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Abstract
An automated procedure for optimizing the design of precast-prestressed concrete U-beam road bridges is
presented. The economic cost and the embodied energy are selected as the objective functions based on
production materials, transport and placement. Heuristic optimization is used to search for the best geometry,
the concrete type, the prestressing steel, and the reinforcement for the slab and the beam. The results for both
objectives provide improved opportunities to learn about low-energy designs. The most influential variables for
the energy efficiency goal are analyzed. The relationship between the span length and the embodied energy is
described by a good parabolic fit for both optimization criteria. The findings indicate that the objectives do not
exhibit conflicting behavior, and also that optimum energy designs are close to the optimum cost designs. The
analysis also revealed that a reduction by 1 Euro can save up to 4 kWh. It is recommended to reduce the
reinforcement in the slab as well as increase the volume of concrete in both slab and beams in order to achieve
higher energy efficiency. It is also worth noting that web inclination angle should be increased when the depth
increases for longer span lengths to maintain the optimum slab span lengths in the transverse direction.
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1. Introduction
The construction industry is one of the largest consumers of natural resources. This industry consumes over
40% of all raw stone, gravel, and sand, 25% of all raw timber, 40% of energy, and 16% of the water used
annually in the world (Lippiatt, 1999). Concrete production exceeds 23 billion tons annually (World Business
Council for Sustainable Development, 2009). Regarding the energy, other studies indicate that the cement
industry consumes about 5% of the total industrial energy consumption (World Energy Counc., 1995).
In recent year, researchers have explored new ways to progress towards a sustainable construction. Zhong and
Wu (2005) provided a guidance to select structural materials based on economic sustainability, environmental
sustainability and constructability performance indicators. More recently, Castañon et al. (2015) focused on the
economic and environmental benefits of optimizing the production process of cement. Pellicer et al. (2016)
proposed an active-learning method to motivate students to take infrastructural sustainability into consideration.
Senaratne et al. (2016) presented the sustainable advantages of a new structural material, which combines the
recycled aggregate and steel fibers. Likewise, Tosic et al. (2015) studied the optimal amount of recycled
concrete aggregate to achieve the best sustainable solution and Marti et al. (2015) pointed out the economic
feasibility of steel fibers in precast-prestressed concrete road bridges.
Reducing construction emissions has been the subject of intensive research. Börjesson and Gustavsson (2000)
and González and García-Navarro (2006) have focused on comparing the emissions for different materials in
construction activity. Other authors have concentrated on evaluating the life cycle greenhouse gas emissions of
concrete structures (García-Segura et al., 2014a; Barandica et al., 2013; Tae et al., 2011). Similarly, the
embodied energy of construction projects are estimated to measure the sustainability (Wang and Shen, 2013;
Wang et al., 2012). Miller et al. (2015) stated that post-tensioned slabs consumed less embodied energy than
reinforced concrete slabs. Likewise, they proved that embodied energy efficiencies lead to structural weight
reductions. However, Foraboschi et al. (2014) declared that the lowest weight does not guarantee the lowest
embodied energy.
Several recent studies have focused on considering the environmental aspects of construction as a criterion for
optimization. Reinforced concrete structures, such as, columns (de Medeiros and Kripka, 2014; Park et al.,
2013), beams (Yepes et al., 2015a; García-Segura et al., 2014b), walls (Yepes et al., 2012) and footings (Camp
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and Assadollahi, 2013), among others, have been optimized to reduce the CO2 emissions. Regarding prestressed
concrete (PC), examples can be found, although to a lesser extent, in precast-PC U-beam road bridges (Yepes
et al., 2015b) and post-tensioned concrete box-girder pedestrian bridges (García-Segura et al., 2015). The
embodied energy has been selected as an interesting objective for structural optimization (Yeo and Gabbai,
2011; Miller et al., 2015; Quaglia et al., 2014; Sattary and Thorpe, 2012).
In this paper, an automated procedure to optimize the embodied energy by finding the best structural design is
presented. The energy-optimized results are compared to cost-optimized solutions. The proposed approach is
illustrated on precast-PC U-beam road bridges. However, this framework can be applied to any structural case.
A hybrid simulated annealing algorithm solves this complex problem with a mutation operator.
2. Problem definition
2.1. Optimization algorithm
The present study aims to develop an automated procedure that produces optimal structural designs for cost and
energy criteria. The discrete variables define the geometry, prestressing and reinforcing steel, and concrete
grade of precast-PC road bridges with a double U-shaped cross-section. The economic cost and the embodied
energy are selected as the objective functions taking into account material production, transport and placement.
The constraints guarantee the compliance of all the serviceability limit states (SLSs) and ultimate limit states
(ULSs). Besides, the constraints check the geometric and constructability requirements.
A hybrid simulated annealing (SA) algorithm with a mutation operator (SAMO2) is used to combine the
advantages of good convergence of SA and the promotion of the diversity of the genetic strategy. SA, proposed
by Kirkpatrick et al. (1983), is based on the analogy of crystal formation. Adjusting the temperature (T) in turn
modifies the probability of adopting worse solutions. Genetic algorithms (Holland 1975) seek the best solution
through operators such as selection, crossover and mutation. Li and Wei (2008) and Soke and Bingul (2006) have
combined effectively both algorithms. The probability of acceptance pa is evaluated according to the temperature
and the increment in the objective function value with the new configuration ∆E (Eq. 1). This acceptance function
can reject favorable solutions. Figure 1 shows the flowchart of the process.

p =

1
(1)
1+
3

The algorithm was coded in Intel® Visual Fortran Compiler Integration for Microsoft Visual Studio 2008. The
computer is an Intel® CoreTM i7-3820 CPU processor and 3.6 GHz. The computing time necessary to run the
algorithm is about 70 min. The algorithm calibration recommended an initial temperature equal to 0.3% of the
initial objective value, Markov chains of 5000 iterations, a cooling coefficient of 0.85, and mutation operator with
a random variation of 5% of the variables. The algorithm finishes when the temperature is lower than 10% of the
initial temperature and there are no acceptances in six consecutive Markov chains.
2.2. Objective functions
Sustainability is quantified in terms of embodied energy (E) and economic cost (C). The embodied energy is
the one required to extract, process, manufacture, and transport the materials, as well as the placement.
Likewise, the cost includes the materials (concrete, active prestressing steel, passive reinforcement steel) and
other elements to assess the entire cost of the construction. Eq. (2) and Eq. (3) are used to evaluate the energy
and the cost. The unit energy ei and price pi associated with each construction unit are multiplied by the
measurements mi obtained from the solution. The database BEDEC (2013) and a survey of Spanish contractors
are used to obtain the embodied energy and unit prices given in Tables 1, 2 and 3. The energy associated to the
concrete slab unit includes transport and placement. It is assumed that the steel is mainly made in an electric
arc furnace, approximately 40% from recycled scrap steel.

E = ∑ ei × mi

(2)

C=

(3)

i =1, r

∑ p ×m
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i

i

2.3. Design variables and parameters
The structural problem uses 41 variables. The geometry is defined by nine variables (see Figs. 2, 3). The
common variables are the width of the soffit of the beam (b1), the beam depth (h1), the width and thickness of
the beam top flanges (b3 and e3), the thickness of the bottom flange (e1), the web thickness (e2) and the slab
thickness (e4). However, this study also considers the spacing between the beams (sv) and the web inclination
angle (angl) as design variables. Two variables are used to determine the concrete grade for the slab and the
beam. Regarding the prestressing steel, the strand diameter is fixed as 0.6 inch and the number of strands is
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divided into four variables. The number of strands are divided according to their position or layer (see Fig. 3).
Finally, 26 variables are needed to define the reinforcement for the beam and the top slab, which is set in terms
of bar diameters, spacing and bar lengths. Table 4 summarizes the parameters fixed for this case study.

2.4. Constraints
This module checks all the limit states and the geometric requirements. First, the module for structural
evaluation calculates the stress envelopes. The codes followed for the structural analysis and evaluation are
IAP-98 (Fomento 1998) and EHE-08 (Fomento 2008). The live load involves a three axes load of 200 kN each
and a superimposed uniform load of 4.0 kN/m2. Regarding the dead load, a load of 2x0.5 kN/m consisting of a
concrete bridge barrier rails along the edge of the deck is considered.
As table 4 indicate, the esthetic, ground and specific road transportation considerations lead to limit the
slenderness of the beam to a minimum of L/17, where L is the span length. An interval of one month is
considered to connect the beams and the slab to take into account the construction sequences. The stress
resultants and reactions are calculated using a stiffness matrix program from a 2-D mesh with 20 bar elements.
The 21 sections of each beam are connected by three bar elements. Therefore, the model is composed by 103
bar elements and 84 nodes. More details of the structural model can be found in Martí et al. (2013).
The deflections and the stress envelopes due to the loads are checked following the SLSs and ULSs of flexure
and shear based on the Spanish Code (Fomento 2008). The SLS for cracking verifies the crack width limitation
recommended for durability conditions. Moreover, a service working life is guaranteed for the durability limit
state. Concrete fatigue and steel fatigue are also considered. Temporary and time-dependent deflection are
limited to 1/250 of the free span length for the frequency combination and 1/1000 of the free span length for
the quasi-permanent combination, respectively. ULS verification check whether the ultimate values are greater
than the factored acting. Since variables define the reinforcement, instead of the usual design rule, the structural
problem is solved by checking. The beam flexure verification implies that the acting resultant bending (Md) is
within the ultimate iteration diagram Nu–Mu. Finally, the program also test both flexural and shear minimum
amounts of reinforcement, as well as the minimum geometric requirement.
3. Results for the parametric study
The parametric study was carried out for five span lengths ranging from 20 to 40 m. Figures 4 and 5 show a
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slight difference between the two objectives. This implies that the objectives do not exhibit conflicting behavior,
but also optimum energy is close to the optimum cost. The cost of PC precast road bridges with a double Ushaped cross-section and isostatic spans are, according to the span length, C=44.265s2+1034.6s+12208 (with a
regression coefficient R2=0.9995) for energy optimization and C=48.958s2+671.05s+17407 (R2=0.9994) for
cost optimization. Note that these relationships are valid within the range of the studied parameters. Similarly,
the energy required for the bridge construction is represented as E=191.69s2+4333.2s+59141 (R2=0.9996) for
energy optimization and E=233.99s2+2198.1s+99293 (R2=0.9964) for cost optimization. The findings indicate
that energy consumption is related to the cost, as long as the reduction in material consumption reduces the
associated cost and energy. When cost versus energy is represented (see Fig. 6), a 1€ reduction implies a 4 kWh
saving. Comparing the cost per square meter of deck, the energy optimization implies an average cost increment
of 3.23€ per square meter of deck.
Cost and energy optimization lead to different structural solutions. Table 5 summarizes the mean values of the
variables for both objectives. Design variables are analyzed to draw practical conclusions regarding low-energy
designs. Figure 7 illustrates the mean optimum beam depth according to the span length. An average depth of
the beam in relation to the span length is 1/18.15 and 1/17.51 m in the cases of reducing cost and energy,
respectively. While Fomento (2000) recommends a ratio h1/L of 1/16 for this bridge design, the optimization
results show smaller depths. In consequence, the weight and the reinforcement required can be reduced.
The web inclination angle is commonly fixed as a parameter, regardless of the span length. However, Figure 8
shows the appropriateness of increasing the angle with the span length. For a 20-m span-length deck, an angle
of around 62.5º is the optimum solution. In the case where the span length is 40 m, the cost-optimized solution
and the energy-optimized solution have angles of 74º and 75º, respectively. The explanation lies in the fact that
the transverse bending influences over the election of this variable. With increasing span length, the depth also
increases. Consequently, the angle should be increased to maintain the slab span length in the transverse
direction, which prevents an unbalanced transverse bending in the slab.
Increasing the span length by 1 m increases the number of strands by 1.4, whether for the cost or the energy
objective (see Fig. 9). Thus, the number of strands is not a significant variable in reducing energy consumption.
With regard to the mean spacing between the beams, Figure 10 shows a spacing reduction of between 5.94 and
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5.58 m when the span lengthens. The results show that energy optimization leads to lower spacing between the
beams, except for the 20-m span length. Figure 11 represents the main cross-section dimensions to clarify the
impact of the span length and criteria on the design. Comparing the cost and energy criteria, it is worth noting
that energy optimization takes bigger beams (greater depth and width) and smaller length of the spans between
the beams and the external cantilever. This suggests that for an energy benefit it is better to reduce the transverse
bending, and therefore the reinforcing steel, although this means an increase in the volume of concrete.
Regarding the span length, there is a clear increment in the depth and web inclination angle.
Figure 12 illustrates the tendency to increase the concrete compressive strength with the span length. Yepes et
al. (2015b) stated that the concrete strength values decrease when CO2 emissions are optimized. However, the
results indicate that the energy criterion does not show a clear difference in values for the concrete strength
compared to cost optimization. Only slabs in the low span lengths present smaller values for the cost objective.
Beam reinforcement shows low susceptibility to the objective and high dependence on the span length (Fig.
13). An optimum value of around 2200 kg is obtained for a 20-m span length, while the best energy-optimized
and cost-optimized quantity for a 40-m span length is 7786 and 7500 kg. Slab reinforcement varies between
7140 and 12809 kg when the objective is to reduce energy, and between 9428 and 16431 when the objective is
to reduce cost (Fig. 14). Thus, as pointed previously, the results indicate that reinforcement should be reduced
in the slab to decrease energy consumption. In addition, the amount of reinforcement per volume in the energyoptimization and cost-optimization is about 116-149 kg/m3 and 151-198 kg/m3. While Fomento (2000) states
that the amount of reinforcement per volume in the slab can reach values between 250 and 300 kg/m3, the
optimization seeks an optimum beam spacing that provides a reinforcement reduction.
Regarding the concrete, Figures 15 and 16 show greater beam and slab volumes per square meter of deck for
the energy case. These differences are, on average, 0.013 m3/m2 of deck and 0.025 m3/m2 of deck, respectively.
The ratio between the unit prices of concrete and steel is greater than the ratio between the unit energy of
concrete and steel. This means that an increment in the volume of concrete has more impact on the cost than on
the energy. This fact explains the energy benefit of reducing the reinforcement in the slab and increasing the
volume of concrete in both the slab and the beams.
Finally, the energy-optimized bridge solution with 30 m span length was compared with a real bridge on the
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Tarragona A-7 highway. This bridge also has a span length of 30 m and the same deck width as the in the
optimization case. The energy savings were estimated around 24%. The optimized solution decreased the length
of the slab spans in the transverse direction, and consequently, the optimization achieved a reduction in the slab
thickness and the slab reinforcement.
4. Conclusions
In this paper, the best design of precast-PC U-beam road bridges is tackled from the economic and energy points
of view. The cumulative cost and embodied energy are those imputed to extract, process, manufacture, transport
and place the materials. The following conclusions are drawn:
• The results of a parametric study show a parabolic relation between the span length s and both the minimum
cost C and the minimum energy E, for cost optimization (C=44.265s2+1034.6s+12208 with R2=0.9995 and
E=233.99s2+2198.1s+99293 with R2=0.9964) and energy optimization (C=48.958s2+671.05s+17407 with
R2=0.9994 and E=191.69s2+4333.2s+59141 with R2=0.9996).

• In contrast to gas emission optimization, the energy criterion does not show a clear difference in values for
the concrete strength compared to cost optimization.

• The ratio between the unit prices of concrete and steel is greater than the ratio between the unit energy of
concrete and steel. This clarifies that the amount of reinforcement in the slab is smaller and the volumes of
concrete in the beams and slab are greater for the energy optimization case.
• While the web inclination angle is commonly fixed as a parameter, the results show that it should be
increased with the span length to maintain the optimum length of the slab spans in the transverse direction.
• The findings indicate that both criteria are dependent, so that, a 1€ reduction is equivalent to a saving of 4
kWh. The energy reduction has an average cost impact of 3.23€ per square meter of deck.
• Comparing the energy-optimized solution with a 30 m span length and a real bridge on the Tarragona A-7
highway, it is worth noting an energy saving of around 24%.
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Fig. 1. Flowchart of the optimization technique
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Fig. 2. General cross section of PC precast road bridge
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Fig. 3. Main beam and slab variables

Fig. 4. Mean cost according to the span length
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Fig. 5. Mean energy according to the span length

Fig. 6. Relationship between energy and cost
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Fig. 7. Mean beam depth according to the span length

Fig. 8. Mean web inclination angle according to the span length
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Fig. 9. Mean number of strands according to the span length

Fig. 10. Mean spacing between beams according to the span length
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Fig. 11. Mean cross-section dimensions according to the span length and criteria

Fig. 12. Mean concrete strength between beams according to the span length
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Fig. 13. Mean beam reinforcement according to the span length

Fig. 14. Mean slab reinforcement according to the span length

Fig. 15. Mean beam concrete according to the span length
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Fig. 16. Mean slab concrete according to the span length

Table 1. Unit prices and energy
Energy
(kWh)

Unit

Description

Cost (€)

kg

steel in beam (B-500-S)

1.53

10.44

kg

steel in slab (B-500-S)

1.18

10.47

kg

active steel (Y1860-S7)

2.32

12.99

m

2

beam formwork

21.21

51.99

m

2

slab formwork

32.00

124.67

m3

concrete in slab HA-25

94.00

412.99

m3

concrete in slab HA-30

102.72

438.84

m3

concrete in slab HA-35

109.85

464.97

m3

concrete in slab HA-40

117.27

495.11

m3

concrete in beam HP-35

138.74

477.83

m3

concrete in beam HP-40

144.96

501.72

m3

concrete in beam HP-45

155.70

514.49

m3

concrete in beam HP-50

167.46

525.50
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Table 2. Energy and prices from beam transport and placement according to the beam length
Maximum beam

Transport energy

Placement energy

Placement cost

length (m)

(kWh/t)

(kWh /m)

(€)

20

81.23

41.93

3103

25

85.21

53.42

3210

30

104.48

64.92

5457

35

101.44

69.30

5564

40

98.40

73.71

6634

Table 3. Prices for beam transport according to the beam weight
Maximum beam weight

Transport cost

(kN)

(€)

550

1043

660

1364

800

1765

1000

1952.

2000

3022

4000

4092
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Table 4. Parameters for the case study
Width of the bridge (w)

12.00 m

Inclination of top flange tablet

1/3

Top flange division

3

Inclination of bottom flange tablet

1/ 3

Bottom flange division

4

Minimum beam slenderness (span length over beam depth)

L/17

Distance from bearing center to beam face

0.47 m

With of concrete bridge barrier (b)

2x0.50 m

Thickness of the wearing surface

0.09 m

Bridge barrier load

2x5.0 kN/m

One way transport distance

50 km

Active prestressing steel crops

25%

Reinforcing steel strength

500 N/mm2

Prestressing steel strength

1700 N/mm2

Strand diameter

0.6”

Beam surface reinforcement

8 mm

Strand sheaths levels

2 and 3

Stirrups slenderness (length/diameter)

200

Structural codes

EHE-08/IAP-98

External ambient exposure

IIb (EHE-08)

Table 5.Mean values of energy (a) and cost (b) optimized solutions
Span

h1

(m)
20

25

30

35

40

e4

b1

b3

(m) (m)

(m)

(a) 1.16 0.22

e1

e2

e3

fc,beam

fc,slab

(m) (m)

(m)

(m)

(MPa)

1.51

0.20 0.18

0.11

0.17

(b) 1.12 0.20

1.38

0.20 0.18

0.10

(a) 1.43 0.21

1.50

0.24 0.19

(b) 1.38 0.19

1.41

(a) 1.72 0.22

p2

p3

p4

sv

angl

(MPa) (n)

(n)

(n)

(n)

(m)

(º)

41.11

36.67

26.78

7.67

0.00

2.89

5.94

62.33

0.18

39.44

32.78

24.11

8.56

0.00

2.67

5.84

62.78

0.11

0.21

41.67

38.33

26.44

14.11

0.00

2.00

5.82

66.33

0.20 0.18

0.10

0.15

42.78

35.56

24.67

14.67

0.00

2.22

5.82

66.44

1.40

0.23 0.21

0.10

0.20

43.33

38.33

24.56

20.11

2.11

2.00

5.72

68.56

(b) 1.63 0.20

1.35

0.20 0.21

0.10

0.16

45.00

39.44

23.78

20.00

3.78

2.00

5.77

67.11

(a) 2.00 0.23

1.45

0.25 0.21

0.10

0.22

46.67

40.00

25.67

23.67

4.89

2.00

5.67

71.67

(b) 1.95 0.18

1.38

0.21 0.21

0.10

0.15

45.56

40.00

24.22

22.44

6.11

2.22

5.70

71.11

(a) 2.26 0.22

1.50

0.25 0.25

0.10

0.20

45.00

40.00

26.56

26.44

10.6
7

2.00

5.58

75.00

(b) 2.16 0.19

1.49

0.22 0.21

0.10

0.16

47.78

40.00

26.56

26.00

9.89

2.00

5.64

73.78
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p1

22

