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Abstract

Quality assurance and reinforcement detailing may affect the primary function of a reinforced concrete slab to transfer the load upon it by bending. This paper is 
focused on a probability-based approach to investigate the structural integrity of the reinforced concrete slabs of two selected buildings at a university campus. The in 
situ strength of all accessible fl oor slabs was measured using the Schmidt rebound hammer and Ultrasonic pulse velocity tester. The loadings on the slabs were analysed 
using Orion Software on the structural layouts of the two buildings. The integrity of the slabs, measured by their reliability indices, considering the yielding of the steel and 
defl ection criteria, were estimated using the fi rst-order reliability procedure. The computed indices were related to a target reliability index of 3.8 for the ultimate limit state 
and 1.5 for the serviceability limit state, chosen for a 50-years reference period of Class RC2 structural members according to BS EN 1990:2002+A1:2005. Generally, the 
safety indices decrease as the applied loads/moments increase for all the slabs in the two buildings. Although the estimated safety indices reveal that the slabs are over-
designed, some of the slab panels in one of the buildings will fail the defl ection criterion when loaded to about 80% of their ultimate capacity. Based on this assessment, 
a disparity in quality assurance between the two buildings has been established.
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Introduction

Concrete, apart from being durable and easy to form to any 
desirable shape, is less expensive and can sustain bad weather 
[1]. It is also non-combustible and possesses high fatigue 
resistance [2]. Because of these properties, concrete is the 
most commonly used construction material [3-4]. It is used 
in buildings, storage tanks, bridges, pipelines, etc. Basically, 
concrete is composed of cement, aggregates (fi ne and coarse) 
and water, and sometimes admixtures [5]. It is very good 
in compression but poor in tension but to complement this, 
reinforcement, which is good in tension, is added to produce 
reinforced concrete [6]. In buildings, the structural elements 
include slabs, beams, columns, foundations, walls, and stairs 
[7]. Therefore, all the elements have one duty or the other in the 
functionality of the structure. These elements therefore need 
proper maintenance through conduction of structural integrity 
of the structural elements of the structure, in order to ascertain 

their level of fi tness in service [8-12]. However, reinforced 
concrete slab, which is usually a fl at horizontal surface, is used 
to form fl oors, walls, staircases, roofs, and foundations [13]. 
They are generally supported by beams, columns, walls, or the 
ground. Slabs, therefore, play a signifi cant role in the stability 
of the building and comfort for users. In slab design, bending 
is usually considered in the ultimate limit state rather than 
shear; and defl ection is majorly considered in the serviceability 
limit state [13]. Inadequate design of the slab may result in its 
failure and the parameters for the design are not deterministic 
but stochastic. The reliability prediction of the stochastic 
parameters with response to applied loading will shed light on 
the integrity of a building [14-16].

Literature review 

Reliability analysis deals with the probability that a 
structure will not attain each specifi ed limit state (ultimate 
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20.156 -g f bd Mcu                 (2)

Where fcu is the characteristics strength of the concrete, b is 
the width of the section, d is the effective depth of the section, 
M is the applied moment, and  is the percentage of applied 
moment. 

The statistics for the designed variables and the parameters 
in Equation (2) are summarised in Table 1.

Performance function for the defl ection criterion for the 
slab

The defl ection criterion for the defl ection of the slab is 
given as: 

Limiting span/Effective depth ≥ actual span/effective depth

Basic span/effective depth ×  modifi cation factor ≥ actual 
span/effective depth; 

According to [29], Table 1 (modifi cation factor for tension 
reinforcement), the modifi cation factor is given as:

477
 0.55 2.0

120(0.9 )2

fsModification factor
M

bd


  


           (3)

Where fs is the estimated design service stress in the tension 
reinforcement; and

M is the design’s ultimate moment 

The performance function for the defl ection of the slab is 

 mod  

 /  

Span
g Basic depth ratio ification factor

effective

actual span effective depth

  
        (4)

Basic span/effective depth ratio for simply supported beam 
= 20 (Table 2 [29]), therefore

or serviceability) during a specifi ed reference period [17-
19]. It deals with the rational treatment of uncertainties in 
structural engineering and with the methods for assessing 
the safety and serviceability of civil engineering structures 
and other structures. During a specifi c reference period, the 
safety of a structure is very important [20] as it depends on 
the magnitude of the load effect and the resistance of the 
structure. If the former is greater than the latter, the building 
is not safe. Therefore, the loads on a structure and resistance 
are uncertainties and therefore, are classifi ed as random 
variables; and may be analysed by various reliability methods. 
Some of the methods are the First-Order Reliability Method 
(FORM) Second-Order Reliability Method (SORM), fi rst-order 
second moment (FOSM), point estimate methods, Monte Carlo 
simulation methods, load and resistance factor design, and 
stochastic fi nite elements [21-24]. 

Structural analysis and design of irregularly shaped 
reinforced concrete slabs using a Simplifi ed Design Method 
(SDM) was carried out [25] and discovered that the percentage 
difference of the simplifi ed method with fi nite element 
software ranges from 4% to 12% and that the results obtained 
for all the selected irregular shaped slab sections indicated that 
the SDM was a good and quick approach to design irregular 
(triangular and curved) slab sections.  Goutham and Manjunath 
[26] conducted research on reliability analysis of grid fl oor 
slabs as per IS456-2000 in limit state of fl exure, shear, and 
defl ection using the Monte Carlo simulation technique and 
Advanced First Order Second Moment (AFOSM) also known 
as Fisseler’s Algorithm method. It was observed that the 
reliability index varies from 3.23 to 5.16 for square grid slab 
in fl exure; in shear, the reliability index varies from 4.90 to 
5.83; and in defl ection, the reliability index varies from 6.25 
to 7.71. Also, the reliability index varies from 3.69 to 4.86 for 
rectangular grid slab in fl exure; in shear, the reliability index 
varies from 4.83 to 5.84; and in defl ection, the reliability 
index varies from 6.66 to 8.17. In this research work, FORM, 
from CalREL software [27], a coded algorithm, was used to 
estimate the reliability indices of accessible fi rst-fl oor slabs of 
two University buildings. The results were compared with the 
targeted reliability index specifi ed by [28].

 Methodology

In order to carry out the reliability analysis of the panels of 
the slabs so as to predict their integrities, some performance 
functions are needed. They are:

Performance function of the ultimate moment of resis-
tance of the slab

The limit state equation for this case is 

g = Mult - Mapp                (1)

where Mult is the ultimate moment and Mapp is the applied 
moment.

The limit state function for the failure of concrete in 
compression can be expressed as: 

Table 1: Statistics for the designed variables for the ultimate moment of resistance 
based on the failure of concrete about the neutral axis.

Variables Distribution Type Mean Standard deviation

fcu (N/mm2) Log normal 33.38 3.07

b (mm) Normal 1000.00 100.00

d (mm) Normal 124.00 12.40

M (Nmm) Log normal 67680000.00 20304000.00

Table 2: Statistics for the designed variables for performance function for the 
defl ection criterion for the slab.

Variables Distribution Type Mean Standard deviation

M (Nmm) Log normal 31100000 9330000

b (mm) Normal 1000.00 100.00

d (mm) Normal 124.00 12.40

fs Normal 198.91 9.95

L (mm) Normal 3862.50 386.25
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The statistics of the variables and their assumed distribution 
types are shown in Table 2.

Generation of loadings for reliability analysis

As can be seen in the structural layouts (Figures 1,2), 
building A has 18 accessible fl oor slab panels while building B 
has 32. The loadings on the panels of the slabs were generated 
using Orion Software [30] and were subjected to reliability 

analysis using CalREL software. The results of FORM were 
extracted for analysis. 

Results and discussions

Reli a bility Indices of the slabs in the ultimate limit state 
for building A 

The trend of the plots of reliability indices against the 
probable accidental loadings (Figures 3,4) reveals that the 
safety indices decrease as the loadings increase on the slab for 
all the assumed steel ratios. A low steel ratio obviously results 
in a low-reliability level [31]. As stipulated in [29], the steel 

Figure 1: The structural layout of the Building A.
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Figure 2: The structural layout of the Building B.
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ratios range between 0.13%bh and 4%bh, where b and h are 
the width and depth of the section. The steel ratio of 2% and 
4% produced safety indices that are far above the target safety 
level of 3.8 and the slab can survive the whole service life and 
will even sustain accidental load that is twice the designed 
applied load. 

Relia bility indices for the slabs in defl ection for building 
A 

The effect of excessive defl ection above the specifi ed limit 
can never be overemphasized as the aftermath effects are 
undesirable. Apart from causing discomfort for the users, it 
also alters its aesthetics. Figure 5 shows that all the slab panels 
will not fail the serviceability limit state in defl ection because 
their reliability indices are well above the target safety index, 
and the slabs can even carry almost twice their designed load 
throughout their service lives. 

Relia bility indices of the slabs in the ultimate limit state 
of building B

It is clear from Figures 6,7 that safety indices for slab 
panels in Building B follow a similar trend to those of Building 
A. For all the assumed steel ratios, the safety indices decrease 
as the loads increase. While the minimum steel ratio gives low 
safety indices, the steel ratios 2%bh and 4%bh produced very 
high safety indices well above the target safety level of 3.8. 

Rel ia bility indices for the slabs in defl ection for building 
B

Of all the slab panels, panels 15, 16, 17, and 18 are critical 
because of their spans. Their reliability indices are very low 
when compared to the target safety level as shown in Figure 
8. The slabs will be able to withstand only about 80% of the 

designed load in terms of the defl ection criterion. Apparently, 
the slab will not accommodate the accidental load. Other slab 
panels have their safety indices well above the target safety 
level to the extent that when they are subjected to twice their 
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Figure 3: Reliability index against the percentage of the applied moment for slab 
panels 1, 2, 3, 11, 12, and 13 of Building A.
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Figure 4: Reliability index against the percentage of the applied moment for slab 
panels 4 and 5 of Building A.
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Figure 5: Reliability index against the percentage of the applied moment for Building 
A (Defl ection criterion).
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Figure 6: Reliability index against the percentage of the applied moment for slab 
panels 1, 2, 3, 19, 23, 30, 31, and 32 of Building B.
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Figure 7: Reliability index against the percentage of the applied moment for slab 
panel 5 of Building B.
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Figure 8: Reliability index against percentages of the applied moment for the slab of 
Building B (Defl ection criterion).
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designed loads, the serviceability limit state in defl ection will 
not be violated.

Con clusion

Adverse effects of building collapse, make assessment of 
integrity of the structural elements of reinforced concrete 
structures very pertinent. The probability-based assessment 
of the slabs of the two University buildings shows that the 
slabs are well designed against the serviceability limit state of 
defl ection except for a few panels that could only withstand 
not more than 80% of their designed loading to meet the target 
safety level. The slabs should be designed above the minimum 
steel ratio of 0.13%bh as their safety indices are below the 
targeted safety level of 3.8. 

These fi ndings indicate the fact that the buildings should 
undergo periodic structural monitoring checks in order to 
avoid progressive failure.
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