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ABSTRACT

A description is presented for extending reliability
anal ysis concepts or probabilistic approach to the formation of
desi gn equations and conpliances on sites to the equations. The
desi gn equations for concrete structural elenments were reviewed.

The test gave very reasonable prediction of how reliably the
desi gn equations are and the conpliance of workmanship to the
desi gn equations requirements. The First Order Reliability Method
(FORM was reviewed as a basis for the study in which the
i nherent uncertainties in material and geometric properties
together with |oading conditions were explicitly considered.

A FORTRAN 77 computer program was followed to conpute the
reliability levels inmplicit in the design equations in respect of
field tested values of structural elenments |ike slabs, beans and
short colums. The statistical values for the design variables
were based on information obtained from sites.

The results obtained showed that with all the basic
vari abl es assum ng normal distribution, the inplicit reliability
levels, (3, range from 4.96541 to 7.2113 for short colums, the
interpretation of this high value of reliability level is due to
the fact that on all sites there are good quality control and
good wor kmanshi p, which results in small coefficient of
vari ati on.

The variations of reliability level with span, varying

conpressive strength, yield strength were conpared.
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Area of compression Reinforcement
Breath of the.structural element
Cumulative Distribution Function
Coefficient cf Variation
Effective depth of stfuctural element
Depth to the compressive reinforcement
Dead load
Mean compressive strength of concrete structural
element
Yield strength of steel
State function of basic variables
Length of structural element
Applied moment
Moment of resistant
Live load.
Safety index or reliaﬁility level
Reinforcement ratio
Resistance capacity.
Load effect
basic variate
Reduced basic variate
Mean value
Standard deviation.

Total load on the element; uniformly distributed
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study.

In recent years, a probabilistic approach to structural
design has been proposed. Since both the load and structural
resistance are subject to inevitable variations, the .
probabilistic approach to structural design enables the
structural safety problem to be treated in a more rational
manner. One group of necesséry information in this approach is
the variation in the structural resistance of finished structures -
compared to the specified resistance[l]. In particular, when the
structural members are manufactured on construction sitgs, as is
the case with concrete columns, slabs,and beams,etc.

In current concrete practice, control of quality of concrete
for acceptance purposes in structural members is based on the
compressive strength of standard 150mm cubes, cast, cured and
tested in accordance with standard established procedures.; 1f
test results based on the 150mm cubes indicate compliance with
specified strength and the concrete has been placed,
consolidated, and cured in aécordancé with the accepted
practices, it is assumed that the concrete represented by the
specimens and cast as part of the structure meets the design
requirements. Unfortunately, in practice, these assumptions are
not always correct and more often than not, placing, vibrating

and curing conditions leave a lot to be desired. This, combined



with the fact that reinforced concrete membérs are considerably
larger and more massive in size, briﬁg doub;s whether the 150mm ”
cubes do really represent the strength of concrete in structures.
This is not to say that the practice of accepting concrete on the
basis of 28-day compressive strength of standard-cured cubes has
not served the construction industry well. 1In fact, it has, and
thousands of reinforced concrete structures in our cities today
are examples, to the acceptance of the quality of concrete on the
above basis.

Notwithstanding this, the problem often arises when the
strength of the Réinforced Concrete members deviates greatly from
the 28-day strength of the standard cubes.

Field data are important for two main reasons: it gives
information on how reliable and realistic the design strength of
a building is and hence lead to a more rational basis of
estimating the safety factor for a building. Secondly, it give an
indication of the effect actual site conditions have on the
quality of concrete compared to preparing the concrete product

under laboratory conditions [2].

1.2 AIM AND OBJECTIVES.

The aim and objectives of this work include the feollowing:

1. To make available additional practical data on in-situ
concrete.
25 To assess the degree of consistency of workmanship at sites

or under site conditions.



3. To suggest a practical minimum value of compressive strength
reinforced concrete members for site conditions.

4. It is also intended that the information provided.shoﬁld
serve as control data to assist in the .interpretation of
non-destructive test results aimed at evaluating the
strength of existing buildings.

8. The work is alsc aimed at the evaluation of final
probability of failure levels for in-situ columns, beams and

slabs on per site basis.

1.3 JUSTIFICATION OF THE PRESENT STUDY.

In Nigeria, application of reliability analysis has not kept
pace with other development in the Construction Industry. Safety.
provisions have at times beeﬁ crude and have seldom been
consistent. However, recently, efforts have been made to place
reliability considerations on a rational basis by considering
member strengths and load values as érobabilistic quantities.
Progress in this direction will lead to more realistic and more
consistent safety provisions. (6]

The application of reliability theory in design has been
hampered by the lack of data regquired to define the pafameters as
random variable. In this work, the variability of concrete
quality in existing reinforced concrete structural elements (e.g.
columns, slabs and beams) will be described by using hardness
test (rebound ham@er) as a non-destructive measure of concrete

quality. The information provided will also serve as control data



to assist in the interpretation of non-destructive test results

aimed at evaluating the strength of existing buildings.

1.4 METHODOLOGY.

To make a reasonably accurate and relevant assessment of
concrete quality in existing structures, it is decided to use a
non-destructive tésting system in order to collect a large amount
of data without affecting the structure in ény way .

Data on structural elements, i.é. columns, beams and slabs
were collected from four construction sites-located in Kaduna and
Zaria.

The following procedures are adopted in the collection of
data.

0 1 Ensuring the correct functioning of the device from time to
time and especially prior to data collecticn.
> 1 Selecting smooth, clean and dry surface of the

concrete structure for test. Loosely adhering scale,is
rubbed off with a stone. Rough surfaces resulting from
incﬁmplete compaction, loss of grout, spalled or toocled
surfaces which do not give reliable results are avoided. [4]
3. At least 12 valid readings were taken from each structural

element. B.S. 4408 Part 4:1971 [4] recommends that at least

nine valid readings are necessary to obtain a good
representative mean, and that the significance of a mean is
not improved substantially by taking more than 25 readings.

4. To reduce any bias, the readings are confined and a grid of

473220



lines are drawn at about 20mm to S50mm apart and the
intersections of these iines are taken as test points.

5. If the circumstances had justify it, mcore than one test
whoud have been carried out on one structure or unit. The
differences between the tests whoud then be used as a
measure of the variability of the concrete within that
structure or unit.

6. The results were used to calculate the reliability of each

structural elements, (the first order reliability method was

used to compute the reliability level).

1.4.1 Description of the tést program.

Hardness tests (using Rebound Hémmer) were carried out
through 4 construction sites located in Zaria and Kaduna.

The buildings are described below and are chosen to provide
a wide range of types. Most are 3 years and above old. All used
in - situ mixed concrete. The specifications were not available
for all the buildings. However, practice would suggest that
except for building No 4 a medium slump concrete (50 to 100 mm)
with a maximum aggregate size of 19 mm and a characteristic
sﬁrength range of 24 to 32 N/mm* would be used . In every «case,

a design firm is responsible for the supervision of construction:

1.4.2 Description of selected buildings.
1. Professorial offices :- It is a four story office

building including the ground floor. The building is to be used



as an administrative building and professors’ offices at the new
Ahmadu Bello University Teaching Hospital.

2. New Agricultural Engineering complex :- It is a three
story building including the -ground floor. The building has
workshop and laboratories atgached. Laboratories and classrooms
are interspace in the ground floor while the upper flocors are
used as offices and lecture rooms.

3. National Electric Power Authority (NEPA) Building,
Kaduna:— A proposed eight story building, just at the fourth
floor at the time of study. The first three floors has been
completed for four years now. They are mostly administrative and
office blocks.

4. Engineering Complex of the Nigerian Defence Academy,
Kaduna:- There are three sets of blocks, the first is a th;ee
story administrative blocks, the second is also a three story
building to be used as class rooms and offices, the third is a
two story building to be used as laboratories and students’ work

- shop rooms.

1.4.3 Methods of Testing Existing Structural Elements.

Test on existing structural elements can be broadly
classified into Mechanical Tests to destruction and non-
destructive tests (which allow repeated testing cof the same
element and thus make possible; a study of the variation in
properties with time).

The destructive testing technique involves obtaining samples

6



from existing structures by a coring technique and assessing the
strength of such specimens in the laboratory. It has Been
realized that strengths obtained from cores are génerally lower
than that of standard cylinders produced and cured in the |
laboratory as prescribed for standard tests specimené. Malhotra
[12] suggested that a strengfh reduction of up to 15% for 40N/mm’
could occur because of the damage no matter the efficiency of the

coring procedure,

1.4.4 Non-Degtructive Testing Technique

This is the method employed in the present study.It i1s
simply a science of examining materials or building components in
order to ascertain their fitness for certain purposes without |
impairment of their éxisting properties. Varioug methodg of non-
destructive testing éxist and these include: wvisual examinétién,
hammer sounding, Rebound Hammer technique, pressure methods,
tﬁermal, radiography, magnetic, etc [14].The Rebound Hammer
technique has been employed in the present study and the
development, advantages and applications aré well documented in

chapter 2.

1.5 Scoﬁe of study.
The present study focuses on the following operations
- Field tegting of 4 construction sites to study the variation
of concrete stréngth in actual structures.

- The use of hardhess method.



A statistical analysis of the field data to determine Means, _
standard deviations and, coefficients of variation.
Computation of Reliability index for each element on per
site basis,using the mean first - Order second moment

procedure.



CHAPTER TWO
LITERATURE REVIEW

2.1 Probability in Engineering.

Many problems in engineering involve natural processes and
phenomena that are inherently random; the states of such phenomena
are naturally indeterminate and thus cannot be described with
definiteness. Decisions required in the process of engineering
planning and design invariably must be made, and are made, under
conditions of uncertainty. [11]

The effect of inherent uncertainty on design and planning is
important. However, quantification of such uncertainty and
evaluation of its effect on the perforﬁance and design of
engineering system should . include concepts and methods of
probability. |

In structural design, uncertainties result from random nature
qf the loading and structural resistance, as well as imperfections
in the load and resistance prediction models. The effect of such
uncertainties is included in design through the use of safety
factors which are based on engineering Jjudgements and past
experience with similar structures. Recognizing .that safety
involves a consideration of random variables (design param?ters),‘
it is generally aécepted that the rational approach to the analysis

of structural safety (and indeed safety factors) is through the use



of probabilistic methods [11].

Thus, under conditions of uncertainty, the design and planning
of engineering systems involve risks and formulation of the related
decisions requires risk-benefit trade off which are within the
realm of applied probability. It is therefore glaring that the role
of probability is'quite pervasive in Engineering. It ranges from
the description of information to the devélopment of basis for
design and decision making.

The failure probability serves as a common and logical basis
for the evaluation of safety and performance (of components and
systems, as well as of structures subjected to single load
application and repeated load applications) and the development of
rational design equations (including the evaluation of the proper
safety or load factors). Failure probabilities need not, however,

appear explicitly in the routine design equatiocn.

2.2 COMPRESSIVE STRENGTH OF CONCRETE.

Under current design, producticn, testing and quality control
procedures, the strength of concrete in a structure may differ from
its specified design strength and may not be uniform throughout the
structure.

As already mentioned, the major sources of variation in
concrete strength are the variations in material properties and
proportions of the concrete mix, the wvariations in mixing,
transporting, placing and curing methods, the variations in testing

procedures and variations due to concrete being in a structure
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rather than in control specimens [15].

Not much work has been done in estimation of concrete strength -

by non-destructive test of site concrete, but the rebound hammer
estimates compressive strength just as compressive strength is
estimated from cylinder cube specimens. Most of the work documented
on compressive strength of site concrete has been based on cylinder

and cube strength from precast, ready-mix in-situ and site-mix in-

situ concrete, the cylinders and cubes are field-cast, field-cured.

and all other qguality-control are assumed to be as near as
practicable to site conditions [12].
The variability of concrete strength depends mainly on the

quality control of all the concreting operations. In most

construction, the coefficient of variation of field-cast .

laboratory-cured specimens is, in many cases, between 15% and 20%,
which suggests that 20% is a reasonable maximum value for average
controls. An examination of some previous works (6,13}.indicates
that the standard deviation or coefficient of variation is not

constant for different strength levels. Erntray [2] concluded on

the basis of his data that it appears that the average coefficient

of variation can be taken as roughly constant at 10%, 15% and 20%
for strength levels below 24N/mm’ for excellent, average and poor
contrel, respectively. For concrete with an average strength above

24N/mm?, the standard deviation remains approximately constant with

values of 2.75 N/mm’, 4.12 N/mm?* and 5.49 N/mm’ for the three levels

of contrecl listed above. This is expected, since the greater

control required for the production cof higher strength concrete

= 473346
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contributes to smaller variability.

An analysis Bf concrete cylinders by Allen [20] from nearly
300 jobs across Canada showed that the coefficients of variation of
cylinder strength were approximately 12%, 15% and 18% for precast, .
ready-mix in-situ and site-mix in-situ concrete, respectively. The
total variation in concrete strength measured by control Cylindera.
and cubes includes in mest cases the variation in concrete strength
Qithin a single batch. Thus, the in-batch coefficients of variation
of laboratory tests varied from 0.5%-8.1% with an overall average
value of 3.6%. American Concrete Institute (ACI) Committee 214 [5]
recommended that the level of control for within-batch tests could
be divided intec three classes with corresponding coefficignts of
variation as follows: 4%-5% for good control, 5%-6% for éverage

control and above 6% for pcor control.

2.3.3 In-Situ Strength ?;rsus Control Cylinder Strength

The strength of concrete in a structure tends to be somewhat ’
lower than the strength of contrel cylinders or cubes molded from
the same concrete. This difference is due to, as earlier mentioned,
to the effects of different in placing and curing procedures, the
effects of vertical migration of water during the placing of
concrete in deep members, the effects of difference in size and
shape, and the effects of different stress regimes in the structure -
and the specimens -[9]. The difference in directions of casting and
loadings of the structure and‘the specimens may also influence thé

strength.

12



The average ratios of core strength to standaré cylinder
strength from the study by Malhotra [12] varied from 0.74-0.96 with
an overall éverage of 0.87. He also showed that the ratio of the
strength of concrete in a structure to the strength of the same
concrete 1n a stcandard cyliﬁder i3 not constant and decreases as
the strength level increases and that the difference in-situ
gtrengths for minimum acceptable and good curing standards could be
approximated by a factor of 0.9. '

The concrete in higher portions of deep members tends to be
weaker than the concrete in the lower parts of some members, this
may be due to the increased water-cement ratio at the top due to
water migration after concrete has been placed and by the greater
compaction of concrete near the bottom due to the weight of the
concrete higher in the form. |

In a detailed study of the relationship between strength and

héight, Malhotra[l2]l derived the equation

o = 112 - JO.03h-0.001 jforh > 0.05

where o strength factor ' .

relative height. = height at any point
Total height

n g
I

The relative strengths at h equal to 0.1 and 0.9 are 1.08 and 0.96

regpectively, which gives a bottom to top ratio of 1.13.
2.3 The use of Rebound Hammer tc Evaluate Concrete Quality’
Non-destructive testing has several distinct advantages and

13
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has proved to be of real economic importance in many industries.
In-situ tests are possible and tsts can be made on structural
members in service. Non-destructive testing methods can be used to
agsess a given property of concrete provided an . empirical
relationship can be found between that property and a non-
destructive parameters.

The measurement of surface hardness by the use of rebound
hammer developed by Ernst Schmidt has been found to be very-
suitable for extensive studies of variability of concrete éuality
in existing structures [17]. Extensive documentation of theoreticai
and practical aspects is available in some research papers and
reviews [8,16,17]. Efforts to derive a general relationship between
rebound number and concrete strength have not been very successful. -
But a lot of researchers have stressed on the importance of the
rebound hammer, notable among them is Korek [17], who gave the
following conclusion in his study of relation between cube crushing
strength and rebound number. According to him, it is often found
that cast cube results may convey too optimistic pictures of the
aqtual strength in the structure and in the evaluétion of the .
actual strength, the non~des£ructive test with the Schmidt rebound
hammer is of great value and in some circumstances, gives a more
realistic result than the comﬁression machine; and it is often the
only test applicable. Korek Il?i also gave two distinct’
applications of the Schmidt rebound hammer which are envisaged for
the concrete engineer as follows:

1. in quality control, in precast works and on building sites as

14



a measure of uniformity of the concrete;

2. as a non-destructive test for strength and other properties of
concrete.

For the first, the user is adviséd to derive his own standards
based on past experience. A chart based on the rebound number of, .
say, a number of units of known reliable quality can serve as a
standard future production.

For the second application, a self-derived calibrafion curve,
linking the rebound number with say, strength or some other
property of the concrete is a prerequisite of maximum accuracy, but
where only an estimate of the strength is required, curves supplied

with the hammer or devised by other experimenters can be used.

2.4 Comparative Review of kd\}untages' of Non-destructive tests Over
Destructive tests.

2.4.1 Advantages of Non-d@structiva Tests

s 8 Tegts are made directly upon the objects to be used in-
service. Consequently, there is no doubt that the tests are
made on representative test objects.

2. Tests can be made on every unit to be used in service if
economically justified.

3. Tests may be made on the entire precduction part or in all
critical regions of it. Consaquently, the evaluation applies.
to all part as a whole; Many critical sections of the part
may be examined simultaneously or sequentially as convenient .

4. Many non-destructive tests, each sensitive to different
properties or regions of the matérial or part, may be applied

15



simultaneously or in sequence. In this way, it is feasible to
measure as many different properties correlated with service .
performance as desired.

Non destruttive tests permit repeated checks of a given unit
over a period of time. In this way, the rate of service
damage is detectable and igs correlation with service failure
may be established clearly.

Little or no specimen preparation is required for many forms
of non-destructible tests. Several forms of mion-destructive
testing equipments are pmrtable. Many are capablé of rapid
testing or - sorting and in some cases, wmay be made fully
automatic. The cost of non-destructive tests is less in most
cases, both per object tested and for overall testing than the
cost of adequate destructive tests.

Most non-destructive test methods are rapid and require far
fewer man-hours or actual hours than typical destructive
tests. Consequently, they are often suitable for testing all -
the production units at a cost normally less than, or
comparable to the cost of inspecting destructively only a

minor percentage of the units in production lots[16].

242 Limitations of Deatrﬁctive Test.

1.,

Tests are not made on the objects actually used in service.
Consequently, the correlation or similarity between the
objects tested and those used in service must be proven by

other means.
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Tests can be made on only a fraction of the production lot to
be used in service. They may have little value when the
properties vary unpredictably from unit to unit.

Tests often cannot be made on complete production parts. The
tests are often limited to test bars cut from production parts
or from special material specimens processed to simulate the
properties of the parts to be used in service.

A single destructive test may measure only one or a few of the
properties that may be critical under service conditions.
Destructive tests are not usually convenient to apply to parts
in service. Generally, service must be interrupted and the
part permanently removed from service.

Cumulative change over a period of time cannot readily be
measured on a single unit. If several units from the same lot
or service are tested in succession over a period of time, it
must be proven that the units were initially similar. If the
units are used in service and removed after various periods of
time, it muét be proven that each was subject to similar
condition of service before valid data can be obtained.

Many destructive tests require extensive machining or other
preparation of the test specimens. Gftén, massive precision -
testing machines are required. In consequence, the cost of
destructive testing may be very high, and the number of
samples that can be prepared and tested maybe severely
limited. In addition, such preparations and tests may make

severe demands upon the time of highly skilled workers.
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8. The time and man-hour requirements of many destructive tests
are very high. Excessive production costs may be incurred if
adequate and extensive destructive tests are used as the

primary method of production quality control.

2.5 Significance of Reliability Methods.

The theoretical concepts of risk and reliability analysis have
been available for some time and the significance of such concepts
in structural safety and design (formation of factors of safety, or
load factors) has been well recognized [11]. The implementation of
these concepts in the practice of engineering has been limited and
at best been lacking in Nigeria. Recently, there has been a -
resurgence of efforts (restricted to éaper} aimed at the
implementation of reliability theory in design. These include the
development of statistically consistent design formats [6] which
emphasized the consistency of probability-based designh formats.
Other developments [7] have been concerned with the classical
reiiability model, emphasizing the roles of engineering judgement
in risk calculation and the problems associated with the
implementation of risk measures in degign. .

Ang [7] listed the principal advantages afforded by the
probabilistic approach to structural safety and performance are as
follows:

: P that it provides a consistent basis for the systematic
assessment and analysis of uncertainty; and

2; it permits logical or mathematical operations of reliability
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measures and thus provides a theoretical basis for the

analysis of safelty and reliability.

He also made the following comments on the practical basis for

implementing probability concepts to structural evaluation and

design.

o

That with a prescribed probability distribution, the failure
probability can be expressed as a function of only the mean
values and uncertainties of the loads and resistaﬁce; thus,
for a chosen distribution, the problem of structural risk
evaluation involves essentially the assesgsment of
uncertainties, in addition to the prediction of the mean
values of thg design variables.

That in consistent with the probabilistic measure of risk, all
uncertainties should be ﬁuantified in tc}ms of coefficients of
variation.

That from the standpoint of risk and risk-based design, it is
most convenient and practically desirable to designate or
describe the resistances and loads in terms of mean values and

associated uncertainties.
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CHAPTER THREE

THEORETICAL FORMULATION

3.1 RELIABILITY METHOD

3.1.1 Safety Index Concept
The problems of reliability of engineering systems can be
essentially reduced to problem of supply to meet up with demand.
In other words, problems of engineering reliability may be
formulated as the determination of the [supply] capacity of an
engineering element [system] to meet certain [demand] requirements.
In the consideration of the safety of a structure, we are concerned
with ensuring that the strength of the structure [supply] is
sufficient to withstand the lifetime maximum applied load [demand] .
The determination of the available supply as well as the
determination of the maximum demand are not simple problems.
Estimation and prediction are invariably necessary for these
purposes; implying that uncertainties are unavoidable for the
simple reason that engineering information is invariably
incomplete. In light of such uncertainties, Lhe available supply
and actual demand cannot be determined precisely; they may be
described as belonging to the respective ranges [or population] of
possible supply and demand. In order to explicitly represent or
reflect the significance of uncertainty, the available supply and

required demand may be modelled as random variables[11l]. Not unlike
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other theoretical concepts, the practical implementation of
reliability theory requires the introduction of <certain
approximations and assumptions[7].

Let a structural asystem or element with Momént Resigtance R or
resistance capacity R [i.e. the supply] be acted upon by the load
effect 8 [i.e. the demand]l. The objective of the reliability
analysis is to ensure the event [Mi<«M; or R<«S] throughout the
useful life of the system. Conversely, the probability of the
complimentary e_:veﬁt [Mg<M; or R«<8] is the corresponding measure of
unrehliability or failure.

| Lets assume, for the moment, that the necessary probability
'  distributions of R and 8 are available, [though rarely possiblel
that, the Cumulative Probability Function [CDF] or Probability
Density Function [PD], Fplr) or f£(r}) and Fg{s8) or f£fg(s)
regpectively. |

. The required probabilities is given by [11]
Po=P(R<S or M <My EP(R<S[S =5)P(S=5) (.1)

If thé supplj,r and demand, R and S are statistically independent,
that is,

P(R<S[S=5)=P(R<s) ()
for continuous R and S we have

Pp=["F(s)fy(s)ds (3.2)

This is diagrammatically represented in Fig. (3.1)

21




Fig. 3.1 asic Reusistance/ioad Elfect Problerm
£.(x), [;(u) representation.

As portrayed in IFig. 3.1, the overlapping region of the curves
f.(r) and f;(s) represcnt a (ua..bLative measurce of the [ailure
probability P,. Thi: region is dictated by the positions of their
respective means g, ¢ d p; and also the degrce of dispersions in
[,(r) and [;(s) called their #uxtuutivc standard deviations o, and
0;. The R and § problem way also be formulated in terms of the

safety margin such Chat:
M =i -8 (3.3)

As R and 8 are racdom voariables, M ig also a random variable

r

with corresponding PD F,(ia) . In Lils case, failure is c¢learly the
event (M<O) and the probability of [ailure is
Graphically, this is repreucnted Ly the arca under f,(m) below

-

o, as shown in lig. 3.2




 f f :f,.,,(m)d::z =F,(0) (G.4)

o — . )
i / N{”
AN ~_

Fig. 3.2: Distribution of safely margin,

Now consider a structure whose rci ‘Lance capacity R, 15 a
normal random -variable Ny, 0.). Similariy, the load S is also a
normal random variable i''pg, o,) [12]. The probability distribution
of the safety margin M -« R - &' iz «'g> normal Np, ow), in which

I‘T‘,ll,[zf‘g*ils (3.5)

and for statistic "ly independeat R and 8, the variance of M ic

or = Gig (3.6)

If M is transformed into standard normal distribution, i.c.

(M';p,,)/a,, is N(0,1) [since R and 8 arcv statistically independent],

then



i

M-p,,

)1=1~¢(?) .- 3.7

g M

Po=F,(0)=¢[(
. ) M

It is now shown that reliability is a function of the ratio
tu/ 0y, which is the safety margin expressed in yu, and o0y and is

‘called reliability index or safety index, denoted by Ps.

That is:

Ba  Bg B
e (3.8)

% [ofeo]

The probability of failure becomes:
Pp=¢(-B)

-Qr

P=1-4(p) R X

| ”'iﬁ'which ¢ represents the normal distribution function comﬁén
in statistica1'£ables.

| It is important to note that R and 8§ are functions of other

variables [e.g. material properties, dimensions, loading, etc.] and

these design parameters are termed the basic variables.

3;2 sEéOﬁD-MOMﬁNT FORMULATION

The calculation of the probability of safety or probability of
failure requires the knowledge of the distributions f£,(r) and f (s},
or the joint distribution fz¢ (r,s8). In practice, this inforwation
is often unavailable or difficult to obtain for reasons of
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insufficient data. Even.when the required distributiona can be
specified, the exact evaluation of the probabilities, generally
requiring the numerical integration o¢f equations, wmay be
impractical, alternative, equivalent normal distributions may be
regorted to in approximation.

Most often than not, the available information or data may be
gsufficient only to evaluate the first and second woments, namely;
the mean values and variances of the respective random variables
and practical measures of safety or reliability, must often be
limited to functions of these first two moments. Thus, the
| Aimplementation.of reliability conéepts must necessarily be limited
to a formulation based on the first and second moments of the
random variableg, i.e. restricted to the second moment formulation
[1). With the second-moment approach, the reliability may be
measured entirely with a function of the first and second moments
of the design variables, namely the reliability index, £, when
there is no information on the probkability distributions.

Recall the safety margin M = R-S. In this term, the safe
state of a system is defined as M » 0, whereas the failure gtate is
M < 0, The boundary separating the safe and failure states is the

limit-state defined by

M=R-5=0

Introducing the reduced wvariate
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then R=0RR!+|.IR (3.10)

Similarly
TR
93
and

Substituting equations (3.10) and (3.11) into the limit-state

equation, gives
Ug R"-Gs S’+pﬂ—ps=0 (3.12)

Equation (3.12) is a linear equation of the reduced variables

and the graphical representation shown in Fig. 2.3.

i
Fa

fai
tiu{’gos ute

safe shte
M>0 \

Fig. 3.3: Limit State Boundary.
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The x-y Coordinate, the graphical representation of equation

3.12, becomes

(amk9 (319

Y= o0, x +
Oy

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

%s G.14)

Solving for x and y from equations (3.13) and (3.14) gives
9 1g Ky
g 2lbathy (3.15)
2 2
(ot 0g)
and

__Ss(bxmhg (3.16)

2, 2
(agtoy)
The line distance, d, from the origin to m = 0 in a general

form is

d=¢(x-0)2+(y—0)z= J12+y2 (3.17

Substituting equations (3.15) and (3.16) in (3.17), we have:

L LT
i3
YOrtOs

As it was earlier stated, the distance from the [linear] failure

d (3.18)
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line to the origin, O, d is a measure of reliability as shown in

(3.18), i.e.

_ Hg By
73
Jor+os

Thus reliability is P, = ¢ (d)

d=1p (3.19)

3.%.3 Generalization as a function of Basic Variables

The reliability of an engineering system involve many
variables, i.e. R and 8 are functions of some basic variables. In
a broader sense, the reliability of an engineering system may be
defined as the probability of performing its intended function or
mission. The level of performance of a system will depend on the
properties of the system or the basic variables. 1In this context
and for the purpose of a generalized formulation in terms of the
basic design variables, we define a performance function or state

function.

g0 =g(X,,X,...X,) (3.20)

where X = (X,, X,, ..., X,) is a vector of basic state (or design)
variables of the system and the function g(X) determines the
performance or state of the system. The limit state of the system

is:

g(X)=0 (3.21)
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and [g(X;) > 0] implies safe state and [g(X,) < 0] corresponds to
failure state.

The basic variables (X,, X,, ...X,) in the equation may be
correlated or uncorrelated, So introducing first the set of
uncorrelated reduced variates

Xi~ky

X= Li=1,2...,n. (3.22)
oy

The safe state and failure state may also be represented
graphically in the space of the reduced variate (equation (3.22))
separated by the appropriate limit state equation. In terms of the

reduced variate the limit state equation is,

g(axlx'). + “li' an‘.:l x'2 + u:lf"'l‘ oxnx'n + #xn, - 0 [3'23}

The position of the failure surface relative to the origin of
the reduced variates should determines the safety or reliability cf
the system. The position of the failure surface may be represented
by the minimum distance from the surface g(x) = 0 to the origin of
the reduced variates|[18]. It has also been shown that the point on
the failure surface with minimum distance to the origin is the most
probable failure point[19], i.e. this minimum distance may be used
as a measure of reliability and will be determined as follows:

The distance from a point X' = (X',, X’,, ..., X',) on the
failure surface g(X) = 0 to the origin of X’ is of course:

In matrix form, we have
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D=/X"+.. X" (2.24)
/
Xy
/
X5
D= [Xa\‘lx.‘r“xlu] Ol [ [XH‘X]],Q (325)
/
Xﬁ
x=12,.n
The point on the failure surface, (x',, x’,, .+ X',), having

the minimum distance to the origin may be determined by minimizing

the function D, subject to the constraint g(X) = 0; that is,

Minimize D
Subject to g(X;) = 0

For this purpose, the method of Lagrange’s Multiplier may be

used. Let

L=D+g(X) (3.26)

or

L=(X" X)"P+2g(X) (3.27)

where A is the value of the multiplier.
In Scalar notation,
In WhiCh xi = Uui X'i + in
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L = (X'PX 544X 7 42X, X0 X,) (3.28)

Minimizing L, we obtain n+l equations with n+1 unknown as

xl
SL _ i o 5ﬁ -0 (3.29)
ax‘ Jxli.*‘x)i*_“__'_xfi aX i

and
oL e FE XX (3.30)
oA
The solution of the above set of equations should yield the
most probable failure point (x,", x*,", ..., x’.")
Introducing the gradient vector
G-(-%., . %,
ax’, oxX7, X',
in which

o _ og 4 _ o
ax’, ax! dx’', MoX

Equation (3.29) can be written in matrix notation as [10].

/
—X G =0
(Xflxl)lﬂ
From which
X' = -ADG (3.31)

Therefore, from equation (3.25)
and thus,
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D=[(ADGYAD®)]"? = LI(G'G)'?

T (GIG)-IH (3.32)

Substituting equation (3.32) in (3.31) gives

1 ._—GD (3.33)
(G'6)'"?
Multiply both gides of equation (3.33) by G' gives
Gx! - -G'GD
(G:G)lﬂ
Implying that
G'Xl-‘-"(G‘G)l‘QD
and
_iy!
pe—S2 (3.34)

- (G !G)lﬂ

Recall that at the failure point, the minimum distance from
the origin to the point equals ps and therefore equation (3.34)

becomes

I Ca. S (3.35)
(G'GH'"
in which G" is the gradient vector at the most probable failure
point (X", X'aw wwowy X'y 2
In scalar form Equation (3.35) is
where the derivatives ( g/ x';). are evaluated at x*,", x',", ...,
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., Of
- Il'(—""")‘
zljx ax’,
p = - (3.36)
%y,
Zo)

x’,") and the most probable point on the failure surface for minimum

ps from equation (3.33) is

> O 5| (3.37)
(GG*)"
and in scalar fprm is
x = a;B; i=1,2,..,n (3.38)

in which

(3.39)

are the direction cosines along the x; axes.

3.3.1 First-Order Interpretation
When the performance function g(X) is expanded in a Taylor

Series at a point x°, which is on the failure surface, i.e.

g(X*)=0 (3.40)
This gives

where the derivatives are evaluated at (x,", x,", ... x,") but g(x,*,
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B Xy X)) = QO k) VY (X228
i=1 GX‘

Y X x)Xx) (3.41)
+ 4 -
e
oxX; ox,
X,y ... X, ) = 0 on the failure surface; therefore,
n n .
; % Y Y KX x)
X X0 X)=Y (X;-x)(52) + L1
i=l axl P ( a’g ) (3.42)
ox; dx;

Introducing the concept of reduced variate, we have,
x:"xf.'(“nx ’:"Pn“’zr"i. +P’.d=0ﬂ(xl'_xl.)

and

% g Xy 1 %,
aX, axg aX, aX,axﬂ

Truncating equation (3.42) at the first order linear term and

substituting the reduced variate into it, gives

3 X 3.43
gx) :).:1:( ; ‘)(axq) (3.43)

.

Applying the properties of expectation and variance [13], the
mean value of equation (3.43) is
whereas the corresponding first-order approximate variance is

Thus the ratio
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Be-), ":(—a&) (3.44)

(3.45)

This equation (3.45) obtained by this method conforms to

equation (3.36) derived earlier, therefore

(3.40)

-
]
2 LF

3.3.1 LINEAR PERFORMANCE FUNCTIONS

Consider a specialised class of performance functions, namely
the linear performance function. It is useful and can be used as
the basis for an approximation to non-linear performance functions.

A linear performance function may be represented as

§00=a,+ Y aX

i

where a, and a;’s are constants. The corresponding limit state

equation therefore, is
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a,+y ax,=0 (3.47)
i

In terms of the reduced variates, the limit-state equation

becomes

a, +E afo, X +p )=0 (3.43

In two or three dimensions, Equation (3.48) is
ao_'(ox'Xi+ ]-lxl) +QZ(OIZX2+ p.x:) +a3(013X3 + p1‘3) :0 (3 .49)

 which is a plane surface in the x',, x',, %', space.

' The distance of the failure plane equation (3.48) to the

origin of the reduced variate X' is
aa +Z: ail'l'x,
= ¢ -

p =
E (ai'jx)2

(3.50)

e

3.4 STRUCTURAL ELEMENTS

The safety or reliability of structural elements may be
evaluated on the basis qf a linear performance function of the
form: .

gi{x) =M, - M, (3.51}

Moment of resistance

I

~ where M,

M, = Applied moment or load effect.

'

8o that, for a singly reinforced concrete slab or beam element;
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gi{x) = 0.15 £, bd® - wL? (3.52)

a8
with £ = Mean compressive strength of the structural
element ;
b = Breadth of the structural element;
d = Effective depth of structural element;
w! = The total load on the element, uniformly
distributed;
and L = Length of structural element,

For a combination of dead and live loads;
W = (1.6 Q + 1.4 D) in which;

-Q = The live load;

and D = Dead load.
Therefore:
g(x) = 0.15£f,, bd* - + 4 D L?
8
= 0.15 f,, bd® - Q(1.6 + 1.4 o) I (3.53)
8
where a = Dead to live load ratio.

Applying Taylor Series expansion to Eg. (3.53); that is;

9BW) _ 015542 (3.54a)
)
ab) (=
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BO) _ 030 bd (3.54c)

d) -
og(x) _ (1.6+1.4a)L’ (3.54d)
AQ) 8

Using Eq. (3.45), the safety index, B, can be written as

Mu_MA
o ———— (3.55)

, a_ 2
0“. (l'"‘

Substituting Eq. (3.54a) to (3.54d) in Eq. (3.55) we obtain:

1.6+1.40)L>

0.15¢ ba? - X

b - Jubd 8 (3.56)

\/Ao*"l +A,+A,

where:
Ay=(0.15bd* a(, )* (3.56a)
A, =(0.15f. d%’a,, (3.56b)
A,=(0.3f, bd) ), (3.56¢)

Ay (LEHIADLTY 3 (3.56d)
8

38



For a doubly Reinforced Concrete Beam element, the performance

function g(x) is given by

g(x)=o.15fnbd2+0.72F,A,(d-d')-Q("G*;A“)Lz (3.57)
where
£ = Mean compressive strength of the structural
element ;

b = Breadth of the structural element;

d = Effective depth of structural element;

£, = Yield strength of steel;

a’ = Depth to the compression reinforcement;

Q - Live load

Ay, = Area of compression reinforcement in N/mm’
and L = Length of the structural element in mm

Applying Taylor Series expansion to Eg. (3.57), that is:

B _ 0,150 (3.58a)
W
By _ 0,15 (3.58b)
( D) ) o
(B 0,37, bd-0.72/Ald! (3.58¢)

an



(%9 - 072541 (3.584)
adl

((;(gg))) . _(l.6+lé4a)L2 (3.58¢)

Substituting Egs (3.58a) to (3.58e) in Eq. (3.45), we obtain:

0.15f, bd* *0-72ff4,1(d—d‘]- Q1.6 1‘3.44:)1!.2

p = (3.59)
VA FAg+AGTA, 4 A

A, =(0.15bd2)’a,:_ (3.59a)

A,=(0.15f, d"’a, (3.59b)

Ag=(0.3f, bd-0.72f A'd"Yd, (3.5%)

A1 A'dY (3.59d)

g ~(1.6+14a)L? > (3.59%)
8 Q

For an Axially loaded short concrete column, the performance

function is given by:

g(x)=2bh 0.4f,, + 0.75pf, - 0.4pf,, - Qj(a+1) (3.61)
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where:

| = S * PR« 3

@]

o

j

Mean compressive strength of the structural element;
Breadth of the structural element;

Effective depth of the structural element;

Overall depth of section;

Yield strength of steel;

Live load effect;

Reinforcement ratio;

the number of floors.

Applying Taylor series expansion to Eqg.(3.61), we obtain the

following:

B _ 08hf + 1.5kpf - 0.8 (3.61a)
ab) 8hf, + L5hpf, - 0.8pf, a
%W _ o8 1.5pf, - 0.8 (3.61b)
oty et 130y = 08P
BX) _ 0.8bh - 0.8bhp (3.61¢)
N
By spif, - 0.86h,, (3.61d)
a(p)
BW _ 1 sph
- 1.5bhp (3.61¢)
o)
98X | _ite + 1 (3.611)
xp et h
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Substituting Egs. (3.6l1a) to (3.61f) in Eq. (3.45) the safety
index; fB; for an Axially loaded short concrete

column can be written as:

2bh 0.4f +0.75pf -0.4 (e +1
b - 1 041, pf,~0.4pf,, ~Qj(a+1) 4.684

YAgtAgtA Ay

A computer program in FORTRAN 77, is used in this study to compute

the implied safety levels f (Eq. 3.56, 3.59 and 3.62) This is

A, = (O8hf, +1.5hpf,-0.8hpf, Y0, (3.62a)

Ay, = (0.8bf,+5bpf,-0.8pf, )0, (3.620) |
Ay, = (0.8bh-0.8bhpYo, +(1.5bhf,-0.8bhf, Yo, (3.62c)
Ay, = (1.5bhp) og+-j(a+1) o, (3.624)

A computer program in FORTRAN 77, is used in this study to compute
the implied safety levels f (Eq. 3.56, 3.59 and 3.62) This is

shown in Appendix 1.
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CEAPTEER FOUR

COMPUTATICN OF SAFETY INDICES

4.1 Acquisitién of Data:

Hardness tests using the Rebound hammer were carried out. At
least nine valid readings and usually not more than twenty-five
such valid readings were taken to obtain a good represgentative
mean. These nine to twenty-five individual readings were confined
to an area not exceeding about 300mm X 300mm in order to reduce
biasness by the operator. A grid of lines were drawn at about 20mm
to 50mm apart and the intersections of these lines were taken as
test points. The point of impact were also at least 20mm away from
any edge or Sﬁarp discontinuity. Normal sizes and covers of
reinforcing. steel in concrete have no effect on the hardness
readings [4] . Horizontal and Vertical directions of test were used.
4.2 Analysis of Data:

In all calculatione, all readings {including abnormally high
and abnormally low) were ugsed. The coefficient of wvariation of
individual reading within one test is of the order of 12% but can
be as low as 7% and as high as 15%. The coefficient of variation
decreagses with increase in the strength of concrete and increase
with increase iﬁ the size and amount of coarse aggregate [4]. The
statistical description for the four sites are given in Tables 4.1-

4.3,
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The mean slab dimensions are breadth b = 1600mm, depth d =
105mm, and a mean length 1 = 4000mm, For doubly reinforced beam,
breath b = 300mm, depth d = 600mm, and a mean length L = 400mm.
Reinforcement is mostly of Grade 40, with a mean Yield strength f,
= 410N/mm*. The mean area of compression reinforcement A', is 628mmn’.
In the course of the study, the reinforcement ratio, p =(A,+A',) /bh,
is allowed to vary from 0.01-0.07 and a mean value of p equal 0.03,
was used in this work. This covers the range of many column

designs. Mean depths of the tensile and compressive reinforcement

are d = 510mm,and d' = 50mm respectively.

As explained previously, in second moment reliability method,
the parameters of interest are first and second moments (mean and
variance) for the computation of safety indices [11]. It |is
important to note that it is the coefficient of variation that are
mostly published in literature [9]. The values of some relevant
parameters for the basic variables used in this study are shown in
Table 4.4

Table 4.1: Mean value of Compressive Strength

Sites Slabs (N/mm?) Beams (N/mm?) Short columns
Number {(N/mm?)
1 29.908 24 .827 26.580
2 28.102 23. 72 22.294
3 31.341 24,733 24 .506
4 29.431 25.037 23.826
e ——————
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Table 4.2: Mean Standard deviation
Sites Slabs (N/mm?) Beams (N/mm*) Short columns
Number (N/mm?)
i 4.326 3.459 3.0855
2 3.967 2.730 1.771
3 3.685 2,730 3.019
4 3.622 3533 3.020
Table 4.3: Coefficient of Variation (COV)
Sites Coefficient of Variation for
Number Slabs Beams Short columns
1 0.1446 0.13923 0.1165
2 0,1412 0.1148 0.0774
3 0.1176 0,125 0.1232
4 $:1231 0.1411 0.1268

45




Table 4.4: Statistical values of design parameters.

s/no Basic Variables Mean Coeff . Variation
3. Live load 0.2-0.35

> Dead load 0.05-0.10

3. Breadth 300mm 0.06

4. Overall depth of section 400mm 0.04-0.06

5. Compressive strength of 24N/mm? 0.15

concrete
6. Yield strength of steel 410N /mm? 0.15

In Table 4.4 all mean values are practical values in the
design of an adequate slab, beam or column element, with compliance
to BS8110 Provisions. Computed safety indices are shown in Tables

4.5-4,11.
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Table 4.5: Variation of Safety Index With CompressiveStrength For

Singly, Doubly Reinf.Concrete Beams and Short Columns.

Safety Index
Compressive
Strength (N/mm*) Singly Doubly Short
Reinf. Reinf .Beam | Columns
Beams g
20 4.9651 6.9303 7.1536
22 . 4.,9653 6.7444 7.1827
24 4.,9656 6.5906 7.2006
26 4,9659 6.4613 7.20895
28 4.9661 &.3511 T.2113
30 4,.9663 6.256 7.2074
32 4.,9665 6.1731 7.199
34 4.9666 6.1002 7.1871
36 4.9668 6.0357 7.1726
38 4.,9669 5.9781 7.156
40 4.96"7 5.9264 Tax3
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Table 4.6: Variation of Safety Index With Span L (m) atload Ratio

of 2.5 (For Singly Reinforced Element)

Span (m) Safety Index

Site 1 Site 2 Site 3 Site 4
25 4.9677 4.9677 4.9578 4.9677
3.0 4.9671 4.9671 4.9673 4.9672
3.5 4.9665 4.9664 4.9667 4.9665
4.0 4.9657 4.9656 4.9659 4.9657
4.5 4.9648 4.9647 4.9581 4.9649
5.0 4.,9636 4.9636 4.9642 4.9639
5.5 42§627 4.,9625 4.9632 4.9628
6.0 4.9615 4.9612 4.9620 4.9614
6.5 4.9601 4.9599 4.9608 4.9603
7.0 4.,9587 4.9584 4,9595 4.9589
7.5 4.9572 4.9568 4.9581 4.9574
8.0 4.9556 4.9552 4.9566 4.9580
8.5 4.9538 4.9534 4.9550 4.9541
9.0 4.9520 4.9515 4,9533 4.9522
9.5 4.,9500 4.9494 4.9515 4.9503
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Table 4.7: Variation of Safety Index With Span L{m) at load Ratio

of 2.5 (For Singly Reinforced Element)

Span L (m) - Bafety Index

Site 1 Site 2 Site 3 Site 4
2.5 6.5365 6.605 6.5431 6.5234
3.0 6.5364 6.6049 6.543 6.5234
3.5 6.5363 6.6048 6.5429 6.5233
4.0 6.5362 6.6047 6.5428 6.5232
4.5 6.5361 6.6046 6.5427 9.5231
5.0 6.536 6.6045 6.5426 6.523
5.5 6.5359 6.6043 6.5425 6.5229
6.0 6.5357 6.6042 6.5423 6.52227
6.5 6.5356 6.604 6.5422 6.5226
7.0 6.5354 6.6038 6.5442 6.5224
7.5 6.5352 6.6037 6.5418 6.5222
8.0 6.535 6.6035 6.5416 6.522
8.5 6.5348 6.6032 6.5414 6.5218
9.0 6.5346 6.6032 6.5412 6.5216
9.5 6.5344 6.6028 6.541 6.5214
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Table 4.8: Variation of Safety Index with Span L(m) at different
load Ratio (8ingly Reinforced Beam) Site 2

Span | Safety Index at Different Load Ratio
0 0.5 1 1.5 2 2.5 3
2.5 4.9684 4.9681 4.9679 4.9677 4.9675 4.9673
3.0 4.9681 | 4.9678 4.9674 4.9671 4.9668 4.9665
3.5 4.9677l 4.966%7 4.9665 4.9665 4.9661 4.9656
4.0 4.9673 4.9661 4.9662 4.965"7 4.9651 4.9646
4.5 4.9668 4.9662 4.9655 4.9648 4.9641 4.9634
5.0 4.9663 4.9655 | 4.9646 4.9638 4.9629 | 4.9621
5ok 4.9657 4.9647 4.9637 4.9627 4.9617 4.9606
6.0 4,9651 4.9639 | 4.9627 4.9615 | 4.9603 4.95%9
6.5 4.9644 4.963 4.9616 4.9601 4.9587 | 4.9573
7.0 4.9637 4.962 4,9604 4,9587 | 4.9571 4 .9554
7.5 4.9629 | 4.961 4.96591 4.9572 | 4.9553 | 4.9534
8.0 4.962 .- 4.,95%99 4,8577 4.,9556 4.9534 4.9512
8.5 4.9611 | 4.9587 | 4,9562 4.9538 | 4.9514 4.9489
9.0 4.9601 4.9574 4.9547 4.952 4.9492 4.9465
9.5 4.,9591 4,953 4.953 4.95 4.9469 4.9439
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Table 4.9: Variation of Safety Index with Span L{m) at different

Load Ratio (Doubly Reinforced Beam) Site 2.

Span Safety Index at Different Load Ratio

e ) IR 1 1.5 2 2.5 3
2.5 6.5365 6.5365 6.5365 6.5365 6.:536% 6.5364
3.0 6.5365 6.5365 6.5365 6.5364 6.5364 6.5364
3.5 6.5365 6.5364 6.5364 6.5364 6.5363 6.5363
4.0 6.5364 6.5364 6.5363 6.5363 6.5362 6.5362
4.5 6.5364 6.5363 6.5363 6.5362 6.5361 6.636
5.0 6.5363 5.5363 6.5362 6.5361 6.536 6.5359
85 6.5363 6.5362 6.5361 6.535 6.5359 6.5358
6.0 6.5362 6.5361 6.536 6.5359 €:8357 6.5356
6.5 6.5361 6.536 &.5359 52387 6.53 .56 6.5354
7.0 6.5361 6.5359 6,.5367 6.5356 6.5354 6.5352
79 £.5359 6.5358 6.536 6.5354 6.5352 5,535
8.0 6.5358 6.5357 6.5355 6.5352 6. 535 6.5348
8.5 6.5356 6.5356 6.5353 6.5351 6.5348 6.5346
2.0 6.5357 6.5354 6.5352 6.5349 6.5346 6.5343
955 6.5356 6,533 6,535 6.5347 6.5344 6.5341

e = = =
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Table 4.10: Variation of Safety Index With Yield Strength
fy (N/mm*) (Doubly Reinforcement Beam and Short

Column) Site 2

Yield Strength Doubly Reinforced Short column
Beams
231 5.8369 7.0654
257 5.3371 7.1143
283 6.0577 7.A512
308 6.136 714771
324 6.2366 7.,1955
360 6.3387 7.2064
386 6.4412 7.21121
411 6.5403 7.2106
437 6.64381 7.2059
463 6.74777 7.1974
488 6.8481 7.1865

Table 4.11: Variation of Safety Index With Reinforcement

Ratio (S8hort Columns)

Reinforcement Ratio Safety Index
0.01 6.7419
0.02 7.1318
0.03 7.2107
0.04 7.1524
0.05 7.04444
0.06 6925
0.07 6.8095
S

52



Selected Plots

Fig 4.1

4.9675

4.967

4.9665

Safety Index

4.960

4.96564

4,965

4.964%

Variation of Safety Index With Compressive Strength For

Singly Reinf

— Single Reint

20 22 24 26 28 30 32 34

Compressive Strength

36 38 40

Safety Index

Fig 4.2

Variation of Safety Index With Compressive Strength For
Doubly Reinforced Element.

ol
)

ot
o

e
>

o
N

1 T - S

5.8
20

22 24 26 28 30 32 34 36 38 40

Compressive Strength

Doubly Reinf

Page 53




4.3 DISCUSSION OF RESULTS
4.3.1 Rebound Hammer Reading

The range of mean rebound hammer reading shown is from 19
N/mm’ for building 2 to 40 N/mm’ for building 4. However, this need
not imply that building 2 has the lowest concrete strength, of more
interest is the variation of concrete guality expressed as standard
deviation, which ranged from rebound hammer reading of 2.7 N/mm?
to 5.5 N/mm* A standard deviation for laboratory condition cubes
would rarely be greater than 5.2 N/mm* [7]. However, .larger
variations are té be expected in existing buildings because of
greater differences in curing conditions, compaction and different
ages of the concrete, Hence, higher values could still indicate .
good quality control or good concrete. .
Definite trend toward lower rebound hammer readings (compressive
strength) at higher floor levels is evident. The intexrpretation of
this general decrease in rebound hammer readings with height could
logically be attributed to deterioration in quality control
associated with Qorking conditions for placing and curingofconcrete

at greater heights.

4.3.2 Variability of concrete strength

Although records of concrete cylinders tested at the time of
construction provided some information on the type of concrete
used, it is suggested that such tests give little if any indication
of the local variations in strength which occur in existing

structures. The non-destructive method of testing concrete in
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Q.S DISCUSSION QOF RESULTS
4.3.1 Rebound Hammer Reading

The range of mean rebound hammer reading shown is from 19
N/ﬁm’for building 2 to 40 N/mm* for building 4. However, this need
not imply that building 2 has the lowest concrete strength, of more
interest is the variation of concrete quality expressed as s;andard'
deviation, which }anged from rebound hammer reading of 2.7 N/mm’
to 5.5 N/mm* A standard deviation for laboratory condition cubes
would rarely be greater than 5.2 'N/mm* [7]. However, larger
variations are to be expected in existing buildings because of
greater differences in curing conditions, compaction and different
ages of the concrete. Hence, higher values could still indicate
éood quality control or good concrete.
Definite trend toward lower rebound hammer readings (compressive
strength) at higher floor levels is evident. The interpretation. of
this general decrease in rebound hammer readings with height could
logically be attributed to deterioration in quality qontrol'
associated with working conditions for placing and curingofcgncretg
at greater heights.

| 473340

4.3.2 Variability of concrete strength

Although records of concrete cylinders tested at the time of -
construction provided some information on the type of concrete
used, it is suggested that such tests give little if any indication
of the 1local variations in strength which occur in existing

structures. The non-destructive method of testing concrete in

54



structures using the rebound hammer with cofrectiona by [5];
(although a high degree of accuracy is not claimed), provide a good.
indication of the local variation of strength that occur in
existing structures. The mean coefficient of variation ranged from
0.0774 to 0.1446. On the basis of results of control c¢ylinders, [9]
found a coefficient of variation of 0.10 in a case of good control
and a value of 0.26 in a case of poor control. The results of
coefficients of variation from this work lie within the region of
satisfactory control quoted by [9,12). According to thire
classifications, short columns from building number 2 could be
considered to have had excellent quality control (coefficient of
variation less than 0.10), all other group of element from other

sites also have good control (0.10 to 0.15)

{.3.3 Variation of reliability index

Table 4.5 presents the general variation of compressive
strength with safety index for singly reinforced slabs, doubly
reinforced beams and short columns. The reliability level is
generally high, ranging from a value of 4.9651 at compressive -
strength of 20 N/mm’ to 7.2113 at compressive strength of fé N/mm?
for short column. The interpretation of .this high value of
reliability level may be due to the fact that on all sites; there
are good quality control which results in small coefficient oé
variation. The reliability levels increase as the compressive -

strength increase for singly reinforced elements. The reliability

g 1
4 T &
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» levels decrease as the compressive strength increase for<doubly
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reinforced member and for short columns the variatioh with
compressive strength is parabolic in nature with maximum of 7.2113
at a compressive strength of 28 N/mmf. These trends are shown in
figures 4.1,4.2 and 4.3 respéctively. |

The variation of safety index with span L (m) at different -
load ratio for single reinforced beam or slab are shown in Table
4.6 and 4.7 respectively. The reliability levels decrease as the
L(m) increase. This is clearly shown in figs. 4.4 and 4.5 for
singly and doubly reinforced elements respectively.

The relationship could be due to the facts that in the design
and construction of these elements; the same level of workmanship .
may have been given at all lengths which will result in a small
coefficient of variation (range of 0.0774 - 0.1496) for shorter
lengths and higher reliabiiity levels. For doubly reinforced
elements, the reliability levels arelless affected by changes in
span as compared to the singly reinforced case (Table 4.7)

It is interesting to note that at any span, the reliability
level decreases as the load ratio increases. The variation of
reliability level with load ratio is almost negligible at lower
span (i.e. 2.5m to about 4,0m) for doubly reinforced beam, but the
variation is quite significant at higher span (i.e 7.0m to 9.5m) as
shown in Table 4.8 and 4.9.

The variation of the computed reliability level with yield
strength, fy (N/mm’) is shown in Table 4.10. For doubly reinforced
concrete element, the reliability level for.yield strength of 231

(N/mm?*) is 5.8361 and for yield strength of 488 (N/mm’) 6.8481 -
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which shows an increasing linear relationship with yield strength.
This is shown in Fig. 4.8. For axially lcaded short column, the
variation of reliability levels with yield strength is parabolic
with a pick wvalue of g = 7.21 at a yield strength of 386"
(N/mm?) ;also shown in Fig. 4.8. ;

Under varying reinforcement ratio, the computed reliabilit?
levels are shown in Table 4.11. At rginforcement ratio of 0.01, B
value of 6.7419 is obtained.'The values of B increase to 7.2107 at*
a reinforcement ratio of 0.03 and decreased to 6.8095 at -
reinforcement ratio of 0.07. This could be interpreted as follows;
that all things been equal, there is a peak reinforcement ratio for
each load ratic or some other variation of parameters. This

relationship is also shown in Fig. 4.9.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

In this thesis, the adequacy of existing reinforced concrete
elements with regards to the design criteria for reinforced
concrete elements was assessed. Rebound hammer was used as a non-
destructive device to ccllect hardness readings from four sites.
Computer program based on the Mean First - Order Second Moment
Method of reliability analysis was developed to compute the
reliability levels.

After a critical analysis and evaluation of the collected data
and computed reliability levels, the following conclusions have
Been reached.

1. Poor- quality concrete can be located easily by the use of
Rebound hammer measurements, where low readings simply indicate low
strength.

2. An evaluation of concret%‘iFrength variation in a building can-
be obtained from rebound hammer reading without performing-a core

(i.e; destructive) test on the concrete. This will be Sufficien£
for many purposes like checking the uniformity of concrete quality
with respect to mean quality;

1 The coefficient of variability of concrete strength for the
elements in a building usually falls in the range of 0.10 to 0.20,

but has been found in this work to range from 0.077 to 0.145. This

61



agree with previous range of estimates for very good quality
contrel.

4. The information on variabilit? of concrete strength is
intended to assist in the evaluation of the safety level of
existing structural elements. The average of the computed safety
index in this study for site 1 is 5.112, site 2 is 5.201, site 3
is 5.141 and site 4 is 5.081. These values are quite high and show
a high level of workmanship and conservativeness in favor of safety

in the formation of design eqgquations.

5. However, the findings provide other useful information as
follows:
a., The design criteria for reinforced concrete elements are

consistent with regard to the basic design variables because
the implied reliability levels do not change significantly
with changes in the values of the basic design variables.
b. The study has also revealed that, depending on the manner in
which a section resists external load, individual
uncertainties may contribute disproportionately to the
uncertainty in resistance, For example, in the design of short
columns, the reinforcement ratio, ( p = (A, +A!, ) /bh), has a peak

value in it variation with safety index.

5.2 SUGGESTIONS AND RECOMMENDATIONS
It is recommended that as a non destructive test for strength
and other properties of concrete, ‘the schmidt rebound hammery .

testing during or after inspection could be an efficient and
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effective method of inspection as an alternative to the destructive
strength tests.

It is important to remark that the probabilistic approach
employed in this study provides an extremely useful procedure for
evaluating those aspects of safety of a structure that are direct
functions of material properties; when the basic decision variable -
are random in nature,

A detail sensitivity analysis should be conducted to
ascertain the actual contribution of each of the basic variable to

the reliability level of existing structural elements.
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Appendix 1: Computer program for the computation
Of safety indices

b PROGRAM STEEL

OPEN{(UNIT=1,FILE='"STREL1.DAT')

OPEN (UNIT=2,FILE='STEEL.OUT")

OPEN (UNIT=3,FILE=’STREL2.DAT"*)

OPEN (UNIT=7,FILE='STREL3.DAT")

ITYPE = 01 - SINGLE REINFORCED CONCRETE BEAM OR SLAB
02 - DCUBLY REINFORCED CONCRETE BEAM
03 - AXTALLY LOADED SHORT CONCRETE COLUMN

noan .,

WRITE (*,*) 'GIVE VALUE OF:ITYPE'
READ (*,*)ITYPE
IF(ITYPE.EQ.1) THEN

READ (1, *) NV

DO 11 K=1,NV
READ(1,*)A,B,D,E,Q,Al

Gl=0.15*A
G2=0.06*B
G3=0.06*D
G5=0.3*0
D2=D*D
E2=E*E
G12=G1*G1
G22=G2*G2
G32=G3*G3
G52=G5*G5

C Al1=C/Q

' A2={1.6+(1.4*A1))*E2/8.0
U=0.15*A*B*D2-Q*A2
V1={0.15*B*D2) * (0.15*B*D2) *G12
V2={0.15*A*D2) * {0.15*A*D2) *G22
V3=(0.3*A*B*D) * (0, 3*A*B*D) *G32
Va=A2*A2*Gh2
V=SQRT (V1+V2+V3+V4)
BETA=U/V
WRITE(2,61)K,BETA

11 CONTINUE
ELSEIF (ITYPE.EQ.2) THEN

READ (3, *) NV
DO 21 K=1,NV
READ(3,*)A,B,;D,E,F,G,H,Q,A3

Gl=0.15*A
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21

G2=0.06*B
G3=0.06%*D

G4=0.06*H

G5=0.3%Q

D2=D*D

E2=E*E

G12=G1*G1

G22=0G2*G2

G32=0G3*G3

G42=G4*G4

G52=G5*G5

A3=C/Q
A2=(1.6+(1.4*A3))*E2/8.0
U=0,15*A*B*D2+0.72*%F*G* (D-H) -Q*A2
Vi=(0.15*B*D2) * (0.15%¥B*D2) *G12
V2= (0.15*A*D2) * (0.15*%A*D2) *G22
V3=0.3*A*B*D-0, 72*F*G
V3=V3*V3*G32
Vd=(0.72*F*G) * (0. 72*F*3) *G42
VE=A2*A2*G52

V= SORT(V1+V2+V34+V4+VS)

BETA =U/V

WRITE(2,61)K,BETA

CONTINUE

ELSEIF(ITYPE.EQ. 3) THEN

READ (7, *) NV
DO 31 K=1,NV
READ(7,*)A,B,F,P,T,XN,Q,A3

Gl=0.15*A

G2=0.06*B

G5=0.30*Q

G6=0.06*T

G7=0.15*F

G8=0.06*P

Al=XN* (A3+1.0)

A2=0.4*A

F2=0.75*F

AF=A2+ (F2-A2)*P

GO=-Al

GB=2 ,0*T*A24+2 0*T*P*F2-2 0*T*P*A2
GH=2 .0*E*A2+2.0*B*P*F2-2  0*B*P*A2
GA=0.8*B+T

GA=(1-P) *GA
GA=0D*A1* (0 ,B8*B*T-0,8*B*T*P) /GA
GF=1,5*B*T*pP

GF=CF*GF

GF=1.5*Q*A1*B*T*pP/GF
GP=2.0*B*T

GP=(F2-A2) *GP
GP=2.0*Q*A1*B*T* (F2-A2) /GP
U=2.0*B*T*AF
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U=U-N+A]
VL=GO*CO*GhH 434 f
V2=GB*GR*G2+402
V3=GH*Gli*G6 *C6
VA=CA*GA*G1*(1
V5=GF*GI'*GT7*G7
Ve=GP*GI'*GB*G8

V=SORT{V1+V2+V3+V4+V5+V6)

BETA=U/V
WRITE(2,61)K, BETA
CONT'INUL
ENDIF
FORMAT (/, 10X, 'PETA(, 12,°)
STop
END |

68

=" ,1F12.4)



