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Abstract

This paper presents the numerical modelling ohgfiteening a steel-concrete composite
beam. The main assumption is that the strengtheisingt the effect of the state of
a failure of a structure, but it resulted from tred to increase the load-bearing capacity
and stiffness of the structure (for example: duetohange in the use of the object).
The expected solution is strengthening without ibeessity to completely unload the
structures (to reduce the scope of works, the abstodernization and to shorten the
time). The problem is presented on the example aomposite beam which was
strengthened through welding a steel plate to twel flange of the steel beam.
The paper describes how energy parameters are tosedaluate the efficiency of
structures’ strengthening and proposes an apptesaution.

Keywords: Finite element method, composite beansgngthening, non-linear
analysis

1. INTRODUCTION

The subject of the paper is a detailed analysighef effectiveness of the
strengthening process of steel-concrete composiamb. For a designer,
strengthening of a structure is often a much mdffecalt task than designing
a new structure. The level of difficulty additiolyaincreases when we deal with
a structure consisting of two materials thatedisignificantly in terms of
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mechanical properties, such as e.g. ductile statbaittle concrete. Therefore,
this kind of problem, combining problems known frahe strengthening of
traditional steel structures and classical reiréddrconcrete structures became
the object of interest of the authors. It was asxlinm this paper that the
analysed beams were part of a building and engmgetructures excluding
bridges, and therefore it was possible to exterdatialysis to the plastic range.
This assumption, by taking into account the reitlistron of stresses between
components, significantly increases the efficierfythe whole process of
strengthening. It was also assumed that the stiengtg was not the effect of
the state of failure of the structure but it résadilfrom the need to increase the
load-bearing capacity and stiffness of the streceug. due to a change in the
use of the object. In such a situation it is impottfrom the point of view of an
investor that the modernised facility is excludeshi the operation for as short
time as possible and the scope of works is as sasgtlossible. Therefore, the
paper analyses the possibility of strengthening dtracture with its partial
loading up to the value of permanent load and agfamposed loads.

2. NUMERICAL MODELLING

2.1. Composite beam

The above problem was analysed based on the exahpleseries of simply
supported composite beams with lengths from 4 nweters. A general view
of the adopted models is shown in Fig. 1.

Flexible connection
shear studs 13x75mm

Reinforced slab 700x90mm
Concrete C25/30

IPE200 profile
steel S235IR

Steel plate
(strengthening)

Fig. 1. General view of the analysed model
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The same cross-section was a common feature dbahms. A slab with the
dimensions of 700x90 mm was designed of C25/30 rev@cand reinforced
with two meshes made 6f8 mm bars. The steel beam was formed of IPE200
rolled section made of S235JR steel. The conneetas obtained with the use
of KIJCO SD shear studs with the size of 13x75mm. Thenbs#h the length

of 5 metres was also made physically as an expatahenodel, aiming at
verifying the created numerical model. Four idegititeams were made, which
then would be strengthened in such a way as tarohtmut a 50% increase in
the load-bearing capacity. Fig. 2 shows the tedtagity with the first of the
analysed beams.

aea g i
Fig. 2. The testing facility with the first of tfenalysed beams

2.2. Materials

The conducted numerical analyses included thediaksstic range of the beam
performance during which strengthening took plazevall as non-linear range
covering plasticising and destruction of the elemEbr this reason an attempt
was made to more accurately describe the physagad bf the materials used.
A series of material tests were carried out, stgriiom typical standard testing
and ending with advanced strain gauging. The stasimodelled as an elastic-
plastic material with a yield point and strain hemthg (three-line model).
The concrete was described using Concrete Damagéditly Model [1], which
allows description of the behaviour of the concret¢h in compression and
tension. Fig. 3 shows images of example materstlrg and finally obtained
material model parameters.
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Fig. 3. Physical laws of materials
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2.3. Selected aspects of modelling

Based on the above assumptions numerical modeleainalysed beams were
created in the Abaqus/CAE software. They are peecispatial, three-
dimensional models, taking into account the madtedamd geometric
nonlinearities. Figure 4 shows a view of the disenmodel broken down into
individual elements. An important part of the modelthe beam elements
mounted on the upper flange of the I-section wlith dimensions and spacing
identical to the shear studs used in practice. dleésments were "embedded"
in the reinforced concrete slab, which enabledesgmtation of the practically
executed flexible shear connection. A similar tégha was used in the
embedding of the reinforcement mesh in the concetad. Although the
reinforced concrete slab is compressed as an asisunfqut the reinforcement
used here fulfils a coupling function, clearly rethg the tensile stress state in
the concrete in the surrounding of the shear stéidsevenly distributed load
was applied in all numerical analyses.
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Fig. 4. Discrete model of the composite beam

3. SIMULATION OF THE STRENGTHENING PROCESS

Increase in the load capacity and stiffness of ¢henposite beam can be
effected in many ways. It is possible to enlarge shrface of the tensed steel
section or the compressed concrete part as wath akange the static graph,
e.g. by making continuous a series of individuahrbs. Enlargement of the
cross-sectional area can be carried out by addinmtarial having the same
properties as the base material i.e. respectivelyugh welding on of a steel
plate or a rolled section or by placing of an addil layer of a concrete

overlay unit adequately connected with the origir@hforced concrete slab.
Very good results can also be achieved by usingoratapes (CFRP) that are
more and more popular in the construction industyich was shown in many

publications, e.g. [4]. The choice of the methodyrdapend on many factors
beyond the control of the designer such as thesadrethe structural elements
or the possibility to carry out construction workiowever, if such restrictions

do not exist, we may carefully analyse which opi®more advantageous. The
analysed beam was designed so as the elastic Inexigas at the height of the
plane of the connection, allowing for the best of¢he embedded material.
The neutral axis within the plastic range movestlie direction of the

reinforced concrete slab, and therefore the bearssesection adopted in the
tests determines the usefulness of strengthenirigdogasing the steel part of
the cross-section. The strengthening was acconaglitfirough welding a steel
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plate to the lower flange of the steel beam (FigZ®r technological reasons —
to allow welding in the flat position — the widthi 20 mm was assumed for the
strengthening plates (the width of the I-sectioanfle is 100 mm). The
thickness of the plate and its length and totallihe weight and the costs —
became variables in the conducted parametric analys

evenly distributed load

R

A JAY

b length of plate b

length of beam: 5 - 8m

Fig. 5. The static scheme of the analysed beams

The paper also includes the possibility of streagihg in the situation of
a partial structure effort, which is not a typiealgineering practice. Such a way
of strengthening can significantly shorten the tiamed reduce the costs of
execution of construction works. While deciding tbe strengthening of the
structure under load, a question arises: at whial level should it be done and
how will it affect the effectiveness of the exealteorks? It is possible to carry
out strengthening under full load or with applioatiof partial relief. It is also
possible to use of special "active supports” ainsihgeduction of the deflection
value and even to introduce a small reverse déflegrior to strengthening [2].
Fig. 6 shows example static equlibrium paths faheaf the described solutions
(for the 5m beam strengthened by the 3,2m lengthl®mm thickness plate).
Starting from the introduction of the reverse detilen through comparable
graph without load up to the strengthening at d&fifie load levels it is clear that
the load value at the time of strengthening dodsaffect the ultimate limit
state of the strengthened structure. On the otaed,hthe operations presented
above clearly affect the value of deflection of #teengthened element. Thus,
taking into account the serviceability limit stateese operations are highly
justifiable. In the depicted static equlibrium patiere is a clear point where
the strengthening takes place. From this pointgmifitant increase in the
structure stiffness is clearly seen as shown byirtbeease in the angle of the
graph inclination with respect to the axes of dispiment.
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Fig. 6. Static equlibrium paths for different lol@dels during strengthening

The aim of the conducted analyses was to obtaplwien that maximises the
load-bearing capacity and stiffness of the strectising the minimum required
amount of the material additionally embedded inte structure. For this
purpose, the impact of the thickness and the leafjthe strengthening plate on
the variability of the two parameters obtained tigio the FEA simulation in the
Abaqus software was analysed, i.e. the load-beamagacity of the

strengthened beam and the values of the elastio €nergy.
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Fig. 7. Variation of energy and load capacity f& metre-long beam strengthened with
plates of different lengths

Fig. 7 shows an example variation of these parasiébe a 6 metre-long beam
strengthened with plates of different lengths with thickness of 10 mm. The
clearly visible energy extreme coincides with reaghthe maximum load-

bearing capacity of the beam. The increase inghgth of the plate above the
length corresponding to the energy extreme doesncot¢ase the load-bearing
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capacity or even prevents the redistribution adstes between the strengthened
and the strengthening elements. In this case, ribegg parameter is proposed
as a measure of an optimum solution for the stregtd beam. The correctness
of the adopted parameter is shown in more detaliar{3] paper.

4. RESULTS

The analysis of the variability of the elastic stranergy shown in Figure 7 was
carried out for different lengths of the beams pb46, 7 and 8 metres. Plates
with the thicknesses from 6 up to 30 mm and thgtlenfrom 30 up to 100% of
the beam span were taken into account. Totally,entban 700 computation
models were considered. An example graph of eneaggtion for the 6 metre
long beam strengthened with plates of all thickessand lengths under
consideration is shown in the Figure 8.

Increase in energy [%]

2,0 2,5 3,0 35 40 45 50 55 6,0
Length of plate [m]

Fig. 8. Energy increase against the length of theegor various thicknesses
of the “plate

The presented graph shows that the location obgitenum solution, i.e. the
energy extreme depends on the thickness of thengthening plate. The
increase in the thickness of the plate makes iésgary to use it with a greater
length to obtain the optimum solution. Based ors tfiiaph a curve can be
plotted, defining the dependence of the optimunutgmh on the two variables
of the conducted analysis: the length and thickdédke plate. The summary
breakdown of the results obtained for all the asedylengths of the beams is
shown in Fig. 9. Unfortunately, for the shortestims it was not possible to
obtain solutions for all plate thicknesses. Witk thcrease in the thickness of
the plates the sought extreme becomes less andlésss Adoption of a plate



NUMERICAL MODELLING OF THE STRENGTHENING PROCESS 107
OF STEEL-CONCRETE COMPOSITE BEAMS

thicker than 18 mm for 4 metre long beam and 24fomthe 5 metre long beam
results in the lack of extreme. For beams withlémgths of 6 to 8 metres the
plate thicknesses greater than 30 mm were not deresl as welding of such
plates with fillet weld would be difficult from thiechnological point of view.
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Fig. 9. Optimal dimensions of the strengthenindgefar different lengths of the beam
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The analysis in Fig. 9 shows an obvious need feruse of longer plates with
beams of a larger span. However, referencing thgtls of the plates to the
beam span (Fig. 10) shows that this dependencetifinear. It is clear that
shorter beams require the use of relatively lompdgtes.
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Fig. 10. Optimal dimensions of the strengthenirgggfor different lengths of the beam
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On the other hand, with increase in the lengtheflieam the optimum solution
begins to reach a certain constant level, whiclthis case was reached with
beams 7 and 8 metres long.

It should also be noted that in each of the andlgsses, the use of plates with
the lengths of more than 85% of the beam does minlg bmeasurable

advantages. The obtained results are even moreraviid the following figure
(Fig. 11).
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Fig. 11. Curves of the desired length of the ptitpending on its thickness
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It includes examples of curves of the desired lerajtthe plate depending on
its thickness. A clear increase in the requiredtlerof the strengthening plate is
clearly seen here for the shortest analysed beams.

The obtained results translate into a specific athaf steel needed to be
embedded into the modernised facility. This relaitip is shown in Fig. 12 as
the relation between the increase in the load-bgarapacity and the increase
in the weight of the strengthened beam. The figsinews a clear trend

indicating that it is the longest beams that arst lzdle to "use" the newly

embedded material. At the same level of the ineréasveight, each additional

longer beam shows greater increase in the loadrgeeapacity.

5. CONCLUSIONS

During preparation of a design of strengthening btiilding facility one should
consider carrying out the works with partial effoftthe structure, which can
reduce the time and the costs of investment and doeaffect the final load-
bearing capacity of strengthened element. Also thmensions of the
strengthening elements are worth careful examinatidhe optimum size of
the plate is a function of many variables. The Itesiso depends, inter alia, on
the thickness and the length of the plate usedtlamdelative proportion of the
beam length to its cross section. The use of el&n&hich are too short can
significantly reduce the expected effect of strbeging; use of parts which
aretoo long does not bring the expected resuleeith the analysed cases, the
optimum lengths of the plates were within the raafjd5 to 85% of the length
of the strengthened beam.
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NUMERYCZNE MODELOWANIE PROCESU WZMACNIANIA
STALOWO-BETONOWYCH BELEK ZESPOLONYCH

Streszczenie

Przedmiotem pracy jest analiza numeryczna przebpgguesu wzmacniania stalowo-
betonowej belki zespolonej. Podstawowym zatoem jestze konstrukcja nie znajduje
sie w stanie awaryjnym, lecz wzmocnienie ma na cellekszenie jej nénosci

i sztywnagci w trakcie uytkowania obiektu (np. ze wzglu na zmiaa sposobu
uzytkowania). Poszukiwanym roza@aniem jest wzmachianie bez koniec@igetnego
odciazenia konstrukcji, co skracatoby czas, zmniejszatkres robo6t oraz ohiatoby
koszty modernizacji. Wzmachianie zostato zrealizmsvpoprzez dospawanie stalowego
ptaskownika do pasa dolnego profilu stalowego. \&cprprzedstawiono zastosowanie
parametréw energetycznych przy ocenie efektyeinprocesu wzmacniania konstrukcji
i doborze optymalnego rozyzania.

Stowa kluczowe: Metoda Elementéw Skaonych, belki zespolone, wzmacnianie,
analiza nieliniowa
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