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THE ASSESSMENT OF THE SLIP INFLUENCE ON THE
DEFLECTION OF THE STEEL PLATE-CONCRETE

COMPOSITE BEAMS
D. KISALA', K. FURTAK?

The aim of this paper is to present an assessment of the slip influence on the deflection of the steel plate-concrete
composite beams, which are a new type of a design concept. The proposed method is based on the procedure
included in the PN-EN 1992-1-1, which has been modified with taking into consideration interface slip. The

theoretical analysis was verified by experimental studies.
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1. INTRODUCTION

The past decade has witnessed a rapid development of composite structures, which are successfully
used in civil engineering. Their continuous evolution is a result of rational use of basic properties of
concrete and steel. The efforts to improve well known solutions have led to a new design concept,
i.e. steel plate-concrete composite beams (SPCC). The concept is based on traditional composite
structures, but also is inspired by the methods of strengthening reinforced concrete beams with a
glued steel plate. The idea of a new design solution involves replacing the steel part of the traditional
composite structure, which was constructed generally in the form of a beam or plate girder, by a steel
plate connected to concrete by shear connectors. In contrast to the conventional reinforced concrete

beams, rebars are replaced with the steel plate.
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Fig. 1. Construction scheme of a steel plate-concrete composite beam

In this paper a method of calculating the deflection of steel-concrete composite beams is proposed. It
is based on the procedure included in PN-EN 1992-1-1, which has been modified by taking into
consideration the deformability of the connection between steel and concrete. The given solution was

verified by results of experimental studies [1].

2. PROBLEM

Experimental studies of the steel-plate concrete beams have shown that with the application of the
procedures proposed in the standard codes it is not possible to correctly calculate the deflection of the

structure [1].

Table. 1. Experimental and theoretical deflection results [1]

Deflection [mm]
Beam No. SCCB-2 SCCB-3 SCCB-5 SCCB-7 SCCB-8
Experimental results 9.42 8.66 8.97 7.85 8.53
ACI 7.24 6.68 6.50 7.06 6.55
EC2 7.12 6.57 6.35 6.96 6.45
Chinese Code 8.33 7.81 7.58 8.30 7.61

This is a result of the hybrid nature of the response of this type of elements which combine the features
typical of reinforced concrete and those of composite structures. The underestimation of the
deflection is caused mostly by disregarding studs deformability, which results in neglecting of the
influence of the slip on the stiffness of the beam and consequently also the deflection. In addition, an
important issue which affects the value of the deflection is cracking of the reinforced concrete beam
[2]. It differs from cracking in traditional reinforced concrete beams due to dissimilar interaction
between rebars and steel plate with concrete. The use of the standard cracking theory for reinforced

concrete elements is possible, but it is flawed.
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3. THEORETICAL ANALYSIS

3.1. DEFLECTION OF THE REINFORCED CONCRETE STRUCTURE

According to [3], the structure fulfils the requirements of serviceability limit state due to deflection,

when it does not exceed the limit:

(3.1) S < fiim

where:

f —deflection of the beam, f, — beam deflection limit.

In addition, the deflection of reinforced concrete structures can be divided into two phases: before

and after cracking. The deflection could be calculated using the formula [4]:

(3.2) f=a 3
where:

o, — coefficient which depends on the load and static diagram — for simply supported beam with

2
loading case of four-point bending it is é— %, M — bending moment, L — length, E,— modulus of

elasticity of concrete, /, —second moment of area of the un-cracked section, 7, —second moment of
area of the cracked section, B — flexural stiffness of the element: B, = £ I, — in the first phase

before cracking, B, = E.I, —in the second phase after cracking.
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Fig. 2. Static diagram and the load arrangement of the beam
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Since it is difficult to determine and take into account the variable stiffness of the element in length,
the average stiffness can be used as a simplification. Then the distribution coefficient allowing for

tensioning stiffening is given by expression [4]:

O—gz_ _ M,.,_, M,
(3.3) C=1—ﬂ|ﬂz(0”) =1 ﬂlﬂz(M) =1 (M

s

)2

where:

B, =1.0 — coefficient taking account the bond properties of the bar (value for a rebar), g, =1.0—
coefficient taking account the influence of the duration of the loading or of repeated loading on the
average strain (value for a single short-term loading), o — stress in tension reinforcement calculated

on the basis of a cracked section under the loading conditions causing the first crack, o’ — stress in

tension reinforcement calculated on the basis of a cracked section, M, — cracking moment.

If the steel plate is assumed to act as the longitudinal reinforcement and the influence of concrete

shrinkage is omitted, the deflection can be calculated as [4]:

(3.4) S ==/ + &,

where:
2 MZ

f; =a, —— — deflection of un-cracked conditions, f, =«, —— — deflection of fully cracked
1 n

conditions.

The calculated deflection of the steel plate-concrete composite structure will be much smaller than
the values obtained in experimental studies, mainly due to the slip between the steel plate and the

concrete.

3.2. ASSUMPTIONS FOR THE CALCULATION OF THE THEORETICAL DEFLECTION

TAKING INTO ACCOUNT THE SLIP
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In serviceability limit state we presume the linear elastic behaviour of the structure. In addition, it is

necessary to assume that [5]:

- interface shear force is proportional to slip,

- shear stiffness at the interface is uniform and constant over the length of the beam,

- steel plate and reinforced concrete beam in the same cross-section have the same curvature
and rotation,

- the concrete in tension is ignored after the first crack occurred,

- steel and concrete are modelled using a linear elastic analysis.

These are the classic assumptions adopted in reinforced concrete and composite structures. Based on
them, we can obtain the relationship between interface forces, slip and the properties of studs can be

obtained [6]:

(3.5) pr=ks

where:

p — pitch between the studs, 7 — horizontal shear along the interface per unit length, & — shear-slip

stiffness of the stud, s— slip.

The formula to calculate shear stiffness of connectors can be adopted according to [5] as:

(3.6) k=066NP,,

where:

N, — number of studs per row, P, _— design shear resistance of stud according to [7].

3.3. ADDITIONAL DEFLECTION DUE TO SLIP

Based on the derivation formula for slip for a simply supported beam loaded along the entire length

[6, 8], an analogous relationship can be deduced for a four-point load case.
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Fig. 3. Static diagram of analysed steel plate-concrete composite beam

Analysing the equilibrium equations and assuming that x =0 is in the middle of the beam:

dF
3.7 —=-7
G.7) 7
(3.8) M.y _Lys
dx 2
(3.9) M.y Ly,
dx 2
(3.10) Vo, =

where:
F —longitudinal force, M — bending moment on concrete section, M, — bending moment on steel
section, V,— vertical shear in concrete, V| — vertical shear in steel, P— applied load, r — vertical

K

force per unit length at the interface, #,— depth of the concrete beam, %, — depth of the steel plate.

~ v E “;‘" LB e
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Fig. 4. Infinitesimal element of analysed steel plate-concrete composite beam [8]

Assuming further:

G.11) d. :%(hc+hx)
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and using the relations (3.8), (3.9) and (3.10):

dM, dm
+

(3.12) S

P
~+—=d,.
2
is obtained.
When calculating the composite structure with sufficient uplift resistance, the following equation can

be obtained:

(3.13) p=—r =""c

where:

¢ — curvature, E_— elasticity modulus of steel, n= E—‘ — modular ratio, /, — moment inertia of

s

concrete section, /, — moment inertia of steel section.

The longitudinal strains in concrete and in steel are [8]:

1 nk
3.14 Ep=—ho—
(3.14) - =5 X EA

1 F
3.15 Eep =——h p———
(3.15) =" X 74

4%

where:

A, —area of concrete, 4, — area of steel.

The difference between ¢, and &, is the slip strain & . Therefore:

ds
(3.16) gs:gAB_gCD:E:

F n 1
R— 7+7
G

Using formulas (3.12) and (3.13):
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dg I.. P

3.17 — E({ +9)+—=dr
(3.17) e U n) 5 =4
Introducing:

Q+Iy,P£Pﬁ
(3.18) I, = ]n

L 4+],P. <P

n
where:

1, - moment inertia of concrete un-cracked section, /,, - moment inertia of concrete cracked section

corresponding to applied load.

Using (3.5) we can write:

ksd, P
(3.19) d9_p_ 2
dx El,

Differentiating (3.16) we can obtain:

2
(3.20) ds_dp, dFf Lon 1,
& & & E 4 4

s

and introducing:

A.A
3.21 Ay = —
3.2 " nd, + A
gives:
P
2 —d,
(3.22) a5k ity 2 °

dx>  pEI, 4, E]I,

s K
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Introducing:

1 I
323 LI
(3.23) = (C+AO)
(3.24) JEN.
PE LA
(3.25) p=Ard.

k

gives results in a standard form:

%5 P
3.26 —S—als+a’f—=0
(3:26) = A

Solving for s:

(3.27) s(x)=Ce™ +C,e™ +£

where:

C,,C, — constants of integration.

L
Using the boundary conditions s(0) =0 and %(E) =0, C, and C, can be found and it gives slip s
in terms of x:

(3.28) S(x) = LP(L+e™ —e™ ™ 1 ™)

2(1+e™)

After differentiation the formula for the strains resulting from slip is obtained:

(3.29) g, _ﬁ(x)zw

Cdx 2(0+e %)
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Fig. 5. Slip distribution along the SCCB-8 beam Fig. 6. Slip strain distribution along the SCCB-8
at different levels of load (P = 162,5 kN) beam at different levels of load (P = 162,5 kN)

Additional curvature of the beam as a result of the slip is:
(3.30) Ag=E

where:

h — depth of entire section.
Af (X)

Using ——(0) =0 and Af (x)( ) 0, the value of the additional deflection due to slip at the

interface at the distance b from the centre of the span of element can be calculated as:

I — 2b eab _ ealrab

(3.31) & =)= pP(—, et eaL))

Using the relations derived for the reinforced concrete element (3.4) and taking into account the
additional deflection due to the behaviour similar to that of the composite structure (3.31), the total

deflection of the steel plate-concrete composite structure can be expressed as:

(3.32) o =1+ 8
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Fig. 7. Additional deflection of the beam depending on the location of load P = 162.5 kN for beam
SCCB-8

3.4. THE RESULTS OF THE THEORETICAL ANALYSIS

The basic properties of the tested beams are shown in Table 2, and the results of theoretical analysis
in Figure 9 and 10. Figure 8 shows the geometry of SCCB-8 beam. Other beams are identical except

for the parameters indicated in Table 2.

Table 2. Characteristics of the main parameters of the tested beams [1]

Parameter SCCB-2 ‘ SCCB-3 ’ SCCB-5 ‘ SCCB-7 ‘ SCCB-8
Depth of concrete beam [mm] 500
Width [mm)] 250
Span [mm)] 5000
Depth of steel plate [mm] 8 10 8 8 8
Length of steel plate [mm] 5200 5200 4700 4700 4700
Length of shear span [mm] 1500 1500 2500 2500 2000
Space between studs [mm] 130 130 130 170 85
Characteristic0 zz?:cﬁeft :o[ﬁll))r:]ssive strength 40.7 463 45.1 46.4 374
CharamriSzit:la;‘ll:tgm;ﬁ stengthof | 300 | 2010 | 3270 | 3270 | 3270
Tensile strength of steel plate [MPa] 477.0 446.0 477.0 477.0 477.0
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Fig. 8. The geometry of steel plate-concrete composite beams (SCCB-8)

The deflections calculated at service load are much smaller than the deflection at the ultimate flexural
strength calculated by means of simplified plastic method. The study [1] assumes that half of the
ultimate load of the beam was the value for which the deflection was computed. This assumption is
based on the fact that in the actual design deflection is calculated for real load levels which never
reach the values close to a load carrying capacity and mostly are of about 50 to 60 %. Therefore,
theoretical analysis using the proposed approach shows that this assumption is justified, since it
corresponds well with the actual conditions in which the beam is used. The plot in Figure 9 confirms
that the analysis using the proposed theory is correct for this or slightly higher level of loads.

Therefore, further calculations were carried out using this assumption.
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Fig. 9. Load-deflection curve for SCCB-5 beam
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Fig. 10. Comparison of load-deflection curves for tested beams at the half of the ultimate load of

tested beams: a) SCCB-2, b) SCCB-3, ¢) SCCB-5, d) SCCB-7, ¢) SCCB 8 (the name of the beams

in accordance with [1], dot indicates the first crack load)
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The analysis of load-deflection curves shows the characteristic behaviour of the element. Once
cracking occurs, stresses in the steel part of the composite beam increase significantly, which can be
observed on the graph as a sudden change in the slope of the curve. In the nonlinear region subsequent
cracking occurs. It causes a further increase in the stress level of the steel, which however is reduced
to some extent by the stiffening effect resulting from the cooperation of concrete and steel sections
between the cracks.

Comparison of the curves for the five tested beams shows a good correlation of results, particularly

in the second phase after cracking of the reinforced beam, which can be seen in plots in Figure 10.

4. SUMMARY AND CONCLUSIONS

The method of calculating deflection of the steel plate-concrete composite beam presented in this
paper can be successfully used in practical applications. The use of the approach specified in the code
[3], taking into account the additional deflection due to the slip at the interface (resulting from
deformability of shear connectors), can properly estimate the response of the discussed elements. The
analysis of the deflection cannot be used above the service load (approximately half of the ultimate
load) because convergence of results is not satisfactory. This is due to the deterioration of the interface
between the steel plate and the concrete as a result of excessive cracking and the nonlinear force-slip

relations for shear connectors.
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OCENA WPLYWU POSLIZGU NA UGIECIE BELEK ZESPOLONYCH TYPU STALOWA BLACHA-BETON

Keywords: belka zespolona typu stalowa blacha-beton, konstrukcja zespolona, poslizg w plaszczyznie zespolenia,
ugiecia.

SUMMARY:

Konstrukeje zespolone od wielu lat z sukcesem sg stosowane w budownictwie, a ich ciagly rozwdj wynika z racjonalnego
wykorzystania cech podstawowych materialéw stosowanych w budownictwie — betonu i stali. Ciagle poszukiwania coraz
to lepszych rozwiazan doprowadzity do powstania nowej koncepcji konstrukcyjnej — belek zespolonych typu stalowa
blacha-beton. Wywodzi si¢ ona z klasycznych konstrukcji zespolonych, ale czerpie réwniez inspiracj¢ z metod
wzmacniania zelbetowych belek za pomoca przyklejanych stalowych plaskownikéw. Pomyst nowego rozwigzania
konstrukcyjnego zaklada zastapienie czgsci stalowej klasycznej konstrukcji zespolonej, ktéra najczesciej byta
konstruowana w formie dwuteownika lub blachownicy, przez stalowa blachg¢ zespolona z betonem za pomoca tacznikow
(SPCC — steel plate-concrete composite). Przyczepno$¢ migdzy tymi czg¢sciami sktadowymi belki zapewniaja taczniki
wiotkie w postaci sworzni.

Badania do$wiadczalne konstrukcji zespolonych typu stalowa blacha-beton wykazaly, ze zastosowanie procedur
zaproponowanych w normach nie pozwala na poprawne obliczenie ugie¢ tego typu konstrukcji. Wynika
to z hybrydowego charakteru pracy tego typu elementow, ktore lacza cechy typowych konstrukeji zelbetowych
i zespolonych. Niedoszacowanie ugie¢ spowodowane jest w glownej mierze nieuwzglednieniem podatnosci tacznikow
wiotkich, co powoduje pominigcie wptywu poslizgu w ptaszczyznie zespolenia na sztywnosé elementu, a w konsekwencji
na ugigcia.

Istotnym zagadnieniem rzutujacym na warto$¢ ugi¢é jest zarysowanie belki zelbetowej. Jednak zarysowanie betonu
w omawianych belkach rézni si¢ od tego wystepujacego w klasycznych belek zelbetowych. Wynika to z innej wspotpracy
pretow zbrojeniowych i blach stalowych z betonem. Wykorzystanie powszechnie znanych teorii zarysowania elementow
zelbetowych jest mozliwe, ale jest obarczone btgdem.

W pracy zaproponowano sposob obliczania ugi¢¢ belek zespolonych typu stalowa blacha-beton. Bazuje on na procedurze
ujetej w PN-EN 1992-1-1, ktéra zostata zmodyfikowana w zakresie uwzglgdnienia podatnosci potaczenia. W artykule
przytoczono wzory do obliczania ugig¢ klasycznych konstrukcji zelbetowych z uwzglednieniem ich zarysowania.
Ponadto wyprowadzono zaleznosci na dodatkowe ugigcie wynikajace z podatnosci tacznikow wiotkich, jako zaleznosé
nieliniowa zalezng od poziomu obciazenia oraz zarysowania konstrukcji. Wykorzystujac zalezno$ci wyprowadzone dla
konstrukcji zelbetowej oraz uwzgledniajac dodatkowe ugi¢cie wynikajace z charakteru pracy zblizonego do konstrukcji
zespolonej podano propozycj¢ obliczania catkowitego ugigcia konstrukcji zespolonej typu stalowa blacha-beton.

W ramach artykulu przeprowadzono i przedstawiono wyniki analiz teoretycznych z wykorzystaniem zaproponowanej
procedury. Dodatkowo ze wzgledu na to, ze w przypadku stanu granicznego uzytkowalnosci (SGU) dopuszcza
si¢ do pracy konstrukcje w zakresie sprezystym, konieczne jest przyjecie nastgpujacych zatozen: poslizg w ptaszczyznie
zespolenia jest proporcjonalny do sity scinajacej, sztywno$¢ potaczenia w plaszczyznie zespolenia jest rOwnomierna
i ciggta na dtugosci belki, stalowa blacha i zelbetowa belka w danym przekroju poprzecznym maja taka sama krzywizne
iobrot, beton w strefie rozcigganej po zarysowaniu jest pomijany, stal oraz beton sa modelowane z zastosowaniem analizy

liniowo-sprezystej.
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Podane rozwigzania zweryfikowano wynikami obcych badan doswiadczalnych. Przyjeto zatozenie, ze potowa obciazenia
maksymalnego powodujgcego wyczerpanie no$nosci belki (z badania do§wiadczalnego), stanowito wartos¢, dla ktorej
oblicza si¢ maksymalne ugigcia. Zatozenie to wynika z faktu, ze w przypadku rzeczywistych konstrukeji ugiecia oblicza
si¢ dla rzeczywistych poziomow obciazen, ktore z zasady nigdy nie maja osiagna¢ wartosci zblizonych do nosnosci belki,
a najczesciej ksztattuja si¢ na poziomie okoto 5060 %.

Analiza zaprezentowanych wykresow zaleznosci pomigdzy obcigzeniem, a ugigciami pokazuje
charakterystyczna pracg elementu, ktora w pierwszej fazie zachowuje si¢ liniowo-sprezyscie. Trwa ona do momentu
osiagnigcia obcigzenia wywotujacego powstanie pierwszej rysy, co skutkuje znacznym wzrostem napr¢zen w czesci
stalowej, a na wykresie objawia si¢ zatamaniem. W dalszej fazie pracy dochodzi do rozwoju zarysowania, a tym samym
dalszego wzrostu napr¢zen w stali, ktory jednak redukowany jest w pewnym stopniu przez efekt usztywnienia,
wynikajacy ze wspolpracy betonu i stali na odcinkach pomigdzy rysami. Poréwnanie rezultatow badan i obliczen
teoretycznych dla pigciu belek pokazuje dobra korelacje wynikow.

Zaprezentowany w niniejszej pracy sposob obliczania ugie¢ konstrukcji zespolonych typu stalowa ptyta-beton moze by¢
z powodzeniem wykorzystany w zastosowaniach praktycznych. Wykorzystanie podejscia podanego w normie
PN-EN 1992-1-1 z dodatkowym uwzglgdnieniem poslizgu w plaszczyznie zespolenia wynikajacego z podatnosci
tacznikow wiotkich pozwala wiasciwie oceni¢ pracg omowionego typu elementow. Analiza ugi¢é na poziomie obciazen
uzytkowych z wykorzystaniem zaprezentowanego podejscia nie moze by¢ stosowana w petnym zakresie obcigzenia
elementu, poniewaz powyzej poziomu obcigzen uzytkowych (okoto potowa obciazenia powodujacego wyczerpanie
nosnosci) zbieznos¢ wynikow przystaje by¢ zadowalajaca. Wynika to z zaburzenia strefy styku migdzy stalowa plyta

i betonem wskutek nadmiernego zarysowania, a tym samym relacji sita-poslizg i podatnosci facznikow.
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