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ABSTRACT

Keywords: The design of spread footings is a field widely explored in structural engineering being the flexure and shear design verified by the
use of codes. The objective of this paper consists in a comparative study of spread footing design between the Brazilian’s code,
Eurocode and American’s code. The methodology considered an analytical analysis with three different examples in the flexure and
shear design of the spread footings with different loads and footing height. The results show that the American’s code presented the
minimum required value of reinforcement rates in all examples and also was the only code that verified the punching and shear effect
for all studied cases. In Eurocode flexure design, the results show that in the most examples, the reinforcement rate is higher than that
considered by the other codes. The Brazilian code presented an inconsistency in the verification of the punching effect for one of the

studied examples, requiring, therefore, a review and a modification of the code.

Design, Flexure, Rein-
forced Concrete, Shear,
Spread Footings.

RESUMEN

Palabras clave: El disefio de zapatas corridas es un campo ampliamente explorado en la ingenieria estructural siendo el disefio a flexion y cortante
verificado por el uso de codigos. El objetivo de este trabajo consiste en un estudio comparativo del disefio de zapatas corridas
entre el codigo brasilefio, el Eurocodigo y el codigo americano. La metodologia considerd un analisis analitico con tres ejemplos
diferentes en el disefio de flexion y cortante de las zapatas corridas con diferentes cargas y altura de la zapata. Los resultados muestran
que el codigo americano presentaba el valor minimo requerido de tasas de refuerzo en todos los ejemplos y también era el tinico
codigo que verificaba el efecto de punzonamiento y cortante en todos los casos estudiados. En el disefio a flexion de Eurocode, los
resultados muestran que en la mayoria de los ejemplos, la tasa de refuerzo es mas alta que la considerada por los otros codigos. El
codigo brasilefio presentaba una inconsistencia en la verificacion del efecto de punzonamiento para uno de los ejemplos estudiados,
requiriendo por lo tanto, una revision y una modificacion del codigo.

Disefio, Flexion, Concreto
armado, Cortante, Zapatas
corridas.

1. Introduction

According to [1], the spread footing that is used today
emerged in the middle ages with the development of
gothic architecture, and consequently the individual
columns. Until the 19th century, many footings were
built of masonry. The evolutions of architecture, calcu-
lation methods, and materials used have resulted in tall
buildings with high loads [1]. Thus, more difficult cases
of footings brought greater interest in this area.

Currently, in engineering footings, many tests are
carried out to improve the current calculation models.
The emergence of computational technology allowed
automation through numerical methods. In this way, the
use of software has become a very important tool for the
engineer footings. However, even with the use of com-
putational methods, there is a need to check existing
codes on the market, and they may present differences

regarding their respective methodologies.

In this work, the criteria adopted in the footing de-
sign by the Brazilian code (NBR 6118 [2], 2014) is
compared with the criteria of Eurocode 2 [3] (2010) and
with the American code (ACI-318 [4], 2014) in order
to analyze possible divergences. Differences in flexural
reinforcement rates and shear strength can, therefore,
result in uneconomic footings or high stresses. In this
way, the Eurocode 2 [3] is considered with [5] and the
ACI-318 [4] 1s considered with [6].

2. Stiffness and Design
This section presents notions of spread footings design
and stiffness for NBR 6118, Eurocode 2 and ACI 318.

2.1 Spread Footings Stiffness
One of the classifications of great interest in footings
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design is the stiffness. The Brazilian code NBR 6118
[2- 7- 8] classifies them as rigid and flexible footings.

2.1.1 Rigid Footings. According to NBR 6118 [2], rigid
footing is defined when the footing height (%) is great-
er than 1/3 of the distance between one of the faces of
the column and one of their extremity (see Figure 1)
in both directions. The footing height (%) is given by
Equation (1) as:

ps@-%)

()

in which, a is the footing dimension in one direction
and a, 1s the column dimension in the same direction of

a. (Figure 1.)
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Figure 1. Spread footing model for NBR 6118 [2]. Source. [9].

In the case of Eurocode 2 [3-5], rigid footing is de-
fined as those whose edges are less than twice the foot-
ing height (Figure 1). Thus, the definition consists of a
height greater than 1/4 of the distance between the faces
of the columns and their extremities in both directions.
The edge (/) and the height (%) are defined by Equations
(2) and (3) as:
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According to [6], there is no footing classification in
terms of stiffness for ACI-318 [4].

2.1.2 Flexible Footings. NBR 6118 [2] defines a flex-
ible spread footing when the height is less than 1/3 of
the distance between the faces of the columns and their
extremities (see Figure 1) in both directions. The foot-
ing height (k) is defined by Equation (4) as:
h<{8=%) )
In Eurocode 2 [3-5], flexible spread footings is de-
fined as those whose edge (1) is greater than twice the
height. Thus, the footing height is less than 1/4 of the
distance between the faces of the columns and their ex-
tremities in both directions (See Equation (5)).

i (a—a,)

2 ©)

In [5], is also reported that in the case of rectangu-
lar footings, the use in one direction of edges with di-
mensions smaller than 2/ and the other direction with
dimensions greater than 2/ is frequent. In this case, the
footing is considered flexible.

2.2 Footing Design
This section presents notions in flexure and in shear de-
sign of spread footings.

2.2.1 Flexural Design. The methodology applied to
flexure design of spread footings is considered for NBR
6118, Eurocode 2 and ACI 318.

* Design according to NBR 6118. According to
NBR 6118 [2], a rigid footing works in both directions.
Thus, for each direction, the traction stress is consid-
ered uniform in the width of the footing. In the case of
compression stress, the stresses are concentrated in the
column region. The rigid footings [10] have reinforce-
ment area (4,) determined by Equation (6) as:

_ M,

' 0.80df,, “

in which, ¥} 1s the action-increase factor, M, is the char-
acteristic moment in the calculation section according
to [10], d is the useful height and f,, corresponds to the
design yield strength of the reinforcement.
In case of flexible footings, NBR 6118 [2] declares that
the distribution of the traction stress is not uniform in
the footing width. In flexure analysis, the flexible foot-
ing works in both directions and should be assessed for
the concentration of flexion near the column.
The characteristic moment is calculated by the method-
ology of [10] for rigid and flexible footings (Figure 2).
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Figure 2. Actuate Moment according to [10]. Source. [11].

In Figure 2, sections 1-1 and 2-2 correspond to the re-
gion of operation of the characteristic moments. These
sections operate at a distance of 0.15a, and 0.155, of
the column.

The dimensioning of flexible footings according to
NBR 6118 [2] follows the flexure model determined by
tables of [12].
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* Design according to Eurocode 2
Eurocode 2, [5] considers the strut-and-tie model for
rigid footings. According to [5], the model requires the
effective functioning of the tie over his entire length.
The reinforcement area is given by Equations (7) and
(8) as:

_L

4= ()
S
and
_ Ny (a—a,)
4 6.80d ®)

in which, 7} is the design force on the ties, Ny, is the
axial design force and d is the useful height.

In flexible footings design, the moment acts in section
2-2 and in section 1-1 (see Figure 2). The reinforcement
areas (4,) is defined by Equations (9) to (11) as:

U=aU, ©)
with:
U,=f,bd (10)
and
A = v (1)
.

where, U is the steel mechanical strength, U, is the con-
crete mechanical strength, o is the mechanical rate, £;,is
the compressive strength of concrete, and b is the foot-
ing dimension (see Figure 2).

* Design according to ACI 318

The verification of the flexural reinforcement is per-
formed in both directions due to a critical section. In
squared footings with rectangular columns, the critical
section is determined on the face of the column.
According to [6] in square footings, the distribution of
the reinforcement must be uniform in both directions.
In the case of rectangular footings, there is a concentra-
tion of the reinforcement close to the column. Thus, the
calculation of square and rectangular footings is deter-
mined by Equations (12) and (13) as:

12
Md = O'tb7 (12)
and
A = Md_ (13)
wfijd

where, M, is the required moment, £, is specified yield
strength of the reinforcement, ¥ is a strength reduction
factor that assumes values of 0.90, and j is a dimension-
less ratio equal to 0.95.

2.2.2 Shear Design. In this section is presented the
shear criteria methodology for NBR 6118, Eurocode 2
and ACI 318.

* Design according to NBR 6118

The model adopted by NBR 6118 [2] consists of check-
ing the shear on two or more critical surfaces. The first
critical surface (contour C) is on the face of the column
and the diagonal compression stress of the concrete
must be checked through the shear stress. The second
surface (contour C’) is “2,” away from the face of the
column and must be checked for resistance to diagonal
traction through a shear stress. The respective critical
surfaces C and C’ can be seen in Figure 3.

i
C 1
Critical Perimeter

Figure 3. Critical perimeter of internal columns. Source. [2].

In Figure 3, the contour C corresponds to the shear

force analysis and the contour C’ corresponds to the
punching rupture analysis.
According to NBR 6118 [2], in rigid footing, the shear
acts in both directions with only the need to check the di-
agonal compression. In traction diagonal strength, there
is no need to check it, because this phenomenon does
not represent a risk of rupture. Moreover, the diagonal
compression is located inside the hypothetical punch-
ing cone and the diagonal traction outside it. Thus, in
rigid footings only the contour C should be checked.

In flexible footings, the NBR 6118 [2] affirms that
the effect of the shear force is verified by the diagonal
compression and the verification of the punching is per-
formed for the diagonal traction. Therefore, the verifi-
cation must be carried out on the contours C and C’. In
this item, NBR 6118 presents an inconsistence, since
the inclination for classification as to stiffness is differ-
ent from the inclination of the punching cone and there
may be cases in which the footing is classified as flexi-
ble and yet is still inside the punching cone (Figure 4).

Figure 4. Punching cone inclination and stiffness limit inclina-
tion.
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In contour C (see Figure 3), NBR-6118 [2] estab-
lishes that for an internal column with symmetrical
loading, the required shear stress (z,;) must be less than
or equal to the resistant stress of diagonal compression
of concrete on surface C (zz,,) given by Equations (14)
and (15) as:

Tsa = — < Tra2 (14)
uyd
with:
T =027, f, (15)

where, F,is the calculating force for shear and punch-
ing analysis, a, = (1 - £, / 250) with £, in MPa and u,
corresponds to the critical perimeter in contour C ac-
cording to Figure 3.

The verification of punching rupture (Contour C’) is
given by NBR 6118 [2] for structural elements without
punching reinforcement by Equations (16) and (17).

ru=<r, (16)
ud
with:
Tan =0.13(14~/20/d)(100p£,)"  (17)

in which, 7z, is the diagonal traction strength of con-
crete on the surface C’ and p is the geometric rate of
flexure reinforcement.

In the presence of capitals (variable height footings),
NBR 6118 states that the verification of the same must
occur in the contours C’; and C’, as indicated in Figure

Figure 5. Critical perimeters in capitals. Source. [2].

In Figure 5, d is a useful height of the section for
capitals applied in the C’, contour, d. is a useful height
on the face of the column; d, is a useful height in the
C’, contour and /. is a distance between an edge of the
capital and a face of the column.

In the design of spread footings with capitals, the value
of /. must be compared to the dimensions d, and d. Ac-
cording to NBR 6118 [2], if /. < 2(d. - d), only the C’,
contour is verified. However, if 2(d, - d) <lc <2d,, only
the C’, contour is verified. Otherwise, if /. >2d., both
contours must be checked.

* Design according to Eurocode 2:
The shear rupture must be checked in two ways. The
first verification is in a single direction, due to a shear
force and the second verification in both directions, due
to the punching effect. However, shear effect should
only be analyzed on flexible footings.
In [5], the verification of the shear is made for the larg-
est footing dimension. The shear effect is given by
Equations (18) to (22) as:

Vi <Py (18)
with:
Ve, =0o,b(l-4d) (19)
and
Vea = Jobd (20)
with:
£, =0.1260100p£,)" > £, (1)
and
fon =0.05E72 £ (22)

in which, Vg, is the calculating shear force, V5, is the
ultimate shear force, o, is estimated soil stress and £, is
the virtual shear resistance, f;,, is the minimum virtual
shear resistance with & =1 + (200 / d) 1/2 with d in
millimeters.

The punching effect for [5] is considered in footings
with flexion in two directions and will depend on a crit-
ical section at a distance of “2d” from the face of the
column. Consequently, the critical section is similar to
that adopted by NBR 6118 [2]. The punching effect is
verified by Equations (23) and (24) as:

Tsa < Jor (23)

with;
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” 24)
in which, g, is the punching shear stress, f;,, is calculat-
ed by Equation 21, u, is the critical perimeter [S] and F,
is calculating force for punching.

« Design according to ACI 318
In [6], the shear verification is for one and two direc-
tions. In one direction analysis, the verification is by
shear force effect where inclined cracks happen along
the footing width.

The ACI 318 [4] affirms that the shear rupture in one
direction is decisive in the combined and rectangular
footings. The design is similar to that of flat beams and
must be verified. The shear effect in one direction is
given by Equations (25) to (27) as:

Vsa SWV, (25)
with:
Vu =0,(~d)b (26)
and
V. =524bd.[f, @7

in which, Vy, is the shear force between a distance d
from the column surface and the footing edge (See [6]),
V. 1s the shear strength force with fck in kN/m?, g, is
the estimated soil stress, ¥ is strength reduction factor
equal to 0.75 and 1 is the edge of the footing dimension
to be analyzed.

The two directions shear verification is for punching
effects. The punching shear effect is detected by cracks
in the pyramid shape. The verification of the punching
effect [6] must satisfy the Equations (28) to (30).

Vea WV, (28)
with:
Ve =0,(ab—(a, +d)(b, +d))  (29)
and
4
V. =2.63 (2+ —)uma’ S (30)
B.
or

V, = 4(2.63u,d\[f,) (1)

ad

u

m

Vc=2.63{ +2]umd . (32

where, f, is the ratio between the largest and smallest
column dimensions, um is the critical perimeter [6] giv-
en as um = 2(a, + d) + 2(b, + d) , « is the useful height,
a, 1s equal to 40 for a centered column. The choice of
the ¥, is given by the minimum value of Equations (30)
to (32).

3. Analytical examples

Three dimensioning examples of rigid and flexible
spread footings is be presented with £, =30 M,,, using
the processes presented in the previous item. In the first
example, the footing is rigid for NBR 6118 and Euroc-
ode 2. In the second example, the footing is flexible for
both. In the last example, the footing is flexible for NBR
6118 and rigid for Eurocode 2. Moreover, the design of
ACI 318 is considered in the three examples, regardless
of rigidity. In Table 1 is shown the parameters for these
examples.

Table 1. Parameters for examples. _
Load

Example (N) h (cm) ho (cm)
01 2400 70.00 25.00
02 400 45.00 20.00
03 1700 60.00 20.00

In Table 1, each example has different loads and
heights that influence the stiffness of the footings. The
width and length dimensions are shown in Figure 6.

270

75

(i
SIT

h
ot | .

Figure 6. Design examples (Measurements in Centimeters).
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In Figure 6 and Table 1, it is observed that all exam-
ples have the same plan dimensions. The only change is
considered in load and footing height.

4. Results and discussion

The results of the flexion design are shown in Table 2
with A, corresponding to the reinforcement rate for the
dimension a = 270 cm and A, corresponding to the re-
inforcement rate for the dimension b = 215 cm . The
reinforcement values considered by the [6] model in all
cases were the minimum.

In Table 2, the reinforcement areas calculated by NBR
6118 for example 01 showed differences to the Euroc-
ode 2 with a relative error between 16 and 24%. The
values of NBR 6118 when compared with the method
of ACI 318 showed a relative error in the largest direc-
tion equal to 17% and in the smallest direction to 2%.

Table 2. Flexural design.

Flexion (cm?)

Example  Criteria o 0
NBR 6118 32.46 34.81
01 Eurocode 2  40.33 40.33
ACI 318 27.09*%  34.02*
NBR 6118 10.75*  13.50*
02 Eurocode 2 8.55 10.56*
ACI 318 17.42*  21.87%
NBR 6118 22.66 24 .31
03 Eurocode 2 33.85 33.85
ACI 318 23.22*  29.16*

*Minimum reinforcement values.

In Example 02, the reinforcement areas of NBR

6118 showed higher magnitudes than those of Euroc-
ode 2. The relative error was between 20% and 22%.
However, the relative error, when compared to ACI
318, was 62%.
In Example 03, the reinforcement areas of NBR 6118
were smaller than those of Eurocode 2 with a difference
between 39% and 49%. For the ACI 318, the reinforce-
ment presented a maximum relative difference value,
when compared to NBR 6118, in the smallest direction
of 20%. The shear effect is shown in Table 3.

In Table 3, the Example 01 shown that for NBR
6118, the V,, corresponds to a half of the resistance ca-
pacity V;,,. In case of ACI 318, the verification is per-
formed in the format of the requesting force represented
by approximately half of the footing resistant strength.

Table 3 also shows that in Example 01, there is no
punching rupture for NBR 6118. For Eurocode 2, there

is no need to verify the shear and punching effects.
However, for ACI 318, the 7, is practically equal to
maximum resistant capacity ..

In Example 02 Table 3, the shear force considered
by Eurocode 2 and by ACI 318 corresponded to 25%
(approximately) of the maximum resistance capacity of
each code. However, when verifying contour C, the V,
had reached less than 15% of the maximum capacity
V- In punching effect, NBR 6118 was the most dis-
cerning. The stress due to diagonal traction (Contour C *)
was at the limit of the footing capacity.

Table 3. Shear design.

Shear
Example Criteria Force Punching
(kN) (MPa)
Vsa=3360.00 -
DI Ve = 6133.13 -
01 Eurocode 2 - -
Vsa=456.71 7sa=1.03
ACI318 =890.00 z.=1.05
Vsa=560.00 75a=0.43
B e
Vsa=130.05 7sa=0.23
2
. ) e
Vsa=127.25 7sa= 0.41
wot =52905 7.=105
NBR 6118 Vsa=2380.00 -
Ve = 520446 -
03 Eurocode 2 - -
Vsa=408.58 7s4=1.00
e

(-) Do not verify.

In Table 03, the tSd for punching effect of Example
02, considered for Eurocode 2 and ACI 318 values be-
tween 37 and 39% of the resistance stress of each code,
respectively.

In Example 03, the shear force of ACI 318 model
reached half of the maximum capacity. In NBR 6118,
the contour C presented 46% of the footing resistant
capacity. However, the verification of diagonal trac-
tion has become impossible, as the flexible footing is
located inside the hypothetical punching cone. In case
of ACI 318, the 1Sd reaches the maximum punching
resistance capacity.

The Example 03 also shows an inconsistency in the
punching effect for NBR 6118. This inconsistence is
demonstrated in Figure 7.
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Figure 7. Contour C’1 for NBR 6118.

In Figure 7, the contours C’1 and C’2 are outside the
footing dimensions and, therefore, there is no verifica-
tion adopted by the Brazilian code. Thus, a new meth-
odology is necessary for it.

5. Conclusion

In flexural design, the reinforcement areas, in examples
01 and 03, resulted in values greater than the minimum
for both NBR 6118 and Eurocode 2. However, in all
cases the reinforcement rates of ACI 318 were minimal.

In Example 02, the reinforcement areas dimensioned

by NBR 6118 allowed values closer to those of Euroco-
de 2 than those of ACI 318. In Examples 01 and 03, the
values of ACI 318 are close to those of NBR 6118 and
lower than those of Eurocode 2.
The shear design was determined by the height of the
footing and consisted of checking the resistance to
shear and punching criteria. The criteria adopted by
NBR 6118 are considered rigorous and through the ex-
amples shown it was possible to foresee inconsistency
in their dimensioning. The slopes considered by it allow
flexible spread footings within the hypothetical punch-
ing cone. However, for Eurocode 2 in flexible footings,
the classification inclination to stiffness coincides with
the inclination of the punching cone so that there is no
inconsistency.

The verification of the shear force by NBR 6118
consists only of the analysis of the diagonal compres-
sion stress, that is, the verification of the C contour. For
Eurocode 2 and for ACI 318 the verification of the shear
force is performed in one of the footing dimensions.
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