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Abstract

Prefabricated systems enable the industrialization of bridges, enhancing efficiency in
construction processes, being a topic of increasing interest. However, current European
design standards are based on cast-in-place structures, and their construction provisions are
not always suitable to prefabricated ones. In areas of greater seismicity, current standards
often lead to reinforcement congestion, mainly in the joint zones (column-to-cap beam and
columns-to-foundation), making the assembly process of prefabricated elements difficult and
unworkable, limiting their use and restraining the benefits the industrialization provides.
Given this, some strut-and-tie models were developed to enable alternative and simplified
reinforcement layouts within the joint zone, providing a suitable solution for prefabrication in
seismic zones. These models were applied in the design of a case study, a double-track
railway viaduct with six spans (22m + 4x30m + 22m) and columns with 10m high, from the
top of the foundation to the base of the cap beam. Experimental analysis of four reduced-scale
test specimens (1:3,6) of the developed solution under horizontal cyclic loading has been
carried out, aiming to confirm the adequacy of the design and the proposed solution. This
paper focuses on a nonlinear numerical analysis to reproduce the experimental behavior,
aiming to assess the redistribution of forces in the joints, allowing the extrapolation of the
experimental results to alternative geometries and reinforcement layouts. As a modeling
strategy, a rotating smeared crack model was considered. Theoretical constitutive curves with
fracture energy were adopted to simulate the concrete mechanical behavior. The Menegotto-
Pinto model was applied to simulate the reinforcement behavior under cyclic load conditions.
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solutions.
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1 INTRODUCTION

Industrialization offers the opportunity to enhance the construction process of bridges and
viaducts through prefabricated structures. This approach allows to meet tight deadlines,
reduce traffic interruptions, and enhance worker safety. In the context of industrialization in
seismic zones, prefabricated structures have been well accepted in low seismicity areas but
have faced reluctance to be applied in moderate to high ones. This lies in uncertainties related
to their performance to withstand earthquakes of such intensity. Part of this can be attributed
to the fact that European standards have been developed focusing on in-situ structures
solutions, which are not immediately applicable to precast ones, leading the established
construction provisions difficult to fit into the prefabricated context.

The awareness concerning this subject has led to a growth in research related to the
assessment of precast structures to withstand earthquakes of greater intensity. Connection
systems between precast elements have been developed and evaluated [1-9], aiming to ensure
a monolithic behavior like the cast-in-place ones, allowing to adhere to current standards in
the design process of precast structures. Research on the force transfer mechanism between
column-beam and column-foundation connections has been conducted [10-13], to promote
more efficient construction arrangements, avoid reinforcement overlapping issues, and ensure
a reliable path of force transfer between structural elements.

In this paper, section 2 briefly presents a fully precast substructure solution developed to
withstand a seismic acceleration of 2,25 m/s?, along with their simplicity in assembly and
execution on site [10]. Section 3 presents the geometry and reinforcement layout of the test
specimen PEO, on a reduced scale of 1:3,6, of the substructure solution presented. Section 4
introduces the numerical model developed and the constitutive models used to faithfully
reproduce the structural behavior observed in the experimental test. This makes it possible to
extrapolate the experimental results to alternative geometries and reinforcement layouts, while
avoiding time loss and high costs that experimental tests require. Section 5 is devoted to
analyzing the numerical results achieved with their corresponding experimental data.

2 SUBSTRUCTURE SOLUTION FOR PERFORMANCE AND
CONSTRUCTABILITY

The case study providing the context for the substructure solution developed is a double-
track railway viaduct with 6 spans of 22 m + 4 x 30 m + 22 m, Figure 1. The continuous deck
is bearing supported on 5 intermediate cap-beams with two columns each. As shown in Figure
2, the columns are 10m high between the top of the foundation and the base of the cap beam.
The deck is constituted by 4 precast longitudinal U-beams in each span. It was considered that
the support devices on the cap-beam do not transmit longitudinal forces. Thus, the
substructure system is responsible for the seismic action resistance in the transverse direction,
being the transverse forces from the deck transferred through a corbel at the center of the cap-
beam. The longitudinal seismic forces are balanced at the abutments by dedicated dissipative
devices.
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Figure 1: Analyzed Viaduct.
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(a) transversal view. (b) perspective of the bridge.

Figure 2: Two-column bents layout.

A force-based design approach was adopted in the design, i.e., the columns were designed
for maximum forces developed through a response spectrum analysis in SAP2000 [14],
considering an acceleration of 2,25 m/s?. These seismic forces were determined considering
an inelastic design spectrum with a behavior factor q = 3,0. Overall, the structure was
designed to meet the basic requirements of non-collapse and minimization of damage, as
required in the European standards [15-16]. To fulfill these requirements, the capacity design
approach was used to ensure a ductile structural behavior, allowing the formation of plastic
hinges on the column ends and avoiding brittle failure by proper confinement.

The cap-beam geometry was defined considering weight constraints, and the dimensions
needed to accommodate the final and temporary bearings during the assembly process. As a
fully precast solution is envisaged, a cap-beam-to-column connection system was conceived
utilizing corrugated ducts distributed accordingly with the layout of the column vertical bars,
allowing a streamlined on-site assembly process. These ducts are posteriorly grouted for the
anchorage of the vertical bars. Special attention was paid to the reinforcement layout at the
cap-beam-to-columns joints. These are discontinuity regions, and the design was performed
resorting to strut-and-tie models [17], allowing a reasonable reinforcement ratio to avoid too
dense reinforcement in these zones.

The columns were designed to accommodate the transversal seismic forces with a
longitudinal reinforcement ratio of about 1.2 %, which ensures the viability of using
corrugated ducts with diameters of 80 mm to 100 mm. The minimum transversal stiffness of
the railway bridge complying with the Eurocode 1 [18] requirements for high-speed railway
lines was also verified. In the longitudinal direction, the columns work as cantilevers and the
corresponding second order effects govern the minimum dimension of the columns.

3 REDUCED SCALE TEST SPECIMEN

Experimental tests to assess the conceived substructure system started with the PEO
prototype. The Cauchy similitude relationship was used to scale the structure to 1:3,6 relative
to the full-scale version, as shown in Figures 3, 4, and 5. It is noteworthy that PEO columns
are hinged at mid-height, at the section of null flexural moment. The experimental test was
based on cyclic horizontal loading until failure, with the horizontal forces applied to the
corbel located at the top of the cap-beam, and vertical forces considered constants and
distributed at four points on the cap-beam, aiming to represent the mobilized mass under a
cyclic event.
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Figure 3: PEO geometry.
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Figure 5: Cap-beam reinforcement layout.
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The values of the most relevant properties of the materials used in the construction of the
test prototype PEO are those listed in Table 1. SikaGrout-340 and SikaDur-30 were used to
assemble the connections between columns and cap-beam: SikaGrout-340 was used to fill the
metallic ducts, while Sikadur-30, a bi-component mixture, was applied to the column-to-cap-
beam interface.

Mate rial fc,cube fy fu Eu Es
(MPa) (MPa) (MPa) (%) (MPa)
Concrete 70 - - - -
SikaGrout-340 95 - - - -
SikaGrout-30 90 - - - -
Reinforcement ¢8 - 666 725 4,75 177860
Reinforcement ¢10 - 539 639 13,40 180874

Table 1: Material properties.

4  NONLINEAR NUMERICAL ANALYSIS

A three-dimensional finite element model, that can be seen in Figure 6, was developed in
the software DIANA 10.5 [19] to assess the performance and emulate the behavior of the
reduced scale prototypes. It is important to note that ZX is a symmetry plane, where only half
of the structure is modeled, thus supports were provided to simulate this effect. The mesh
consists in linear hexahedral elements of eight nodes, with size of approximately 25 mm. The
material properties are that corresponding to Table 1 (noting that, since cubic specimens were
used to estimate the compressive strength of the concrete, a value of 0,7 x fccuve was adopted).
All the reinforcements were explicitly included in the model, where transversal
reinforcements are considered embedded, sharing the same displacement field of the concrete
embedding elements, while the longitudinal bars include bond-slip elements. Interface
elements with no tension and shear stiffness reduction were considered to simulate the
column-to-cap-beam connection zone behavior.

(a) geometry and loads configuration. (b) reinforcements.

Figure 6: Numerical model.
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4.1 Constitutive models for concrete

To simulate the cracked concrete, a total strain based rotating smeared crack model was
used, which has shown a good performance in horizontal cyclic simulations where the
structure exhibits a distributed cracking pattern. The rotating crack model [20] considered has
as its main assumption the reorientation of two axes of orthotropy according to the change in
the crack orientation, always coinciding with the main deformation directions, leading to the
advantage of having always shear stresses equal to zero, and thus avoiding the necessity of a
law to describe the relationship between shear stresses and distortions.

To consider the nonlinear compression response in the modeling, a parabolic uniaxial
compressive stress-strain curve [21] showed in Figure 7 was selected, including a regularized
post-peak branch defined by the compressive fracture energy, Gc = 90 N/mm. The Hsieh-
Ting-Chen failure envelope and multiaxial compressive stress states were adopted, as
described in [22], allowing to restrict the transverse deformation of an element subject to axial
compression, increasing the compression strength and the deformation capacity of the element,
thus translating into a greater ductility capacity.

]

G,h vof

Figure 7: Parabolic curve [21].

The crack band model was used to model tensile fracture. The strain softening curve is that
proposed by Hordijk [23], showed in Figure 8, defined by the tensile strength, fi = 3,0 MPa
and by the fracture energy, Gr = 0,15 N/mm. The curve adopted aims to reproduce the
decrease in tensile stresses in concrete as the width of the crack increases, since concrete is
able to transmit residual stresses while the cracks are not fully formed. Also, the reduction of
the Poisson effect due to cracking was considered in the model. When a crack is completely
formed the Poisson effect is null, and therefore disregarding the reduction of the Poisson
effect in which there is an important cracking process can cause a large error in estimating the
structure deformations.

Gf’ h

£ —

Figure 8: Hordijk curve [23].
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4.2  Constitutive model for reinforcement

The stress-strain relationship used to simulate the non-linearity of the reinforcements under
horizontal cyclic loading is the Menegotto-Pinto model [24], showed in Figure 9. The
parameters values used to define the curve are those presented in Table 2.

g (e/,0/)

/ Initial tangent slop ratio — Eo 0.03
" Initial curvature parameter - Ro 20
/ Constant ai 18.5
/ = Constant az 0.15
Constant a3 0.01
Constant a4 7

Table 2: Parameters.

/

(830

(80",0")

Figure 9: Menegotto-Pinto model [24].

The parameters listed in Table 2 are dimensionless. It is worth mentioning that, in DIANA
FEA, the initial tangent slope ratio (Eo) is normalized in relation to the yield stress of the
reinforcement (fy), resulting in the relationship presented in equation 1:

_ _Jy
B 7, = Ey—gu (1)

The other parameters, such as the initial curvature (Ro), which influences the transition
smoothness between the elastic and plastic behavior, and the constants ai, az, a3 and a4, can
be adjusted empirically. However, the values adopted were based on previous analysis [25].

4.3 Constitutive model for bond-stress transfer

The bond stress-slip relationship was incorporated into the numerical model through the
curve proposed by the fib Model Code 2010 [26], showed in Figure 10. It was considered the
maximum bond shear stress (zomax) equal to 9,5 MN/m? for a slip (S1) of 1,0 mm.
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Figure 10: Bond stress-slip relationship [26].
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5 NUMERICAL AND EXPERIMENTAL RESULTS

5.1 Hysteretic Response

Figure 11 (a) shows the lateral force vs. displacement hysteretic curve from the
experimental test and the corresponding result achieved in the numerical analysis. In addition,
Figure 11 (b) shows the backbone curve for both analyses. The drift was calculated
considering the distance between the axis of the hinged base and the column-to-cap-beam
interface.

Displacement [mm] Displacement [mm]
-100,0-75,0 -50,0 -25,0 0,0 25,0 50,0 75,0 100,0 -100,0-75,0 -50,0 -25,0 0,0 25,0 50,0 75,0 100,0
450 ‘ . . . . . 450 450 . . . . ‘ . . 450
375 | 2 | 350 375 | 350
300 } 300 |
=225 + 1 2P0 =z | 1 250 =
2=, [ 25
3'150- —15088150- —1508
5 5 s0 55 /° 15 &
= or Le gL i
m 4 m m d m
£ 75 02 g =0 g
S50 | 1 -150 & 8as0 | { -150 8
=] (= =] (=}
2025 ) 4 spF E225 {1 250 T
300 : 300 F - —
— Experimental —— Experimental
375 - - - Numerical -350 -375 - - - Numerical -350
-450 : ' ' : -450 -450 . ! w _450
-6,3% -42% -2,1% 0,0% 21% 42% 6,3% 63% -42% -21% 00% 2,1% 42% 6,3%
Drift [%] Drift [%)]
(a) hysteretic curve. (b) backbone curve.

Figure 11: Horizontal force vs. lateral displacement— comparison between numerical and experimental data.

Based on the results presented in Figure 11, the fully precast solution conceived had a
satisfactory performance during the experimental test, with gradual damage evolution and
ductile behavior. It is possible to observe the formation of the plastic mechanism through the
yielding plateau, as well as the capacity to withstand several hysteresis cycles maintaining a
residual strength capacity. The structural failure was ductile and occurred for a high drift level.
The nonlinear numerical analysis effectively simulated the structural behavior observed in the
experimental test, showing good agreement. The analysis gathered key phenomena such as
stiffness degradation between cycles, energy dissipation, and the maximum horizontal force
achieved. However, some small divergences between the numerical and experimental results
can be noted, such as the initial stiffness and the transition point between the elastic and
plastic regimes. Regarding the initial stiffness, it was expected to obtain a higher value in the
numerical analysis, since the experimental test includes inevitable accommodations and
deformations of the steel elements that transfer the horizontal forces from the actuator to the
specimen, and the monitoring system is unable to ignore these effects. Concerning the
transition point between the elastic and plastic regimes, this phenomenon is evident for the
horizontal demand, whereas for the negative horizontal demand, the transition point coincides
with good accuracy. Similar to the initial stiffness issue, the accommodations and
deformations in the experimental setup probably contribute to these divergences.

5.2 Damage Evolution and Failure Mode

Figures 12 to 15 present the evolution of the structural damage throughout the
experimental test and the corresponding result achieved in the numerical analysis. This
includes key drift levels where important cracking progression, concrete crushing and
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reinforcement exposure can be noted, enabling a comprehensive comparison with the
corresponding numerical results and their accuracy in replicate the reality. Noting that the
numerical results are only presenting the response to the rightward horizontal demand.
However, this is a seismic analysis in which both column sides experienced similar
degradation.

(a) experimental - (b) numerical - (c) numerical — principal ~ (d) numerical — vertical
cracking pattern. cracking pattern. compressive stress field. bar stresses.

Figure 12: Damage at 0.69 % drift — 11 mm of displacement.

(a) experimental (b) numerical - (c) numerical — principal ~ (d) numerical — vertical
cracking pattern. cracking pattern. compressive stress field. bar stresses.

Figure 13: Damage at 2.08 % drift — 33 mm of displacement.

; 23
. 5 o 1
e £ . bige I

(a) experimental - (b) numerical - (c) numerical — principal ~ (d) numerical — vertical
cracking pattern. cracking pattern. compressive stress field. bar stresses.

Figure 14: Damage at 3.46 % drift — 55 mm of displacement.

(a) experimental - (b) numerical - (c) numerical — principal ~ (d) numerical — vertical
cracking pattern. cracking pattern. compressive stress field. bar stresses.

Figure 15: Damage at 4.84 % drift — 77 mm of displacement.

In Figure 12, for a drift of approximately 0,69 %, the structure begins to lose some lateral
stiffness due to the development of some flexural cracks at the top of both columns, along
with some localized small cracks in the cap-beam. In Figure 13, for a drift of approximately
2.08%, the structure enters to the yield plateau, where concrete crushing begins in the inner
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face of the column-to-cap-beam interface, with spalling of the concrete cover. At this stage,
the plastic mechanism is fully formed at the top of the columns, with most of the column
longitudinal reinforcements yielding, and the confinement reinforcement fulfilling its role.
Figure 14 represents the point where the yield plateau ends. From this point ahead, for a drift
of approximately 3.46%, the structure no longer supports horizontal loads, continually losing
its strength capacity. The structure degradation is severe, with detachment of concrete cover
and confinement reinforcements exposed at the column-to-cap-beam interfaces. In Figure 15,
for a drift of approximately 4.84%, a significant structure degradation is observed, including
the exposure and failure of some longitudinal reinforcements in the plastic hinge zones. This
accumulated damage led to the instability of the structure and, therefore, collapse.

6 CONCLUSIONS

e This paper aimed to present a non-linear numerical analysis developed to simulate the
behavior of a fully pre-cast substructure system conceived to withstand medium to high
seismic forces. Experimental results of the proposed solution in reduced scale were
presented and discussed, showing its feasibility for application in high-seismic areas.
Numerical results of the same reduced-scale specimen were also presented and compared
with the experimental ones, to assess the reliability of the numerical model and its
capability to reproduce the phenomena observed experimentally. This will enable the
future extrapolation of the experimental results in alternative geometries and
reinforcement layouts, while avoiding time loss and high costs that experimental tests
require.

e Regarding the experimental test, the specimen presented satisfactory and adequate
structural behavior, showing a gradual evolution of damage and ductile behavior. Failure
is conditioned by the composite flexural capacity at the top of the columns, as predicted
in the design. The propagation of the damage began with the formation of small cracks at
the top of the columns, where, with the increase in drift, the formation of plastic hinges
was observed. As the horizontal demand increase and the plastic mechanism develop,
most of the longitudinal reinforcement of the columns yielded, while the shear and
confining reinforcement remained in the elastic range. The failure of the structure
occurred with signs of concrete crushing on the inner face of the column, a zone subject
to the highest concentration of compressive stresses, following the failure of several
longitudinal rebars on the tensioned face.

e The nonlinear numerical analysis effectively simulated the structural behavior observed
in the experimental test, showing good agreement. Key phenomena, such as stiffness
degradation between cycles, energy dissipation, and the maximum horizontal force were
achieved. Some minor divergences were noted, particularly in the initial stiffness and the
transition between the elastic and plastic regimes in the positive horizontal demand,
likely due to inevitable deformations in the experimental setup during the test.
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