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Abstract 

The aim of the present study is the reduction of construction time and cost of a monolithical 

bridge with tall piers. The optimum combination of the criteria of safety, economy, construc-

tion speed, serviceability, durability, aesthetics and environmental harmonization is difficult 

to be achieved in such bridges, since factors like local geomorphology and feasible construc-

tion methods should be considered.  In areas of high seismicity, seismic hazard is also added 

to these factors, affecting especially the piers. The introduction of high pier flexibility can ad-

dress seismic hazard, since it increases the structure’s fundamental period drastically and 

reduces the seismic forces on piers. High pier flexibility also addresses serviceability demand 

of the bridge. Thus, a novel method to increase pier flexibility is explored herein. The pro-

posed modification is applied as an alternate solution in a R/C bridge of Egnatia Motorway, 

which is used as the case study. FE models of the benchmark and the modified bridge are de-

veloped in a robust analysis software and nonlinear time history analysis is performed to in-

vestigate their seismic performance. Experimental tests were conducted for the verification of 

the decrease in pier stiffness and the experimental results were used to increase the reliability 

of the proposed simulation. To arrive to an optimum solution with emphasis on the construc-

tion speed and cost, three alternatives, i.e. the modified bridge and two different conventional 

construction methods, are investigated regarding their compliance to the seven aforemen-

tioned criteria. The study is conducted using Multi-Criteria Analysis. Based on the analysis 

results, the differences between the alternatives are highlighted and the optimum construction 

solution is determined. 
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1 INTRODUCTION 

The complexity and the increasing demand on a wide range of projects have turned the 

need of managing construction time and cost to a first priority. For achieving the desired qual-

ity level in a specific time-frame all project participants from design phase to construction 

should cooperate efficiently. The term accelerating construction refers to the completion of a 

project to the required quality level by reducing the time needed. Increasing construction 

speed is a critical challenge and the reasons that create this need often lie mainly in the nature 

of the project [1]. Some first attempts to improve construction speed were made in the field of 

building structural systems [2-3] where the use of unbonded pre-stressing, the removal of slab 

beams and the use of high-performance concrete achieved a 4-day concreting cycle rate per 

floor in a 25-storey hotel in Stuttgart. Along with constructing buildings faster, bridges are 

also structures that the scientific community focuses on their fast construction since they are 

vital for day to day commuting and transfer of goods. The fast delivery of new bridge projects 

can boost economic growth and the demand for further aerial interconnections have increased 

the need for new bridge projects that can be delivered rapidly, safely and economically.  

In the bridge sector when considering the conventional methods, e.g. cast in situ, precast I-

girder placement, incremental launching, balanced cantilever [4]; the incremental launching 

can be considered as the fastest practice, with 4workmanhours/m3. However, there is still 

plenty of room for improvement for the rest of the methods, especially for the most common 

methods the cast in situ and the precast I-girder bridges. Researchers and practitioners in 

bridge engineering seek also different technologies and innovative construction methods for 

fast and economic bridge construction, like Accelerated Bridge Construction (ABC) method 

[5], which involves the introduction of precast piers in the bridge structural system.  

In the frame of the present study a novel method in bridge design that reduces construction 

time and the optimum selection of the best construction practice on a case study bridge is in-

vestigated. The method includes interventions to both the design of the deck and piers that 

transforms the construction procedure of the bridge. Regarding the formation of the piers, the 

concept originates from a previous research work by Tegos & Pilitsis [6] for the reduction of 

pier stiffness. The conventional pier cross section is replaced with a bundle of smaller col-

umns, symmetrically arranged, statically independent, circular cross-sections that can be 

pured with paper cardboard formwork. Since bridge flexibility is increased, the proposed 

method can contribute also to improving bridge regularity, as shown in the case study. Re-

garding deck, a slab type cross section is used to allow for easier installation of prestress ten-

dons and reinforcement bars [7]. A six-span bridge is selected as the case study, the proposed 

methods are analytically explored and finally multi-criteria analysis is applied to decide 

among different construction methods for the optimum when considering speed and economy 

as high priority.  

The desired feature of increased construction speed is associated with the importance of 

the road on which it is built. This means that in small-scale bridges such as those belonging to 

provincial roads, the problem is asymmetrical, with the criterion of increased project execu-

tion speed being upgraded to first priority, together with the other supercritical constructabil-

ity, but this does not mean to neglect the remaining compliance criteria that are always in 

place, such as safety, durability, economy, serviceability, aesthetics and integration into the 

environment. On the contrary, on a bridge of that is characterized as significant belonging to a 

Highway, the problem is more symmetrical, with the construction speed criterion at the same 

level as the other above-mentioned compliance criteria. It is noted that the three seismic sig-

nificance factors may be extended to the quality of the bridges, which is determined by the 

degree of fulfillment of these compliance criteria.  
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NOVEL APPROACH FOR ACCELERATED BRIDGE CONSTRUCTION 

It should be noted that the present approach focuses on the possibility of reducing the con-

struction time of bridge structures constructed with the conventional Cast in Situ Method. It is 

well known that the conventional Cast in Situ method is applied in the case of bridges of 

small height from the ground and is carried out on a scaffolding installation starting from the 

ground and reaching the top of the bridge. From the theoretical point of view, there are no is-

sues related to the construction process when the intermediate work joints are placed in the 

proper locations, Fig.1.  

Figure 1. Critical joint location 

It is noted that the formwork may not be used over the entire length of the deck but is usual-

ly interrupted in the non-critical locations. The pre-stressing installation is performed segmen-

tally and not one-off from the edges of the deck (bi-lateral pretension). The first aim of this 

application is to reduce cost in scaffolding and the second is to avoid large losses in pre-

stressing. The cost of the construction of the formwork is generally very important as it some-

times reaches 50% of the total cost of a concrete construction. Also, the cost of the formwork 

together with the corresponding installation and disassembling work, which is even larger 

than the cost of the formwork itself, may exceed the total cost of the concrete and reinforce-

ment materials and their respective work. Sometimes, the cost of the materials of the form-

work is only a small percentage of all the costs of the formwork. Therefore, it is self-evident 

that the prerequisite for reducing the cost of construction is the use of fast-installing and dis-

sassembling formwork systems. Reasonably, if we associate this time reduction with the in-

tended construction speed of the project, an easy construction structure is required which 

reduces working time and leads to time and cost savings. The most appropriate approach to 

achieving this goal is the flat slab, without beams, and the avoidance of the box-like cross-

section of the deck. Formwork on such cross-sections (flat) is much easier and faster than in 

the case of Fig. 2. since the segments do not have flatness interruptions (transverse interfer-

ence) as no beams and ribs are present. They are thus assembled and removed very easily, ac-

celerating the pace of process development and reducing labor costs together and improving 

manufacturing speed. 
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At the same time, recourse to a plate-type deck allows for the use of straight reinforcement 

bars and a more comfortable placement of pretension tension tendons. However, the require-

ments of large plate thicknesses to deal with the large spans result in large weights which neu-

tralize the previously mentioned advantages. To modify the system, the variability of the 

cross-sections within the spans is proposed. 

Figure 2. Formwork for box deck cross-section, source [8] 

More specifically, for the usual cases of panel openings from 30 to 40 m, the central 1/3 has 

a fixed section thickness of from 0.75 m to 1 m, while the end portions are of a variable thick-

ness with a maximum value in the supports from 1.5 to 2 m. In this way, it is thought that it is 

possible to deal with the problem of the large demand in concrete and with the high stresses of 
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the same weight. In addition, the areas of the large thickness of the slab are very close to the 

supports of the piers which contributes to addressing the resulting stresses.  

 The recurrent problem of reduced stiffness of the spans and the resulting increase in defor-

mations is addressed with pre-stressing. Finally, it is pointed out that the selected variability 

of the cross sections in the spans transfers the large moments from the middle to the supports. 

The case study includes a more detailed presentation of the proposed method. 

Herein, a way of improving the construction speed by varying the cross section of the piers 

is also presented. A novel formation of the piers is proposed. The concept originates from a 

previous research work by Tegos and Pilitsis (2014) [6] and Markogiannaki et al. (2018) [9] 

for the reduction of pier stiffness. Therefore, the proposed system aims also at altering the 

flexural stiffness of piers and improving bridge regularity when dealing with irregular bridges. 

The proposed column approach includes the following design aspects: Smaller circular cross-

sections, equal in diameter, replace large solid cross sections either circular or rectangular. 

Herein a rectangular cross section of piers is replaced in the case study. The schematic repre-

sentation of the proposed configuration is illustrated in Fig. 3. In this way the massive solid 

piers are segmented and have increased flexibility that improves serviceability respond and 

addresses seismic demand.  

The proposed pier type is easy to construct, as it is possible to use paper disposable form-

works (cardboard), Fig. 4 that are widely available and of low cost in current construction 

practice. Aesthetics are also taken into account, as the new column configuration has architec-

tural characteristics that do not compromise aesthetics. 

Figure 3. Plan layout of a rectangular solid cross section 6 m x 1.5 m 

Figure 4. Formwork cardboards , source [10] 
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Regarding the structural response of the smaller circular columns buckling issues shall be 

taken into account. Therefore, a criterion is determined regarding the minimum column di-

mensions. The criterion relates the Euler buckling load to the upper bound of the normalized 

axial force due to ductility demand. Therefore, applying this rationale and taking into account 

a value of ηk=0.30 for the normalized axial force, in the case of the longitudinal direction, the 

critical cross section is calculated [6]. Furthermore, P-Delta effects have to be considered in 

the selection of the appropriate column cross sections and column reinforcement is calculated 

from critical seismic and non-seismic load combinations. 

3 CASE STUDY 

3.1 Description of the Case Study Bridge 

The case study bridge is a concrete bridge representing irregular bridges with characteris-

tics that are common in modern motorways in Europe. Specifically, it is the Arachthos-

Peristeri Bridge, located in the western section of Egnatia Motorway in Greece. It has six 

spans (34m+4x43m+34m) and a total length of 240m (Fig. 5). The cross section of the deck is 

box-girder and has a total width of 12.90m (Fig. 5). The deck is rigidly connected with the 

five piers and is seated on both of the abutments on sliding bearings. Abutments’ bearings 

have a circular section with diameter equal to 600mm. There are also a shear keys for the 

transverse direction with a load capacity of 176ton. The piers have rectangular cross section 

with dimensions of 5.00mx1.50m. The varying pier heights are shown in Fig. 5. The bridge is 

founded on ground of type B according to Eurocode 8 and design ground acceleration used in 

the final design was equal to 0.16g [11]. The importance factor adopted was equal to 1.30 and 

the behaviour factor (q-factors) was equal to 3.50 for the longitudinal direction without taking 

into account the reduction due to irregularity. The bridge from a serviceability point of view 

has a significant advantage, since the piers at the end spans are tall, while in most cases these 

piers are the shorter ones. This configuration is beneficial to addressing serviceability demand. 

However, this advantage in serviceability does not reflect in seismic response. Therefore, it is 

necessary to find a way to improve the flexibility of the three internal shorter piers to improve 

the distribution of seismic forces to all piers. The proposed solution herein attempts to address 

this issue. A 3-D finite element bridge model, Fig. 6, was generated in the analysis software 

OpenSees, [12]. Bridge components were modeled as frame elements; the deck as elastic 

beam elements and the piers were modeled accounting for material nonlinearities. Section 

analysis was conducted for the assignment of concentrated plasticity (hinges) at the top and 

bottom of piers with the software AnySection v4.0.6, [13]. This model is called as the bench-

mark solution in the following sections. 

Figure 5: Monolithic irregular bridge under study 
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Figure 6. 3-D bridge model 

3.2 Study on the Modified Bridge with the Novel Approach 

Figure 7 gives the new deck characteristics for the same bridge based on the proposed inno-

vative approach with flat slabs. 

(a) 

(b) 

(c) 

Figure 7. Novel deck approach (a) bridge deck elevation, (b) detail at a middle span (c) detail at an end span 
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The bridge was studied alternately and based on the data in Figure 7, and the comparison of 

the results of the two deck cases the following were derived: 

• Due to the drastic reduction of the slab thicknesses which replaced the fixed height

cross-section, concrete sizing appears to be close to each other, with a difference of

10% in favor of the box cross-section, which is however balanced by reducing the

reinforcement shown by the other option.

• The above results arose with the assumption of the variation of limited pretension in

both cases. However, as the finding (which was, moreover, expected) that compara-

tively the supports are more demanding than the middle of the deck spans, it is pos-

sible to manage the pre-stressing problem, under the condition of acceptable

transverse deformations: Instead of the overall limited pre-stressing in the spans and

supports, limited pre-stressing should be applied only to the spans, while in the sup-

ports partial pre-stressing can be performed. This would obviously serve both the

economy and the construction process

• To achieve the optimal result in terms of the intended construction speed, it is neces-

sary to coordinate the three phases which contribute to the completion of the final

result of the construction: the formwork assembling-disassembling, the reinforce-

ment installation and the concreting. Firstly, comes the formwork assembling, then

the reinforcemnt is placed, followed by the concreting. It is understood that on

bridges of relatively short length the three construction phases will terminate at the

end of the bridge end if not at the same time, at close times, whereupon the tendons

will be tensioned after the necessary degree of concrete hardening (fast cure) con-

crete. In the case of relatively longer bridges, it is necessary to stop the concreting at

an intermediate position of the length, preferably at the point of flexion of the wiring

and the tendons which will then be continued by a plug connection. Then, the form-

work disassembling of the already pre-stressed section is followed and theon contin-

ues in the same manner. In the case of satisfactory co-ordination in the three phases,

the progress of the construction of the deck is expected to exceed the corresponding

case where the carrier was constructed by the precast or the conventional cast in situ

method.

The second intervention in the benchmark bridge, to the piers, was also investigated. The 

pier in Figure 4 represents the cross section that replaces the rectangular cross section of the 

piers of the bridge. The pier is rectangular at the first 6m and the smaller cross sections con-

tinue at the rest of the height, Figure 8. The pier bridge model is replaced accordingly with 8 

linear elements connected with a stiff element at their top and bottom. The new configuration 

is easy to construct and can be also “used” to improve the regularity of the bridge. Therefore, 

seismic analysis was conducted for the “benchmark” and the “modified” bridge. In Fig. 9 the 

fundamental periods (longitudinal direction) of the two finite element models developed are 

shown. It is evident that the reduction in the pier flexural stiffness elongates the fundamental 

period of the structure, giving seismic isolation characteristics to the system. 
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Figure 8. Modified bridge pier and FE Model (dimensions in m) 

         (a)                                                                (b) 

Figure 9.  a) Fundamental periods (T) of benchmark and modified bridge b) T on mean and target spectra 

For the response history analyses the bridge models are subjected to seven recorded accel-

erograms. The records were selected via Rexel [14] from the European strong motion data-

base. As shown in Table 1, the records cover a range in magnitudes (Mw=5.1 to 6.9) and 

epicentral distances (R=10 to 24km). The selected earthquake records were chosen to have 

relatively low peak accelerations values varying from 0.47m/s2 to 3.68m/s2 and are of soil 

type B according to Eurocode 8 soil classification scheme [11]. The records were appropriate-
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ly scaled so that their average elastic acceleration response spectrum is compatible with the 

elastic response spectrum proposed by Eurocode 8 Part 2 [15] for soil type B and PGA 0.24g.  

No. Location Station 

Epic. 

Dist. (km) Mw 

Rec. PGA 

(m/s2) 

Soil type 

(EC8) 

Fault 

mech. a 

1 Kalamata ST163 11 5.9 2.35 B normal 

2 Umbria Marche ST228 21 5.1 0.47 B normal 

3 Kalamata ST164 10 5.9 2.11 B normal 

4 Erzincan ST205 13 6.6 3.81 B strike slip 

5 Kalamata ST164 10 5.9 2.11 B normal 

6 Gulf of Corinth ST178 10 5.3 0.67 B normal 

7 Montenegro ST67 16 6.9 3.68 B thrust 

Table 1. Earthquake records used in response history analyses 

Table 2 presents the calculated values of the ratio r according to EC8–Part 2 [15] , as de-

scribed also in a previous paper of Markogiannaki & Tegos [16] for the two investigated cases. 

In the Greek National Annex ρο shall be less or equal to 2 to ensure bridge regularity and to 

avoid penalizing with reduced factors. It is clear in Table 1 that the “benchmark” solution 

does not fulfill this requirement and the bridge should have been designed as an irregular 

bridge, while the “modified” bridge reduces ρο below the upper limit and transforms the 

bridge to a regular one.  

Bridge rmax rmin ρo (<=2) 

Benchmark 3.38 (P4) 1.19 (P5) 2.84 

Modified 2.24 (P4) 1.35 (P5) 1.65 

Table 2. Irregularity check according to EC8 provisions for benchmark and modified bridge 

4     MULTICRITERIA ANALYSIS 

4.1     The problem of selection 

The Multicriteria analysis is performed on the case study bridge of Egnatia Motorway, 

containing three construction solutions as alternatives. The one of them corresponds to the 

proposed innovative approach of the Bridge which was described in the previous paragraph, 

namely the “Innovative Cast in Situ” solution. The other two alternatives are the conventional 

methods of Cast in Situ (which was constructed in practice) and Precast I-Girder. The aim of 

the process is to search for the superior among the three solutions, based on multiple compli-

ance criteria which govern bridge design.  

4.2 Compliance Criteria 

The criterion of construction speed has already been mentioned. Additionally, six more 

compliance criteria are used in this study, namely: safety, durability, economy, serviceability, 

aesthetics and environmental harmonization. In the context of Multicriteria analysis, the per-

formance of the construction solutions is evaluated in terms of each one of the seven above-

mentioned compliance criteria. Thus, there can be a justified selection of the most appropriate 

construction solution in the specific problem. 
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4.3 The Multicriteria analysis method of PROMETHEE 

To carry out the Multicriteria analysis, the Preference Ranking Organization Method for 

Enrichment Evaluations (PROMETHEE), distinguished by the simplicity of the application 

and the clarity of its results, was selected among other methods. This is a widespread multi-

criterion method of outranking methods with various variants (PROMETHEE I, II, III et al.), 

while its basic principles are described by Brans and Vincke [17] and Brans et al. [18]. 

This Multicriteria analysis method requires two types of information from the user; the cri-

teria weights and the preference function for each criterion [19]. In general, the method in-

cludes three phases: a) the construction of generalized criteria; b) the determination of the 

outranking relations between all the feasible alternatives and c) the evaluation of these rela-

tions in order to obtain a final solution [18]. PROMETHEE initially compares each pair of 

alternatives in terms of their performance on each criterion, and then builds binary outranking 

relations to represent the preferences of the decision maker. These relations are then used to 

create the partial ranking (PROMETHEE I) and the complete ranking (PROMETHEE II) of 

all alternatives, from best to worst [20]. 

4.4 Application of Multicriteria analysis 

In applying the method of PROMETHEE, the calculation of the weights of compliance cri-

teria was initially required. These weights were obtained by utilizing another Multicriteria 

analysis method, the Analytic Hierarchy Process (AHP) that provides the relevant methodolo-

gy for this purpose. This methodology required some evaluation values for the calculation of 

the weights, which were obtained through a suitable questionnaire addressed to 7 Greek ex-

perts in Bridge design. The final weights of the criteria are presented in Table 3. 

Criteria Safety Durability Economy 
Constr. 

speed 
Aesthetics Serviceability 

Environ. 

harmoniz. 

Weights 0,22 0,179 0,172 0,147 0,124 0,081 0,078 

Table 3. Estimated weights of the compliance criteria 

Next, the PROMETHEE II method (one of the variants of the general method) was applied 

using the "Visual PROMETHEE" software. Initially, the properties of the criteria were select-

ed. It was decided for them to be qualitative and to use the 1-9 scale in order to evaluate the 

alternatives. The Preference function selected was the “Usual” for all criteria without thresh-

olds, while all of the criteria need to be maximized. The evaluation of the three construction 

methods against each individual compliance criterion was also based on the results of the 

above-mentioned questionnaire survey to the bridge experts, and is presented in Table 4. 

Evaluations Safety Durability Economy 
Constr. 

speed 
Aesthetics 

Servicea-

bility 

Environ. 

harmoniz. 

Constructed 

Cast in Situ 
9 8 4 4 7 3 7 

Precast I-

Girder 
5 3 9 8 4 9 4 

Innovative 

Cast in Situ 
9 9 6 8 7 6 8 
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Table 4. Evaluations of the three construction solutions against each criterion 

Consequently, the application of PROMETHEE II resulted in the positive, the negative and 

the net preference flow of each construction solution, which are presented in Table 5. Addi-

tionally, this Table provides the final ranking of each construction solution, which results 

from its net preference flow (Phi). The net preference flow of an alternative is the balance be-

tween its positive and negative flows, and needs to be maximized. 

Alternatives / Flows Phi+ Phi- Phi Ranking 

Constructed 

Cast in Situ 
0,3002 0,528 -0,2278 2 

Precast I-Girder 0,3262 0,6004 -0,2742 3 

Innovative 

Cast in Situ 
0,6284 0,1264 0,502 1 

 Table 5. Positive, negative, net flow and ranking of the construction solutions 

As it can be observed from the results of the applied Multicriteria analysis method, the 

proposed Innovative Cast in Situ method presents an overwhelming superiority over the other 

two conventional construction methods, and thus is deemed selectable in the context of the 

present study. As far as the two conventional construction methods are concerned, they pre-

sented a very slight difference, according to their performance on the compliance criteria. 

More specifically, the conventional method of Cast in Situ that was used in practice was 

ranked second, while the conventional Precast I-Girder method was ranked third. 

5    CONCLUSIONS 

The present study focuses on the investigation of reducing the construction time of a medi-

um length concrete bridge with the selection of an appropriate structural system and the corre-

sponding construction method. The study considers the complete structural system of the 

bridge, namely the deck and the piers. For the evaluation of the proposed system seven com-

pliance criteria were used and multi-criteria analysis was performed. In addition to the im-

provement in construction speed, the improvement to the regularity of the bridge was 

investigated. The main conclusions that are derived in the present study are shown in the fol-

lowing paragraphs. 

• The construction methods that provide the possibility of significant reduction in

construction time are the Precast and the conventional Cast in Situ, with close ef-

fectiveness for both. The first is offered for low and medium quality bridges, while

the latter is proposed in an innovative version for bridges of superior quality, where

the quality is determined by the degree of satisfaction of the established criteria of

compliance with a relative low prioritization of the economy criterion.

• The proposed innovative construction process involves the construction of cast in

place prestressed slab, which addresses all the compliance criteria to a high degree

and without heavily affecting the criterion of economy. The proposed variation in

the cross-sectional height also contributes considerably, apart from the aesthetics,

to the reduction of concrete consumption without significant increase in the preten-

sioning of the tendons. In addition, the economy criterion is improved by combin-
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ing the application of limited pre-stress to the spans and partial pre-stress to the 

supports 

• The speed in pier construction is achieved through the avoidance of the solid rec-

tangular cross-section their replacement by a group of small circular cross-sections

at the upper part of their height. In this way, besides the speed of construction, the

problem of any irregularity of the structural system is also improved.

• To achieve the best possible effect in terms of shortening of the construction time,

the optimal coordination of the assembling -disassembling of the formwork, rein-

forcement and prestress application and concreting systems clearly contributes is

expected.

• The use of prestress to shorten the time of formwork disassembling in combination

with the use of fast-curing concrete can improve the final result.
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