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DEFLECTIONS OF STEEL PLATE-CONCRETE
COMPOSITE BEAMS IN THE LIGHT OF
EXPERIMENTAL STUDIES

D. KISALA', K. FURTAK?

A method of calculating the deflections of steel plate-concrete composite beams is proposed. In the hybrid work of such
beams the properties of reinforced concrete and composite structures are combined. This convention should be followed
in considering their ultimate capacity and serviceability limit state. The proposed solution has been verified in
experimental studies performed by the authors. Good compatibility of theoretical calculations and experimental results
has been obtained. It allows the theoretical solution to be used in the analysis of other cases with parameters different
than those of the discussed beams. In the experiments done by the author six beams of total length of 5.20 m and
theoretical length of 5,00 m were used. The cross section was rectangular, 0.24 m in width and 0.49 m in height. The
steel plate 4.74 m long was 6.10 and 16 mm thick. The diameter of the flexible connectors was 13 mm. Their spacing
varied between 80 and 200 mm. Owing to the flexibility of the connectors the interface slip between the steel and
concrete parts was included in the theoretical solutions. The results of an in-depth analysis indicate that the deflections
of steel plate-concrete composite beams are affected by the compressive strength of concrete and the yield point of steel
as well as connectors’ diameter and spacing. This impact varies, that of the yield point of the steel from which the plate

is made being the highest.
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1. INTRODUCTION

Steel plate-concrete composite beams are structurally (but not geometrically) similar to Méller’s
beams that were used in bridge engineering in the late 19th c. and early 20th c. Originally designed
by Professor Méller from Braunschweig, such structures were built in Germany and in the region of
what is now northern Poland [3]. Their construction was discontinued in the 1920s because of their
appearance incompatible with the tendency, general in the period, of shaping load bearing structures
[3, 11]. Moller proposed the use, innovative at the time, of steel and newly introduced reinforced
concrete. The idea was to combine the steel tendon anchored in the upper flange in the support area
with a ribbed concrete slab.

Moller’s classic beams combine the features of the arch, cable and beam members. The beams’
variable depth fitted the curve of the tendon subjected to the load of its own weight. Most frequently
it was made from flat bars of width equal to the concrete web. A scheme of such a solution is
shown in figure 1 [3]. In the following years Moller’s classic structures were not used. They were
substituted by structural solutions in which the bent reinforced concrete members were strengthened
with flat steels. What made them different, however, was the manner of connecting the flat steels
(plates) with the concrete (reinforced concrete) part. Besides, the flat steels entered the interaction
only during the transfer of loads that began to operate after the flat steels were bonded with the
concrete part. In Moller’s structures the interaction took place over the entire load range.

Modern examples of steel plate-concrete composite members include the Wilde Gera arch bridge
(cf. Fig. 2). It was built in Germany in 2001 on the A71 highway route near Ilmenan [11]. Its total
length is 552 m, width 26 m and height 3.74 m. The span of beams is 42 m. The elevation over the

valley is 110 m. What is a characteristic feature of the viaduct is the use of composite cantilevers.

Fig. 1. Structural design of Méller’s beam [3].
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Fig. 2. The Wilde Gera bridge (http://www.highestbridges.com/wiki/images/f/1 WildeGeraBridge.jpg).

Steel plate-concrete composite structures are sometimes treated as RC structures in which rebars

fixed in the concrete environment are replaced with steel plate placed outside the concrete section.

Such identification of RC members with composite members in question is not justifiable for at

least four reasons:

- in RC members under useful loads there is practically no interface slip between rebars and
the surrounding concrete,

- concrete shrinkage increases its adhesion to rebars,

- the process of cracking of concrete in tension develops in a different way,

- rebars increase concrete extensibility, which is not observed in a steel plate.

Consequently, the operation of steel plate-concrete is hybrid in character, combining the properties

of RC and composite structures. Following this convention, their ultimate states of load bearing

capacity and serviceability should be considered. However, the calculation principles quoted in

[19], valid for the classic steel-concrete composite members, do not apply.

The aim of the paper is to propose a method of calculating the deflections of steel plate-concrete

composite beams, including the interface slip between the steel plate and concrete section. The

results of the author’s of [11] experimental studies have been used. It should be noted that these

studies were performed in the framework of an extensive research programme connected with

the doctoral thesis [11].
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2. ADOPTED ASSUMPTIONS

In the analysis of the issue of steel plate-concrete composite beams deflection the validity of the
principle of plane sections and the principle of superposition in static calculations over the load
range from zero to steel plate plasticization was adopted. In the case of strength calculations
the principle of plane sections is valid separately for the steel and concrete parts. The concrete-steel
plate interaction is secured by exible connectors of bolt type. The bonding between the The
difference in the temperature of the steel and concrete parts was also disregarded, as it has no
significant effect because of the small cross-section of the steel plate compared with that of the
concrete part [6, 9]. For cases when the thermal effects are included, the data are available in [31].
Owing to connectors’ flexibility, in the theoretical solutions the interface slip between the steel
plate and concrete part was taken into account. Consequently, the flexural rigidity of the beams in
question is lower than the calculated one on the assumption of non-flexible connection, with no slip,
so the calculated deflections are higher.

In solving the problem of deflections, the operation of section identical as in the case of RC
members was initially assumed [11, 14, 18]. At lower loads (compared with the failure load) this
assumption has practically no impact on the quality of calculation results. At higher loads
the specificity of steel plate-concrete composite members, including the interface slip between
the component parts was taken into account. As a result, the design model was approximated to

the real design of the element. The other assumptions are given where they apply.

3. EXPERIMENTAL TESTS DONE BY THE AUTHORS

The experimental tests were performed on six beams of the total length of 5.20 m. and
the theoretical one of 5.00 m. The cross section was rectangular 0.24 m in width and 0.49 m in
height. The steel plate of 4.74 m length was 6.10 and 16 mm thick. The plate ends did not reach the
supports to enable the slip. The flexible connectors’ diameter was 13 mm. Their spacing varied and
was between 80 and 200 mm. The typical longitudinal and cross sections are shown in figure 3.

The beams’ notation is given in table 1.
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Table 1. Beams’ notation, their reinforcement and steel plate’s thickness.

No. Beam Scon [mm] CO;:;ete hs [mm] ds1 [mm] dss [mm] Ssil [mm]
1. BZ-1 160 I 6.0 12 12 160
2. BZ-2 200 1I 6.0 12 12 160
3. BZ-3 160 I 10.0 16 16 160
4. BZ-4 120 I 10.0 12 12 100
S. BZ-5 80 I 16.0 16 16 60
6. BZ-6 160 I 16.0 16 16 120
Scon — connectors’ spacing, s — steel plate’s thickness, dss — diameter of horizontal bars, dss —
diameter of stirrups, sy — stirrups’ spacing,
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Fig. 3. Dimensions and reinforcement of beams.

The beams were reinforced with six bars 12 or 16 mm in diameter. Four bars were located in the
corners, and two at the mid-height of the reinforced concrete section. Moreover, at the supports
segments additional horizontal bars were used at the bottom, compensating for the lack of steel
plate. All the reinforcing bars were provided with an adequate coating. The reinforcement with
stirrups secured the shear strength by at least 50% higher than the transverse force at beam failure
load. The idea was that beams’ carrying capacity should be determined by the bending moment
rather than the transverse force [5, 11].

During the tests the beams were loaded with a concentrated force of the value ranging from zero to
that corresponding to the beam’s reaching its bending strength. The test stand is shown in figure 4,

the location of the essential measuring instrumentation in figure, 5. Both figures illustrate
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the scheme of loading and support conditions (The optical measurements covered also deflections
and strains, and were used in creating stress maps, which are not presented in this paper).

While the beams were subjected to loads measurements were taken of strains and displacements
using mechanical, electrical resistance based as well as inductive and optical instrumentation.

The mechanical properties of the materials for the manufacture of the beams were identified each
time on the basis of the results of tests performed on six elements. The tests were performed
according to standards [20, 21, 22, 23, 24, 25, 26]. The following results were obtained [11]:

— concrete mean compressive strength for the first batch of concrete mix f. = 57.6 MPa; standard

deviation s, = 1.16 MPa, coefficient of variation v. = 2.01%,
— concrete mean compressive strength for the second batch of concrete mix f. = 94.37 MPa,

standard deviation s, = 6.7 MPa, coefficient of variation 7.1%.

Fig.4. The test stand.

4 :P i
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Fig.5. Scheme of test stand and location of measuring instrumentation.

In figure 5 the following symbols were adopted:

—Ul, U2, U3 — inductive sensors for recording displacements (range of up to 200 mm);
— S — dynamometer (range of up to 600 kN);

—S1, S2 — force detectors (range of up to 300 kN);
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— T — electric resistance strain gauges;

— 01, 02 — dial indicators for measurement of support settlement;

— DI, D2 — sensors for measurement of slip on beams fronts;

—R1, R2 — inclinometers;

— P — measurement points in non-contact vision measurement of slip,

— elasticity modulus of concrete — mean value for the first batch E. = 35.48 GPa,

— elasticity modulus of concrete — mean value for the second batch E. = 45.48 GPa,

— yield point of reinforcing bars 12 mm in diameter (steel BSOOSP) was fy = 529.1 MPa at standard
deviation of s = 2.4 MPa and coefficient of variation of v = 0.5%, while for the rebars 16 mm in
diameter fy = 559.2 MPa at standard deviation of s = 25.5 MPa and coefficient of variation of

v =3.8%,

— yield point the steel of the plate was: of thickness 6 mm — 445.0 MPa at extensibility of 30.2, that
of thickness of 10 mm — 424.0 MPa at extensibility of 25.0% and the thickness of 16 mm — 420.0
MPa at extensibility of 31.0%,

— strength characteristics of connectors’ steel (S235J2+C470) 13 mm in diameter and height of 125
mm were: yield point 515.0 MPa, ultimate limit strength 546.0 MPa, limit extensibility 19.0%.

4. THEORETICAL DEFLECTIONS

For a general case the formula for beam deflection f'can be written as:

ML*
T (1)

where:

ax— factor determined by beam static scheme and loading manner,

M — bending moment,

L —beam support (theoretical) span,

E — equivalent modulus of elasticity of material (usually concrete),

I — equivalent moment of inertia of the section reduced to a single material (usually concrete).

In the case of the same section the bending moment varies, determined by the beam cracking state
as well as the degree of plasticization of both concrete and steel. Prior to concrete cracking

the following can be assumed:
El = E_I; (2)
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where:
E.—modulus of elasticity of concrete,
I, — equivalent bending moment of section for phase I, reduced to the concrete section.

Bending moment M., can be calculated from formula:

_ feda

Moy = =5 (3)

where:
fer— tensile strength of concrete,
1;— equivalent moment of inertia in the uncracked state (phase I),

J;— distance of the centre of gravity (neutral axis) of section from the beam edge in tension.

Concrete cracking is followed by phase II. Then the rigidity of section is lower, and the deflection
under the same load is bigger. Phase Il lasts until the plate steel reaches the yield point, or until the
concrete zone in compression is plasticized (a less frequent case). After the steel plate has been
plasticized , phase III takes place.

The equivalent rigidity of the beam operating in phase II can be calculated from formula:
EE‘IH

El= B, = i
s(1—H
c(-12

4

where:

§ _is a coefficient for the effect of the interaction of concrete zone in tension between the cracks,

which can be calculated from formula [11]:
MC[' :
e=1-(3F) (5)

Iir — moment of inertia of cracked section; after [11] it can be calculated as for an RC cracked
section, taking into account the steel plate section.
In the analysis of deflections of steel plate-concrete composite beams the calculations should be

done separately for phases II and III. On steel plate having been plasticized (the beginning of phase

IIT) composite beam curvature % can be described with the formula [4, 11]:

. — G
YTh+ b+ xp ®

where:

£y _ strain of steel plate on plasticization,

h _ height of the entire concrete section (reinforced concrete),

hs _ height of the steel part (thickness of steel plate),
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X — height of compression zone in cracked section (can be calculated as for RC section considering
the plate section as if it were a section of reinforcement).
Bending moment M, at which the steel plate is plasticized is [4, 11]:
My = OyEly )
Beam curvature in the state prior to the exhaustion of carrying capacity (phase III) can be calculated

from formula:

M M
QM) = ==

5~ Edy (&)

where:

Tt is the equivalent bending moment of beam section for phase 111, reduced to the concrete section.
In phase II of beam operation a minor increment of load results in disproportionately high increase
of deflection. Although the load-deflection dependence is non-linear, a simplified linear dependence
between the bending moment and beam curvature is usually adopted [2, 4, 6, 10, 11, 12, 13, 27, 28,
29, 30]. Then the following formula can be used [11]:

M— M,
0(M) = Oy + 3 — - (0u— 9y) (9
u” My
where:
weebf .
= 10
A1, (10)

@ _ coefficient of compressive stress block averaging in the simplified method of calculating beam
load carrying capacity,

€eu — ultimate strain of concrete,

fe— compressive strength of concrete,

/v — yield point of steel (at various values of the yield points of steel plate and reinforcement
a weighted value can be adopted),

Ay—numerical section of the cross-section of steel plate and reinforcement,

b — width of member’s cross-section,

M — operating bending moment,

M, — bending strength of the composite beam.

The moment of inertia of the composite beam in phase III is:

M
Ip(M) = BODE, (11)
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Consequently, the deflection is:

ﬁmm=ak5%%ﬁ (12)

In [11] the impact of the interface slip on the deflection of steel plate-concrete composite beams for
phases I and II of the operation of these beams was additionally considered (cf. Fig. 6). The effect
of interface slip was taken into account in, inter alia, [1, 6, 8, 11, 12, 15, 16, 17]. The additional

deflection is [11]:

ML®
.ﬂf: oy B

(13)

o

where:

e

488, L-2w g™V — gL oW 14
ay (L—2w) 7| 2k 2ah ((1 + e 4

A pd
p= (1s)
2k (16)
PEsLoA
1.6 _
ViR 2, (17
p — horizontal spacing of connectors,
k — connector’s rigidity
d.=0,5(h.+ hy) (18)
h. —height of concrete part,
hs— height of steel part (thickness of steel plate),
E; — modulus of elasticity of steel
I,=1I, + :l: (19)
Is _ moment of inertia of steel plate,
Ic — moment of inertia of uncracked concrete part
= Es
n= T (207

E: _ modulus of elasticity of concrete.
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Fig.6. Interface Sllp between steel and concrete (reinforced concrete) parts.

5. RESULTS OF THEORETICAL CALCULATIONS AND EXPERIMENTAL

STUDIES — COMPARATIVE ANALYSIS

The comparison of the results of calculations versus experimental studies is shown in figures
7 + 12. The figures were plotted on the basis of [11]. All the figures concern the deflections at mid-

span of the investigated beams.
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Fig.7. Results of theoretical analyses vs. experimental tests for beam BZ-1.
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Fig. 8. Results of theoretical analyses vs. experimental tests for beam BZ-2.
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Fig. 9. Results of theoretical analyses vs. experimental tests for beam BZ-3.
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Fig. 10. Results of theoretical analyses vs. experimental tests for beam BZ-4.
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Fig. 11. Results of theoretical analyses vs. experimental tests for beam BZ-5.
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Fig. 12. Results of theoretical analyses vs. experimental tests for beam BZ-6.

6. DISCUSSION AND FINAL CONCLUSIONS

A method of calculating the deflections of steel plate-concrete composite beams is proposed. The
solutions were verified empirically employing the results of experimental studies performed by the
authors. Good compatibility between theoretical calculation results and those of experimental tests
has been obtained. It allows the theoretical solution to be used in the analysis of other cases with

parameters different than those of the discussed beams.
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Unlike reinforced concrete members strengthened with steel strips, for composite beams

the interface slip between the steel and concrete parts has been taken into account. This impact is

registered primarily at loading more advanced degrees. It should be added that the slip increases in

the direction from the beam-span toward the supports. What has a more significant impact on

the deflections, however, is the beam’s rigidity in its middle section, which decreases the effect of

the slip on deflections.

The results of in-depth analysis indicate that the deflections of steel plate-concrete composite beams

are affected by the compressive strength of concrete and the yield point of steel as well as

connectors’ diameter and spacing. This impact varies, that of the yield point of the steel from which

the plate is made being the highest.
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Fig. 3. Dimensions and reinforcement of beams.

Rys. 3. Wymiary i zbrojenie belek.

Fig.4. The test stand.

Rys.4. Stanowisko testowe.

Fig.5. Scheme of test stand and location of measuring instrumentation.
Rys.5. Schemat stanowiska badawczego i lokalizacja aparatury pomiarowe;j.
Fig.6. Interface slip between steel and concrete (reinforced concrete) parts.
Rys.6. Poslizg migdzy elementami stalowymi i betonowymi (zelbetowymi).
Fig.7. Results of theoretical analyses vs. experimental tests for beam BZ-1.
Rys.7. Wyniki analiz teoretycznych a badania eksperymentalne belki BZ-1.
Fig. 8. Results of theoretical analyses vs. experimental tests for beam BZ-2.
Rys. 8. Wyniki analiz teoretycznych a badania eksperymentalne belki BZ-2.
Fig. 9. Results of theoretical analyses vs. experimental tests for beam BZ-3.
Rys. 9. Wyniki analiz teoretycznych a badania eksperymentalne belki BZ-3.
Fig. 10. Results of theoretical analyses vs. experimental tests for beam BZ-4.
Rys. 10. Wyniki analiz teoretycznych a badania eksperymentalne belki BZ-4.

Fig. 11. Results of theoretical analyses vs. experimental tests for beam BZ-5.
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Rys. 11. Wyniki analiz teoretycznych a badania eksperymentalne belki BZ-5.
Fig. 12. Results of theoretical analyses vs. experimental tests for beam BZ-6.

Rys. 12. Wyniki analiz teoretycznych a badania eksperymentalne belki BZ-6.

UGIECIA BELEK KOMPOZYTOWYCH Z PLYT STALOWYCH 1 BETONU
W SWIETLE STUDIOW DOSWIADCZALNYCH

Stowa kluczowe: ugigcia, belki kompozytowe.

STRESZCZENIE:

Zaproponowano metode obliczania ugie¢ belek kompozytowych z ptyt stalowych i betonu. W pracy hybrydowe;j takich
belek taczy si¢ whasciwosci konstrukeji zelbetowej i zespolonej. Tej konwencji nalezy przestrzega¢ przy rozwazaniu ich
ostatecznej nosnosci i stanu granicznego uzytkowalno$ci. Zaproponowane rozwigzanie zostalo zweryfikowane
w badaniach eksperymentalnych autoré6w. Uzyskano dobra zgodnos$¢ obliczen teoretycznych i wynikow
eksperymentalnych. Pozwala to na zastosowanie rozwigzania teoretycznego w analizie innych przypadkéw
o parametrach innych niz omawiane belki. W eksperymentach wykonanych przez autora wykorzystano sze$¢ belek
o tacznej dtugosei 5,20 mi teoretycznej 5,00 m. Przekrdj byt prostokatny, miat 0,24 m szerokosci i 0,49 m wysokosci.
Blacha stalowa o dtugosci 4,74 m miata 6,10 i 16 mm grubosci. Srednica elastycznych lacznikéw wynosita 13 mm. Ich
rozstaw wahat si¢ od 80 do 200 mm. Ze wzglgdu na elastycznos¢ tacznikow w rozwigzaniach teoretycznych
uwzgledniono poslizg miedzy elementami stalowymi i betonowymi. Wyniki dogl¢bnej analizy wskazuja, ze na ugigcia
belek zespolonych stalowo-ptytowych ma wplyw wytrzymatos¢ betonu na sciskanie oraz granica plastycznoscei stali,
a takze $rednica i rozstaw facznikéw. Wplyw ten jest rézny, przy czym granica plastycznosci stali, z ktérej wykonana

jest blacha, jest najwyzsza.
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