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Abstract - This study presents the structural reliability of a
reinforced concrete continuous beam designed to Eurocode 2
specifications. First Order Reliability Method (FORM) was
employed in the analysis. The limit state functions were
defined and some variables (width, span, effective depth, load
ratio, and characteristic strength) were varied to assess the
reliability indices and hence their significance to ensure a safe
design. The analysis indicates that for all load ratios the safety
indices () are directly proportional to the effective depth in
bending failure within effective depths of 500 mm to 700mm
and also inversely proportional to the width of the exterior
span width of 200mm to 400mm. It was also observed that the
safety index (B) increases with characteristics strength within
values of 20N/mm? to 40 N/mm?Z. For shear bending it was
observed that for both interior and exterior support the safety
index is directly proportional to both effective depth and width
of the beam while it is inversely proportional to the beam span.
The safety indices () for width beam and span width are all
with the Euro code safety indices (f8). In conclusion, the
influence of variation of some of the basic variables on
reliability levels shows that effective depth, length,
characteristic strength, breadth and load ratios are the most
significant variables of the design safety levels criteria for
bending and shear under the ultimate limit state of a
reinforced continuous concrete beam.

Key Words: Reliability, Continuous beam, Assessment,
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1. INTRODUCTION

The purpose of every design is the achievement of an
acceptable probability that a structure will not become unfit
for its intended use-that is, it will not reach a limit state. A
limit state is a state at which a structure may cease to be
unfit for use. Every design aims are to avoid such conditions
being reached during the expected life of the structure [1].
Therefore, structural reliability theory is concerned with the
rational treatment of uncertainties associated with the
design of structures and with assessing the safety and
serviceability of these structures [2]. A continuous beamis a
horizontal rectangular beam resting on more than two
incompressible simple bearings.

The approach utilized in this research is FORM which is also
called the second-order method [3]. Despite limited
information, the probability distribution of the design

variable was prescribed. Though it still essential to identify
that irrespective of the individual variate distribution. It is
the safety margin distribution (R-S) that is significant in
calculating the probability of failure P; [4]. The important
parameters for calculating the safety indices for the second-
moment reliability method are the means and variance (first
and second moments) [5]. It was important to know that in
most previous researches the Coefficient of Variation COV
(ratio of the standard deviation to mean value) is generally
published [6,7]. Table 1 below shows the relevant parameter
values with their corresponding distribution for the basic
variable used in the research. The reliability analysis of the
beam was carried out by integrating all the variables using a
computer program, FORMS5 which is based on the First Order
Reliability Method.

Table 1.0 Parameters of Stochastic Model on a Beam Due
to Bending and shearing

S/N | Parameters Distribution type | COV E(x)i S

1 | Characteristic strength | Log- normal 3 0.15 30N/mm | 4.5N/mm
of concrete, f.

2| width of beam, b, Normal 2 0.05 300 mm 15mm

3 Span of beam, L Normal 2 0.05 5000mm | 250mm

4 | Effective depth, d Normal 2 0.05 600mm 30mm

5 | Imposed load Log- normal 3 03 50Knm |15

A study conducted indicated that the steel strength and
concrete strength are log-normally distributed, whereas the
geometric variables like the span, breadth, and width of the
beam are normally distributed[8].it is important to note that
for this research all the variable were normalized in the
application of the FORMS5. The basic use of the reliability
method is to help determine the probability that the
structure in question will attain any of the known limit states
within a specified period. Hence it becomes very crucial to
assess the resistance of the reinforced concrete continuous
beam in a probabilistic environment since its component
materials must be dependent on each other even though
they are individually varied to attain a beam structure that
will act as one unitin resisting loads acting on it. Hence there
is a need for developing a model for performance function
for the limit state of the beam need to be established. For the
beam considered the failure modes considered are bending
and shear. Thus, for each safety margin as obtained from
equating the resistance of the beam as proposed by the
codes [9]. The load effect was calculated by simple structural
analysis, the basic variables are recognized while signifying
their statistical behavior from literature
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2. Basic for Reliability Analysis

Reliability analysis was defined according to Melchers [7]
as the systematic calculation and prediction of the probability
of limit state violation. In reliability analysis, the action S, and
the resistance R are considered as random variables, and the
structure is considered to have failed when Ris less than S at
any point [7]. The limit state function g(x) is formulated
utilizing a model based on a physical understanding of the
empirical data. Due to idealization, inherent physical
uncertainties, and inadequate or insufficient data, the models
themselves are the parameters entering the models such as
materials properties and load characteristics are uncertain.
Consequently, uncertainties are grouped into [7]

» Model uncertainties
> Statistical uncertainties
» Inherent uncertainties

Model uncertainty is associates with the crudeness and
incompleteness of mathematical models that describe a
phenomenon. Statistical uncertainties are associates with the
statistical evaluation of the test results or observation. They
may result from limited numbers of test which cause
uncertainty. Inherent uncertainties refer to the randomness
of a phenomenon. The randomness is a result of combining
uncontrollable fluctuation of many different factors such as
wind and snow. This uncertainty is also referred to as
physical uncertainty [7]. The FORM is an analytical
estimation in which the reliability index is taken as the
minimum distance from the origin to the limit state surface in
standardized normal space (u-space) and the most possible
design point (failure point) is investigated by utilizing
mathematical programming methods [10]. Though since the
performance function g(X) is estimated by a linear function in
U- space at the design point, hence, problems may arise when
the g(X) is strongly nonlinear [11]. FORM has been designed
for the approximate computation of general integral over a
given domain with locally smooth boundaries but especially
for probability integral occurring in structural reliability. The
present version of FORM, FORM 5, is an updated version and
is written in FORTRAN. For FORM it is required that X is at
least locally continuously differentiable, i.e. the probability
densities exist. The random variable X; and X; are called basic
variables. The locally sufficiently smooth (at least once
differentiable) state function is denoted by G(x) and is
defined such that

g(x) > 0 corresponds to a favourable state.
g(x) = 0 corresponds to limit state or failure boundary.
g(x) < 0 corresponds to failure domain

In the context of FORM, itis convenient but necessary only
locally that G(x) is a monotonic function in each component
ofx[11]. Generally, the performance function g(X) is given as
the difference between the resistance R(X) and the demand
or solicitation on the system S(X) that is., g(X) = R(X) - S(X).
Although, in reliability engineering analysis, g(X) is usually
expressed in terms of displacement, strain, stress, etc. The

performance functions can be related to the following
structural conditions [12]:

Ultimate limit state: under this limit state condition failure
is highly related to the total collapse of the structure or part
of it which implies that the structural safety ids highly
affected. Serviceability limit state: In this limited state
condition the failure events are associated with disruption of
the normal use of the structure such as extreme vibration and
deflection. It is convenient to describe failure events in terms
of function relations, which if they are fulfilled, define that the
failure event F occurs as in equation (1)

F={g(x) <0} (1]

Where g(x) is termed a limit state function. The
component of the vector x is the realization of the so-called
basic random variables X representing all relevant
uncertainties influencing the problem at hand. The failure
event F is defined as the set of realization of the limit state
function g(x), which is zero or negative.

3. Design Information

A Three (3) span continuous beam shown in fig (3.1)
transmitting a uniformly distributed load was designed
using Euro code 2. The beam width and overall depths are
300mm and 600mm respectively. The beam forms part of
beam arrangement in a structure, with spacing at 5m centers
and transmitting loading from a 180mm thick slab. The beam
carries characteristic dead and imposed loads of 6.62kN/m
and 5.0 kN/m respectively

'\}“ Span 1 ®  span2 ® Span 3
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Figure 1.1(a)and(b): Three-span Continuous Beam and
section of beam.

The bending moment diagram (BMD) and Shear force (SFD)
From Structural Analysis Using Prokon Analysis and design

software are shown in Fig (3.2)

Fig 1.2: Continuous Beam BMD and SFD
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3.1 PERFORMANCE FUNCTIONS FOR RELIABILITY
ANALYSIS

Limit State Equations

The limit state equations for the continuous beam
considering the failure mode in Eurocode2 are considered
below:

(i)Bending Failure Mode

The condition of failure for the continuous beam is given as;
Mgr-Mas <0

Hence, the limit state function is given as

G(X) = MR- MAS 0 (335)

Where

Moment of resistance (Mg) =KFcxbegd?

Taken condition reinforcement required at compression
zone,

k=k,, =0167

To take care of all the uncertainty that may lead to failure
after it has been designed as throughout the continuous
beam

Implies My = 0.167fgbgred? 2]

begs = by, 2(0.2x 0.851)
Mz= 0.167fx (b, +2(0.2 x 0.850)]d%(3.37)
Applied moment,
M,z = 0.09FL
F = (1356, + 1.50,)L (3.38)
M,5 = 0.090,1(135a + 1.5) B3]

GK/QK = ¢ = load ratio

At first and last span Myp = M|
6,(X) = 0167f b, +2(02D' + 0.1 X 0.851]d? — [0.090, *(L35a + 15)]  [4]

At the second interior Mgc
Applied moment

Mg = 0.07FL (At middle of interior span)

F = (1356Gg + 150g)L(341)

Mye = 0.07Q,12(1.35a + 1.5)(3.42)

Gy(X) = 0.167f[Dy, + 2(0.20" 4+ 0.1 x 0.85]d? - [0.07Q, [ (1.35a + 1.5)] [5]

In equations [2] to [5], Mg and M, are the moment of
resistance and applied moment respectively; Fex is the
characteristic strength of concrete,bey d,bw, and I are the
effective width, effective depth, the width of the beam
section and span length respectively; are the characteristic
dead and imposed loads respectively. In equation [4] and [5],
dead to live load ratio may be expressed as (a) ALPHA.

(ii) Shear Failure Mode

The condition of shear failure for a continuous beam is
given as;
The condition of shear failure for a continuous beam 1s given as;
Vrpmax = Ver
Vapmax — Ver 2 0
Hence, the limit state function is given by;
G(x) = Vapmax — Ver (3.44)

— Fek
VRD.m«x - Olsbwd(l - a}fck [6]

Shear at face of support 1.e. first and second interior support
Vera = Vegrg = 045F
F = (1.35G; + 1.5Qx)L(3.46)
Vepag = 0.450xL(1.35a +1.5) (3.47)

Ga(x) = 0.18b,d(1 — ;ELZ) foo —{0.45Q,L(1.35a + 1.5)} [7]
Shear at the interior and exterior support
Verc = Vigrp = 0.60F
F = (1.35G + 1.5Qk,)L
Vepep = 0.60QxL(1.35a + 1.5)(3.49)

G,4(x) = 0.18b,,d(1 — ;L’;)fck — [0.60Q,L(1.35a + 1.5}) [8]

In equation [6] to [8] Vrpand Ver, are characteristic values
of shear strength and designed value of shear strength
respectively. In equation [7] and [8], dead to live load ratio
may be expressed as ALPHA («)

4. RESULTS AND DISCUSSION

The results obtained and discussion arising are therefore
are presented below in for practical applications, an
algorithm for solving these equations has been developed and
coded by researchers, the reliability of the beam is carried out
using FORM with the parameter for stochastic model
generated [13]. Conceptually, the so-called FORMS5 is based
on the work in previous scholars’ studies [14, 15].

Table 4.1 Parameters of Stochastic Model on a Beam Due to
Bending and shearing.

SN Parameters Diztribution type cov Elx) S(x);
1 Charaefaristic strength of Log- normal 3 013 N 4N hmm
concretef
Charactanistic sirength of Log- normal § 015 0N 6.9 hom
concreta f,
2 width of beam, b, Normal 1 003 300 Vi
3 Span of beam, L TNomal 1 003 3000 il
4 Effectrva depth, Nomal 1 003 B00mm 3l
3 Tposed load Log- normal 3§ 03 iEnm 13
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4.1 Bending Failure Mode: 4.2 Shear Failure Mode
The results of the reliability analysis considering bending The results of the reliability analysis considering shear
failure at varying values of design variable in the stochastic failure at varying values of design variables used in the
model are shown in this section stochastic model are shown in this section.
Interior Span in Bending Interior Support in Shear
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5. DISCUSSION OF RESULTS
5.1 Failure Due to Bending

Using reliability index of 3.8 as the target for safety index as
stated in Eurocode( EN 1992,2005) for ordinary structures.it
can be seen that for a =1.0, the effective depth for bending of
interior span for the continuous beam is 520mm, for a =1.2
the minimum effective depth is 550mm, for a = 1.25 the
minimum effective depth is 555mm for a= 1.4 the minimum
effective depth is 565mm finally for a =1.6 the minimum
effective depth is 575mm.

From Fig 4.2, 4.3, and 4.4 the safety index was observed to
have increased with the increase in width of the beam at
both interior and exterior and characteristic strength of
concrete and decreases with an increase in load ratio. The
acquired safety indices are all above the target reliability
index of 3.8 as recommended by Eurocode (EN 1992, 2008)
and that of the joint committee for structural safety target
reliability of (JCSS, 2005). It can be seen that for all the load
ratios and the characteristic strength of the concrete
considered the safety index is above the standard safety
index.

For the bending failure of the beam, the effective depth,
width, characteristic strength of concrete, and span were
considered as illustrated in Figs 4.1 to 4.4. When considering
the effective depth, it is observed that the safety index
increases with an increase in effective depth. This is because
the effective depth is directly proportional to the resistance
ofthe beam, which is in turn proportional to the safety index.
Considering the width of the beam, it is observed that the
safety factor (B) decreases as the width increases.
Considering the characteristic strength, it is observed that
the safety factor (8) increases as the strength increases. This
is because the characteristic strength is directly proportional
to the resistance of the beam, which is in turn proportional
to the safety index. Considering the span of the beam, the
safety index () observed to decreases with the increase of
the beam span. This is because the span is proportional to
the load of the beam, which is in turn inversely proportional
to the safety index.

5.2Failure Due to Shear

From fig 4.5 Using reliability index of 3.8 as the target for
safety index as stated in Eurocode (EN 1992, 2008) for
ordinary structures.it can be seen that for a =1.0, the beam
span in shear of interior support for the continuous beam
is700mm, for ¢ =1.2 the minimum beam span 6300mm, for &
= 1.25 the minimum beam span is 6200mm for 1.4 the
minimum beam span is 5750mm finally for a =1.6 the
minimum beam span is 5400mm. From fig 4.6 as the width
of the beam increases the safety index also increases. Also,
from fig 4.7 the safety index was observed to have increased
with the increase in effective depth of beam and decreases

with an increase in load ratio. The acquired safety indices
are all above the target reliability index. While From fig 4.7
the safety index was observed to have increased with the
increase in effective depth of beam and decreases with an
increase in load ratio. The acquired safety indices are all
above the target reliability index of 3.8 as recommended by
Eurocode (EN 1992, 2008) and that of (JCSS, 2005)
standards.it can be seen that for all the load ratios and the
beam depth considered, the safety index is above the
threshold safety index.

For the shear failure of the beam, the effective depth,
width, and span were considered as illustrated in figs 4.5 to
4.8. Considering the effective depth it was observed that the
safety index increased as the effective depth increases. This
is because the effective depth is directly proportional to the
resistance of the beam, which is in turn proportional to the
safety index. Considering the width of the beam, it is
observed that the safety factor (B) increases as the width
increases. This is because the width is directly proportional
to the resistance of the beam, which is in turn proportional
to the safety index. Considering the span of the beam, the
safety index () observed to decreases with the increase of
the span of the beam. This is because the span is
proportional to the load of the beam, which is in turn
inversely proportional to the safety index

5.3. CONCLUSIONS

From the results obtained, it is observed that an effective
depth of 600 mm, a length of 5000 mm and a breadth of 300
mm are adequate for the proposed reinforced concrete
continuous beam for a load ratio ranging from 1.0 to 1.25.
Also, Athigherload ratios considering the same parameters,
the beam will experience failure due to the shearing of the
interior support only while the rest of the parameters will be
safe. Hence for load ratio less than or equal to 1.25, the beam
is safe.

The uncertainties due to concrete strength and applied loads
were accommodated, beam geometry was considered as
deterministic; partial safety factor for both beam and load
were also considered as deterministic. From the forgone
variable it was observed that the ultimate failure mode of the
beam yields lower reliability indices than the service mode
hence the design is safe.

5.4 RECOMMENDATION

Based on the unpredictable and inconsistent levels of safety
and unexpected failure of some structures due to many
sources of uncertainties, reliability analysis using the FORM
is mandatory in assessing the safety level of a structure. It is
recommended that structural safety should always be
assessed. Hence, an advance should be made toward
producing simplified procedures and safety design functions
for structures. However, due to structural inability to
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completely be free from the possibility of failure, design
variables must, therefore, be in such a manner as to suitably
fit the risk so that the goal of design, that is to design a safety
margin so that the risk of failure is as small as possible is
defected.
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