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Influence of Concrete Acceptance Strength Control on Reliability of RC
Structures: Korean Practice
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ABSTRACT
This paper is designed to bring to the attention of the reader the situation that may constitute a threat
to the safety of RC structures designed and constructed m Korea. This threat stems from the
inadequate rules of the acceptance strength control of concrete. As a result in some cases probability
of brittle failure can be very high and reliability becomes very low. The paper substantiates the
above statements, Further investigations aimed at finding the measures to remedy the situation are

recommended.

1. INTRODUCTION

Reliability of RC structures designed under
the provisions of ACI Building Code [1] was
vestigated 1n several papers (e.g., [2-8]). For
example, the implication of the analysis in the
last paper [8] is that ACI Code 318-89 gives a
untform reliability. Al component reliability
indices vary from 3.2 to 4.2.

The aim of this paper is to show that in some
cases probability of bnttle faillure is rather
high, reliability is madequate and rehiability
indices go well below 320 The analysis
discloses that the rules of concrete acceptance
strength  control  are  responsible for  low
reliability levels. The first consideration s
given to the conditions as they stand at present
in Korea,

2. CONCRETE STRENGTH

The rules of the acceptance strength control
of concrete in Korea [9] are very sinular to
those given in [1]. Under the provisions of 9]
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the concrete 1s considered acceptable if two
criteria are met;

1) No single test strength shall be more than
13% below the specified compressive strength,

1
2) The average of anv three consecutive test
results must equal or exceed the specified

compressive strength, A

The second criterion  implies  that  the
muinimum - required  average  compressive
strength of concrete is equal to the specified
compressive  strength. /7. Consider — the
concrete i a batch. Assume that random
concrete strength £7* is nonnally distributed
with mean value £ (sign * stands for random
values). According to the sceond eriterion, the
concrete 15 accepted. In this  batch  the
probabihity P( f* > f!) that actual concrete
strength "% exceeds f7 s very low and
equals 0.3, In Korean practice this exceedance
probability appears to be much lower.
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As i1s shown in [10], the concrete in Korean
practice can be classified in three categorics:
poor, medium and good with mean values of
concrete  strengths  0.65 £, 0.73 f and
0.8 f', respectively. Concrete strength s
distributed lognormally with coefficient of
variation 0.19. It is straightforward to show
that in three above cases the probability that
actual concrete strength f'* exceeds f are
0.008, 0.039 and 0.16, respectively. These
probabilitics are very low and, as is shown
below, substantially decrease the reliability of
RC structures.

3. INITIAL DATA FOR ANALYSES

The influence of concrete strength control on
the reliability of RC structures will be
illustrated by the example of RC beams
designed for flexure. Two failure modes
refated  to moderately and  over-reinforced
beams will be considered. To distinguish
between the modes the following himit-state
function is used:

0.854.f' 87000

f, 87000+ f,
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g =P

Here p is renforcement ratio; b | o, h are
width, effective depth and height of beam cross

section (in): £’ f, arc compressive strength of

)

concrete, vield stress of steel (ksi); Vit 1s the
ratio of the depth of stressed block o the
compression zone to the distance between the
outside compression surface and the neutral
axis {according to [1]. g, = 0.83).

Condition g > 0 holds for over-
rcinforcement. Otherwise (e, if g o< 0 the
beant 1s moderately remforced.

The limit-state functions for moderately and
over-remnforced beams are, respectively, as
follows:

A,

L =Bp0 (1-——)- M (2)
‘}7’—- .’p-/;( ]7/,,,)
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g =B (LM 3)

Here B, is a factor characterizing flexural

model uncertainty: A/ is external bending
moment.

Five random variables will be considered in
the course of reliability analysis: yield strength
of steel f *. compressive strength of concrete

/%, flexural model uncertainty B].*, external

moments M, * and M, *. produced by dead
and live loads, respectively.

In all. 3 cases will be dealt with. For these
cascs nominal specified compressive strength
of concrete is f7 = 3.0 kst but in cases 1, 2, 3
poor, medium and good concrete with mean
values 1,95, 219 and 2.40 ksi, respectively,
will be  considered. Concerete  strength  is
distributed  lognormually with cov. = 0.19,
Grade 40 remnforcing bars are used. Steel
strength 15 distributed normally with mean
value 423 kst and cowv. = 012
Characteristics of conerete and steel strengths
are taken from [10]. For all cases flexural
model uncertaty 5 * is assumed normally
distributed with mean value 1.1, c.ov=0.12
[8]. The desenpuon of  random  values
M, * and M, * s given below.

4 PROBABILITY OF BRITTLE FAILURE

The beam s moderately  remforced if its
reinforeement  ratio satisfics  the  following
corditions:

P & P5 P 4)

where oo 0.005; Je; = i/:’h = 0.0278 for
4

i i

S.o= 40 ksio f7 = 3 ksi. The balanced
remforcement ratio o, 1s determined by the

followmg formula:



0854,/ 87000
P T 87000+ 7,

(3)

If material strengths are random values then
the balanced reinforcement ratio g, s a

random value too. Let us denote it by p *.

(1)
P(p>p,*) = P(g, *>0) and P(p>-p,*
4

Using eqn probabilities

= p__ *) have been determined.
max

Probability P(p> p,*) is the probability that
the beam initially designed as moderately

reinforced with reinforcement ratio satisfying
conditions (4) is actually over-reinforced. In

much the same way probability P(p> i,oh"‘)
4

is the probability that the provisions of ACI
Building Code for moderately reinforced
beams are violated. Probabilities Plp> p,*)

3 .
), * N re ~ \ N
and P(p>—~p,*) are determined for cleven £
4

values: £ =0, 0.1, 0.2, ... 1. The & values

Table 1. Probability P(p> p,*)

are associated with the reinforcement ratio p
in the following way:

P~ Puin
pmﬂ.\ - IOmm

(0)
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Calculations  were performed using  three
approaches:

1) Monte Carlo simulation with subsequent
approximation of the results by Pearson's
curves and numerical ntegration  [11,12];
sample size was 5,000 (the description of this
approach 1s given m more detail in section 5).

2) Crude Monte Carlo simulation with
sample size 5.000.
3) Crude Monte Carlo simulation with

sample size 15.000 (for some p values).
All results were in close agreement. They are
presented in Tables 1, 2 for nine & values. As

can be scen from the Tables, the probabilities
Plp>p*) and P(p> iph”‘) arc very high
o4

for high p values and gradually go down as

the p values decrease.

Case &
No 0.0 0.2 0.4 05 0.6 0.7 0.8 00 1.0
1 0.0000  0.0008 00316 01124 02446 04157 05785 07119 08191
2 0.0000  0.0002 00104 00464 01234 02432 03963 05306 0.06721
3 0.0000 00000 00035 00173 60618 00444 02571 03986 05410
Table 2. Probability (g - i/)h*)
EY
Case ; -
No 0.0 02 04 05 06 0708 09 Ho
| 0.0000 00116 02541 04844 0.0¥I1 08226 08078 09329 0.9736
2 0.0000 00032 01306 03002 05078 06795 08196 08902 0.9428
3 0.0000  0.0001 00663 01888 03614 05535 06948 0RI37  0.8858%

To take an example, for the poor conercte
(casc 1) for & = 1 the probabilitics

Plp>p,*) and P(p> ip},”‘) arc 0.8191 and
4

09756 respectively D and for the good concerete
{casc 3) these probabihties are 0.53410 and
0.885%. respectively. The probability of brittle
failurce is fairly high even for relatively low p
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values: for example, P(p> p,*) ranges from
0.0173 (case 3) to 0.1124 (casc 1) for & =

O'S" ;’ = pmin * Os(pmax - pmm)‘

The reason for this phenomenon is quite
apparent. As indicated above, the probability
that concrete strength will fall below  f7
cquals 0.992 (casc 1) to 0.84 (casc 3). From
physical considerations as well as from eqn (1)
onc can see that the probability of over-
reinforcement increases as concrcte  strength
decreases. In view of high probability of low
concrete strength values the probability of
over-reinforcement 1s high. Thus, the rules of
the acceptance concrete strength control exert
a detrimental effect on the probability of brittle
failure.

5. RELIABILITY OF BEAMS

When evaluating the reliability of beams in
all 3 cases live-to-dead load ratio 1s assumed to
be 3.0. The initial data for calculations were
prepared in the following way.

I. Specify reinforcement ratio p satisfyving
conditions (4).

2. Determine the nominal moment capacity of
the beam M,. Assume that the factorized
external moment /\/I-’, equals ¢1’W” (¢ 1S a

strength reduction factor, ¢ = 0.9 [1]).

3. Take M| = MJA/().S; M, =3 A/]ll . where
M, and M, arc unfactored moments
produced by dead and live loads, respectively.
The coefficient 6.5 1s casily obtained from two
following equations:

LAM, +LIM, =M. M, =3M, (]

Here 1.4 and 1.7 are load factors for dead and
live loads, respectively.
4. According to [10], assume that 1.OSAf, .

1,038 A/, are mean values of the random

moments M, * and A, * produced by dead
and live loads, respectively. Assume that M, *
is normally distnibuted with c.o.v. = 0.10 and
M, * fits a tvpe 1 extreme value distribution
with c.ov. =024,

5. In eqns. (2). (3)
that .
M =M, *+M.* [, = [ % ['=[* B =B,*
and that all random variables are mutually
statistically independent.

Perform calculations n the following order.

I. Using Monte Carlo simulation obtain a set
of  reahizations  of random  vanables
LSO MM, *,

2 Check condition (1) to determine whether
the beam s moderately or over-reinforced.

3. Choose the corresponding  limit-state
function wmmong (2). (3) and calculate its value

assume

g

4. Perform steps 1 to 3 m times. As a result
obtain m values g g .

5. Fit an appropriate Pearson's curve y(z) to
deseribe probability density  functions of g
values.

6. Caleulate the reliability of the beam R by
numerical integration:

Ry y(z)dz (8)

1

All calculations were performed with saumple
size m = 3000 and for some cases were
checked by crude Monte Carlo simulation with
sample size 15.000. Relinbihities obtained by
the two methods were in close agreement.
Caleulation results are presented in Fig 1.
Here the reliability indices g are plotted vs. £.
The obtamed results are n complete agreement
with the values of probabilities Pp> /’nm*)
discussed above. As £ mcreases from 0 to |,
the probability: P(p = p  *) increases as well
{sce Table 1). As a result in the course of
Mounte Carlo simulation in increasing number
of cases limut-state function (3) is used and this
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Fig. 1. Flexural reliability index g vs. relative reinforcement ratio &

function gives lower g values in comparison
with limit-state function (2). For ¢ = |
(p=p,,) rehability index g drops to the
lowest level: # = 1.1 forcase [ and g =19

for case 3. Thus, the rules of concrete
acceptance strength control exert a detrimental
effect on the reliability of RC structures.

6. CONCLUSION

The rules of the acceptance control of
concrete used in Korea are inadequate and in
some cases can substantially impair the
reliability of RC structures. The matters can
be straightened out by the following measures.

Specified compressive strength of concrete
/) should be defined with a certain

exceedance probability. Then the rules of the
acceptance control of concrete can be changed
in such a way as to satisfy this definition. In
this case the minimum average required
compressive strength of concrete will, of
course, exceed f.

By these means the cases with inadequate
rehability are eliminated. However, excessive
rehability can appear in some cases. In such

an cvent a material combination factor [11]
can be introduced to regulate reliability.

The material  combination factor 1s an
additional partial safety factor. It is similar to
load factors. It takes into account low
probabilitics of simultancously low values of
strength of several materials, By comparison,
load factors take into account low probabilities
of simultancously high values of several loads.
With the material combination  factor a
unitorm rehiability can be achieved. A similar
approach has been already used in Russia |13,
141

Comprchensive  ivestigations  must  be
carried out. Thelr aims are:

(1) to reveal design cases with inadequate
reliabilities (for flexure. compression, torsion,
ete.):

(11) to check cases of prestressed concerete:

(i) to cstablish target rehabilitics for all
above cases and to choose the target reliability
to be used for the rules of the acceptance
strength control of conerete;

(1v) to develop new rules for the acceptance
strength control of concrete using this target
rchability:
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(v) to calculate numerical values of the
material combination factor to achieve the
target reliability in all cases.

The investigation will result in safe and
economical design of RC structures.
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