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Design of foundation structures
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Abstract: The target reliability indices of the foundation
structures of sea-crossing bridges on the serviceability limit state
(SLS) are different from those of common bridges due to their
different surroundings. Consequently, three levels of the target
reliability indices, which are 1.5, 2.0 and 2. 3, respectively, for
those structures on the SLS are suggested based on the Joint
Committee on Structural Safety (JCSS) model code, and a new
method of calibrating factors of live loads, which is based on the
contribution ratio of tensile stresses of reinforcing bars produced
by various loads to the maximum crack width of concrete, is
proposed. Finally, the calibration of the reliability-based factors of
the frequent value and the quasi-permanent value of live loads is
conducted by the Joint Committee (JC) method through an actual
design, and the indices are proved to be reasonable and the new
method is proved to be feasible.
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esign code plays a central role in the building process

because it specifies the requirements that designers
must satisfy to attain the minimum acceptable performance
level''. Currently, the goal of structural performance has
been extended. Not only the ultimate limit state (ULS) -flex-
ural failure, shear failure, and collapse, but also serviceability
limit state ( SLS) -cracking, durability, deflection, and vibra-
tion must be considered in the structural design and
analysis. The SLS design is becoming more important since
sometimes it would dominate the design according to actual
design experiences. However, compared with the ULS design
the development of the SLS design is deficient, especially
for some special structures like sea-crossing bridges. Then
specific analysis is needed since there are no corresponding
specifications in relevant codes.

“How safe is safe enough” is the question that should be
dealt with first in any design codes. In other words, accepta-
ble safety levels must be established for various design situa-
tions covered by the codes. These levels, implicitly ex-
pressed in terms of target reliability indices but distinctly ex-
pressed in terms of load and resistance factors in reliability-
based design codes, serve as a basis for the development of
design criteria. Identically, the acceptable serviceability lev-
els may also be expressed in terms of some reliability-based
factors such as the factors of the frequent value and the qua-
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si-permanent value of live loads.

As a special structure, a sea-crossing bridge is always a
long-span bridge. Sometimes, the SLS design would govern
the design of the foundation structures of a sea-crossing
bridge. In the crack width of the SLS design, the representa-
tive values of live loads are frequent values for load combi-
nations of short-term effects and quasi-permanent values for
load combinations of long-term effects. This includes the
values for load combinations of short-term effects influenced
by that of long-term effect according to the code JTG D62—
2004. The environmental loads such as wind, wave and cur-
rent loads acting on these bridges are generally high and
change enormously, and always become the dominant loads,
which is totally different from that acting on common bridg-
es. Consequently, the implicit target reliability indices and
the corresponding factors of live loads in the current code of
highway bridges may not be suitable for this kind of struc-
ture. These indices and factors should thus be necessary to
re-calibration based on its own specialties such as informa-
tion of its design and environments.

The reliability-based factors of the frequent values and the
quasi-permanent values of live loads can be obtained by
many times of tentative calculations with the first-order reli-
ability method (FORM). The conventional SLS function of
highway bridges, which is similar to the ULS function, is de-
fined as

Z=R-S=0 (H

where S is the load effect, a stochastic parameter which re-
presents the observed maximum crack width or the deforma-
tion of structural components, and R is the structural resist-
ance which represents the allowable crack width or deforma-
tion. R may be a stochastic parameter which needs sufficient
statistical data, but there is usually a lack of information.
However, R can be regarded as a constant in many cases.
The calculation of reliability on the SLS with the FORM can
easily be carried out when the parameters of S and R have
been obtained . However, it is too difficult to set up a fea-
sible SLS function directly with the perspective of crack
width for foundation structures of sea-crossing bridges be-
cause of lack of experiences of similar projects and lack of
various statistical data. An alternative way must thus be de-
veloped.

1 Design and Analysis of Foundation Structures of
Sea-Crossing Bridges on SLS
1.1 Applicability of the factors of live loads in the cur-

rent code

The crack width of concrete components can be calculated



Design of foundation structures of sea-crossing bridges on serviceability limit state 75

3
as[ 1

0-§§
W, =C,C,C, = ( 2)

30 +d
£ )

0.28 +10p

where E, d, o, and p are the Young’s modulus, the diame-
ter, the stress with load combinations of short-term effects,
and the ratio of reinforcement of longitudinal tensile reinfor-
cing bars, respectively. C, is the surface-shape factor of rein-
forcing bars, C, is the force-type factor, and C, is the influ-
ence coefficients with load combinations of long-term effects
and can be described as

C,=1+0.5N,/N, (3)

where N, and N, represent component forces with load com-
binations of short-term effect and long-term effect, respec-
tively, and are given as
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where S, represents the nominal value of each load, ¢; and
i,; are the factors of the frequent value and the quasi-perma-
nent value of the j-th live load, respectively, and both adopt
0.75" for wind load. The design of one pile of one sea-
crossing bridge is taken as an example to show the compari-
son (see Tab. 1) between the current code and the old code.

Tab.1 Comparison of reinforcing bars in one pile
of one sea-crossing bridge

Code State of calculation Diameter/mm Quantity
Bearing capacity 40 103
JTG D62—2004  Short-term effect influenced
40 153
by long-term effect
Bearing capacity 40 73
JTJ 023—85 Short-term effect 40 96

According to the API code”, the load combination of
wind, wave and current on the ULS for an offshore jacket
platform follows

0.8(1.4F +1.4W) = 1. 12(F + W) (6)

where F' and W are the nominal values of wave current load
and wind load, respectively. It takes 2. 8'” as the target relia-
bility index for components of offshore jacket platforms
through some calibrations of different sea areas with Eq.
(6) . For the foundation structures of sea-crossing bridges in
the same offshore environments, the load combinations of
wind, wave and current with short-term effects influenced by
long-term effects on the SLS is given as'”

0.75(F+W)(1 +o.5%) =0.75(F + W) -
0.75(F + W)

[1+0'50.75(F+W)

]:1.125(F+W) (7)

The partial factors of design loads directly relate to the
degree of corresponding target reliability. Evidently, the tar-
get reliability index that corresponds to the factors of the fre-
quent value and the quasi-permanent value of live loads ob-
tained by the current code of highway bridges is near to 2. 8
because the reliability index related to Eq. (7) is close to
that related to Eq. (6). It is bigger than the upper bounds of
1.0 to 2. 0" which is the range of the reliability index for
concrete components of common bridges on the SLS, and
even close to the target reliability index of the foundation
structures of common bridges on the ULS'™ . The minimum
target reliability index of bridges on SLS varies from 0. 8 to
1. 0 according to the code JTJ 023—S85.

Consequently, the target reliability index implicitly ex-
pressed in the current code of highway bridges is obviously
too high for the design of foundation structures of sea-cross-
ing bridges. It can confuse engineers due to the large varia-
tions in amounts of engineering materials designed by the
current code and the old code. It is thus necessary to suggest
a more appropriate target reliability index for sea-crossing
bridges and the corresponding reliability-based factors of
live loads.

1.2 Comparison of factors of wind load with different
codes

If the ratio of wind load effect W to dead load effect G is
8, C, can then be formulated as
G +4,8)
G(1 +4.8)

1+y¢,6
1+0.5i (8)

C,=1+0.5 Yy

where factor C, only relates to ¢, , ¢, and 8. Define factor C

C=C,(1 +¢p) (9)

as the factor of the crack width with load combinations of
short-term effects influenced by long-term effects. Suppose
that the wind load is the dominant load. The values of C,
and C are different within the ordinary ratio of load effects
due to different factors of the frequent value and the quasi-
permanent value of live loads among the codes of JTG
D60—2004, GB 50009—2001 and DIN-Reportl01 ( Ger-
man) (see Tab.2). It is evidently conservative to calculate
the crack width of concrete components of foundation struc-
tures of sea-crossing bridges with the factors of wind loads
in the code JTG D60—2004.

Tab.2 Comparison results of factors C, and C with different codes

)
Code s Factors
v v 0.0 0.5 1.0 1.5 2.0 3.0 4.0 5.0

C, 1. 500 1.500 1.500 1. 500 1.500 1.500 1. 500 1. 500

JTG D60—2004 0.75 0.75
C 1.500 2.062 2.625 3.188 3.750 4.875 6.000 7.125
C, 1.500 1.417 1.357 1.313 1.278 1.227 1.192  1.167

GB 50009—2001 0.4 0.0
C 1.500 1.700 1.900 2.100 2.300 2.700 3.100 3.500
C, 1. 500 1.400 1.333 1. 286 1. 250 1. 200 1.167 1.143

DIN-Report101 0.5 0.0
C 1.500 1.750 2.000 2.250 2.500 3.000 3.500 4.000
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1.3 Analysis of the factors of wind load for one sea-
crossing bridge

Both the frequent value and the quasi-permanent value of
live loads can be expressed in terms of the representative
values with some threshold exceedance rate during the de-
sign reference period. E. g., the former corresponds to val-
ues of 5% of the threshold exceedance rate, and the latter
corresponds to values not exceeding 50% of that” ™" . Ac-
cording to statistical analyses of actual wind velocity from
the reports of wind parameters research for one sea-crossing
bridge, the deductive monthly extreme wind velocity at the
site of the bridge can be obtained. Then simulated wind ve-
locities at a 100-year design reference period and statistical
analysis of corresponding threshold exceedance rates can be
obtained through the Monte-Carlo simulation (see Fig. 1). It
can be found that V, , and V, , the wind velocities at 5%
and 50% of the threshold exceedance rate, are 32. 597 m/'s
and 26. 223 m/s, respectively. And V,, the design wind ve-
locity at a 100-year design reference period, is 40. 16 m/s.
So the ratio of V, s and V,  to V,, which can represent i,
and ¢, respectively, to a certain extent, are

C(Vows) _ (32.597\*
r,_( VK) _(40_16) -0.658 8 (10)
Vos\" 26.223\°
— 0.5 — hd —
rz—(VK) _(40_16) =0.426 4 (11)

It is incontestable to magnify the duration of extreme
wind velocities since it is analyzed in months. So V, , and
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Fig.1  Simulated monthly extreme wind velocity and sta-
tistical analysis of corresponding threshold exceedance rate
related to 100-year reference period at the site of the
bridge. (a) Simulated monthly extreme wind velocity; (b) Statisti-
cal analysis of threshold exceedance rate

V, s must be a bit smaller and so must the values of r, and
r,. It is accordingly too conservative to take 0.75 for both
¢, and ¢ during the design of foundation structures of sea-
crossing bridges on the SLS.

2 Target Reliability of Foundation Structures of
Sea-Crossing Bridges on the SLS

Selection of B, the target reliability index, is a multidisci-
plinary task. It involves structural analysis, economic analy-
sis, and even the consideration of political decisions'" . Espe-
cially for the design of the foundation structures of sea-
crossing bridges on the SLS under the conditions of there
being no similar projects till now and there being lack of
offshore environmental data, it is more difficult to calibrate a
suitable target reliability index. To be simplified, 8, can be
determined by comparison with those of other structures. It
takes 1.5 as the target reliability index on the irreversible
SLS for building structures according to the code GB
50068—2001, and takes 1. 0 as the minimum target reliabil-
ity index for concrete slabs and beams of bridges according
to the code GB/T 50283—1999. The JCSS model code,
which is the main reliability-based code in different coun-
tries, suggests three levels of B, (see Tab.3).

Tab.3 Tentative target reliability indices and associated failure
probability related to one-year reference period and irreversible
SLS based on the JCSS model code

Relative cost of safety measure Target index(irreversible SLS)

High Br=1.3,P;=10""
Normal Br=1.7,P;=5x10"2
Low Br=2.3,P;=10"?

BB, of foundation structures of sea-crossing bridges on the
SLS should be higher than that of common bridges obtained
by the current code of highway bridges due to their special-
ties. Located in complicated and variable ocean environ-
ments they are always subjected to enormous environmental
loads with high variability, and the ratio of live loads to dead
load must have a wide range. Their dominant load is usually
a horizontal load combination of wind, wave and current, but
not the vehicle load for common bridges. They are also lar-
ger in size, and have more degrees of essentiality and risk.
Especially, their durability drops more rapidly due to larger
degradation and corrosion caused by the action of seawater.

Sea-crossing bridges are always significant to the nation,
and the corresponding reliability indices of their concrete
components on the crack width of the SLS usually have a
wide range''"" and vary in different environments. In order to
choose a proper value for different projects, three levels of
B, for foundation structures of sea-crossing bridges on the
SLS are suggested, which are 1.5, 2.0 and 2. 3, respective-
ly. However, these indices should be checked and evaluated
with actual designs in order to illustrate their rationality.

3 Calibration Method for Reliability-Based Fac-
tors of Live Loads
3.1 SLS function based on tensile stress of reinforcing
bars

It is possible to control the tensile stress of reinforcing bars
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at the beginning of structural design in order to confine the
birth of a concrete crack or its development'” . According to
the relationship between the concrete crack width and the ten-
sile stress of the reinforcing bars, a feasible SLS function
based on the contribution ratio of tensile stresses of reinfor-
cing bars produced by various loads to the maximum crack
width of concrete can be set up. The concrete crack width
with load combinations of short-term effects is defined as

W, =Ko (12)

where K is the factor of the concrete crack width that refers
to the code JTG D62—2004. The contribution ratio of the
load combinations of long-term effects to the concrete crack
width is about 1. 5 to 1. 6 times of that of the load combina-
tions of short-term effects due to shrinkage and creeping of
concrete. Here it takes 1.5"" due to load combinations of
long-term effects only occupying a small part of the total
load effect. The concrete crack width with load combinations
of long-term effects is described as

W, =1.5Ko, (13)

Suppose that o and o are the stresses of reinforcing
bars caused by dead loads and live loads, respectively. o is
regarded as a long-term load effect, and o, is divided into
two parts, o, and o, which represent stresses caused by
short-term and long-term effects of live loads, respectively,
due to their different contribution ratios to the concrete crack
width. So the total concrete crack width is then

W=W, +W, =1.5Ko, +1.0Ko, +0.5Kory, (14)

Expressed in terms of nominal values and partial factors
of different loads, it becomes

Wy =K[1. 5ys04¢ + Y0k +0. SyQLo'QL] (15)

Let [o,] be the critical stress of reinforcing bars. The
failure probability of the concrete crack width is defined as
the probability that the calculated crack width is greater than
the critical one.

P, = prob{K[ o,,] - W, <0} (16)
The SLS function can be finally described as
g(o) =lo.,] —(1.5og+0,+0.50,.) (17)

Since K can be taken completely out of consideration, Eq.
(17) only relates to the stresses of reinforcing bars produced
by various loads, which are mostly determined by concrete
grades, the amount of reinforcing bars, the dimensions of
structural components, various loads, and their probability
distributions. However, to a certain extent the magnitudes of
stresses caused by different loads are proportional for the
same component. So their nominal values and variability can
be directly substituted by those of different loads.

3.2 Calibration process

The calibration process of the factors of live loads is given
in Fig. 2.

| Set target reliability

1

Determination of distribution type and statistical
parameters of loads and resistance

I Reliability calculation
| Determination of various ranges of load ratio | Set standard value of
v dead load be equal to 1.0
| Reliability calculation with various ranges of load ratio |—— Y
i Determination of standard value
of other loads with load ratio
| Determination of the key range of load ratio | 1
Determination of standard
Circulation of load ratio value of critical stress
v

Determination of the bias

Determination of reliability index and corresponding
factors of live loads with the key range of load ratio

factors and COV of variables

i

1 Determination of reliability index

‘ Determination of the range of factors of live loads | and checking point with JC method
) )

‘ Detailed analysis of the range of factors of live loads I-— Determination of the
T factors of live loads

‘ Determination of the calibration result

Fig.2 Flowchart of calibration for factors of live loads

4 Example

This section takes the design of foundation structures of a
sea-crossing bridge as an example to further describe this ap-
proach.

4.1 Parameters for calibration

There exist all three load cases (see Tab. 4, where D, W,
V, Vy, T and W, represent dead load, wind load, vehicle
load, vehicle-brake load, temperature action, wave and cur-
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rent load, respectively) to be calibrated. Here the longitudi-
nal and transverse load cases are regarded as one load cases
in terms of their load ratios, which can completely illustrate
their differences. Furthermore, the load case of “wind load +
wave and current load” is treated as the load case of only
“wind load” because they are thought to be perfectly corre-
lated. And the distribution type and the statistical parameter
of each load are given in Tab.5.

Tab.4 Load cases of calibration

Action direction No. Load combination
1 D+W
2 D+V+Vy +T+W
Longitudinal
1 D+ W+ We
3 D+W+We+T
T 1 D+W
ransverse | D+WeW,

Tab.5 Distribution types of loads and their statistical parameters

Actions Distribution type cov Bias factors
Dead load Normal 0. 05 0.9240
Wind load Gumbel 0.412 0.3266

Temperature Gumbel 0. 03(max) 0.961 4
Vehicle load Normal 0.199 4 0. 668 4
Vehicle-break load Gumbel 0.0279 1.089 9

The specific values of loads and resistance can be taken
out of consideration in the reliability calculation since their
statistical parameters are proportional to their own nominal
values and the nominal value of resistance is a liner function
of the nominal values of dead loads and live loads. There-
fore, only the ratio of load effects and uncertainties of pa-
rameters are needed. In this project, the ratio of load effects
ranges from 0. 07 to 30. 0.

4.2 Calibration result of factors of wind load

Through many times of tentative calculations, the factors
of wind load related to the three levels of target reliability
proposed are given in Tab. 6, where vy represents the partial
factor of dead loads. Tab. 7 shows the redesign results of
the pile mentioned above with load combination of short-
term effects influenced by long-term effects on the concrete
crack width of the SLS using the factors in Tab. 6.

Tab.6 Factors of wind load for a sea-crossing bridge

Br Py Yo s YL
1.5 7 x10 72 1.0 0.55 0.35
2.0 3 %1072 1.0 0.65 0.35
2.3 1x10°2 1.0 0.70 0.40

Tab.7 Redesign results of the pile mentioned above

Br Diameter Quantity
1.5 40 106
2.0 40 120
2.3 40 131

The amount of reinforcing bars needed at B, = 1.5 is
close to that according to the code JTJ 023—=85, and the
amounts needed at 8, =2.0 and B, = 2.3 rationally range

between those according to the codes JTJ 023—=85 and JTG
D62—2004. Finally 8, =2. 3 is chosen in the project, and is
proved to be acceptable.

5 Conclusion

In order to make a better design for foundation structures
of sea-crossing bridges on the SLS, three levels of target re-
liability based on the JCSS mode code and the characteristics
of those structures are proposed. And a new approach of cal-
ibrating the factors of live loads based on the contribution
ratio of tensile stresses of reinforcing bars produced by vari-
ous loads on concrete crack width is also established. This
approach can increase the efficiency of calculation by reduc-
ing the amount of parameters needed and load cases in the
calibration. Finally they are both proved to be reliable by an
actual design.

However, the reliability-based factors of wind load in that
example are a bit conservative because actually “wind load”
and “wave and current load” are not perfectly correlated.
Moreover, in order to obtain calculation results more precise-
ly, the combination theory of wind, wave and current load
should be deeply studied and the environmental information
of the sea area should be further investigated. In addition, the
same calibrations of other sea areas should be carried out in
order to provide more sufficient references for the field of
structural design in the current code of highway bridges.
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