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Abstract. Evaluation of the ultimate bearing capacity of a reinforced concrete slab of a pedestrian bridge
with stiff rebars is a relevant issue investigated in the article. Dynamic analysis takes account of low
velocities of dynamic loading. A 3D model of a structure is made. A stiff rebar is a U-shaped perforated
profile welded to the plate. The focus of the computation methodology is the model verification. Towards
this end, mechanical characteristics of materials are experimentally identified; full-size specimens are made
and subjected to static load testing. The numerical study focuses on analyzing two sessions of loading by
an impactor located in the center of a span. The impactor has symmetrical and nonsymmetrical impact
spots. Dynamic loading is proposed to be simulated in several stages. At the final stage, the structure
vibrates together with the impactor. The Menétrey—Willam model is chosen to describe the deformation of
concrete; the stress-strain state of the structure and stiff rebars is described by a curvilinear diagram that
conveys strengthening and shows the actual behavior of the rebars. An implicit integration scheme is
employed to identify detailed dependences showing the time-dependent change in the stress-strain state
components affecting structural safety. The conclusion is that nonsymmetrical loading is the most
substantial dynamic effect, and stiff rebars can greatly increase the survivability of the system subjected to
impacts of man-induced origin.
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1. Introduction

The present-day socio-economic environment triggers the need to design structures of infrastructure,
including elements of engineering structures featuring higher mechanical safety. Safety assurance is vital
if a structure is subjected to various man-induced effects such as mechanical impacts, explosions, fires,
etc. Concrete, reinforced concrete, steel fiber reinforced concrete and other composite structures are often
subjected to such effects [1-5]. The dynamic behavior of load-bearing structures is investigated as a
function of the rate of application of dynamic load. In some cases when the dynamics of low velocities is
addressed [6, 7], the load is represented as pulses of various forms varying in time. If high velocity dynamics
is considered [8-10], dynamic load is applied explicitly, and explicit solvers are used to make the finite
element analysis of the problem. The von Mises stress is the fracture criterion for elements made of
structural steel; principal stresses, calculated using well-known models of Menétrey—Willam, Drucker—
Prager, etc., are the fracture criteria for concrete.
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Bridges and bridge structures, subjected to mechanical impacts, are investigated. A computational
tool, designed for low-speed dynamics, is employed to analyze various impacts, including those impacts
that are triggered by the movement of high-speed trains [11], collisions with heavy machinery [12], impact
interaction with ships and barges [13, 14], as well as impacts from rock falling on bridges in mountainous
areas [15, 16]. Pedestrian bridges and their structural components can also be subjected to similar impacts.
Impacts from a falling body can be effectively analyzed using technologies developed for modeling
emergency effects on buildings and structures. First of all, these are the approaches related to elements of
pull-down analysis [17—22] and methods of direct integration using implicit integration schemes [23-25].

In most cases, an increase in the safety of structures subjected to dynamic loading means an
increase in the consumption of materials or a higher damping capacity of a system. Relevant analytical
studies show that such an effect can be achieved by the targeted regulation of natural vibration frequencies
of a structure that requires special connections or a change in the stiffness of individual elements of a
system [26, 27]. However, such approaches are implemented only for the simplest beam systems made of
isotropic materials. Therefore, numerical simulation is the main tool for analyzing the rationality of design
solutions.

The modeling of loads, reproducing dynamic impacts on a structure, is also an important and relevant
problem [28—-32]. When low impact velocities are considered, two techniques can be used: the first one is
pulse loading and the second one is a combination of the lumped mass attached to a GAP element, in
which the gap value determines the height of the load fall for the case where free falling has gravitational
acceleration.

Damping is the key determinant of dynamic analysis results. Dynamic analysis can encompass
physical attenuation models and numerical damping used to stabilize the iterative process of computations.
Physical attenuation models encompass a well-known Rayleigh scheme, in which a stiffness matrix is used
to take into account internal friction forces, and a mass matrix is used to take into account resistance of the
medium. The V.N. Sidorov model [33] and the Kelvin—Voigt model are no less effective.

This paper addresses numerical modeling of a pedestrian bridge slab subjected to symmetrical and
nonsymmetrical dynamic effects. Pulse load is described by the shape of a complex polygon, reproducing
the transfer of kinetic energy of an impactor and subsequent joint oscillation of the system. The ultimate
dynamic load is determined. The danger of symmetrical and nonsymmetrical dynamic effects, the nature
of fracture, and the ability of stiff reinforcement to take load are identified.

The objective of the work is to evaluate the mechanical safety of slabs used for pedestrian bridge
spans under dynamic effects. In order to achieve this goal, the following main tasks were solved:

— creation of the structural solution with the use of rigid reinforcement for the slab structure in the
form of metal profiles (stiff rebars);

— experimental study of the slab with stiff rebars, during which the mechanical properties of the
materials and the ultimate loads were determined, allowing the design model to be verified;

— numerical modelling of the deformations of the structure under symmetrical and asymmetrical
dynamic actions, using the characteristics of the materials and the dimensions of the
experimental specimens.

2. Methods and Materials

2.1. Subject of Research and Problem Statement

The purpose of the study is to evaluate the stress-strain state and ultimate load for pedestrian bridge
slabs with stiff rebars in the case of dynamic loading. The following research program was implemented to
achieve this purpose:

— production of a pedestrian bridge slab and experimental determination of the ultimate static load;

— verification of the finite element model of the subject of research under static loading;

— development of a numerical model of a structure under dynamic loading and its analysis.

The study focuses on the deformation of a slab subjected to symmetrical and nonsymmetrical
dynamic loading that can trigger its ultimate state.

The subject of the study is a steel reinforced concrete slab of a pedestrian bridge with a metal profile
installed in the tensile zone (Fig. 1a, b). The length of the slab is 6000 mm (the distance between the bridge
supports is 5800 mm); the bridge width is 900 mm; the bridge height is 270 mm. The slab has conventional
and stiff rebars; they are two steel metal profiles, each has two parts. The bottom part is a solid metal sheet;
its thickness is 9.2 mm, and the top part is 8.0 mm thick. It is U-shaped (rotated through an angle of 180
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degrees). The lateral surface of profiles has openings with a diameter of 50 mm; they are spaced at intervals
of 100 mm. The top and bottom zones of the slab have structural rebars with a diameter of 14 mm.
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Figure 1. The subject of the study: (a) general view of a pedestrian slab: 1 — concrete,
2 — stiff rebars; 3 — flexible structural rebars, 4 — structure of supports, 5 — point of load transfer;
(b) standard cross-section of the slab; (c) finite element model of a slab.

2.2. Numerical Model of the Structure
2.2.1. Description of the finite element model

Ansys software package was used for numerical modeling purposes. Decomposition of the solid
body, describing concrete for this model, involves some difficulty due to the presence of stiff rebars in the
slab. Attempts to generate a good quality element mesh, using only rectangular 8-node finite elements,
were not successful. Therefore, the mesh was generated automatically (Fig. 1¢c). The size of the finite
element was 50 mm. Modeling of stiff rebars and concrete was performed using Solid 186 (20-node finite
element) and Solid 187 (10-node tetrahedral finite element).

2.2.2. Models of materials

The behavior of concrete was described using the Menétrey—Willam model [34]. As a rule, the
Menétrey—Willam model is better at modeling the behavior of binding aggregates, such as concrete than,
for example, the Drucker—Prager model without supplementary modifications [35, 36]. This model is based
on the theory of plastic flow.

The model of concrete has three main components:
1. A three-invariant limit surface fMW (Fig. 2), described by equation (1), where s> and s3 are the

equation parameters, controlling the shape of the meridional cross-section of the surface and
determined from yield strengths in uniaxial tension (R,), compression (RC) and biaxial

compression (Rb) [37, 38]. The limit surface conveys the strength condition of the material in the

Haig—Westergaard principal stress space. This surface has a single singularity point located at the
vertex, in the neighborhood of triaxial tension.
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Figure 2. Limit surface of the Menétrey—Willam model and basic expressions used to describe
it.

2. Plastic potential surface [35], responsible for the direction of the vector of plastic deformations,
described by equations (2)—(4), where ‘¥, is the dilatation angle of concrete in uniaxial
compression, which is the quotient of the tensor norm of plastic 3D deformations divided by the
deviator norm of plastic deformations; Bg and Cg are parameters characterizing the plastic

potential. Values of the dilatation angle, depending on the class of concrete, can be taken from
Table 1 [37].

Table 1. Dependence of the dilatation angle on the class of concrete.

Concrete B15 B20 B25 B30 B35 B40 B45 B50
class
W 4.59 5.68 6.62 7.42 8.24 9.17 9.98 11.13

3. Laws of the limit surface evolution, responsible for strengthening and softening of the material. The
model separately conveys evolution laws for compression (see Fig. 3a) and tension (see Fig. 3b).
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Figure 3. Absolute and relative stress-strain curves.
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Exponential softening in compression and tension is used to describe the behavior of concrete in the
process of softening. Values of standard stresses and plastic strains at characteristic points are employed
for this purpose. Elastic strains, obtained for relative stress (O =0.65, are subtracted from total strains,

obtained for relative stresses Q2 =1.0 and QQ =0.85. These elastic strains can be computed according to
recommendations provided in applicable regulations, such as Construction Regulations 63.13330.2018.
Fig. 3c shows the concrete diagram used in the analysis of a pedestrian bridge slab.

Concrete fracture was taken into account in the analysis. Fracture energy Gr is the parameter
characterizing the softening of material under tension [39]. This parameter conveys the amount of energy
that must be transmitted to the material to stop the transmission of stresses between the crack edges (to
completely break the atomic bonds). Graphically, this value corresponds to the Gft area in Fig. 4. The
deformation of stiff rebars was described by a multilinear dependence accompanied by hardening (Fig. 5).
Values of strains in the diagrams, conveying the behavior of steel and concrete, are assumed to be plastic
in Ansys. The elastic behavior is identified using the value of the modulus of elasticity.
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Figure 4. Fracture energy Gr and the tensile curve of concrete.
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Figure 5. Multilinear diagram of stiff rebar deformation.

Strength characteristics of concrete and steel, used in the numerical computation, were identified in
the course of an experimental study [40]. Structural slab reinforcement, made using individual (flexible)
bars, was simulated by discrete 3D finite elements REINF264. Hence, there was no need to decompose
the finite element mesh in such a way that rebar elements were connected to nodes of 3D elements
(simulating concrete). Therefore, a better mesh can be obtained for the models [41, 42]. The behavior of
conventional reinforcement steel is described by the bilinear relationship at the yield strength of 400 MPa.

2.2.3. Slab loading and support constraints

The bridge slab model was calculated for the case of the load application to two different zones
(Fig. 6), which correspond to the most dangerous points of loading.
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Figure 6. Nonsymmetrical (a) and symmetrical (b) floor slab loading.
The general idea of dynamic load application (Fig. 7a) is as follows:

— application of dead load and stabilization of vibrations (the first stage);

— pulse load increase that simulates the accelerated fall of bodies on the bridge; free fall or other
man-induced impact (the second stage);

— maximum pulse value for some period of time (the third stage);

— drop in the pulse load and vibration of the structure together with the impactor (the fourth stage).

Without considering the details of the impact load computation, the maximum value of the pulse load
was determined as 90 % of the ultimate value under static loading (determined in the first computation
step).

In terms of time, the load was applied to the floor slab in four stages (Fig. 12). Fig. 12 shows the
coefficients, by which the load constant is multiplied, meaning that the maximum value of the load is equal
to unity in the graph.

The first stage, or the application of dead load, takes 0.5 sec; the second stage, or an increase in
dynamic load, takes 0.2 sec; the third stage, or the stabilization of load at the peak value, takes 0.5 sec;
the fourth stage, or a reduction in dynamic load to 10 % of the peak value, takes 0.2 sec.

Support components are simulated by separate elements, which are in turn decomposed into two
parts: a panel and a line. The panel is hinge-fixed to the slab, and line A has a sliding hinge connection to
the panel (Fig. 7b). This way of modeling the boundary conditions better conveys the realistic behavior of
supports connected to the slab. It does not trigger any supplementary forces in the support zone and allows
for the rotation, preventing the support bending moment.
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Figure 7. Loading history (a); slab support (b).



Magazine of Civil Engineering, 18(1), 2025

2.2.4. Description of the finite element solver

Initially, computations are performed in the Ansys Static Structural module to evaluate the load-
bearing capacity of the slab under static loading. At the second stage, modal analysis (Modal analysis
module) is performed to find natural frequencies of vibration required to determine the damping properties
of the system. At the final stage needed to solve the problem of structural dynamics, the computation is
performed in the Transient Structural module, which is based on implicit schemes of integration of the
equation of motion, taking into account inertial and damping forces. An important positive property of the
Transient Structural module is that this module can be used together with the Static Structural model,
meaning that the geometry and all parameters of the material (concrete, rebars, concrete reinforcement,
etc.) can be used in computations without changes, except for setting the parameters of dynamic analysis.

The equation of motion used to analyze the dynamic response of structures [34]:

F(t)=[MNu}" +[Cl{u} +[K]{u}, (M
where [M] is the mass matrix; [C] is the damping matrix; [K] is the stiffness matrix; F(t) is the load;

{u}" is the nodal acceleration vector; {u}' is the nodal velocity vector; {u} is the node displacement
vector.

At any point in time, these equations can be represented as a set of “static” equilibrium equations

that also take into account forces of inertia [M]{u}’) and forces of damping ([C]{u}') The Transient

Structural module uses the Newmark time integration method to solve equations at discrete points in time.
Damping is one of the main computation parameters for dynamic loading. Two types of damping, numerical
and physical damping, are available in the Ansys software package.

Numerical (artificial) damping is necessary to stabilize problem solving. There are several types of
settings for the Newmark o and 3 parameter method that use the same system of equations:

8:%+y; a=i(1+y)2, @

where 7 is the value of numerical damping.

The value of numerical damping is constant depending on the selected type of solver setting, namely:
Impact —y =0; High speed dynamics —y =0.005; Moderate speed dynamics —y =0.1; Low speed
dynamics —y =0.414.

Rayleigh constants o. and 3 were used to take into account physical damping. These constants,

multiplied by the mass matrix [M] and the stiffness matrix [K], are used to compute the damping matrix
[€]:
[C]=a[M]+B[K]. 3)

In Ansys, two approaches, including “Direct input” and “Damping vs Frequency”, can be used to take
into account physical damping. In the first approach, Rayleigh alpha and beta coefficients are input directly,
meaning that they have specific values. In this computation, the second approach is used, where the natural

frequency of vibration (0)) is applied; the damping coefficient (2’;) equals 0.05 for reinforced concrete; the

alpha coefficient equals zero (given that the external environment has no effect), and the beta coefficient
is automatically determined in the solver using the formula:

p=2= @

w

The frequency of natural vibrations of the bridge slab was determined in the module “Modal analysis”,
and it equals 14.3 Hz.
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2.3. Experimental Verification of the Numerical Model of the Structure

Computations were made to verify the results obtained using the numerical model. The conditions
and characteristics of these computations corresponded to the experimental tests described in detail in
[40]. The computation model had the following characteristics of materials obtained during the test: cylinder
strength of concrete — 32.17 MPa; yield strength and ultimate tensile strength of stiff steel rebars — 315 MPa
and 396 MPa, respectively; yield strength of flexible rebars — 355 MPa.

Fig. 8 shows the graphical dependence between slab deflection and load in the experimental
specimen and numerical model.
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Figure 8. Dependence between deflection and load in experimental and numerical models.

The comparative analysis of (1) load-deflection dependencies for experimental specimens and (2)
the results of numerical computation are in good agreement. The discrepancy between deflection values is
3 %; the discrepancy between values of the fracture force does not exceed 24 %. It confirms the proper
modeling of strength and stiffness characteristics of materials, types of finite elements, boundary conditions,
models simulating the behavior of concrete and rebars, and, as a result, it allows for reliable numerical
studies of these models by changing the type and area of application of loads. The general view of
experimental specimens and the course of the experiment is shown in Fig. 9.
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c d

Figure 9. Experimental testing of the pedestrian bridge slab: general view of the testing bench (a),
load application scheme (b), reinforcement frame (c), testing the cube and cylinder strength
of concrete specimens (d).

The compressive strength of the concrete specimens (Fig. 9d) and the tensile strength of the rebars
were experimentally determined earlier. Then pedestrian slab specimens were fabricated. Their
reinforcement scheme is shown in Fig. 9c. Slab specimens were mounted on a steel frame (Fig. 9a) and
subjected to ultimate static loading using two power generation units (Fig. 9b). Experimentally determined
mechanical characteristics of materials and average measured values of 3D dimensions of the specimen
were used in the computations.

3. Results and Discussion

The ultimate load and deflections under symmetrical and nonsymmetrical loading are determined
from the results of numerical computations of models subjected to static and dynamic loading. Under
nonsymmetrical loading, the maximum static ultimate load and deflection values are 318.3 kN and
55.8 mm; under dynamic loading, they equal 345.2 kN and 53.41 mm. Under symmetrical loading, the
maximum static ultimate load and deflection values are 291.1 kN and 52.1 mm; under dynamic loading —
331.7 kN and 42.8 mm.

Figs. 10a, 10b show the ultimate static load under symmetrical and nonsymmetrical loading.
Figs. 10c, 10d show a time change in deflection (f-c) and actual load (N-c). On average, the ultimate value
of deflection under nonsymmetrical loading was 30 % higher than under symmetrical loading, and the
discrepancy between values of ultimate dynamic load did not exceed 10 %, which translates into a greater
danger of nonsymmetrical emergency effects for such structures.
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Figure 10. Time change in deflection (a) and load (b);
N-f dependence under static (c) and dynamic (d) loading.

Fig. 11 shows the value of stresses arising in concrete and stiff rebars in the middle of the slab span
for a standard cross-section under maximum dynamic loading. For nonsymmetrical loading, stress is 1.28
times the cylinder strength, which can be interpreted as the onset of concrete fracture in the top zone of
the slab. For symmetrical loading, stresses do not exceed the cylinder strength. However for symmetrical
loading, the bottom part of both stiff rebars, capable of resisting loads, is subjected to great plastic
deformations, and is in the hardening zone with a bearing capacity margin of 13 % at the maximum
resistance of 390 MPa. In case of nonsymmetrical loading, the behavior of the left stiff rod is elastic, while
the right one has a 12 % safety margin for the maximum resistance. It confirms that dynamic
nonsymmetrical loading is particularly dangerous in terms of the ultimate limit state of the structure. In
addition to standard stresses, used for the preliminary evaluation of the stressed state of concrete and
rebars, von Mises equivalent stresses in stiff rebars were computed, and the same about principal stresses

O] — O3 in concrete. The stress state of slab elements is the same as when only standard stresses are
analyzed.

When the time change in standard stresses was analyzed according to Fig. 7a, the following
characteristic states were considered:

— load in the course of normal operation (t = 0.5 c¢);

— anincrease in dynamic loading up to the peak value (t = 0.7 c);

— maximum dynamic load (t = 1.2 ¢);

— the de-loading moment: the onset of vibrations together with the impactor (t = 1.4 c).

The distribution of stresses in the structure, corresponding to these moments in time, is shown in
Fig. 12. The analysis of the figure shows that stresses in concrete do not stabilize at the moments of onset
and termination of the peak dynamic load; on the contrary, they rise.
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and nonsymmetrical loading (b).
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This indicates the importance of taking into account the time of application of peak dynamic load: if
applied for a period longer than 1.2 — 0.7 = 0.5 s, it may lead to the collapse of the structure. In addition, at
the moment of de-loading, tensile stresses, essential for cracking, emerge in the middle of the slab. The
bottom zone of the slab is compressed. As a result of the further analysis of joint vibrations, the concrete
tensile zone extends to the top part of the slab in the neighborhood of the area of dynamic load application.
Hence, a conclusion can be made that the collapse of this structure predominantly follows the concrete
fracture pattern.

3.1. Discussion

The use of stiff rebars in bending reinforced concrete elements nearly prevents the complete
emergency collapse of structures, meaning that an increase in structural survivability can be discussed.
This property was verified by making additional computations of pre-set displacements under static loading.
Following the loss of bond with concrete in the bottom zone, the behavior of stiff slab rebars becomes
similar to that of a beam, and later it behaves as a cable-stayed mechanism. In this case, its bearing
capacity is determined by the bearing capacity of the profile of stiff rebars. Indeed, the slab preserved its
bearing capacity, even when it was loaded by pre-set displacements up to 30 cm. Local rules and
regulations have a deflection-based criterion of survivability; it equals 1/30 of the span. In the case under
consideration, 600/30 = 20 cm, but when the loading of the structure triggered a deflection of 30 cm, the
load-bearing capacity of stiff rebars was far from exhaustion. This allows us to suggest expanding and
clarifying the survivability criteria for structures with stiff rebars.

The initial value of the dynamic load, needed to identify its limit value, was taken as 90 % of the static
load value, but according to the computation results, the maximum value exceeded the static value by
8,5 % under nonsymmetrical loading and by 14 % under symmetrical loading, which may be due to inertial
effects and hardening of materials.
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The conducted research has promising prospects for comparing the accuracy of concrete models in

the simulation of bridge structures. For instance, instead of the model used in [39], the models described
in [37, 38] could be applied. Of particular interest is the simulation of the bond between concrete and rigid
reinforcement. For this, the assumptions from the review [36] could be used, with the criterion in this work
being evaluated based on the cohesion stress in the area of the stiff rebars. Since the surface area of the
profile in contact with the concrete is large, no loss of bond between the concrete and reinforcement was
observed in the calculations considered. Future studies will explore other profile shapes described in the
article [40].

4. Conclusion

1. A numerical modeling method is proposed to simulate the stress-strain state of slabs of pedestrian
bridges with stiff rebars. This method encompasses the use of experimentally verified 3D finite
element schemes that allow taking into account the actual behavior of these structures.

2. ltis identified that nonsymmetrical emergency effects are most dangerous for slabs and lead to
structural concrete failure in the area of dynamic loading.

3. Stiff rebars are proven to be highly efficient for the bending elements considered in this article. It is
found that stiff rebars prevent the complete fracture of a structure; they can rise the structural
resistance to mechanical damage and the general level of mechanical safety of structures.

4. The survivability margin of these reinforced concrete slabs with stiff rebars is up to 50 % in terms

of deflection constraints regulated by domestic and foreign standards.
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