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Abstract - Over the years Researchers have preferred to
study the behaviour of reinforced concrete structures by
carrying out experimental works. With the advent of Finite
Element Method (FEM) and present day Finite Element
Analysis (FEA) softwares, researchers have now become
inclined to explore the area of numerical simulations to study
the behaviour of reinforced concrete structures. The
experimental investigation of the behaviour of isolated
reinforced concrete column footing laid on deformable
subgrade subjected to concentrated load has been very rare
due to the complexity of the problem. As Finite element
analysis using engineering softwares is increasingly used in
modelling of different structures and in analysing their
behaviour, an attempt has been made to study the behaviour
of isolated reinforced concrete column footing laid on
deformable subgrade and loaded by concentrated load until
failure using FEA software ANSYS. Example problems from the
experiments carried out in the past by researchers have been
selected for the numerical simulation. Three-dimensional
geometric modelling of the reinforced concrete footing along
with the soil strata has been carried out. Suitable material
models for concrete, reinforcement and soil have been chosen
for the analysis. A comparative study, using combinations of
different material models, have been carried out to determine
the most suitable combination of material models for concrete,
reinforcement and soil that would give results which matches
well with the experimental results.

Key Words: (ANSYS; cracking; FEA; footing; material model;
reinforced concrete; soil)

1. INTRODUCTION

Reinforced Foundations resting on soil subgrade give
rise to an interesting situation where there is interaction
between two materials i.e. reinforced concrete and soil. Soil's
characteristics in relation to reinforced concrete structures
are completely different particularly in terms of
deformability. Researchers over the years have dedicated
their attention for studying the behavior of structural
elements lying above ground, both experimentally and
analytically. However, the behavior of structural elements,
especially isolated reinforced concrete footing, below ground
level is very scarcely studied experimentally primarily due to
the complicated organization of such experiments and higher
material costs. As investigations in real soil are rare and
expensive, in many experiments real conditions are
simulated by steel springs (car springs are used to simulate
the soil behaviour) [Richart et al. (18), Talbot (22)] or by set

of small hydraulic jacks connected in parallel and applying
the load keeping the test specimen upside down [ Hegger et
al. (13,14,15), Simoes et al. (21), Urban et al. (24)] or by line
loads which produce the same effect as the load exerted by a
uniformly reactive soil [Timm (23), Hallgren (10,12)]. Very
few researchers have carried out in situ experiments on
reinforced concrete footings subjected to concentricloading.
There are some tests in which footings are tested in a box of
sand [Hegger (13,14,15 )] or clay and sand in situ [Rivkin
(19)]. Hegger etal (13,14,15) carried out several experiments
on reinforced concrete column footings supported
realistically by soil kept within a box (sand-box) of fixed
dimensions to investigate the punching shear failure of
footings when subjected to concentric external load. Very
recently Bonic et al, Martina et el and Shill et al. (20) carried
out experiments on in-situ soil. Bonic et al (6,25) carried out
several experiments between 2009 to 2014 to determine
behaviour of isolated reinforced concrete column footings
resting on subgrade soil and loaded by external load until
their failure. They constructed complete foundation
structure in situ, consisting of prepared subgrade soil
with prescribed geotechnical characteristics and column
footings with proposed dimensions and defined
characteristics of the concrete and the reinforcement.
They observed that a higher degree of loading was
required for footing failure when tested in situ. In another
similar investigation Martina et al (16) tested reinforced
concrete slabs in situ by applying concentric loading until
failure. They found out that the real values of shear
resistance were two times more than the values
calculated as per Eurocode.

Another method of studying the physical response
of the structural components to the system of external
forces is the Finite Element Analysis. In recent years, the
use of finite element analysis has increased due to the
progress in knowledge and the increase in capabilities of
computer software and hardware. It has now become the
choice method to analyse reinforced concrete structural
components. It is important that the numerical models
should be based on reliable test results and also
experimental and numerical analyses should complement
each other in the investigation of a particular structural
phenomenon. However, the application of FEA in
analysing the response of the reinforced concrete footing
subjected to concentric loading is very rare. Only very
recently Bonic et al and Cajka et al carried out three-
dimensional finite element analyses to validate their
experiments on reinforced concrete footing on soil
subgrade. Cajka et al (7) took several experimental
measurements of reinforced concrete slab - subsoil
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interaction and compared the results with numerical
analysis by means of FEM. Their analyses were based on
the concept that the concentration of vertical stress in the
axis of the foundation differs from the homogeneous half-
space and the static Young’s modulus varies smoothly
with depth. The soil - structure interaction was modelled
using contact elements and the friction between soil and
structure was neglected. They observed that when 3D
elements are used for 3D tasks, the final deformation is
considerably influenced by the size of the modelled area
that represents the subsoil and also by the boundary
conditions. The influence of any boundary condition
becomes weaker with the increasing ground plan of the
subsoil. Bonic et al (6) carried out three dimensional non-
linear analyses to study the behaviour of reinforced concrete
column footing laid on deformable subgrade and subjected to
concentrated load until failure using software package
ANSYS. The soil structure interaction was modelled using
contact elements.

Therefore, itis essential that more efforts are made to study
the behavior of reinforced concrete footing on soil subgrade
by conducting real life in situ tests. It is also essential to
determine suitable numerical simulation procedures with
proper geometric and material modeling which would
properly reflect the behavior of such reinforced concrete
footings subjected to concentric loading at in situ conditions.

2 RESEARCH SIGNIFICANCE

The main obstacle to finite element analysis of
reinforced concrete structures is the difficulty in
characterizing the material properties. Much effort has been
spent in search of a realistic model to predict the behavior of
reinforced concrete structures. Due mainly to the complexity
of the composite nature of the material, proper modelling of
such structures is a challenging task. In this study an
approach has been made to prepare three dimensional finite
element models of isolated reinforced concrete footings on
soil sub grade subjected to concentric loading and carry out
non-linear finite element analyses till failure using the FEA
software ANSYS. The success of such numerical simulation
depends on proper geometric and material modeling which
would properly reflect the bahavior of such R. C. Footings.
Suitable three-dimensional elements have been chosen for
geometric modeling of concrete, reinforcement and soil and
three-dimensional finite element models were prepared. A
comparative study has been carried out where different
combinations of material models for concrete, reinforcement
and soil have been used for the three-dimensional non-linear
finite element analysis. The consequences of changes in
modeling are discussed and combination of material models
that closely matched the experimental results has been
considered as most suitable for such numerical simulation.

3 NUMERICAL SIMULATION

Reinforced concrete and soil both exhibit inelastic
behavior at different stages of loading. Therefore it becomes

essential to carry out a nonlinear finite element analysis and
to carry out such analysis, development of proper geometric
and material models for concrete, steel and soil is important.
In the present study for the purpose of such numerical
analysis the general-purpose FEA software ANSYS is used.
Three dimensional finite element model of reinforced
concrete footing on subgrade soil is prepared using suitable
available elements and material models for concrete,
reinforcement and soil and nonlinear analysis of the model
subjected to concentric loading is carried out until failure.
Owing to the symmetry of the structure and the load only
1/4% of the structure consisting of reinforced concrete
footing and soil subgrade has been modeled.

For concrete applications in general, hexahedral
elements are found to be more stable and efficient in
convergence than the tetrahedral elements (8). Therefore
eight-noded isoparametric Solid 65 element, having
translations at each node in X, y and z directions have been
used for the modeling of concrete. This element allows
cracking at tension, crushing at compression, plastic
behaviour and creep. A discrete approach, using two-noded
three-dimensional isoparametric Link element having
translations in x, y and z directions at each node, has been
adopted for the modeling of reinforcements. A total adhesion
between reinforcement and concrete and complete strain
compatibility between the reinforcement elements and the
concrete elements has been assumed. For the modeling of soil
eight-noded isoparametric Solid 45 element, having
translations in X, y and z directions at each node have been
used.

Concrete is a heterogeneous and quasi-brittle
material. The study of the stress-strain characteristics of
plain concrete under uniaxial loading indicates that concrete
behaves linearly up to about 30 percent of its maximum
compressive strength (9). Above that stress level concrete
begins to soften, due to the growth of bond cracks and as the
mortar cracks start developing with the bond cracks growing
further, the stress-strain curve shows a gradual increase in
curvature up to about 75-90 percent of the maximum
compressive strength. The curve approaches the peak as the
bond and mortar cracks bridge together to form the zones of
internal damages. Beyond the peak the curve has a
descending part until crushing failure occurs at some
ultimate strain. The response of reinforced concrete on
external loading is complex and after reaching a certain
amount of elastic deformation, elasto-palstic behavior is
observed and finally failure may be caused due to several
possible mechanisms such as concrete cracking,
reinforcement yielding, bond slip between steel and concrete,
concrete crushing etc.

ANSYS proposes the use of William-Warnke five-
parameter model with the Solid 65 element for the modeling
of brittle materials like concrete. ANSYS also provides option
of combining William-Warnke five parameter model with any
of several other nonlinear material models such as Kinematic
Hardening Model, Isoparametric Hardening Model,
Anisotropic Model, Drucker-Prager Model, Nonlinear
Elasticity Model and Multilinear-Elastic Model. The William-
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Warnke model was developed in 1974 and this model gives
good agreement with the experimental results in the domain
of working stress. In our present study the William-Warnke
model has been combined with the Multilinear Elastic model.
Steel is a ductile material, which after yielding strain-hardens
sufficiently due to considerable plastic deformation before
finally reaching failure. Therefore, the nonlinearity of
reinforcement behavior is modeled using the elasto-plastic
Bilinear-Kinematic Hardening model available in ANSYS. Soil
is a granular material and essentially a disperse system in
which particles are in a fine state of sub-division or
dispersion. For modeling of such material ANSYS proposes
the use of the elastic-perfectly-plastic Drucker-Prager model.
In the present study Drucker-Prager model is used for the
material modeling of the soil.

are used respectively for steel and soil. In the sixth and final
combination the concrete behaviour is modeled using
Multilinear Isotropic Hardening model with concrete capable
of both cracking in tension and crushing in compression and
the Bilinear Kinematic Hardening model and the elastic-
perfectly plastic model based on Drucker-Prager yield criteria
are used respectively for steel and soil. These material model
combinations are used to analyze example problems selected
from experiments carried out in the past by researchers. The
results of the analyses are then compared with experimental
results. Results of the material model combination that has
good agreement with the experimental results has been
considered the most suitable combination for modeling.

Table 1 - Summary of Material Model Combinations Analyzed

Analysis Concrete Model Reinforcing Steel Model Soil Model
Tension Compression Representation Material Model Material Model
A Cracking Linear Elastic + Crushing Discrete Linear Elastic Linear Elastic
B Cracking Linear Elastic + Crushing Discrete Linear Elastic Drucker-Prager
C Cracking Linear Elastic + Crushing Discrete Bilinear Kinematic | Drucker-Prager
D Cracking Multilinear Elastic Discrete Bilinear Kinematic | Drucker-Prager
E Cracking Multilinear Elastic + Crushing Discrete Bilinear Kinematic | Drucker-Prager
F Cracking Multilinear Isotropic + Crushing Discrete Bilinear Kinematic | Drucker-Prager

These material models of concrete, steel and soil are
combined in different ways and these different combinations
[Table 1] are used for the analysis of each of the example
problems.

In the first combination linear behaviour of soil, steel
and concrete has been assumed with concrete being capable
of cracking in tension and crushing in compression. In the
second combination an elastic-perfectly plastic model based
on Drucker-Prager yield criteria has been used for soil
whereas linear behaviour of steel and concrete has been
assumed with concrete being capable of cracking in tension
and crushing in compression. In the third combination linear
behaviour of concrete has been assumed with concrete
capable of cracking in tension and crushing in compression,
but for steel Bilinear-Kinematic Hardening model has been
used and the elastic-perfectly plastic model based on
Drucker-Prager yield criteria has been used for soil. As for the
fourth combination the concrete compressive behaviour is
modeled using a Multilinear Elastic stress-strain model with
concrete capable of cracking in tension and the Bilinear
Kinematic Hardening model and the elastic-perfectly plastic
model based on Drucker-Prager yield criteria are used
respectively for steel and soil. In the fifth combination the
concrete compressive behaviour is modeled using a
Multilinear Elastic stress-strain model with concrete capable
both of cracking in tension and crushing in compression and
the Bilinear Kinematic Hardening model and the elastic-
perfectly plastic model based on Drucker-Prager yield criteria

The numerical procedure involved geometric
modeling of the reinforced concrete column, footing and soil
and carrying out nonlinear finite element analysis. In the
geometric modeling, complete strain compatibility has been
assumed between the reinforcement and the concrete
elements. In the geometric model the mesh density of the
reinforced concrete foundation is kept considerably higher
than that of the soil block. As a result the two meshes are
non-conforming. However, complete strain compatibility
between concrete [Solid 65] and soil elements [Solid 45] at
corresponding nodes has been assumed and the numerical
analysis has been carried out without any contact modeling,
using available contact elements, at the soil-structure
interface.

The boundary conditions have been applied by
providing suitable restraints to the nodes. The nodes at the
bottom of the soil block have been restrained for
translations in x-, y- and z-directions and the nodes on all
vertical sides of the soil block have been restrained for
translations perpendicularly to their sides in x- and z-
directions. Nodes on the symmetry planes of concrete and
soil block had restrained translations perpendicularly to the
symmetry planesi.e. in x- and z-direction. The load has been
applied at the top nodes of the column as concentric load
directed downward and in increments of smaller load value
until the failure load is reached. The solution scheme has
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been the Newton-Raphson iterative scheme with a force
based convergence criteria.

4 NUMERICAL EXAMPLES

Two test specimens, selected from the experiments
carried out in the past by researchers, have been modeled
and three-dimensional nonlinear finite element analyses have
been carried out to observe the behavior of the specimens
under concentric loading and the results of the analyses are
then compared with the test results.

4.1.1 Hegger et al tested 10 reinforced concrete footings
realistically supported by sandy soil in a box with fixed
dimensions. The concrete compressive strength of the
footings ranged between 20 - 40 MPa. From among those
experiments DF1 has been chosen for analysis. The
reinforced concrete footing DF1 was a square one (900 mm x
900 mm) with a square column (150 mm x 150 mm) on top
of it. The property details of the footing tested are
summarized in Table 2 and the test set up used is shown in
Fig 1. The dimensions and reinforcement arrangements are
given in Fig 2.
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Fig 1 - Schematic Representation of the Test Set-up

Table 2 - Details of the Test Specimen

Footing no | d (mm) | c(mm) a/d

fc,cyl (Mpa)

Ec (Gpa)

Est (Gpa)

Bar size

Es (Mpa)

DF1 150 150 2.5 20.2

24.0

210

14

44.2

Notes: d = effective depth of footing; ¢ = width of column; fc,cyl = cylinder compression strength; Ec = Young’s modulus of
concrete; Est = Young’s modulus of steel; Es = modulus of elasticity of soil
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Fig 2 - Dimensions and Reinforcement arrangement of Footing DF1
© 2019,IRJET | ImpactFactor value: 7.211 IS0 9001:2008 Certified Journal | Page853



%,ﬂ, International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 06 Issue: 01 | Jan-2019

www.irjet.net

p-ISSN: 2395-0072

4.1.2 NUMERICAL SIMULATION
SPECIMEN

OF THE TEST

For the purpose of analysis 1/4th of the complete
experimental set up has been modeled. As has already been
discussed the concrete and soil have been modeled using 8-
noded isoparametric Solid 65 elements and 8-noded
isoparametric Solid 45 elements respectively. The
reinforcements have been modeled using 2-noded three
dimensional isoparametric Link elements. Complete strain
compatibility has been assumed between the reinforcement
and the concrete elements and the concrete and soil
elements. The finite element mesh is shown in the Fig 3.

ELEMENTS

(a)

ELEMENTS

(c)

A total of 12543 nodes, 3464 concrete elements, 302 steel
elements and 5736 soil elements have been used in the finite
element mesh of the column. The material properties of
concrete, steel and soil used, for the analyses, are
summarized in Table 3. After applying proper boundary
conditions, as discussed before, load is applied in the form of
nodal loads at the top of the column. The load has been
increased gradually from 0 to 500 kN. The analysis has been
carried out using the Newton-Raphson iteration method. A
force based convergence criteria has been specified. These
material models are combined in different ways and solutions
are carried out for each of the different combinations. The
combinations are referred hereas DF1-A, DF1-B,DF1-C,DF1-
D, DF1-E & DF1-F.

ELEMENTS

(b)

(d)

Fig 3 a) Complete Mesh of Footing & Soil b) Mesh without Top Soil c) Meshed Footing d) Reinforcement
Arrangements
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Material Property
Linear Non-Linear
Concrete Modulus of Elasticity (Mpa) 24000 Multilinear Isotropic Hardening/ Multilinear Elastic Five-Parameter Model
Density 25 Strain (ec) Stress (fc) (Mpa) Open Shear 0.3
Transfer  Co-
(kN/m3) Coulmn Footing efficient
0.0001 3.15 2.38
0.0003 9.4 6.94
Poisson’s 0.2 0.0005 15.38 11.00 Closed  Shear 1.0
. Transfer  Co-
Ratio 0.0007 2091 14.43 efficient
0.001 28.01 18.37
0.0012 31.81 20.25
0.0014 34.81 21.63 Uniaxial 341
Cracking Stress
0.0016 37.05 22.59 (Mpa)
0.0018 38.59 23.22
0.002 39.53 23.59
0.0021 39.79 23.69 Uniaxial 23.74
Crushing Stress
0.0022 39.95 23.74 (Mpa)
0.0023 40.00 23.76
0.0024 39.95 23.74
0.0025 39.82 23.70 Biaxial Crushing 28.49
Stress (Mpa)
0.003 38.30 23.15
0.0035 35.93 22.31
0.004 33.29 21.35 Hydrostatic 1.0
Pressure
0.0045 30.69 20.38
0.005 28.25 19.44
0.006 24.04 17.72 Hydrostatic 34.42
0.007 2067 16.25 Biaxial
Crushing
0.008 17.99 14.99 Stress (Mpa)
0.009 15.84 13.91 Hydrostatic 40.95
0.01 14.09 12.99 Uniaxial
Crushing
0.02 6.26 7.99 Stress (Mpa)
0.03 3.83 5.93 Tensile Crack 1.0
0.05 2.06 2.06 Factor
0.07 1.37 3.15
0.1 0.88 2.40
Steel Modulus of Elasticity (Mpa) 210000 | Bi-Linear Kinematic HardeningS
Density (kKN/m3) 78.5 Yield Stress (Mpa) 570
Poisson’s Ratio 0.3 Tangent Modulus of Elasticity (Mpa) 21000
Soil Modulus of Elasticity (Mpa) | 44 Drucker - Prager Model
Cohesion 0.0001
Density (kKN/m3) 20 Friction Angle 36
Poisson’s Ratio 0.27 Dilatancy Angle 20

Table 3 - Material Properties of Concrete, Steel and Soil for DF1
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4.1.3 RESULTS AND DISCUSSIONS

For The experiments on the isolated footing were carried
out by Hegger et al. to study the punching failure of the
footing. During the experiments vertical displacements of the
center and corner of the footing were noted and load-
deflection curves were plotted [Fig 4a]. Similar load-
deflection curves have been obtained from the finite element
analyses carried out for six different combinations of the
material models and their plots are given in Fig 4b & Fig 4c.
The loads and the corresponding deflections just before
failure are tabulated and given in Table 4. From the Table and
the figures it can be observed that combination DF1-D gives
the closest match to the experimental results in respect to the
failure load obtained [the failure load from the combination
DF1-Dis 636.4 kN and that obtained from the experiment is
551 kN]. The deflection values are also closely matched by
the combination DF1-D to the experimental results. The load
and deflection values obtained from the analyses using the
other material model combinations do not match well to the
experimental results. It can be easily observed that the load
deflection curves progress closely at the early stages of the
loading and as the cracking starts they distances from each
other. This indicates that the load-deflection behavior is
influenced by the crack development pattern. Also the
gradients of the curves are very steep until failure indicating
that the footings maintained rigidity until failure, which is a
typical phenomenon for punching failure.

In their experiment Hegger et al. made measurements to
determine the distribution of the concrete strain along radius
of the slab. Since the strain distribution at the top of the slab
isnotareliable indicator for the real stress distribution in the
compression zone, the compressive strains inside the slab are
measured and plotted [Fig 5a]. The strain plot indicates that
the level of strain is higher near the edge of the column.
Similar plots of radial concrete strains have been obtained
from the finite element analyses and that of the combination
DF1-D is presented here [Fig 5b]. The comparison of the two
sets of plots indicates a clear similarity between them. The
maximum strain level at failure obtained from experiment
had been 3.0 % whereas the strain level just before failure
has been approximately 0.6 % and at failure has been about
6.5 % for the finite element analysis.

Hegger et al. also made measurements to determine the
soil pressure distribution underneath the footing and the
plots of the soil pressure distribution at failure is given in Fig
6a. Similar observations have been made in the finite element
analyses and the plots of the soil pressure distributions at
failure are presented in the Fig 6b. The stress levels obtained
from the experiments vary between 0.6 - 0.8 Mpa whereas
that from the analysis of the combination DF1-D varies
between 0.5 - 0.7 Mpa. Therefore, the comparison of the plots
shows that the results of the combination DF1-D is the closest
to the experimental results than the results obtained from
other combinations.

A study of the development of the cracking in concrete at
different stages ofloading is made in the analyses and that for
the combination DF1-D is represented in the Fig 7. The crack

development patterns at different stages of the loading are
shown for the complete footing and the base layer of the
footing for different load levels. As the load level increases
cracking starts from the central region of the base of the
footing and asload levels increases more and more cracks get
spread throughout the base of the footing and also the depth
of the footing and column.
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Fig 4a - Load-Deflection Curves obtained from Experiment
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Table 4 - Failure Loads and Corresponding Deflection values

Combination Load at Failure (kN) Central Deflection just Corner Deflection just before
before Failure (mm) Failure (mm)
Experiment 551 10 -
DF1-A 378.4 16.25 3.928
DF1-B 292.4 6.57 4.99
DF1-C 292.4 6.57 4.99
DF1-D 636.4 15.881 10.99
DF1-E 464.4 11.16 7.06
DF1-F 240.8 5.75 4.92

Strain

© 2019, IRJET |

* Since the final deflections, corresponding to the failure loads, found from the analyses are extremely large values, the

deflection values just before failure are represented here.

Distance from slab center (in.)

o} 2 4 6 8 10 12 14 16 18
-3.5
P, =552 kN = 124.1 kips | —&—5CkN (11.2 kips)
~—©— 110 kN (24 7 kips)
—@— 160 kN (36 kips)
-2.5 —88— 220 kN (49 5 kips)
s —— 300 kN (87 4 kips)
g‘ —3€¢—350 kN (78.7 kips)
= ——tiy—— 4C0 kN (89 9 kips)
® -1.5 —@— 450 kN (101.2 xips)
» —E— 500 kN (112.4 xips)
£
S .05
e - e
=3
o
=
o
& 05
15 |
o] 100 200 300 400 500

Distance from slab center [mm]

Fig 5a - Concrete Strain Distribution in Radial Direction
obtained from Experiment

Concrete Strain in Axial Direction
0.007

—4—LSSIERN B LGI03ZEN —A—LSE4ZHN - LS2236 kN —w—LS2924 KN —#—LS343kN
——LSIIEKN —=— LGMTZKN —=— LS4IBEKN —4—LIFEOIN —B—LSBOZKN  —h— LSEW2 KN

0.008

0.005

0.004

0.003

0.002

0.001

Distance along Footing
Fig 5b - Concrete Strain Distribution in Radial Direction
just before failure obtained from Analyses

Impact Factor value: 7.211

soil pressure [kN/m?]

-450 -300 -150 0 150 300 450
5 4 . . . 1327
225 } | 32 o
(121 9 kips)
725 F'—‘ﬂw__% 1052 3 Ti,‘l',\
. . " 2
‘.\\ /'.’ > £
. < 5
1225 4 %1178 2
3 / H
N ' a
i v L
1725 4 2504 §
x\‘f - = = arepoiated
2225 3229
7.7 118 5.9 0 5.9 11.8 177

ip
[

position of gauges [mm]

position of gauges (in.)

Fig 6a - Soil Pressure Distribution Close to Failure obtained

-500

from Experiment

Soil Stresses

Distance (mm)

[——Testuse: —a—DFtA ——DFIE —m—DFIC ——DFID ——OFE ——OFiF|

14

Stresses (Mpa)

Fig 6b - Soil Pressure Distribution Close to Failure obtained

IS0 9001:2008 Certified Journal |

from Analyses

Page 857




Q} ,ﬂ, International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056
JET Volume: 06 Issue: 01 | Jan-2019 www.irjet.net p-ISSN: 2395-0072

AND CRUSHING CRUSHING

Academic

(a) (b)

S AND CRUSHING

(c) (d)

© 2019,IRJET | ImpactFactorvalue:7.211 | 1SO09001:2008 Certified Journal | Page 858



‘ ,ﬂ, International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056
JET Volume: 06 Issue: 01 | Jan-2019 www.irjet.net p-ISSN: 2395-0072

1
CRACKS AND CRUSHING

(e) (f)

CRACKS AND CRUSHING

(9) (h)

Fig7 (a,b,c,d, e f g h) - Development of Cracks at different Stages of Loading
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4.2.1 Bonic et al tested 12 reinforced concrete footings
supported by prepared sub grade soil. The experimental
analyses were carried out by constructing the complete
foundation structure in situ. From among those experiments
TIX has been chosen for analysis. The tested reinforced
concrete footing TIX was a square one (850 mm x 850 mm)
with a square column (175 mm x 175 mm) on top of it. The
property details of the footing tested are summarized in
Table 5 and the test set up used is shown in Fig 8a. The
dimensions and reinforcement arrangements are given in Fig
8b.

)
hydraulic _ ] g test
jack | ‘ o E‘ frarme
= subgrade

est | 850, i soil
specimen |

natural

soil

Fig 8 (a) Schematic Representation of the Test Set-up and

Loading Arrangement
Table 5 - Details of the Test Specimen
Footing no d (mm) ¢ (mm) fc,cyl (Mpa) Ec (Gpa) Est (Gpa) Bar size Es (Mpa)
TIX 100 175 20.2 2891 210 8 40.0

Notes: d = effective depth of footing; c = width of column; fc,cyl = cylinder compression strength; Ec = Young’s modulus of
concrete; Est = Young’s modulus of steel; Es = modulus of elasticity of soil

P
175
L -
=)
3..608 2 =
e e
2.808 =
Ny |
— P
1.708 1.708 =l
65 120 120 120 120 120 120 65
SG4| SG5 S@\ &
~SG7 =
8 ——scs -
| Isae =
337 175 338
850

Fig 8 (b) Dimensions and Reinforcement arrangement of
Footing TIX

4.2.2 NUMERICAL SIMULATION
SPECIMEN

OF THE TEST

For the purpose of analysis 1/4th of the complete
experimental set up has been modeled. As has already been
discussed the concrete has been modeled using 8-noded
isoparametric Solid 65 elements and the soil has been
modeled using 8-noded isoparametric Solid 45 elements. The
longitudinal and transverse reinforcements have been
modeled using 2-noded Link8 elements. Complete strain
compatibility has been assumed between the reinforcement
and the concrete elements and the concrete and soil
elements. The finite element mesh is shown in the Fig 9. A
total of 6652 nodes, 1309 concrete elements, 221 steel
elements and 4000 soil elements have been used in the finite
element mesh of the column. The material properties of
concrete, reinforcement and soil are summarized in Table 6.
After applying proper boundary conditions, as discussed
before, load is applied in the form of nodal loads at the top of
the column. The load has been increased gradually from 0 to
500 kN. The analysis has been carried out using the Newton-
Raphsoniteration method. A force based convergence criteria
has been specified. These material models are combined in
different ways and solutions are carried out for each of the
different combinations. The combinations are referred here
as TIX-A, TIX -B, TIX -C, TIX -D, TIX -E & TIX -F.
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Table 6 - Material Properties of Concrete, Steel and Soil for TIX

Material Property
Linear Non-Linear
Concrete Modulus of Elasticity (Mpa) 28910 Multilinear Isotropic Hardening/ Multilinear Elastic Five-Parameter Model
Density 25 Strain (ec) Stress (fc) (Mpa) Open Shear 0.3
Transfer  Co-
(kN/m3) Coulmn Footing efficient
0.0001 391 2.21
0.0003 11.71 6.35
Poisson’s 0.2 0.0005 19.45 9.89 Closed  Shear 1.0
. Transfer  Co-
Ratio 0.0007 26.99 12.78 efficient
0.001 37.56 15.94
0.0012 43.82 17.40
0.0014 49.21 18.44 Uniaxial 3.13
Cracking Stress
0.0016 53.57 19.15 (Mpa)
0.0018 56.81 19.61
0.002 58.89 19.87
0.0021 59.52 19.94 Uniaxial 20.0
Crushing Stress
0.0022 59.88 19.98 (Mpa)
0.0023 60.00 20.00
0.0024 59.88 19.98
0.0025 59.57 19.95 Biaxial Crushing 24.0
Stress (Mpa)
0.003 55.63 19.57
0.0035 49.56 18.97
0.004 43.07 18.30 Hydrostatic 1.0
Pressure
0.0045 37.06 17.61
0.005 31.82 16.94
0.006 23.71 15.69 Hydrostatic 29.0
Biaxial
0.007 18.08 14.61 Crushing Stress
0.008 1415 13.67 (Mpa)
0.009 11.32 12.85 Hydrostatic 34.5
Uniaxial
0.01 9.24 12.14 Crushing Stress
0.02 235 811 (Mpa)
0.03 1.05 6.32 Tensile Crack 1.0
Factor
0.05 0.37 4.59
0.07 0.19 3.71
0.1 0.09 2.96
Steel Modulus of Elasticity (Mpa) 210000 | Bi-Linear Kinematic HardeningS
Density (kN/m3) 78.5 Yield Stress (Mpa) 570
Poisson’s Ratio 0.3 Tangent Modulus of Elasticity (Mpa) 21000
Soil Modulus of Elasticity (Mpa) | 40 Drucker - Prager Model
Cohesion 0.0001
Density (kN/m3) 17 Friction Angle 40
Poisson’s Ratio 0.27 Dilatancy Angle 20
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4.2.3 RESULTS AND DISCUSSIONS

Bonic et al. did experiments on isolated reinforced
concrete footings and then carried out nonlinear finite
element analyses to describe the response of footing when
subjected to concentricloading. In the present study an effort
has been made to find out the suitable model combination for
nonlinear finite element analyses that would provide results,
which would be in good agreement to the results obtained by
Bonic etal. Theload -deflection responses obtained by Bonic
etal. is given in Fig 10a. It can be seen that the experimental
load gradually increased from zero to a maximum value of
430 kN, whereas finite element analysis load increased from
zero to a maximum of 500 kN. In the present study similar
load-deflection curves have been obtained from nonlinear
finite element analysis of six different combinations of
material models and the results are plotted in Fig 10b. The

loads and the corresponding deflections just before failure
are tabulated and given in Table 7.

From the Table and the figures it can be observed that
combination TIX-D gives the closest match to the
experimental results in respect to the failure load obtained as
the failure load from the combination TIX-D is 433.44 kN and
that obtained from the experiment is 430 kN. The deflection
values are also closely matched by the combination TIX -D to
the experimental results. The load and deflection values
obtained from the other material model combinations are not
well matched to the experimental results. It can also be
observed that initially the gradients of the curves are very
steep and they progress closely, but as the cracking starts
they diverge from each other.

Bonic et al. studied the overall course of development of
crackings and crushings at several typical stages ofloading. A
similar study of the development of the cracking in concrete
is made in the present analyses.
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Table 7 - Failure Loads and Corresponding Deflection values

Combination Load at Failure (kN) Central Deflection just before Corner Deflection just before
Failure (mm) Failure (mm)

Experiment 430 29 7.7
FEA by Bonic 500 25.1 6.8

TIX-A 319.92 17.55 4.38

TIX-B 144.48 6.96 3.15

TIX -C 113.52 7.0 3.16

TIX-D 433.44 22.73 4.69

TIX -E 227.04 9.59 3.21

TIX -F 113.52 4.52 3.36

* Since the final deflections, corresponding to the failure loads, found from the analyses are very large values, the
deflection values just before failure are represented here.
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Fig 10a - Load-Deflection Curves obtained from

0.04 0.05 0.06 007 0.08
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Fig 10b - Load-Deflection Curves obtained from
Analyses

Experiment

A comparison of the crack development pattern observed
by Bonic et al. and that for the combination TIX-D (crushing
in concrete is not allowed) has been made and presented in
the Fig 11. The comparison reveals that for both the analyses
the cracks start developing at the bottom layer of the footing
below the column region and spreads throughout the base
layer and then the whole footing and column. However, the
rate of development of cracking for the combination TIX-D is
slower than that of the analysis by Bonic et al.

Bonic et al. also studied the development of principal
stresses in footing and column and a similar study has been
made in the present analyses. A comparison of the
development of principal stresses at different stages of
loading is presented in Fig 12 and the similarity between
them can be clearly observed.
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Fig11 (a,c, e, j) - Development of Cracks at different stages of Loading for Bonic’s Analysis

(b,d,f, g h,i k) - Development of Cracks at different stages of Loading for Present Study
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Fig 12 (a, ¢, e, g) - Principal Stresses at different stages of loading in Bonic’s Analysis

(b, d, f, h) - Principal Stresses at different stages of loading in the Present Study
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5. CONCLUSIONS

The aim of the present study has been to find out the
suitable material model combination from the material
models available in ANSYS that can be successfully used for
finite element analysis of foundation structure on subsoil,
subjected to static loading, to obtain realistic solutions to the
problem. Six different material model combinations have
been selected for the finite element analyses and two
experimental problems, chosen from the research works
carried outin the recent past by Hegger et al. and Bonic et al,,
have been modeled and analyzed. The outcomes of the
analyses have been similar for both the experimental
problems in the sense that in each case the closest match to
the experimental results have been obtained when the
concrete compressive behaviour is modeled using a
Multilinear Elastic stress-strain model with concrete capable
of cracking in tension and the Bilinear Kinematic Hardening
model and the elastic-perfectly plastic model based on
Drucker-Prager yield criteria are used respectively for steel
and soil. It has been possible to determine the entire load-
deflection diagram and the ultimate load from such material
model combination. It should also be noted that the modeling
of the behavior of concrete has influenced the outcomes
mostly rather than the modeling of the behavior of the other
materials used. Concrete, a heterogeneous and quasi-brittle
material, fails mainly due to the growth of mortar cracks and
bond cracks. The failure of concrete in crushing occurs mainly
when the concrete is subjected to triaxial compression.
Therefore, it can be concluded that the failure of the
foundation structures studied has been primarily due to the
failure of concrete due to cracking and the material model
combination mentioned above has been the most suitable
amongst all selected.
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