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ABSTRACT

A reliability-based rating of the BS8110 (1985) design
criteria for reinforced concrete colums is attenpted in this
thesis. The rating is based on the First-Oder Second Mnent
Integration Technique. Limt state equations for axially | oaded
short col ums, short colums w th bendi ng, slender colums and
short columms subjected to biaxial bending are derived and
their inplied reliability |evels eval uated.

Al the basic design variables involving cross-sectional
resistance and loading are treated as random variables wth
their statistical characters adopted from literature. The
results show that the BS8110 (1985) design requirenents are
highly inconsistent and very conservative having a range of
reliability index, 0, from1.04 to 8. 03. Considering varying
practical values of the decision variables, the code provides
an average O-value of 4.35 (i.e. pf = 6.79 x 10-%9 for the
different colums studied. It is also found that the criterion
for the design of short colums in biaxial bending is the nost
I nconsi stent and conservative while short colums w th bendi ng
have the least indicating a better capacity prediction.
Sensitivity anal yses show that the O-values for axially |oaded
short colums are influenced nost by cross-sectional dinensions
and load while for short colums wth bending and slender
colums the effective depth is the nost influential. The O-

values for short colums in biaxial bending is influenced

Vi



substantially by all design variabl es except concrete strength
and concrete cover. The work concludes by providing sone
sanple charts suitable for designing to specific reliability

| evel s.
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A, Area of concrete section

A, Area of steel (reinforcement) under tension

A, Area of steel under compression

ay Deflection of column due to buckling
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about y-y axis

4 Effective depth of c¢column section

d Concrate cover

E Young modulus of the concrete material
EL ] Expected value (mean)

.44 Eccentricity caused by additional moment
Fe(s) Cummulative distribution fuction for R
Fey Characterigtic concrete strength

Felg) Probability density function for S

£, Characteristic strength of steel

G Concantrated dsad load

g Uniformly distributed dead load

g{ ) Safety Margin

h Ovarall depth of the section in the bending plane

about x-x axis.

I Second moment of inertia of the columh section
J Number of floors

K Reduction factor for deflecticn

L Length of column

Loy Effective length of column along the x-X axis
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CHAPTER ONE
INTROCDUCTION

1.1 General

Columns are vertical shafts designed to transmit
compressive vertical loads and moments from beams, slabs, other
columns and wind loads. They form an integral part of a
gtructure ag they help to tranasmit almost all and in some cases
all of the loads from the superstructure to the foundation.
Thisg implies that the design of columns must be carried out
with extreme caution because their failure might 1lead to
gerjious consequences like total collapse of the structure and
logg of lives, Bence it is necessary to devote particular
attention to the evaluation of the level of safety of the
degign criteria for c¢olumns as prescribed by any code of
practice,

The design of reinforced concrate columns has always been
carried out hased on limits and specificationsg laid down by
codeg of practice such as the British Standard BS8110 (1985)
and other recommended codas which have been found to be very
congervative [e.g. Ellingwood, 19771. The BS8110 (1985), just
like many others, is daterministic in nature and prescribes
very unique conservative factors of safety and therefore does
net accurately take into consgideration the non-deterministic
behaviour of real life gtructural problems.

Uncertainties exist in the design of reinforced concrete



columng Jjust a& in most areas of Civil and Structural
Engineering, Rational decigions and results cannot therefore
be achieved without modelling and taking the uncertainties into
account, Uncertainties include human errors, negligence, poor
workmanship, neglected loadings, prediction of the failure
events and modelling. Underestimation of these uncertainties
gometimes leads to adverse resultsg such as collapse. Events
that have beean unimaginable and have let to structural failure
include (Melchers, 1987) the collapse of the Tay bridge in 1879
due mainly to underestimation of wind loads in a stormy
condition, the Tacoma bridge in 1940 due to wind 1load
excitement of the deck (Melchers, 1987) and the collapse of a
bridge in south Korea in 1994 due to overloading.

In order to evaluate the effect of uncertainties, advanced
principles of reliability are employed. The reliability based
rating reported in this thesis does not only examine the
uncertainties and consegquences of failure but also brings out
the level of safety associated with the BS8110 de=ign criteria

for reinforced concrete columns.

1.2 Problem Statement and Justification of Study,

The B38110 (1985) which is prescriptive and deterministic,
does not consider explicitly the wvariability inherent in the
de=ign variables usually considerad during design. Unique
values known as safety factors are assigned to thege variables

of the deszign egquations with inadequate congideration given to



their uncertain characteristics. This is well noted in their
lack of invariance of the safety measures introduced by the
code of practice, For example, patrtial factors of gafety
depend on the 1limit state being considered, hence on the
definition of the loads {live and dead) and the strengths.
However, even for a given limit state, loads and strengths
congidered are not necegsarily unique and therefore the partial
factors may not be unique aither {Melchers, 1987},

It is unfortunate that in spite of the incorporation of
these so called safety factors, the current deterministic
design methods cannot provide congistent safety levels, A
recent investigation (Afolayan, 1990) showed that safety levels
implicit in two international codesg viz: AI8I (1968) and ECCS
{1987) for eold formed structural steel members are not
consistent. Similar results for other engineering materials
can be found in literature (e.g. Bjorhorde, 1972; Chapiug and
Galambog, 1982}, These investigations confirm the fact that
the appliied safety factors cannot adequately compensate for the
randeomness axhibited by experimental data on material strengths
and applied loads (e.g., Tall and Alpstein, 1969).

The inconsistency of the levels of safety and the
unexpected failure of some structures due to uncertainties or
any other reasons justify a code review not only to check and
maintain gafety level but alsgso to properly accommodate

randomness and uncertainties encountered during design.



1.3 Aim
To verify whether the safety levels asgsociated with the
BSB110 (1985) design criteria for reinforced concreta columns

are adequate and congistent.

1.4 Objectives
fi) To derive the 1limit state equations for the
various modes of failure for reinforced concrete
columns.
(ii) To compute the gafety indices for the various
design criteria.

(1ii) To provide isosafety design parameters,



2.1

CHAPTER TWO
LITERATURE REVIEW

Columns:

Columhs are primarily compression members although they

may also resiar bhending forces due to continuity of the

structure and lecading pattern. For analvtical convenience it

ig na

{(a)

(b)

cessary to group columng into two categories:

Braced columnsg: which are c¢olumns in which the lateral
loads are resizted by walle or some other form of bracing.
Unbraced columns; columns in which the lateral loads are

resiastad by the bending action of the columns themselves.

Based on dimensions, columnys are also clasgified as

(A)

(i)

(ii)

Short Columns

These are columng in which both L,/h and L”/b are

less than 15 for braced columnsz.

lessg than 10 for unbraced columnsg.

In these cases L,, 15 the effective length with respect to
the x-X axis, Ley is the effective length with respect to
the v-vy axig, h is the overall depth of the gection in the
bending plane about x-x axis and b is the overall depth of
the section in the bending plane about y-y axis.

The effective lengtha are calculated from the axpression

L, = ml (2.1)

whera 1, 18 the c¢lear distance hetween the column restraints and

m is the coefficient which depends on the degras of end



restraints as specified in Tables 3.21 and 3.22 in the BS8110
(1985).

Short columne can resist a substantial amount of hending
and they normally fail by crushing.
(B} Elender Columns:

They are columns whose either one or hoth of the ratio
Ly/h and Ly /b are:
(1) greater than 15 for a braced column
(1i) greater than 10 for an unbraced column

8lender columns fail by buckling due to end moments
causing it to deflect sideways and generate an additional
moment M,y given by the exprezsion.

Magg = Neaqq (2.2)
where N is the axial vertical force and e,; is the eccentricity
caused by the additional moment., This additional moment causes
a further lateral deflsection and if the axial load exc¢eeds the
critical value, this deflection and the moment would become
self-propagating until the column buckleg., The critical load
for a pin-ended gtrut was derived by Euler as showh below

x*El
=3 (2.3}

Norir =

in which E is the Young modulus of the column material, I is
the second moment of inertia of the column gection and L is the
length of the column, The buckling effect and the deflection

of a slender column is illustrated diagrammatically in Fig. 2.1



Lood N

Moment M

Fig. 2.1: Slender column with lateral deflection [Mosley and

Bungey, 1989]

Some columns possess some properties of both short columns and
slender columns. Such columns may be «classified as
intermediate columns.

Previoug studieg [e.g. Mosley and Bungey, 1989] have shown
that reinforced concrete columns have the following failure
modes:

{a) Crushing or material {failure with negligible lateral
deflection. This type of failure usually occurs with
short columns and can also occur when there are large end
moments on a column with intermediate slenderness ratio.

{(b) Material failure intensified by lateral deflection and

additional moment. This tvpe of failure 1s typical with



intermediate columns.

(¢) Buckling or instability failure occurs in slender columns
and 1s liable to be proceeded by excessive deflection.

The collapse of columns in buildings is often very
critical as columns usually form the main structural support.
Failure of some reinforced concrete columns have been recorded.
Examples include a 1092mm diameter reinforced concrete columns
of the Macuto-8heraton hotel which exemplified shear-
compression failure due to the Caracas earthquake in 1967 [Park
and Paulay, 1975]. Another reinforced concrete column failure
was also recorded when the lower story columns of Olive View
Hospital collapsed and these were as a result of the San
Fernando earthquake in 1971 [Park and Paulay, 1975]. Columns
of several buildings and many other structures suffered serious
damages during the earthquake which hit Japan 1in the early
period of 1995. These and many other recorded structural
failures serve as an indication that a review of most if not
all of the codified design for reinforced concrete columns is
necessary especially in the earthquake regions.

The strength of reinforced concrete columns was studied
using Linear regression analysis of column test data by Shah in
1964. However, the regression equation is not directly related
to the ultimate strength theory presently used in reinforced
concrete design. Moreover, the contribution of statistical
variability in the individual parameters to the coefficient of

variation 1in the column resgistance was not determined.



Ellingwood (1977) examined the reinforced concrete beam-column
resistance using Monté-Carlo techniques. Sensitivity of the
uncertainty in resistance, measured by 1its coefficient of
variation to changes 1n section geometry, strength properties,
quality control and local eccentricity were determined.
Ellingwood's study showed that the analysis of uncertainties
plays a central role in the derivation of reliability-based
design safety factors. His study also revealed that, depending
on the manner in which the section resists external load,
individual uncertainties may contribute disproportionately to
the uncertainty in resistance.

In this study, the safety indices for the various failure
criteria for reinforced concrete columns are determined using
the First Order Reliability Method (Gollwitzer et al, 1988).
Sensitivity tests are also carried out for geometric, strength
and load parameters. Gumbel, Log-normal and normal
distributions were used for load and steel strength to see how
they affect the level of safety and consequently to ascertain
whether the design equationg lead to over or underestimation of

the strength of such structural members.

2.2 The British Standard Structural Code of Practice, BS8110
(1985)

According to Thoft-Christensen and Baker (1982) structural
codes are documents which by their very nature, are subjected
to periodic revisions and amendments. The BS8110 (1985), which
is the revised version of CP110 (1972) 1s a prescriptive and

9




deterministic code of practice in which the nominal styengths
of the structural members, based on the code's specification
are governed by a number of partial coefficients or by an
equivalent means. The BS8110 (1985) provides recommendations
for structural use of concrete in buildings and structures
excluding bridges and concrete made with high alumina cement.

To account for uncertaintieg in design, most building
codesg just as the B3B11(Q (1983) use factors of safety which are
usually bhased on engineering judgement and previous experisnce
with similar structures. Some buildings codasz including BSB8110
(1985) also apply geparate partial safety coefficients to load
and strength variables in an attempt to relate the contribution
of each variable towards the establishment of the overall
gafety factor,

However, different empirical consgiderations, as prescribed
by theze codes, employed in practical design methods have their
drawbacks., The use of a single-valued safety factor which
connoteg that the prediction of load and strength 1s invariant
appears questionable since certain strengths and loads are more
predictable than others. 1In addition, the adequacy of those
factors giving ragards for aconomic limitations calls for an

appraisal of the conventional adoption of safety factors.

2.3 Uncertainties:
Uncertainties ¢ah be considered ag an unpredicted state of

nature resulting from incomplete information, Uncertainties

10



may not be controlled nor reduced, hence the need to be
properly considered during design. Identification of
uncertainties in complex systems may be difficult. It may bhe
advantageous to use a systematic scheme to help to enumerate
all operations and environmental loading states and for each
consider possible combinations of error or malfunction.
Melchers (1987) reviews and classifies some of these
uncertainties as phenomenoclogical, deciszion, modelling,
physical, statistical and human error. These uncertainties can

be represent schematically as shown in Fig. 2.2.

Decision fest = Phenomenological
4
- Modelling -
4
Physical = Predictiont——w{Human factors

T Statistical T

Fig. 2.2: Uncertainties 1s Reliability Assessment (Melchers,
1987)

2:3.1 Phenomenological Uncertainty
Sometimes an apparently unimaginable phenomenon can occur
and leads to failure. The Tacoma Narrow Bridge which collapsed
due to wind load excitement of the deck 1s an example
(Melchers, 1987).
11



Phenomenological wuncertainty may be considered to arise
whenever the form of construction or the design technique
generates uncertainties about any aspect of the possible
behaviour of the structure under construction, service and

extreme conditions.

2.3.2 Decision Uncertainty

Decision uncertainty arises 1in connection with the
decision as to whether a particular phenomenon has occurred.
In terms of limit state it 1is concerned purely with the
decision as to whether the limit state violation has occurred.

It is a question of relative loss of structural usefulness.

2.3.3 Modelling Uncertainty:

Modelling uncertainty is caused by the use of simplified
relationship between the basic variables to represent the real
relationship or phenomenon of interest. 1In 1its simplest form,
modelling uncertainty concerns the uncertainty of physical
models such as the limit state equation. A special case of
model uncertainty relates to the treatment of human error and
human intervention effects., If sufficient information about
these effects 1is known, allowance could, in principle, be mode

for them in the modelling.

2.3.4 Physical Uncertainty

Physical uncertainty is that identified with the inherent

12




random nature of a basic¢ variable. Examplez include the
variation in steel yield strength, the variability of wind
loading, the variability of actual floor loading and physical
dimensions of a sgtructural component,

Physical uncertainty can be reduced but not eliminated
with greater availability of data or greater effort in quality
dontrol. It ig a fundamental property of the basic variablas,
The physical uncertainty for any basic variable is generally
not known and must be esatimated from observation of the

variabhle or be subjectively assessed.

2.3.5 Statistical Uncertainty

Statisgtical estimators such as the sample mean and higher
moments can be determined from available data and then used to
suggest an appropriate probability density function and
aggociated parameters. Generally, the observations of the
variable do not perfectly repragent it and as a result they may
be bias in the data as recorded. In addition, diffsrent sample
data sets will  usually produce different statistical
egtimators. This ¢ausesg statistical uncertainty. The process
of using sample statistical estimators to infer probability
distribution for a variable ig adequately described in standard
taxt {(e.¢g.. Benjamin and Cornell, 1970).

Statistical uncertainty c¢an be incorporated 1in a
reliability analysis by letting the paramsters such as means

and variance (and other parameters which desgcribe the

13



probability distribution) themselves be random variables.
Alternatively, the reliability analysis might be repeated using
different values of the parameters to 1indicate their

gensitivity.

2,3.6 Prediction Uncertainty:

The probability estimate 1s not only a function of the
properties of the structure and forces bhut also influences
likely to act on it. For example, if a reliability estimate
for a particular structural 1life time 18 required, the
analyst's uncertainty 1n the prediction of the life time (and
the loadings which might be expected during that time) enters

into the uncertainty of the reliability estimate.

2:3.7 Uncertainty due to Human factors:

The uncertainties resulting from human involvement in the
design, construction, usge and so on, of structures may, for
convenience, he considered under two categories,

(a) Human errors

(b) Human intervention.

Human errors can be divided roughly into human variability
due to natural variation 1in task performance and gross errors.
Gross errors are errors which occur in the normal process of
degign, documentation, construction and the wuse of the
structure within accepted procedures. Those errors which are

a direct result of 1gnorance or ovearsight of fundamental or

14




gervice requirements can also be considered as grossg error.

Survey carried out by Matousak and Schneider (1976) showed
that human error ig invelved in the majority of cases of
recorded failures. It therefore follows that human error must
ba congidered if a reliability assessment ig to relate to
reality. Unfortunately, understanding of human error is
limited and much of the understanding is qualitative.

Human 1intervention 1is noted in the process of design,
documentation and consgtruction and to some extent in the use of
structure. Some forms of intervention include design checking
to obtain building approval and sanctions for violations of the
law. Intervention may also be informal, such as may result
from the observation that something is wrong.

The inconsistencies of many codes of practice can be
attributed to the numerous uncertainties listed above. Hence
abgolute safety of a structure cannot be guaranteed due to
thege inherently random variabilities. Thig simply implies
that engineering has to deal with the prediction and estimates
of reality performed under conditiong of 1inadequate
information. If safety of an enginesring structure ig to be
assured, then all the uncertainties mentioned above must be

properly taken care of.

2.4 Structural Reliability
Reliability ig commonly defined as the compliment of the

probability of failure, but more properly, it ig the

15



probability of safety (or proper performance} of a structure
over a given periond of time. A common reliability expressgion
for structural members is through safety indices, or betasg as
they are commonly known., For example, let the reserve margin
of safety be redefined az g, then

g = Resistance - load = R - 8 (2.4)
The safety index, f§ iz then defined as

p=~§£ (2.5)
g

That is, beta ig the number of standard deviations for which
the mean margin of safaty falls on the safe side. Beta
provides an exact risk (failure probability) if R and 5 are
both normal distributicns. Both R and S may depend on several
random variables including material strength and loading. To
improve on the beta estimate, several methods such as the First
Order Reliability Method have been developed to be used in
complex situations.

Recent advances 1in structural code development are
primarily directed towards reliability baged framework of limit
state design or load and resistance factor dezign. Reliability
gtudieg have been carried out by several peocple [e.g., Ghosn
and Moses (1986); B8hin et al (1988)]1. It therefore follows
without too much emphasia that structural reliability holds a
promising future as far as gafety and prediction in structural
design are concernad.

Degpite the deterministic nature of many design codes,
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many structureg have performed satisfactorily even though they

have been loaded bevond capacity. This seemingly high safety

can be attributed to the fact that

(a) It is rare for a structure to simultanecusly experience
the full design loadsg on every part of the structure at
the same time as normally specified by the code,

(b} Conservative structural analysis methods are used.

{2} The checking methods control singie member performance
although structural system often have considerable resgerve
strength due to ductility and redundancy (Ghosn and Moses,
1986).

Nevertheless, longevity must not ke considered in
igolation but must ¢go hand in hand with other design
requirements such as economy. This can be achieved by dealling
considerably with most of the uncertainties involved in the
gtructural design. Structural reliability providez ah avenue

of accomplighing this dasira.
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CHAPTER THREE
THEORETICAL FORMULATION OF RELIABILITY METHOD

J.1 Safety Index Concept

In order to explicitly accommodate uncertainties in
reliability, the strength capacity (R) and the loading effect
(8) of a structural system or component are considered as
random variables. The main objective of reliability analysis
of any system or component 1is to ensure that R 1s never
axceeded by & (R > 8). Conversely, the probability of the

complimentary event (R < 8) 1is the measure of failure,

L

PFS(GJF-.{:J

/Ll; - ® ‘—"-')-S,R

Fig. 3.1: Basic strength capacity-load effect problem.
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For a simple structural member with known distribution
functionsg for B and S in some sgpecified mode of failure, the

probability of failure, P is given as

pf=f;'f}!s} £4(9) ds (3.1}

where Fy(s) is the cumulative distribution function for R and
fs{e) is the probability density func¢tion of S. Equation (3.1)
is congidered valid when R and 8 are atatigtically indepandent
and is best understood by plotting the density functions of R
and 8 ag shown in Fig. 3.1.

It should he emphasized that R and § must be expressed in
the same dimengion {(e.g. loads or bending momeants). R and 8 can
algo be related in terms of safety margin, M, as

M=R-8 (3.2)
considering an ideal situation, i1f R and 8 are statistically

independent and normally distributed, p; may be expressed as

p; = P(M % 0) (3.3)

Thus
Wy = EIM] = up - By (3.4)

and
o = var[M] = oy + o (3.5)

Since R and 8 are normally distributed, M, a linear function of
R and 8 would also be normally distributed, and (M—pﬁ)/cn is a

unit standard normal, giving:

prEQ(U‘un)z@[M) (3.6)




where & is the standard normal distribution function and By, Wy,
0g and op are respectively the means and standard deviations of
the random variahles S and R. In other words,
pp = &(-w/oy) = &(-B8) (3.7)
where B is the reliability index or safety index and may be
defined as the number of standard deviations by which 1y exceeds
zZero,
According to Thoft-Christensen and Baker (1982), for a
more general case where R and § are jJjointly normally
distributed with correlation coeafficiant, p, in equation (3.7)

g2till holds but T is given as

g, = (65+05+2pa,0,) /2 (3.8)
If R and 8 are both lognormally distributed, p; may be expressed

ag

By | Ve
“n\ V‘g-l-l (3.9)

yInl(Ve+2) (Vi+1)]

where V is coefficient of variation.

Convenient analytical expressions for p; do exist for some
other combinations of distributions of R and 8. However, this
simple represgantation of the problem 1ig rarely of much
practical use in structural reliability analysis. In general

equation (3.1) needs to be evaluated by numerical methods.
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Fadure State

M=0

M=0 Safe Stata
. H&G .

\
) '

> 0

Fig. 3.2: Limit state boundary.

The straight line graph 1g the boundary between the gafe region
and the failure state, The line represents a limit state
function. Repregsenting equation 3.13 1in the cartesian

coordinate system gives

y=3X+~———m""'l (3.14)
a4 @y

e

The perpendicular to line M = 0 and passing through the origin

is

p=—Sx {3.15)

Solving for x and y from equations {(3.14) and (3.15)
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3.2 B3econd-Moment Formation

The computation of p; requires knowledge of the
distribution of Fp(r) and Fgls), In practice, dJata are
insufficient or not available. Even when the distributions are
presacribed, the evaluation of the probabilities, generally
requiring numerical integration of equation (3.1), mav be
impracticable. Most often, information are limited to the mean
and variance of the respective random variableg. As a result,
the implementation of reliability concept is restricted to the
first and the second momentg,

The boundary separating the safe and failure state is the

limit sgtate function defined by

M=R-8=0 (3.10)
Introducing reduced variate R' = (R - 1j)/g then

R = qR' + 1y (3.11)
Similarly,

8 = gg8' + Ny (3.12)

Substituting edquation {3.11) and (3.12) into the limit state
equation {(3.10) gives

| MR -GS’ + Ty - pg = 0 (3.13)
Equation (3.13) is a linear equation of the reduced variables

and the graphical representation ig shown in Fig. 3.2,

X
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RN )

5 3.16
{ufp—u‘@) { )
and
(Be—Bgl
y=-0g-— 3.17
- (U:*U;) ( )

therefore the line distance d, from the origin to M = 0 in the_

general form is

d=yf(%-0)24 {y=0)2=/x2 43> (3.18)

Substituting equations (3.16) and (3.17) in equation (3.18)

(3.19)

3.3 Generalization as a Function of Basic Variables
The variables R and 8 are functions made up of different
bagic variables. In order to invesgtigate the effect of the
variableg on the performance of a structural system, a limit
state equation in the termg of the basic design variable is
required. Thig limit state equation is referred to as the
parformance or state function and expressed as
g(x;) = g(%;, %X3,...., %) = R - 8 (3.20)
where X, for i = 1,2,..., n represent the Dbagic design

variablss. The limit state of the system can then be expressed
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as

g{x;} =0 (3.21)
Graphically, the line g(x;} = 0 repregents the failure surface
while g(x;) > 0 represents the sgafe region and gi{x} < 0
corresgponds to the failure region. Introducing the set of
uncorrelated reduced variates,

x.,a = <xi _pk,)

- (i=1,2,....0 (3.22)

Xy

In termsg of the reduced variates the limit state equation

is given as
GlogX'y + By, O X'p 4 Wygovovs Igk7y + Uy) = 0 (3.23)
Similarly, just as in the case of equation (3.18), the distance
from a point X'; = (X'y, X', ..., X';) on the failure surface

q(x'i} = 0 to the origin of X; space ig given as

DafXaxne . 47 (3.24)
In matrix form;
ﬁﬁ
X‘z
p={xtx,. . x| = (xt v (3.23)
e
n
Tha point on the failure gurface (x'f, X';, s a X‘{}, having

the minimum distance to the origin may be determined by

minimizing the function D and subjecting equation (3.24) to tha
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constraint g(X;}) = 0. For this purpose, the method of

langrange's multiplier may he used. Let

Supbsgtituting equation {3.25) in (3.26) givas
L= (X% ) V1Ag(X,) (3.27)
where 4 is the value of the multiplier.
In scalar notation
LeyfXBaxhe  +XBAAGUR L Ky o e Ky (3.28)

in which X = 9y X'y + Iy

Minimizing L, we obtain n+l equationg with n+l unknown as

oL X' ++lag o
_ = o = (3-29}
I, [ EEr...+ X0, X/,
and
oL
¥ ACCTE NREPPE AR (3.30)

The s=olution to eguaticons {(3.29) and (3.30) would vield the
most probable failure point (X‘;, X‘f, PN X’;J. Introducing

the gradient vactor,

g B9  0a 0g (3.31)
ox’  ax’, ax’,

in which
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ax’, 3, ax!, *ax, (3.32)
therefore, in vector form we have
X _
m(x"x’)“’ +AG=0 (3.33)
from which
X =ADG (3.34)
From equation (3.25)
D= [{ADG*) (ADG) 1Y% = AD(G @) 2/2 (3.35)
and
A= (GG M (3.36)

substituting equation (3.36) into equation (3.34) gives

-GD
xfa.EE?E?ﬁG (3.37)

Multiplying both sides of equation (3.37) byiﬁ we have
237 -G *GD - — £ 142
¢ (G tq) /2 (GG D
implying
- Gtx
D-W (3:38)
From egquation {3.19), the minimum distance from the origin
to the line represgentina the failure surface sguals ( and

therefora aquation (3.38) becomes
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-G¥x’”
=—— {3.39)
p (G‘:G‘) 172

where G* ig the gradient vector at the most probable failure

point (x'.}, x'.5, ..., X’;). In scalar form aquation (3.39) is

;Xﬂ ...g.ﬁ_)
B ax’y )

(3.40)
_9g
Z; 8x'; ),
where the derivativas are performed at (X'f, X", sy x';) and

the most probable point on the failure gurface for minimum §

from egquation (3.37),

xr-—FP (3.41)
(G ax) ™~
and in the scalar form is
X=0)ff ; 1=1,2,....n {3.42)
where
_dg
ax’ ).
“.i=
LAY
Y.

are direction cosines along the axes X'i

3.3.1 FPirst Order Interpretation:

Considering the generalized state function, g(x) exranded
in a Tayler series at a point X' which ig on the failure surface
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g(x‘) = 0 givas

T Ky oo Ka) =gUXL KT, KT {xl—x;)(%i)
=1 . ife

* > ¥ (KD (1) +

- ({3.43)
_Fg
dx gy, )}
where the derivatives are evaluated at (xl*, Xz*, c v XH’J.
On the failure gurface, g(xl*, xzt, R Xn*) = 0, hence

g(x,.X,,...,X,) = ?: {x,—xp(-ﬁ%’;]
1wl *

gg (X;-KD) (X;-XD)

&g

Introducing the concept of reduced variate we have

+ (3.44)

+

X —X’; = {axjxi-l-pxi) - {ax‘xj'.»pxi; =°H(Xi1“xhi)

and

dg _ _dg 3*’&): 1 ( 9
ox, ox’/,\9x;] o,\0x,

Truncating egquation (3.44) at the first order linear term and

substituting the reduced variate inte it gives



[4]
gix,) =?_}(xg-xﬁ)[ 2 ) (3.45)
L} j .

Applying the propertiss of expectation and variance, the mean

value of equation (3.45}) is

¢~ yiof B
_;:xf . .

and the corresponding variance ig

2 < dg 22 - do \* 3. 47
L Eﬂx_i[—"ax,j]. E[““"ax,f)' (3.47)

Thug, the ratio

L7
= (3.48)

Equation {3.48) conforms to equation (3.40), therefore

B = ngog (3.49)

3.4 Transformation of Basic Varilables

Tha prescribed probability distributions of the basic
variables may be non-normal and correlation between their pairs
may exists. It isg necessary therefore to highlight practicable
methods of their transformation into forms guitable for the
gstimatien of the safety index and the evaluation of equation

(3.7).



3. 4.1 Non~-Normal Variates

In a situation where the original PDF, f£,;{(X;) and CDF,
Fy;y (X} are not normal, it iz necesgary to trangform ths
distribution into an equivalent normal distribution at design
point (X;').

Equating the CDF with the standard cumulative density

¥ ~
X_f - p'x,
¥
ﬂxi

where u!f, axﬂ are respectively the mean and standard deviation

function gives:

= F,, (x4} (3.50)

of equivalent normal d&istribution of the basic variable X;.

Thug, the equivalent mean is
WY = x7-at @ (F, (A7)] (3.51)

where as equating the probability densities gives

Xiepy .
;_ ¢ ) N"" '3 =fx‘(X_:) (3 52]
a Xy GXJ[

Substituting equation (3.51) into squation (3.52)

XIvxtaa®®2{F (X}

1 i d .} X 1 1
or ‘P( ‘N : = fxz(xﬂ
Lf

Clxi

This implies that

a¥ = ‘P{Q ml[F"i (I}‘)D

! £ (XD

(3.53)

In the abhove equations uﬁi, Sﬂﬂ and the design points Xf
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are unknowns and as a result jterative method iz employed until

convargence ig achiaved,

3.4.2 Correlated Variates

For correlated variates, transzformation into a set of
uncorrelated variate must be carried out. Congidering a system
which ig a function of two variates X and X, with expected
means E[X;] = u,, and E[X;] = ny. The covariance of X and X

is denoted cov[X;, X1 and is defined by as

CoviX,, X} =EBI(X, -p,) (X, -p_ )]

{3.54)
=EB(x,,x] -2lx,] Elx,]
The correlation coefficient ig given by
,x.x.=—-*——-—-—-cw[x"'x’] (3.55)
L leﬂxz

where o, and oy are standard deviation of X, and X
regspactively. A pair of variates is =aid to be uncorrelated if
Cov[Xy, X31 = 0 (3.56)

and correlation coefficient satisfies the inequality

~lSPgg st (3.57)

The required transformation is necessarily dependent on
the covariance or covariance matrix of the original variate and
may be obtained ag follows, Suppose tha covariance matrix of

the original variate Xl, X9, «uu, Ky ig
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aij covix ,x) . . . covlix, x]
2
covix e v o
Covix,, x,] covix,.x] - . . az,

The corresponding covariance between pairs of the reduced

variata xil and le is

COV{X"i.X’j] :E[ {X’i"’"xlj "ij-uxj:l]

- xz “PBx Xj = p’xJ
al.r ax,

_ E[(Xi"l‘x‘) (Xj'l‘xj)_J 5

= px‘z"

(3.59)

9,5,

Equation {3.59) shows that the covariance between a pair
of reduced variates X'; and X‘j ig equal to the correlation
coafficient between the corresponding pair of the original

variate Ki and xj‘ Therafora, the covariance matrix of the

raducaed variate {x'l, X'z, ...,X'n) is the corresponding
correlation matrix of the original variate (Xl, Xy, ‘..,X“.
Thus, the covariance matrix of X%, X', ..., X'y is
1 PPy r o - M
P 1 P - - - B,
lC!{'_' x . a . s s a {3‘60)
Poz Pz Pz » » 1
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The required set of (uncorrelated) transformed variates can be

obhtained from X' through the following orthogonal

transformation.
Yy = Tix (3.61)
in which
X' = (X', X'y, ... X0) (3.62a)
and '
Y = (Y. ¥, ..., Y} (3.62b}

are the required set of uncorrelated transformed variate. T is
the transpose of an orthogonal transformation matrix which is
composed of the eigenvectors corresponding to the eigenvalues

of the correlation matrix [C]. Specifically T is such that

T[T = [A] (3.63)

in which [A] ig a diagonal matrix of eigenvalues of [C}. It
may be amphasized that the matrix {C'] is real and symmetric as
Pij = Pjj With the orthogonal transformation, the safety index

becomes .

Gt-‘.‘xt
= {(3.64)
(Gtt[c}] Gq)lfa

In brief, when the basic variables X are correlated, the first
step 18 to obtain a set of uncorrelated variables Y;. The next
step is to normalize the uncorrelated variables and thereby a
set of normalised and uncorrelated variables Z;, = (Zy, Zp,...,
Zy) is obtained. Finally the safety index can be defined in the
Z coordinate system as previously explained. PFig. 3.3 shows a
flow chart of the numerical algorithm for the computation of B.
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3.4 FORMS

FORMb 1g a computer package which uses the algorithm
depicted in Pig. 3.3 and is used in thig study to compute the
implied safety levels for the different limit states, outlining

the design criteria for R.C c¢olumns using BS8110 (1985).

Asqumed X‘! and obtam ]
X' = (X ")/o 4
Equations (3 fﬁ ia 51) and (3.

A

k 3 ™

Evaluate {(85g/8X'i)* and A for

uncerrelated and equlvalent | X! equals assumed
normal variableg. Equations | | value

(3.11) and (3.42) |

A4

Form X;' 5, —a s ]

1 B
Equatlons { 3.42

h 4

Substitute X in gfx ) =0 f

and solve for B, Equat1on (3. 431b
L.

NO

S

YES

Record B

Fig. 3.3 FPlow chart for the computation of P
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FORMS requires the user to specify the input parameters of
the limit state function and writing a subroutine on the
stochastic models of the distributions of the various design

parameters.
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CHAPTER FOUR
ANALYSIS OF STRENGTH AND LOADING

4.1 8trength Analysis

The carrying capacity of columng depends on material
properties and the cross-gactional dimensions of the columns,
Columns are loaded either axially or axially combined with
bending. In order to regist these loads, the c¢rogs-gectional
dimensions and the materials must be carefully chosen. It
therefore follows without too much emphasis that the selection
of the <¢rogs-gectional and material properties is essential.
This selection does not only involve the derivation of the
ultimate strength aquations of the column section but also aids
in the building up of the limit state equationg of the various
failure modes. For convenisnce the strength analysis is
treated under two groups: (a) section subjiected to purely axial

loads, (b) sectionz with combined bending and axial loads.,

{a) Sections Subjectsd to Purely Axial Loads
Theze are usually sections of ghort braced columns which
transmit axial compressive loads only. Thisg type of columns
¢an occur in precast concrete construction where there is no
continuity between the members. They can algo occur when the
columns support a symmetrical and very rigid structure.
Congidering the section of column in Fig. 4.1 carrying

axial loads only and having a symmetrical arrangement of steel.
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R
] ® Tﬂi
h _ —;ft:U
L ] 4% Fsc
SELTION ' STRESS BLOCK

Fig. 4.1: Rectangular column section carrying axial loads only.

A rectangular cross-section with a symmetrical arrangement of
steel ig considered for convenience and it is the type commonly
used although other sections and steel arrangement would yvield
identical results (Ellingwood, 1977).

When the load ig perfectly axial, the ultimate resistance

ig given as

NM = FCu + O.SFsc + 0.5FBc = Fw + Fsc
= 0.45f, A, + O.B?f? A , (4.1}
whera
N, is the ultimate rasistance in (N/msz

ig the area of longitudinal reinforcement (mmz)

A ig the net area of concrete (mm)
A,
f

ol is the characteristic strength of concrete (N/mm)
is& the characteristic strength of steal (N/mm’)

Fw ig the ultimate compressive force of resistance of
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concrete (N)

F ig the compressive force of resistance of gtasl (N)

8
Perfect conditiong never exigt in any structure, hence to
allow for a small eccentricity, the ultimate load is calculated
from (Mosley and RBungevy, 1989):
Mg = 0.4f, A, + 0.75 £, A, (4.2)
In order to take care of the area of concrete displaced by
the longitudinal reinforcement, equation (4.2) 1is further
modified to
Ny = 0.4f, A, + (0.75£, - 0.4f,) A,
= 0.4f, bh + (0.75f, - 0.4f,) Ay (4.3)
Equation (4.3) is the expression used for estimating the

ultimate axial load carrying capacity of a ghort columi section

subjected to purely axial loads.

{b} Columng Subijeactaed to Compbined Bending and Axial Load

Combined bending and axial load is found not only in
glender columns but also in intermediate and sghort column
resisting both moments and axial lcads. Fig. 4.2 shows the
crogs—-saction of a column, strain variation and stress
distribution for various positions of the neutral axis. The
cross—-gsection is subjectad to a moment, M, and an axial load N,
The diraction of the moment is such that 1t cauges compression

on the upper part of the section and tension in the lower part.
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Axial load plus bending with varying position of
neutral axig, (Mosley and Rungev, 1989).

In Fig. 4.2, F; is the tensile or compressive force in the

reinforcement area Asand acting through the centroid of Ar Fsc

18 the compressive force in the reinforcement area A's

acting through the centroid of A',.

applied force N,

the cross-section. Hence,

In equation (4.4),

Considering Fig. 4.2{(a), the

must be balanced by forces developed within
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thiz would occur only when the depth of the stress block of
concrete, S, isg legg than the effective depth (i.e., s ¢ 4).
Further simplification yields
Ny, = 0.45f, bs + f A", - fA (4.5)
where f,, i8 the compressive ztress of reinforcement A', (N/mnf )
f, is the tenszile stress of reinforcement A {N/mm )
To allow for the concrete displaced by steel, squation (4.5) is
modified to
N, = 0.45f,bs + (f,, - 0.45f,) A', - A (4.6)
At balanced failure f,, = f, = 0.87f, and since A', = A,, it
therefore follows that equation (4.8) simplified to
Ny = 0.45f, (bs-A',}) (4.7)
The design moment must also be balanced by the moment of
rasistance developed within the cross-section. Taking moments
about the mid-depth of the section,
M, = By(h/2 - 8/2) + Py, (h/2 -d') - F, (d-h/2)
= 0.45f,bs(h/2-5/2) + f,A' (h/2-d") + £ A(d-h/2) (4.8)
Taking care of the concrete displaced by steel, equation (4.8)
becomes
My, = 0.45f,bs(h/2-5/2) + (f,-0.45f,)(h/2-d")A",
+ fA(d - h/2) (4.9)
Equation (4.9) represents the expression of the ultimate moment
of resgistance by a c¢olumnh gubjected to combined bending and
axial load.
It is worthwhile noting that when the depth of the neutral
axig isg guch that 0.9x > h as in Fig. 4.2(b), then the whole
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gection iz subjectad to uniform compresgsive stresg of 0.45%,.
In this case the concrete provides no contribution to the
moment of resistanca and the first term in equation (4.9) turns

to zaro.

4.2 Load Analysis

In order for any design to be meaningful, a proper
analysis of not only the member setrength but also a
comprehensive analygis of loads must be carried out. Loads are
transmitted to the columns directly from slabg or through
beams. Whatever the mode of transmission, there are two types
of loads involved:

(i) imposed (live) loads which involve all the loads on
the structure which are sghort lived (temporal) in nature. As
a result of uncertainties involved in their computation in
design, a partial factor of safety of 1.6 has heen prescribed
by the British standard code of practice (BS 8110, 1985),

{ii) dead lecads include the selfweight of the structure
and all loadsg which are permanently fixed on the structurs,
The RS811D {1985) prascribes a partial safety factor of 1.4.
Dead loads are usually calculated on a glightly conservative
bages s0 that a member will not need redesigning bhecauge of a
small change in dimensions.

In this study it will be congidered that the loads are
trangmitted to the columnse through the beams. Thisg ig because

it 1s the most commonly used method of load transfer to the
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columns and the analysis and computation of the various

relevant parameters are made much easier.

(a) Pure Axial Load on Short Columns

(1) Considering concentrata load

(6K

Fig. 4.3: Computation of the column reactions from a simply
supported beam with a concentrated load at midspan
(for purely axial loads on columns).

A simply supported beam was considered so that the loads
on the columns would be purely axial, All loads have been
factored according to the British standard B38110 (1985). G is
a concentrated dead load while (Q is a c¢oncentrated imposed
load.

R, = 0.5(G + Q) (4.10)

whera R, 1g the column reaction.
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(11) Considering Uniformly distributed load

393K /m

o

RC‘—'%B%-'})I L ‘II RC=5‘£(3+ )

Fig. 4.4: Computation of the column reaction from a simply
supported beam with a uniformly distributed load (for
purely axial leoads on columns).

In Fig., 4.4, g is the uniformly distributed dead load and q is

uniformly distributed imposed load. Hence,

R, = 0.51(g+q) {(4.11)

(G+HRIRH

ke=bora)

%

o ———— T s

Me= 66}

Fig. 4.5: Computation of axial loads and bending moments on
short columng from beams subjected to concentrated
load at midspan.
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(b) Short Columpns with axial Loads plus Bending:
(1) Considering concentrated load (Fig. 4.5), the value
of R, 18 same as in equation (4.10) so that
M, = 1/8(G+Q) (4.12)

where M, is the moment at column and L ig the span of the beam.

(11) Considering uniform distributed load as shown in Fig.
4.6, we can derive the following equations:
R, = (g+q)L/2 (4.13)
and
M, = (g+q)L/12 (4.14)

f (9+% KN /m

Fig, 4.6: Computation of axial load and bending moment on short
columns from beam subjected to uniformly digtributed
load,
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(¢} Loading On Slender Columns
Slender columns must be designed for an additional moment

caused by its curvature at ultimate conditions. BS8110 {(1985)
(part 1, 1985) prescribes and expression for thig additional
moment {Mosley and Bungey 1989) as

M, = Na, (4.15)
where M, is the additional moment and a, is the deflection of
the c¢olumn. For rectangular (or circoular) columns, this
deflection is given as

a; = B,Kh (4.16)

where

I 7 {4.17)
Bﬂnwm[?]]

K is the reduction factor to allow for the fact that the

deflection must be legg when there ig a large portion of the

column gection under comprasgion. Mathematically K is given
as

Ny N

Nyy —Npj

where N, is the ultimate axial resistance given in equation
(4.1}, DNy, is the axial load at balanced failure (Mosley and
Bungey, 1989).
Mathematically,
Npyy = 0.25f,A, (4.19)
The ultimate moment is then computed from the expression
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M. =M, +M,
(4,20

a { LY 0.45F bhi0.8TF A, N \}2
2000\ p’) | ©.457, bh+0.67 7 A, ~0.257  bh|

=M, +NI

where]ﬁ i8 the moment transferred from the beam to the column.
The dJgeometric dimensions usged in eauation {(4.20) are bast

illustrated diagrammatical as shown in Fig. 4.7

_1L_..
|

~

h
+——t
Fig. 4.7. Section of column showing some important dimensicns.

(d} Biaxjal Bending

According to Mosley and Bungey (198%), for most columns,
biaxial bending will not govern the design. The loading
patterng necessary to cause hiaxial bending in a building's
internal and edge columns will not usually cause large moments
in both dirsections. Corner columng may have to resist
gsignificant bending about both axes, but the axial lecads are
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ugually small and a design gimilar to the adjacent edge columns
is generally adequate. |

The BS8110 (1985) prescribes a sgimplified method which
specifies that a column subjected tc an ultimate load N and
moments M, and Mrabout the x-¥X and y-y axes regpectively may be
designed for a single axis bending but with an increased moment

and subjected to the following conditions:

(a} 1f My/h' . M/b! (4.21)

then the increased single axis design moment, M,', is
M'=M+06 h'/b" ¥ (4.22)
(b) if My /B' < M/b’ (4.23)

then the increased single axis design moment, M?', isg .

H?' =M + By b'/h' M, (4.24)
The dimensions h' and b' are best defined diagrammatically as
in Fig. 4.8. The parameter By is a coefficient obtained from
Table 3.24 in BS8110C (1985) but c¢an also be calculated

.
mathematically as follows: , |

By =1-7/6G, when G, < 0.6 (4.25a)
By = 0.3 when G, _ 0.6 (4.25b)
where G, = N/bhf, (4.26)

In situations where the applied load consists of both
concentrated and uniformly distributed load, their respactive
ultimate axial loads and moment contribution would be computed
in igolation and then super imposed to get their joint eifect.
At this juncture, it ig worthwhile to emphagize that there are

numerous cases of cther load combinations and load
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arrangements. The moments and the axial load transferred to
the column can be computed using the principles of structural
analysig. In this study, for convenience and for the fact that
the other loading cases would yield identical results, only the

simplified casez i1llustrated i1n =zection 4.2 are congidered.

|
e 2 -
|
1 [} i O
— ] e
|
@ | (]
ot
1oy,
¥

Fig. 4.8: Column Section with bilaxial bending.

4.3 Limit State Equations

When an engineering structure is loaded 1n someway, 1t
will respond in a manner which depends on the type and
magnitude of the 1load, the strength and stiffness of the
structure. Whether the regponse 1s considered satisfactory
depends on the requirements which must be satisfied. Such

requirements might include safety of the sgtructure against
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collapse, limitation on damage by deflection or any range of

other criteria. Each of these requirements may be termed a

"LIMIT STATE" (Malcharg, 1987).

Limit state equations are equations which define the limit

state as accurately as possible thereby differentiating batwaen

the safe and the unsafe regions, Limit state equations are

generally representad in the form

g(x) = R - 8

where g{x) iz the safety margin, R ig the resistance and & is
the load effect. When g{x) > 0 then the gtructure

congidered safe while when g{%) < 0 the structura iz congidered

unsafe (failed}.

In the casge of reinforced concrete column, the limit state

requirement can generally be summarized under axial failure

(4.27)

criterion and combined flexural ahnd axial failurs critarion.

For axial criterion
For combhined flexural and axial cyriterion

gix) = 1 - [M./My, + N/N,]

{a) Criterion for Pure axially Loaded Short Cclumn

Far concentrated load
_ Qﬂ:{R&*—l)
2bb[0.4f}y+(0.75fy~0.4fﬂﬁpﬂ

g {x) =1

where i 18 the number of floors.
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{4.30)

is



For uniformly digtributed load

GIL(R, +1y
2bh{[0.4f,,+{(0.75f,-0.4f_)p]

G (x} =1~ (4.31)

(b} Criterion for Combined bending and axial 1o0ad in short
colump

For concentrated load, let

A =0.45fq (—g "g); "‘(fsc—o ’ 45f¢ﬂ i_g _d/)!z) +fy (d _.g)g

and
B=o.45fﬂ(§—-ug’)
then
. R(R;+1) L 4] (4.32)
(¥} =1=—gpp [‘Fa "’E]

For uniformly distributed load

F,p (20 =1~-_-_-_Q‘f;;;”‘[§+_§§1] (4.33)

() riteri fu) nder Co

For concentrated 1oad, leat

and
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0.45 £y +0.87 £,/ 2 —2%3&(33 +1)

b= O AST~0.8Tf /2 0. 257
then
QIR +1dr L 44 50D 47
(%) =1 -4 [ H +_§?] (4.34)

For uniformly distributed load, let

0.45f, +0.87f; p/2 —JE (R, +1)

F =457, = 0T8T, 520,257,
then
QL{R;+1)r [ +6 JCF 67

(d) Criterion for Biaxial Bending

For concentrated load

gy {x) =1—

1| QUR+1)L/8 M Ra+1)j1’2} (4.36)
Ph A B

For uhiformlily distributed load

.
. 1| @R+ LM 12 M gLRy+1)3/2)  (4.37)
Gz (%) ‘1“‘5}5[ A * B J -

M' ig the increased moment due to biaxial bending.

4.4 Statistical Characteristics of Relevant Design Parameters
A thorough application, with a reasonable degree of

accuracy of the principlegs of reliability can be achieved if
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the probability distribution {functionsg that represent the
various design parameters can be established. Thege
probability distribution functions can he cbtained by direct
inferance from observed data or by a subjective assessment or
a combination of both techniques. In practice, however, diract
inferance is rarely pogsaible since there iz geldom sufficient
data available to identify unambiguously only one distribution
for a given parameter. This implies that past observations and
aexperience for similar structure can validly be used for any
structure undar c¢onsideration. Probability distribution
function can also be obtained from physgical models,

In azpite of the 1navailability of gufficient data,
reliability aszessment has been made relatively easier by the
development of advanced methods such as the first order
reliability method (FOEM) and Monté Carlo's method. Both
methodz require only the first and the sgecond statistical
moments. Prior to the application of whichever method is used,
tha means, variances and coefficients of variation for the
individual variables must ba established., This egtimation is
an ongoing process as additional data are continually becoming
available. Ths valuez of the means, coefficients of variation
and variances for the various parameters used in this study are
ligted in Table 4.1. This includesg some recent data from
studies of geometric imperfections in structure and are
balieved to be a representative of data for various levels of

guality in fabrication and censtruction (Ellingwood, 1977}.
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TARLE 4.1:

TARLE OF ESSENTIAL DESIGN PARAMETERS

PHYSTCAL TYPE NUM, | MEAN COEFFICTIENT | STANDARD

MEANING CODE OF DEVIATION
VARIATION

Compressive Normal 2 30 N/nm# 0.10-0.25 4,2 N/nm@

strength of

concrete, f,

Yield Log- 3 425 N/mat | 0.09 38,25 N/mm

strength of normal

steel, £,

Breadth, b Normal 2 400mm 0.04 16mm

Depth, h Normal 400mm 0.04 16mm

Effective Normal 2 350mm 0.04-0,09 22.75mm

depth, 4

concrate Normal 2 S0mm 0.04-0.09 3.25mn

cover, 4'

Live load, 0 | Normal | 2 ox1ot N | 02-0.5 10, 5x10'N

Rho, p Normal 2 0.04 0.03 0.0012

A study carried out by Fiorato {1973) showed that all
geometric variables as well as concrets gtrength are normally
distributed while the strength of atesal iz assighed a log-
normal distribution.

For the purpose of tha application of FORMLH, the following
distributions have the following number code:Normal = 2,

Lognormal = 3 and Gumbel = 7,
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CHAPTER FIVE
ESTIMATION OF SAFETY INDICES

3.1 Introduction

The main objective of the BS88110 (1985), just as in any
other structural code, is to ensure that any structure designed
uging the code's specification functions properly in the
interest of public safety. By this, all provisions aim at
reducing the prebability of inadequate performance to a
somewhat negligible level by prescribing acceptable routine
dagigns,

According to Afolayan (1994), structural code provisions
have generally evolved as a consequence of some referance to
theoretical, experimental and judgmentsal activities.
IImdoubtedly, the aims of structural codes can be regarded as
gerving satisfactorily since structural failures and cases of
inadagquate performance have bsen few. Nonethealess, because of
the inability to predict the real nature, it is possible that
the code provigions lead to desgigns of varying safety levels.
Further gtill gince gafety and economy are c¢onflicting aims,
the pessibility that the existing code provisions lead to
overly expensive structures cannot be ruled out.

The purpose of this chapter 1s to assess the degree of
adequacy, congistency and conservatism of the BS8110 (1985H) as

far as the design of reinforced concrete columng ig concerned.
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5.2 Computation of Safety Indices and Discussion of Results

Safety indices () for the various design criteria were
computed using FORM5 and the limit state equations derived in
section 4.3. The reliability levels implicit in the various
design criteria are presented in Figs. 5.1 to 5.4. On the
whole, the BS8110 (1985) design criteria for reinforced
concrete columns are found to be adequate with  ranging from
1.04 to 8.03 and having an average of 4.35 (P; = 6.794 x107%),

It 1is observed from the results that for all design
criteria, there 1s a general trend of [ 1increasing with
increasing reinforcement ratio, p. However, [ decreases with
increaging load ratio, R,. The variation of P with p and R, is
uniform and the [-band 1s reasonably defined for all design
criteria,

All the design <criteria exhibit some level of
inconsistency though the level of 1inconsistency vary from
criterion to criterion. The biaxial bending criterion has the
widest [(B-band thereby implying that 1t 18 the most
inconsistent. This is followed by short column with purely
axial load while short column with bending criterion is the
least inconsistent as it has the most narrow B-band. In short
columns with bending and slender columng the level of
inconsistency reduces at higher values of p. This attribute is
exhibited 1in Figs. 4.2 and 4.3 by the clustering of the graphs
at higher values of p.

Comparison shows that the biaxial bending criterion is the

e 462962
[aeae | = 50N




HETA
1
N
7] 2 .
-, “.
S —
u_l e L.
* i1 e -
) M 3 9% N
o . A
+ - i . S %
- B
* . B 5 -~
T | TS,
F——.. . e "
o - -~ . N ~——
._“ ) N _‘+. x +
S
e
- e 0N t s an ¥ oy
LSS R = hech B & e p8
.] A — A — A i i '
wy Bf 8l be DS ad 47 Gé 0%
LOAD RATIO
00 Meaw (ointer ement fatie

Fig. 5.1: S8afety Levels for Axially Loaded Short Columns

aE A _l
b
3 Hﬁn
N o
e ﬁs;_g
" e W "'.'r*_
4 E * - % B ."“t"-
= R RE T - N L
- . I S e ¥
" g i :_e
E | .- % g D
- S .
-, . -,
. e
Zr e
o W
W o o+ oo * w003
A el F 00 S 08
a A . el i i A —
i ff B 04 BS 98 67 ue 0& D

LOAD BATIO
LU LT TR T S T T

Fig. 5.2: Safety Levels for Short Columns with Bending

56



BL1A
B
M,
m::“:ﬁi?:}h_‘
ab ™ i:“%\;“:’
Ts - e “w‘&.‘
. —, g -
+. h_ —
T “1-.5_‘:1‘"‘-5%*-._
e B e i
..., w“"w-..h ”\‘“1-_._‘ "
., o, e
L ‘\"'“«-\ Mm )
i bl
m“‘x-..__ g
. . i
——
] L. 3 1 1 1 1 1 1 ]
a1 b2 93 04 05 08 07 & BE VD
LOAD RATIO
—— b0 — o0 B2 —¥= ne=0.03
- TR WX R [ heal i M I TR ]
Thy meuns 1&gyl emmad rakin.

Fig. 5.3:; Safety Levels for Slender Columns.

o ! r 1 1 1 L 1 T
nt D} 03 64 03 OB D7 0B of {D

LOAL RATIO

—— 10N —4— ki ¥ a8 .03
o RO na4 R inae8.0] ~ aoed.08

Ay menna 1eiptorc emenl (i,

Fig., 5.4: Safety Levels for Short Columns Subjected to
Biaxial Bending.

57



most congervative as it vields the highest values for B for
different valueg of p axcept when p = 0.01. Thig ig illustrated
in Pigs. 5.5 to 5.7 which further show that the purely axially
loaded short columh criterion is the second most conservative.
Slendar column degign criterion 1ig found to be the most
critical for it yields the lowest values of B for diffarent

valueg of p except at p = 0.01.
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Fig. 5.5: Upper Limit of Safety Indices for all Dasign
Critaria
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It is also observed that for most cases, the levelg of
incongistency and conservatism for the various design criteria
are affected when the statistical distributions of loading and
gteel strength are altered, The levels of incongigtency and
conservatism are reduced when a short column ig under purely
axial load with log-normal or gumbel distribution. An average
decrease of 2 in B is noted as illustrated in Figs. 5.8 and
5.9. A reduction in the inconsgistency and conservation lavels
is also realized when the stesal strength is agsumed normally
distributed (Fig. 5.10}. On the other hand, Fig. 5.11 shows
that there ig an increase in the inconzisgtency and conservatism
levels when the steel strength assumes gumbel Qistribution.

In short columns with bending, an average dacrease of Q.81
in B and the reduction of B-band is exhibited when the load and
gteel sgtrength assums digtributions other than normal (see
Figs. §.12 to 5.15}.

The game trends of reduction in the level of inconsistency
and conservatism are also exhibited in slender columns and
columns with biaxial bending. The only exception is that there
ig no echange in B when the steal strength distribution iz
altered for slender columns and there is an increase in
inconsistency and conservatism levels when the steel strength
distribution in biaxial bending ¢riterion assumes gumbel (szee
Figs. 5.16 - 5.23).

In all the four degign criteria, the lowest Jlavels of

inconsigtency and eongervatism are astablished when load
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distribution is gumbel and gteel strength distribution is log-
normal thereby properly predicting the column capacity. The
investigation shows that short columng with bending have their
capacities well predicted, followed by slender columns. These
resultg show the importance of properly understanding the
probability distributions of the various design variables in

establishing structural gzafetvy.

£.2.1 Izsosafety Design Punctions

Graphical plot of p against R, at given § are constructed
and their relationghip eaxamined. For short columns with purely
axial 1load criterion, p is found to vary linearly and
proportionately with R, {(see Fig. 5.24}. For other degign
criteria, p also increases with R, in a polynomial manner (Figs,
5.25 to 5.27).

From the plots it is possible to design to specific
reliability levelz. For example, to obtain a reliability level
of 4.0 for a section of 400 x 400mm’ and R, of 0.7, a p of 0.028
{i.e., A, = 4480mm2) is required for a purely axially locaded
short column, 0.05 (A, = BDOOmmE) is required for short column
with bending while it ig impossible to obtain that safety level
for the same R, in a slender column and a short column with
biaxial bending.

A reliability level of 5.0 and 6.0 are obtained for
biaxial bending criterion for R, = 0.7 with p = 00,0335 and 0.037

respactively thus showing its high laval of incongistency.
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This investigation further reveals that {for a given
section, a short column with bending requires 78.6% more
reinforcement that a purely axially loaded short column to
achieve egqual reliability.

However these plots cannot be confidently applied to other
sections nor different design variables. To design to specific
reliability levels for other given design parameters, it would
be expected that their plots of p against R, must be carried
out. Thig asgpect iz hevond the scope of this invastigation and

asgs such it iz not further examined.

5.2.2 Sengitivity Tests on Degigh Parameters,

Seneitivity tests are carried out for each parameter of
the design variablesg. Each parameter of the design variables
ig varied by a fixed amount while others ara held constant and
the results {(i,e., the valus of ) 1s computed for each
variation. Thus, the parameters which change the ocutput 8 are
noted as the mest critical at the variation range used and
their relative importance in the design process ig established
{Afolayan, 1994)., For this purpose, datum values of the design
variableg involved are those listed in Table 4.1. For thasge
values the corresponding safety levels are denoted by B, .
Graphical representations of percentage change against B/f, are

presented in Figs. 5.28 to 5,31,
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Generally, the results reveal that the influence on § 1is
more when the change 1in the design parameters is in the
negative direction than in the positive direction. The trend
of the influence shows a beneficial effect on B in the positive
direction for all parameters except for load.

From Fig. 5.28, it can be established that for short
columns with purely axial load, the most influential parameter
is the load followed by the overall depth and the breadth of
the section while the other parameters have minor effect with
effective depth and concrete cover having no influence on f3.

In short columns with bending and slender columns, as
presented in Figs. 5.29 and 5.30, the most 1influential
parameter is the effective depth which causes failure in
slender column at 50% error free. The breadth, load and
concrete strength also cause significant effect on [ on both
design criteria while a minor effect is caused by the others
with § almost insensitive to concrete cover.

All parameters except concrete cover and concrete strength
have a significant influence on B in biaxial bending criterion.
Fig. 5.31 shows that P 1s influenced most by the overall depth
followed by the effective depth and load. The design of a
column with biaxial bending is therefore crucial since all of
the design parameters except concrete cover and concrete
strength significantly influence the B-value., This sensitivity
analysis shows how errors in the choice of values for design

variables significantly change structural safety levels. It
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should be understood that 100% error free corresponds to

preselected design values for a given performance level.
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CHAPTER SIX
CORCLUSION AKD RECOMMENDATIONS

6.1 Conclusion

The BS8110 (1985) design criteria for reinforced concrete
columns have besan studied and the limit state aquationsg for the
various design criteria are propetrly derived for probabilistic
assesgsment.

The reliability levels implicit in each design criterion
are computed using FORM5., The results exhibit tha level of
inconsistency and conservatism inveolved in each criterion. An
average safety index of 3 = 4,35 (6.794 x 104} ig found for the
reguirements pregcribed by the BSB8110 (1985). This value is
outside the range of 2 to 4 propoged by Moses (19%0)
illustrating the conservatism of the code. The distribution of
g around this mean value also demonstrated a high level of
incongigtency. A comparison between the reliability levelz of
the different design criteria shows that the most inconsigtent
and congervative requirement is that of biaxial bending while
ghort columng with bhending have the least implying that their
capacity are the best predicted.

The alteration of the statistical distributions of the
load and steel strength is found to affect the levels of
inconsistency and conservatism. The lowest lavelsg of
congervatism and incongistency are established when load

assumes gumbel and gteel strength log-normal distributions.
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An attempt is also made to present iscsafety design
functiong using a plot of p against Ra' It iz noted that to
obtain a given B for a given crosgsg-gection ghort columnsg with
bending requires 78.5% more reinforcement than that required by
purely axially loaded columns.

Finally, sensitivity tests on all degign variables show
that the safety levels for short columns, axially loaded are
governed by load and cross-sectional dimensions. The safety
levels of short columns with bending and slender columns are
influenced most by the effective depth, load and breadth while
biaxial bending ig influenced =significantly by all design
variables except concrete strength and concrete cover. The
biaxial bhending design is influenced most by the effective
depth.

This investigation hag highlighted the difficulties
associated with the B88110 (1985) design criteria for
reinforced concrete columng to provide economical designs.
Algso the directions for adequate quality control have been

indicated by the sensitivity analysisg,

6.2 Recommendations

The concepts and methods of probability provide a proper
basis for the evaluation of structural safety and performance,
and the devalopment of any design criterion. Based on these
concepts and as a result of recent advanceg made in structural

reliability it ig highly recommended that probability based
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review of all authorized codes be enforced. This would give a
better inzight into the implied levels of safety of all design
criteria of the code in queéstion. A probabilistic approach
also gives an avenue to properly accommodate the randomness of
design variables thereby leading to an economic design.

To acquire a reasonable level of design congigtency, it is
strongly emphasized that the BS88110 (1985) and any other
structural code should properly outline an isosafety design
procadura,

Due to the effect of changes in the design values of the
design variables on B through sensitivity analysisg. quality

control should not be ¢ompromiged with,
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