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Abstract. Significant variations in geometry and supporting conditions can take place during the construction
process of structures. These situations certainly influence the distributions of internal forces, displacements, and
other structural responses during the construction phase and serviceability life of the structure, as customary
occur in multi-span bridges. Thus, it is important to highlight these effects since collapses are recurrent during
the construction period. In this sense, this study aims to contribute to a better understanding of structures during
the construction phase by using numerical analysis. The sequential construction analysis is modeled using a
ghost approach, which is coded into a three-dimensional finite element program, named VIMIS, developed at the
PPGEC/UFRGS. To verify the code implementation in the context of the viscoelastic behavior of materials, a
prestressed concrete bridge is analyzed, including the construction conditions, creep, shrinkage and relaxation
effects. The obtained results expressed in terms of displacements and stresses are then compared with those of an
academic software. As expected, VIMIS can capture the structural effects associated with construction phasing,
reinforcing the necessity of include these analyses in structural designs.
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1 Introduction

Over the last decades, the considerable development of materials, construction methods, and theoretical research
have enabled the design and building of magnificent and challenging bridges. The design of these structures is
increasingly complex, and engineers need to assess each phase of the entire process to ensure safety and
performance. During the construction phase, the loading cases and changes in the geometric and support
conditions are responsible for a complex variation of the stresses and deformations. According to recent works
[1,2], the efforts from the construction phase may be the most important in bridge design, especially when
considering the time effects. Unreliable and inappropriate analyzes of the construction stages might result in a
partial or total collapse of the structure, even during the execution process, as occurred in the recent years [3,4].
As stated by Cruz (1995) [5], models to analyze and study structures during the construction phase need to
present the possibility to include time effects analysis, such as creep, shrinkage, steel relaxation, second order
effects, material nonlinearity, and generality regarding construction methods. Over the years, particular
computational codes and commercial software have been developed and applied to the study of bridges during
the construction process [1,2,6-9], but recent works have favored commercial finite element programs.

In [6], [7] and [9] the focus was on the importance of including the construction analysis in projects. Using
SAP2000, Ates (2011) [6] studied a box concrete bridge considering the linear viscoelastic behavior of the
materials and geometric nonlinearities. The results indicated a significant influence of the construction stage
analysis in the internal forces, such as bending moments that were higher than those of the model without this
analysis. The same software and material constitutive behavior were used by Adanur et al. (2012) [7] in the
study of a suspension bridge. As already noted, relevant differences were observed with the model that
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considered the construction staging of the structure.

In [9] the authors studied a prestressed box bridge constructed by the balanced cantilever method using MIDAS
software. Linear constitutive relationships for materials and time effects were considered. Differences about 10%
were observed between the analyses, with the model without stage analysis showing lower and not as expected
stress values.

Another important issue involving the study of the execution phase is to investigate the influence of the
construction sequential process on the structural behavior. In the case of cable-stayed bridges, the stays stressing
procedures can affect the distribution of strains and the internal forces along the deck. Therefore specific
construction analysis must be applied to define the best stays stress procedure [10,11]. Regarding concrete decks
and steel-concrete composite decks, the pouring sequence of the slabs is important for the appearance of cracks.
In addition, factors such as temperature gradient and curing days can further aggravate cracking [8,12,13]. Based
on a construction stage analysis, performed with MIDAS software, He et al. (2020) [14] verified the advantages
of a new pouring construction methodology that proved capable of reducing the compression stress at the top of
the slab.

Given the aforementioned researches and the importance of considering the bridges construction period for
reliable design results, in this paper, a prestressed concrete bridge is evaluated in a particular code, named
VIMIS developed by the authors at the PPGEC/UFRGS, considering the execution process to verify the
implementation of new routines related to the evaluation of the construction stages, employing the
activation/deactivation approach [15].

2 Finite element model

The followings subtopics present brief details about the model considered in the study, including the constitutive
models and the finite element formulation. For more information, the reader is referred to the papers [16,17].

2.1 Reinforced concrete

A linear behavior for the concrete material and a long-term constitutive model based on the stress-strain

relationship of viscoelasticity were considered. It was applied the Boltzmann’s superposition principle, which is
represented by the Volterra’s integral expressed in eq. (1). In this equation, the total concrete strain &, is

separated into a mechanical strain ¢, or stress-dependent strain, and a nonmechanical one ¢,, representing
concrete shrinkage. The term J(t,t") is the creep compliance function and represents the strain at the time
t' caused for a unit stress applied at time t’, considering small stress increments.

t
& =6, +&p = j It )do(t) + &, 1)
0
The creep strain &, can be isolated and expressed by the creep function C(t,t") which is usually obtained by

approximation through Dirichlet series, as stated by eq. (2) and considering C(t,t") = J(t,t")—1/E.(t") . In this
approach, a Generalized Kelvin model is used following eq. (3), in which the E_ is the age-dependent modulus
and 7, is the retardation time of the term of the spring-dashpot system. At each loading time t’, a least square

procedure is applied to obtain the age-dependent set of parameters (N).

t
oo = j C(t,t)do(t) )
0
N 1 ,
C(tt) = 1-e ©V/m 3
1) aZ:lEa(t,)( e ) 3)

Considering different time instants, the procedure is to substitute eq. (3) into eq. (2) for each time step, integrate

analytically, and obtain the creep incremental strain Ae,, . Considering the generic time interval At; =t;,; —t;

the expression of the increment A, (t;) is written as showed in eq. (4) and eq. (5). In these equations, a linear
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approximation is used to approximate the stress variation within a time interval by setting & =1/2.

N N
VoS (4 )1 e/ S S PR (R (O _
Ag (t) az:lga(t,,l)[l e ]+;Ea(ti_§){1 A (2-e )}Ao-(t,) (4a)
_ _(Ati—l)/ra
£, (t4) = &, (t_p)e 0/ {15 e(t 5 } A? Aot y) (4b)
a \ti-1" i-1

The eq. (5) expresses a quasi-elastic stress-strain relationship in which E”and A&” are the equivalent material

modulus and incremental strain, respectively, and the incremental stress is given by
Ao =Ao(t)=o(t)—o(t,) .

Ao =E"(As-As") (5)
where,

Ag =Agg, +

M=z

(0801400 [ e

1 1 Y 1-Ay
- a 6b
=P PR )

In the eq. (6) the mentioned terms are explicit for the tridimensional case, written for a time step At =t; —t;_; ,

N
I

in which Ay, = At /z, , D, is the viscoelastic constitutive matrix evaluated with an elasticity modulus equal to

(1—eAy“*"1 )/Ayayi,1 ,with Ay, i, = At /7, .

2.2 Tendon

Tendons were analyzed considering the linear elastic behavior of the material resorting to a uniaxial stress-strain
relationship. About the time effects, a prestressed loss increment Ao, ., due to steel relaxation, is calculated

through eq. (7), based on the steel yield strength f_ , type of tendon relaxation k , and time interval t measured

py
in hours from the instant in which the initial prestress o, is applied.
o o
Aoy, =——2+ {Iog(t){ﬂ— o.55ﬂ 7
k foy

2.3 Finite element

Figure (1) illustrates an eight-node thick shell element used to model the reinforced concrete. Each node has five
degrees of freedom (three translations and two in-plane rotations). Several layers compose the element
throughout the thickness from which the nonlinear behavior of the material can be reproduced. The steel
reinforcement is represented by means of layers with equivalent thickness. On the other hand, the prestressed
tendons are modeled with a one-dimensional element, composed of three nodes, and embedded within the shell
element.
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Figure 1. Shell finite element, curved tendon, and associated degrees of freedom.

3 Construction stage analysis of a prestressed concrete bridge

3.1 Model

The construction process of a three-span symmetrical bridge was simulated using the activation/deactivation
method in which the whole structure is modeled at once but using approximately null stiffness values for all
elements at the start of the analysis, e.g., 1E-15. Thereafter, these elements are subsequently activated, with their
real material properties, according to the construction phases. The bridge presents a box section and 172 m in
length, as shown in Fig. (2). The cross section of the bridge is constant along the entire length of the structure
with straight tendons. It is important to note that a simplification of the section was considered, since in the
reference work [18] the cross section is varied and curved tendons were applied. All materials properties were
the same. The construction sequence is described in Fig. (3) and Tab. (1).
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Figure 2. Dimensions of the bridge (unit: meters).
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Figure 3. Construction sequence.
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The precast segments were cured for 3 days and stored until the beginning of the execution. The analysis
considered as loads the self-weight of the structure and a prestressing stress of 126 kN/cm? (1260 MPa).
Concerning time effects, ACI[19] model was considered with type of cement Ill, relative moisture of 40%, and
creep and shrinkage ultimate coefficients of 2.0 and 300x108, respectively. The prestressed steel was featured as
low relaxation; therefore, the k parameter of the eq. (7) is equal to 45. Material properties can be verified in Tab.
(2). It is important to emphasize that the results obtained with the present work were compared to that presented
by an academic finite element model with beam elements, using the same material properties. Therefore, the
Poisson’s ratio is not considered and admitted as null. There is no other information about this property for this
structure, so a null Poisson’s ratio was adopted.

Table 1. Details of the construction phases.

Start of the stage

(days)* Stage Activities
30 1
gg g Assembly of the segments and activation of prestressing.
39 4
43 5 Assembly of the segments, activation of prestressing, and change supports.
47 6
gg ; Assembly of the segments and activation of prestressing
56 9
60 10 Assembly of the segments, activation of prestressing, and change supports.
63 11 Assembly of the central segment, activation of prestressing, and change
supports.

*Considering the age of the concrete

Table 2. Materials properties.

Material Properties
Elastic modulus 3500 kN/cm?
Concrete Poisson’s ratio 0

Compression strength 5.4 kN/cm?
Elastic modulus 20000 kN/cm?

Reinforcement Yield stress 58.5 kN/cmz2

Total area 222 cm?
Elastic modulus 19000 kN/cm2

Yield stress 150 kN/cm2

Area (supt.) 126 cm?
Tendon Eccentricity* (sup. 1) 120 cm

Area (inf.?) 81.5 cm?
Eccentricity* (inf.2) 125cm

*Considering the centroid tupper tendon 2bottom tendon

In the VIMIS program, the finite element (FE) model is developed considering the middle plane of the structures
and thickness discretization in layers, as aforementioned. To simulate a box section was necessary to use the
parameter £ for which a zero value is attributed to indicate non-existent layers, conversely a value of 1 means
that the layer is present in the cross section. In this case, a rectangular cross-section was modeled, and null layers
were assigned correspondingly to approximate the real section, as shown in Fig.(4a). The FE mesh of the
structure is shown in Fig.(4b).
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(a) Cross-section model. (b) FE mesh.

Figure 4. Finite element model.

3.2 Results

With the main objective of verifying the results obtained with VIMIS, a beam finite element model of the same
structure was analyzed with an academic program available in [20] and developed for construction stage analysis
of bridges. This program was applied in the cited reference to simulate the construction process of the original
structure presented in [18], but using straight prestressed cables, and for which satisfactory results were obtained.
Displacements and stress at the top and bottom of the cross-section were evaluated and compared, as shown in
Fig. (5) and Fig (6).
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Figure 5. Vertical displacement results in some stages.

The Fig. 5 shows the optimal fit of present results with those of the reference in terms of deflections along the
beam axis for various construction stages. As can be seen in Fig.(5d), the largest difference observed of vertical
displacements is 5 mm and occurred in the side span of 53.5 m, which can be considered acceptable for practical
processes. It should be noted that both viscoelastic models are not completely identical in the computational
programs in the sense that the adjustment of the age-dependent parameters are different, and this aspect may
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explain the observed differences. The stress results, present in Fig.(6), corroborate the above remarks and
indicate the proper functioning of the section adjustment to a box section.
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Figure 6. Variation of the stress throughout the stages.

4  Conclusions

The complexity of bridge systems reinforces the importance of developing designs that are better suited to the
reality of the construction stages and the behavior of the structure in service. The construction process needs to
be included in the analysis and study phase, considering all aspects arising from this stage. The results of this
paper indicate the adequate working of the routines included in VIMIS to verify the execution process and show
the potentiality of the program as a good tool to analyze structures with high complexity involving also long-
term effects.
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