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ABSTRACT

In bridge design, many variables like material grades, cross-sectional dimensions, passive and pre-
stressing steel need to be modeled to evaluate structural performance. Efficiency gains are intended
while satisfying the serviceability and ultimate limit states imposed by the structural code. In this paper,
a computer-support tool is presented to analyze continuous post-tensioned concrete (PSC) box-girder
road bridges, to minimize the cost as well as to provide optimum design variables. The program encom-
passes six modules to perform the optimization process, the finite-element analysis, and the limit states
verification. The methodology is defined and applied to a case study. A harmony search (HS) algorithm
optimizes 33 variables that define a three-span PSC box-girder bridge located in a coastal region. How-
ever, the same procedure could be implemented to optimize any structure. This tool enables one to
define the fixed parameters and the variables that are optimized by the heuristic algorithm. Moreover,
the output provides useful rules to guide engineers in designing PSC box-girder road bridges.
Keywords: box-girder bridges, computer-support tool, harmony search, post-tensioned concrete.

1 INTRODUCTION

Bridges are designed according to topographical and traffic conditions. It is essential to
take landscape integration into consideration. Based on these specifications, the engineer
should identify the best design. Optimization methods follow an intelligent process of
structural analysis, constrain checking for a known design, and redesigning the process in
which the design variables are modified with the aim of optimizing the objective function.
Hare et al. [1] presented a review of heuristic algorithms employed in structural optimiza-
tion. These methods, in contrast to mathematical programming optimizers, can be used to
address complex and realistic structural optimization problems of discrete variables.

Among the heuristic algorithms, Genetic Algorithms (GAs), Memetic Algorithms (MAs),
Simulated Annealing (SA), Ant Colony Optimization (ACO), Particle Swarm Optimization
(PSO), Glowworm Swarm Optimization (GSO), Harmony Search (HS) and Tabu Search
(TS), can be outlined. Hybrid fiber reinforced polymeric decks and cable-stayed bridges have
been optimized using GAs [2]. MA was proposed to design road bridges with steel fiber
reinforcement [3]. SA is a popular algorithm in structural optimization. This algorithm per-
forms a local search with a jumping property, which ensures a good convergence. For this
reason, SA has been hybridized with GA and GSO to design prestressed concrete precast
road bridges [4—6] and reinforced concrete (RC) I-beams [7, 8]. Martinez et al. [9] optmized
tall piers for railway bridge viaducts by ACO. Retaining walls examples were optimized by
PSO [10] and SA [11]. PSO was also used to design steel space frames [12]. HS proved its
efficiency in finding the best design of post-tensioned concrete box-girder bridges [13], and
concrete columns [14].

This paper studies the best designs of PSC box-girder road bridges. This type of bridge is
characterized by its low weight but good resistance to torsion, and both positive and negative
bending moment. The use of this type of bridge has increased recently [15]. Despite there
being guidelines regarding the geometry and amount of material [16, 17], these recommen-
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dations can be altered when other parameters are considered. Efficiency, in terms of maximum
safety with minimum investment, is a common target. However, the great number of varia-
bles that can take a wide range of values makes it impossible to be addressed without artificial
intelligence. In addition, accurate structural analysis by finite elements is a computationally
intensive task.

This paper presents a computer-support tool, which performs a finite-element analysis and
limit state verification while simultaneously carrying out a heuristic optimization. This meth-
odology provides the best bridge design based on the fixed parameters and variables defined
by the designer. The results show the optimal values of the design variables, including the
material grades, cross-sectional dimensions and passive and post-tensioned reinforcement.
The case study involves a three-span continuous PSC box-girder road bridge located in a
coastal region.

2 METHODOLOGY
The methodology proposed is divided into six modules: heuristic algorithm, bridge design,
CSiBridge input and analysis, CSiBridge output, limit state evaluation and criteria assess-
ment. CSiBridge® and Matlab® are linked to carry out these steps. The modules are executed
in the order that they are presented. This process is repeated until the termination criterion is
reached. The methodology is applied to a three-span PSC box-girder bridge located in a
coastal region.

2.1 Heuristic algorithm

The algorithm updates the design variables according to a strategy that combines some rules
and randomness. Each heuristic is characterized by an efficient way to search for the optimal
solution in the variable space. We use the HS algorithm. Geem et al. [18] proposed this algo-
rithm as an analogy of the music improvisation process, in which the musicians improvise
their instruments’ pitch by searching for a perfect state of harmony.

The HS algorithm starts with a harmony memory matrix (HM) of random solutions, where
its size is defined by the harmony memory size (HMS). The solutions are checked against the
structural constraints, and they should be feasible to be stored in an HM. Then, new harmony
vectors are improvised, based on the memory consideration, pitch adjustment, and random
selection. Two parameters determine the probability of these three operators: the harmony
memory considering rate (HMCR) and the pitch adjusting rate (PAR). The memory consid-
eration, in which the value of the variable is randomly inherited from the values stored in the
HM, has a probability of an HMCR. On the contrary, the value is assigned randomly for the
permissible set. The random selection has a probability of (1-HMCR). The value can be
subjected to a pitch adjustment with the probability of PAR. In this case, the value is modified
one position up or down.

2.2 Bridge design

This module receives the new harmony vector and completes the design with the variable and
parameter information. Once the values of the variables are determined, the complete design
definition is straightforward. The selection of the variables and parameters is related to the
designer’s competence. In addition, we now evaluate the section properties required for the
later limit state checking.
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The parameters chosen for the bridge problem are the span length and the width of the
deck. The main and the external spans have a length of 44 m and 35.2 m, respectively. The
width is equal to 11.8 m, to fit two 3.5 m-wide lanes, 1 m-wide inner verge, 2.5 m-wide outer
verge and two 0.65-m parapet spaces. In this case, 33 variables are defined. Figure 1 shows
the cross-section and the geometrical and reinforcing steel variables. The eight geometrical
variables are: the depth (%), the width of the bottom slab (b), the width of the web inclination
(d), the thickness of the top slab (e ), the thickness of the external flange section (e,), the
thickness of the internal flange section (e ), the thickness of the bottom slab (e,), and the
thickness of the webs (e ).

The concrete is defined by its strength (f,). Regarding the post-tensioning steel, the para-
bolic layout is determined by the eccentricity in the external spans (0.375-L, from the
abutments), the eccentricity over the piers, the eccentricity in the central span where the
bending moment reaches its maximum, and the distance from the piers to the point of inflec-
tion. While the eccentricity in the central span and over the piers is fixed according to the
allowed maximum, the variables are the eccentricity in the external span as a percentage of
half the depth (ep), the point of inflection as a percentage of the main span length (Lpl.), and
the number of strands (N). The prestressing force is defined considering that each strand is
prestressed to 195.52 kN.

The reinforcing steel is designed by 21 variables: the diameter of the longitudinal reinforc-
ing steel (LR, LR,, LR, LR, LR, LR, LR, LRy, LRy, LR, ), the diameter of the transverse
reinforcement (TR,, TR,, TR;, TR, TR,, TR, TR, TR,, TRy), the number of bars (N, ) per
meter and the spacing of all the transverse reinforcing (Syg). Note that LR, and LR, are the
extra reinforcements in the top slab covering the pier zone (L/5 on both sides of the piers) and
the remainder of the span. Likewise, LR, and LR 10 COver the same zones but in the bottom
slab. Regarding the extra transverse reinforcement, 7R, is placed at the same position as TR,
and covers the support zone, TR; is the extra reinforcement over the flanges. TR, is fixed as
12 mm.

Other geometrical dimensions, like s by 1 and t, are obtained from the values of other
variables eqns (1)—(4).
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2.3 CSiBridge® input and analysis

The bridge design is transferred to the software that analyzes the structure. In this case,
CSiBridge® is used to perform the structural analysis. This program has an Open Appli-
cation Programming Interface (OAPI) to allow other software to be integrated with
CSiBridge®.
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Figure 1: PSC box-girder bridge cross-section. Geometrical and reinforcing steel variables.

First, Matlab starts the CSiBridge® application. Then, the model can be created by import-
ing a file with the bridge information or by creating it through the OAPI. In this case, a $br
document with the structure information is imported. This document is updated with each
iteration. The design changes affected by the new values of the variables are modified in the
document. Then, the model is analyzed through CSiBridge®.

The $br document also contains the actions. These are the deck self-weight, the parapet
(1 kN/m) and asphalt (24 kN/m?) load, the post-tensioned steel effect, the traffic loads and
thermal gradient defined by the IAP-11 code [19], and the differential settling in each support
(i.e. 5 mm). Regarding the model, shell elements are used for the box-girder. A reinforcement
grid is embedded in the shell element. This is defined according to the reinforcing steel vari-
ables. The post-tensioning steel is incorporated in the model through tendons. Likewise, the
parabolic layout and the prestressing force depend on the current variable information.

2.4 CSiBridge® output

The results of CSiBridge® are extracted employing OAPI functions. At first, the shell and
point information is obtained. Then, OAPI functions report the area forces and stresses for a
specified area element. These results can be taken for each combination of loads. There are
OAPI functions to obtain the longitudinal stresses for each combination at a single stress
point in a superstructure section cut. The joint displacements for the specified points are also
obtained to calculate the bridge deflection.

2.5 Limit state evaluation

This section evaluates the bridge resistance. In addition, knowing the load effects of the pre-
vious section, the limit states are checked. This study follows the Spanish code [19, 20],
based on the Eurocode [21, 22]. The ultimate limit states of shear, flexure, torsion, and shear
between web and flanges are verified. Regarding the serviceability limit state, the instantane-
ous and time-dependent deflection with respect to the precamber has to be smaller than
1/1400 of the main span length for the characteristic combination [20]; the frequent value for
the live loads is restricted to 1/1000 of the main span length [19]. To guarantee the durability
conditions in a coastal environment, a concrete cover of 65 mm is demanded. The fibers
located 100 mm above and below the strands cannot be in a decompression state. Feasible
solutions continue to the next module. Otherwise, the procedure returns to module 1, and a
new solution is generated.



T. Garcia-Segura, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 5, No. 2 (2017) 175
2.6 Criteria assessment

We consider the cost as an optimization criterion. However, any other criterion can be evalu-
ated in this section. The total cost is assessed as the sum of the concrete, the post-tensioning
steel, the reinforcing steel, and the formwork. The cost of each component is obtained as the
product of the unit cost and the measurement. The unit costs are summarized in Table 1.
These values are obtained from the BEDEC database of the Institute of Construction Tech-
nology of Catalonia [23]. Garcia-Segura et al. [13] explained these prices in detail. The
volume of concrete, the amount of post-tensioning steel, the amount of reinforcing steel and
the area of the formwork are obtained as the measurements.

If the cost of the new solution is better than the worst harmony solution stored in HM, then
the worst harmony vector is replaced by the new vector. Otherwise, this new vector is ignored.
The process continues from module 1 to 6 until 200 sequential improvisations without
improvement are reached.

3 RESULTS

The calibration of HS recommended HMS = 50, HMCR = 0.7 and PAR = 0.4. The best solu-
tion is summarized in Table 2. The cost of the concrete, the post-tensioning steel, the
reinforcing steel and the formwork, is 405099.22 €. The cross-section has a depth of 2.3 m.
Therefore, the ratio between the main span length and the depth is 19.1. Given a web inclina-
tion width of 0.45 m and a thickness of the internal flange section of 0.4 m, the web slope is
equal to 4.2. The width of the bottom slab is 4.45 m. This corresponds to a ratio of 0.38 of the
deck width. The thickness of the top slab and that of the external flange is 0.25 m. However,
the thickness of the bottom slab adopts a value of 0.3 m to increase the flexure capacity over
the supports. The thickness of the webs is 0.6 m. Regarding the concrete strength,
35 MPa concrete is used. This indicates that it is not economic to increase the concrete
strength.

Table 1: Unit prices.

Unit measurements Cost (€)
m? of concrete HP-35 104.57
m?3 of concrete HP-40 109.33
m? of concrete HP-45 114.10
m?3 of concrete HP-50 118.87
m? of concrete HP-55 123.64
m? of concrete HP-60 128.41

m?3 of concrete HP-70 137.95

m?3 of concrete HP-80 147.49
m?3 of concrete HP-90 157.02
m? of concrete HP-100 166.56
kg of reinforcing steel (B-500-S) 1.16
kg of prestressing steel (Y1860-S7) 3.40

m? of formwork 33.81
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Table 2: Best bridge solution.

Result values

Cost (€) 405099.22
h (m) 2.30
d (m) 0.45
b (m) 4.45
e (m) 0.25
e (m) 0.25
e; (m) 0.35
e, (m) 0.60
e (m) 0.40
f.. (MPa) 35.00
L 0.10
e, 0.50
Prestressing steel (kg) 29676.21
Reinforcing steel (kg) 90294.37
Concrete (m?) 909.47

The layout of the post-tensioned steel is determined by the distance from the piers to the
point of inflection, which is established as 0.1 times the span length, and the eccentricity in
the external spans, which is set to a quarter of the depth. Moreover, the amount of post-
tensioned steel is equal to 29676.21 kg. The amount of reinforcement reaches 90294.37 kg.
A concrete volume of 909.47 m? is required.

4 CONCLUSIONS

We have proposed a computer-support tool for the automatic optimization of bridges. Six
modules are embedded within the proposed methodology. The heuristic algorithm module
updates the design variables to search effectively for the optimal solution. The HS algorithm
is used for this task. The bridge design module completes the design from the current variable
vector and the parameter information. This module also evaluates the section properties,
which are used later in the limit state checking. Then, the design is transferred to CSiBridge®,
which carries out the analysis. To this end, a $br document is updated with the structure infor-
mation. This document is imported by CSiBridge® and the model is run. The next module
extracts the structural response through OAPI functions. This is used in the subsequent mod-
ule to check the limit states. Finally, the criteria assessment module evaluates the objective
selected for the optimization process. This methodology is applied to a three-span continuous
PSC box-girder road bridge located in a coastal region. The best design according to the
parameters selected is presented.
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