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Probabilistic Characteristics of Dead Load Effect and
Resistance Variables for Bridge Members
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Abstract

The safety of a bridge structure depends on the resistance, R, of the member and the action,
S, (load or load effect) on the member. The strength of a bridge member may vary from the
calculated or “nominal resistance” due to variations in the material strengths and in the
dimensions of the members, as well as variabilities inherent in the equations used to calculate
the resistances of members. Two basic variables used in predicting the dead load effect, D, are
the analysis variables to account for the uncertainties and bias of the analytical idealization
which transforms loads to load effects and the load intensity and load placement on the bridge.
The fundamental requirement in the probability study is the collection of data on the strength
and other physical properties of the materials and the geometric parameters of the structures, In
this study, probabilistic characteristics (bias coefficient, C.0.V) of dead load effects and
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resistances have been calculated using Monte Carlo Simulation technique. Information on stat-
istics of basic variables, namely, physical properties of concrete, reinforcing steel bars and
prestressing steels is furnished, based on actual field data.

Keyworcs : probabilistic characteristics, dead load effect, resistances, random variables, bias

coefficient, coefficient of variation,

1. INTRCDUCTION

The safety of a structure depends on the re-
sistance, R, of the structure and the action, S,
(load or load effect) on the structure. The
first step in the safety analysis and design of
structure is to study the variability of the
strength of the structural(R.C, steel,
prestressed concrete, etc.) member in flexure,
The strength of a structural member may vary
from the calculated or “nominal resistance”
due to variations in the material strengths and
in the dimensions of the members, as well as
variabilities inherent in the equations used to
calculate the resistances of members,

In this study, comprehensive Monte Carlo
analyses were conducted to generate an
ensemble of bias(R /R,, D /D,) for each load
effect. R, is the nominal resistance value
calculated by the current code equation and R
is the resistance obtained from the Monte
Carlo Simulation considering variation of each
variable. DD, is the nominal dead load effects
calculated by the self-weight of the structural
section and D is the dead load effect obtained
from the Monte Carlo Simulation.

2. DETERMINATION OF PROBABILISTIC
CHARACTERISTICS BY MONTE CARLO
SIMULATION TECHNIQUE

Monte Carlo Simulation technicue is a
powerful engineering tool which enables one to
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perform a statistical analysis of the

uncertainties In  structural  engineering
problems, being particularly useful for complex
problems where numerous random variables
are related through nonlinear equation.

In this study, probabilistic characteristics
(bias coefficient and C.0.V) of load effect and
resistances have been calculated using Monte
Carlo Simulation technique. The procedure has
been programmed and calculations have been

carried out by the computer.

3. STATISTICAL PROPERTIES OF BASIC
RANDOM VARIABLES

The statistical properties of member resist-
ance and dead load moment depend on the
properties which describe the member, such as
the cross sectional dimensions and material
strength properties.

3.1 STATISTICS OF PROPERTIES OF CONCRETE

Under current design, production, testing,
and quality-control procedures, the strength of
concrete in an actual structure may differ from
its specified design strength and may not be
uniform throughout the structure,

The total variation in concrete strength
measured by control cylinders includes the
variation in concrete strength within a single
batch. This in-batch variation may be con-
sidered as a variation in testing procedures,

mixer inefficiencies, and actual concrete
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strength. The in-batch coefficients of vari-
ation of laboratory tests‘'® varied from 0.5% —
8.1% with an overall average of 3.6%.
American Concrete Institute(ACI) Committe
214 recommends that the level of control for
within-batch tests could be divided into three
classes with corresponding coefficients of vari-
ation as follows : 4% —5% for good control,
5% — 6% for average control, and above 6%
for poor control,

Recent test results"!® indicate that the aver-
age ratios of the in-situ compressive strength
to the specified design strength of concrete
range from 0.65 to 0.80. The average coef-
ficient of variation is also found to be about
0.19. The lognormal distribution gives safer
and better representation for the strengths of
in-situ normal weight concrete,

3.2 STATISTICS OF PROPERTIES OF STEEL

If the bars are supplied to the site by differ-
ent manufactures, the variation in strengths
may be high due to different rolling practices
and quality control procedures adopted by dif-

ferent manufactures,
Table 1 and Table 2 show the results of the

statistical analysis of the data on the strength
of steel and reinforcing bars collected by the
authors at various places in KOREA(71213),

Table 1 Results of statistical analysis of yield strength of
reinforcing bars(KOREA)([ 12, 13]

Type of Nominal yield Bias C.0.V | Number of
bars strength(kg /cm?) | coefficient (%) samples
SD30 3,000 1.2 9.5% 822
SD35 3,500 113 7.5% 80
SD40 4,000 1.09 8.5% 3
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Table 2 Results of statistical analysis of yield strength of
steel(KOREA)[7]
[strength unit : kg /cm?]

Type of | Plate | Nominal | Estimated mean [C.0.V] Number
steel | thickness | vyield static o, / (%) of
(mm) | strength specified o, samples
Kl 3300 L4 5.7 30
SWS50 50 3000 1.2 8.0 k1]
80 3000 L19 38 {2

The probability distribution of the strengths of
steels and bars is found to follow the
lognormal curve,

33 STATISTICS OF
PRESTRESSING STEEL

PROPERTIES  OF

In this study, tension tests were carried out
on prestressing steels. The yield strength, oy,

was 150 kg /mm?, and the tensile strength was
177 kg /mm?, based on an area of 0.987 cm?
and a length of 562 cm,

Besed on test results'®, it seems reasonable
to assume a lognormal distribution for the ten-
sile strength of prestressing steel. The bias co-
efficient (mean value /nominal value) for the
tensile strength of prestressing steel is found
to be 1.01 with a C.Q.V taken as 3.0 percent.

3.4 DIMENSIONAL VARIATIONS

The work reported is based primarily on
data obtained from a number of published
sources and involves additional field work,
While a number of researchers including
Connolly®’ and Tichy'® have recommended
the use of a log-normal distribution for the
probability models of dimensions, others have
preferred the use of a normal distribution for
certain dimensions''%2¥_ It will be assumed in
the present study that a log-normal distri-
bution may safely represent the distribution of
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the geometric imperfections of reinforced con-
crete members,

3.4.1 SLAB DIMENSIONS

Slab Thickness

Variations in slab thickness affect the effec-
tive depth and weight of slabs, and thus influ-
ence their strengths and deflections.

Results from the field investigation of the
distribution properties of in-situ slab is given
in Table 3.

Table 3 Distribution properties of stab thickness

[1-58,10,11,13]

Number | Nominal Mean deviation | Standard
of specified, from nominal, deviation

samples (cm) (cm) (cm)

21 18.0 +0.33 0.651

32 20.0 +0.50 0.501

24 25.0 -{.50 1.343

37 40.0 +0.52 1.379

19 50.0 +1.25 1.031

22 55.0 -1.00 1.399

1552 18.0-55.02 +0.2012 1.0112

a Weighted values of all data shown,

Based on the ohservations in Table 3, the
probabilistic characteristics of distributions of
slab thickness can be calculated from

h=h,+0.201(¢,=1.011 cm) (1)
Bias=h /h,, C.0.V=q, /h (2)

where, h=the mean value of slab thickness
h,=the nominal value of slab thick-

ness

Statistical analysis of the ratio of the actual
mean thickness to the specified thickness
gives a rneasure of the prediction uncertainty
in slab thicknesses. By analyzing Table 3, a
mean value of 1.01 for the ratio(h,.yua / Drominal)

1s found. The standard deviation for the ratio
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is 0.047 and the C.0.V of the ratio is 0.046(=
0.047 /1.01).

Assuming an average slab thickness of
25cm, Eq. (1) gives values of h==25.201cm and
o, ==1.011cm. Hence, the C.O.V is (0.04(1.011 /
25.201). Therefore, the total uncertainty in
slab thickness in terms of C.0.V is (0.046%+
0.04%)!/2=0.061. This value is used in sub-
sequent calculations.

Concrete Cover for Slab Steel

Available data'®!'"13) on concrete cover for
top and bottom reinforcement of in-situ slabs
are shown in Table 4. The errors in the lo-
cation of the top reinforcement of in-situ slab
exhibited higher mean and standard deviation
than those for the bottom reinforcement.

Table 4 Distribution properties of concrete cover

Number of Mean deviation Standard deviation
samples from nominal, {cm) (cm)
(a) Top concrete cover
589 | -3.20° | 175
(b) Bottom concrete cover
4 | ~0,30° | 081°

a Weighted values of data for top concrete cover
b Weighted values of data for bottom concrete cover

Effective Depth of Slab Reinforcement
The effective depth of top bar, d,, and the

concrete cover of bottoms bars, ¢, can be

treated as independent random variables if the
variability of the bar diameter is assumed to
be zero. Since slab thickness h is also an inde-
pendent random variables, the mean value of
the effective depth of top bars, d,, can be

calculated from :

d=h—¢, (3)
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and its dispersion can be calculated from :

oq’=op*to.? (4)

Similarly, the mean value of the effective
depth of bottom bars, c—lb, in-situ slab can be

expressed by :

db:h_cb (5)

in which the concrete cover for the bottom
bars, c,, and the slab thickness, h, are inde-

pendent random variables. Thus, the varia-
bility of the effective depth is

Oy’ =07+ 0,2 (6)

Based on Eqgs. (3) —(6), the distribution prop-
erties of effective depth in the in-situ slabs
are shown in Table 5,

Table 5 Distribution properties of effective depth of bars

Standard deviation
from nominal (cm) (cm)
(a) Effective depth of top bars
~3.00 ] 2.00
(b) Effective depth of bottom bars
—0.10 | 1.29

Mean deviation

3.4.2 BEAM DIMENSIONS

Beam Width

Results from various investigators for the
variations in the widths of in- situ beam stem
as well as beam flanges are shown in Table 6
1319212425 The weighted means and standard
deviations of all data are also shown in the

table.

Overall Depth of Beams

Table 7 summarizes the uncertainties for the
beam  depths
investigators'’® Weighted mean deviations

obtained from various

from nominal dimensions and standard
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Tabie 6 Distribution properties of beam width

Number | Nominal Mean deviation | Standard

of specified ‘ from nominal | deviation | Reference

samples | (cm) | {cm) | (em)

(a) Width of Beam Rib
60 2021 +0127 | 0185 (24]
195 30.0 +0.356 0.404 [25]
101 30.48 +0.0 0.160 [21]
594 - + 0.004 0.60 [13]
0% | 18.0550 +0.16¢ 0.502
(b) Flange Width

119 50.0 +0.29 0,419 [19]
101 60.0 +0.610 0.681 [19]
20 50.0-60.00 Ho4 | osw® | -

a Weighted values of data for beam width
» Weighted values for flange width

Table 7 Distribution properties of overall depth of beams

Number |  Nominal Mean deviation | Standard
of specified from nominal deviation | Reference
samples (cm) (cm) (cm)
60 67.31 +0.025 0.190 (24]
48 45.72 ~0.63 0.410 (21]
230 - —=0.150 0.830 (13]
9% | H7267.31° + 0,188 0.6572 -

a Weighted values of data for in-situ beam

deviations are also shown in the table.
Concrete Cover for Beam Reinforcement
Available data'®!¥ on concrete cover of top
and bottom reinforcement are shown in Table
8 along with weighted mean values and stan-
dard deviations of the available data.

Table 8 Distribution properties of concrete cover of beams

Number | Nominal Mean deviation | Standard |

of specified from nominal deviation Reference
samples (cm) lem) (cm) |

48 381 +0.28 57 g

230 - +0.24 0% ¢ (13
o 380 + 0188 o -

a Weighted values of data for in-situ beam

Effective Depth of Beam Reinforcement

No data are available for effective depth of
beam reinforcement.

Therefore, the distribution properties of the



effective depth of beam reinforcement were
calculated from the recommended distributions
of beam thickness and concrete cover using
Eq. (3)-Eq. (6).

are shown in Table §.

Recommended distributions

Table 9 Reccmmended distribution properties of effective
depth of beams

Mean deviation Standard deviation
from nominal {cm) (cm)

+ 0.062 1.264

3.4.3 ASPHALT THICKNESS AND SPAN
LENGTH DIMENSION

In this study, the
characteristics of asphalt thickness and span

probabilistic

length is determined using the results of a re-
cent survey. Available data on the asphalt
thickness and span length of existing bridges
were collected at several sites throughout the
KOREA(I 6,9, 10, 11).
deviations of all data are shown in Table
10—11.

The means and standard

Table 10 Distribution properties of asphalt thickness

W=7, - Aty A4y, - A, (8)

where Wy==dead load : ¥a =unit weight of as-
phalt(ton /m3) ; 7.=unit weight of reinforce-
ment concrete(ton /m3) ; ¥s =unit weight of
asphalt ; A=

area of concrete ; A;=area of steel ; and € =

steel(ton /m?3) ; A,==area of

span length. The statistical parameter of “A”
and “ €7 are established in the Chap. 3. It has
been found that basic random variable is
log-normal distributed with certain bias factor
(mean-to-nominal ratio) and coefficient of
variation,
Using the
technuque''4,

Monte Carlo simulation

random deviates of various
variables are generated and the values of D
are then generated, D, is obtained by substi-
tuting the nominal value of the basic random
variables in the prediction equation. Fig. 1—3
show examples of bridge model selected for
Monte Carlo Simulation.

It is found that the log-normal distribution
The ratio D /D,

is obtained for various bridge types using

fits the generated data well,

Monte Carlo Simulation and summarized in
Table 12.

Number | Nominal ! FEstmated mean ! Standard c.ov
of | specified measured / ¢ deviation (%)

samples fmml specified (mm)

i | 142 3 |17

Table 1 Distribution properties of span length

| Standard

Table 12 Dead load moment statistics

Number |  Nominal Estimated mean cov
of specified measured / i deviation (%)

samples (mm! specified {mm)

6T BOBDO | 1wy EES

4. PROBABILISTIC CHARACTERISTICS OF
DEAD LOAD EFFECT

The dead load
simple-supported bridge member is given by

moment on a

D=W, - 02/8 (7)
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Bridge Type | R.C Slab | P /C Girder | Steel I-heam
Bias (D /D,) 1.036 1.065 1.046
COV (%) | 8T 10,0 1.4
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Fig. 1 Reinforced concrete slab exampie bridge
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5. PROBABILISTIC CHARACTERISTICS OF
RESISTANCES

Comprehensive Monte Carlo analyses were
conducted to generate an ensemble of R /R,
for each selected cross section, R, is the nom-
inal resistance value calculated by the current
is the
obtained from the Monte Carlo analyses. The

code procedure and R resistance

dimensions and member properties of the con-
crete slab are given in Fig. 1.

The nominal resistance, M, may be
computed as follows :

As - [\; Ock * (i’

If (W)ZO.SS - ky - (F)
6120

6120+, ©

then M,=[(A;~A))e,(d—a/2)
+Ao,(d—d)] (10)

where b=width of compression face of mem-
ber . d=distance from extreme compression
fiber to the centroid of tension reinforcement
(cm) : d’=distance from extreme compression
fiber to the centroid of compression reinforce-
ment(cm) : o, =specified yield strength of re-
inforcement (kg /cm?) ; o =specified com-
pressive strength of concrete (kg /cm?) ;a=
depth of equivalent rectangular stress block :
k,=ratio of depth of equivalent compression

zone to depth from fiber of maximum com-
pressive strain to the neutral axis ; A,=area

of tension reinforcement {(cm?) ; and A, —area

of compression reinforcement(cm?), When the
value of (A;—A.) /bd is less than the value

specified in Eq. (9), so that the stress in the
compression reinforcement is less than the

yield strength, o,, or when effects of com-

pression reinforcement are neglected, the nom-

232 E83 =28



inal resistance may be computed by rectangu-
lar sections with tension reinforcement only,
With known statistical properties for each of

the variables in Eq. (10), conventional Monte
Carlo simulation may be used to generate a

distribution  of values. The
dimensions and member properties of P /C gir-

resistance

der bridge are given in Fig, 2. Prestressed con-
crete members may be assumed to act as
uncracked members subjected to bending
stresses within specified service loads. The
nominal resistance, M,, may be computed as

follows :

M,=Ap0p(d,—a /2)+Ae,(d—d,)
+0.8560 (b—b,)t; (d,—t;/2)
+A  0,(d,—d) an
A=Ay - 0y tA, - 0,~0.85 -
oalb—b)ti— A - 6,] /0y (12)

where y,=(0.85 for stress-relieved strands, and
0.90 for low-relaxation strands; o,,=yield
point stress of prestressing steel ; Oy = ulti-
mate strength of prestressing steel . Ops=av-

erage stress in prestressing steel at ultimate
load . ¢=the reinforcement index of the ten-
sion noa-prestressed reinforcement ; q'=the
reinforcement index of the compression
non-prestressed reinforcement ;  p=A, /bd,
ratio of non-prestressed tension reinforcement
: p’=A, /bd, ratio of compression reinforce-
ment ;| p,=ratio of prestressing steel ; A =
area of non-prestressed tension reinforcement ;

A,=area of compression reinforcement ; A

==area of prestressing steel ; b=width of
flange of flanged member or width of rec-
tangular member ; b,=width of a web of a

flanged member ; t,=average thickness of

the flange of a flanged member ; d=distance
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from extreme compressive fiber to centroid of
the tension steel ; d’=distance from extreme
compressive fiber to centroid of the com-
pression steel ; d,=distance from extreme
compressive fiber to centrcid of the
prestressing steel ; o,=vyield strength of steel
i o =compressive strength of concrete at 28
days ; and A, ==the steel area required to de-
velop the ultimate compressive strength of the
web of a flanged section, The dimensions and
member properties of the steel I-beam bridge
are given in Fig. 3. The nominal resistance,

M,, may be computed as follows :
anay 4 (13)

where o,=specified yield stress of the steel ;
and z=section modulus. Using the Monte
Carlo technique, random deviates of various
variables are generated and then the values of
R are generated,

The probability density function, PDF, and
cumulative distribution function, CDF, of
generated data of resisting moment are shown
in Fig. 4—Fig. 6 according to each bridge
type. The ratio R /R, is found for each bridge
type, and after a sufficient number of Monte
Carlo trials, the mean and coefficient of vari-
ation can be determined. Some typical values
of R /R, and Vg are given in Table 13 for each

bridge type.

Table 13 Resisting moment statistics

Bridge Type RL Slab | P /C Girder | Steel I-beam
Bias (R /R,) 1.04 1.01 1.03
C.O.V (%) 11.8 10,2 10.3

6. CONCLUSION

Realistic  safety evaluation of bridge
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reasonable
dead
Probabilistic characteristics of

structures requires probability

characteristics  for load effect and
resistances,
dead load effect and resistance variables for
bridge members can be described with mean
value and coefficient of variation calculated
using Monte Carlo Simulation technique based
on data base for basic random variables. The
procedure has been programmed and
calculations were carried out by the computer,
Information on statistics of basic random

variables, namely, properties of concrete,
reinforcing steel bars and prestressing steels,
are furnished based on actual field data. Some
typical values of probabilistic characteristics
are given for each bridge type. The present
methoc. allows more realistic evaluation of the
safety of bridge structures and can be ef-

ficiently employed in actual structures.
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