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Abstract. The paper presents a computer modelling technique for modernization of bridgework operations
by building-up a mounted reinforced concrete slab. It implements the technique of the evolutionary
transformation of a model in one calculation cycle with redistribution of forces between the elements of the
built-up section, and consideration of the impact of elastoplastic and rheological properties of the materials.
Consideration of the concrete creep implies the application of the generalized kinetic curve of prolonged
deformation and phenomenological deformation development equations based on the colloid-chemical
concept of the prolonged concrete deformation mechanism. The creep control was implemented through
new structural coefficients which determined the structure of matrix interlayers between the sand grains,
and mortar between the crushed stone grains. The technique proposed was realized in the program complex
“LIRA-SAPR” based on the building information modelling (BIM) and the finite element method (FEM).
The multistage modelling technique was shown by an example of calculation of a motorway bridge slab
span within the transport structures under modernization along the Lev Landau Avenue in Kharkiv
(Ukraine).

most acute as in operation their key connections often
damage.

The efficiency of span modernization with a mounted
slab is calculated in the design stage, and, first of all,
depends on the model adequacy. However, the existing
building norms of Ukraine [1] do not provide this design
procedure which complicates the application of the
modernization method. The paper deals with practical
experience in finite-element modelling of the span
operation through an example of road overpass
considering the operation stages from the current state to

1 Introduction

According to the State Agency of Automobile Roads of
Ukraine, the total length of the road network in Ukraine is
over 172000 kilometers. And in the long term we are
going to witness both dynamic construction of new roads
and modernization of existing ones in order to handle
much heavier traffic flows which may lead to greater
loads on engineering structures including bridges and
overpasses. At the same time, we constantly notice the
overrunning of the building norms and basic loads with

which new and existing bridgeworks should conform. In
turn, change in the building norms and increase in the
loads from transportation means may require
modernization of spans and bring their loading capacity
into conformity with the requirements. Besides,
bridgeworks constantly suffer from various defects and
damages due to the climatic conditions and unavoidable
physical depreciation.

At present, in Ukraine a great many existing road
bridgeworks do not satisfy the modern requirements for
carrying capacity, traffic area dimensions and engineering
state. One of the most common modernization techniques
for bridge spans is the building-up of a mounted solid
concrete reinforced slab. The advantage of this
reinforcement technique is the monolithic action of the
prefabricated span elements in transverse direction, which
increases the carrying capacity and eliminates “the key
effect”. For slab spans of road bridges this problem is
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latest service life periods after modernization. The
technique proposed implements the evolutionary
transformation of a model in one calculation cycle with
consideration of the impact of elastoplastic and
rheological properties of the materials.

2 A model of the span operation

2.1 Problem statement

The effect of the increased carrying capacity of a span by
building-up a mounted slab depends on the technological
maintenance diagrams accepted and existing technical
state of the structure. Taking into account that the
mounted slab in modernization is put into operation for
the second part of the constant and the temporary loads,
the calculation was done non-linearly considering
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changes in the structure. And at each stage of the
evolutionary changes the calculation should be done for a
corresponding construction diagram considering the
mounted elements. For this case the design procedure
considered three mounting stages (Fig. 1) and
redistribution of forces as a result of the structural changes
and concrete creep. The effect of the concrete creep was
considered on the basis of a method developed by the
authors and proven to be effective in earlier research into
composite [2] and concrete structures [3].

Anchor with mixture

Sika Grout 311 Mounted slab Stage1 Stage2  Stage3

|
~ ~ P:c I * / ~
|
t
|
L _[]
I |—| —
1 |
|
|
|
X e Asede / XX
7
Slab #384/25

Fig. 1. Stages of the span operation.

The first stage involves the loading of the existing
span elements with the first part of the constant loads
consisting of the weight of the initial and built-up
elements (a mounted slab), as well as the forces of the
reinforcement pre-stress. The second stage puts the
mounted slab into operation, and the composite section
bears the additional loads from the weight of the road
pavement, sidewalk blocks and road guards. The third
stage implies the combination of constant and temporary
loads. Here, the carrying capacity is assessed separately
for the existing elements of the span and the
reinforcement elements.

Generally, the design of transport facilities at present
assumes the application of industrial program complexes
as the basic computer modelling tool. The method
proposed was fully realized with the program complex
LIRA-SAPR [4]. The extensive library of finite elements
(FE), support of the non-linecar material behavior and
powerful analyzing tools provided the needed
functionality in the numerical analysis of reinforced
structures.

2.2 The concrete creep

Numerous experiments demonstrate that concrete-based
structures under long-term loads suffer from non-elastic
deformations, which can exceed the initial conditionally
elastic ones several times. But for bridge works of
reinforced concrete and composite structures the problem
of concrete creep is most acute. Thus, the problems of
long-term deformation forecasting for bridge works, as
well as synchronous redistribution of loads in the
composite sections of spans, are rather urgent.

The existing creep theories widely use two approaches
in forecasting long-term deformations. According to the
first one, material behavior is based on mechanical

systems made of combination of elements intended for
mechanical property modelling (module of elasticity and
viscosity coefficient). The second approach, the
phenomenological one, is based on experimental data
establishing dependencies between deformations and time
(creep curves) or stress and time (relaxation curves). The
existing phenomenological theories, despite the success
achieved, do not accurately consider concrete creep
deformations. Particularly, the most general hereditary
theory of concrete ageing connects residual deformations
with ageing only, excluding the part of residual
deformation which is the result of the stresses and change
in the concrete structure.

The Building Norms of Ukraine, harmonized with
Eurocode 2 [5], are based on the simplest approach
establishing dependencies between deformations and time
with the creep coefficient ¢(t, 7). According to this
method, ultimate deformations of creep depend on
concrete strength, age and relative moisture, and creep
development in time ¢ depends on the relative moisture
and section size:

6o, =0, E[1+ 0, Blt.1,), (1)

where (¢, ty) is coefficient describing the development of
creep over time; ) — age of the concrete at the time of the
first load.

The method realizes 90% of concrete creep
deformations in a life span of 20-25 years. Despite its
advantages, this method cannot reveal the actual
mechanism of long-term deformations of concrete, and
thus, does not allow us to control the mechanism and
influence the ultimate values of creep deformations.

Since alternative methods to consider the creep can be
applied with special software, we propose a method based
on the colloidal chemical representation of the mechanism
of long-term concrete deformations [3].

The theory is based on a more accurate representation
of the kinetic concrete deformation curve (Fig. 2). On the
basis of the findings of the study, the equations of
deformation development were obtained depending on
four stages of concrete performance: compression in the
conditionally elastic setting, the stage of high-rate creep
(1), ordinary creep, consisting of nonlinear (2) and linear
(3) parts, as well as long-term creep (4).
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Fig. 2. The generalized kinetic concrete creep nomogram.
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In accordance with Fig. 2, the pattern of the long-term
deformation of the concrete under compression and the
general concrete deformation equation take the form:

& =&y H A&y + A, + Mgy +Agy,. 2)

The specific equations simulating deformation
kinetics at each of the above stages:
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where T, T are relaxation time according to the

Tertsagi’s dispersion phase model on the exponential

deformation stages; k. ,k; — kinetic coefficients

reflecting a rate of general (on the linear section) and
long-term creep deformation.

In view of the latter, the expression for determining
the creep coefficient at any concrete deformation stage
takes the form:

o) = |_‘9c Ok Ec,yJ/ Ee,y S

The total relative  concrete  deformations,
corresponding to the completion of the high-rate (¢;.) and
ordinary (&onc, €oic) Creep stages, are determined on the
basis of the hypothesis about the behaviour mechanism of
submicroscopic structure of the concrete consisting of
electrically charged particles (globules) of hydrosilicate
gel when it is exposed to compressing load. It is assumed
that ultimate creep deformations are determined by gel
deformations due to compression of a double electric
layer, water filtration from the compressed areas of the
construction into those stretched according to the
pressureless water penetration law, while the long-term
creep kinetics depends on the scale factor during filtration
of water squeezing from the gel.

Creep deformations can be controlled through new
structural coefficients determining the structure of cement
stone layers between the sand and mortar grains between
chip grains [3]:
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The best coefficients a,, and u,,, were obtained under
the condition of the fullest contact, which decreases
disjoining pressure and, respectively, compressive
deformations and hair cracks.

3 Realization of the method

3.1 Constructive solution

The design calculation of an overpass within the transport
structures under modernization along the Lev Landau
Avenue in Kharkiv (Ukraine) is an example of a
multistage modelling technique proposed. The span
consists of 31 pre-stressed slabs of a length of 12m and a
thickness of 600 mm with oval hallows. The carrying
structures are made for loads H-30 (the load from a
convoy of 50-ton trucks) and HK-80 (the wheel load from
a convoy of 80-ton trucks) in accordance with a standard
project of series 3.503-12 inventory # 384/25
“Soiuzdorproekt”. The ultimate bending moment of the
section in accordance with the standard design is

M, = 541.3 kNm with the consideration of the partial loss

of concrete strength being M,s = 520.66 kNm. According
to the routine inspection of the technical state and
calculations, the experts recommended refurbishment of
the overpass due to its disabled state (State 5 by
Classification [6]).

The span modernization involved (Fig. 1) the installation
of a solid reinforced concrete mounted slab with a
minimal thickness of 150 mm put into operation with the
existing span slabs with anchors. The anchors were fixed
in restored monolithic sections of the seams with the self-
leveling cement epoxy mixture SikaGrout 311. The slab
was installed without preliminary unloading of the spans.

3.2 The design diagram

The following hypotheses were taken for designing a
finite element model of the span.
1. The existing span slabs were modelled with universal
spatial axial FEs considering physical non-linearity. The
mounted slab was modelled with FEs of thin shallow
shells as a biomaterial system of isotope physically-
nonlinear materials.
2. The flexibility of links between the sectional elements
was provided with resilient filling pieces of constant
rigidity in shearing, which physically modelled the anchor
devices. The pre-stress forces of the reinforcement were
set with a group of FEs “hung” to the rods with rigid
filling pieces.
3. The structural non-linearity of the system was revealed
with the design method “Mounting” which considered the
evolutionary transformations. Besides, each building
stage had the finite elements specified for it. And the load
corresponding to this stage was calculated. For finite
elements included for several stages all the efforts were
summed up.
4. The concrete strength and stress-strain behaviour were
characterized by parabolical and linear stress-strain
diagrams o.— & according to the grade, and also by long-
term deformation diagrams ¢(f) — ¢. In order to consider
the reinforcement steel, the diagram oy — & without the
yield line was applied.

The span model was made according to statistically
determinate diagram and hinged edges.
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Generally, the design diagram was drawn up of
materially nonlinear FEs of slabs simulating operation of
the mounted slab, FE grid frameworks, a group of rigid
inserts to transfer forces of pre-tension and a group of
flexible inserts for “hanging” precast elements of the
existing span (Fig. 3).

finite elements of
the mounted slab

flexible insert of the
mounted slab

finite elements of
the existing slabs

rigid insert of the
stressed reinforcement

Fig. 3. A fragment of the span model.

The triangulation diagram was obtained as the solution
of a separate task to seek a compromise between time and
calculation accuracy.

The calculation was done using the iterative and
incremental method by three mounting stages considering
the creep at two first stages (Fig. 1). The number of
loading steps at each mounting stage was 50, and the
increase at each step was irregular. The shear rigidity
along the contact of the composite section was defined by
the number and types of anchors.

The creep calculation considered the relative humidity
RH = 74% and the age of concrete of the mounted slab to
be 28 days. The creep nomograms obtained according to
[5] and the method proposed are presented in Fig. 4. The
software specified the dependency proposed in the
description of the stress-strain properties of the concrete
as the axis set of a piecewise linear diagram.
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Fig. 4. The creep nomograms obtained in accordance with
Eurocode 2 and the method proposed (TCC — stands for the
theory of colloid chemistry).

3.3 The results of the calculation

First and foremost, the calculation objective was a
selection of the rational size of the mounted slab at a given
concrete grade providing due operability of the overpass
(State 3 by Classification [6]) at minimal added dead
weight of the span.

The operational states of bridges presented in the
Ukrainian Building Norms are classified by a safety
indicator according to the reliability evaluation model put
forward by A.R. Rzhanitsin [7]

__r-1
p= — (6)
Vy+vv;

Formula y presents the mathematical expectation of
the generalized safety coefficient, which, in this case, can
be represented as the relation of the ultimate moment M,
to the design moment of the existing span elements M,

_ MuBr
MyB,’

4 (7

where V, and V. are generalized coefficients of influences
and resistances

B. = ! ; B, = ! . ®)
1-1.64v, " 7 1+1.64V,

The generalized coefficients of the variations are
defined by the general formulae of quadratic deviation of
the sum of mutually independent variables taken by
statistical models of loading and resistance of the system.

Thus, the adopted statistical models are presented in
Tables 1 and 2.

Table 1. The statistical model of effects.

Random factor Vyq
Dead weight of the span 0.033
Bogie load A-11 0.17
Uniform load A-11 0.24
Roadway and pavement load 0.17
Pedestrian load 0.24
Cross-section moment 0.0229
Cross-section area 0.0237
Eccentricity of pre-stress forces 0.0167
Shrinkage and creep effect 0.03
Table 2. The resistance statistical model.
Random factor Ve
Cross-section moment 0.03
Cross-section area 0.0237
Concrete strength of the mounted slab 0.082
Mounted slab reinforcement 0.035
Concrete strength of span slabs 0.117
Span reinforcement 0.05
Influence line length 0.0465
Uncertainty factor of the model 0.02

In order to define the mathematical expectation of the
generalized safety factor the span was loaded with various
combinations of temporary loads by diagrams H-30
(according to Building Specifications CH 200-62), A-11
(the load from a convoy of two-axle 22-ton trucks) and
HK-80 (according to State Building Norms in Production
JIBH B.1.2-15:2009). The reliability was evaluated by the
maximum design moment in the existing span slabs M,
and was equal to 514.8 kNm (Table 3).
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Table 3. Results of the calculation.

Constant loads ‘ A-11 ‘ HK-80 | H-30
Force
kNm
M 323.9 602.2 483.3 524.4
Mo 366.3 643.4 532.3 591.7
My 351.7 514.8 453.5 493.2
Mg 14.6 128.6 78.8 98.5

The results of the calculation are presented in the
paper as force lines, obtained by the method of finite
elements built for the vulnerable section of a span (Fig. 5).
Generally, the vulnerable section was situated in the
middle of the slab and searched by changing the
temporary loads along and across the traffic way. The
summary data of the calculation with a consideration of a
900-day long-term creep are given in Table 3. The
maximum bending moment in slabs for the initial
structural state M;,;; was defined as a solution to a separate
task. The bending moment to the mounted slab M,,;; was
defined as the difference between the total moment M,
and the moment to the existing slabs M.
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Fig. 5. The force lines (moments) for the existing span slabs
after the modernization.

On the basis of the load calculation made and statistic
models taken, the authors calculated the safety factor. In
this case the values were: V, = 0.4243; V., = 0.1679;
B,=0.5896; B, = 1.3799; y=2.4607; = 2.4665. Later,
by means of the tables of Laplace transforms, the
reliability was evaluated as equal to P =0.9931. Thus, the
probability of a trouble-free operation of the overpass
corresponded to Operational State 3.

The result obtained corresponded to a thickness of the
mounted slab of 150 mm, which was obtained by stepwise
approximation. The diagram and parameters of the
mounted slab reinforcement were set for each design
cycle according to the acting loads.

As the calculation demonstrated, consideration of
evolutionary changes in the span model led to a lower
impact of the mounted slab on the carrying capacity of the
modernized structure. A fraction of the total bending
moment from all constant loads and sustained by a
mounted slab was 4%, the same from the load A-11
according to the diagram (with consideration of the
constant load and passersby) was 20%, from the load
HK-80 it was 15%, and from the load H-30 it was 17%.

4 Conclusion

The modelling method proposed made it possible to
establish the real carrying capacity of the overpass after
modernization and assign the most effective
reinforcement structure satisfying the present loads of
HK-80 and A-11.

The taken approach to consider the creep included the
control algorithm through the structural properties of
concrete. It was established that long-term processes in
the composite section influenced the stress-strain
behavior. The efficiency of the modernization method
does not decrease with time, and depends on a rational
concrete mix and the optimum correlation of the structural
parameters.
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