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Probabilistic Assessment of the Structural
Reliability of Reinforced Goncrete Beams

Introduction

Based on the analysis of scientific publica-
tions, it was found that existing approaches do
not sufficiently account for the uncertainty of
operational parameters and require develop-
ment of interdisciplinary methods.

Armen Der Kiureghian [1] specializes in
reliability analysis using Bayesian methods,
finite element modeling, and reliability-based
optimization, which has significantly advanced
the applied aspects of structural assessment.

Liu Haobo [2] developed calculation models
that take into account the uncertainty of build-
ing structure parameters, enabling more accu-
rate predictions of their behavior under various
operating conditions.

S. Soloviev [3] proposed a P-box-based ap-
proach for reliabilite analysis under uncertain-

ty, enabling risk assessment without classical

probability assumptions.

Among Kazakhstan scientists, D.A. Akhme-
tov [4] studied methods of concrete strength
testing used in structural inspections, compar-
ing destructive and non-destructive approach-
es.

In [5], the design and construction of build-
ings using precast concrete blocks, the effi-
ciency of construction processes, and structur-
al reliability were examined.

In [6], a methodology for assessing struc-
tural reliability under incomplete probabilistic
information was developed based on Bayes’
law and modal analysis, demonstrating higher
efficiency than the Gibbs sampling method.

In [7], it is noted that deterministic optimi-
zation does not explicitly account for existing
uncertainty.

In design codes, uncertainties are consid-
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ered through safety factors; however, deter-
ministic approaches reduce the calculated re-
liability level. Therefore, probabilistic methods
and the analysis of random variables are more
effective. Despite existing studies, many ap-
proaches remain limited, and there is a need
for integrated probabilistic methods for reli-
ability assessment under uncertainty.

Research methods

Reliable operation of structures requires
accurate models of load-bearing capacity and
the absence of limit states throughout their
service life [8-10]. The main reliability criteria
include the probability of failure-free operation
and service life prediction. Therefore, along
with deterministic approaches, probabilistic
methods should be used, considering parame-
ters as random variables. The paper examines
the reliability of reinforced concrete beams at
the design stage, including deterministic cal-
culation principles [11].

The design scheme of a single-span beam
is shown below in Figure 1.

1. Deterministic calculations

According to Figure 2 (using the values
of the parameters x and xz), the deforma-
tion characteristics of the cross-section (with
one-sided reinforcement) were calculated us-
ing the following data [13]:

a) heavy concrete class — B20 (with a ser-
vice condition coefficient of y = 0.9): (R, =10.5
MPa = 107 kgf/cm?) - design resistance for the
limit states of the first group;

b) Working reinforcement along the lower
chord - AIII: (Rs =365 MPa = 3750 kgf/cm?) -
design resistance of the longitudinal reinforce-
ment in tension; (Rs.=365 MPa=3750 kgf/
cm?) - the same, for compression; (Rs, =290
MPa = 3000 kgf/cm?) - the same, for trans-
verse reinforcement (stirrups and bent bars).

Therectangularcross-section(bxh = 40x60
cm); the beam span /=6 m.

The uniformly distributed transverse load:
(g, =670 kg/m = 0.67 x 102 MN/m) is the con-
stantload intensity; (V, = 1200 kg/m = 1.2x10"
MN/m) is the temporary load intensity.

The strength conditions for a normal
cross-section of a reinforced concrete struc-
ture are as follows [11, 12]:

Mo < Mo = R,- A, (ho—0,57) . (1)

Let’s calculate the maximum moment from
the combined action of the constant and tem-
porary loads (yris the overload factor):

n + n
Fo= Mo = (¢.7/ Sv 7:)

(2)

To verify the deterministic calculation, a nu-
merical experiment was performed in ANSYS,
and the results of displacements and stresses
were obtained (Figures 3-4).
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Figure 1 — The design scheme of a beam
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Figure 2 — Towards the issue of the bearing
capacity of a reinforced concrete beam
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Figure 3 — Normal stresses in the concrete

The obtained results showed satisfactory
agreement with the theoretical values, with a
relative error of about 14%. The majority of
stresses were concentrated in the concrete
section, confirming the adequacy of the adopt-
ed calculation model.

2. Probabilistic calculations

Write the safety factor function as the
probability of failure-free operation (FFO), i.e.
probability of fulfilling the strength condition
[9]:

PS:p(q > 0), q:Fs_FM:RsAs'
,(;;_M)_(qwﬁ VY4 )z?
R.b 8 :

(3)
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Flgure 4 — Normal stresses in the
reinforcement

When using probabilistic calculations to as-
sess the reliability level of a structure using
random (statistically variable) variables, we
use the following parameters (marked with a
wavy line).

For the random variables listed above, the
following values are specified (based on sta-
tistical processing of experimental or design
data):

a) Average values:

q.=0,67-10"7 MN/m = 670 kg/m;

R.= R, = 365 MPa = 3750 kg/cm?;
1=1=6m=600cm;

R,=R,,= 10,5 MPa = 107 kg/cm?;
v=2,=1,2X10" MN/m = 1200 kg/m;
ho=hy, =56 cm = 0,56 m;

.= A;,=0,0036 m b=0,4m.

Standard deviation:
S(R,) = 18 MPa = 180 kg/cm’;

S(R,) = 0,54 MPa = 5,4 kg/cm’;
S(hs) =0,03v = 0,3 cm;

S(1) =0,3m =30 cm;

S(g.) = 0,033 X 10 MN/m;
S(v,) = 0,06 MN/m.

According to expression (3), calculate the
average value of the bearing capacity reserve:
365 -0,0036
=365-0 036(0 56—0 5w)_(4)
2
—< 0,67-10° 51’2 10~ ): 0,4462 MNm.
Based on the method of statistic lineariza-

tion [9, 13], calculate variance of the bearing
capacity reserve of the structure under consid-

eration:

SZ(RW)<£E )+S£(Rb")<aafg:n>+
+sz(qn)(§3l >+S <Vﬂ)<§gl>+ ©)

s (ho)< %, ) > (z)(aa‘;l)?.

The required derivatives were determined
based on standard statistical linearization.

Substitute the calculated values and the giv-
en values (4) into expression (5) and calculate
the variance (S?) and standard deviation (S,,):

2 =0,002015; S, = ¢S4 = 0,04489 MNm. (6)

Calculate the reliability index (taking into
account the values of 4, 6):

_q 04462 B
=g, = 00a89 =99 O

Calculate the probability of failure-free op-
eration (FFO) of the structure (Figure 1) (ac-
cording to Table A.5 [10]):

Po=1—®(B)=1-10"=0,999(9), (8)

where ®(f;) is the Gauss function.

According to value (8), the probability of fail-
ure-free operation for the reinforced concrete
beam in Figure 1 is very high (close to 100%).

Scientific results

Studying the probability of failure-free op-
eration taking into account the reinforcement
percentage.

It should be noted that the previous cal-
culations were performed with the beam
cross-section conventionally reinforced with
class AIII reinforcement with a conventional
reinforcement percentage of ¢ = 1.5% (with
the reinforcement area of [As = (bh)y¢ = 36
cm?]). Now perform the following study: by
varying the value of p within the range of
(0.2%) to (0.25%), determine the required
reinforcement area for a given failure-free op-
eration value of greater than 98%. The calcu-
lations are presented in tabular form (Table).

Based on the data of Table, calculate the
mathematical expectation (average value) of
the bearing capacity reserve: m, = 0,016923
MNm.

According to formulas XIX.1 (p. 361)

[14]: &R =0,69; &,=0,8416; accept
(& =0,4) < (& = 0,69):
F,= fbho];} = F,= 4,19 cm*
F=-M _ _p—514em(r,=0,8);
a RAyoh() a y 0 1O/
2
M=%=8415kgm; &=r(A);
M

A= m = 0,0639.



According to the data in Table 1, it is estab-
lished that to ensure the required operational
reliability of the structure under consideration
(Figure 1) (probability P* > 0,98), it is neces-
sary to adopt a reinforcement percentage p*
of at least 0.25% (with A5 > 6 cm?).

If the reinforcement is selected using
the deterministic calculation option [14],
the required reinforcement percentage is
o = 0.215% (A$ = 5.15 cm?).

The values (1) and () are close; how-
ever, the probabilistic method provides slightly
higher reinforcement values, ensuring greater
reliability (P = 0.98).

Figure 3 shows the dependence of reliabili-
ty level on the reinforcement percentage ¢ for
a reinforced concrete beam. The graph allows
determining the required 4 to ensure a giv-
en probability of failure-free operation (0.684-
0.9855) within the range of 0.2-0.25%.
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Conclusions

1. Using a reinforced concrete beam as an
example, a methodology for assessing struc-
tural reliability at the design stage is proposed.

2. The probabilistic approach considers
load-bearing capacity parameters as random
variables and allows determining the probabil-
ity of failure-free operation.

3. The results show that the probabilistic
method provides a higher reliability level com-
pared to the deterministic approach.

4. It is established that to ensure P > 0.98,
the required reinforcement percentage is
7 = 0.25%.

5. The proposed methodology can be ap-
plied in the design and assessment of building
structures.

The study is funded by the Science Com-
mittee of the Ministry of Science and High-
er Education of the Republic of Kazakhstan
(AP26195361).

Studying the reinforcement percentage in a reinforced concrete beam effect on its failure-free

operation
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Figure 5 — FFO probability dependence on the reinforcement percent (n) of the beam
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