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1. Introduction

In recent years, the search for al-
ternatives to ensure more rational and
sustainable engineering solutions has
grown considerably. At the time when
the first Brazilian standard on dimension-
ing and execution of reinforced concrete
structures, the NB-1 (ABNT, 1940), was
published, all studies were done in an
analytical (manual) and simplified way,
otherwise there would be no time for the
elaboration of structural and foundation
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Abstract

This article presents a study of the factors that influence the mechanism of
soil-structure interaction with a pilot building having concrete walls and their im-
pact on their performance. To illustrate the studies carried out, a numerical modeling
of a four-floor concrete wall pilot building was performed, subjected to vertical ac-
tions, supported by a slab-on-ground foundation, using the Finite Element Method
(FEM), together with specific 3D software for analysis and structural dimension-
ing in reinforced concrete. For the consideration of the geotechnical and structural
system (foundation structure), the discrete spring model (Winkler model) coupled to
the superstructure was used and the slab foundation thickness was varied by 16 cm,
25 c¢m and 40 cm. The local geotechnical formation was represented by a soft clay
(SPT = §) from the Belo Horizonte Metropolitan Region, Brazil. The influential factors
of the SSI analyzed in this research were: relative stiffness of the foundation structure,
requesting stresses, settlements in the foundation of the building and steel reinforce-
ment bar ratio. For a better visualization of the influence of these various factors, an
analysis was made of the distribution of normal stresses and stresses at the base of the
walls of this building, in the form of graphs. Finally, it was concluded that the change
in slab foundation, stiffness influences the distribution of stresses and stresses in the
foundation, with a tendency to uniformity as the slab foundation thickness increases.
However, this relationship is not linear.

Keywords: structural analysis, concrete walls, numerical modeling, soil structure
interaction, foundations.

designs. Since Brazil was going through
several phases of successive economic
growth, the so-called “economic miracle”,
with emphasis on the construction of the
new national capital, Brasilia and con-
struction of the Rio de Janeiro and Sio
Paulo subway. These calculations, most
of the times assumed that the structure
under analysis behaved in a linear man-
ner (physically and geometrically), which
unfortunately brought with it a structural

oversizing. Over the years, with the ad-
vancement of information technology, and
of course the numerical models that repre-
sent the superstructure and infrastructure
of a civil enterprise, more rigorous and,
sometimes more economical, analyses
have been made possible, enabling the
civil construction entrepreneur to conceive
structures more trustworthy with reality.

In this context, one of the biggest
challenges for project management engi-
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neers was to unify the geotechnical and
structural analyzes of a study building.
Since the 1940s, specialists have worked
independently (autonomously), disregard-
ing, therefore, the interaction between the
interfaces of the disciplines. The calcula-
tor considered the building supports to
be rigid, therefore, inextricable and the
geotechnical considered a constant char-
acteristic load on the foundation per pillar,
and therefore, without a joint approach
of rigidity, thus neglecting the solidarity
of the building's repression and naturally

2. Concrete walls structural system

Among the main rationalized con-
struction systems used in Brazil, the fol-
lowing stand out: structural masonry, re-
inforced concrete, steel frame, wood frame
and concrete walls. The 80s and 90s were
marked by the use of structural masonry
as an alternative to fill the existing housing
deficit in the country, mainly from families
that received up to 3 minimum monthly
wages, Porto (2010). There were build-
ings with 4 (four) floors, usually without
a covered garage, financed by government
programs through Caixa Econdmica
Federal (CAIXA). At the time, the con-
struction of buildings without the need
for columns and beams (self-supporting
structure) became an excellent alternative
to popular constructions on a large scale.

With the creation of the Programa
de Aceleracio do Crescimento (PAC) by
the federal government in the 2000s,
inspired by successful experiences in
Latin American countries such as Chile,
Colombia and Mexico, Carvalho (2012),
there was a favorable environment for the
implementation of a new construction
system in the country, called “Concrete
Walls”. Conceptually, reinforced concrete
columns are predominantly elements
subject to compression actions that have
the largest side (h) less than 5 (five) times
the smallest (b), Assis and Porto (2019).
When this condition is not met, the pillar
is no longer a bar element and is treated
as a shell or plate element, subject to

3. Soil-structure interaction (SSI)

The consideration of the super-
structure of buildings supported by fixed
supports, therefore, inextricable is no
longer acceptable in the academic and
professional environment. According
to Sing and Jha (2014, p. 2124), “the
complexity in the behavior of soil has

146

a redistribution of the building’s actions.

Within the scope of the joint numeri-
cal analysis (equivalent) of the structural
and geotechnical system in the elabora-
tion of engineering designs, the current
versions of NBR 6122 (ABNT, 2019)
and NBR 6118 (ABNT, 2014) provide
for consideration of the soil-structure
interaction (ISE) in designs. The applica-
tion of ISE, although new in the design of
buildings (superstructure and foundation),
was already widely used in the 1970s and
1980s in the design of special works of art

flexion outside its plane, Fernandes and
Porto (2015). Until 2012, there was no
standard in Brazil that specifically dealt
witht thin-walled columns. Due to this ab-
sence, driven mainly by national economic
growth, the Associa¢ao Brasileira de Nor-
mas Técnicas (ABNT) created NBR 16055
(2012) to establish the basic requirements
for the development of designs on concrete
walls molded in loco for the construction
of buildings. This standard establishes
the necessary procedures for the design,
structural analysis, dimensioning and
detailing of concrete walls. Regarding
ISE in the analysis of buildings having
concrete walls up to 5 (five) floors, NBR
16055 requires that this consideration be
incorporated. As for detailing, the frames
are made by screens and reinforcements
(regions of stress concentrations) that are
used in places of openings, such as doors
and windows. For buildings with up to 6
floors, the walls are usually 10 cm with
a screen frame in the geometric center of
the wall. For tall buildings, whose wind
action is significant, the walls are 15 cm
thickness and have a double screen frame,
Farias (2018).

As in structural designs, in structur-
al masonry, the descent of vertical loads in
buildings with concrete walls is done in the
calculation offices using the criterion of a
group of isolated walls, Testoni (2013).
Although the pioneering use of the con-
crete walls construction system is a merit

led the development of many models of
soil based on classical theory of elastic-
ity, plasticity and visco-elasticity for the
analysis of soil-structure interaction
problems”. Nowadays, most technical-
scientific commercial software have in
their package a module of Soil-Structure

REM, Int. Eng. J., Ouro Preto, 74(2), 145-153, apr. jun. | 2021

and civil structures subject to dynamic ac-
tions, as shown by Porto, Mendonca and
Carvalho (2012).

This article aims to contribute to
the understanding of ISE in the building
of concrete walls supported on superficial
foundations of the slab-on-ground type
on low capacity support soils, demon-
strating the importance of this consid-
eration in the development of structural
designs and of rational and safe founda-
tions based on a case study presented by
Ribeiro (2017).

of popular works applied to buildings with
up to 6 floors, the use of this technology
in tall buildings is growing every day as a
target audience for middle class families.

Academically, numerical stud-
ies related to the structural system of
concrete walls are made considering the
walls as shell elements, and the modeling
is currently done using the Finite Element
Method (FEM). Due to the slowness
to operationalize such verification in
the day-to-day of structural designers,
these analyses are routinely made using
the Three-dimensional Gantry Method,
where it transforms the flat element (wall)
into a bar element with equivalent inertia,
simplifying and speeding up the calcula-
tion procedures.

Testoni and Correa (2016) highlight
that the study of soil-structure interaction
in buildings with concrete walls is a little
explored topic in the technical literature
that deserves the attention of researchers
and designers of this type of structure. In
order to elucidate any questions regard-
ing the exposed procedure, Braguim and
Bittencourt (2014) present a case study,
where, by comparing the maximum nor-
mal compression stress, a numerical model
in MEF and another in MPT was made for
a 15-floor building 15 floors with concrete
walls. The results show differences of less
than 5% in the normal tension values in
the walls, thus validating the simplified
model in question.

Interaction (SSI), thus facilitating the
design of structures more consistent
with reality. The level of accuracy of the
analysis, however, depends on the user
experience and the models available for
the study. As will be seen in the follow-
ing topics, trivial models represent the



soil as a set of linearly spaced springs,
respecting Hooke's law, therefore, a
linear elastic regime, Figure 1. Other
models assume the terrain as non-linear

springs, which depending on the tension
level, can work with the assumption
that the geotechnical massif is elastic or
plastic. More elaborate models consider

Load
l Foundation

=11 ]

Layer "non-deformable"

Springs:
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the soil as a continuous stratified, hetero-
geneous and anisotropic medium, thus
representing the behavior of the massif
in greater detail, Figure 2.

Figure 1 - Winkler Hypothesis: deformability of the soil by means of discrete springs (Antoniazzi, 2011).

Even with the evolution in com-
putational resources, the modeling of
the geotechnical massif remains a chal-
lenge for professionals in the area, since
the soil is often made up of materials
of different natures (organic matter,

landfill, clay, silt, sand, boulder) with
different strengths, for example, with
decreasing load capacity with depth,
while the ground resistance is expected
to increase with depth. Thus, the best
way to characterize the soil properly

is with the use of a load test. In Brazil,
this test is regulated by NBR 6489
(ABNT, 2019). This Standard estab-
lishes the general conditions to be met
in load tests on land, for the purpose
of shallow foundations.

Figure 2 - Modeling of the geotechnical system as a continuous medium (Porto and Silva, 2011).

According to Siqueira (2019), among
the classic models to consider SSI in geo-
technical designs, the most used currently
are those in which the soil deformability
can be represented by means of elastic
springs or not in the structure-soil inter-
face, where the properties of the massif are

Dt —— [

considered (Poisson's ratio, longitudinal
and transversal modulus of elasticity)
and the compatibility of the settlements.
Within the models presented in literature,
we can mention the models of Filonenko-
Borodic, Pasternak, Kerr and Horvth,
with details for the Winkler model, which

is widely disseminated.

Winkler's theory, initially proposed
in 1867, by the German engineer Emil
Winkler assumes that the soil can be rep-
resented by linearly spaced springs that
respect Hooke's law, therefore, a linear
elastic regime, Figure 3.

DzH N=kv Dz
AAAARARAR Ky
U

Figure 3 - Schematic representation of the Winkler model (Velloso and Lopes, 2010).

In this model, the contact pressures are proportional to the settlements. Mathematically, we have:

Where:
N = force;

N=K,.D,

K, = Proportionality constant, vertical reaction coefficient or spring coefficient;
D, = vertical displacement (settlement).

M
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4. Case study

The pilot building for this work
has 4 floors with a projection area of
208.86 m2, illustrated in Figure 4. It is a
building whose architectural features fit
the Federal Government's “Minha Casa
Minha Vida” pattern. The walls and slabs

are 10 (ten) cm thick and the floor covering
is insulated (without access to the public),
with a ceramic roof covering all apart-
ments. The garage is external to the build-
ing and the type of ground floor (pilotis) is
similar to the standard floor, except for an

apartment adapted for people with special
needs. Each block has two equal modules,
separated by an expansion joint. For this
article, a single module will be studied,
with its results assumed to be constant
and representative for the block, Figure 5.

Figure 4 - Pilot building with concrete walls.
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Figure 5 - Floor plan of the pilot building (floor type).

The pilot building was consid-
ered to have characteristic compressive
strength f, = 25MPa, with environ-
mental aggressiveness class equal to
II (NBR 6118/2014), Poisson's ratio
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v = 0.20, elastic modulus E = 23,800
MPa and specific weight y = 25 kN/m3.
CA-50 and CA-60 steels were used,
with respective f yield stresses (char-
acteristic stresses) equal to 500 MPa
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and 600 MPa.

The foundation assumed for
research was shallow, in slab-on-
ground, 120 ¢cm away from the ex-
ternal faces of the building, Figure 6.



Considered was a soil with low sup-
port capacity (SPT = 5 and allowable
stress = 1 kgf/cm?) with clay char-

acteristics (unsaturated) throughout
the building projection. The vertical
reaction coefficient adopted, K, was

Thiago Bomjardim Porto et al.

22,000kN/m3, value consistent with
the technical literature, e.g., Moraes

(1981) and Morrison (1993).

1546

Slab-on-ground
h=16cm

T 1 T 0.00 ;: i Thickness
i i i [ i 120 FHC
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‘ wzzzzzzza Concrete wall

5.0 cm.

Figure 6 - Shape of the pilot building's slab-on-ground.

5. Numerical modeling in FEM

In order to measure the influence of
the foundation's stiffness on the distribu-
tion of vertical stresses on the slab-on-
ground, as well as its deformability, 3
(three) models were considered, with in-
creasing variations in the slab-on-ground
thickness. The analyzes were made with
the following thicknesses: model 1 (16 cm);
model 2 (25 cm) and model 3 (40 cm).
The descent of vertical loads was made

using the criterion of the group of isolated
walls, considering the openings (doors
and windows) as limiting elements of the
groups, Figure 7. The slab-on-ground
foundation was modeled with elements
of bark (20x20) cm?, where each element
has 4 (four) nodes, each node having 6
(six) degrees of freedom, 3 (three) of
translation and 3 (three) of rotation. The
geotechnical massif was considered as a

set of linearly spaced springs respecting
Hooke's Law, therefore, a linear elastic
regime. This hypothesis was assumed
to be valid for this research, since the
level of stress on the foundation is sig-
nificantly lower than the load capacity
of the soil (level of resistant tension).
Furthermore, the active loading is
mostly (70%) static, which facilitates
the predictability of its behavior.

Figure 7 - Modeling of the pilot building: (a) without the roof slab, (b) with the roof slab.

The descent of vertical loads was
made through the criterion of the group of

isolated walls, where the openings, doors
and windows, were considered as delimit-

ing elements of the groups. Figure 8 shows
the load map on the foundation structure.
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Figure 8 - Linear loads acting on the foundation (kN/m).

The FEM numerical/computational modeling was developed using Cypecad software (v. 2018).

6. Results and analysis

In order to parameterize the analysis
of this research, the variables studied were:
stress on the foundation, settlement in the
slab-on-ground and reinforcement rate.

Minimum = 0.00 MPa

Figure 9 a), b) and ¢) show the results of
stresses on the ground considering the
slab-on-ground thicknesses of 16 cm, 25
cm and 40 cm, respectively. Figure 10 a),

Maximum = 0.07 MPa
Model 1 - Thickness = 16 cm

on
Minimum = 0.00 MPa

Maximum = 0.056 MPa
Model 3 - Thickness (h) = 40 cm

Figure 9 - Stresses resulting on the foundation (stresses in MPa): a) Model 1; b) Model 2; c) Model 3.
REM, Int. Eng, J., Ouro Preto, 74(2), 145-153, apr. jun. | 2021

b) and ¢) show the results of settling on
the foundation considering the slab-on-
ground thicknesses of 16 cm, 25 cm and
40 cm, respectively.




Figure 9 allows us to state that as
the slab-on-ground stiffness increases,
there is a reduction in the magnitude
of the maximum stress applied to the
foundation soil. Another important
point to note is that this reduction is
accompanied by greater uniformity

in the distribution of the mobilized
stresses, as we gradually observe from
Figure 9 a) to Figure 9 ¢).

Figure 10 allows to conclude
situations related to those observed
for the stresses applied to the foun-
dation soil. That is, as the slab-on-

Minimum = -3.9 mm
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ground stiffness increases, there is
a reduction in the magnitude of the
foundation settlements, as well as,
this reduction is accompanied by a
greater uniformity of settlements, as
we gradually observe from Figure
10 a) to Figure 10 c).

Maximum = -0.3

Model 2 - Thickness (h) =25 mm

Minimum = -3.6 mm Maximum = -0.97 mm
Model 3 - Thickness (h) = 40 cm

Figure 10 - Settlement on the foundation (displacement in mm): a) Model 1; b) Model 2; ¢) Model 3.

Table 1 presents the summary of the
results obtained in the numerical model-

ing performed. In this study, the stretches
with vertical stress concentration (more

loaded regions) and with more significant
settlements were analyzed.

Table 1 - Summary of the results obtained in the numerical modeling.

Model Thickness of slab-on-ground Maximum vertical stress Settlement Steel reinforcement bars ratio
h (cm) (MPa) (mm) (kg/m3)
1 16 0.07 4.7 83.93
2 25 0.06 39 46.70
3 40 0.056 3.6 3647

Figure 11 shows the change in
maximum stress on the foundation as
a graph, as the slab-on-ground thick-
ness is increased. It is noticed that
this change is not linear, since the set
of factors that influence this param-

eter has a complex nature, therefore,
not trivial. A similar analysis can be
found in the settlement obtained in
the foundation (mm), Figure 12 and
in the steel reinforcement bar ratio
in the 3 models, Figure 13. The lat-

ter tends to follow an exponential or
polynomial relationship. Given the
above, the importance of considering
soil-structure interaction in structural
and geotechnical engineering designs
is emphasized.
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Figure 11 - Stress on the foundation x model analyzed graph.
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Figure 12 - Maximum settlement x model studied graph.
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Figure 13 - Steel reinforcement bars ratio x model analyzed graph.

7. Conclusions

In this research, it was concluded
that the SSI's consideration in the analyzed
case study allowed a redistribution of the
efforts along the structure as the slab-on-
ground thickness (foundation structure)
increased, being observed, thus, a relief
of efforts in the more loaded central walls
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