, (MPa)

E, (MPa) E, (MPa)

12 25 34 42 8 130 12

25

34 42 8 130 12 25 34 42 80 130

1.00
1.07
1.10
1.13
0.22

1.00
1.06
1.09
1.14
0.22

1.00
1.07
1.09
1.12
0.22

1.00
1.07
1.09
1.13
0.22

1.00
1.05
1.07
1.09
0.13

1.00
1.04
1.08
1.09
0.13

1.00
1.05
1.07
1.09
0.13

1.00
1.04
1.07
1.10
0.13

1.00
1.08
1.11
1.15
0.21

1.00
1.07
1.11
1.14
0.20

1.00
1.08
1.10
L.15
0.21

1.00
1.08
1.11
1.14
0.20

1.00
1.07
1.10
1.13
0.19

1.00
1.06
.11
1.14
0.19

1.00
1.07
1.09
1.15
0.19

1.00
1.07
1.10
1.14
0.19

1.00
1.06
1.09
1.12
0.17

1.00
1.06
1.10
1.11
0.17

1.00
1.07
1.09
1.11
0.17

1.00
1.05
1.10
1.12
0.17

100 0.00 0.00
0.45 0.30
0.65 0.43
0.85 0.57

A

0.00 0.00

0.45 030

0.65 0.43

0.85 0.57
A

0.00 0.00

045 030

0.65 0.43

0.85 0.57
A

0.00 0.00

0.45 0.30

0.65 0.43

0.85 0.57
A

1.00
1.08
1.12
1.16
0.22

1.00
1.07
1.12
1.16
0.22

1.00
1.08
1.12
L.15
0.22

1.00
1.08
1.12
1.17
0.22

1.00
1.08
1.12
L.15
0.21

1.00
1.07
1.11
1.15
0.21

1.00
1.08
1.11
1.15
0.21

1.00
1.08
1.11
1.15
0.21

150

200

250

1.00
1.07
1.11
1.13
0.21

1.00
1.07
1.10
1.14
0.21

1.00
1.07
1.08
1.12
0.21

1.00
1.07
1.08
1.12
0.21

1.00
1.06
1.08
1.10
0.22

1.00
1.05
1.08
1.11
0.22

1.00
1.06
1.08
1.10
0.22

1.00
1.06
1.08
1.10
0.22

1.00
1.05
1.08
1.10
0.22

1.00
1.05
1.08
1.11
0.21

1.00
1.06
1.07
1.10
0.20

1.00
1.05
1.08
1.09
0.21

1.00
1.06
1.08
1.10
0.20

1.00
1.04
1.07
1.11
0.21

1.00
1.05
1.08
1.09
0.20

1.00
1.06
1.07
1.09
0.20

1.00
1.05
1.07
1.09
0.19

1.00
1.04
1.07
1.10
0.19

1.00
1.05
1.07
1.09
0.19

1.00
1.05
1.07
1.09
0.19

1.00
1.04
1.06
1.08
0.17

1.00
1.04
1.06
1.08
0.17

1.00
1.04
1.06
1.08
0.17

1.00
1.04
1.06
1.08
0.17

1.00
1.03
1.05
1.06
0.13

1.00
1.03
1.05
1.06
0.13

1.00
1.03
1.05
1.06
0.13

1.00
1.03
1.05
1.06
0.13

1.00
1.07
1.10
1.10
0.20

1.00
1.07
1.09
1.13
0.20

1.00
1.06
1.08
1.12
0.21

1.00
1.06
1.08
1.12
0.21

1.00
1.06
1.08
1.11
0.19

1.00
1.06
1.08
1.11
0.19

1.00
1.05
1.08
1.12
0.19

1.00
1.06
1.08
1.11
0.19

1.00
1.05
1.07
1.09
0.17

1.00
1.06
1.06
1.10
0.17

1.00
1.05
1.08
1.09
0.17

1.00
1.04
1.07
1.11
0.17

1.00
1.04
1.05
1.07
0.13

1.00
1.04
1.06
1.07
0.13

1.00
1.04
1.05
1.07
0.13

1.00
1.04
1.05
1.07
0.13
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Eq. [3] considering A, compared with those ob-
tained by model analyses, are lower than 0.7%. Fig. 3
describes the 4, values for each type of soil, which
represent the influence of £, on o.

Finally, the I, factor corresponds to the following

equation:

1

I, (4]

B D

1 + A(IVEVGgL’ . (B

Influence factor 1,

As can be seen in Tables 4, 5 and 6, when a certain
footing size is considered, the increase in gy leads to
greater . From these settlement values, it is possible
to compare the ratio of the pair of 0 for any ¢y applied
(d,) with those obtained for gy equal to 100 kPa (Jo).

The values of these ratios, for surface footings, re-
veal a good agreement among them for any v used in
each type of soil, B and gy considered. Moreover, be-
cause the A parameter hardly changes for any D studied
in each soil, these ratios are close to the ones between
0,, regardless of the D tested (variance < 0.01). In this
sense, considering a ¢y, the obtained ratios for each
type of soil, are also very similar to each other regard-
less of the size of footing studied (variance < 0.01). As
a result, it is possible to consider an average constant
value of these ratios in each type of soil and for each
gy used, independent of v, D and B used. This decision
also relies on the fact that errors in predicting J,, con-
sidering these average ratios, are lower than 1.8% with
regard to the obtained by finite element analyses. The
values of these average ratios for each type of soil,
depending on gy — P,, where P, is the atmospheric pres-
sure (100 kPa), are shown in Table 8.

The mathematical fit of these average ratios obtained
by a linear regression analysis depending on gy — P,
leads to the generation of six different straight lines,
one for each type of soil, corresponding to Eq. [5]. The
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coefficient of determination (R?) in all cases was
greater than or equal to 0.99.

|

where f, defines the slope of the straight lines for each
soil analysed and represents the influence of £, on ¢
for any gy used, in units of kilopascal. Fig. 4 outlines
the f, parameter curve versus E|.

Thus, the 7, factor behaves following the Eq. [6]:

I=1+f; (qv=Pd) [6]

)

q

e >l

] =1+ /,-(9y - P.)

Influence factor Iy

Tables 4, 5 and 6 describe that when a constant value
of gy is considered, an increase in footing size leads to
increased settlements on each type of soil.

The ratios of the pairs of J for a certain B (J;) com-
pared with those obtained when B is equal to 1.2 m
(0,.,) were calculated for each v, D and ¢y used in each
E, studied. These ratios are very similar each other
(variance < 0.01), which allows to set an average value
for this ratio in each type of soil and for each footing
size, because the errors in predicting Jz through this
average ratio, with regard to the obtained by finite ele-

Table 8. Average ratios between J, and J,(, in each type of soil

(gn-P.) E,=12 E,=25 E=34 E,=42 E,=80 E, =130
(kPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0 1.00 1.00 1.00 1.00 1.00 1.00
50 1.63 1.63 1.62 1.59 1.54 1.53
100 2.30 2.31 2.28 2.21 2.11 2.09
150 2.99 2.98 2.98 2.87 2.70 2.67
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ment analyses, are lower than 1.8%. Table 9 shows
these average ratios.

The mathematical fit of these ratios depending on B
by an exponential function, corresponds to the equation
of Terzaghi et al. (1996):

fs
O, 2B

B — 7

( 0, lg ( B+1.2 ) 7l

where the exponent £, represents the influence of £, on
o for any B analysed and can be calculated by the Eq.
[8], for B greater than 1.2 m:

log (5‘9}
61 2 average

fi= J (8]

oo 2B
8l B+12

Table 9 gathers the f; values obtained from Eq. [8]
which are very close for each E, analysed (variance
< 0.007). This means that d; calculated through this
parameter, hardly change. Thus, it is possible to con-
sider an average value of f; for each type of soil, be-
cause the errors in predicting d; using this average

975

parameter, compared with the obtained from finite ele-
ment analyses, are lower than 2%. Fig. 5 shows the
average f; values depending on E..

Therefore, the /, factor corresponds to the Eq. [9]:

s
2B
= 9
s (B+1.2] ol

Model validation

After analysing all of the factors involved in calcu-
lating the footing settlement on different sandy soils,
it is possible to replace the Egs. [2], [4], [6] and [9] in
the main Eq. [1] to obtain the following:

s lotBy) (sl -R)) (28 Y [10]
a 1+,1-(D) B+12
B

To verify the applicability of this new equation,
numerical solutions of the five foundation field tests
cases (Burland & Burbidge, 1985) used to verify the
model generated in this study, were calculated (J,) and
subsequently compared with the measured settlement
in field tests and with the obtained ones through the
methods proposed by Burland & Burbidge (1985) (935),
Mayne & Poulos (1999) and Steinbrenner modified by
Fox (Das, 20006).

Table 10 shows the settlement obtained through this
new Eq. [10], the measured ones in footings field tests
and the calculated ones through the analytical methods.
Likewise, the Table 10 gathers the average and the
variance of relative error values of predicted settlements
by different methods, compared with the measured ones
[e.g. (04— 0,)/ J,]. This statistic analysis shows that
the analytical method of Burland & Burbidge (1985)
overestimates the results. On the other hand, the new
Eq. [10] predicts the settlement extracted from field

Table 9. Values of f; parameter for each type of soil and footing breadth

B (m) E, E, E, E, E, E,
12 MPa 25 MPa 34 MPa 42 MPa 80 MPa 130 MPa
1.2 (05 101 2) average 1.00 1.00 1.00 1.00 1.00 1.00
1.5 (05 101 2) average 1.18 1.21 1.22 1.23 1.23 1.22
1 1.58 1.78 1.92 1.94 1.95 1.88
1.8 (05 101 2) average 1.33 1.39 1.43 1.44 1.45 1.44
1 1.54 1.81 1.95 2.01 2.05 1.99
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Table 10. Predicted settlement using the new equation [10]
versus other methods and statistic analysis of average relative
errors (ARE)

Case 0,(mm) J,p,(mm) Jgz(mm) Jzz (mm) J,(mm)

44/M1 1.3 3.32 3.00 2.60 3.30
44/M3 0.6 0.92 0.91 1.30 0.91
44/P1 2.1 1.13 1.16 2.20 1.14
44/P2 1.0 1.13 1.16 1.30 1.14
58/B 2.1 2.01 1.66 3.90 1.72
ARE 34.2% 26.5% 67.4%  31.1%
Variance 0.59 0.47 0.23 0.58

tests cases, with an accuracy (ARE = 31.1%) similar to
the methods proposed by Mayne & Poulos (1999) and
Steinbrenner modified by Fox (Das, 2006) (AREs of
34.2% and 26.5% respectively), which leads to confirm
the validity of the new equation to predict the settlement
at the centre of the base of an axially vertical, centred,
loaded square footing (B = 1.2 to 1.8 m), resting on
dense to medium-dense drained sand.

However, this new Eq. [10] has the advantage of the
speed and ease in its application; since unlike the other
analytical methods used, it is possible to obtain, in a direct
way, the values of the influence parameters, function of
the equivalent soil stiffness (£) that define the new equa-
tion, which implies a savings in computation time.
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