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Abstract: Uncertainties are always present in Analysis and design of Engineering systems, but conventional approach
simplify the problem by considering the uncertain parameters to be deterministic in which are not and accounted for the
uncertainties through the use of empirical safety factors which are derived based on experience. In this study, reliability
analysis of Concrete-Steel Composite Beams was carried According to Euro code using First Order Reliability Method
(FORM) through a developed matlab programme, four failure mode considered are bending, shear, deflection and shear
connectors capacity, by considering loads and resistances variables of the sections in the limit state equations to be random.
The analysis was carried out by varying some parameters while keeping other parameters constant, and this is to study the
effects of the parameters against one another. The safety index was found to be affected by parameters like steel yield strength
concrete strength, effective width of the slab, web thickness, ultimate tensile strength, shank diameter of the shear connectors,
Load ratio, live load and span of the beam. From the failure mode considered, Euro code 4 seems to be conservative with
respect to shear, safe with respect to deflection, satisfactory to bending, while shear studs capacity was at critical.
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guidelines to incorporate probabilistic analysis. Such revised
codes include the American Institute of Steel Construction
Load and Resistance Factor Design (1994) specifications and
Canadian structural design specifications [6-7]. The use of
reliability analysis in these codes was to provide more
information about system behaviour, the influence of
different uncertain variables on system performance, and the
interaction between different system components.

Modern structures require more critical and complex
designs, thus the need for accurate approach to assess
uncertainties using computer models, loads, geometry,
material property and manufacturing process [8]. However,

1. Introduction

Engineers have always recognized the presence of
uncertainties in analysis and design of engineering systems.
However, traditional approaches simplify the problem by
considering the uncertain parameters to be deterministic and
accounting for the uncertainties through the use of empirical
safety factors [1]. Safety factors are derived based on past
experience but do not absolutely guarantee safety or
satisfactory performance. Also, they do not provide any
information on how the different parameters of the system
influence safety [2-4].

Therefore; it is difficult to design a system with a uniform
distribution of safety levels among the different components
using empirical safety factors as loading and load carrying
capacity of structural members are random variables not
deterministic, as normally assumed [5].

These lead to revision of several codes and design

to manage and accommodate the effects of uncertainties on
structural performance, different methods of reliability-based
design have been developed through which load and
resistance variable were considered random and stochastic
[9-12].

The main aspect of any successful reliability design
optimization is directly depends on; an optimization
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technique that can efficiently find the global solution, and a
structural analysis tool that can accurately evaluate the
stresses of complicated composite structures [13].

In order to use more rational way to evaluate the level of
safety associated with composite beam design, this study
uses reliability based study by considering the load and
resistance variables to be random, and analyse the limit state
functions through a developed MATLAB programme [14]
according to Eurocode 4 [15].

1.1. Composite Beam

EC4 defined composite beam as a structural member with
components of concrete and either of structural or cold-
formed steel, connected by shear connectors. The shear
connectors aim to limit the longitudinal slip between the two
materials and the separation of one component from the other
and they are subjected mainly to bending [16-17]. Full
composite action can be achieved by welding the shear studs
to the top flange of the steel beams and embedding the studs
in the concrete when cast [18-19]. Figure 1 shows how shear
stud is being connected at the top flange of steel beam.

Composite beam

Figure 1. Shear stud welded to the flange of steel beam [20].

It can be seen from figure 2 (a) for a composite beam there
is an interaction between the two materials while figure 2 (b)
there is no interaction between the two materials therefore
the stress behaviour of the materials are independent to one
another

Steel beam with concrete skab

Iy

(a) Interaction

.

(b) No Interaction

Figure 2. Composite Behaviour of Concrete-Steel Beams [15].

1.2. Section Classification, Analysis, and Resistance

Table 1 shows the different classes of sections and their method of analysis with the type of section resistances as far [15].

Table 1. Section Classification.

Class of Section Type of Analysis Creep, Shrinkage, Cracking Resistances

1 Rigid plastic or elastic theory with moment redistribution No® Plastic

2 Elastic theory with moment redistribution No Plastic

3 Elastic theory Yes Elastic

4 Elastic theory yes Elastic acc. To EN 1993-1-5

1.3. Basic Concept of Reliability

Reliability concept has been perceived as an instigating
issue for a long period [5]. The main aim of engineering is to
provide a minimum level of safety and serviceability
throughout the structure’s life time. But due to the vital
source of uncertainties that could lead to under- or over-
design make it a difficult task to achieve. For instance
uncertainties related to loading, material properties,
engineering models, environmental exposure etc. it is
through reliability analysis method that a theoretical frame

and a comprehensive decision scheme for considering
uncertainties work is offered [21].

1.4. Need for Reliability Evaluation

It is clearly that factors, variables and properties that the
engineering analysis and design are depending upon are
always associated with uncertainties. Such uncertainties arise
from variables that influence a system capacity, resistance
supply and the demand or loading are inevitable. To have a
certain degree of certainty, systems in which randomness of
the variables are relatively small deterministic or traditional
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method is usually applied, which account for uncertainties by
use of empirical safety factor. While system with high level
of uncertainty stochastic approaches are necessary in its
analysis and design [5-22]. Deterministic approach does not
directly take care of randomness nature of the design
variables and it may lead to under estimation of such
uncertainties and consequently result in collapse of the
system or structure [23].

1.5. First Order Reliability Method Procedure

The main objective of structural reliability is to ensure that
no matter how the loading S it should not exceed the strength
or resistance R throughout the structures life [10].

Meaning that P(R > S) then safety margin can be define
by equation 1 below

Z=R-S (1)

If both the loading and resistance are random variables, Z
is also random variable with failure correspond to the
condition (Z < 0) In this case, if the probability distribution
associated with Z is known the failure probability Pf can be
easily computed as:

Pr=p (R<S) = p(R-S<0) @)

For statically independent R and S following normal
distribution, Z is also normally distributed with mean pz, and
standard deviation o,

Mz = Ur — Hs 3)

0, =+/0%g + 0% 4)

where pg, Us, or and o are mean and stadard deviations of
variables R and S respectively. The probability of failure can
be express as

Pi=0 (PH)=1-0 (-P) )

Where @ is the cumulative distribution of standard normal
variable and B is the ratio called reliability index

_ / _ P-R_lls 6
B=uz GZ*m (6)

As may be easily seen from Figure 2, the reliability index
computed by FOSM represents the number of standard
deviations that separate the mean value of the performance
function from the limit state surface Z = 0.

For lognormal random variables, an alternative
formulation to equation 5 could be derived as follows:
Assume that R and S are statically independent lognormal
random variable Y can be introduced as

Y=R/S (7

In[Y] =Z=1In[R]-1In[S] (8)

f,(z)

Probability density function

Figure 3. Probability density function of safety margin Z and failure
probability Z<0 [21].

The failure event can be defined as Y < 1.0 or Z <0. Since
R and S are lognormal, Ing and Ing are normal; therefore, InY

or Z is a normal random variable with mean Az — Ag and
standard deviation EZR + EZR The probability of failure can
be defined similar to equation 5.

h=o gl mel- e o

In the general case where the performance functions Z is a
function of a vector of n random variables, i.e.

Z=g(X)=gX;, Xs..., X (10)

The Taylor series expansion about the mean value gives
Z = g(i) + Tiy 2 (Ximpuxd) + 2 T0y Ty 2B (X))
g Hx i=1 aXi Hx 2 i=14i=1 0Xi dXj i~ Hxi
Xipxi) + ... (11)

Where the derivatives are evaluated at the mean values of
the random variables (X;, X,,... X,), and py; is the mean
value of Xi

2. Methodology

The reliability analysis was carried out on 300 X 300 X
42.2 kg IPE beam section supporting a concrete slab of 150
mm thickness using First Order Reliability Method through a
developed matlab programme, with four limit state functions
for the four failure mode considered bending, shear,
deflection and shear connectors capacity, by considering
loads and resistances variables of the sections in the limit
state equations to be random.

The mode of failure considered in the limit state design of
the composite beam involve

1. Bending failure mode

2. Shear failure mode

3. Deflection failure mode

4. Shear connection failure mode

The performance functions are:

Considering bending

gx) = Mpp rp — Msp (12)

Therefore,

(1.35a+1.5)QkL?
9(x) = OpAaf, (hy + b, — %) - EELDUL g (13)
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Where;

Fy is yield strength of structural Steel

h, is the depth of concrete slab

h, is depth of centre of steel section from top of steel
flange.

Or = is the uncertainty in resistance model

05 = is the uncertainty in load model

a = is the dead to live load ratio

G

a=—

Qk
Considering shear

gx) = Vor,ro — Vsp (14)

Therefore,
g(x) = 6z0.6Dtf, — 0.5 X (1.35a + 1.5)Q X L X 85 (15)
Considering deflection
4
g(x) = 6, — WL /3841 b5 (16)

Considering Shear resistance of the shear stud

g(x) = Ppq — Vsp (17)
Therefore,
0.8Fund2/4
glx) = QRV— — 0.5 % (1.35a + 1.5)Q, X L X 65 (18)
|4
Where;

Yy = Partial safety factor for the shear stud =1.25

d is shank diameter of the stud

F, is Ultimate tensile strength of shear stud

in evaluating the deflection of the beam, the section have
to be transformed in to equivalent steel section by applying a
modular ratio as stated in Euro code, and is 10 and 15 for
normal and light weight concrete respectively, and the
moment of inertia I in equation 19 is the gross moment of
inertia of the composite section as given in equation 19
below

Abgfrhi(hg+he)?
4(Am+begrhe)

(19)

g = 1o

Start

Y

Choice of structural element and
section to be analyze

!

Evaluation of design action and resistance
according to Eurocode 4

Solicitation of random variables

-
Relabity analysis using
MATLAB

|

Refiability index § and Probability of failure

|

Stop

Variables
Transformations

Limit state equations

Figure 4. Reliability analysis flow chart.

3. Results and Discussions

The analysis was carried out by varying some parameters
like the slab thickness, web thickness, width of the concrete
slab, live loads, concrete strength steel strength and load ratio
while keeping other parameters constant, and this is to study
the effects of the parameters against one another. The
analysis results are;-

3.1. Bending

Figure 5, 6, and 7 shows the reliability indexes at different
live loads and beam span for grade S275, S355 and S460
steel strength, the safety index was found to be decreasing
with increase in both live loads and beam span, however
increases with increase in the steel strength.
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Figure 5. Reliability Index against Beam Span at different live loads for Fy
= 275 N/mm’ considering bending.
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Figure 6. Reliability Index against Beam Span at different live loads for Fy
= 355 N/mm’ considering bending.
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Figure 7. Reliability Index against Beam Span at different live loads for Fy
= 460 N/mm’ considering bending.

It was observed from figure 8 at varying effective width of
concrete slab, the optimum reliability index was found to be
at 1500 mm effective width at 3 to 7 m beam span but for 9
m the optimum is at 2000 mm. and it was observed that all
are at above one-fourth of the span as recommended by Euro
code [15]. However, the safety index keep increasing with
increase in effective width of the slab at 13 to 25 m beam
span.
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Figure 8. Reliability Index against Effective width of concrete slab at Qk =
4kN/m at different beam span for grade S460 considering bending.

From figure 9, 10 and 11, an increase in safety index with
increase in slab thickness was observed,

and in both the three steel strength for 200 mm thickness
and above all of points passes the target reliability of 3.3 to
3.7 for structures of minor to large consequences of failure as
recommended by both Joint Committee on Structural Safety
and Eurocode [15, 24]. The safety index also increase with
increase in steel strength with all the point passes the
minimum safety index for F, = 460N/mm” and only one point
doesn’t pass for F, = 355N/mm” and nine points for

F, = 275N/mm’, but the safety decreases with increase in
load ratio.
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Figure 9. Reliability Index against Slab Thickness at Qk = 4kN/M at
Different Load Ratio for Fy = 275 N/mm® and 11m Beam Span considering
bending.
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Figure 10. Reliability Index against Slab Thickness at Qk = 4kN/M at
Different Load Ratio for Fy = 355 N/mm® and 11m Beam Span considering
bending.
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Figure 11. Reliability Index against Slab Thickness at Qk = 4kN/M at Different Load Ratio for Fy = 460 N/mm’ and 11m Beam Span considering bending.

3.2. Shear

figure 12, 13, and 14 present the reliability indexes at
different live loads and beam span for F, = 275, 355 and 460
N/mm’ steel strength respectively considering shear failure.
The safety index was found to be decreasing with increase in
both live loads and beam span, but increases with increase in
the steel strength
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Figure 12. Reliability Index against Beam Span at different live loads for Fy
= 275N/mm’ considering shear failure.

16.0
15.0
14.0
13.0

12.0 ——Qk=1.5kN/m
11.0
10.0 —m—Qk =3 kN/m
9.0 —4—Qk =4 kN/m
7.0 —<=Qk = 6 kN/m

6.0 —#—Qk = 10 kN/m

Reliability Index

4.0 —0—pT =37
3.0 ——— — T T ‘
13 5 7 9 1113 15 17 19 21 23 25 27

Beam Span

Figure 13. Reliability Index against Beam Span at different live loads for Fy
= 355 N/mm’ considering shear failure.

16.0
15.0
14.0
13.0
12.0
11.0
10.0 —m—Qk =3 kN/m

—4—Qk = 1.5 kN/m

8.0 ——Qk = 4kN/m
£0 —+—Qk = 6kN/m
5.0 —=Qk =10 kN/m
40 000000000000 o

3.0 BT=37

Reliability Index
o
o

1 3 5 7 9 11 13 15 17 19 21 23 25 27
Beam Span

Figure 14. Reliability Index against Beam Span at different live loads for Fy
= 460 N/mm’ considering shear failure.

Also an increase in safety index was observed with
increase in web thickness but decreases with increase in load
ratio as presented in figure 15. All the points pass the target
safety index of 3.7 for F, = 460N/mm’ and only at 25m beam
span with 10kN/m live load does not pass for F, = 355N/mm’
however, 4 points at 19 to 25m beam span with 10kN/m live
load doesn’t pass for F, = 275N/mm” as recommended target
reliability by both by both Joint Committee on Structural
Safety and Eurocode [15, 24].
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Figure 15. Reliability Index against Web thickness at different load ratio.
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3.3. Deflection

Figure 16 present the results for reliability indexes at
different live loads and beam span considering deflection limit
state, the safety index was found to be decreasing with increase
in both live loads and beam span and it’s found to be critical
when the span reaches 21 m 15 m, 13 m, and 11 m for a live
loads of 1.5kN/m, 3 kN/m, 5 kN/m, and 9 kN/m respectively a.
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= 100 ——Qk=9KkN/m
(a2

o
=3

=BT =37
0.0
5.0

Beam span

Figure 16. Reliability Index against Beam Span at different live loads
considering deflection failure.

3.4. Shear Stud Capacity

the results for reliability indexes at different live loads and
beam span considering shear stud capacity was presented in
figure 17, 18 and 19 for F, = 275, 355 and 460 N/mm” steel
strength respectively, the safety index was also found to be
decreasing with increase in both live loads and beam span,
but increases with increase in the steel strength.
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Figure 17. Reliability Index against Beam Span at different live loads for
grade Fy = 275 N/mm’ considering shear stud failure.
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Figure 18. Reliability Index against Beam Span at different live loads for Fy
= 355 N/mm’ considering shear stud failure.
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Figure 19. Reliability Index against Beam Span at different live loads for Fy
= 460 N/mm’ considering shear stud failure.

It was observed from figure 20, that the reliability index
increases with increase in shank diameter however decreases
with increase in load ratio.
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Figure 20. Reliability Index against shank diameter of the shear stud at
different load ratio for Fy = 460 N/mm’ considering shear stud failure.
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Figure 21. Reliability Index against beam span for the four failure mode
considered.

Figure 21 shows the reliability indexes against beams span
for the four failure mode considered and it was observed that
Shear, bending, and shear connection are safe but shear is safe
and conservative while deflection is critical. Four points at 19
to 25 m beam span are below the target reliability of 3.3 to 3.7
for structures of minor to large consequences of failure as
recommended by both Joint Committee on Structural Safety
and Euro Code with an average safety index of 1.4 [15, 24].
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One point at 25m in bending failure mode with an average
safety index of 3.3 and two points from 21 to 25 m beam span
with average safety index of 3.2 doesn’t pass the minimum
target reliability in case of connectors failure mode.

4. Conclusions

From the reliability analysis

results the following

conclusions were drawn,;

1.

It is feasible to model composite concrete-steel beam
for checking its reliability using Eurocode 4.

2. The sensitivity analysis carried out shows that the safety
index was found to be increase with increase in
parameters such as yield strength, concrete strength,
effective width of the slab, web thickness, ultimate
tensile strength and shank diameter of the shear stud.
However decreases with increase in parameters like
Load ratio, live load and span of the beam.

3. From the failure mode considered, Euro code seems to
be conservative with respect to shear, unsafe with
respect to deflection at some span, satisfactory to
bending, while shear stud is at critical which conformed
to [25-27].

4. The results of the study show that the effect of change
in imposed loads had a great effect on the safety indices
of the beams for both bending, shear and deflection
failure mode but is more critical in deflection.

Nomenclature

Aa - Area of structural steel.

Av - Area of the beam web

besr - Effective width of concrete slab.

d - Shank diameter of the stud

D - Depth of the steel section

EC4 - Euro code 4

Gy - dead load or permanent action

§ - Reliability or Safety index

Br - Target Reliability or Safety index

E - The elastic modulus of steel

F, - Ultimate tensile strength of shear stud

Fy - Steel yield strength

h; - Depth of concrete slab

h _ Depth of centre of steel section from top of
€ steel flange

I, - Gross moment of inertia of composite section.

I, - Moment of inertia of structural steel

M, rp - plastic resistance moment of composite section

Mgp - Applied design loading moment.

P - Failure probability

Qi - Live load or Variable action

R - Strength or resistance

S - Loading effect

ty - Web thickness

Or - Uncertainty in resistance model

0s - Uncertainty in load model

HR - Mean of strength or resistance

Us - Mean of loading effect.

va - Partial safety factor for structural steel.
Ve - Partial safety factor for concrete.

Vv - Partial safety factor for the shear stud
Vo.rp - Plastic shear resistance.

Vsp - Applied design shear

W, - Imposed uniformly distributed load only
X - Depth of the neutral axis.

@ _ Cumulative distribution of standard normal

variable

a - Dead to live load ratio
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