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Abstract. This paper deals with the probabilistic and sensitivity analysis
of the largest movable lift bridge of the world. The bridge system consists
of six reinforced concrete pylons and two steel decks 4000 tons weight
each connected through ropes with counterweights. The paper focuses the
probabilistic and sensitivity analysis as the base of dynamic study in design
process of the bridge. The results had a high importance for practical
application and design of the bridge. The model and resistance
uncertainties were taken into account in LHS simulation method.

1 Introduction

During the structural design process, an engineer has to consider problems of the safety,
reliability and durability of a single structural element as well as the entire structure from
the point of view of its planned life cycle. Randomness in the loading and the
environmental effects, the variability of the material and geometric characteristics of
structures and many other "uncertainties" affecting errors in the computing model lead to a
situation where the actual behavior of a structure is different from the modeled one [1 - 9].
Recent advances and the general accessibility of information technologies and computing
techniques give rise to assumptions concerning the wider use of the probabilistic
assessment of the reliability of structures through the use of simulation methods [5].

2 Simulation Methods

In the case of simulation methods the failure probability is calculated from the evaluation of
the statistical parameters and theoretical model of the probability distribution of the
reliability function Z = g(X). The failure probability is defined as the best estimation on the
base of numerical simulations in the form

p =5 2ie(x)<0]<p, ()
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where N in the number of simulations, g(.) is the failure function, /[.] is the function with
value 1 if the condition in the square bracket is fulfilled, otherwise is equal to 0.
Variation of the failure function can be defined by Melchers [10] in the form

s =ﬁ{%{i[z[g()(i)SOH—{%%I[g(Xi)SOHZ} @)

i=1

The various forms of analyses (statistical analysis, sensitivity analysis, probabilistic
analysis) can be performed. Most of these methods are based on the integration of Monte
Carlo (MC) simulations. Three categories of methods have been presently realized - Direct
methods, approximation methods or modified methods.

The most effective method is the modified LHS method based on the same number of
simulations of the safety function as in the MC method [5]. Using the LHS strategy, we get
values like the reliability reserve parameter — the mean value of safety function.

The modified LHS method is based on the simulations of the function g(X) so thus MC
method, but the definition domain of the distribution function @(X) is divided to N intervals
with the identical probability 1/N. Characteristic values of the simulations as calculated
randomly on the base of K permutation integer number 1, 2,...N. The reliability function
2(X) must be determined from the N simulation. The interval of the random simple is used
one time only.

This method gives us the best estimation of the statistical parameters of the structure in
the comparison with MC method.

3 Botlek Bridge structure

The new Botlek Bridge recently built in Rotterdam (Holland) with two lifting spans of
approximately 100 m and pylons reaching over 60 m above water level is the largest
vertical - lift bridge in the world.

Fig. 1. Botlek Bridge.

The value of this project was approximate equal to 1.5 billion EUR. The design analysis
of sophisticated structures of high importance require more detailed and expensive
analyses, provide an opportunity for theory development, comparison of different analysis
procedures and gaining experiences [11]. Because of dynamic loading (traffic loads in
“down position” of decks, movement of decks, wind loads and seismic loads), the movable
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bridge model for deterministic and consistently the stochastic analysis was developed. The
paper focuses the probabilistic analysis as the base of dynamic study in design process of
the bridge.
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Fig. 2. Botlek Bridge. Section plan.

Two steel decks, 4000 tons weight each, are independently vertically movable on six
concrete towers — the lifting height is 31 m. The length of steel decks is 96 m, the width 49
m (each deck has approximately the area of soccer stadium). The lifting system is fully
balanced. The four concrete counterweights are guided on pylon towers and are connected
through ropes with decks at their ends. The three main bridge piers (from left to right in
Figure 1: Pier 30, Pier 40 and Pier 50) are founded on rigid concrete blocks with footing
dimensions of 15 x 60 m, at 8 m below river bed at the top of the first dense (Pleistocene)
sand layer. For the geotechnical design the foundation was essentially treated as a shallow
foundation [12]. At a depth of approximately 16 m below the foundation footing a
relatively soft clay layer is present with varying thicknesses between 0 and 4 m. This
stratum complicated the design, especially with respect to the settlement behavior which
has a major impact on the performance of the total bridge and influences the different
design disciplines (e.g. mechanical, electrical and structural). This article considers the
probabilistic analysis with respect to the deformation behavior of the subsoil which was
undertaken as part of the foundation design.

4 Soil-structure interaction

For the determination of the soil parameters an extensive soil investigation has been
performed [12]. A relatively dense grid of Cone Penetration Tests (CPT’s) with a mutual
distance of about 15 m was executed to a depth of about 3 times the foundation width. In
addition, a number of boreholes were drilled and undisturbed samples were taken at regular
intervals for geotechnical laboratory tests by means of light percussion drilling in
combination with thin-walled samplers. From the CPT’s and borehole logs the soil
stratigraphy is determined, see Table 1. The foundation is modelled as an infinitely stiff
foundation block, supported by linear elastic (stochastic) springs at a spacing of about 3 m.
Since the foundation consists of a massive concrete block with a thickness of about 20 m
the assumption of a stiff foundation is considered reasonable.
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In the case of the dynamic loads the soil material characteristics depend on compression
wave (P - wave) and shear wave (S - wave) velocities in the soil

Vg = B _ %
S o\2(1+v)p \l p

where v, is the compression wave velocity, vy is the shear wave velocity, Eq is the dynamic
Young modulus, Gy is the dynamic shear modulus, v is the Poissonov number, p is the soil
density. The typical ranges of P- and S-wave velocities for different subsoil conditions were
published in [13] (see Fig. 3).
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Table 1. General soil stratigraphy [12].

Top of layer . o .
[m NAP] Soil description Soil layer
From -7 to -14 SAND, clayey cover layer

From -14 to -20

SAND, (medium) dense

1st sand layer

From -33 to -39 CLAY, stiff deep clay layer
From -34 to -42 SAND, (medium) dense 2nd sand layer
At -60 Max. investigation depth
Clay, Silt — = '
Clay, soaked [ L
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Fig. 3. Typical ranges of P- and S-wave velocities for different subsoil conditions [13].

The consideration of SSI effects is very important. The influences of stiffness and
damping characteristics of the soil on the structure are not negligible. There are many ways
of mathematical representation of the soil. The soil can be represented by a set of
equivalent springs or by continuum. For FE modelling, it is well known that a narrow
domain with fixed boundaries is not likely to represent realistic soil behavior, whereas a
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very large domain would result in a too complicated problem. It is, therefore, necessary to
find an optimum value that reflects the realistic behavior of soil without significant loss in
accuracy. The spring stiffness of the soil under the concrete block foundation can be

determined in accordance with the [14] as follows

4 32(1-v)G N 1 §
k, =36 g _320-v)Gir, K, =G g 100 )
1-v 7-8v 3(1-v) 3
Iz 12 T 12
r, = fWé for translation, », =| ,|[W — | for rotation, r, = WL—+ for torsion,
V4 3z 6.7

where W is the width of foundation, L — length of foundation.

5 Calculation model

The finite element software ANSYS [15] have been used for all models and analyses. The
model of the bridge was for deterministic and consistently for probabilistic analysis

prepared.

Fig. 4. FEM model of the bridge deck and pylon.
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Fig. 5. Scheme of complete system in plan view: two decks, pylons and counterweights.
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The elements SOLID186, SOLID187 and SURFACE154 were used in this detailed
FEM model. The preliminary analyses have shown, that the vertical displacements of the
tops of the pylons are neglectable in comparison to the horizontal displacements. For that
reason was the simplification of the model in 2D possible. The model consist of two
approximately rigid plates (decks) with weight G and substituted thickness H, models of
pylons - springs with stiffness K. SHELL63 and LINKS finite elements were applied.

Let consider situation when the both decks are in upper position. The mass more than
8000 tons is in the height of more than 30 m supported by six pylons. The system is
sensitive to horizontal loading e.g. wind loading, seismic loading. The natural frequencies
and modes of the bridge system influence the dynamic behavior of the bridge system. The
dynamic component of the loading depends on the base of Eurocode [16, 17] and on natural
frequency of the structure and can be calculated according to Eurocode procedure [18].

6 Probability and sensitivity analysis

The deterministic eigenvalue analysis tested the model used for the probabilistic analysis
[5]. The uncertain parameters K, G and H were defined as random input variables (Table 2.)
as follows:

K = Ko Akvar), G = G D(gvar), H = Hy D hvar), (5)

where K4, Gk and Hy are the characteristic values of the input data, Kvar, gvar, hver are the
variable parameters and @()is the distribution function of the variables (Table 2).

Special macro has been written in APDL ANSYS [15] using LHS simulation method to
the probabilistic analysis of this calculation model. The uncertainties are coming from the
standard requirements and the other publications [3, 5, 7, 18 and 19]. The mean values and
standard deviations were defined in accordance of the experimental test and design values
of the material properties and the action effects (see Table 2). Based on the results from the
simulated modal analysis of the Boltek bridge and the variability of the input parameters
10* LHS simulations were performed in the software ANSYS. The sensitivity analyses give
us the informations about the influences of the variable properties of the input data to the
output data (Fig. 6). These analyses are based on the correlations matrixes.

Table 2. Variability of input parameters [19].

Quaniy | Bt | v | Midow | Mo | D | i, | i
Stiffness Ka kvar N 1 20 0.451 1.490
Plate thickness Hi hvar N 1 5 0.808 1.195
Dead load G Qvar N 1 5 0.808 1.195
Action Ex evar N 1 5 0.813 1.190
Resistance Rie T'var N 1 5 0.812 1.201

We used four models considering the various numbers of the input data (see Table 3). The
uncertainties of the pylon stiffness considering the soil-stiffness interaction to the modal
characteristic of the Boltek Bridge were investigated. In the case of the model 1 two
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independed characteristics were considered. In addition 18 independed input characteristics
were considered in the model 4 (see Table 3). The extrem values of the interval of the mode
distribution functions are in the model 2 with 3 independed input characteristics (pylon
stiffnes K, masses G and model uncertainties action F£). The interval of the response
distribution function diminishes with the increase number of the input variables.

Table 3. Analysis of the influence of the input data uncertainties to the Bridge frequencies.

Number of First mode Second mode Third mode
Model Vg;i:;b' Min Mean | Max Min | Mean | Max Min | Mean | Max
1 2 0.809 | 1.202 | 1.676 | 0.964 | 1.432 | 1.996 | 1.353 | 2.010 | 2.802
2 3 0.738 | 1.202 | 1.711 | 0.880 | 1.432 | 2.038 | 1.235 | 2.010 | 2.861
3 14 0.993 1.108 | 1.227 | 1.287 | 1.428 | 1.589 | 1.612 | 1.850 | 2.101
4 18 0.898 | L.111 | 1.367 | 1.155 | 1.429 | 1.718 | 1.613 | 2.016 | 2.594

Bank-Order Correlation Sensitivities ANSYS

Result Set LHS
. R16.2
Fignifieane:
G_VAR
E_VAR
-4 N Ha_VAR
HT_VAR
HE_VAR
H4_VAR
HE VAR
1 H11 VER
H1 VAR

In=ignificant:
-1 K1_VER

HE_VER

-2 HE_VER

HE_VER

EE_VAR
KL0_VAR
H1Z_VRR
=3_VER

=4_VER

Significance level:

Cutput Parameter MOD1_ .500%

£. Prozaipliistk modal analysis of e bridge plane LM+

Fig. 6. Sensitivity analysis of the influences of the number of the variable input data to the first mode-
Model 4 with 18 variable parameters .

7 Conclusion

The paper presents the probability and sensitivity analysis results of the movable bridge.
For the design of the new Botlek Bridge soil deformations can potentially have a major
effect on one of the most critical design requirements, which is a limited rotation of the
large foundation footing. Application of a simplified stochastic subsoil model enabled a
quantitative risk analysis in order to deal with the uncertainties described in this paper. The
decks were considered in top position. The stiffness of the pylons and weight of decks were
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as random input variables defined. The first, second and the third natural frequencies were
as output parameters defined. The results were useful in dynamic analysis of wind impact.

The project was performed with the financial support of the Grant Agency of the Slovak Republic
(VEGA 1/0265/16).
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