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Abstract

25 This paper presents a discussion on different ways of assessing the safety of concrete structures
26 applying Reliability Analyses. The usual design approach based on the Ultimate Limit States (ULS) is
27 confronted with the Global Resistance Format, as defined in fib Model Code 2010. The Global Format
considers the several uncertainties present in the structural behaviour through a pre-defined limit
state in which one or more loading variables are increased by a A factor, until a collapse situation is
attained. In this evaluation, the variables related to the actions and to the resistances are taken with
32 their average value. The obtained values for the A factor shall be compatible, in the safety point-of-
33 view, with the S reliability factors corresponding to the required safety levels. A conventional building
34 is analyzed, and the obtained reliability factors corresponding to the two approaches are presented. It
35 is shown that the application of the Global Resistance Format can lead to more economical structures.
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already presented by them (for instance, [4]). The
sequence of the paper follows the topics
summarized in the sequel.

1. Introduction

With the introduction of the concept of Global

Resistance in the fib Model Code 2010 [1], in its
item 4.6, from the conceptual aspects exposed,
for instance, by Cervenka [2], new studies for
evaluating the safety associated with the design
following these new concepts are necessary.

The adequate approach for this evaluation is the
Reliability Analysis, as exposed, for instance, by
Melchers and Beck [3].

The analysis herein presented follow the research
line developed by the authors, including new
results and conclusions regarding previous papers

The central frame in a conventional building is
selected for the presented analysis. A symmetrical
conventional structure has been chosen, instead
of a real one, in order to facilitate the analysis of
results.

The building is subjected to a loading situation
compatible with the one present in a real one,
with the simultaneous application of dead loads
and wind.

The design is done according with the Brazilian
Standard for the Design of Concrete Structures [5],
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which follows the same design philosophy of the
Eurocodes.

For the Global Resistance Analysis, it is necessary
to revaluate the maximum resistant forces in the
structural sections using, instead of the design
values of the resistance, their average values.
Then, a A factor shall be found, that increases the
forces up to the final collapse situation.

Reliability analyses are done using the computer
program VAP [6]. Reliability indexes are found for
a conventional sectional analysis and for the final
collapse situation of the Global Analysis.

Obtained results are analysed and compared,
leading to the conclusion that the Global
Resistance Analysis can be applied without
jeopardizing the structural safety.

2. Analysed structure

The structure analysed in this paper corresponds
to a schematic building presenting thirteen floors.
It is shown in Figure 1, the plan view of a typical
floor of the building and a frontal view of its
central plane frame.
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Figure 1. Plan view of a typical floor and the
transversal plane frame of the analysed building

The two considered loadings correspond to dead
loads and wind pressure. An area load of 8 kN/m?
is assumed as the dead load and a resulting
transversal horizontal area load of 1 kN/m? is
considered for the wind load.

The resultant loads applied in the model are nodal
loads of 18 kN (wind, in left side of the frame) e
linear loads in the beams of 48 kN/m (dead load).

The considered dimensions and the necessary
steel reinforcement are adjusted for resisting the
forces obtained in the elastic analysis
corresponding to the design in the Ultimate Limit
State (ULS).

Characteristic values for the concrete and steel
resistances are, respectively, f, = 30 MPa and
fy="500 MPa.

Columns have dimensions of 50 cm x 50 cm in
plan and steel reinforcement corresponds to 72
cm?, as schematically shown in Figure 2. This
section is considered as constant throughout the
height of the building.

As=72 cm?
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Figure 2. Sectional definition of the columns

The dimensions and reinforcement of the beams
are adjusted in each floor, accordingly the acting
forces. This is necessary in order that the posterior
Global Analysis, which considers plastic hinges in
each floor, be consistent, as is shown later on. The
reinforcement of the beams is designed for the
strictly necessary amount of steel.

For instance, in the first floor, the dimensions are
of 15 cm x 110 cm and the reinforcement of 22.73
cm?; in the eleventh floor, the dimensions are of
15 cm x 85 cm and the reinforcement of 16.7 cm?®.

3. Deterministic analysis — Ultimate
Limit State

The more relevant results of the elastic structural
analysis of the central frame are shown in Figure
3: maximum bending moment in the beam of the
first floor and maximum moment and normal
force in the first floor column base (results are
characteristic values).
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Myeu = 613.6 KNm //

Meotuma =347.8 kNmZ— Z_

Ncolnnm =3565.7 kNT

Figure 3. Relevant results of the elastic analysis

The reinforcement check of beams and columns
for the maximum design forces is done using the
spreadsheets developed by Santos [7]. The
corresponding interaction curves are shown in
Figures 4 (first floor beam) and 5 (column). The
forces are increased by the partial factor y;=1.4.
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Figure 4. Interaction curve for the beam design
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Figure 5. Interaction curve for the column design

4. Deterministic analysis — Ultimate
Limit State

For the Global Analysis it is necessary initially to
obtain the interaction curves corresponding to the
resistance of beams and columns, considering the
average values of the materials resistance,
according to item 4.6.2.1 of fib Model Code 2010
[1]. Then, these curves for the previously analysed
sections are drawn, for evaluating the forces
resisted by then in this condition.

For obtaining the average values of the
resistances, it is necessary to take into account
that the definition of the characteristic values of
the resistance of the materials considers the
quantile of 5%.

Considering for the resistance of concrete and
steel the coefficients of variation (COV = standard
deviation/average value) respectively equal to
0.15 e a 0.05, the relationships between average
values and characteristic values (bias factors)
result to be 1.328 e 1.089. Then, the average
values to be adopted are:

Concrete: f,,, = 1.328 . 30000 =39840 kPa
Steel: fym=1.089.500000 =544500 kPa

For the first floor beam, using the interaction
curve shown in Figure 6, drawn with the average
values of the resistances, the obtained maximum
resistant moment is 1151 kNm. This procedure is
repeated for the beams of all the building floors.

Segéo Transversal Concreto Ago CAS0A
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Figure 6. Interaction curve for the beams with
average values for the resistances



Page 50f 9

oNOYTULT D WN =

IABSE Symposium 2019 Guimardes: Towards a Resilient Built Environment - Risk and Asset Management

March 27-29, 2019, Guimaraes, Portugal

Similarly, for the column, the interaction curve
shown in Figure 7 is drawn, with the average
values of the resistances. The maximum resistant
moment is 1016 kNm, obtained after an
interactive process, in which the final value of the
maximum compressive normal force acting in the
columnis 5114 kN.
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Figure 7. Interaction curve for the column with
average values for the resistances

The formation of the plastic hinges in the beams is
considered. Only after the formation of the last
beam hinge, the hinges in the columns appears.

In this situation, the loading scheme that is
imagined consists in to maintain the values of the
dead loads in its average value and to increase
progressively the horizontal wind loads
multiplying them by a factor A.

In the Global Resistance Analysis it is necessary
initially to determine the average values of loads,
according to item 4.6.2.1 of fib Model Code 2010.

For obtaining these average values, the
relationships between average and characteristic
values (bias factors) are taken as 1.05 for the dead
loads and 1.187 for wind loads. This later value
corresponds to a reference period of 50 years and
to a coefficient of variation of 0.35.

In order to maintain the symmetry of the analysis
and for facilitate the analysis of the formation of
the plastic hinges, dead loads are considered as
point loads acting in the nodes.

Therefore, the average values of the point loads to
be applied in each node are:

Dead loads: D,,=1.05.8.6.5
Wind Loads: W,,=1.187 .9

= 252 kN
=10.68 kN

The analysis model is defined in order that as long
as the horizontal force is being increased, plastic
hinges progressively appears in the beams, as long
as the maximum resistant moment is attained in
them. The process stops when a final plastic hinge
appears in the column.

Relevant final results obtained in the Global
Resistance Analysis are shown in Figure 8.

nv rv

H = 2x37.40 kN (13x)
S

Mieam = 1151 kKNm

Meotumn =1016 kKNm Z
Ncolunu) = 51 14 kNT

Figure 8. Relevant results of the global analysis

The global safety factor (A) is obtained as:

1=33%_ 350

10.68

It is to be observed that this relatively high value
of the safety factor indicates that, considering the
concepts of the Global Analysis, the design of the
building can be optimized, allowing for a reduction
in the cost of the structure.

5. Probabilistic analysis for the
Ultimate Limit State - Beams

In the Ultimate Limit State, the probabilistic safety
evaluation is performed for each section of the
structure. Herein, the safety is evaluated in the
critical sections in beams and columns.

For the beams, in pure bending, the sectional
equilibrium is considered with an equivalent
rectangular block of stresses in the concrete,
following Brazilian standard, as shown in Figure 9.
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Figure 9. Equilibrium in the concrete section

Considering the equilibrium:

Fs = As.fy (1)
Fr = 0.85.f..b.0.8x (2)
z=d—04x (3)

Then, with Fs = F¢:
M = As.fy.Z = As.fy. (d - O4x) (4)

0.5 As.fy> -

M= Ag.f,[d——.
Sfy< 085 f..b

For the definition of the probabilistic variables,
the values summarized in Table 1 are considered.

Table 1. Probabilistic characteristics for the
reliability analyses

the sake of the simplicity they are not explicitly
included the several reliability equations to be
presented in the sequel.

The limit state function for bending moment
failure is given by:

fy

Flim = AS-fy- (h — cob — 0,588145 b f> -w (6)
“Jc

In this expression the variables still not defined
are b (section width), h (section height), cob
(distance between the reinforcement and the face
of the section) and W (bending moment in the
beam caused by wind action).

With basis in the values given in Table 1, the
variables considered in the reliability analysis of
the first floor beam are shown in Table 2.

Table 2. Probabilistic characteristics for the
reliability analyses of the beam

Average Standard

Variable Distribution () deviation (o)
h(m) Normal 1.10 0.01
b(m) Normal 0.15 0.0049

cob (m) Normal 0.05 0.005

A, (cm?) Normal 22.73 0.341

fe (kN/m?) Normal 39840 5976
fy (kN/cm’) Normal 54.45 2.7225
W (kNm) Gumbel 7283 254.91

Variable Distribution Bias cov
Factor orc
Dead load Normal 1.05 0.05
Wind Gumbel 1.19 0.35
Concrete Normal 1.328 0.15
resistance
Steel Normal 1.089 0.05
resistance
Steel area Normal 1.00 0.015
Re5|sta|.qce Normal 1.00 0.05
modelling
Loading
. Normal 1.00 0.10
modelling
?ectlohal Normal 1.00 4mm+0.006L
dimensions <10mm

Variables related to uncertainties in the modelling
of resistance and loads are accordingly considered
in the reliability analysis, as shown in Table 1. For

The reliability analysis is done using the computer
program VAP [6], applying the FORM method,
with the input data shown in Figure 10.

Limit State Function Basic Variables
Definition Name. Type Parameters

['; = AS*FY*((H-COB)-0.588*AS*F¥/B/FC) *MODR-W*MODS  AS N (22.73,0.341)
B N
cos N
= N
[7T]Results from FORM analysis
Y N
pf =7.6926-002 beta = 1.43 3 5
Name ¢ e
AS 2271 -003546 MODR N
FY 539 .01191 — =

H
COB 00501 0.01467 W TiL
8 4

FC

MODR 09902 -0.1374
w 1085  0.9449
MODS 1.037 0.2622

Figure 10. Probabilistic analysis of the beam

Main results of the analysis are:

Reliability index: f=1.43
Probability of failure: p;=7,692 X 1072

Page 6 of 9
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This very low value obtained for the reliability
index S is compatible with the situation of a beam
subjected only to the variable wind load, which
presents a high coefficient of variation
(cov=0.35).

6. Probabilistic analysis for the
Ultimate Limit State - Columns
For the columns, initially the variables, mechanical

reinforcement ratio ®, reduced normal force 7
and reduced bending moment x are defined:

Asf, N M
"=onf P bRz, D

WA

It is supposed that, around the design point, the

variables o, # and u could by related through the

linear relationship, given by Equation (8).
w=A+Bu+C

This relationship is graphically shown in Figure 11,

drawn on an adimensional chart for the design for

eccentric compression presented in [7].

After some adequate substitutions, the limit state
equation (9) is obtained:

Fim = As" f, +0.6129-b - h-f,
2.8802- M

—-0.7268-N  (9)
h

With basis in the basic values given in Table 1, the

probabilistic variables to be considered in the

reliability analysis of the column are defined, as

shown in Table 3.

Table 3. Probabilistic characteristics for the
reliability analyses of the column

Variable Distribution Av(e;;:ge des\:iaa :i‘iar:((’o)
Z ((’r:)) - Normal 0.50 0.007
M (kN.m) Gumbel 412.9 144.5
N (kN) Normal 3744.0 187.2
A, (cm?) Normal 72.0 1.08
£ (kN/m?) Normal 39840 5976
£, (kN/cm?) Normal 54,45 2,72

Graéfico de Interagdo Adimensional -Tipo 1- d'/h = 0,10 - C50

055
050 -
T s V N
T 0w ey —
'g 035 / K ---w=02
5, P iy X +w=04
g om0 y S
T o AVAVZAPNR AN e
£ - ’. d B N =10
g 015 Fai » o \A\ \
2 0,10 .p" £ / o \ «,A \
005 J?{Jr Vi ;' N A\ \\
0,00 [ / f J, / \J_ \ \

'-Z‘OD 17 -150 -125 -100 075 050 025 000 025 05 075 100

Normal adimensional (1)

Figure 11. Linear relationship between
adimensional variables

For the analysed column the following values are
obtained:

A=-0.6129;B=2.8802;C=0.7268

(compression with positive value)

The reliability analysis is done using the computer
program VAP [6], applying the FORM method,
with the input data shown in Figure 12.

Limit State Function Basic Variables.
Definition Name. Type

MODS

NP 377
MODS 1.088 0.3347

Figure 12. Probabilistic analysis of the column

Main results of the analysis are:

Reliability index: =291
Probability of failure: p;=1.781 x 1073

This relatively low value obtained for the reliability
index £ can be explained, since the column is
subjected to the simultaneous action of dead and
variable loads, the later one with a high coefficient
of variation and representing a relevant part of
the total load (around 47%).
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7. Probabilistic analysis for the Global
Resistance Approach

For the reliability analysis in the collapse situation
corresponding the Global Resistance Approach, it
is initially necessary to relate, using equilibrium
equations, the vertical and horizontal forces acting
in this situation, the maximum bending moments
resisted by the beams and normal forces and
bending moments acting in the base section of the
critical column.

In the analysis presented in the sequel, the
reliability index f related to the factor A equal to
3.5, corresponding to the conventional design in
the Ultimate Limit State is determined.

The bending moment and normal force M oumn
Ncowmn acting in the column base can be written
as:

Mcotumn = 273 X Fy — Z Mpeams (10)

(2 x 273 Fy — 2 X Mcorumn)
Neotumn = 10

(11)
+13-F,

In these equations, Fy and Fy are, respectively, the
numerical values of the horizontal and vertical
forces acting in each node of the frame.

After some adequate substitutions, the limit state
function (12) is obtained:
Fim =As-f, +0.6129-b-h-f,
2.8802 - (273 Fy — Y Myeams)

h (12)
—0.7268 x (13 “Fy + o.zz Mbeams)

With basis in the basic values given in Table 1, the
probabilistic variables to be considered in the
reliability analysis of the column are defined as
shown in Table 4. The considered values for the
average value and standard deviation for the
bending moments in the total thirteen beams are
found applying the equations (13):

U= X Hpeams: O = ‘/Z Glzzeams (13)

Table 4. Probabilistic characteristics for the
reliability analyses, Global Safety

Average Standard

Variable Distribution ) deviation (o)
b{m) = Normal 0.50 0.007
h (m)
Mseams Gumbel 9193 267.1
(kN.m)
Fv (kN) Normal 252.0 12.6
Fy (kN) Normal 10.68 3.74
A, (cm?) Normal 72.0 1.08
£ (kN/m?) Normal 39840 5976
£, (kN/cm?) Normal 54,45 2,72

The reliability analysis is done using the computer
program VAP [6], applying the FORM method,
with the input data shown in Figure 13.

Limit State Function
Definition

G = (AS*FY+0.6129*B*H*FC) *MODR-2.8802* (136.5*FH-MV) *MODS/H-0.7268* (13*FV
+0.2*MV) “MODS
Basic Variables

ame Type bacameiets 8] Resuits from SORM analysis

AS N (72,1.08)
- : — pfl = 6.1376-005 beta1 = 3.84
B N 0.5,0.007) pf2 = 6.019¢-005 beta2 = 3.85
FC N 3.984e+04,5976) Name xd  alpha
AS 7199 -0.003063
FH TiL 21.37,7.48) FY 5434 -0.01023
== = TR T B 04999 -0.004336
5 H 0.4998 -0.008759
FY » $4.45,2.723) FC  3.874e+04 -0.04776
. R _ v MODR 0995 -0.02682
= N gc8E 02007 FH 7411 09949
MODR N 1,0.08) MV 9091 -0.06595
MODS 1019 0.05041
MODS N 1.0.1) FV 2523  0.006366
TiL 9193,267.1)

[7] Results from crude Monte Carlo analysis, 1000000 samples
pf =5.000e-005 cov =7.521e+003 beta=3.89
mean = 4242e+04 sdev = 6903

Figure 13. Probabilistic analysis, Global

Main results of the analysis are:

Reliability index: [=3.84
Probability of failure: p;=6.137x10"

The value obtained for the reliability index £, for
the structure designed according the criteria of
the Ultimate Limit State is superior to the usual
limit 8 = 3.8 for the reference period of 50 years.
This means that, following the Global Resistance
Approach, the design can be further optimized,
leading to a more economical solution.

This can be seen graphically in Figure 14, where an
evaluation of the relationship between the
reliability index g with the parameter A, global

Page 8 of 9
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safety factor, evaluated using the average value of

the involved variables, is shown.

45

4

2 2,5 3 35
Figure 14. Relationship A x

8. Conclusions

From the results of the reliability analyses herein

presented, it can be concluded that

application of the Global Resistance Approach can

lead to more economical structures.

Table 5 summarizes the results obtained in the
several analyses. The global safety factor A
corresponding to the usual design in Ultimate
without

Limit States could be reduced

jeopardizing the global safety.

It can be noticed that usual reliability analysis in
isolated sections can lead to distorted results,

since the structural systems behave as a whole.

Table 5. Results of the several performed reliability

analyses
Analysis p
Beam 1.43
Column 291
Global, A = 3.50 3.85
Global, A = 3.00 3.37

For the effective application of the herein exposed

concepts more studies are necessary.

A normative definition for the maximum value for
the parameter A to be considered in the design is

still necessary.

This global safety factor shall have higher values in
situations in which fragile collapse can occur and
lower in situations of ductile rupture.
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