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Abstract: Traditional tendon design methods for prestressed concrete (PC) continuous girder bridges are
tedious since they obtain feasible solutions based on trial calculation, and the existing optimization methods
that can obtain the optimal solution have deficiencies regarding structural stress. In this study, based on
research on the refined bridge design conducted in the Department of Bridge Engineering at Tongji Univer-
sity in recent years, a stress index-based tendon optimization method for PC continuous girder bridges is
proposed. First, various tendon layouts are summarized, and a reasonable tendon layout is selected. Then, a
mathematical tendon optimization model is established. After meeting the specifications and construction
feasibility requirements, a genetic algorithm is used to find the optimal solution. This method not only real-
izes tendon forward design but also obtains a satisfactory solution. Finally, this method is used to success-
fully optimize the tendons of a three-span PC continuous girder bridge, which verifies the rationality of the
method.
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1. Introduction

Prestressed concrete (PC) was first applied by Jackson in 1886 [1]. PC is increas-
ingly being applied in civil engineering, particularly in large buildings and bridge
structures. In recent years, PC bridges of various systems have been developed rap-
idly, and PC continuous girder bridges have been in the peak period of development
in China in recent years due to their small stress deformation, high driving smooth-
ness, few expansion joints, easy maintenance, good seismic performance, and high
overall structural rigidity.

In long-term practice, designers have accumulated rich experience in PC contin-
uous girder bridge design. The general process of traditional design methods is as
follows: When some information (such as the construction method, span arrange-
ment, etc.) is known, the structural dimensions of a bridge are preliminarily deter-
mined based on experience and subjected to static analysis. Then, the area of the pre-
stressing steel tendons is estimated, and they are arranged. Finally, the calculated
results are verified at the full bridge level. During the design process, variable pa-
rameters, such as the structural dimensions and area of the prestressing steel tendons,
are continuously adjusted until the specification requirements are met. This design
method, which is essentially repeated trial calculation, not only is cumbersome, time-
consuming, and labor-intensive but also has an infinite number of schemes that meet
the specification requirements, and the obtained trial calculation scheme may not be
a satisfactory solution. Therefore, tendon design optimization methods for PC con-
tinuous girder bridges are of great research value.

Scholars in China and other countries have performed much research on struc-
tural and tendon optimization. In 1981, Zhang used a direct beam search method to
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optimize simply supported T- or I-girders with the girder cross-section height and
steel tendon tensile stress as variables, aiming to minimize the cost of PC [2]. In 1986,
Zhang and Xu optimized reinforced-concrete, fully and partially PC simply sup-
ported girder slab bridges via a complex method with minimizing the total girder
cost as the objective [3]. In 1993, Khaleel optimized the design of partially PC simply
supported I-girders by using the sequential quadratic programming method to min-
imize the cost, with the geometric size, number of steel girders, and sheared steel bar
spacing as variables [4]. In 2002, Barakat optimized a simply supported I-girder using
the feasible direction method and a search algorithm to minimize the structural cost
[5]. In 2007, Hernandez optimized prefabricated simply supported I-girders to mini-
mize the prestress of steel girders considering the loss of prestress [6]. In 2012, Ahsan
optimized a simply supported I-girder using the evolutionary operation (EVOP)
method with the girder spacing, girder section size, number of steel tendons, and
layout and number of steel bars as design variables to minimize the cost [7]. In 2014,
Marti optimized the design of a prefabricated PC U-girder bridge using a simulated
annealing algorithm (local search) and a hybrid glowworm swarm algorithm (global
search), with the lowest cost and lowest CO2 emission, respectively, as the objective
functions [8].

Most studies on structural and tendon optimization have built optimization
models based on mathematical optimization theory to transform the tendon optimi-
zation problem of PC girder bridges into a mathematical optimization problem, gen-
erally with minimizing economic indices (cost or material) as the goal. However, in
terms of stress, the optimized structures may not be reasonable. Therefore, in this
study, a tendon optimization method for PC continuous girder bridges is proposed.
Under the conditions of selecting a reasonable girder layout and satisfying the spec-
ifications and construction feasibility requirements, this method aims to analyze the
structural stress, assess the rationality of the structural stress based on the stress dis-
tribution in the constructed bridge, and solve the optimization problem by using a
genetic algorithm (GA). Finally, the method is validated by optimizing a PC contin-
uous girder bridge with a main span of 70 m.

2. Tendon layout of PC continuous girder bridges

In long-span PC continuous girder bridges, prestressing tendons are usually ar-
ranged in three directions, namely, longitudinal, transverse, and vertical. Since long-
span PC continuous girder bridges have been widely used worldwide, great changes
have been made in the layout of longitudinal girders.

2.1. Downward-bending cantilever tendons + upward-bending bottom-slab tendons

This tendon layout moves the anchorage locations of the downward-bending
tendons in the web downward as far as possible and bends the steel tendons in the
bottom slab upward. This layout was popular in 1960s to 1970s. At that time, pre-
stressing high-strength steel wires and the matching conical anchorage were pre-
dominately used, and the prestressing tendons were less. Figure 1 shows this layout
of the steel tendons.

In this layout, steel tendons of the web and the top slab anchorages are regularly.
This standardized arrangement makes this layout suitable for prefabricated con-
struction. However, this layout has a complex anchorage structure on the bridge deck,
and its anchorage structure on the girder top slab has poor waterproof performance

[9].

_

Figure 1. Layout of downward-bending cantilever tendons + upward-bending bottom-
slab tendons
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2.2. Linear cantilever tendons + linear bottom-slab tendons

In the 1980s, large-tonnage steel strand tendons became popular, the shape of
steel tendons became simpler, and the number of steel tendons was reduced. To sim-
plify the construction, straight steel tendons were used in both the cantilever and the
bottom slab. Figure 2 shows this layout of steel tendons.

This layout simplifies the design and construction of longitudinal prestress and
reduces the friction loss due to the curvature of the steel tendons and the unevenness
of the ducts, thereby improving the efficiency of the steel tendons. However, this
layout is very dependent on vertical prestress, and the establishment of effective pre-
stress requires high construction accuracy [9]. This layout used to be popular in
China, but the wide presence of web cracking in bridges adopting this layout led the
industry to regard this layout as one of the main causes of web cracking.

NEEE ]

Figure 2. Layout of linear cantilever tendons + vertical prestressing

2.3. Downward-bending cantilever tendons + straight bottom-slab tendons

Beginning in the early 21st century, China resumed the use of downward-bend-
ing tendons in the web, that is, the use of downward-bending cantilever tendons.
Figure 3 shows this layout of steel tendons.

This tendon layout depends predominantly on longitudinal prestress and is
supported by vertical prestress to resist the principal tensile stress of the web, which
weakens the role of the “unreliable” vertical prestress.

Many researchers have discussed the evolution from straight tendons to down-
ward-bending cantilever tendons. Pan compared the two types of tendon profiles
(curved tendons and straight tendons) and concluded that utilizing downward-
bending tendons is an effective way to resist the principal tensile stress and posited
that not using downward-bending tendons is a main cause of bridge defects [10].
Zhang compared the effect of prestress loss on the main principal stress of box girder
webs with different tendon layouts through numerical calculation. The results
demonstrate that vertical prestress loss responds sensitively to the principal tensile
stress of box girder webs with the layout of vertical + horizontal tendons. In engi-
neering practice, after the vertical prestress loss reaches 50%, the distribution of the
principal stress on box girder webs with the vertical + longitudinal tendon layout will
be inferior to that with the downward-bending tendon layout [11].

Most studies have indicated that downward-bending tendons perform better
than straight tendons in cantilever construction and are more suitable for engineer-
ing practice [10]-[13]. Therefore, this tendon layout is widely applied in current long-
span PC continuous girder bridges and has become the mainstream layout.

ITTT T f

Figure 3. Layout of downward-bending cantilever tendons + straight bottom-slab tendons

2.4. Dead-load zero bending moment method

The dead-load zero bending moment method was developed by Chinese engi-
neers in the 1990s to overcome the cracking and deflection problems of long-span PC
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girder bridges. The basic principle of this method is to arrange the steel tendons to
produce a balanced moment with the same magnitude as and opposite direction to
the dead load to counteract the dead-load moment.

As the span increases, the proportion of the bending moment due to the dead
load increases, and the prestress or the eccentric distance of the steel tendons has to
be increased to achieve a zero-bending moment; however, either approach will in-
crease the dead load. The dead-load zero bending moment method overcomes the
cracking problem of PC box girder bridges but requires a flawless transverse design
of the section. In addition, from the point of view of advanced technology, aestheti-
cally appealing and lightweight, the shortcomings of this method are also obvious.

2.5. Internal and external hybrid tendons

Internal and external hybrid tendons provide pre-shear through the external
tendons, thereby reducing the shear stress and the principal tensile stress. The use of
external prestress is not limited by the thickness of the web and provides greater
freedom in selecting the external layout and prestress magnitude to obtain the opti-
mal pre-shear.

To investigate the tendon optimization of PC girder bridges, the first step is to
select a reasonable tendon layout. The layout of downward-bending cantilever ten-
dons + straight bottom-slab tendons not only have no obvious defects but also has a
wide range of applications. Therefore, this tendon layout is selected for the tendon
optimization method proposed in this study.

3. Stress index system for box girders

The stress index system for box girder sections shown in Figure 4 is a core con-
cept in the refined spatial analysis specified in the “Specifications for the Design of
Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts” (JTG
3362-2018) [14]-[16]. The stress index system can be used as a reference to address the
cracking problem of concrete box girder bridges. In addition, making the stress indi-
ces uniform can be a goal of setting tendons for PC continuous girder bridges to ob-
tain more reasonable structural stress. The tendon optimization method proposed in
this study adopts some of the longitudinal indices in Figure 4, such as o7,;, 05, and

O-WP‘

Top slab stress Symbols system

ot 01491 1st character:
P T-Top slab,
o1 T YTR
- i B-Bottom slab,
OTiL- OTT- OT D
Web slab stress W-Web slab.
2nd character:

OTol: OTaT - OTaP

Tl OWol » OWoP

\a!/%u Z o-out of box,

B ) Wl i-inside of box,
wiLs TwaT> T p-middle plane.

=L OB 05D 3rd character:
& T Togre OBP

L-Longitudinal,

-
CBaL- OBl OBoP T-Transverse,
Bottom slab stress

P- Principal.

Figure 4. Stress index system for box girders

4. Tendon optimization method for PC continuous girder bridges

The tendon optimization problem of PC continuous girder bridges can generally
be transformed into a mathematical optimization problem and solved by an optimi-
zation algorithm. The transformed mathematical optimization model contains de-
sign variables, constraints, and objective functions. That is, a set of design variables
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X (x4, %5, ..., x,) must be identified. Under the constraints of satisfying a series of
equations (3) and inequalities (2), the objective function (1) is minimized.

F=fi(x,%3, 0, %) 0
9;(x1, %2, ., %) <0 2
hj(xl, xz, ...,xn) = 0 (3)

4.1. Design variables

Based on the layout of downward-bending cantilever tendons + straight bottom-
slab tendons, the elevation arrangement of prestressing steel tendons is determined
according to a tendon layout principle. According to the characteristics of this tendon
layout, all steel tendons are classified into four categories: top-slab and web tendons
in the cantilever construction stage and top- and bottom-slab tendons in the closure
stage. The types (n) of all steel tendons are determined, the number of tendons of
each type X(xq,%,,...,x,) is used as a design variable, and other parameters in the
optimization (such as the dead load and live load) are considered constants and de-
termined before optimization.

4.2. Objective function

Based on the “Specifications for the Design of Highway Reinforced Concrete
and Prestressed Concrete Bridges and Culverts” (JTG 3362-2018) [17], the rationality
of the structural stress is assessed based on the uniformity of the structural stress
distribution in the constructed bridge, considering that the structure is affected by
the dead load, vehicle load, shrinkage and creep, temperature, and uneven settle-
ment of supports. The whole bridge is divided into several units, m representative
sections are selected, and making the variance of the most unfavorable compressive
stress on the upper and lower edges of the beam sections of the constructed bridge
under the standard combination of actions as small as possible is the objective func-
tion, as expressed in Formula (4).

m
1 T — — —
F= am—1 [(oki — @) + (0kri — 0)? + (65, — 3)* + (0fki — 7)?] (4)
i=1
1 m
o= EZ(O{U + Ofri+OEL + OFR:) (5)
i=

where & is the mean value of the most unfavorable compressive stresses at the
upper and lower edges of the representative sections under the standard combina-
tion of actions, which is determined by Formula (5). a2;;, 07;, 05,;, and ofg; are the
most unfavorable compressive stresses on the left upper edge, right upper edge, left
lower edge and right lower edge, respectively, of the i-th representative section un-
der the standard combination of actions.

4.3. Constraints

The main constraints considered in this study include stress constraints and ge-
ometric dimension constraints. According to the specification requirements, the
stress constraints include the normal stress constraints in the construction process,
the normal stress constraints in the completed state, and the principal stress con-
straints in the completed state, while the geometric dimension constraints refer to the
size section requirements that the prestressing steel tendons at different sections of
the bridge must satisfy (that is, steel tendons at each section must be arranged within
the size range of the section), as specified in the “Specifications for the Design of
Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts” (JTG
3362-2018).
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4.3.1. Normal stress constraints during construction

In constructing a PC continuous girder bridge using the cantilever construction
method, there are several construction stages, and the structural stress of each con-
struction stage must meet the specification requirements. Considering the i-th con-
struction stage as an example, the normal stresses on the upper and lower edges of
each representative section shall not exceed the specification limits.

(ki < {0}, < (Eech (6)

where {E.;}; and {E..}; are the allowable tensile and compressive stress
vectors, respectively, of each representative section in the i-th construction stage (in
this study, the compressive stress is positive, and the tensile stress is negative) and

T,B
{O'g}iL R is a vector composed of the normal stresses of the upper / lower edges and

left / right sides of each representative section of the structure in the i-th construction
stage corresponding to the loads at this stage (including four positions, which are
briefly expressed here).

4.3.2. Normal stress constraints in the completed state

The normal stress constraints in the completed state are as follows: The most
unfavorable tensile stresses of the upper and lower edges of the representative sec-
tions under the frequent combination of various loads and the most unfavorable
compressive stresses of the upper and lower edges of the representative sections un-
der the standard combination of various loads shall not exceed the specification lim-
its, as expressed in Formulas (7)-(8). For Class A PC members, it is also necessary for
the most unfavorable tensile stresses of the upper and lower edges of the representa-
tive sections under the quasipermanent combination of various loads to not exceed
the specification limits, as expressed by Formula (9).

{UFLR min = {Ugéi,ze}min + V{UPL r} = {Epea} (7)
{UELR max = {UEOLR max {UPL r} < {Epc} (8)
{UQLR min = {UQOLR min T {UPL 7} = {Ept2} 9)

where {O‘FL RImin {O‘EL R }max,and {O’;L?R}min are the most unfavorable positive
(tensile / compressive) stress vectors on the upper / lower edges and left / right sides
of each representative section of the bridge structure under the frequent combination,
standard combination, and quasipermanent combination, respectively, of various
loads (including prestress); {O‘FOL RImins {O’EOL R}max» and {a&,’i,R}min are the most un-
favorable positive (tensile / compressive) stress vectors on the upper / lower edges
and left / right sides of each representative section under the frequent combination,
standard combination, and quasipermanent combination, respectively, of various
loads (excluding prestress); {ay, fR} represents the normal stress vector generated by
the effective prestress on the upper / lower edges and left / right sides of each repre-
sentative section; y is the normal stress reduction factor of the prestress effect, deter-
mined by the member type; and {Eptl}, {Epc}, and {Ep,} are the normal stress vectors
at each representative section allowed by the specifications.

4.3.3. Principal stress constraints in the completed state

The principal stress constraints in the completed state are as follows: the most
unfavorable principal tensile stresses at the calculation points of the principal stresses
of the representative sections under the frequent combination of various loads and
the most unfavorable principal compressive stresses at the calculation points of the
principal stresses of the representative sections under the standard combination of
various loads shall not exceed the specification limits, as expressed by Formulas (10)-
(11).
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2
{ofir}j + {Oivir} {oFiLr} ~(owLr) 2
{O-tkpiL,R}j =— 2 - }2 + {T}I?{iL,R}]- 2 {Eipep} (10)
2
{O-E"('L,R} i + {01 R} {oFiLr} ~(owvLR) 2
{UckpiL,R}j = — 2 l + 5 + {TII:SL'L,R}]' 2 {Eipcp} an

where k represents the position of the k-th principal stress calculation point; j
represents the j-th frequent combination or standard combination; i represents the
i-th representative section; {crt’;iL r}j and {ac"m-L‘ r}j are the principal tensile and prin-
cipal compressive stresses, respectively, at the k-th principal stress calculation point
on the left / right side of the i-th representative section under the j-th frequent com-
bination or standard combination; {of;, z}; and {tf;, z}; represent the normal stress
and shear stress, respectively, at the k-th principal stress calculation point on the left
/ right side of the i-th representative section of the bridge structure under the j-th
frequent combination; {of; p}; and {t¥; p}; represent the normal stress and shear
stress, respectively, at the k-th principal stress calculation point on the left / right
side of the i-th representative section of the bridge structure under the j-th standard
combination; {0y, g} represents the vertical normal stress on the left / right side of
the i-th representative section; and {E,,}and {E;,,} are the allowable principal
tensile and principal compressive stresses, respectively, of the i-th section.

4.3.4. Geometric dimension constraints

In the tendon optimization of PC continuous girders, in addition to the stress
requirements in the specifications, geometric dimension constraints should also be
considered. If the optimized steel tendons cannot be reasonably arranged within the
existing section size, then even if the constructed bridge has good structural stress,
the solution is meaningless and not feasible or reasonable. The geometric dimension
constraints of the i-th section are expressed by inequality (12).

Ci(xq, %5, ... xy) <0, i=12,....m (12)

4.4. Solution method

The optimization problem considered in this study is solved by using a GA. The
GA originated from computer simulation research on biological systems. This ran-
dom global search and optimization method was developed by imitating the biolog-
ical evolution mechanism in nature. The GA draws on Darwin’s theory of evolution
and Mendel’s theory of genetics. It uses an efficient, parallel, and global search
method that operates directly on the object structure without requiring the associated
functions or their derivatives to be continuous. The algorithm can automatically ac-
quire and accumulate knowledge about the search space during the search process
and adaptatively control the search process to obtain the optimal solution [18]. The
main steps of the algorithm include individual coding, initial population generation,
fitness calculation, selection, crossover, and mutation. The applications of this algo-
rithm are relatively mature and will not be elaborated in this paper.

5. An example of stress index system-based tendon optimization of a PC continu-
ous girder bridge

The tendon optimization method proposed in this study is used to optimize the
prestressing steel tendon configuration of a three-span (45 m + 70 m + 45 m) contin-
uous variable-section box girder bridge.

5.1. Bridge overview

The bridge has a single-box single-chamber section. The top and bottom slabs of
the box girder are 13.5 m and 7 m wide, respectively. The girder is 2.3 m high at the
midspan and 5 m high at the fulcrum, and the girder height follows a 1.8th-order
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parabolic distribution. The top slab is 28 cm thick. The web is divided into three seg-
ments from the mid-fulcrum to the midspan, with thickness changing from 70 to 60
to 50 cm. The dimensions of the sections at the midspan and fulcrum are specified in
detail in Figures 5 and 6, respectively. The bridge is constructed by cantilever casting.
In the longest cantilever state, there are nine construction segments on one side of
the cantilever. The closing sequence is the side span first and then the middle span.
The bridge segmentation layout is shown in Figure 7. The bridge is constructed with

i
Nl
| |
Figure 5. Dimensions of the midspan section (Unit: m)
13.5 -
3.25 | 3.5 0.75. 275 1., 2.25 ‘ =
o | i
I
. ;
— ~r
= [te) L)
0.25X0.25 iy <
©
\ 7 \
I |
Figure 6. Dimensions of the fulcrum section (Unit: m)
Closure section Closure section

| |
TEE2ie0/010[0[9] 0 [0/0[0[0I0RI0IEIES

Figure 7. Segmentation layout (Unit: m)

C50 concrete and prestressing steel tendons assembled from steel strands with
a nominal diameter of 15.2 mm and a standard tensile strength of 1860 MPa. The
loads include a dead load, a vehicle load, shrinkage and creep, the temperature effect,
and uneven settlement of supports, among others. Various design parameters are
shown in Table 1.

Table 1. Partial list of the design parameters

Parameter type Design requirements/Parameter values
Bridge design safety level Level 1
Member type Fully prestressed member
Concrete unit weight 26 kN/m3
Steel unit weight 78.5 kN/m3
Bridge deck asphalt concrete unit weight 24 kN/m3
Crash barrier load 12 kN/m
Uneven settlement 17.5 mm
Vehicle load class Highway-Class I

-10-
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Top slab tendons

Parameter type Design requirements/Parameter values
Design speed 50 km/h
Overall temperature variation +25C

5.2. Optimization solution

The layout of downward-bending cantilever tendons + straight bottom-slab ten-
dons is used to construct the bridge, and the prestressing steel tendons are arranged
on the elevation according to a certain tendon layout principle. The elevation layout
of the steel tendons is shown in Figure 8. Specifically, in the cantilever construction
stage, there are 2 X 10 types of top-slab tendons (structural symmetry) and 2 x 9
types of downward-bending web tendons with a curvature angle of approximately
20° and a curvature radius of approximately 12 m; in the closure stage, there are nine
types of top-slab tendons (2 X 4 types at the side span and one type at the midspan)
and 16 types of bottom-slab tendons (2 X 5 types at the side span and six types at the
midspan), totaling 63 types of steel tendons for the whole bridge. Based on the char-
acteristics of the construction segment, 50 representative sections are selected.

Finite element analysis software is used to construct a mathematical model of
the tendon optimization problem based on Sections 3.1-3.3 of this paper, and the de-
sign variables, constraints, and objective functions of the bridge are calculated and
sorted. The model has 63 design variables, 4800 nonlinear inequality constraints, 9461
linear inequality constraints, and 28 linear equality constraints. Finally, the optimi-
zation is performed based on the GA, and a population size of 200 is selected.

Top slab tendons Top slab tendon

(side-span) ST1-ST4 T1-T10 (Mid-span) MT

Bottom slab tendons B e
(side-span) SB1-SB5
-

110 1 s 1 16 15 () I3 2 I I 12 I3 () 15 16 17 18 19 e |

i =
3 e i i i 3 1 T T T T | I L
! T T — T ; T 1 | oo Rl ™ <
——l— ™ |y Webslabtendonsy v P -0 s [ N
™y 1 | WI1-W9 i g W Bottom slab tendons

45 7 35 (side-span) MBI-MHhr

W
Figure 8. Elevation view of the prestressing steel tendon arrangement (Unit: m)

5.3. Result verification

Through the steel tendon arrangement, representative section selection, struc-
tural analysis, optimization model establishment, and data sorting, the objective
function value of the tendon layout obtained by optimizing the solution with the GA
is 6.86; that is, the minimum variance in the most unfavorable compressive stress at
the upper and lower edges of the representative sections of the structure under the
existing constraints and the standard combination is 6.86. The numbers of steel ten-
dons in this optimization scheme are specified in Table 2.

Table 2. Optimal numbers of steel tendons

Steel tendon numbers Numbers of steel tendons (¢°15.2)
T1-T10 40, 40, 40, 38, 36, 28, 30, 34, 34, 34
W1-W9 22,22, 26,22,22,24,24,22,20
ST1-ST4 66, 60, 60, 66
SB1-SB5 42,38, 40, 42, 26

MB1-MB6, MT 36, 36, 40, 34, 36, 56, 76

The structure obtained using the tendon optimization scheme is evaluated by
the structural analysis software to determine whether it satisfies the constraints. As
shown in Figures 9 to Figure 13, each stress condition does not exceed the specifica-
tion limit and meets the constraints. Figure 10 shows the stress distributions on the
upper and lower edges of the structure corresponding to this group of solutions un-
der the condition that the objective function is minimized, and the variance is con-
sistent with the theoretical value, which verifies the feasibility of the tendon optimi-
zation method developed in this study.
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259

204

Compressive stress in construction stage

upper edge value
lower edge value

- allowable value

Bridge element number

T 1
100 150 200

Figure 9. Compressive stress envelopes during the construction stage (Unit: MPa)

209

The most unfavorable compressive stress
under the standard combination

upper edge value
lower edge value
allowable value

50

Bridge element number

T 1
100 150 200

Figure 10. Envelopes of the most unfavorable compressive stress under the standard com-

bination (Unit: MPa)

209

The most unfavorable principle compressive stress
under the standard combination

——— upper edge value

- ---middle value

) R lower edge value
------ allowable value

50

Bridge element number

T 1
100 150 200

Figure 11. Envelopes of the most unfavorable principal compressive stress under the
standard combination (Unit: MPa)
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upper edge value
--- lower edge value
-------- allowable value

The most unfavorable tensile stress
under the frequent combination

T T 1
50 100 150 200

Bridge element number

Figure 12. Envelopes of the most unfavorable tensile stress under the frequent combina-
tion (Unit: MPa)

—— upper edge value
---- middle value
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Figure 13. Envelopes of the most unfavorable principal tensile stress under the frequent
combination (Unit: MPa)

6. Conclusions
In view of the shortcomings of the traditional tendon design methods for PC

continuous girder bridges and previous tendon optimization research, this study

proposes a tendon optimization method based on the structural stress distribution
and the stress index system of box girder bridges and verifies the method with an
example. This study is summarized as follows:

(1). The tendon layouts and characteristics of PC continuous girder bridges are sum-
marized. After comparison, the layout of downward-bending cantilever ten-
dons + straight bottom-slab tendons are used as the reasonable tendon layout,
which is the basis of the tendon optimization method.

(2). The tendon optimization method proposed in this study transforms the tendon
optimization problem into a single-objective mathematical optimization prob-
lem, constructs a mathematical optimization model, defines design variables,
constraints and objective functions based on the specifications and geometric
structures, and solves the objective function using the GA.

(3). The feasibility and rationality of the optimization method are verified using an
example of a three-span continuous box girder bridge with a main span of 70 m.
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