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Abstract: This work is concerned with the shallow grid foundation resting on homogen-
ous soil. The interaction between grid foundation and soil, where the expected penetration
may occur was observed. So, small and high deformation analysis types were performed. A
comparison between results for various loading cases has been obtained. The nonlinear beha-
vior of soil material was defined by hardening plasticity cap model while elasticity model was
chosen for the foundation. The analysis variables for grid foundation were performed again
for a regular rectangular raft foundation. The relative stress distributions inside the soil for the
two foundation geometries 'grid and rectangular' have been observed. The finite element Pro-
gram Abaqus cae V.7.1 is the used in the analysis.

1. Introduction: interference of soil shear zones on the
bearing capacity of footings investi-
gated and limited to parallel strip or
rectangular foundations. Then, many
investigations on non regular shallow
transferring th trated. col foundations were done using laborato-
SISICITING The, CORCRIIIRIEC, S0l ry and numerical "FLAC 3D & AB-
loads applied on its interactions and " AQUS 3D software" investigations
oad path§. Thus, t Sieiiectior shap; is and there is a general agreement be-’
thehf;?t atm ofc'lth;ls study. The lo?dmg tween numerical and experimental re-
;ec dql.lCS an d tﬂ:’ g° omtf’,try o e;)ny sults. But numerical results seem to
BHECRHON Gl & AMETSIROCE Bes show slightly more bearing capacity
twefen.lts paris vl @ preat; SRt on than experimental values [9]. For
assigning the re - (.)f he ana1¥s1s. sandy soil, the effect of interaction
The theory of interfering foundations becomes highly significant for granu-

was first suggested by Das and Larbi- o ot 1 gy
cherif [1983] [5] where; the effect of ;ai)ros[cilll]wnh friction angle greater than

The grid foundation is a special type
of shallow foundation, in which, the
grid shapes have the great effect in

Accepted October 3, 2011.



C.2 Dif, A., Ibrahim, A. and Othman, Walaa

The behavior of multi-edge founda-
tion 'Cross-shape, H-shape and T-
shape' was investigated through expe-
rimental laboratory tests [8]. The bear-
ing capacity of multi-edge foundation
is generally greater and has a better
performance than that of square
shaped foundation with the same
width [8], and that is because of the
interference of shear zones under the
collected parts increases the shear re-
sistance for the soil. Also, the beha-
vior of interference between parallel
strip footings and its effect on the
bearing capacity of foundations is in-
vestigated [15]. In this case of geome-
try, if the distance between founda-
tions is small, the efficiency of interfe-
rence is decreased. So, the maximum
bearing capacity is related to the me-
dium distance between the footings
[10, 14].

The accuracy of the finite element
analysis is still a point of concern al-
though it starts several decades ago.
This accuracy 'or factors of nonlinear
analysis' was classified by Bathe into
four classes which will be examined
in this case study [3]. The second aim
of this work is to discuss the effect of
simulating a real soil foundation prob-
lem by different analysis types wheth-
er in linear or nonlinear classifications
to reach the real and more accurate
stress-strain soil behavior.

All these classifications were widely
studied by different techniques; one of
them was through study the structural
finite "Solid-Shell" elements where,
the large deformation contact analysis
defined by augmented Lagrangian me-
thod, and a comparison of using the
different contact algorithms especially
used for problems in sheet metal
forming [10]. Also high deformation
was defined by the Arbitrary Lagran-
gian-Eulerain (ALE) method through
studying the failure mechanism of a
horizontally layered cohesive soil un-
der the vertically loaded rigid strip

and circular footings [17]. The recent
technique is a numerical method for
large deformation problems of soil
referred to as Remeshing and Interpo-
lation Technique with Small Strain
model (RITSS). This method was
used in pipeline and foundation pene-
tration analyses. The RITSS method is
based on a standard small strain algo-
rithm, but with frequent remeshing.
Also, error estimation and H-adaptive
mesh generation techniques was in-
corporated into the RITSS approach to
reach the accuracy of large deforma-
tion analyses of foundations but with
optimum meshes to minimize compu-
tational times [12, 13].the RITSS me-
thod defect are that it needs a big
memory capacity during the analysis.

The concept of these experiments
could be used to investigate any grid
foundation to obtain the soil stresses
beneath these foundations. It is also
recommended to explain the bearing
capacity of a foundation which af-
fected by its geometry and depends on
the distance between the foundation
parts.

2. Linear and nonlinear analysis.

2.1. Linear static analysis:

Boussinesq's equation for a concen-
trated point load is the used equation
in the approximate solution for hand
calculated linear static analysis, in
which, the soil properties were not
concerned.

2.2. Nonlinear static analysis:

To establish an appropriate finite
element model for nonlinear analysis
of an actual engineering problem,
three solution variables must be veri-
fied; material models, the nonlinear
kinematic formulations, and the in-
cremental solution strategies [3].
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a- Simulation material models:

In order to constitute stress—strain
model of soil behavior, the following
requirements must be achieved: a) an
adequate description of main characte-
ristics of elastic-plastic soil behavior,
b) a stable and unique mathematical
formulation, c) along with an efficient
performance for numerical implemen-
tation and to ensure the soil descrip-
tion to be with practical characteris-
tics. The soil model should be defined
with only a few parameters, whose
values are available from standard
tests [7].

These all requirements are available
by Drucker-Prager hardening cap
model. Drucker et al. (1957) proposed
that the soil behavior could be mod-
eled as an elasto-plastic strain harden-
ing material and extended Drucker—
Prager frictional model with a spheri-
cal end-cap, combined with the
Drucker—Prager cone. The cap was
used to control the plastic volumetric
change of soil and location of cap was
dependent upon soil density [6, 4].
Then very important improvements of
the cap model performance were ob-
tained by formulating consistent algo-
rithmic loading—unloading conditions
and modifying hardening law to asso-
ciated one [12].

But the singularity of the tangent op-
erator in the corner regions remains as
an additional problem, which causes
difficulties in numerical calculation.
This problem was solved by introduc-
ing circular surfaces on both tension
and compression sides, which are used
to smoothly intersect the failure
envelope, to result a new modified
smooth elliptic cap model for soil me-
chanics [6], see Fig. [1].

This new modified smooth elliptic
cap model was studied in several nu-
merical examples and provided a very
good performance in modeling of

both, standard tests and practical prob-
lems [6]. The main advantage of this
modified model is avoidance of corner
regions in yield criterion without
changing the original material parame-
ters. Therefore this model shows very
similar behavior as non-smooth ellip-
tic cap model, and has a quadratic

convergence rate [6]. %

Abaqus program also contains a sim-
ilar modified smooth elliptic cap mod-
el which has been chosen for this
theoretical study [2], see Fig.[1] yleld
surfaces in the p—t plane.

The soil material cap parameters
used in the research was defined as the
verification cap parameter concluded
the linear elasticity parameters and the
cap hardening parameters. The posi-
tion of the yield surface defined in
pure hydrostatic compression related
to volumetric compressive plastic
strain [2].

Figure 1: modified Drucker-Prager/Cap
model.

b- Nonlinear kinematic algorithms
in contact analysis:

The contact algorithms are classified
into small and high deformation anal-
ysis.

i. Small deformation analysis
(S.D.A):

Small deformation analysis will be
defined in this study by the non-
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frictional contact type with a penalty
formulation.

ii. High deformation analysis
(H.D.A):

According to the geometry of grid
foundation and during high loading
levels, the grid may penetrate the soil,
so large deformation analysis will be
studied for grid and raft foundation in
order to reach the effective simulation
to this penetration contact formula-
tion.

Traditionally, large deformation
problems in solid mechanics have
been solved numerically by the FE
method using a Lagrangian method if
geometrically nonlinear behavior is
expected. During high deformation
analysis an excessive mesh distortion
may occur [17]. To avoid the defects
of the previous method, another one is
considered as a compound of the pe-
nalty method and the Lagrangian mul-
tipliers method 'augmented Lagran-
gian. method'. It must also be men-
tioned that only linear convergence
may be achieved for the Augmented
Lagrangian parameters inside the
Augmented Lagrangian iteration algo-
rithm. Therefore many additional ite-
ration steps may be required [10].

c- Incremental solution strategy:

Abaqus Standard uses a Newton's
method to solve the nonlinear equili-
brium equations. The solution is
usually obtained as a series of incre-
ments, with iterations to obtain equili-
brium within each increment. Incre-
ments must sometimes be kept small
to ensure accurate modeling of histo-
ry-dependent effects. The choice of
the increment analysis size is a matter
of computational efficiency as if the
increments are too large, more itera-
tion will be required. Furthermore,
Newton's method has a finite radius of
convergence [1]. Thus, there is an al-
gorithmic restriction on the increment

size. The used increment strategy
started with a very small increment
size and the whole number of incre-
ments are very large.

d- Finite element meshing:

The model meshing needs computa-
tional efficiency to achieve the suita-
ble accuracy with the sufficient time
and storage capacity of analysis. Dur-
ing this study, the finite element soil
meshing was concentrated as finer un-
der the grid foundation location, Fig.

[2].

Figure 2: The mesh of soil finer under the grid
foundation and tends to be coarse.

3. Model description:

The proposed model for grid founda-
tion resting on C and ¢ soil was a 3D
model. The soil depth was taken as
(6.5B) and both length and width were
(13B), where: (B) is the half length of
the short grid beam of the footing, Fig.
[3]. A relatively fine mesh was used in
the analysis, Fig. [2].

The contact properties illustrated be-
low:

Tangential behavior: is a penalty
friction with a friction isotropic coef-
ficient.

The normal contact behavior is a pe-
nalty constraint by allowing the foun-
dation and soil to separate after con-
tact. This was used for small deforma-
tion analysis, and augmented Lagran-
gian standard method with non linear
contact analysis was used for high de-
formation analysis, where nonlinear
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effects of large displacements and af-
fects subsequent steps was included in
Abaqus cae [1]. Node-to-surface con-
tact element approach is considered.

4. Study methodology:

As mentioned above, the required
degree of nonlinearity depends on the
case of study. Three types of study
were chosen to discuss the nonlineari-

ty degrees.

138

138 |

T

Figure'3: The axysymetric plane of the grid
foundation and soil model.

First: Grid foundation and rectangular
raft foundation were tested for several
degrees of linearity and nonlinearity
cases

A) Ccaduct the manually linear anal-
v¢is by Boussinesq's equation.

B) Conduct linear F.E analysis by
assuming the soil and foundation
as a one block with no contact in
between.

2) Conduct the nonlinearity in soil
material by F.E analysis with the
assumption that the soil and foun-
dation as a one block with no con-
tact in between.

D) Conduct the nonlinearity in soil
material by F.E analysis with
small deformation (S.D.A) con-
tact nonlinear analysis.

E) Conduct the nonlinearity in soil
material by F.E analysis with high

deformation (H.D.A) contact non-
linear analysis.

Second: Another type of analysis was
performed, which consists of compari-
son between vertical stresses distri-
buted in soil under loaded points.
Stresses under grid beams resulted
from high deformation analysis com-
pared with that resulted from small
deformation analysis.

Third: To insure the effect of using
high deformation analysis according
to different loading levels, the first
was allowable, the third was ultimate
loading level, and the second was in
between them. These cases of study
were performed using small and high
deformation analysis.

5. Results and discussion:

By study the relative inside soil
stress distribution, the influence of
analysis type was clear in grid and raft
foundation. Each case of study re-
sulted in a different relative vertical
stress distribution in the soil. But us-
ing the material nonlinear parameters
only is useless if there is no nonlinear-
ity contact analysis between founda-
tion and soil, Fig. [4, 5 and 6].

Also, the difference value may be
neglected in studying rectangular raft
and grid foundation if it is performed
by high or small deformation analysis.
This is for relative vertical stress dis-

- tribution in the soil under the center of

foundation.

This was expected because no high
deformation allowed located under the
center points if the loading limited by
the allowable level. During apply the
ultimate loading level as in Fig. [7]
The grid beams penetrate the soil with
relative settlements.



C.6 Dif, A., Ibrahim, A. and Othman, Walaa

soll stress distribution (q,/qav)%

100 90 80 70 60 50 40 30 20 10 0

L —<o— A Boussiniesq
15 }—e—BF.E. linear
18 | —+— CF.E. by soil modeling
20 —e—D F.E. small analysis

23 |-—=—EF.E. by high analysis

25 - y S RIS SIS SR SRUMIUC I VORI ) (o
center of raft foundations

X (depth from fouondation center) (m)
-
o

Figure 4: The percentage
vertical soil stress versus with
rectangular foundation depth. q

—_—a

soil stress distribution (q,/qav)%
100 90 80 70 60 50 40 30 20 10 O

— ° ¢

E3

s

g8

_§1° - —e—A Boussiniesq

|13 —=— B F.E. linear

§15 : —&— C F.E. by soil modeling
18

g 20 | —6— D F.E. small analysis

“_: 23 ~—=— E F.E. by high analysis )
§25 - - » — el
x center of Grid foundations

Figure 5: The percentage vertical

soil stress versus with grid beam DD

foundation depth. DD |
)|

The finite element analysis
types have great effects on the settle-
ment, contact pressure, and stress dis-
tribution inside the soil and under the
grid element.

This is especially when loading level
are very high, which in turn change
the foundation contact behavior from
rigid to flexible foundation behavior ,
as in Fig. [8, 9, and 12] where P in
(KN), where: S.D.A; and, H.D.A;
small and high deformation analysis.

—_

soil stress distribution (q,/qav)%
100 90 80 70 60 50 40 30 20 10 0

£y

g

£ 3

S5

S 8

[}

210

o

313

£ —e— A for Grid
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E-zo —%-— E for Grid
<23

25 L

center of grid & raft foundations

€3
[ — —T T —

Figure 6: The percentage vertical soil stress
versus with grid and rectangular foundation
depth.

Figure 7: The grid beams penetrated the soi'.

It's worth to mention here that, fo-
the contact pressure under the grid
beams especially the middle beams,
the deference of the contact results
between high and small deformation
analysis are greet especially when the
foundation behaves as a flexible grid
foundation , as shown in Fig. [8, 9],
This point was agreed with the con-
cluded in [10], that in general there are
a differences in the contact stresses,
"stress jumps", between neighbored
contact points between 'penalty’ small
deformation analysis and high defor-
mation analysis.
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Figure 9: The contact stress *
under short middle Grid beam. J L
I il
L

The contact pressure under the mid-
dle beams decreases in the middle of
beam by a great value by using high
deformation analysis, while all edge
beams, either short or long, have a
small changes by using the two types
of analysis, especially when the load-
ing values are relatively small. This
means that, the interaction between
grid beams effect was great for all the
middle beams. This result in itself
forces theory of interaction for grid
foundation.

The higher loading level, the higher
contact under points of concentrated
loads, and it decreases along the grid

beam between these points. But by
cottiparing the contact values along
the short and long middle beams for
flexible foundation, these differences
indicate that the role of any grid beam
in contact distribution depends on its
length. Generally, the contact is rela-
tively concentrated under the loading
point for flexible foundation. It worth
mentioning that, all the contact values
depends on the relative rigidity be-
tween grid and soil. And if the foun-
dation is very rigid according to the
soil and the loading level, the high
deformation analysis gives a relatively
lower contact result throw the same
shape and slopes compared with small
deformation analysis as in figure [10].

Vertical stresses and settlement un-
der the concentrated loaded points
don't have any changes, except for
flexible foundation for small and high
deformation analysis Fig. [11, 12].

All the beams are sensitive to the
high deformation analysis except edge
beams and the settlement under all
middle beams are decreased if using
high compared with small deforma-
tion analysis results, while the great
effects were under short middle beams
Fig. [13].

under short mid beams

215 | —o— H.D.A. P=400
g7 L ——S.D.A. P=400
g 1.9
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X ( distance from origin)

Figure 10: The contact stress
for rigid grid foundation under :'D
its short middle beam. —,1 IZIT
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Figure 11: The effect of the
deformation analysis type on the
settlement under the center column.
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The settlement decreases under all
beams (long or short) approximately
in the same ratio, when using high and
small deformation analysis for all
loading levels even when the loading
level were allowable level; Fig. [14].
along all the different tested four
beams; long, short, middle, and edge
beams, there is a relative settlement
between these beams and for high
stiffness grid foundation, this type will
be very sufficient for low cost and off
shore building.

Figure 12: The internal soil
stresses under the center column.
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Figure 13: The settlement under |
short middle Grid beam. _I L

under short middle beam
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Figure 14: The settlement under
short middle Grid beam for the
allowable loading level.

8

As mentioned above the length of
grid beams have a great effect on the
shape of contact distribution for all
middle beams. So, the relative lengths
of grid beams are studied throw two
grid foundation models have a defe-
rence ratio of beam length. The first
beam ratio are B:L= 1:1.5 and the oth-
er beam ratio are B:L= 1:2. This study
are discussing a various foundation
rigidities for a considered loading lev-
el where p=700 KN.

Although the foundation are rigid
and the contact area are constant for
all deferent grid rigidities, the contact
stress decreases with the increase of
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foundation rigidity along all beams, as
in figure [15], Which gives us another
way to decrease the contact stress and
in turn the settlement will decreases
also under the beams without increas-
ing the contact area, as in figure [16,
17].

05 under shor; middle beam
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Figure 15: The contact stress
under short middle beam for grid
beam ratio B:L =1:1.5.
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Figure 16: The settlement of
short middle beam for grid beam

ratio B:L =1:1.5. ]D
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Figure 17: The settlement of long H
middle beam for grid beam ratio
B:L =1:1.5. |
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By comparing the foundation rigidi-
ties for deferent ratios of beam lengths
"B: L = 1:1.5 and 1:2" the contact
stress changes its distribution slopes
along the faced compared beams.
Even in the same ratio of beam
lengths say 1:2 the contact stress un-
der long beam have an opposite stress
distribution slope compared with that
of under short beam, as in figure [18,
19].

under long edge beam
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Figure 18: The contact stress under

long middle beam for grid beam
ratioB:L =1:2.
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Figure 19: The settlement of long
middle beam for grid beam ratio B:L
=1:2.
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For long edge beams the higher in-
crease of the ratio beam lengths 1:1.5
and more, the lower contact stress un-
der the middle of beams specially the
long edges beams.

6. Conclusions:

There is a great difference in the rel-
ative stress flow "load path" distri-
buted under the center of rectangular
foundation compared with the other
- under the same point in grid founda-
tion when the overall loads are the
same. The influence of analysis types
"degrees of nonlinearity" on the beha-
vior of grid foundation interacted with
soil was great, and no doubt that the
analysis by high deformation analysis
type and high degree of nonlinearity
gives more real results than small de-
formation analysis type for any load-
ing level and specially for the ultimate
loading levels.

Although high deformation analysis
effect was significant in flexible foun-
dation case, it has an important role in
the contact values in the middle of
beams, especially the middle beams
with deferent lengths, and the grid
beams role in transferring loads are
clear during the maximum allowable
loading level.

Dif, A., Ibrahim, A. and Othman, Walaa

It's recommended that whether the
foundations are rigid or flexible, it's
better to analyze it by long deforma-
tion analysis.

The higher foundation rigidity the
lower contact pressure under all
beams especially under the middle
beams. And for long edge beams the
higher increase of the ratio beam
lengths 1:1.5 and more, the lower con-
tact stress under the middle of beams.
The contact distribution under grid
beams depends on the beam length
and rigidity, and these points need
more researches to evaluate the opti-
mum ratio between grid beam lengths,
which give, the best interaction effect
between beams, and the best behavior
of the whole grid type of foundation.
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